
 

 

 

 

 

 

 

 

Catalytic Asymmetric Syntheses of Organophosphorus Compounds 
Using Cinchona Alkaloids and their Derivatives 
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1 a) J. Hiratake, J. Oda, Biosci. Biotechnol. Biochem. 1997, 61, 211 218; b) P. Kafarski, B. Lejczak, Phosphorus, 
Sulfur, Silicon 1991, 63, 193 215; c) Aminophosphonic and Aminophosphinic Acids, (Eds.: V. P. Kukhar, H. R. 
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R. W. Lambert, J. Med. Chem. 1986, 29, 29 40; f) M. C. Allen, W. Fuhrer, B. Tuck, R. Wade, J. M. Wood, J. 
Med. Chem. 1989, 32, 1652 1661; g) A. P. Kaplan, P. A. Bartlett, Biochemistry 1991, 30, 8165 8170; h) J. Bird, 
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D. Taylor, K. M. Yager, P. A. Sprengeler, S. J. Benkovic, Science 1994, 265, 234 237; j) A. B. III Smith, K. M. 
Yager, C. M. Taylor, J. Am. Chem. Soc. 1995, 117, 10879-10888; k) J. Ding, M. E. Fraser, J. H. Meyer, P. A. 
Bartlett, M. N. G. James, J. Am. Chem. Soc. 1998, 120, 4610 4621; l) W. W. Smith, P. A. Bartlett, J. Am. Chem. 
Soc. 1998, 120, 4622 4628; m) E. Alonso, E. Alonso, A. Soíis, C. del Pozo, Synlett 2000, 698 700. 

2 C. Cativiela, M. D. Díaz-de-Villegas, Tetrahedron: Asymmetry 2007, 18, 569 623. 
3 For review of synthesis of quaternary -aminophosphonic acids: M. Ordóñez, F. J. Sayago, C. Cativiela, 
Tetrahedron 2012, 68, 6369 6412. 

4 K. Moonen, I. Laureyn, C. V. Stevens, Chem. Rev. 2004, 104, 6177-6215. 
5 N. S. Gulyukina, N. N. Makukhin, I. P. Beletskaya, Russ. J. Org. Chem. 2011, 47, 633-649. 
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10 mol% 1.0

3.0 Table 1  

 

Table 1  

N

Ph Me

PG Quinine (10 mol%)
K2CO3 (1.0 eq.)

Toluene, r.t., Time
1a-d 2a-d

H
P
O

OPh
OPh

Me

Ph P

PGHN

O

OPh
OPh

 

Entry PG 1 2 Time (h) Yield (%) Ee (%) 

1 Ac 1a 2a 36 0 - 

2 P(O)Ph2 1b 2b 36 9 15 

3 P(O)(2-Theinyl)2 1c 2c 24 52 21 

4 Ts 1d 2d 12 89 31 

 

Entry 1

Entries 2, 3
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 1-2-2  

Table 2  

 

Table 2 

Ph Me

N
Ts Catalyst (10 mol%)

K2CO3 (1.0 eq.)

Toluene, r.t., 12 h

1d

H
P
O

OPh
OPh

Me

Ph P

TsHN

O

OPh
OPh

2d

N
OH

N

N

OH

N

R R

9

6'

9

6'

R=OMe;
R=H;

Quinine (QN)
Cinconidine (CD)

R=OMe;
R=H;

Quinidine (QD)
Cinconine (CN)

 
Entry Catalyst Yield (%) Ee (%) 

1 QN 89 31 (S) 

2 QD 90 33 (R) 

3 CN 86 0 

4 CD 85 27 (S) 

5 DHQ 92 25 (S) 

6 DHQD 90 42 (R) 

7 6’-OHQN 74 0 

8 9-AcQN 93 0 

9 9-BzQN 86 0 

10 -ICD 58 4 (S) 

11 (DHQD)2PYR 88 0 

12 (DHQ)2PYR 84 0 

13 (DHQD)2PHAL 84 0 

14 (DHQ)2PHAL 96 0 

15 (DHQD)2AQN 70 11 (S) 

16 (DHQ)2AQN 94 0 

 

Entry 2

Entries 3, 4 (DHQN)

(DHQD) Entries 5, 6 6’

6’-OHQN 9 9-AcQN 9-BzQN
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-ICD Entries 7- 10

Entries 11- 16

 

 

 1-2-3  

Table 3
23 Al-

 

 

Table 3  

DHQD (10 mol%)
Base (1.0 eq.)

Toluene, r.t., 12 h
Ph Me

N
Ts Me

Ph P

TsHN

O

OPh
OPh

1d 2d

H
P
O

OPh
OPh

 
Entry Base Yield (%) Ee (%) 

1 Li2CO3 Trace - 

2 Na2CO3 87 68 

3 K2CO3 90 42 

4 Cs2CO3 63 0 

5 CaCO3 Trace - 

6 NaHCO3 Trace - 

7 NaOAc 13 66 

8 NaOH 99 50 

9 NaH 86 0 

10 Et3N 92 48 

11 DBU 92 0 

12 a Na2CO3 0 - 

13 b Na2CO3 87 71 

14 c Na2CO3 95 70 

        a) Na2CO3 (0.2 eq.) was used. b) Na2CO3 (1.5 eq.) was used. c) Na2CO3 (5.0 eq.) was used. 

 

Entries 1- 5

Entries 6- 9

                                                           
23 K. Suyama, Y. Sakai, K. Matsumoto, B. Saito, T. Katsuki, Angew. Chem. Int. Ed. 2010, 49, 797 799. 
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DBU

Entries 10, 11

1.5

Entries 12- 14  
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Table 4  

 

Table 4 

DHQD (10 mol%)
Na2CO3 (1.5 eq.)

Solvent, r.t., 12 h
Ph Me

N
Ts Me

Ph P

TsHN

O

OPh
OPh

1d 2d

H
P
O

OPh
OPh

 
Entry Solvent Yield (%) Ee (%) 

1 Benzene 85 69 

2 Toluene 87 71 

3 Cumene 45 55 

4 CH2Cl2 79 48 

5 CHCl3 76 35 

6 CCl4 45 60 

7 ClCH2CH2Cl 79 47 

8 Et2O 86 58 

9 THF 89 50 

10 MeCN 86 23 

11 DMF 0 - 

 

Entries 1- 3

1, 2-

Entries 4- 7 THF

DMF Entries 8- 

11  
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Table 5 

Ar
S

Cl

O O NH3 gas

CHCl3, r.t. Ar
S

NH2

O O
Acetophenone
ZnCl2, Ti(OiPr)4

Toluene, reflux Ph Me

N
SO2Ar

1e-n  

Entry Ar Yield of amide (%) 1 Yield of 1 (%) 

1 2-Pyridyl 92 1e - 

2 4-BrC6H4 51 1f 15 

3 4-NO2C6H4 78 1g - 

4 4-CF3C6H4 92 1h 10 

5 4-OMeC6H4 70 1i 13 

6 3,5-(CF3)2C6H3 89 1j - 

7 2-Naphthyl 91 1k - 

8 2,4,6-Me3C6H2 89 1l 20 

9 2,4,6-iPr3C6H2 99 1m - 

10 2,3,5,6-Me4C6H 90 1n 13 

                                                           
24 a) S. Nakamura, H. Nakashima, H. Sugimoto, H. Sano, M. Hattori, N. Shibata, T. Toru, Chem. Eur. J. 2008, 

14, 2145-2152; b) H. Sugimoto, S. Nakamura, M. Hattori, S. Ozeki, N. Shibata, T. Toru. Tetrahedron Lett. 
2005, 46, 8941-8944; c) S. Nakamura, H. Nakashima, H. Sugimoto, N. Shibata, T. Toru. Tetrahedron Lett. 
2006, 47, 7599-7602; d) S. Nakamura, H. Sano, H. Nakashima, K. Kubo, N. Shibata, T. Toru. Tetrahedron Lett. 
2007, 48, 5565-5568; e) S. Nakamura, Y. Sakurai, H. Nakashima, N. Shibata, T. Toru, Synlett 2009, 10, 
1639-1642; f) S. Nakamura, Y. Maeno, M. Ohara, A. Yamamura, Y. Funahashi, N. Shibata, Org. Lett. 2012, 14, 
2960-2963. See also ref 21. 
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Table 6  

 

Table 6 

DHQD (10 mol%)
Na2CO3 (1.5 eq.)

Toluene, r.t., Time
Ph Me

N
SO2Ar Me

Ph P

ArO2SHN

O

OPh
OPh

1d-n 2d-n

H
P
O

OPh
OPh

 
Entry Ar Catalyst 

(mol%) 

1 2 Temp.

(°C) 

Time 

(h) 

Yield 

(%) 

Ee 

(%) 

1 4-Tolyl DHQD (10) 1d 2d 23 12 87 71 (R) 

2 4-BrC6H4 DHQD (10) 1f 2f 23 18 99 63 (R) 

3 4-CF3C6H4 DHQD (10) 1h 2h 23 12 89 61 (R) 

4 4-OMeC6H4 DHQD (10) 1i 2i 23 96 10 51 (R) 

5 2,4,6-Me3C6H2 DHQD (10) 1l 2l 23 40 99 82 (R) 

6 2,3,5,6-Me4C6H DHQD (10) 1n 2n 23 40 99 79 (R) 

7 2,4,6-Me3C6H2 DHQD (10) 1l 2l -20 60 99 92 (R) 

8 2,4,6-Me3C6H2 DHQ (10) 1l 2l -20 60 99 97 (S) 

9 2,4,6-Me3C6H2 DHQ (2) 1l 2l -20 60 99 97 (S) 

10 2,4,6-Me3C6H2 DHQ (0.5) 1l 2l -20 60 99 97 (S) 

 

p- p-

Entries 2, 3

p- Entry 4 2,3,4,6-

82% ee Entries 5, 6 -20

92% ee - Entry 7

97% ee Entry 8 2 

mol% 0.5 mol% Entries 9, 10  

 



1  

18 

1-2-6  

Table 7  

 

Table 7 

N

R1 R2

SO2Mes DHQ or DHQD (2.0 mol%)
Na2CO3 (1.5 eq.)

Toluene, -20 °C, Time
P
O

OPh
OPhH

1l, 1lb-1lm 2l, 2lb-2lm

R2

R1 P

MesO2SHN

O

OPh
OPh

 

Entry R1 R2 1 Catalyst 2 Time (h) Yield (%) Ee (%)

1 Ph Me 1l DHQ (S)-2l 60 99 97 

2 4-Tolyl Me 1lb DHQ (S)-2lb 60 97 96 

3 4-OMeC6H4 Me 1lc DHQ (S)-2lc 140 99 97 

4 4-FC6H4 Me 1ld DHQ (S)-2ld 72 99 97 

5 4-ClC6H4 Me 1le DHQ (S)-2le 52 99 94 

6 4-BrC6H4 Me 1lf DHQ (S)-2lf 86 98 93 

7 3-ClC6H4 Me 1lg DHQ (S)-2lg 68 99 94 

8 3-BrC6H4 Me 1lh DHQ (S)-2lh 85 99 94 

9 2-Naphtyl Me 1li DHQ (S)-2li 84 99 96 

10 Ph Et 1lj DHQ (S)-2lj 60 96 97 

11 c-Hexyl Me 1lk DHQ (S)-2lk 68 97 75 

12 PhCH2CH2 Me 1ll DHQ (S)-2ll 38 98 55 

13 2-Indanone 1lm DHQ (S)-2lm 84 93 89 

14 Ph Me 1l DHQD (R)-2l 72 99 92 

15 4-Tolyl Me 1lb DHQD (R)-2lb 76 90 92 

16 4-OMeC6H4 Me 1lc DHQD (R)-2lc 120 91 94 

17a 4-FC6H4 Me 1ld DHQD (R)-2ld 24 99 88 

18a 4-ClC6H4 Me 1le DHQD (R)-2le 24 99 95 

19b 4-BrC6H4 Me 1lf DHQD (R)-2lf 24 99 92 

20b 3-ClC6H4 Me 1lg DHQD (R)-2lg 18 99 90 

21b 3-BrC6H4 Me 1lh DHQD (R)-2lh 18 98 91 

22 2-Naphtyl Me 1li DHQD (R)-2li 84 91 93 

23 Ph Et 1lj DHQD (R)-2lj 84 92 92 

24 c-Hexyl Me 1lk DHQD (R)-2lk 68 86 80 

25 PhCH2CH2 Me 1ll DHQD (R)-2ll 50 97 52 

26 2-Indanone 1lm DHQD (R)-2lm 84 86 82 

  a) 10 mol% of DHQD was used. b) Reaction was carried out at -40 °C with10 mol% of DHQD. 
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Entries 2,3 and 15, 16

Entries 5- 8 and 17- 21

Entries 9, 10 and 22, 23

80% ee

50% ee

Entries 11, 12 and 24, 25 1-

Entries 13 and 26  

 

1-2-7  

2le X S

Figure 1 S

R  

 

 
Figure 1 
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1-2-8  

Table 8  

 

Table 8 

N

Ph Me

SO2Mes Catalyst (10 mol%)
Na2CO3 (1.5 eq.)

Toluene, Temp., Time
P
O

OR
ORH

1l, ln-lo 2l, ln-lo

Me

Ph P

MesO2SHN

O

OR
OR

 

Entry R Catalyst (mol%) 2 Temp (°C) Time (h) Yield (%) Ee (%) 

1 Et DHQD (10) (R)-2ln 23 64 0 - 

2 Bn DHQD (10) (R)-2lo 23 20 95 61 

3a Ph DHQ (10) (S)-2l -20 24 0 - 

4b Ph DHQ (2) (S)-2l -20 84 99 95 

  a) TBSOP(OPh)2 was used as a phosphite. b) The reaction was carried out under aerobic condition. 

 

Entries 1, 2

pKa 9.0 in DMSO pKa 18.4 

in DMSO 25 TBS

Entry 3

Entry 4  

2-

1e 1e

Ns 1e 26

Scheme 19  
2- LHMDS

2-

2- 1e Scheme 19, a

LHMDS

2-
27 Scheme 19, b

                                                           
25 J.-N. Li, L. Liu, Y. Fu, Q.-X. Guo, Tetrahedron 2006, 62, 4453-4462. 
26 a) R. Shintani, M. Takeda, T. Tsuji, T. Hayashi, J. Am. Chem. Soc. 2010, 132, 13168-13169; b) R. Shintani, M. 

Takeda, Y.-T. Soh, T. Ito, T. Hayashi, Org. Lett. 2011, 13, 2977-2979. 
27 R. Annunziata, M. Cinquini, F. Cozzi, J. Chem. Soc., Perkin Trans. 1 1982, 339 343. 
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(Scheme 19, c)  

 

N SH NBS, MeOH N S
OMe

O 1) LHMDS, THF, -78 °C
2) sat NH4Cl aq N S

NH2

O

40% 25%

Acetophenone
Ti(OEt)4

Ph Me

N
SOPy

50%
CH2Cl2, reflux

mCPBA

CH2Cl2, 0 °C
66%

40% (2steps)

N S
OMe

O

MeLi

Et2O, 0 °C to r.t., 1h

CN

-40 °C

Ph Me

N
SO2Py

1e

Ph Me

N
SOPy

Ar
S

NH2

O O
Acetophenone
Ti(OEt)4

DCM, reflux, 24-96 h Ph Me

N
SO2Ar 1e

1g
1o

a)

b)

; Ar=2-Pyridyl
; Ar=4-NO2Ph
; Ar=2-Thienyl

17%
12% 
22%

c)

Scheme 19 
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1l (Table 9)  

 

Table 9 

DHQ (10 mol%)
Na2CO3 (1.5 eq.)

Toluene, Temp., Time
Ph Me

N
SO2Ar Me

Ph P

ArO2SHN

O

OPh
OPh

1e, 1l 2e, 2l

H
P
O

OPh
OPh

 
Entry Ar 1 2 Temp 

(°C) 

Time 

(h) 

Yield 

(%) 

Ee 

(%) 

1 2,4,6-Me3Ph 1l 2l -20 60 98 97 

2 2-pyridyl 1e 2e -20 24 99 89 

3 2-pyridyl 1e 2e -40 24 90 94 

 

2- 1e

Entry 2

-40 °C
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Scheme 20 (S)-2l

(S)-2l

(S)-3

96% (S)-3 48%

 

 

Me

Ph P

NH2

O

OPh
OPh

(S)-2la 96% ee (S)-3 96%, 96% ee

1) 48% HBr, AcOH, reflux

2) propyleneoxide, EtOH

Me

Ph P

NHSO2Mes

O

OPh
OPh

Me

Ph P

NH2

O

OPh
OPh

Me

Ph P

NH2

O

OH
OH

(S)-3 96% ee

MeSO3H

TFA, Thioanisole, 2h

0 %  
Scheme 20  
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1-3  

0.5 mol%

Scheme 21  

 

DHQ or 
DHQD (0.5-10 mol%)

Na2CO3 (1.5 eq.)

Toluene, - 20 °CR1 R2

N
SO2Mes R2

R1 P

MesO2SHN

O

OPh
OPhH

P
O

OPh
OPh

with DHQ
up to 99% yield
up to 97% ee (S)

R2

R1 P

MesO2SHN

O

OPh
OPh

with DHQD
up to 99% yield
up to 95% ee (R)

Scheme 21 
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N

R1

O
P

H OEt
OEt

THF, r.t., 72 h

Ph2(S)PHN

R1 P

68-97%
89-97% ee

[Cu(CH3CN)4]PF6 (0.5-2.0 mol%)
(R,R)-Ph-BPE (0.5-2.0 mol%)

Et3N (25 mol%)P
S

Ph
Ph

R2

R2

Ph

P P

PhPh

Ph

(R,R)-Ph-BPE

R1 =Aryl, Alkyl
R2 =Alkyl

O

OEt
OEt

 

Scheme 22 

                                                           
28 L. Yin, Y. Bao, N. Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2013, 135, 10338-10341. 
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2-1  
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phospha-Brook

-

-oxygenated

Scheme 23  

 

Ph CO2Et

HO P(O)(OPh)2
Ph

O

O

OEt QN or QD
H

P
OPh

O
OPh

QN-H+ or QD-H+

phospha-Brook

Ph

O
O

OEt

P
O

OPh
OPh

Ph CO2Et Ph

O
P
O

OH
OH

CO2Et

PtO2, H2

CPME, -30 °C

QN or QD (10 mol%)
Na2CO3 (0.2 eq.)

H OP(OPh)2

O

 Scheme 23 

 

DNA

Fostriecin
29 Cytostatin 30 Enigmazole A

31

                                                           
29 K. Miyashita, M. Ikejiri, H. Kawasaki, S. Maemura, T. Imanishi, J. Am. Chem. Soc. 2003, 125, 8238-8243. 
30 W.-H. Jung, S. Guyenne, C. Riesco-Fagundo, J. Mancuso, S. Nakamura, D. P. Curran, Angew. Chem. Int. Ed. 

2008, 47, 1130-1133. 
31 C. K. Skepper, T. Quach, T. F. Molinskihi, J. Am. Chem. Soc. 2010, 132, 10286-10292. 
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32 Scheme 24

 

 

R OH H3PO4
(1 or 2 eq.)

Catalyst (10 mol%)
Bu3N (1 or 2 eq.)

DMF-EtNO2 (1:1 v/v)
azeotropic reflux, 6 h

P
O

OHRO
OH

N NBu

catalyst

61-88% conv.

 

  Scheme 24 

 
33 Scheme 25

 

 

R OH H3PO4
(1.1 eq.)

aq. HOReO3 (1 mol%)
Bu2NH (20 mol%)

NMP-o-xylene (1:1)
azeotropic reflux, 12 h

P
O

OHRO
OH

95-100% conv.  

Scheme 25 

 

DMF N- -2- (NMP) o-xylene

 

                                                           
32 A. Sakakura, M. Katsukawa, K. Ishihara, Org. Lett. 2005, 7, 1999-2002. 
33 A. Sakakura, M. Katsukawa, K. Ishiharat, Angew. Chem. Int. Ed. 2007, 46, 1423-1426. 
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Phosphonate-Phosphite Phosphite

phospha-Brook

2009 Feng

- 34

Scheme 26  

 

N

N

NH

S NH
Ph

Ar CO2Me

O Thiourea (15 mol%)
P
O

H OMe
OMe

THF, 0 °C
36-40 h

Ar P

MeO2C OH

O
OMe
OMe

85-92%
88-91% ee

 
Scheme 26 

 

Feng Ti- 35

Scheme 27

 

 

Ph Me

O
Schiff base (10 mol%)
Ti(Oi-Pr)4 (10 mol%)

P
O

H OMe
OMe

0 °C, 24 h

94%
55% ee

OHt-Bu

t-Bu

N OH

Ph P

Me OH

O

OMe
OMe

 

Scheme 27 

 

tBuOK
36 Scheme 28  

                                                           
34 F. Wang, X. Liu, X. Cui, Y. Xiong, X. Zhou, X. Feng, Chem. Eur. J. 2009, 15, 589-592. 
35 X. Zhou, Y. Liu, L. Chang, J. Zhao, D. Shang, X. Liu, L. Lin, X. Feng, Adv. Synth. Catal. 2009, 351, 

2567-2572. 
36 D. Uraguchi, T. Ito, S. Nakamura, T. Ooi, Chem. Sci. 2010, 1, 488-490. 
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Scheme 28 

 

Feng Al-
37 Scheme 29  

 

Ar CF3

O
Schiff base (10 mol%)

Et2AlCl (10 mol%)
P
O

H OMe
OMe

THF, -50 °C, 40 h Ar P

F3C OH

O
OMe
OMe

82-99%
74-90% ee

OHt-Bu

Ad

N OH

 
Scheme 29 

 

-

phospha-Brook  

phospha-Brook

phospha-Brook 38 Scheme 30  
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O Et3N (1.2 eq.)
P
O

H OR2
OR2

Et2O, r.t., 0.5-48 h Rf R1

OP(O)(OR2)2

60-99%  

Scheme 30 

 

                                                           
37 X. Zhou, Q. Zhang, Y. Hui, W. Chen, J. Jiang, L. Lin, X. Liu, X. Feng, Org. Lett. 2010, 12, 4296–4299. 
38 M. Kuroboshi, T. Ishihara, T. Ando, J. Fluorine Chem. 1988, 39, 293–298. 
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Kaïm DBU

phospha-Brook 39 Scheme 31  

R1 R2

O DBU (10 mol%)
P
O

H OR3
OR3

DMF, 80 °C, 1-12 h R1 R2

OP(O)(OR3)2

15-92%  

Scheme 31  

 

Kaïm Grimaud Passerini phospha-Brook 40 Scheme 

32  
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Scheme 33 

                                                           
39 L. E. Kaïm, L. Gaultier, L. Grimaud, A. D. Santos, Synlett 2005, 2335–2336. 
40 D. Coffinier, L. E. Kaïm, L. Grimaud, Synlett 2008, 1133–1136. 
41 L. Duhamel, J.-C. Plaquevent, J. Am. Chem. Soc. 1978, 100, 7415-7416. 
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1994 Fehr

n-BuLi

-2-
42 Scheme 34  

 

O OLi O
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Rebek Kemp

Scheme 36 45

 

                                                           
42 C. Fehr, J. Galindo, Angew. Chem. Int. Ed. 1994, 33, 1888-1889. 
43 a) C. Fehr, Angew. Chem. Int. Ed. 1996, 35, 2566-2587; b) J. Eames, N. Weerasooriya, Tetrahedron: 

Asymmetry 2001, 12, 1–24; c) L. Duhamel, P. Duhamel, J.-C. Plaquevent, Tetrahedron: Asymmetry 2004, 15, 
3653–3691. d) J. T. Mohr, A. Y. Hong, B. M. Stoltz, Nat. Chem. 2009, 1, 359–369. 

44 U. Gerlach, S. Hünig, Angew. Chem. Int. Ed. 1987, 26, 1283-1285. 
45 D. Potin, K. Williams, J. Rebek, Angew. Chem. Int. Ed. 1990, 29, 1420-1422. 
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2-2  

phospha-Brook  

2-2-1  

4a

Table 10  

 

Table 10 

Ph

O
Diphenyl phosphite (3.0 eq.)

Catalyst (10 mol%)
Na2CO3 (1.5 eq.)

Toluene, r.t., 24 h
Ph

OP(O)(OPh)2

CO2Et Ph CO2Et

HO P(O)(OPh)2

4a 5aa 6
CO2Et

 

Entry Catalyst Yield of 5aa (%) Ee of 5aa (%) Yield of 6 (%) 

1a QN 17 58 (S) 46 

2 QN 99 46 (S) - 

3 QD 81 63 (R) - 

4 CN 99 22 (R) - 

5 CD 88 19 (S) - 

6 DHQ 99 46 (S) - 

7 DHQD 90 43 (R) - 

8 6’-OH-9-AcQN 71 29 (S) - 

9 9-AcQN 97 39 (S) - 

10 (DHQ)2PYR 91 14 (S) - 

11 (DHQ)2PHAL 88 5 (S) - 

12 (DHQ)2AQN 98 20 (S) - 

a) The reaction was carried out without Na2CO3. 

 

5aa 6

Entry 1 46% ee

63% ee

Entries 2, 3

Entries 4- 7

Entries 8- 13
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Table 11  

 

Table 11 

Diphenyl phosphite (3.0 eq.)
Quinidine (10 mol%)

Base (1.5 eq.)

Toluene, r.t., Time
Ph

O

Ph

OP(O)(OPh)2

CO2Et Ph CO2Et

HO P(O)(OPh)2

4a 5aa 6
CO2Et

 

Entry Base Time (h) Yield of 5aa (%) Ee of 5aa (%) Yield of 6 (%) 

1 Li2CO3 12 89 61 Trace 

2 Na2CO3 16 91 63 - 

3 K2CO3 20 88 56 - 

4 Cs2CO3 12 99 0 - 

5 MgCO3 20 53 nd 35 

6 CaCO3 20 63 nd 31 

7 NaHCO3 20 82 46 Trace 

8 NaOAc 18 99 55 - 

9 NaOBz 18 99 52 - 

10 NaOH 18 68 10 - 

11 NaH 18 79 0 - 

12 Et3N 12 93 14 - 

13 DABCO 12 96 5 - 

14 DBU 12 97 0 - 

 

Entries 1- 4

5aa 6

Entries 5, 6

Entries 7- 11

DABCO DBU Entries 

12- 14  
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Table 12

Phosphite Phosphonate

 

 

Table 12 

 

Diphenyl phosphite (x eq.)
Quinidine (10 mol%)

Na2CO3 (y eq.)

Toluene, r.t., Time
Ph

O

Ph

OP(O)(OPh)2

CO2Et

4a 5aa
CO2Et

 

Entry x (eq.) y (eq.) Time (h) Yield (%) Ee (%) 

1 1.1 1.5 17 82 64 

2 1.5 1.5 17 95 63 

3 3.0 1.5 17 91 63 

4 1.3 1.0 13 99 64 

5 1.3 0.5 13 99 64 

6 1.3 0.2 13 99 64 

 

1.1 1.5 3.0

1.1 TLC

Entries 1- 3 1.3

1.0 0.5 0.2

Entries 4- 6  
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Table 13  

 

Table 13 

Diphenyl phosphite (1.3 eq.)
Quinidine (10 mol%)

Na2CO3 (0.2 eq.)

Solvent, r.t., Time
Ph

O

Ph

OP(O)(OPh)2

CO2Et

4a 5aa
CO2Et

 

Entry Solvent Time (h) Yield (%) Ee (%) 

1 Hexane <1 99 30 

2 CH2Cl2 4 93 34 

3 CHCl3 18 95 43 

4 Toluene 12 99 64 

5 Et2O <1 95 68 

6 THF 18 97 55 

7 CPME <1 94 70 

8 TBME <1 96 68 

9 DME 20 61 14 

10 1,4-dioxane <1 99 60 

11 MeCN <1 99 16 

12 EtOH 24 99 16 

13 DMF <1 91 12 

 

Entry 1

Entries 2, 3

Entry 5 THF

(CPME) tert- (TBME) 1,2- (DME)

1,4- CPME Entries 

6- 10 DMF

Entries 11- 13 CPME
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Table 14  

 

Table 14 

H
P
O

OR2
OR2

Quinidine (10 mol%)
Na2CO3 (0.2 eq.)

CPME, Temp., TimePh

O

Ph

OP(O)(OR)2

CO2Et
4a-f 5aa-5fa, 5aa-5ao

CO2R1

7a-o (1.3 eq.)  

a) 1.0 equiv. of Na2CO3 was used. b) Toluene was used as a solvent. c) 2 mol% of QD was used.  

d) 10 mol% of QN 10 mol% was used and (S)-5ag was obtained. 

 

 

 

Entry R1 R2 4 7 5 Temp.

(°C) 

Time 

(h) 

Yield 

(%) 

Ee 

(%)

1 Et Ph 4a 7a 5aa -20 48 95 82 

2 Me Ph 4b 7a 5ba -20 48 99 78 

3 Bn Ph 4c 7a 5ca -20 60 83 73 

4 t-Bu Ph 4d 7a 5da -40 72 93 79 

5 1-Adamantyl Ph 4e 7a 5ea -40 72 91 78 

6 a NMe2 Ph 4f 7a 5fa -20 24 <5 - 

7 b Et Me 4a 7b 5ab 23 12 93 40 

8 b Et Bn 4a 7c 5ac 23 15 99 35 

9 Et i-Pr 4a 7d 5ad 23 24 0 - 

10 Et n-Bu 4a 7e 5ae 23 48 90 6 

11 Et CH2CF3 4a 7f 5af -20 16 98 50 

12 a Et o-MeOPh 4a 7g 5ag -20 12 99 87 

13 a Et m-MeOPh 4a 7h 5ah -20 12 72 82 

14 a Et p-MeOPh 4a 7i 5ai -20 12 88 76 

15 a Et p-BrPh 4a 7j 5aj -20 12 64 77 

16 a Et Mesityl 4a 7k 5ak -20 24 90 24 

17 a Et 2,6-(MeO)2Ph 4a 7l 5al -20 24 33 17 

18 a Et 1-Naphtyl 4a 7m 5am -20 24 47 35 

19 a Et o-PhPh 4a 7n 5an -20 20 90 76 

20 a Et o-BnOPh 4a 7o 5ao -20 20 80 87 

21 a Et o-MeOPh 4a 7g 5ag -40 96 98 92 

22 c Et o-MeOPh 4a 7g 5ag -40 288 87 90 

23 d Et o-MeOPh 4a 7g 5ag -20 72 92 91 
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-20 °C

82% ee (Entry 1)

t- 1-

Entries 2- 6

 

Entries 7- 8 CPME i-

n- 2,2,2-

Entries 9- 11

Entries 12- 14

Entry 15

2,6- 1-

Entries 16- 18

Entries 19, 20

 

-40 °C 92% ee Entry 21

2 mol% (Entry 22)

(S)-5ag

Entry 23 2-2-7
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Table 15  

 

Table 15 

H
P

OAr
OAr

QN or QD (10 mol%)
Na2CO3 (0.2 eq.)

CPME, Temp., TimeR

O

R

OP(O)(OAr)2

CO2Et
4a, ab-an 5ag-ng Ar=o-OMeC6H4

CO2Et
7g (1.3 eq.)

O

 
Entry R1 4 Catalyst 5 Temp. 

(°C) 

Time 

(h) 

Yield 

(%) 

Ee 

(%) 

1 Ph 4a QN (S)-5ag -40 72 92 91 

2 a 2-Tolyl 4ab QN (S)-5bg -30 to 0 96 73 84 

3 3-Tolyl 4ac QN (S)-5cg -30 48 99 90 

4 4-Tolyl 4ad QN (S)-5dg -30 48 84 89 

5 4-OMeC6H4 4ae QN (S)-5eg -30 60 83 83 

6 4-FC6H4 4af QN (S)-5fg -30 24 99 89 

7 4-ClC6H4 4ag QN (S)-5gg -30 18 98 88 

8 4-BrC6H4 4ah QN (S)-5hg -30 18 98 88 

9 a 1-Naphtyl 4ai QN (S)-5ig -30 to 0 96 85 80 

10 2-Naphtyl 4aj QN (S)-5jg -30 48 99 85 

11 Me 4ak QN (S)-5kg -30 to 23 48 92 72 

12 CF3 4al QN (S)-5lg -30 to 0 48 82 33 

13 PhCH2CH2 4am QN (S)-5mg -30 to 0 48 97 79 

14 a c-Hexyl 4an QN (S)-5ng -30 to 23 48 91 87 

15 Ph 4a QD (R)-5ag -40 96 98 92 

16 a 2-Tolyl 4ab QD (R)-5bg -30 to 0 96 79 87 

17 3-Tolyl 4ac QD (R)-5cg -30 48 99 90 

18 4-Tolyl 4ad QD (R)-5dg -30 48 90 91 

19 4-OMeC6H4 4ae QD (R)-5eg -30 60 90 87 

20 4-FC6H4 4af QD (R)-5fg -30 18 99 91 

21 4-ClC6H4 4ag QD (R)-5gg -30 24 92 90 

22 4-BrC6H4 4ah QD (R)-5hg -30 18 99 90 

23 a 1-Naphtyl 4ai QD (R)-5ig -30 to 0 96 89 77 

24 2-Naphtyl 4aj QD (R)-5jg -30 48 99 88 

25 Me 4ak QD (R)-5kg -30 to 23 48 98 79 

26 CF3 4al QD (R)-5lg -30 to 0 48 80 34 

27 PhCH2CH2 4am QD (R)-5mg -30 to 0 48 99 85 

28 a c-Hexyl 4an QD (R)-5ng -30 to 0 72 92 90 

  a) 1.0 eq. of Na2CO3 was used. 
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5aa -

6 Feng 1H NMR

5aa Figure 3

6 ppm - J = 8.4 Hz
31P NMR -12.741ppm -

6 1H NMR 6 ppm

4.4 ppm 8 ppm Figure 4

6 31P NMR 7.179 ppm 5aa Feng

 

 

Spectrum A; 5aa in CDCl3 (31P NMR -12.741ppm) 

 
Figure 3 

 

Spectrum B; 6 in CDCl3 (31P NMR 7.179 ppm) 
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Figure 4 

Spectrum C; reported product in CDCl3 (500 MHz, 31P NMR )33 

 
Figure 5 

 

Spectrum D; 8 in CDCl3 (31P NMR 2.177 ppm) 

 
Figure 6 
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Hz Figure 5 31P NMR
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2-3  

o-
46 o-

CAN TCCA PhI(OAc)2 H5IO6

t-BuOCl 2,3- -5,6- -p- DDQ

 

47 5ng o-

9 9

10 HPLC

Scheme 40  

 

CO2Et

O
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P
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O
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O
P

OH

O
OH
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MeOH, 1 h CO2Et

O
P

OMe

O
OMe

9
98%

10
51%, 90% ee (R)  

Scheme 40 

                                                           
46 J. M. M. Verkade, L. J. C. Hemert, P. J. L. M. Quaedflieg, P. L. Alsters, F. L. Delft, F. P. J. T. Rutjes, 

Tetrahedron Lett. 2006, 47, 8109–8113. 
47 M. Graupner, R. H. White, Biochemistry 2001, 40, 10859-10872. 
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2 mol%

Scheme 41  
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H
P
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Scheme 41 
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48 Figure 8  

 

N

O
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P
O

H OPh
OPh

CH2Cl2, 0 °C N
O

HO P(O)(OPh)2

99%, 67% ee  

Scheme 42 

                                                           
48 a) L. Peng, L.-L. Wang, J.-F. Bai, L.-N. Jia, Q.-C. Yang, Q.-C. Huang, X.-Y. Xu, L.-X. Wang, Tetrahedron 

Lett. 2011, 52, 1157–1160; b) L. Peng, L.-L. Wang, J.-F. Bai, L.-N. Jia, Q.-C. Yang, Q.-C. Huang, X.-Y. Xu, 
L.-X. Wang, Tetrahedron Lett. 2011, 52, 6207–6209. 
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Scheme 43 

                                                           
49 M. T. Corbett, D, Uraguchi, T, Ooi, J. S. Johnson, Angew. Chem. Int. Ed. 2008, 47, 1130-1133. 



3 -  

47 

3 -  

 

3-1  
- - -

50 51 52

-

a) - - -

b) 

- c) -

d) - - , - 50a

Figure 9  

 

H2N
P
O

OH
OH

R2

R1

N
H

R1

H

XR3

X=O, NR'

N
H

R1

XR3

X=Hal, OTs

H
P
O

OR4
OR4

R1 P
O

OR4
OR4

R1 P
O

OR4
OR4

X
X=O, NR'

R3 NH2

N
P
O

OR4
OR4

R2

R1

R3
H N

H
P
O

OR4
OR4

R2

R1

R3 H2,
reducing agent

a

c

b

e

O2N
R2

H
P
O

OR4
OR4NR3

R1

R2

d

 
Figure 9 

 

                                                           
50 a) M. Horiguchi, M. Kandatsu, Nature 1959, 184, 901 902; b) S. C. Fields, Tetrahedron 1999, 55, 

12237-12273; c) F. Palacios, C. Alonso, J. M. de Los Santos, Chem. Rev. 2005, 105, 899-931; d) D. V. Patel, K. 
Rielly-Gauvin, D. E. Ryono, C. A. Free, W. L. Rogers, S. A. Smith, J. M. DeForrest, R. S. Oehl, E. W. Petrillo 
Jr, J. Med. Chem. 1995, 38, 4557-4569; e) T. Yokomatsu, M. Sato, S. Shibuya, Tetrahedron: Asymmetry 1996, 
7, 2743-2745. 

51 a) P. Braunstein, F. Naud, Angew. Chem. Int. Ed. 2001, 40, 680-699; b) K. N. Gavrilov, A. I. Polosukhin, Russ. 
Chem. Rev. 2000, 69, 661-682; c) W. Tang, X. Zhang, Chem. Rev. 2003, 103, 3029–3069; d) P. J. Guiry, C. P. 
Saunders, Adv. Synth. Catal. 2004, 346, 497-537; e) D. Amoroso, T. W. Graham, R. Guo, C.-W. Tsang, K. 
Abdur-Rashid, Aldrichimica Acta 2008, 41, 15-26.  

52 a) X. Lu, C. Zhang, Z. Xu, Acc. Chem. Res. 2001, 34, 535–544; b) J. L. Methot, W. R. Roush, Adv. Synth. 
Catal. 2004, 346, 1035–1050. 
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53 Enders 2000 TADDOL
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Michael 53e Scheme 46  

 

R
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H
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Ph
Ph
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Scheme 46 

 

Rawal
53g Scheme 47  

                                                           
53 Asymmetric Michael addition of Phosphites to nitroolefins; a) D. Enders, L. Tedeschi, J. W. Bats, Angew. 

Chem. Int. Ed. 2000, 39, 4605-4607; b) D. Enders, L. Tedeschi, J. W. Bats, Angew. Chem. Int. Ed. 2000, 39, 
4605-4607; c) A. Alcaine, E. Marqués-López, P. Merino, T. Tejero, R. P. Herrera, Org. Biomol. Chem. 2011, 9, 
2777-2783; d) J. Wang, L. D. Heikkinen, H. Li, L. Zu, W. Jiang, H. Xie, W. Wang, Adv. Synth. Catal. 2007, 
349, 1052-1056; e) M. Terada, T. Ikehara H. Ube, J. Am. Chem. Soc. 2007, 129, 14112-14113. f) V. Rai, I. N. 
N. Namboothiri, Tetrahedron: Asymmetry 2008, 19, 2335-2338; g) Y. Zhu, J. P. Malerich, V. H. Rawal, Angew. 
Chem. Int. Ed. 2010, 49, 153-156; h) Y. Sohtome, N. Horitsugi, R. Takagi, K. Nagasawa, Adv. Synth. Catal. 
2011, 353, 2631-2636; i) S. Abbaraju. M, Bhanushali, C.-G. Zhao, Tetrahedron 2011, 67, 7479-7484. For 
enantioselective Michael addition of phosphines or phosphine oxides to nitroolefins; j) G. Bartoli, M. Bosco, A. 
Carlone, M. Locatelli, A. Mazzanti, L. Sambri, P. Melchiorre, Chem. Commun. 2007, 722 724; k) X. Fu, Z. 
Jiang, C.-H. Tan, Chem. Commun. 2007, 5058-5060. 
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55  

                                                           
54 a) H. Stamm, G. Gerster, Tetrahedron Lett. 1980, 21, 1623–1626; b) M. E. Duggan, D. S. Karanewsky, 

Tetrahedron Lett. 1983, 24, 2935–2938; c) T. Katagiri, M. Takahashi, Y. Fujiwara, H. Ihara, K. Uneyama, J. 
Org. Chem. 1999, 64, 7323-7329; d) A. Caiazzo, S. Dalili, A. K. Yudin, Org. Lett. 2002, 4, 2597-2600. 

55 For reviews on enantioselective desymmetrization of aziridines with various nucleophiles; a) M. Pineschi, Eur. 
J. Org. Chem. 2006, 4979 4988; b) X. E. Hu, Tetrahedron 2004, 60, 2701 2743; c) C. Schneider, Angew. 
Chem. Int. Ed. 2009, 48, 2082 2084; d) S. Stankovi , M. D’hooghe, S. Catak, H. Eum, M. Waroquier, V. V. 
Speybroeck, N. D. Kimpe, H.-J. Ha, Chem. Soc. Rev. 2012, 41, 643–665. For selected papers for 
enantioselective desymmetrization of aziridines; e) Z. Li, M. Fernandez, E. N. Jacobsen, Org. Lett. 1999, 1, 
1611; f) T. Mita, I. Fujimori, R. Wada, J. Wen, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2005, 127, 
11252-11253; g) Y. Fukuta, T. Mita, N. Fukuda, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2006, 128, 
6312-6313; h) I. Fujimori, T. Mita, K. Maki, M. Shiro, A. Sato, A. Furusho, M. Kanai, M. Shibasaki, J. Am. 
Chem. Soc. 2006, 128, 16438-16439; i) E. B. Rowland, G. B. Rowland, E. Rivwra-Otero. J. C. Antilla, J. Am. 
Chem. Soc. 2007, 129, 12084-12085; j) K. Arai, S. Lucarini, M. M. Salter, K. Ohta, Y. Yamashita, S. 
Kobayashi, J. Am. Chem. Soc. 2007, 129, 8103-8111; k) B. Wu, J. C. Gallucci, J. R. Parquette, T. V. 
RajanBabu, Angew. Chem. Int. Ed. 2009, 48, 1126-1129; l) S. Peruncheralathan, H. Teller, C. Schneider, 
Angew. Chem. Int. Ed. 2009, 48, 4849-4852; m) G. D. Sala, A. Lattanzi, Org. Lett. 2009, 11, 3330-3333; n) G. 
L. Hamilton, T. Kanai, F. D. Toste, J. Am. Chem. Soc. 2008, 130, 14984-14986; o) Y. Zhang, C. W. Kee, R. 
Lee, X. Fu, J. Y.-T. Soh, E. M. F. Loh, K.-W. Huang, C.-H. Tan, Chem. Commun. 2011, 47, 3897-3899; p) S. 
Nakamura, M. Hayashi, Y. Kamada, R. Sasaki, Y. Hiramatsu, N. Shibata, T. Toru, Tetrahedron Lett. 2010, 51, 
3820-3823; q) Y. Xu, L. Lin, M. Kanai, S. Matsunaga, M. Shibasaki, J. Am. Chem. Soc. 2011, 133, 
5791 5793; r) K. Ohmatsu, Y. Hamajima, T. Ooi, J. Am. Chem. Soc. 2012, 134, 8794-8797. 
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56 For enantioselective hydrophosphonylation of aldehydes using cinchona alkaloid-Lewis acid cocatalysts; a) F. 

Yang, D. Zhao, J. Lan, P. Xi, L. Yang, S. Xiang, J. You, Angew. Chem. Int. Ed. 2008, 47, 5646-5649. For 
review for bifunctional organo/metal cooperative catalysis for cinchona alkaloid scaffolds; b) L. Stegbauer, F. 
Sladojevich, D. J. Dixon, Chem. Sci. 2012, 3, 942-958. See also; c) V. Casarotto, Z. Li, J. Boucau, Y.-M. Lin, 
Tetrahedron Lett. 2007, 48, 5561-5564; d) Y.-M. Lin, J. Boucau, Z. Li, V. Casarotto, J. Lin, A. N. Nguyen, J. 
Ehrmantraut, Org. Lett. 2007, 9, 567-570; e) Y.-M. Lin, Z. Li, J. Boucau, Tetrahedron Lett. 2007, 48, 
5275 5278; f) S. Chidara, Y.-M. Lin, Synlett 2009, 1675-1679. 
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3-2-1  

Table 16  

 

Table 16 

Lewis acid (150 mol%)
Toluene, r.t., 12 hN

H
P

OPh

O
OPh

H
N

P
(1.5 eq.)

PG
PG

O
OPh
OPh

11a-g 12a-g  

Entry PG 11 Lewis acid 12 Yield (%) 

1 Ts 11a Et2Zn 12a 0 

2 Bz 11b Et2Zn 12b 0 

3 SO2Py 11c Et2Zn 12c 17 

4 COPy 11d Et2Zn 12d 68 

5 3,5-(CF3)2Bz 11e Et2Zn 12e 0 

6 3,5-(NO2)2Bz 11f Et2Zn 12f 0 

7 4-OMeBz 11g Et2Zn 12g 0 

8 COPy 11d n-BuLi 12d 0 

9 COPy 11d Bu2Mg 12d 30 

10 COPy 11d Et3Al 12d Trace 

11 COPy 11d Ti(Oi-Pr)4 12d 0 

11 COPy 11d Zn(OTf)2 12d 0 

 

Ts Bz

Entries 1, 2

Entry 3

57 Entry 4 Pd C(CP3)-H
58 Bz

                                                           
57 J. A. Kalow, D. E. Schmitt, A. G. Doyle, J. Org. Chem. 2012, 77, 4177 4183.  
58 For selected examples; a) G. He, Y. Zhao, S. Zhang, C. Lu, G. Chen, J. Am. Chem. Soc. 2012, 134, 3-6; b) G. 

He, G. Chen, Angew. Chem, Int. Ed. 2011, 50, 5192-5196; c)Y. Xie, Y. Yang, L. Huang, X. Zhang, Y. Zhang, 
Org. Lett. 2012, 14, 1238 1241. 
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Entries 5- 7

Entries 8- 11
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Table 17  

 

Table 17 

N

O
N

Et2Zn (10 mol%)
Ligand 13 (10 mol%)
Toluene, r.t., MS 4A, 3 hH

P
OPh

O
OPh

H
N

P
(1.5 eq.)

COPy

O
OPh
OPh

11d 12d

O

13k: Trost's dinuclear 
Zn catalyst

N

O
Ph
Ph

N

O
Ph

Ph
Zn Zn

Et

N

N

X Y

Z

N
Y

N

Z

X

13a:
13c:
13e:
13f:
13g:
13i:

X=H, Y=OH, Z=H
X=H, Y=OH, Z=OMe
X=NHBz, Y=H, Z=H
X=NHSO2Py, Y=H, Z=H
X=NHCOPy, Y=H, Z=H
X=NHCOPy, Y=H, Z=OMe

13b:
13d:
13h:
13j:

X=H, Y=OH, Z=H
X=H, Y=OH, Z=OMe
X=NHCOPy, Y=H, Z=H
X=NHCOPy, Y=H, Z=OMe

 
Entry 13 Yield (%) Ee (%) 

1 13a (CN) 57 3 (S,S) 

2 13b (CD) 50 3 (S,S) 

3 13c (QD) 48 5 (S,S) 

4 13d (QN) 48 1 (S,S) 

5 13e 36 3 (S,S) 

6 13f 36 38 (R,R) 

7 13g (CNPA) 84 99 (R,R) 

8 13h (CDPA) 70 94 (S,S) 

9 13i (QDPA) 37 33 (R,R) 

10 13j (QNPA) 31 35 (S,S) 

11 13k 52 59 (S,S) 
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(Entries 1-4)

2-

(Entries 5, 6)

13g 84%, 99% ee

(R,R) (entry 7)59

13h 70%, 

94% ee (S,S) (entry 8)

(Entries 9, 10) Trost
60 Entry 11  

 

3-2-3  

(Table 18)

13h  

80%, 98% ee

(Entry 2)

THF (Entries 5-7)

(Entries 8, 9)  

 

3-2-4  

Table 19  

 84 , 99% ee Entry 1

Entries 2, 3 41%, 79% ee

Entry 4 p o- p-

Entries 5- 7  
                                                           
59 For selected examples of chiral catalysts having a 2-picolinoyl group, see; a) B.M. Trost, I. Hachiya, J. Am. 

Chem. Soc. 1998, 120, 1104-1105; b) V. A. Soloshonok, H. Ueki, R. Tiwari, C. Cai, V. J. Hruby, J. Org. Chem. 
2004, 69, 4984-4990; c) B. M. Trost, Y. Zhang, J. Am. Chem. Soc. 2006, 128, 4590-4591; d) O. Onomura, Y. 
Kouchi, F. Iwasaki, Y. Matsumura, Tetrahedron Lett. 2006, 47, 3751-3754; e) H.-J. Zheng, W.-B. Chen, Z.-J. 
Wu, J.-G. Deng, W.-Q. Lin, W.-C. Yuan, X.-M. Zhang, Chem. Eur. J. 2008, 14, 9864- 9867; (f) S. Guizzetti, M. 
Benaglia, G. Celentano, Eur. J. Org. Chem.2009, 3683-3687. 

60 For Trost’s dinuclear-Zn catalyst, see selected examples: a) B. M. Trost, H. Ito, J. Am. Chem. Soc. 2000, 122, 
12003-12004; b) B. M. Trost, H. Ito, E. R. Silcoff, J. Am. Chem. Soc. 2001, 123, 3367-3368; c) B. M. Trost, E. 
R. Silcoff, H. Ito, Org. Lett. 2001, 3, 2497-2500; d) B. M. Trost, L. R. Terrell, J. Am. Chem. Soc. 2003, 125, 
338-339; e) B. M. Trost, D. W. Lupton, Org. Lett. 2007, 9, 2023-2026; f) B. M. Trost, J. Hitce, J. Am. Chem. 
Soc. 2009, 131, 4572-4573; For enantioselective phospha-Michael addition using Trost’s dinuclear-Zn catalyst, 
see; g) D. Zhao, Y. Yuan, A. S. C. Chan, R. Wang, Chem. Eur. J. 2009, 15, 2738-2741; h) D. Zhao, Y. Wang, L. 
Mao, R. Wang, Chem. Eur. J. 2009, 15, 10983-10987. 
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Table 18 

N

O
N

Et2Zn (10 mol%)
13h (10 mol%)
Solvent, r.t., MS 4AH

P
OPh

O
OPh

H
N

P
(1.5 eq.)

COPy

O
OPh
OPh

11d 12d  

Entry Solvent Time (h) Yield (%) Ee (%) 

1 Toluene 3 70 94 (S,S) 

2 Benzene 2 80 98 (S,S) 

3 p-Xylene 3 80 91 (S,S) 

4 m-Xylene 3 84 97 (S,S) 

5 CH3CN 3 Trace - 

6 Et2O 3 25 21 (S,S) 

7 THF 3 17 56 (S,S) 

8 CH2Cl2 3 33 96 (S,S) 

9 CHCl3 3 25 96 (S,S) 

 

Table 19 

Et2Zn (10 mol%)
13g (10 mol%)
Toluene, MS 4Å

H
P

OR

O
OR

7a-p (1.5 eq.) 12d, dc-dp

N

O
N

11d

H
N

P

COPy

O
OR
OR

 
Entry R 7 12 Time (h) Yield (%) Ee (%) 

1 Ph 7a 12d 3 84 99 (R,R) 

2 Et 7p 12dp 3 Trace - 

3 Bn 7c 12dc 3 Trace - 

4 CH2CF3 7f 12df 3 41 79 (R,R) 

5 p-BrC6H4 7j 12dj 24 31 92 (R,R) 

6 o-OMeC6H4 7g 12dg 18 35 73 (R,R) 

7 p-OMeC6H4 7i 12di 24 77 91 (R,R) 
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3-2-5  

Table 20

4

 

 

Table 20 

N

O

H
P

OPh

O
OPh

1.5 eq.

Et2Zn/13g
(x mol%)

Benzene, r.t.
MS 4A, Time

N

R 12d, h-j

H
N

P

COPy

O
OPh
OPh

11d, h-j  

Entry R X (mol%) 11 12 Time (h) Yield (%) Ee (%) 

1a H 10 11d 12d 3 84 99 (R,R) 

2 Cl 10 11h 12h 3 94 99 (R,R) 

3 NO2 10 11i 12i 3 6 54 (R,R) 

4 OMe 10 11j 12j 1 91 96 (R,R) 

5 H 5 11d 12d 5 90 98 (R,R) 

6 H 2 11d 12d 16 77 90 (R,R) 

7b H 2 11d 12d 24 75 97 (R,R) 

     a) Toluene was used as a solvent. b) MS 5A was used and Na2CO3 (1.5 eq.) was added. 

 

11h

Entry 2

11i Entry 3

11j

Entry 4 Et2Zn

13g 5 mol%

2 mol%

Entries 5, 6 5A
61 Entry 7

                                                           
61 For enantioselective hydrophosphonylation of aldehydes using a base, see ref 23. For enantioselective 

Michael addition of phosphite using a molecular sieves, see ref 53e and 53i. 
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3-2-6  

Scheme 55  

 

H
N

P(O)(OPh)2

12d
84%, 99% ee (R,R)
80%, 98% ee (S,S)

O

N H
N

P(O)(OPh)2

O

N

OMe

Me

Me
H
N

P(O)(OPh)2

O

N

OMe

H
N

P(O)(OPh)2

O

N

OMe

n-Pr

n-Pr
H
N

P(O)(OPh)2

O

N

OMe

H
N

P(O)(OPh)2

O

N

OMe

+
H

P
O

OPh
OPh

(1.5 eq.)

Et2Zn (2-30 mol%)
13g or 13h (2-30 mol%)

Na2CO3 (1.5 eq.)
Benzene, MS 5A

r.t., 3-64 hR

R N

R

R
H
N

P(O)(OPh)2

O

O

N

R'

H
N

P(O)(OPh)2

O

N

OMe
NCbz

12k
81%, 99% ee (R,R)
81%, 97% ee (S,S)

12m
78%, 97% ee (R,R)
85%, 96% ee (S,S)

12p
90%, 99% ee (R,R)
80%, 97% ee (S,S)

12l
81%, 98% ee (R,R)
76%, 98% ee (S,S)

12n
64%, 97% ee (R,R)
65%, 95% ee (S,S)

12q
80%, 95% ee (R,R)
83%, 95% ee (S,S)

N

R'

11d, k-q 12d, k-q

13g 13h  

Scheme 55 

 

4

6

76-81% 97-99% ee - 12d-n

5

7

11o 12o (19%, 90% ee)

n-

12p  
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3-2-7  

13g 12d X 

R Figure 11

R,R

S,S  

 
Figure 11 

 

3-2-8 -  

-

(R,R)-12d MeONa/MeOH 14

- 15

15 16 HPLC
62 Scheme 56  

 

NH

P
O

OPh
OPh

O
N MeONa/MeOH

NH

P
O

OMe
OMe

O
N

1) conc HCl, 
    reflux, 20 h

 reflux, 3 h 2) propylene oxide
    EtOH

NH2

P
O

OH
OH

(1R,2R)-12d
>99% ee

1597%83%

14
>99% ee

NH

P
O

OMe
OMe

OO Ph

16
>99% ee

 

Scheme 56 

                                                           
62 a) G. D. Joly, E. N. Jacobsen, J. Am. Chem. Soc. 2004, 126, 4102-4103; b) M. Ohara, S. Nakamura, N. Shibata, 

Adv. Synth. Catal. 2011, 353, 3285-3289. 



3 -  

61 

3-2-9  

11o

40 °C 12o 19%, 90% ee

17 Scheme 57  

 

+
H

P
O

OPh
OPh

(1.5 eq.)

Et2Zn/13g (20 mol%)
Na2CO3 (1.5 eq.)

Benzene, MS 5A
40 °C, 84 h

N
H
N

P(O)(OPh)2

O
N

OMe

O

N

OMe

12o
19%, 90% ee

N

OMe

P(O)(OPh)2

OP(O)(OPh)2

17
~20 %

11o
 

Scheme 57 

 

17 2 phospha-Brook

7 11o

phospha-Brook

17 Scheme 58  

 

N

OMe

P(O)(OPh)2

O
N

OMe

P(O)(OPh)2

HO P(O)(OPh)2

N

O
N

OMe

Zn

NHR

R

H
P
O

OPh
OPh

N

OMe

P(O)(OPh)2

OP(O)(OPh)2

Nu (desired)

Nu
(undesired) phospha-Brook 

rearrangement
acylphosphonate 17

11o

H
P
O

OPh
OPh

 
Scheme 58 

 

63 Scheme 59, a Yb, Ti, Zr

Cu, Zn, Ni, Sn

log [k/k0]

                                                           
63 D. Ferraris, W. J. Drury III, C. Cox, T. Lectka, J. Org. Chem. 1998, 63, 4568-4569. 
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log [k/k0]

Scheme 59, b Cu(OTf)2 Zn(OTf)2

Table 20

 

 

N

O

X
X = OMe, H, F, CF3

Azaphilic LA

Nu N

O
R

Oxophilic LA

Nu

NH

Nu

COR

THF:DME = 20:1
N

N Cu(OTf)2 or Zn(OTf)2

O

N

O
Py

complex mixture

a)

b)

11d  

Scheme 59 

 

Et2Zn 13g  

13g 1H NMR Figure 12, Spectrum A

Et2Zn 13g 0.5 13g

Figure 12, Spectrum B 13g Et2Zn 13g
1H NMR Figure 12, Spectrum C

31P NMR 5 phosphonate

3 phosphite 31P NMR 0 -11 ppm

-139 - 153 ppm 64 Zn-phosphite

13g Et2Zn

1 31P NMR

Zn-phosphite

3 phosphonate

 

 

 

 

                                                           
64 a) L. W. Daasch, J. Am. Chem. Soc. 1958, 80, 5301-5303; b) K. Moedritzer, J. Inorg. Nucl. Chem. 1961, 22, 

19-21; c) D. Uraguchi, T. Ito, T. Ooi, J. Am. Chem. Soc. 2009, 131, 3836-3837; d) D. Zhao, L. Mao, Y. Wang, 
D. Yang, Q. Zhang, R. Wang. Org. Lett. 2010, 12, 1880-1882. 
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Spectrum A; 13g in benzene-d6 

 
 

Spectrum B; 13g: Et2Zn (1:0.5) in benzene-d6 

 
 

Spectrum C; 13g: Et2Zn (1:1) in benzene-d6 

 
Figure 12 

 

13g 

Et2Zn 1:1:1 ESI Mass

Figure 13, Complex A 13g:Zn 2:1 A

13g - - 11d- THF ESI 

Mass Figure 13, Complex B B

13g-Et2Zn- 12d

C Figure 13, Complex C

Et2Zn 13g 1:1
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Complex A; 13g: Et2Zn : diphenyl phosphite (1:1:1) in toluene, cation mode 

 
 

Complex B; 13g: Et2Zn : 11d: dimethyl phosphite (1:1:1:1) in THF, cation mode 

 

        

                             

 

Complex C; 13g: Et2Zn : 12d (1:1:1) in toluene, cation mode  

 
Figure 13 

[2×13g+Zn]+H+
N

N

N

ON

ZnOP
OPh

PhO

complex A
[complex A]+H+ 695.2

[complex A]+H+

[{complex B}-OP(OR)2]+

[2×13g+Zn]+H+

[11d]+Na+

[13g]+H+

N

N

N

ON

Zn
N

ON

(RO)2PO-

[{complex B}-OP(OR)2]+ 663.2
complex B

[complex C]+H+

N

P O
PhO OPh

O N N

N

N

ON

Zn

complex C
[complex C]+H+ 897.3
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1H NMR 13g Et2Zn

1 1

13g Et2Zn 13g-Zn-Et

13g-Zn-Phosphite A

11d

13g-Zn-11d B

A Figure 14

 

N

N

Zn
O

N

N
R

R
O

H

P
PhO

OPh

N

+

(PhO)2PO-

N

O
N

complex A

complex B

complex C

HP(O)(OPh)2

Et-H

N

N

N

ZnEt

R
R

OPPhO
PhO

N

N

N

Zn

R
R

N
P

N

O
PhO OPh

O
N

N

Zn

N
R

RNH

P
O

OPh
OPh HP(O)(OPh)2

O
N

HP(O)(OPh)2N

N

Zn
O

N

N
R

R

N

+

(PhO)2PO-

13g + Et2Zn

Et-H
11d

12d
 

Figure 14 

 

2

(R,R) Figure 15
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PPhO
PhO O

H N

NH
N

O

N
ZnO

N

NZn
N

O

P

(1R,2R)-12d  
Figure 15 

 

3-3  

- meso-

-Et2Zn

(R,R) -

99% ee (S,S) - 98% ee

-
1H NMR

-Et2Zn -Et2Zn-

Scheme 60  

 

Brønsted
basic site

Metal
binding site

Brønsted base activation of phosphite

Lewis acid activation of aziridine

R1
N

R1

COPy

Et2Zn

H
P
O

OR2
OR2

N

NAr

O
N

Zn N

O N

R1

R1

H
O P
R2O OR2

N

NHAr

O
N

Et2Zn/13g or Et2Zn/13h
(2-30 mol%)

Na2CO3 (1.5 eq.)

Benzene, MS 5A, r.t.
R

R N

R

R
H
N

P(O)(OPh)2
with 13g
up to 94% yield
up to  99% ee (R,R)

O
N

R'

O

N

R'

R

R
H
N

P(O)(OPh)2
with 13h
up to 85% yield
up to 98% ee (S,S)

O

N

R'
+

H
P
O

OPh
OPh

(1.5 eq.)

 
Scheme 60 
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Doyle

Ti(NMe2)4 -Co 2,2,2-

HFIP
65(Scheme 61)  

 

(R,R)-(salen)Co (5 mol%)
Ti(NMe2)4 (10 mol%)

PhCOF (2 equiv.), HFIP (4 equiv.)

TBME, r.t., 24-96 h
R

R
H
N

F

COPy

27-93%
12-84% ee

R

R N

O
N

 

Scheme 61 

                                                           
65 J. A. Kalow, A. G. Doyle, Tetrahedron 2013, 69, 5702-5709. 
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4 -  

vinylogous Mannich  

4-1  

- - -
66 -

1 - vinylogous

Aldol Mannich Michael
67 Mannich

- Mannich
68 Mannich -

- vinylogous Mannich

- - - , -

-

- - -

Scheme 62  

                                                           
66 a) F. Q. Alali, X.-X. liu, J. F. McLaughlin, J. Nat. Prod. 1999, 62, 504-540; b) E. Negishi, M. Kotora, 

Tetrahedron 1997, 63, 6707-6738; c) S. K. Bur, S. F. Martin, Tetrahedron 2001, 57, 3221-3242; d) S. F. Martin, 
Acc. Chem. Res. 2002, 35, 895-904; e) T. Montagnon, M. Tofi, G. Vassilikogiannakis, Acc. Chem. Res. 2008, 
41, 1001-1011. 

67 For reviews, see; a) G. Rassu, F. Zanardi, L. Battistini, G. Casiraghi, Chem. Soc. Rev. 2000, 29, 109-118; b) G. 
Casiraghi, L. Battistini, C. Curti, G. Rassu, F. Zanardi, Chem. Rev. 2011, 111, 3076-3154. Selected reviews for 
vinylogous Aldol reaction, see; c) G. Casiraghi, F. Zanardi, G. Appendino, G. Rassu, Chem. Rev. 2000, 100, 
1929-1972; d) S. E. Denmark, J. R. Heemstra, Jr., G. L. Beutner, Angew. Chem. Int. Ed. 2005, 44, 4682-4698. 
Selected examples for vinylogous Aldol reaction, see; e) M. Szlosek, B. Figadére, Angew. Chem. Int. Ed. 2000, 
39, 1799-1801; f) S. E. Denmark, G. L. Beutner, J. Am. Chem. Soc. 2003, 125, 7800-7801; g) H. Ube, N. 
Shimada, M. Terada, Angew. Chem. Int. Ed. 2010, 49, 1858-1861. Selected examples for vinylogous Michael 
reaction, see; h) S. P. Brown, N. C. Goodwin, D. W. C. MacMillan, J. Am. Chem. Soc. 2003, 125, 1192-1194; 
i) B. M. Trost, J. Hitce, J. Am. Chem. Soc. 2009, 131, 4572-4573; j) A. Quintard, A. Lefranc, A. Alexakis, Org. 
Lett. 2011, 13, 1540-1543; k) W. Zhang, D. Tan, R. Lee, G. Tong, W. Chen, B. Qi, K.-W. Huang, C.-H. Tan, Z. 
Jiang, Angew. Chem. Int. Ed. 2012, 51, 10069-10073; l) H. Huang, F. Yu, Z. Jin, W. Li, W. Wu, X. Liang, J. Ye, 
Chem. Commun. 2010, 46, 5957-5959. Selected examples for asymmetric allylic alkylation reaction, see; m) 
Y.-Q. Jiang, Y.-L. Shi, M. Shi, J. Am. Chem. Soc. 2008, 130, 7202-7203; n) B. Mao, Y. Ji, M. Fa an s-Mastral, 
G. Caroli, A. Meetsma, B. L. Feringa, Angew. Chem. Int. Ed. 2012, 51, 3168-3173; o) W. Chen, J. F. Hartwig, 
J. Am. Chem. Soc. 2012, 134, 15249-15252. 

68 For reviews, see; a) M. Arend, B. Westermann, N. Risch, Angew. Chem. Int. Ed. 1998, 37, 1044-1070; b) S. 
Kobayashi, H. Ishitani, Chem. Rev. 1999, 99, 1069-1094; c) A. E. Taggi, A. M. Hafez, T. Lectka, Acc. Chem. 
Res. 2003, 36, 10-19; d) A. Córdova, Acc. Chem. Res. 2004, 37, 102-112; e) M. M. B. Marques, Angew. Chem. 
Int. Ed. 2006, 45, 348-353; f) G. K. Friestad, A. K. Mathies, Tetrahedron 2007, 63, 2541-2569; g) A. Ting, S. 
E. Schaus, Eur. J. Org. Chem. 2007, 5797-5815; h) J. M. M. Verkade, L. J. C. van Hemert, P. J. L. M. 
Quaedflieg, F. P. J. T. Rutjes, Chem. Soc. Rev. 2008, 37, 29-41; i) S. Kobayashi, Y. Mori, J. S. Fossey, M. M. 
Salter, Chem. Rev. 2011, 111, 2626-2704. 
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vinylogous Mannich

vinylogous Mannich

2008 Schneider

vinylogous Mannich

69 Scheme 63  

 

N
R

NH

66-94%
80-92% ee

R H

Chiral Brønsted acid
(5 mol%)

Ar

Ar

O

O
P

O
OH

Ar = 2,4,6-Me3C6H2

OMe

THF/t-BuOH/2-Me-2-BuOH
1:1:1, -30 °C,

PMP

OEt

O
OEt

OTBS

 

Scheme 63 

 

Feng N, N'-Dioxide- Sc(III)

vinylogous Mannich 70 Scheme 64  

                                                           
69 a) M. Sickert, C. Schneider, Angew. Chem. Int. Ed. 2008, 45, 3631-3634; b) D. S. Giera, M. Sickert, C. 

Schneider, Org. Lett. 2008, 10, 4259-4262; c) D. S. Giera, M. Sickert, C. Schneider, Synthesis 2009, 
3797-3802; d) M. Sickert, F. Abels, M. Lang, J. Sieler, C. Birkemeyer, C. Schneider, Chem. Eur. J. 2010, 16, 
2806-2818; e) F. Abels, C. Schneider, Synthesis 2011, 4050-4058. 

70 Q. Zhang,Y. Hui, X. Zhou, L. Lin, X. Liu, X. Feng, Adv. Synth. Catal. 2010, 352, 976-980. 
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OEt
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O OH

NH2 THF, -20 °C, <1 h
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N NO

N
Ar H

O N

O

H
O

Ar
N, N'-Dioxide
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Scheme 64 

 

Carretero (I)

vinylogous Mannich

2- -

- - 71 Scheme 65  
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vinylogous Mannich Martin BINOL-Ti(Oi-Pr)4

Syn 72 Scheme 

66  

                                                           
71 A. S. González, R. G. Arrayás, M. R. Rivero, J. C. Carretero, Org. Lett. 2008, 10, 4335-4337. 
72 S. F. Martin, O. D. Lopez, Tetrahedron Lett. 1999, 40, 8949-8953. 



4 - vinylogous Mannich  

71 

N

O OTIPS
Ar

NH

O

O50-80%
syn:anti, 66:34-96:4
30-54% ee

Ar H

HO

Et2O, -78 °C

 (20 mol%)
 Ti(OiPr)4 (20 mol%)

OHOH
OH

R1R2

R2
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Scheme 66 

 

Hoveyda vinylogous Mannich

2- 4 4-

-2- Anti

3 3- -2- Syn

2-

vinylogous Mannich Danishefsky’s

aza-Diels-Alder 73 Scheme 67  

 

N

O (1-5 mol%)
AgOAc (1-5 mol%)
iPrOH (1.1 equiv.)

OTMS
Ar

NHAr

O

O
60-98%
syn:anti, >1:99
83-98% ee

Ar

MeO

THF, -78 °C

N
H
N

O
OMePPh2

R1

H
R

R = H, Me

R1=s-Bu, t-Bu, i-Pr

N

O (10-15 mol%)
AgOAc (10-15 mol%)

iPrOH (1.1 equiv.)
OTMS

Ar

NHAr

O

O65-82%
syn:anti, >99:1
79-88% ee

Ar

MeO

THF, -60 °C
H

Me

R

Me

N
H
N

O
OMePPh2

Me Ot-Bu

 

Scheme 67 
                                                           
73 a) E. L. Carswell, M. L. Snapper, A. H. Hoveyda, Angew. Chem. Int. Ed. 2006, 45, 7230-7233; b) H. Mandai, 

K. Mandai, M. L. Snapper, A. H. Hoveyda, J. Am. Chem. Soc. 2008, 130, 17961 17969. 
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Anti

vinylogous Mannich 74 Scheme 68  

 

N O OTMS
R

NH

O

O
30-100%
syn:anti, 32:68-2:98
55-99% ee

R H

HO

Toluene, 0 °C, 15-31 h

Chiral Brønsted acid
(5 mol%)

I

I

Ar

Ar

O

O
P

O
OH

Ar = 2,4,6-(i-Pr)3C6H2

OH

 
Scheme 68 

 

Shi - Anti

vinylogous Mannich 75 Scheme 69  

 

N
O OTMS

Ph

HN

O

O
80%
syn:anti, 1:99
81% ee

Ph H

Cl

THF, -78 to 0 °C

 AgOAc (10 mol%)
Ligand (11 mol%)
BnOH (1.8 equiv.)

PPh2

N

Cl Cl Cl

Cl Cl

 
Scheme 69 

 

vinylogous Mannich

(S,S)-Pybox-La (5H)- -2- vinylogous 

Mannich TMEDA TfOH
76 Scheme 70  

                                                           
74 T. Akiyama, Y. Honma, J. Itoh, K. Fuchibe, Adv. Synth. Catal. 2008, 350, 399-402. 
75 a) H.-P. Deng, Y. Wei, M. Shi, Adv. Synth. Catal. 2009, 351, 2897-2902; b) Z.-L. Yuan, J.-J. Jiang, M. Shi, 

Tetrahedron 2009, 65, 6001-6007. 
76 A. Yamaguchi, S. Matsunaga, M. Shibasaki, Org. Lett. 2008, 10, 2319-2322. 
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N
P(O)Ph2 O

La(OTf)3 (10-20 mol%)
(S,S)-Me-PyBox (15-20 mol%)

TMEDA (20-40 mol%)
TfOH (10-20 mol%)

DCE, -20 °C, 31-72 h

O

R2

R1

NH

O

O

R2

80-99%
syn:anti, 18:82-3:97
68-84% ee

R1 H

N
N

OO

N
Me Me

R2 = H, Me

Ph2(O)P

 
Scheme 70 

 

Feng N, N'-Dioxide-Sc(III) , - (angelica lactone)

vinylogous Mannich , - (5-

-(3H)- -2- ) 77 Scheme 71  

 

N
O O

Ar

NH

O

O
58-90%
syn:anti, 86:14-99:1
90-97% ee

Ar H

HO
OH

2-Me-THF, MS 3A, -20 °C

N, N'-Dioxide (6 mol%)
Sc(OTf)3 (5 mol%)

N NO

N
Ar H

O N

O

H
O

Ar
N, N'-Dioxide

Ar=2,6-(i-Pr)2C6H3

Me Me

 

Scheme 71 

 

Wang 3,4 (5H)- -2-

vinylogous Mannich 78 Scheme 72  

 

N
Ts O

Quinine (10 mol%)

m-Xylene, MS 3A,
-30 °C, 7-11 days

O

X

Ar
O

O

X

37-95%
syn:anti, 75:25-92:8
84-95% ee

Ar H
X

NH
Ts

X

X = Cl, Br

 
Scheme 72 

 

                                                           
77 L. Zhou, L. Lin, J. Ji, M. Xie, X. Liu, X. Feng, Org. Lett. 2011, 13, 3056-3059. 
78 Y.-L. Guo, J.-F. Bai, L. Peng, L.-L. Wang, L.-N. Jia, X.-Y. Luo, F. Tian, X.-Y. Xu, L.-X. Wang, J. Org. Chem. 

2012, 77, 8338-8343. 
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79 - 80 vinylogous 

Mannich  

vinylogous Mannich

1

Mannich

- 81

vinylogous Mannich

Hoveyda

vinylogous Mannich 82 Scheme 73  

 

N O AgOAc (11 mol%)
iPrOH (1.0 equiv.)OTMS Ar

NHAr

O

O72-95%
syn:anti, 8:92-2:98
87-94% ee

Ar

MeO NO2

OMe

O
THF, -78 °C

N
H
N

O
OMePPh2

t-Bu

(10 mol%) MeO2C

 

Scheme 73 

 

vinylogous Mannich 1

                                                           
79 For selected examples, see; a) B. Niess, K. A. Jørgensen, Chem. Commun. 2007, 1620-1622; b) X.-F. Xiong, 

Z.-J. Jia,W. Du, K. Jiang, T.-Y. Liu, Y.-C. Chen, Chem Commun. 2009, 6994-6996; c) T.-Y. Liu, H.-L. Cui, J. 
Long, B.-J. Li, Y. Wu, L.-S. Ding, Y.-C. Chen, J. Am. Chem. Soc. 2007, 129, 1878-1879. 

80 For selected examples, see; a) D. A. DeGoey, H.-J. Chen, W. J. Flosi, D. J. Grampovnik, C. M. Yeung, L. L. 
Klein, D. J. Kempf, J. Org. Chem. 2002, 67, 5445-5453; b) N. E. Shepherd, H. Tanabe, Y. Xu, S. Matsunaga, 
M. Shibasaki, J. Am. Chem. Soc. 2010, 132, 3666-3667. 

81 For the catalytic enantioselective Mannich reaction with ketimines, see; a) S. Saaby, K. Nakama, M. A. Lie, R. 
G. Hazell, K. A. Jørgensen, Chem. Eur. J. 2003, 9, 6145-6154; b) W. Zhuang, S. Saaby, K. A. Jørgensen, 
Angew. Chem. Int. Ed. 2004, 43, 4476-4478; c) Y. Suto, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2007, 129, 
500-501; d) C. Baudequin, A. Zamfir, S. B. Tsogoeva, Chem. Commun. 2008, 4637-4639; e) Y. Du, L. Xu, Y. 
Shimizu, K. Oisaki, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2008, 130, 16146-16147; f) V. A. Sukach, N. 
M. Golovach, V. V. Pirozhenko, E. B. Rusanov, M. V. Vovk, Tetrahedron: Asymmetry 2008, 19, 761-764; g) B. 
Jiang, J. J. Dong, Y. G. Si, X. L. Zhao, Z. G. Huang, M. Xu, Adv. Synth. Catal. 2008, 350, 1360-1366; h) N. 
Hara, R. Tamura, Y. Funahashi, S. Nakamura, Org. Lett. 2011, 13, 1662-1665; i) G. Lu, T. Yoshino, H. 
Morimoto, S. Matsunaga, M. Shibasaki, Angew. Chem. Int. Ed. 2011, 50, 4382-4385; j) N. Hara, S. Nakamura, 
M. Sano, R. Tamura, Y. Funahashi, N. Shibata, Chem. Eur. J. 2012, 18, 9276-9280; k) W. Yan, D.Wang, J. 
Feng, P. Li, D. Zhao, R. Wang, Org. Lett. 2012, 14, 2512-2515; l) T. Kano, S. Song, Y. Kubota, K. Maruoka, 
Angew. Chem. Int. Ed. 2012, 51, 1191-1194. 

82 L. C. Wieland, E. M. Vieira, M. L. Snapper, A. H. Hoveyda, J. Am. Chem. Soc. 2009, 131, 570-576. 
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3

83

vinylogous Aldol

Deng

vinylogous Aldol 84 Scheme 74  

 

O O
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OTMS R

O

O
37-98%
syn:anti, 72:28-96:4
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H
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Figure 16 

 
                                                           
83 M. Hayashi, N. Shiomi, Y. Funahashi, S. Nakamura, J. Am. Chem. Soc. 2012, 134, 19366-19369. 
84 R. P. Singh, B. M. Foxman, L. Deng, J. Am. Chem. Soc. 2010, 132, 9558-9560. 
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2-

Scheme 75  
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4-2 -  

vinylogous Mannich  

4-2-1  

meso-

13g Table 21  

 

Table 21 

O

19a
(2.0 equiv.)

Lewis acid (10 mol%)
13g (10 mol%)
iPrOH (1.0 equiv.)

THF (0.2M), r.t., 24 h

OTMS
Ph

NH

O

O

Me

Ph

NH

O

O

Me

syn-20a anti-20a

+
Ph Me

N
P(O)Ph2

P(O)Ph2 P(O)Ph2

18a  
Entry Lewis Acid Conv. (%) Yield (%) Syn/Anti Ee (Anti) 

1 Et2Zn 93 70 11:89 44 

2 Zn(OAc)2 96 90 14:86 15 

3 Mg(OAc)2 70 65 10:90 3 

4 Cu(OAc)2 53 53 3:97 78 

5a Cu(OAc)2 50 47 5:95 73 

6b Cu(OAc)2 0 - - - 

7 Mn(OAc)2 4H2O 0 - - - 

8 Co(OAc)2 4H2O 0 - - - 

9 Ni(OAc)2 4H2O <5 n.d. n.d. n.d. 

10 Pd(OAc)2 0 - - - 

11 AgOAc 0 - - - 

12 CuOAc 0 - - - 

13 Cu(OTf)2 0 - - - 

14 CuF2 0 - - - 

15 CuCl2 0 - - - 

16 Cu(OCOCF3)2 0 - - - 

17 Cu(acac)2 <5 n.d. n.d. n.d. 

18 CuCO3 <10 n.d. n.d. n.d. 

19 CuO <5 n.d. n.d. n.d. 

a) 20 mol% of 13g was used. b) 20 mol% of Cu(OAc)2 was used. 

 

18a 2-

19a THF 24
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Et2Zn 70%, 44% ee Anti Entry 1

Zn(OAc)2 Mg(OAc)2 Anti

Entries 2, 3 Cu(OAc)2

3:97 Anti 78% ee

Entry 4 Cu(OAc)2 13g 1:2 2:1

Entries 5, 6 Mn, Co, Ni, Pd Ag, Cu

Entries 7-12 Cu

 

 

4-2-2  

(II) Table 22  

Entries 1-3 3

2-

Entries 4-7 3

Entry 8

4 -4-

74% ee

4 -4-

82% ee Entries 9, 10

4 -4-

Entry 11 6

Entries 12-14

4-

89% ee Entry 15

(S,S)- (S,S)-

N,N-

(S,S)- Entries 

16-18

4-
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Table 22 

O

19a
(2.0 equiv.)

Cu(OAc)2 (10 mol%)
13 (10 mol%)
iPrOH (1.0 equiv.)

THF (0.2M), r.t., 24 h

OTMS
Ph

NH

O

O

Me

Ph

NH

O

O

Me

syn-20a anti-20a

+
Ph Me

N
P(O)Ph2

P(O)Ph2 P(O)Ph2

18a

N

H
N

N

O

N

3r

Cl

N

N

H
N

O

N

Y

X

13g;
13l;
13m;
13n;
13o;
13p;
13q;

X=H, Y=H
X=OMe, Y=H
X=Cl, Y=H
X=NO2, Y=H
X=H, Y=OH
X=H, Y=Me
X=H, Y=OMe

3s

3t

3u

O

H
N

NN

O

H
N

NNHO

N

O

H
N

N

Ph
Ph

N

 

Entry Ligand Conv. (%) Yield (%) Syn/Anti Ee (Anti) 

1 (S,S)-Box-Ph <10 n.d. n.d. n.d. 

2 (S,S)-Box-tBu <5 n.d. n.d. n.d. 

3 (S,S)-Pybox-iPr 0 - - - 

4 13a (CN) 0 - - - 

5 13e 0 - - - 

6 13f <5 n.d. n.d. n.d. 

7 13g (CNPA) 53 53 3:97 78 

8 13g (QNPA) 32 21 3:97 81 a 

9 13l (CN-4-OMePA) 29 29- 3:97 74 

10 13m (CN-4-ClPA) 32 32. 2:98 82 

11 13n (CN-4-NO2PA) 0 - - - 

12 13o (CN-6-OHPA) 0 - - - 

13 13p (CN-6-MePA) 0 - - - 

14 13q (CN-6-OMePA) 0 - - - 

15 13r (CD-4-ClPA) 56 48 2:98 89 a 

16 13s 26 12 6:94 69 a 

17 13t 0 - - - 

18 13u 30 30 3:97 73 a 

a) An opposite enantiomer was obtained.
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4-2-3  

Table 23  

 

Table 23 

O

19a
(2.0 equiv.)

Cu(OAc)2 (10 mol%)
13g (10 mol%)
iPrOH (1.0 equiv.)

Solvent (0.2M), r.t., 24 h

OTMS
Ph

NH

O

O

Me

Ph

NH

O

O

Me

syn-20a anti-20a

+
Ph Me

N
P(O)Ph2

P(O)Ph2 P(O)Ph2

18a  
Entry Solvent Conv. (%) Yield (%) Syn/Anti Ee (Anti) 

1 CH2Cl2 <5 n.d. n.d. n.d. 

2 CHCl3 0 - - - 

3 Toluene <10 n.d. n.d. n.d. 

4 1,2-Dimethoxyethane 25 25 3:97 76 

5 AcOEt 26 26 3:97 77 

6 MeCN <5 n.d. n.d. n.d. 

7 DMF <20 n.d. n.d. n.d. 

8 MeOH 0 - - - 

9 EtOH 0 - - - 

10 1,4-Dioxne 0 - - - 

11 iPr2O <5 n.d. n.d. n.d. 

12 CPME <5 n.d. n.d. n.d. 

13 TBME <5 n.d. n.d. n.d. 

14 THF 53 53 3:97 78 

 

Entries 1- 3 1,2-

Entries 4, 

5 DMF

Entries 6- 9 iPr2O

CPME tert- TBME

Entries 10- 14 THF  
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4-2-4  

Table 24  

  

Table 24 

O

19a
(2.0 equiv.)

Cu(OAc)2 (10 mol%)
13 (10 mol%)
additive (1.0 equiv.)

THF (0.2M), Temp., Time

OTMS
Ph

NH

O

O

Me

Ph

NH

O

O

Me

syn-20a anti-20a

+
Ph Me

N
P(O)Ph2

P(O)Ph2 P(O)Ph2

18a  
Entry 13 additive Temp. 

(°C) 

Time 

(h) 

Conv. 

(%) 

Yield 

(%) 

Syn/Anti Ee 

(Anti) 

1 13g - r.t. 16 52 46 3:97 75 

2 13g HFIP r.t. 40 36 30 3:97 76 

3 13g PhOH r.t. 40 37 29 3:97 77 

4 13g AcOH r.t. 16 0 - - - 

5 13g DMP r.t. 40 <10 n.d. n.d. n.d. 

6 13g TMSOH -5 48 68 60 1:99 85 

7a 13g Et3N r.t. 40 55 55 10:90 76 

8 13g PhI(OAc)2 r.t. 16 0 - - - 

9b 13g PhI(OAc)2 r.t. 16 0 - - - 

10 13g NH4OAc -5 48 <10 n.d. n.d. n.d. 

11 13g NMe4OAc -5 48 <20 n.d. n.d. n.d. 

12 13g N(nBu)4OAc -5 48 0 - - - 

13 13g LiOAc -5 3 >95 48 5:95 3 

14 13g NaOAc -5 40 84 71 5:95 52 

15 13g KOAc -5 40 59 59 5:95 67 

16 13g CsOAc -5 40 <25 n.d. n.d. n.d. 

17 13g MS 3A -5 36 <5 n.d. n.d. n.d. 

18 13g MS 4A -5 36 45 45 3:97 80 

19 13 g MS 5A -5 36 <5 n.d. n.d. n.d. 

20 13g EtSi(OAc)3 -5 20 0 - - - 

21 13g Me2Si(OAc)2 -5 30 <5 n.d. n.d. n.d. 

22 13g (EtO)3SiF -5 30 31 31 3:97 84 

23 13g Si(OAc)4 -5 24 0 - - - 

24c 13m TMSOH -20 48 70 64 1:99 92 

25c 13r TMSOH -20 48 89 85 1:99 97 

a) 0.2 equiv. of Et3N was added. b) CuOAc (10 mol%) was used instead of Cu(OAc)2. c) Reaction was carried 

out with 2-trimethylsiloxyfuran 19a (4.0 equiv.) and TMSOH (1.2 equiv.) in THF (0.5 M).  
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Anti 46%, 75% ee Entry 1

2,2,2- HFIP

2,6- DMP

TMSOH -5 °C Anti

60%, 85% ee Entries 2- 6 PhI(OAc)2

Entries 7- 9

Entries 10- 16 MS 4A

Entries 17- 19

Entries 20- 23 4-2-2

13m 2- 4.0 1.2 -20 °C

64%, 92% ee Anti

Entry 24 13r 85%, 97% ee

Entry 24  
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4-2-5  

Table 25  

 

Table 25 

O

19a
(4.0 equiv.)

Cu(OAc)2 (10 mol%)
13r (10 mol%)
TMSOH (1.2 equiv.)

THF (0.1-0.5 M),
Temp., Time

OTMS
R1

NH

O

O

R2

R1

NH

O

O

R2

syn-20a-q anti-20a-q

+
R1 R2

N
P(O)Ph2

P(O)Ph2 P(O)Ph2

18a-q  
Entry R1 R2 18 20 Temp. 

(oC) 

Time 

(h) 

Yield 

(%) 

Syn/ 

Anti 

% Ee 

(Anti) 

1 Ph Me 18a 20a -20 48 85 1:99 97  

2a Ph Me 18a 20a -20 48 64 1:99 92 

3 p-MeC6H4 Me 18b 20b -20 64 82 1:99 96 

4 p-OMeC6H4 Me 18c 20c -10 60 51 2:98 96 

5 p-FC6H4 Me 18d 20d 0 60 86 1:99 96 

6 m-ClC6H4 Me 18e 20e -20 78 99 1:99 95 

7 p-ClC6H4 Me 18f 20f 0 40 95 1:99 96 

8 m-BrC6H4 Me 18g 20g -10 66 95 1:99 96 

9 p-BrC6H4 Me 18h 20h -20 48 94 1:99 97 

10a p-BrC6H4 Me 18h 20h -20 48 88 1:99 91 

11b p-NO2C6H4 Me 18i 20i -10 48 99 1:99 94 

12b 2-Naphthyl Me 18j 20j 0 70 93 1:99 95 

13b 2-Thienyl Me 18k 20k -10 76 81 1:99 95 

14 3-Thienyl Me 18l 20l -10 80 72 1:99 97 

15b 2-Furyl Me 18m 20m 0 70 88 4:96 94 

16 Ph Et 18n 20n –20 60 31 12:88 95  

17c PhCH2CH2 Me 18o 20o –10 66 73 4:96 95 

18c n-Pentyl Me 18p 20p 0 64 63 6:94 95 

19c Et Me 18q 20q 0 72 60 6:94 93 

  a) Reaction was carried out using 13m instead of 13r, and the opposite enantiomer was obtained. b) Reaction 

was carried out 0.2 M in THF and DCM (1:1). c) Reaction was carried out without TMSOH. 

 

51%

Anti 96% ee Entries 3, 4

Entries 5- 
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11 p- 13m

13r Entry 

10 p- THF

THF Entry 11

Entries 12- 15

Entry 16

85

73% Anti 95% ee Entry 17 n-

6:94 Anti 60%, 93% ee Entries 18, 19 2-

Scheme 76 3

19b 4

19c

5 19d

 

 

O OTMS

19b-d (4.0 equiv.)
R3R2

R1 Cu(OAc)2 (10 mol%)
13r (10 mol%)
TMSOH (1.2 equiv.)

THF (0.2 M)
-20 or 30 °C, 20-70 h

19b; R1=H, R2=H, R3=Me
19c; R1=H, R2=Me, R3=H
19d; R1=Me, R2=H, R3=H

18f

HN

O

O

Me

Cl

P(O)Ph2

R1 R2

R3

20r; 97%, Dr 1:99, 86% ee
20s; 99%, Dr 1:99, 95% ee
20t; 0%

Me

N
P(O)Ph2

Cl

 

Scheme 76 

                                                           
85 a) R. Wada, T. Shibuguchi, S. Makino, K. Oisaki, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2006, 128, 

7687-7691; b) X. Huang, J. Huang, Y. Wen, X. Feng, Adv. Synth. Catal. 2006, 348, 2579-2584; c) J. Wang, X. 
Hu, J. Jiang, S. Gou, X. Huang, X. Liu, X. Feng, Angew. Chem. Int. Ed. 2007, 46, 8468-8470; d) J. Huang, X. 
Liu, Y.Wen, B. Qin, X. Feng, J. Org. Chem. 2007, 72, 204-208; e) C. Tan, X. Liu, L. Wang, J. Wang, X. Feng, 
Org. Lett. 2008, 10, 5305-5308; f) R. Yazaki, T. Nitabaru, N. Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2008, 
130, 14477-14479; g) J. Wang, W. Wang, W. Li, X. Hu, K. Shen, C. Tan, X. Liu, X. Feng, Chem. Eur. J. 2009, 
15, 11642-11659; h) K. Shen, X. Liu, Y. Cai, L. Lin, X. Feng, Chem. Eur. J. 2009, 15, 6008-6014; i) J. P. Abell, 
H. Yamamoto, J. Am. Chem. Soc. 2009, 131, 15118-15119; j) B. M. Trost, S. M. Silverman, J. Am. Chem. Soc. 
2010, 132, 8238-8240. 
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4-2-6  

vinylogous

X 20a (97% ee) Pd/C

LiAlH4 5- -1,4- 21 95%

(2 steps) Scheme 77, a 20a (97% ee) 20h (97% ee)

MeONa/MeOH

5- -2- 22a, 22h 66% 62%

(3 steps) Scheme 77, b -2- 22h

X (5R,6S)

Figure 17 (5R,6S)

(5R,6S)  

 

H2, Pd/C

21; 95% (2 steps, 97% ee)20a; (97% ee)
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OH

OH

Me
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O
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conc. HCl

1,4-dioxane MeOH

MeONa

LiAlH4a)

b)

 

Scheme 77 

 

 

Figure 17 
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4-2-7 vinylogous Mannich  

(5H)- -2- 19 vinylogous Mannich

vinylogous Mannich Scheme 

78

 

 

O O

55%
syn:anti, 7:93
96% ee

NH

O

O

Me

Cl

P(O)Ph2

with Cu(OAc)2; 0%

Me

N
P(O)Ph2

Cl
18f

19
(4.0 equiv.)

Cu salt (10 mol%)
13r (10 mol%)
Et3N (1.0 equiv.)

THF (0.2 M), -10 °C, 64 h
anti-20f

with Cu(OTf)2;

 
Scheme 78 

 

Table 26  

 

Table 26 

Me

N
P(O)Ph2

O

Lewis acid (10 mol%)
13h (10 mol%)
Et3N (1.0 equiv.)

THF (0.2M), MS 4A
0 °C, Time

O

Br

NH

O

O

Me

Br

P(O)Ph2

18h
19

(x equiv.) 20h  

Entry Lewis acid 19 (x) Time (h) Yield (%) Syn/Anti Ee (Anti) 

1 Cu(OTf)2 4.0 48 67 3:97 96 

2 Ni(OTf)2 4.0 48 0 - - 

3 Mg(OTf)2 4.0 48 0 - - 

4 Zn(OTf)2 4.0 2 99 4:96 89 

5 Ca(OTf)2 4.0 2 65 10:90 0 

6 Yb(OTf)3 4.0 2 62 5:95 0 

7 La(OTf)3 4.0 2 71 5:95 0 

8 Sc(OTf)3 4.0 2 64 10:90 0 

9 Zn(OAc)2 2.0 48 0 - - 

10 Zn(NTf2)2 2.0 2 95 5:95 75 

11a Zn(OTf)2 2.0 48 98 2:98 92 

        a) Reaction was carried out at -20 °C. 
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MS 4A

Cu(OTf)2 (entry 1)

(Entries 2- 4)

(Entries 5- 8)

(5H)- -2- 19 2

(entry 9) Zn(NTf2)2

(entry 10) -20 °C vinylogous Mannich

98%, 92% ee Anti (entry 11)  

 

4-2-8  

 

vinylogous Mannich

(Scheme 79, a)

Danishefsky’s 23c aza-Diels-Alder

(Scheme 79, b)  

 

Cu(OAc)2 (10 mol%)
13h (10 mol%)

THF, r.t. , 48 h

OTMS

R

Zn(OAc)2 or Cu(OAc)2 (10 mol%)
13h (10 mol%)

THF, r.t. , 18 h
Ph

N
Ph2(O)P

Me
OMe

OTMS

O

no reaction

23a; R= H
23b; R= OMe
(4.0 equiv.)

Ph Me

N
P(O)Ph2

18a

Ph

NHMe

24a; complex product
24b; no reaction

P(O)Ph2

R

O

Ph Me

N
P(O)Ph2

18a 23c
(4.0 equiv.)

25

a)

b)

 

Scheme 79 

 

(5H)- -2- 19
86

                                                           
86 Asymmetric Aza-Friedel-Crafts Alkylation of Furan, see; D. Uraguchi, K. Sorimachi, M. Terada, J. Am. Chem. 
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(Table 27)  

 

Table 27 

O

19a
(2.0 equiv.)

Cu(OAc)2 (10 mol%)
13g (10 mol%)
iPrOH (1.0 equiv.)

THF (0.2M), r.t., 24 h

OTMS
Ph

NH

O

O

Me

Ph

NH

O

O

Me

syn-20a, r-u anti-20a, r-u

+
Ph Me

N
PG

PG PG

18a, r-u  
Entry PG 18 20 Conv. (%) Yield (%) Syn/Anti Ee (Anti) 

1 PMP 18r 20r 0 - - - 

2 Ts 18s 20s 0 - - - 

3 P(O)Ph2 18a 20a 53 53 3:97 78 

4 P(O)(2-Thienyl)2 18t 20t 18 18 3:97 74 

5 P(O)(3,5-Xylyl)2 18u 20u 27 27 3:97 79 

 

p-

(Entries 1, 2) 2- 3,5-

N,O-
87  

NMR ESI Mass

X

19h

 

-

                                                                                                                                                                                     
Soc. 2004, 126, 11804-11805. 

87 a) M. Sugita, A. Yamaguchi, N. Yamagiwa, S. Handa, S. Matsunaga, M. Shibasaki, Org. Lett. 2005, 7, 
5339-5342; The N,O-coordination of phosphinoylimines to metal species have been reported; for selected 
examples, see; b) E. M. Vieira, F. Haeffner, M. L. Snapper, A. H. Hoveyda, Angew. Chem. Int. Ed. 2012, 51, 
6618-6621; c) D. Zhao, L. Wang, D. Yang, Y. Zhang, R. Wang, Angew. Chem. Int. Ed. 2012, 51, 7523-7527; d) 
C. R. Graves, K. A. Scheidt, S. T. Nguyen, Org. Lett. 2006, 8, 1229-1232. See also Ref 54. 
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-

13r Cu(OAc)2 13r-Cu(OAc)2 Cu(OAc)2

19a A 18a

B - C

C 19a

Figure 18, a (5H)- -2- 19 vinylogous Mannich

13r Cu(OTf)2 13r-Cu(OTf)2 19

A 18a -

C 19

Figure 18, b vinylogous Mannich (Cu)

(TfOH NR3) (Et3N) 76 2-

vinylogous Mannich  

 

N

N

N

R R

CuAcO

O

O
HMe

N

N

N

R R

CuX

O
O

H

N

N

N

R R

Cu

O
O

H

P ON
Ph

Ph

Me
Ph

O O

N
P

Ph
Me

Ph

O
Ph N

N

N

R R

Cu
X

H

TMSOAc

13r + Cu(OAc)2

N

N

N

R R

Cu
TfO

S O

O
H

13r + Cu(OTf)2

F3C

O

20a
TMS2O

18a

19a

19 + Et3N

Et3NH·OTf

TMSOH + 19a
or
19

X-

a) Vinylogous Mannich Reaction with Siloxyfuran

b) Direct vinylogous Mannich Reaction with (5H)-furan-2-one

complex A

complex B

complex C

 

Figure 18 

 

vinylogous Mannich
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vinylogous Mannich

 

Anti Figure 19

N

N

ON
N

Cu

O
O

H
OP

Ph

Ph

NH3C

Ph

N

N

P

Cu

N
N

Cl Cl

 

Figure 19 

 

4-3  

vinylogous Mannich 4- 13r

Anti - - - 4-

13m - - -

5- -1,4-

5- -2-

vinylogous Mannich

Scheme 80  



4 - vinylogous Mannich  

91 

cinchona 
alkaloid
amide

O OTMS

Cu(OAc)2

TMSOAc
up to 99% yield
up to syn:anti, 1:99
up to 97% eeCopper activation of ketimines

Brønsted acid activation of siloxyfuran

HN

N Ar

O
N

Cu
R1 R2

N
P(O)Ph2

R1

NHR2

O

O

P(O)Ph2O
O

P ON
Ph

Ph

R2

R1

O

M(OTf)2 (10 mol%)
13h (10 mol%)
Et3N (1.0 equiv.)

THF (0.2 M), MS 4A
-20 to 0 °C

O
NH

O

O

Me

Br

P(O)Ph2

with Cu(OTf)2
67%
syn:anti, 3:97
96% ee

Me

N
P(O)Ph2

Br

with Zn(OTf)2
98%
syn:anti, 2:98
92% ee

R4 R3

R4

R3

 

Scheme 80 
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vinylogous Mannich

 

 

O
[Cu(CH3CN)4]PF6 (5-10 mol%)
(R,Rp)-TANIAPHOS (5-10 mol%)
Et3N (25-50 mol%)

THF, 0 °C, 48 h

O
R1

NH

O

O

R2

R1 R2

N
P(S)Ph2

P(S)Ph2

R4 R3

52-92%
syn:anti, >5:95
97-99% eeFe PPh2

(R,Rp)-TANIAPHOS

Me2N

PPh2

R4

R3

 
Scheme 81 

                                                           
88 L. Yin, H. Takada, N. Kumagai, M. Shibasaki, Angew. Chem. Int. Ed. 2013, 52, 7310-7313. 
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5  

1 3

3 4

meso-

vinylogous Mannich  

1

E,Z 

-

0.5 mol%

 

2 1 -

-

-

phospha-Brook -

2 mol%

 

3 - meso-

-Et2Zn

(R,R) -

99% ee (S,S) - 98% ee

-
1H NMR

-Et2Zn -Et2Zn-

 

4 3

vinylogous Mannich 4-

Anti - - -
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4- -

- - 5-

-1,4- 5- -2-

vinylogous Mannich

 

 

- phospha-Brook

meso- -

vinylogous Mannich
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1,2- 89

Kofron90

NMR Varian Gemini-200 300 Bruker AVANCE 600
1H NMR 13 C NMR TMS 0.00 ppm ppm

IR JASCO FT / IR-200 MS

 M-2000 GC-MS GP-5000 Perkin-Elmer 240B

HPLC JASCO PU-2080 Plus

UV-2075 Plus SHIMADZU LC-2010A HT CHIRALPAK® AD-H AD3 AS-H AY-H IA

IB IC ID CHIRALCEL® OJ-H, OD-H OD3 OZ-H [ ]D JASCO DIP-4

X Rigaku AFC-5 X

 CuK X

MITHRIL91  INDIGO2  

teXsan92 ORFLS93

full-matrix

Silicon Graphic O2

Origin 200  molecular 

simulations Cerius2 version 3.8  

                                                           
89 Perkin, D. D.; Armarego, W. L. F. Purrification of Laboratory Chemicals; Pergamon Press: Oxford, 1998. 
90 W.G. Kofron, L. M. Baclawski. J. Org. Chem. 1976, 41, 1879. 
91 Gilmore, C. J. MITHRIL-integrated direct-methods computer program. J. Appl. Crystallogr. 1984, 17, 42. 
92 ‘’teXsan: Crystal Structure Analysis Package,’’ Molecular Structure Corporation (1985 and 1992). 
93 Busing, W. R.; Martin, K. O.; Levy, H. A. ORFLS: A Fortran Crystallographic Least Square Program. Report 

ORNL-TM-305; Oak Ridge National Laboratory: Oak Ridge, TN, 1962. 
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1  

Mes
S

NH2

O O ZnCl2, Ti(OiPr)4

Toluene, refluxR1 R2

O

R1 R2

N
SO2Mes

 

 (5.0 mmol) 2,4,6-  (5.0 mmol)  (1.0 mmol) 

 (25 mL) Ti(OiPr)4 (6.0 mmol) 12 2 N 

NaOH (10 mL) 20 mL 

2 N NaOH (20×2 mL)  (20 mL) 

/  

 

N SH NBS, MeOH N S
OMe

O 1) LHMDS, THF, -78 °C
2) sat NH4Cl aq N S

NH2

O

40% 25%

Acetophenone
Ti(OEt)4

Ph Me

N
SOPy

50%
CH2Cl2, reflux

mCPBA
CH2Cl2, 0 °C
66% Ph Me

N
SO2Py

1e  
 

2-  (40 mmol) 100 mL N-  (48 mmol)

2 50 mL 10%

50 mL 50 mL

 (Hexane:AcOEt = 60:40) 40 %

 (16 mmol) THF 100 mL -78 °C LHMDS (24 

mmol) 1 1

THF

 (CH2Cl2:MeOH = 90:10)

25 %  (4 mmol)  (12 mmol) 40 

mL Ti(OEt)4 (12 mmol) 24 7 

mL

 (Hexane:AcOEt = 40:60) 50 %  

 (1.92 mmol) 6.4 mL 0 °C

 (2.31 mmol) 20

 (Hexane:AcOEt = 50:50) 2- 1e
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66 %  

 

N-(1-Phenylethylidene)-2-pyridinesulfonamide (1e); 

Me

N
SO2(2-Py)

 

Rf = 0.45 (Hexane/Ethyl acetate = 50/50); 1H NMR (200 MHz, CDCl3)  3.07 (s, 3H, CH3), 7.40-7.45 (m, 2H, 

Ar), 7.52-7.58 (m, 2H, Ar), 7.91-8.00 (m, 3H, Ar), 8.16-8.19 (m, 1H, Ar), 8.79-8.81 (m, 1H, Ar) 

 

N-(1-Phenylethylidene)-4-bromobenzenesulfonamide (1f); 

Me

N
SO2(4-BrC6H5)

 

 (0.22 mL, 1.9 mmol), 4- (0.45 g, 1.9 mmol), 

 (0.68 mL, 2.3 mmol),  (52 mg, 0.38 mmol)  (10 mL)  1f (99 

mg, 15 %)  

m.p. 55.0~56.0 °C; Rf = 0.50 (Hexane/Ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  3.00 (s, 3H, CH3), 

7.25-7.45 (m, 3H, Ar), 7.51-7.70 (m, 2H, Ar), 7.86-7.92 (m, 4H, Ar); 13C NMR (151 MHz, CDCl3)  21.6, 127.9, 

128.5, 128.8, 128.9, 132.3, 133.6, 137.4, 140.8, 180.7; MASS (APCI) m/z 360.0 [M+Na, 100]; IR (KBr) 1591, 

1567, 1472, 1445, 1390, 1310, 1282, 1154, 808, 762, 741, 659 cm-1 

 

N-(1-Phenylethylidene)-4-trifluoromethylbenzenesulfonamide (1h); 

Me

N
SO2(4-CF3C6H5)

 

 (0.48 mL, 4.1 mmol), 4-  (0.92 g, 4.1 mmol), 

 (1.4 mL, 4.9 mmol),  (111 mg, 0.82 mmol)  (20 mL) 

1h (128 mg, 10 %)  

m.p. 87.0~88.0 °C; Rf = 0.45 (Hexane/Ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  3.03 (s, 3H, CH3), 

7.25-7.60 (m, 3H, Ar), 7.79-7.92 (m, 2H, Ar), 8.14-8.19 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  21.8, 123.5 

(q, J = 273 Hz), 126.2 (q, J = 3.6 Hz), 127.7, 128.5, 128.9, 133.8, 134.3 (q, J = 33 Hz), 137.2, 145.1, 181.3; 19F 

NMR (188 MHz, CDCl3)  -63.0; MASS (APCI) m/z 350.0 [M+Na, 100]; IR (KBr) 1592, 1570, 1325, 1291, 

1162, 1134, 1105, 1063, 809, 715, 655 cm-1 
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N-(1-Phenylethylidene)-4-methoxybenzenesulfonamide (1i); 

Me

N
SO2(4-OMeC6H5)

 

 (0.37 mL, 3.2 mmol), 4-  (0.60 g, 3.2 mmol), 

(1.1 mL, 3.9 mmol),  (87 mg, 0.64 mmol)  (16 mL)  1i (130 

mg, 14 %)  

Rf = 0.20 (Hexane/Ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.97 (s, 3H, CH3), 3.88 (s, 3H, OCH3), 

6.98-7.02 (m, 2H, Ar), 7.25-7.52 (m, 3H, Ar), 7.86-7.99 (m, 4H, Ar); 13C NMR (151 MHz, CDCl3)  23.7, 53.7, 

55.7, 114.1, 126.3, 127.6, 128.4, 128.7, 129.3, 129.4, 132.4, 142.2, 162.8; MASS (APCI) m/z 314.0 [M+Na, 

100]  

 

N-(1-Phenylethylidene)-2,4,6-trimethylbenzenesulfonamide (1l); 

Me

N
SO2Mes

 

 (0.59 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol),  (25 mL) 1l (276 mg, 

18 %)  

m.p. 108.0~109.0 °C; Rf = 0.30 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, 

CH3), 2.68 (s, 6H, CH3), 2.94 (s, 3H, CH3), 6.97 (s, 2H, Mes), 7.37-7.56 (m, 3H, Ar), 7.87-7.92 (m, 2H, Ar); 13C 

NMR (151 MHz, CDCl3)  21.3, 21.4, 23.0, 128.5, 128.9, 131.9, 133.3, 136.0, 138.0, 139.2, 142.5, 179.3; 

MASS (APCI) m/z 324.2 [M+Na, 100], 625.2 [M*2+Na, 95]; IR (KBr) 1608, 1572, 1452, 1367, 1306, 1287, 

1189, 1147, 793, 767, 684 cm-1 

 

N-(1-Phenylethylidene)-2,3,5,6-tetramethylbenzenesulfonamide (1n); 

Me

N
SO2(2,3,5,6-Me4C6H)

 

 (0.44 mL, 3.8 mmol), 2,3,5,6-  (0.81 g, 3.8mmol), 

 (1.4 mL, 4.6 mmol),  (104 mg, 0.76 mmol)  (19 mL) 

1n (161 mg, 13 %)  

m.p. 130.0~131.0 °C; Rf = 0.25 (Hexane/Ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.82 (s, 6H, 

CH3), 2.58 (s, 6H, CH3), 2.92 (s, 3H, CH3), 7.15 (s, 1H, Ar), 7.37-7.52 (m, 3H, Ar), 7.88-7.93 (m, 2H, Ar); 13C 

NMR (151 MHz, CDCl3)  18.0, 21.0, 21.2, 128.4, 128.9, 133.1, 135.0, 135.8, 135.9, 137.9, 139.8, 179.2; 
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MASS (APCI) m/z 338.2 [M+Na, 100]; IR (KBr) 1591, 1567, 1459, 1366, 1306, 1285, 1139, 842, 786, 656 cm-1 

 

N-{1-(4-Methylphenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1lb); 

Me

N
SO2Mes

Me  

p-  (0.67 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lb 

(263 mg, 17 %)  

m.p. 73.0~75.0 °C; Rf = 0.32 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.31 (s, 3H, CH3), 

2.39 (s, 3H, CH3), 2.67 (s, 6H, CH3), 2.91 (s, 3H, CH3), 6.96 (s, 2H, Mes), 7.20 (d, J = 8.0 Hz, 2H, Ar), 7.80 (d, J 

= 8.0 Hz, 2H, Ar); 13C NMR (151 MHz, CDCl3)  21.0, 21.1, 21.7, 22.8, 128.4, 129.5, 131.7, 135.1, 136.1, 

139.0, 142.2, 144.1, 179.0; MASS (APCI) m/z 338.2 [M+Na, 100], 354.1 [M+K, 95], 354.1 [M+H, 10]; IR 

(KBr) 1590, 1559, 1406, 1312, 1187, 1150, 1058, 826, 767, 662 cm-1 

 

N-{1-(4-Methoxyphenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1lc); 

Me

N
SO2Mes

MeO  

p-  (0.75 g, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lc 

(345 mg, 21 %)  

m.p. 115.0~116.0 °C; Rf = 0.60 (Benzene/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.31 (s, 3H, 

CH3), 2.67 (s, 6H, CH3), 2.89 (s, 3H, CH3), 3.85 (s, 3H, CH3), 6.88 (d, J = 8.8 Hz, 2H, Ar), 6.96 (s, 2H, Mes), 

7.90 (d, J = 8.8 Hz, 2H, Ar); 13C NMR (151 MHz, CDCl3)  20.7, 21.1, 22.9, 55.6, 114.1, 130.2, 130.6, 131.7, 

136.2, 138.9, 142.1. 163.9, 178.0; MASS (APCI) m/z 324.2 [M+Na, 100], 625.2 [M*2+Na, 95]; IR (KBr) 1583, 

1560, 1511, 1460, 1304, 1262, 1174, 1146, 1059, 1025, 990, 838, 663 cm-1 

 

N-{1-(4-Fluorophenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1ld); 

Me

N
SO2Mes

F  

p- (0.61 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1ld 

(226 mg, 12 %)  



 

99 

m.p. 82.0~85.0 °C; Rf = 0.32 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, CH3), 

2.66 (s, 6H, CH3), 2.93 (s, 3H, CH3), 7.00 (s, 2H, Mes), 7.04-7.12 (m, 2H, Ar), 7.89-7.96 (m, 2H, Ar); 13C NMR 

(151 MHz, CDCl3)  21.0, 21.1, 22.8, 115.9 (d, J = 21.8 Hz), 130.9 (d, J = 9.3 Hz), 131.8, 134.0 (d, J = 21.8 Hz), 

135.8, 139.0, 142.4. 166.0 (d, J = 254 Hz), 177.6; 19F NMR (188 MHz, CDCl3)  84.0-85.0; MASS (APCI) m/z 

320.2 [M+H, 100]; IR (KBr) 1613, 1580, 1508, 1411, 1306, 1282, 1235, 1189, 1146, 1056, 989, 846, 768, 662 

cm-1 

 

N-{1-(4-Chlorophenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1le); 

Me

N
SO2Mes

Cl  

p-  (0.65 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1le 

(295 mg, 12 %)  

m.p.70.0~71.0 °C; Rf = 0.40 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, CH3), 

2.66 (s, 6H, CH3), 2.92 (s, 3H, CH3), 6.97 (s, 2H, Mes), 7.37 (d, J = 8.8 Hz, 2H, Ar), 7.83 (d, J = 8.8 Hz, 2H, Ar); 
13C NMR (151 MHz, CDCl3)  21.0, 21.1, 22.8, 129.1, 129.7, 131.8, 135.7, 136.2, 139.0,139.6, 142.5, 177.8; 

MASS (APCI) m/z 358.1 [M+Na, 100], 360.1 [M+2+Na, 30]; IR (KBr) 1602, 1585, 1557, 1400, 1314, 1281, 

1151, 1093, 831, 795, 741, 652 cm-1 

 

N-{1-(4-Bromophenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1lf); 

Me

N
SO2Mes

Br  

p- (1.0 g, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lf (226 mg, 

12 %)  

m.p. 85.0~88.0 °C; Rf = 0.40 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, CH3), 

2.66 (s, 6H, CH3), 2.91 (s, 3H, CH3), 6.97 (s, 2H, Mes), 7.54 (d, J = 8.8 Hz, 2H, Ar), 7.75 (d, J = 8.8 Hz, 2H, Ar); 
13C NMR (151 MHz, CDCl3)  21.0, 21.1, 22.8, 128.3, 129.8, 131.8, 132.1, 135.7, 136.7, 139.0, 142.5, 177.9; 

MASS (APCI) m/z 380.1 [M+H, 100], 382.1 [M+2+H, 100]; IR (KBr) 1603, 1581, 1557, 1445, 1394, 1308, 

1277, 1184, 1146, 1058, 865, 829, 794, 698 cm-1 
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N-{1-(3-Chlorophenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1lg); 

Me

N
SO2Mes

Cl

 

m-  (0.78 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lg 

(147 mg, 9 %)  

m.p. 118.0~119.0 °C; Rf = 0.38 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, 

CH3), 2.66 (s, 6H, CH3), 2.93 (s, 3H, CH3), 6.98 (s, 2H, Mes), 7.31-7.39 (m, 1H, Ar), 7.45-7.52 (m, 1H, Ar), 

7.74-7.79 (m, 1H, Ar), 7.84-7.86 (m, 1H, Ar); 13C NMR (151 MHz, CDCl3)  21.1, 21.2, 22.9, 126.5, 128.2, 

130.0, 131.8, 133.0, 135.1, 135.5, 139.1, 139.6, 142.6, 177.7; MASS (APCI) m/z 336.1 [M+H, 100], 338.1 

[M+2+H, 33]; IR (KBr) 1606, 1564, 1418, 1309, 1258, 1152, 1056, 830, 788, 733, 711, 666 cm-1 

 

N-{1-(3-Bromophenyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1lh); 

Me

N
SO2Mes

Br

 

m-  (0.67 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lh 

(169 mg, 9 %)  

m.p. 123.0~124.0 °C; Rf = 0.42 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, 

CH3), 2.66 (s, 6H, CH3), 2.92 (s, 3H, CH3), 6.98 (s, 2H, Mes), 7.29-7.32 (m, 1H, Ar), 7.61-7.67 (m, 1H, Ar), 

7.78-7.83 (m, 1H, Ar), 7.99-8.01 (m, 1H, Ar); 13C NMR (151 MHz, CDCl3)  21.1, 21.2, 22.9, 123.1, 126.9, 

130.3, 131.1, 131.9, 135.5, 135.9, 139.1, 139.8, 142.6, 177.6; MASS (APCI) m/z 380.1 [M+H, 100], 382.1 

[M+2+H, 100]; IR (KBr) 1604, 1560, 1309, 1258, 1152, 1057, 816, 786, 730, 700 cm-1 

 

N-{1-(2-Naphthyl)ethylidene)}-2,4,6-trimethylbenzenesulfonamide (1li); 

Me

N
SO2Mes

 

2-  (0.85 g, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1li (287 mg, 

16 %)  

m.p. 152.0~153.0 °C; Rf = 0.32 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  2.32 (s, 3H, 

CH3), 2.70 (s, 6H, CH3), 3.06 (s, 3H, CH3), 6.98 (s, 2H, Mes), 7.24-7.59 (m, 2H, Ar), 7.78-8.01 (m, 4H, Ar), 8.40 
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(s, 1H, Ar); 13C NMR (151 MHz, CDCl3)  21.1, 21.2, 22.9, 124.1, 127.0, 127.9, 128.6, 128.7, 129.6, 130.3, 

131.8, 132.7, 135.2, 135.6, 136.0, 139.1, 142.4, 178.9; MASS (APCI) m/z 374.1 [M+Na, 100], 352.2 [M+H, 10], 

390.1 [M+K, 10]; IR (KBr) 1566, 1314, 1292, 1149, 1054, 989, 948, 860, 815, 750, 722, 703, 645, 626 cm-1 

 

N-(1-Phenylpropylidene)-2,4,6-trimethylbenzenesulfonamide (1lj); 

N
SO2Mes

 

 (0.67 mL, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lj (78mg, 

5 %)  

m.p. 68.0~71.0 °C; Rf = 0.45 (Hexane/Ethyl acetate = 90/10); 1H NMR (200 MHz, CDCl3)  1.35 (t, J =7.6 Hz, 

3H, CH3), 2.31 (s, 3H, CH3), 2.67 (s, 6H, CH3), 3.40 (q, J =7.6 Hz, 2H, CH2), 6.96 (s, 2H, Mes), 7.36-7.51 (m, 

3H, Ar), 7.85-7.89 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  13.0, 21.3, 23.1, 27.8, 128.8, 129.1, 131.9, 133.2, 

136.3, 136.5, 139.2, 142.4, 184.1; MASS (APCI) m/z 338.2 [M+Na, 100], 316.2 [M+H, 40], 354.2 [M+K, 10]; 

IR (KBr) 1604, 1592, 1571, 1448, 1310, 1146, 1057, 823, 787, 687 cm-1 

 

N-(1-Cyclohexylethylidene)-2,4,6-trimethylbenzenesulfonamide (1lk); 

Me

N
SO2Mes

 

 (0.63 g, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lk 

(250 mg, 16 %)  

Rf = 0.44 (Hexane/Ethyl acetate = 90/10); 1H NMR (200, MHz CDCl3)  1.15-1.40 (m, 5H), 1.60-1.90 (m, 5H), 

2.20-2.40(m, 1H), 2.30 (s, 3H, CH3), 2.48 (s, 3H, CH3), 2.63 (s, 6H, CH3), 6.93 (s, 2H, Mes); 13C NMR (151 

MHz, CDCl3)  21.1, 22.7, 22.8, 25.8, 25.9, 29.7, 51.1, 131.7, 135.8, 138.9, 142.2, 192.1; MASS (APCI) m/z 

308.2 [M+H, 100]; IR (KBr) 2931, 2854, 1738, 1614, 1449, 1371, 1313, 1242, 1148, 1058, 852, 786, 728, 699 

cm-1 

 

N-(4-Phenyl-2-butylidene)-2,4,6-trimethylbenzenesulfonamide (1ll); 

Me

N
SO2Mes

 

4- -2-  (0.5 mL, 3.3 mmol),  (700 mg, 3.5 mmol), 
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 (1.5 mL, 4.2 mmol),  (100 mg, 0.7 mmol)  (25 mL) 1ll (305 

mg, 26 %)  

m.p. 89.0-91.0 C; Rf = 0.40 (Hexane/Ethyl acetate = 85/15); 1H NMR (200 MHz, CDCl3)  2.30 (s, 3H, CH3), 

2.51 (s, 3H, CH3), 2.59 (s, 6H, CH3), 2.71-2.91 (m, 4H), 6.94 (s, 2H, Mes), 6.94-7.27 (m, 5H, Ar); 13C NMR 

(151 MHz, CDCl3)  21.1, 22.8, 24.4, 31.5, 45.1, 126.4, 128.4, 128.6,131.7, 135.4, 139.1, 140.3, 142.4, 187.6; 

MASS (ESI) m/z 352.0 [M+Na, 50], 330.0 [M+H, 50], ; IR (KBr) 1624, 1307, 1266, 1143, 1056, 872, 756, 725, 

686 cm-1 

 

N-(2,3-Dihydroinden)-2,4,6-trimethylbenzenesulfonamide (1lm); 

N
SO2Mes

 

1-  (0.66 g, 5.0 mmol),  (1.0 g, 5.0 mmol), 

 (1.8 mL, 6.0 mmol),  (233 mg, 1.0 mmol)  (25 mL) 1lm (138 mg, 9 %) 

 

m.p. 140.0~141.0 °C; Rf = 0.40 (Hexane/Ethyl acetate = 85/15); 1H NMR (200 MHz, CDCl3)  2.31 (s, 3H, 

CH3), 2.69 (s, 6H, CH3), 3.16-3.22 (m, 2H), 3.34-3.40 (m, 2H), 6.95 (s, 2H, Mes), 7.24-7.35 (m, 1H, Ar), 

7.41-7.45 (m, 1H, Ar), 7.52-7.60 (m, 1H, Ar), 7.80-7.84 (m, 1H, Ar); 13C NMR (151 MHz, CDCl3)  21.1, 22.9, 

29.4, 31.1, 32.9, 124.7, 126.0, 127.7, 131.8, 135.0, 135.3, 138.5, 139.3, 142.4, 153.8, 187.6; MASS (APCI) m/z 

336.2 [M+Na, 100], 352.2 [M+K, 35], 314.1 [M+H, 15]; IR (KBr) 1592, 1440, 1306, 1145, 1060, 849, 809, 756, 

692 cm-1 

 

N

R1 R2

SO2Mes DHQ or DHQD (2.0 mol%)
Na2CO3 (1.5 eq.)

Toluene, -20 °C, Time
P
O

OPh
OPhH

R2

R1 P

NH

O

OPh
OPh

SO2Mes

 

 (0.033 mmol),  (0.0007 mmol)  (0.050 mmol)  

(0.33 mL) 20 °C  (0.10 mmol) 3~5  

S

R . 
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Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-phenylethylphosphonate (2l); 

Me

P

NH

O

OPh
OPh

SO2Mes

 

1l (10 mg, 0.033 mmol),  (19 L, 0.10 mmol),  (0.2 mg, 0.0007 mmol), 

 (5.3 mg, 0.050 mmol)  (0.33 mL) -20 °C 60 

(S)-2l (17.6 mg, 99%, 97% ee) (R)-2l 

(17.6 mg, 99%, 92% ee)  

(S)-2l [ ]D25 -26.8 (c 1.75, CHCl3, 97% ee); (R)-2l [ ]D25 +24.9 (c 0.23, CHCl3, 92% ee); m. p. 108.0-109.0 C; 

Rf = 0.30 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.20 (d, J = 18.0 Hz, 3H, CH3), 2.28 (s, 

3H, CH3), 2.50 (s, 6H, CH3), 5.84 (d, J = 7.2 Hz, 1H, NH), 6.60-6.64 (m, 2H, Ar), 6.85 (s, 2H, Mes), 6.88-6.93 

(m, 2H, Ar), 7.07-7.26 (m, 11H, Ar), 7.50-7.55 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  20.7 (d, J = 4.5 Hz), 

21.0, 22.6, 60.4 (d, J = 154 Hz), 120.2 (d, J = 4.1 Hz), 120.5 (d, J = 4.1 Hz), 125.4, 125.6, 128.0 (d, J = 3.8 

Hz),128.3, 128.4, 129.7, 129.9, 132.0, 136.5, 136.9, 138.8, 142.3, 150.3 (d, J = 10.8 Hz), 150.4 (d, J = 10.1 Hz); 
31P NMR (80.9 MHz,  CDCl3)  17.06 (s, 1P); MASS (APCI) m/z 558.2 [M+Na, 100], 574.2 [M+K, 10]; 

HPLC (DAICEL CHIRALPAK AD-H, Hexane:iPrOH = 70:30, 1.0 mL/min) tS = 14.0, tR = 19.7 min; IR (KBr) 

3150, 1591, 1490, 1328, 1270, 1212, 1184, 934 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(4-methylphenyl)ethylphosphonate (2lb); 

Me

P

NH

O

OPh
OPh

SO2Mes

Me  
1lb (10 mg, 0.032 mmol),  (18 L, 0.095 mmol),  (0.2 mg, 0.0006 mmol), 

 (5.0 mg, 0.048 mmol)  (0.32 mL) -20 °C 60

(S)-2lb (16.7 mg, 97%, 96% ee) (R)-2lb 

(15.7 mg, 90%, 92% ee)  

(S)-2lb [ ]D25 -34.5 (c 0.78, CHCl3, 96% ee); (R)-2lb [ ]D25 +30.7 (c 0.42, CHCl3, 92% ee); m. p. 73.0-75.0 C; 

Rf = 0.40 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.16 (d, J = 18.0 Hz, 3H, CH3), 2.28 (s, 

3H, CH3), 2.30 (d, J = 2.0 Hz, 3H, CH3), 2.51 (s, 6H, CH3), 5.82 (d, J = 7.4 Hz, 1H, NH), 6.62-6.67 (m, 2H, Ar), 

6.85 (s, 2H, Mes), 6.85-7.30 (m, 12H, Ar), 7.39-7.44 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  20.4 (d, J = 

5.1 Hz), 21.0, 21.1, 22.8, 61.1 (d, J = 155 Hz), 120.2 (d, J = 4.2 Hz), 120.5 (d, J = 4.1 Hz), 125.3, 125.5, 127.8 

(d, J = 5.3 Hz), 128.9 (d, J = 2.6 Hz), 129.6, 129.8, 132.0, 135.6 (d, J = 2.9 Hz), 136.9, 138.1 (d, J = 3.3 Hz), 

138.8, 142.2, 150.3 (d, J = 10.8 Hz), 150.5 (d, J = 10.4 Hz); 31P NMR (80.9 MHz, CDCl3)  17.23 (s, 1P); 

MASS (APCI) m/z 572.2 [M+Na, 100], 588.2 [M+K, 30]; HPLC (DAICEL CHIRALPAK AD-H, 

Hexane:iPrOH = 70:30, 1.0 mL/min) tS = 18.2, tR = 33.4 min; IR (KBr) 3181, 1592, 1490, 1330, 1268, 1211, 

1185, 945 cm-1 
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Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(4-methoxyphenyl)ethylphosphonate (2lc); 

Me

P

NH

O

OPh
OPh

SO2Mes

MeO  
1lc (10 mg, 0.030 mmol),  (17 L, 0.091 mmol),  (0.2 mg, 0.0006 mmol), 

 (4.8 mg, 0.045 mmol)  (0.30 mL) -20 °C 140

(S)-2lc (16.9 mg, 99%, 97% ee) 

(R)-2lc (15.5 mg, 91%, 94% ee)  

(S)-2lc [ ]D25 -28.7 (c 0.30, CHCl3, 97% ee); (R)-2lc [ ]D25 +24.6 (c 0.27, CHCl3, 94% ee); m. p. 62.0-63.0 C; 

Rf = 0.10 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.18 (d, J = 18.0 Hz, 3H, CH3), 2.28 (s, 

3H, CH3), 2.50 (s, 6H, CH3), 3.76 (s, 3H, CH3), 5.78 (d, J = 7.0 Hz, 1H, NH), 6.63-6.73 (m, 4H, Ar), 6.84 (s, 2H, 

Mes), 6.92-6.96 (m, 2H, Ar), 7.05-7.30 (m, 6H, Ar), 7.39-7.45 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  21.1 

(d, J = 4.7 Hz), 21.2, 23.0, 55.6, 61.1 (d, J = 157 Hz), 113.8 (d, J = 2.4 Hz), 120.4 (d, J = 4.2 Hz), 120.7 (d, J = 

4.2 Hz), 125.5, 125.7, 128.2 (d, J = 3.6 Hz), 129.6 (d, J = 5.3 Hz), 129.9, 130.1, 132.2, 135.6, 137.1, 139.0, 

142.4, 150.5 (d, J = 10.6 Hz), 150.7 (d, J = 10.4 Hz), 159.8 (d, J = 2.9 Hz); 31P NMR (80.9 MHz, CDCl3)  

17.16 (s, 1P); MASS (APCI) m/z 588.2 [M+Na, 100], 604.2 [M+K, 10]; HPLC (DAICEL CHIRALPAK AD3, 

Hexane:iPrOH = 70:30, 1.0 mL/min) tS = 24.2, tR = 36.6 min; IR (KBr) 3233, 3060, 1592, 1490, 1329, 1267, 

1211, 1188, 1158, 943 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(4-fluorophenyl)ethylphosphonate (2ld); 

Me

P

NH

O

OPh
OPh

SO2Mes

F  
1ld (10 mg, 0.031 mmol),  (18 L, 0.094 mmol),  (0.2 mg, 0.0006 mmol), 

 (5.0 mg, 0.047 mmol)  (0.31 mL) -20 °C 72

(S)-2ld (17.2 mg, 99%, 97% ee) (R)-2ld 

(16.3 mg, 99%, 88% ee)  

(S)-2ld [ ]D25 -25.7 (c 0.50, CHCl3, 97% ee); (R)-2ld [ ]D25 +21.2 (c 0.46, CHCl3, 88% ee); m. p. 168.0-170.0 

C; Rf = 0.40 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.19 (d, J = 17.8 Hz, 3H, CH3), 2.29 

(s, 3H, CH3), 2.49 (s, 6H, CH3), 5.80 (d, J = 7.4 Hz, 1H, NH), 6.64-6.69 (m, 2H, Ar), 6.83-6.96 (m, 4H, Ar), 6.86 

(s, 2H, Mes), 7.02-7.30 (m, 6H, Ar), 7.45-7.52 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  21.0, 22.7, 60.9 (d, J 

= 155 Hz), 115.1 (d, J = 2.6 Hz), 120.1 (d, J = 4.2 Hz), 120.4 (d, J = 4.2 Hz), 125.5, 125.7, 129.7, 129.9 (d, J = 

5.3 Hz), 130.0 (d, J = 2.7 Hz), 130.1, 132,1, 132.2 (d, J = 3.3 Hz), 136.8, 138.7, 142.5, 150.2 (d, J = 10.7 Hz), 

150.4 (d, J = 10.2 Hz), 161.9 (d, J = 3.5 Hz), 163.5 (d, J = 3.5 Hz); 19F NMR (188 MHz, CDCl3)  114.04 (s, 

1F); 31P NMR (80.9 MHz, CDCl3)  16.73 (d, J = 17.8 Hz, 1P); MASS (APCI) m/z 554.3 [M+H, 100], 576.2 

[M+Na, 50]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 mL/min) tS = 13.7, tR = 20.0 
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min; IR (KBr) 3164, 1601, 1489,1441, 1328, 1269, 1214, 1183, 1160, 951, 933 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(4-chlorophenyl)ethylphosphonate (2le); 

Me

P

NH

O

OPh
OPh

SO2Mes

Cl  
1le (10 mg, 0.030 mmol),  (17 L, 0.089 mmol),  (0.2 mg, 0.0006 mmol), 

 (4.7 mg, 0.045 mmol)  (0.30 mL) -20 °C 51

(S)-2le (16.8 mg, 99%, 94% ee) (R)-2le 

(16.8 mg, 99%, 95% ee)  

(S)-2le [ ]D25 -30.6 (c 0.38, CHCl3, 94% ee); (R)-2le [ ]D25 +26.4 (c 0.27, CHCl3, 95% ee); m. p. 157.0-158.0 

C; Rf = 0.40 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.17 (d, J = 17.8 Hz, 3H, CH3), 2.29 

(s, 3H, CH3), 2.50 (s, 6H, CH3), 5.82 (d, J = 7.6 Hz, 1H, NH), 6.65-6.70 (m, 2H, Ar), 6.86 (s, 2H, Mes), 

6.92-6.97 (m, 2H, Ar), 7.02-7.33 (m, 8H, Ar), 7.43-7.49 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  20.7 (d, J = 

4.8 Hz), 21.0, 22.7, 60.9 (d, J = 155 Hz), 120.0 (d, J = 4.2 Hz), 120.4 (d, J = 4.2 Hz), 125.5, 125.7, 128.3 (d, J = 

2.6 Hz), 129.4 (d, J = 5.3 Hz), 129.7, 129.9, 132.1, 135.2 (d, J = 3.2 Hz), 136.7, 138.7, 142.5, 150.2 (d, J = 10.7 

Hz), 150.3 (d, J = 10.1 Hz); 31P NMR (80.9 MHz, CDCl3)  16.52 (s, 1P); MASS (APCI) m/z 592.2 [M+Na, 

100], 608.1 [M+K, 20]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 mL/min) tS = 15.6, tR 

= 27.1 min; IR (KBr) 3180, 1592, 1490, 1329, 1268, 1211, 1184, 1159, 949 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(4-bromophenyl)ethylphosphonate (2lf); 

Me

P

NH

O

OPh
OPh

SO2Mes

Br  
1lf (10 mg, 0.026 mmol),  (15 L, 0.079 mmol),  (0.2 mg, 0.0005 mmol), 

 (4.2 mg, 0.039 mmol)  (0.26 mL) -20 °C 86

(S)-2lf (15.8 mg, 98%, 93% ee) (R)-2lf 

(16.0 mg, 99%, 92% ee)  

(S)-2lf [ ]D25 -28.7 (c 0.45, CHCl3, 93% ee); (R)-2lf [ ]D25 +22.4 (c 0.46, CHCl3, 88% ee); m. p. 84.0-86.0 C; 

Rf = 0.45 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.17 (d, J = 18.0 Hz, 3H, CH3), 2.30 (s, 

3H, CH3), 2.50 (s, 6H, CH3), 5.84 (d, J = 7.8 Hz, 1H, NH), 6.65-6.70 (m, 2H, Ar), 6.86 (s, 2H, Mes), 6.92-6.97 

(m, 2H, Ar), 7.07-7.43 (m, 10H, Ar); 13C NMR (151 MHz, CDCl3)  20.6 (d, J = 4.7 Hz), 21.1, 22.8, 61.0 (d, J = 

155 Hz), 120.0 (d, J = 4.2 Hz), 120.4 (d, J = 4.1 Hz), 122.8 (d, J = 4.1 Hz), 122.5, 125.7, 129.7 (d, J = 4.1 Hz), 

129.8, 130.0, 131.3 (d, J = 2.6 Hz), 132.1, 135.7 (d, J = 3.3 Hz), 136.7, 138.7, 142.6, 150.2 (d, J = 10.7 Hz), 

150.3 (d, J = 10.1 Hz); 31P NMR (80.9 MHz, CDCl3)  16.40 (s, 1P); MASS (APCI) m/z 614.2 [M+H, 100], 

636.2 [M+Na, 20]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 mL/min) tS = 17.4, tR = 
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31.7 min; IR (KBr) 3229, 1591, 1490, 1331, 1267, 1209, 1184, 1159, 948 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(3-chlorophenyl)ethylphosphonate (2lg); 

Me

P

NH

O

OPh
OPh

SO2Mes

Cl

 

1lg (10 mg, 0.030 mmol),  (17 L, 0.089 mmol),  (0.2 mg, 0.0006 mmol), 

 (4.7 mg, 0.045 mmol)  (0.30 mL) -20 °C 67

(S)-2lg (16.8 mg, 99%, 94% ee) (R)-2lg 

(16.8 mg, 99%, 90% ee)  

(S)-2lg [ ]D25 -31.5 (c 0.61, CHCl3, 94% ee); (R)-2lg [ ]D25 +27.5 (c 0.57, CHCl3, 87% ee); m. p. 86.0-88.0 C; 

Rf = 0.40 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.21 (d, J = 17.8 Hz, 3H, CH3), 2.28 (s, 

3H, CH3), 2.48 (s, 6H, CH3), 5.83 (d, J = 7.4 Hz, 1H, NH), 6.70-6.75 (m, 2H, Ar), 6.86 (s, 2H, Mes), 6.93-6.97 

(m, 2H, Ar), 7.01-7.29 (m, 8H, Ar), 7.42-7.47 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  21.0 (d, J = 4.5 Hz), 

21.1, 22.7, 61.1 (d, J = 154 Hz), 120.0 (d, J = 4.2 Hz), 120.3 (d, J = 4.4 Hz), 125.5, 125.7, 126.3 (d, J = 5.3 Hz), 

128.6 (d, J = 5.1 Hz), 129.4 (d, J = 2.7 Hz), 129.8, 130.0, 132.2, 132.3, 134.3 (d, J = 3.2 Hz), 136.6, 138.4 (d, J 

= 2.6 Hz), 138.6, 142.6, 150.2 (d, J = 10.5 Hz), 150.4 (d, J = 10.1 Hz); 31P NMR (80.9 MHz, CDCl3)  16.27 (s, 

1P); MASS (ESI) m/z 592.2 [M+Na, 100]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 

ml/min) tS = 11.1, tR = 13.5 min; IR (KBr) 3145, 1592, 1490, 1329, 1269, 1209, 1185, 1158, 948 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(3-bromophenyl)ethylphosphonate (2lh); 

Me

P

NH

O

OPh
OPh

SO2Mes

Br

 

1lh (10 mg, 0.026 mmol),  (15 L, 0.079 mmol),  (0.2 mg, 0.0005 mmol), 

 (4.2 mg, 0.039 mmol)  (0.26 mL) -20 °C 85

(S)-2lh (16.0 mg, 99%, 94% ee) (R)-2lh 

(15.8 mg, 98%, 91% ee)  

(S)-2lh [ ]D25 -32.4 (c 0.57, CHCl3, 94% ee); (R)-2lh [ ]D25 +25.2 (c 0.59, CHCl3, 89% ee); m. p. 87.0-89.0 C; 

Rf = 0.40 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.21 (d, J = 17.8 Hz, 3H, CH3), 2.28 (s, 

3H, CH3), 2.47 (s, 6H, CH3), 5.82 (d, J = 7.6 Hz, 1H, NH), 6.67-6.76 (m, 2H, Ar), 6.86 (s, 2H, Mes), 6.92-6.98 

(m, 2H, Ar), 7.04-7.38 (m, 8H, Ar), 7.47-7.57 (m, 2H, Ar); 13C NMR (151 MHz, CDCl3)  21.0 (d, J = 4.8 Hz), 

21.1, 22.7, 61.1 (d, J = 154 Hz), 120.0 (d, J = 4.4 Hz), 120.3 (d, J = 4.4 Hz), 122.5 (d, J = 3.2 Hz), 125.5, 125.7, 

126.7 (d, J = 5.4 Hz), 129.7 (d, J = 2.6 Hz), 129.8, 130.0, 131.4 (d, J = 5.4 Hz), 131.5 (d, J = 3.0 Hz), 132.2, 

136.6, 138.6 (d, J = 4.2 Hz), 138.6, 142.6, 150.2 (d, J = 10.5 Hz), 150.4 (d, J = 10.2 Hz); 31P NMR (80.9 MHz, 

CDCl3)  16.26 (s, 1P); MASS (ESI) m/z 638.2 [M+Na, 100]; HPLC (DAICEL CHIRALPAK AD3, 
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Hexane:iPrOH = 70:30, 1.0 ml/min) tS = 11.4, tR = 13.7 min; IR (KBr) 3145, 1591, 1490, 1329, 1269, 1209, 

1184, 1158, 949 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(2-naphthyl)ethylphosphonate (2li); 

Me

P

NH

O

OPh
OPh

SO2Mes

 

1li (10 mg, 0.029 mmol),  (16 L, 0.085 mmol),  (0.2 mg, 0.0006 mmol), 

 (4.5 mg, 0.043 mmol)  (0.29 mL) -20 °C 84

(S)-2li (16.5 mg, 99%, 96% ee) (R)-2li 

(15.2 mg, 91%, 93% ee)  

(S)-2li [ ]D25 -50.0 (c 0.48, CHCl3, 96% ee); (R)-2li [ ]D25 +42.4 (c 0.45, CHCl3, 93% ee); m. p. 176.0-178.0 C; 

Rf = 0.35 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.21 (s, 3H, CH3), 2.25 (d, J = 18.2 Hz, 

3H, CH3), 2.42 (s, 6H, CH3), 5.94 (d, J = 7.2 Hz, 1H, NH), 6.64-6.68 (m, 2H, Ar), 6.73 (s, 2H, Mes), 6.91-7.24 

(m, 8H, Ar), 7.40-7.46 (m, 2H, Ar), 7.58-7.64 (m, 2H, Ar), 7.72-7.77 (m, 2H, Ar), 7.90-7.92 (m, 1H, Ar); 13C 

NMR (151 MHz, CDCl3)  21.0, 21.1 (d, J = 4.5 Hz), 22.7, 61.6 (d, J = 154 Hz), 120.1 (d, J = 4.4 Hz), 120.4 (d, 

J = 4.1 Hz), 125.2 (d, J = 4.1 Hz), 125.3, 125.6, 126.1, 126.7 127.4, 127.8 (d, J = 2.0 Hz), 127.9 (d, J = 7.2 Hz), 

128.6, 129.6, 129.9, 132.0, 132.8 (d, J = 2.7 Hz), 132.9, 133.5 (d, J = 3.8 Hz), 136.8, 138.7, 142.3, 150.3 (d, J = 

10.5 Hz), 150.2 (d, J = 10.2 Hz); 31P NMR (80.9 MHz CDCl3)  16.93 (s, 1P); MASS (APCI) m/z 608.2 [M+Na, 

100], 624.2 [M+K, 15]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 ml/min) tS = 26.0, tR 

= 57.0 min; IR (KBr) 3233, 2924, 1592, 1490, 1329, 1267, 1210, 1188, 1158, 944 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-phenylpropylphosphonate (2lj); 

Et

P

NH

O

OPh
OPh

SO2Mes

 

1lj (10 mg, 0.032 mmol),  (18 L, 0.095 mmol),  (0.2 mg, 0.0006 mmol), 

 (5.0 mg, 0.048 mmol)  (0.32 mL) -20 °C 60

(S)-2lj (16.7 mg, 96%, 97% ee) (R)-2lj 

(16.0 mg, 92%, 92% ee)  

(S)-2lj [ ]D25 -15.2 (c 0.43, CHCl3, 97% ee); (R)-2lj [ ]D25 +15.0 (c 0.44, CHCl3, 92% ee); m. p. 122.0-124.0 C; 

Rf = 0.45 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  1.42 (t, J =7.4 Hz, 3H, CH3), 2.28 (s, 

3H, CH3), 2.37 (s, 6H, CH3), 2.59-3.01 (m, 2H, CH2), 5.69 (d, J = 8.0 Hz, 1H, NH), 6.66-6.71 (m, 2H, Ar), 

6.78-6.82 (m, 2H, Ar), 6.83 (s, 2H, Mes), 7.01-7.24 (m, 9H, Ar), 7.38-7.43 (m, 2H, Ar); 13C NMR (151 MHz, 

CDCl3)  9.7, 21.0, 22.6, 28.8, 66.4 (d, J = 149 Hz), 120.3 (d, J = 4.1 Hz), 120.4 (d, J = 4.1 Hz), 125.4 (d, J = 8.4 

Hz), 127.9 (d, J = 2.7 Hz), 128.2 (d, J = 3.2 Hz), 128.8 (d, J = 5.3 Hz), 129.7 (d, J = 6.9 Hz), 131.8, 135.4 (d, J = 
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6.6 Hz), 137.3, 138.8, 142.2, 150.3 (d, J = 10.7 Hz), 150.4 (d, J = 11.0 Hz); 31P NMR (80.9 MHz, CDCl3)  

16.49 (s, 1P); MASS (ESI) m/z 550.3 [M+H, 100]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 

70:30, 1.0 ml/min) tS = 9.8, tR = 11.5 min; IR (KBr) 3328, 2976, 1590, 1490, 1273, 1324, 1254, 1202, 1180, 

1156, 936 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(cyclohexyl)ethylphosphonate (2lk); 

P

NH

O

OPh
OPh

SO2Mes
Me

 

1lk (20 mg, 0.065 mmol),  (38 L, 0.20 mmol),  (0.4 mg, 0.0013 mmol), 

 (10 mg, 0.098 mmol)  (0.65 mL) -20 °C 67

(S)-2lk (34.2 mg, 97%, 75% ee) (R)-2lk 

(30.3 mg, 86%, 80% ee)  

(S)-2lk [ ]D25 -13.5 (c 0.85, CHCl3, 75% ee); (R)-2lk [ ]D25 +14.8 (c 0.59, CHCl3, 80% ee); m. p. 145.0-146.0 

C; Rf = 0.45 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  1.15-1.50 (m, 5H), 1.60-1.68 (m, 

4H), 1.80-1.95 (m, 2H), 2.00-2.20 (m, 3H), 2.21 (s, 3H, CH3), 2.69 (s, 6H, CH3), 5.27 (d, J = 4.0 Hz, 1H, NH), 

6.68-6.73 (m, 2H, Ar), 6.87 (s, 2H, Mes), 7.03-7.31 (m, 8H, Ar); 13C NMR (151 MHz, CDCl3)  15.6 (d, J = 4.5 

Hz), 20.9, 23.0, 26.8 (d, J = 6.0 Hz), 27.6 (d, J = 6.2 Hz), 28.1 (d, J = 3.9 Hz), 46.6 (d, J = 5.9 Hz), 62.6 (d, J = 

152 Hz), 120.3 (d, J = 4.2 Hz), 120.5 (d, J = 4.2 Hz), 125.1, 125.4, 129.6, 129.9, 132.3, 136.8, 138.8, 142.2, 

150.1 (d, J = 11.1 Hz), 150.7 (d, J = 10.1 Hz); 31P NMR (80.9 MHz, CDCl3)  20.23 (s, 1P); MASS (APCI) m/z 

542.4 [M+H, 100], 564.4 [M+Na, 50]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 

ml/min) tS = 7.2, tR = 19.9 min; IR (KBr) 3164, 2929, 2854, 1593, 1491, 1329, 1266, 1214, 1189, 1161, 937 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-4-phenyl-2-buthylphosphonate (2ll); 

P

NH

O

OPh
OPh

SO2Mes
Me

 

1ll (10 mg, 0.030 mmol),  (18 L, 0.091 mmol),  (0.2 mg, 0.0006 mmol), 

 (4.8 mg, 0.046 mmol)  (0.30 mL) -20 °C 38

(S)-2ll (16.8 mg, 98%, 55% ee) (R)-2ll 

(16.7 mg, 97%, 52% ee)  

(S)-2ll [ ]D25 -4.8 (c 0.83, CHCl3, 55% ee); (R)-2ll [ ]D25 +4.7 (c 0.65, CHCl3, 52% ee); m. p. 123.0-124.0 C; 

Rf = 0.30 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  1.70 (d, J = 18.2 Hz, 3H, CH3), 2.24 (s, 

3H, CH3), 2.24-2.41 (m, 2H), 2.68 (s, 6H, CH3), 2.24-2.41 (m, 2H), 2.94 (t, J = 8.6 Hz, 2H, CH2Ph), (d, J = 4.2 

Hz, 1H, NH), 6.89 (s, 2H, Mes), 6.90-6.95 (m, 2H, Ar) 7.02-7.29 (m, 13H, Ar); 13C NMR (151 MHz, CDCl3)  

18.7 (d, J = 3.8 Hz), 21.0, 22.9, 30.3 (d, J = 4.4 Hz), 40.3, 59.0 (d, J = 143 Hz), 120.4 (d, J = 4.2 Hz), 120.5 (d, J 
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= 4.2 Hz), 125.5 (d, J = 14.0 Hz), 126.2, 128.6 (d, J = 3.5 Hz), 129.8 (d, J = 7.7 Hz), 132.3, 136.6, 138.8, 141.2, 

142.3, 150.2 (d, J = 10.7 Hz), 150.5 (d, J = 10.3 Hz); 31P NMR (80.9 MHz, CDCl3)  19.83 (s, 1P); MASS 

(APCI) m/z 330.3 [M-P(O)(OPh)2, 100], 564.1 [M+H, 45]; HPLC (DAICEL CHIRALPAK AD3, 

Hexane:iPrOH = 70:30, 1.0 ml/min) tS = 16.1, tR = 17.7 min; IR (KBr) 3189, 1592, 1491, 1455, 1328, 1260, 

1188, 1160, 940, 764, 689, 654 cm-1 

 

Diphenyl 1-(2,4,6-trimethylbenzenesulfonylamino)-1-(2,3-dihydroindenyl)phosphonate (2lm); 

P

NH
SO2Mes

O
OPh
OPh

 
1lm (10 mg, 0.032 mmol),  (18 L, 0.095 mmol),  (0.2 mg, 0.0006 

mmol),  (5.1 mg, 0.048 mmol)  (0.32 mL) -20 °C 84

(S)-2lm (16.2 mg, 93%, 89% ee) 

(R)- 2lm (15.0 mg, 86%, 82% ee)  

(S)-2lm [ ]D25 -9.5 (c 0.41, CHCl3, 89% ee); (R)-2lm [ ]D25 +6.5 (c 0.21, CHCl3, 76% ee); m. p. 137.0-139.0 C; 

Rf = 0.25 (hexane/ethyl acetate = 80/20); 1H NMR (200 MHz, CDCl3)  2.26 (s, 3H, CH3), 2.33 (s, 6H, CH3), 

2.98-3.32 (m, 4H), 5.65 (d, J = 6.6 Hz, 1H, NH), 6.62-6.75 (m, 2H, Ar), 6.77 (s, 2H, Mes), 7.00-7.31 (m, 8H, 

Ar); 13C NMR (151 MHz, CDCl3)  21.0, 22.5, 30.7 (d, J = 3.8 Hz), 35.0, 68.9 (d, J = 162 Hz), 120.3 (d, J = 3.9 

Hz), 120.6 (d, J = 4.1 Hz), 125.1, 125.4, 125.6, 126.1 (d, J = 2.9 Hz), 126.5 (d, J = 3.3 Hz), 129.4 (d, J = 2.7 Hz), 

129.6, 129.9, 131.8, 134.9 (d, J = 5.7 Hz), 136.5, 139.2, 142.2, 150.2 (d, J = 11.0 Hz), 150.4 (d, J = 10.1 Hz); 31P 

NMR (80.9 MHz,  CDCl3)  16.61 (s, 1P); MASS (ESI) m/z 478.2 [M+Na-PhOH, 100], 548.3 [M+H, 20], 

570.3 [M+Na, 20]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 ml/min) tS = 20.3, tR = 

26.0 min; IR (KBr) 3256, 1591, 1491, 1273, 1211, 1188, 1148, 937 cm-1 

Me

Ph P

NH2

O

OPh
OPh

(S)-2l 96% ee (S)-3

Me

Ph P

NHSO2Mes

O

OPh
OPh

MeSO3H

TFA, Thioanisole, 2h, 96%

(S)-2l (400 mg, 0.747 mmol, 96% ee)  (9/1, 10 mL) 

 (0.15 M) 

 (10 mL ×3) 

3 (96%, 96% ee)  
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Diphenyl (S)-1-amino-1-phenylethylphosphonate (3); 

P

NH2

O

OPh
OPh

Me

 
m. p. 96.0-97.0 C; Rf = 0.60 (CH2Cl2/MeOH = 90/10); 1H NMR (200 MHz, CDCl3)  1.95 (d, J =17.0 Hz, 3H, 

CH3), 2.09 (br, 2H, NH2), 6.79-6.84 (m, 2H, Ar), 6.96-7.42 (m, 11H, Ar), 7.70-7.76 (m, 2H, Ar); 13C NMR (151 

MHz, CDCl3)  26.2, 56.5 (d, J = 146 Hz), 115.7, 120.7 (d, J = 4.1 Hz), 120.9 (d, J = 4.1 Hz), 125.3 (d, J = 15.4 

Hz), 127.1 (d, J = 5.0 Hz), 128.1 (d, J = 2.9 Hz), 128.7 (d, J = 2.6 Hz), 129.9 (d, J = 15.1 Hz), 140.0, 150.1 (d, J 

= 4.7 Hz), 151.0 (d, J = 4.7 Hz); 31P NMR (80.9 MHz, CDCl3)  22.59 (s, 1P); MASS (ESI) m/z 376.2 [M+Na, 

100], 392.2 [M+K, 100]; HPLC (DAICEL CHIRALPAK AD3, Hexane:iPrOH = 70:30, 1.0 ml/min) tR = 12.0, tS 

= 16.4 min; IR (KBr) 3299, 3056, 1590, 1491, 1253, 1210, 1186, 1069, 1026, 1007, 927, 772, 691 cm-1 
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2  

 (5.5 mmol) THF (2.0 mL) 

(5.5 mmol) THF (3.0 mL) 1  (5 mmol) THF 

(10 mL) -78 °C Grignard 30 1

THF 3N HCl (10 mL)  (10 mL) 

(3×10 mL)  (15 mL) 

-  

 

Ethyl 2-methylphenylglyoxylate (4ab); 

O

O

O
Me

 
2-  (0.66 mL, 5.5 mmol),  (134 mg, 5.5 mmol),  (0.68 mL, 

5.0 mmol), THF (15 mL) 4ab (336 mg, 35 %)  
1H NMR (300 MHz, CDCl3)  1.41 (t, J = 7.2 Hz, 3H, CH2CH3), 2.61 (s, 3H, PhCH3), 4.43 (q, J = 7.2 Hz, 2H, 

OCH2), 7.29-7.34 (m, 2H, Ar), 7.47-7.52 (m, 1H, Ar), 7.68-7.71 (m, 1H, Ar); MS (ESI, positive) m/z 215.02 

[M+Na]. 

 

Ethyl 3-methylphenylglyoxylate (4ac); 

O

O

OMe

 
3-  (0.67 mL, 5.5 mmol),  (134 mg, 5.5 mmol),  (0.68 mL, 

5.0 mmol), THF (15 mL) 4ac (713 mg, 82 %)  
1H NMR (300 MHz, CDCl3)  1.43 (t, J = 7.2 Hz, 3H, CH2CH3), 2.42 (s, 3H, PhCH3), 4.44 (q, J = 7.2 Hz, 2H, 

OCH2), 7.40-7.51 (m, 2H, Ar), 7.79-7.81 (m, 2H, Ar); MS (ESI, positive) m/z 215.09 [M+Na]. 

 

Ethyl 4-methylphenylglyoxylate (4ad); 
O

O

O

Me  
4-  (1.23 mL, 10 mmol),  (243 mg, 10 mmol),  (1.30 mL, 

9.5 mmol), THF (25 mL) 4ad (1.28 g, 70 %)  
1H NMR (300 MHz, CDCl3)  1.42 (t, J = 7.2 Hz, 3H, CH2CH3), 2.43 (s, 3H, PhCH3), 4.44 (q, J = 7.2 Hz, 2H, 

OCH2), 7.29-7.32 (m, 2H, Ar), 7.89-7.92 (m, 2H, Ar); MS (ESI, positive) m/z 215.02 [M+Na]. 
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Ethyl 4-methoxylphenylglyoxylate (4ae); 
O

O

O

MeO  
4-  (1.31 mL, 10.5 mmol),  (255 mg, 10.5 mmol),  (1.35 

mL, 10.0 mmol), THF (25 mL) 4ae (1.50 g, 72 %)  
1H NMR (300 MHz, CDCl3)  1.42 (t, J = 7.2 Hz, 3H, CH2CH3), 3.89 (s, 3H, OCH3), 4.43 (q, J = 7.2 Hz, 2H, 

OCH2), 6.96-6.99 (m, 2H, Ar), 7.98-8.01 (m, 2H, Ar); MS (ESI, positive) m/z 231.02 [M+Na]. 

 

Ethyl 4-fluorophenylglyoxylate (4af); 
O

O

O

F  
4-  (0.60 mL, 5.5 mmol),  (134 mg, 5.5 mmol),  

(0.68 mL, 5.0 mmol), THF (15 mL) 4af (586 mg, 60 %)  
1H NMR (300 MHz, CDCl3)  1.43 (t, J = 7.2 Hz, 3H, CH2CH3), 4.45 (q, J = 7.2 Hz, 2H, OCH2), 7.15-7.23 (m, 

2H, Ar), 8.05-8.12 (m, 2H, Ar); 19F NMR (282 MHz, CDCl3)  -101.7; MS (ESI, positive) m/z 219.02 [M+Na]. 

 

Ethyl 4-chlorophenylglyoxylate (4ag); 
O

O

O

Cl  
4-  (2.0 g, 10.5 mmol),  (255 mg, 10.5 mmol),  

(1.35 mL, 10.0 mmol), THF (25 mL) 4ag (1.71 g, 81 %)  
1H NMR (300 MHz, CDCl3)  1.43 (t, J = 7.2 Hz, 3H, CH2CH3), 4.45 (q, J = 7.2 Hz, 2H, OCH2), 7.48-7.54 (m, 

2H, Ar), 7.94-8.04 (m, 2H, Ar); MS (ESI, positive) m/z 235.02 [M+Na]. 

 

Ethyl 4-bromophenylglyoxylate (4ah); 
O

O

O

Br  
4-  (1.3 g, 5.5 mmol),  (134 mg, 5.5 mmol),  (0.68 mL, 

5.0 mmol), THF (15 mL) 4ah (596 mg, 60 %)  
1H NMR (300 MHz, CDCl3)  1.43 (t, J = 7.2 Hz, 3H, CH2CH3), 4.45 (q, J = 7.2 Hz, 2H, OCH2), 7.65-7.68 (m, 

2H, Ar), 7.89-7.92 (m, 2H, Ar); MS (ESI, positive) m/z 278.95 [M+Na]. 
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Ethyl 2-naphthylglyoxylate (4aj); 

O

O

O

 
2-  (2.17 g, 10.5 mmol),  (255 mg, 10.5 mmol),  (1.35 

mL, 10.0 mmol), THF (25 mL) 4aj (1.94 g, 85 %)  
1H NMR (300 MHz, CDCl3)  1.44 (t, J = 7.2 Hz, 3H, CH2CH3), 4.50 (q, J = 7.2 Hz, 2H, OCH2), 7.51-7.63 (m, 

2H, Ar), 7.82-7.94 (m, 3H, Ar), 8.00-8.04 (m, 1H, Ar), 8.53 (s, 1H, Ar); MS (ESI, positive) m/z 251.08 [M+Na]. 

 

Ethyl 2-oxo-4-phenylbutanoate (4am); 

O

O

O

 
2-  (1.42 mL, 10.5 mmol),  (255 mg, 10.5 mmol),  

(1.35 mL, 10.0 mmol), THF (25 mL) 4am (1.64 g, 79 %)  
1H NMR (300 MHz, CDCl3)  1.34 (t, J = 7.2 Hz, 3H, CH2CH3), 2.95 (t, J = 7.2 Hz, 2H, PhCH2),  3.17 (t, J = 

7.2 Hz, 3H, COCH2), 4.29 (q, J = 7.2 Hz, 2H, OCH2), 7.15-7.22 (m, 3H, Ar), 7.24-7.31 (m, 2H, Ar); MS (ESI, 

positive) m/z 229.09 [M+Na]. 

 

Ethyl 2-cyclohexyl-2-oxoacetate (4an); 

O

O

O

 
 (2M in Et2O, 2.8 mL, 5.5 mmol),  (0.68 mL, 5.0 

mmol), Et2O (20 mL) 4an (802 mg, 87 %)  
1H NMR (300 MHz, CDCl3)  1.20-1.40 (m, 8H), 1.60-2.00 (m, 5H), 3.00-3.10 (m, 1H, CH), 4.32 (q, J = 7.2 Hz, 

2H, OCH2); MS (ESI, positive) m/z 207.09 [M+Na]. 

 

phospha-Brook

R

O

O

O

Quinidine or Quinine
(10 mol%)

Na2CO3 (0.2 eq.)

CPME, -30 °C, 48 h
H

P
OAr

O
OAr

Ar=o-Methoxyphenyl

R

O
O

O

P
OAr
OAr

O

 
 (0.01mmol),  (0.02 mmol) 7g (0.13mmol) 

 ( CPME, 2.0 mL) -30 °C , 4a (0.1mmol) 48
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(R)-5ag (S)- 5ag  

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-phenylacetate (5ag); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

 
4a (16 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -40 °C 72 (R)- 5ag (46.3 mg, 98%, 92% 

ee) (S)-5ag (43.5 mg, 92%, 91% ee)  

(R)-5ag [ ]D25 -39.5 (c 1.30, CHCl3, 92% ee); (S)-5ag [ ]D25 +33.8 (c 0.91, CHCl3, 91% ee); Rf = 0.30 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.09 (t, J = 7.2 Hz, 3H, CH2CH3), 3.59 (s, 3H, 

OCH3), 3.67 (s, 3H, OCH3), 4.02-4.13 (m, 2H, OCH2CH3), 5.97 (d, JH-P = 9.0 Hz, 1H, CH), 6.71-6.84 (m, 4H, 

Ar), 6.97-7.06 (m, 2H, Ar), 7.12-7.22 (m, 1H, Ar), 7.22-7.27 (m, 4H, Ar), 7.35-7.40 (m, 2H, Ar); 13C NMR (75.5 

MHz, CDCl3)  13.9, 55.7, 55.8, 61.8, 77.7 (d, J = 5.0 Hz), 112.6, 112.7, 120.57 (d, J = 1.1 Hz), 120.63 (d, J = 

1.7 Hz), 121.5 (d, J = 2.8 Hz), 121.6 (d, J = 3.3 Hz), 125.98 (d, J = 1.7 Hz), 126.02 (d, J = 1.7 Hz), 127.0, 128.5, 

129.0, 134.9 (d, J = 6.0 Hz), 139.7 (d, J = 7.2 Hz), 139.8 (d, J = 8.9 Hz), 150.6 (d, J = 5.0 Hz), 150.7 (d, J = 7.2 

Hz), 168.3 (d, J = 5.0 Hz); 31P NMR (121 MHz, CDCl3)  -12.15 (d, JP-H = 9.0 Hz, 1P); MS (ESI, positive) m/z 

495.17 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 25.8, 

tS = 28.5 min; IR (neat) 2979, 1758 (C=O), 1604, 1504, 1457, 1263 (P=O), 1196, 1170, 1111, 1026, 960, 755 

cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(2-methylphenyl)acetate (5bg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

Me

 

4ab (17 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 to 0°C 96 (R)-5bg (38.4 mg, 79%, 

87% ee) (S)-5bg (35.5 mg, 73%, 84% ee)  

(R)-5bg [ ]D25 -53.3 (c 1.22, CHCl3, 87% ee); (S)-5bg [ ]D25 +52.5 (c 0.98, CHCl3, 84% ee); Rf = 0.30 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.16 (t, J = 7.2 Hz, 3H, CH2CH3), 2.43 (s, 3H, 

ArCH3), 3.65 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 4.07-4.21 (m, 2H, OCH2CH3), 6.26 (d, JH-P = 9.3 Hz, 1H, CH), 

6.80-6.91 (m, 4H, Ar), 7.04-7.25 (m, 6H, Ar), 7.29-7.31 (m, 1H, Ar), 7.42-7.45 (m, 1H, Ar); 13C NMR (75.5 

MHz, CDCl3)  14.4, 19.7, 56.1, 56.3, 62.2, 75.7 (d, J = 5.0 Hz), 113.1, 113.2, 121.0 (d, J = 1.1 Hz), 121.1 (d, J 



 

115 

= 1.1 Hz), 121.95 (d, J = 2.7 Hz), 122.04 (d, J = 3.3 Hz), 126.4 , 126.7, 128.2, 129.5, 131.0, 134.0 (d, J = 5.5 Hz), 

136.9, 140.1 (d, J = 7.8 Hz), 140.3 (d, J = 7.7 Hz), 151.1 (d, J = 5.5 Hz), 151.2 (d, J = 5.6 Hz), 169.0 (d, J = 6.1 

Hz); 31P NMR (121 MHz, CDCl3)  -11.98 (d, JP-H = 10.0 Hz, 1P); MS (ESI, positive) m/z 509.15 [M+Na]; 

HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 16.8, tS = 18.7 min; 

IR (neat) 2978, 1759 (C=O), 1604, 1505, 1458, 1263 (P=O), 1198, 1170, 1112, 1044, 959, 755 cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(3-methylphenyl)acetate (5cg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

Me

 

4ac (17 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 48 (R)-5cg (48.1 mg, 99%, 90% 

ee) (S)-5cg (48.1 mg, 99%, 90% ee)  

(R)-5cg [ ]D25 -38.8 (c 1.39, CHCl3, 90% ee); (S)-5cg [ ]D25 +38.1 (c 1.49, CHCl3, 90% ee); Rf = 0.30 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.17 (t, J = 7.2 Hz, 3H, CH2CH3), 2.31 (s, 3H, 

ArCH3), 3.67 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 4.10-4.22 (m, 2H, OCH2CH3), 6.01 (d, JH-P = 9.0 Hz, 1H, CH), 

6.82-6.92 (m, 4H, Ar), 7.05-7.14 (m, 3H, Ar), 7.19-7.27 (m, 4H, Ar), 7.31-7.34 (m, 1H, Ar); 13C NMR (75.5 

MHz, CDCl3)  14.4, 21.9, 56.1, 56.2, 62.3, 78.2 (d, J = 5.0 Hz), 113.1, 113.2, 121.0 (d, J = 1.7 Hz), 121.1 (d, J 

= 1.1 Hz), 122.0 (d, J = 2.7 Hz), 122.1 (d, J = 2.8 Hz), 124.7, 126.46 (d, J = 1.1 Hz), 126.51 (d, J = 1.6 Hz), 

128.1, 128.9, 130.3, 135.2 (d, J = 6.6 Hz), 138.8, 140.2 (d, J = 9.3 Hz), 140.3 (d, J = 7.2 Hz), 151.1 (d, J = 5.5 

Hz), 151.2 (d, J = 6.1 Hz), 168.9 (d, J = 5.6 Hz); 31P NMR (121 MHz, CDCl3)  -12.14 (d, JP-H = 9.0 Hz, 1P); 

MS (ESI, positive) m/z 509.09 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 

mL/min, 218 nm) tR = 22.0, tS = 24.0 min; IR (neat) 2979, 1759 (C=O), 1605, 1504, 1458, 1263 (P=O), 1196, 

1170, 1112, 1044, 1026, 962, 755 cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(4-methylphenyl)acetate (5dg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

Me

 

4ad (17 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 48 (R)-5dg (43.8 mg, 90%, 91% 

ee) (S)-5dg (40.8 mg, 84%, 89% ee)  
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(R)-5dg [ ]D25 -45.8 (c 1.20, CHCl3, 91% ee); (S)-5dg [ ]D25 +43.9 (c 1.14, CHCl3, 89% ee); Rf = 0.30 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.18 (t, J = 7.2 Hz, 3H, CH2CH3), 2.34 (s, 3H, 

ArCH3), 3.69 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 4.10-4.21 (m, 2H, OCH2CH3), 6.02 (d, JH-P = 9.3 Hz, 1H, CH), 

6.79-6.92 (m, 4H, Ar), 7.06-7.15 (m, 4H, Ar), 7.20-7.23 (m, 1H, Ar), 7.30-7.36 (m, 3H, Ar); 13C NMR (75.5 

MHz, CDCl3)  14.5, 21.7, 56.2, 56.3, 62.2, 78.2 (d, J = 4.9 Hz), 113.1, 113.2, 121.05 (d, J = 1.7 Hz), 121.12 (d, 

J = 1.7 Hz), 122.0 (d, J = 3.3 Hz), 122.1 (d, J = 2.7 Hz), 126.45 (d, J = 1.7 Hz), 126.47 (d, J = 2.2 Hz), 127.6, 

129.7, 132.4 (d, J = 6.0 Hz), 139.5, 140.3 (d, J = 7.8 Hz), 140.4 (d, J = 8.8 Hz), 151.16 (d, J = 5.5 Hz), 151.23 (d, 

J = 6.1 Hz), 169.0 (d, J = 5.5 Hz); 31P NMR (121 MHz, CDCl3)  -12.15 (d, JP-H = 9.0 Hz, 1P); MS (ESI, 

positive) m/z 509.09 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 

218 nm) tR = 23.8, tS = 25.8 min; IR (neat) 2979, 1759 (C=O), 1604, 1504, 1458, 1263 (P=O), 1196, 1170, 1112, 

1044, 962, 755 cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(4-methoxylphenyl)acetate (5eg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

MeO

 

4ae (18 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 60 (R)-5eg (45.2 mg, 90%, 87% 

ee) (S)-5eg (41.7 mg, 83%, 83% ee)  

(R)-5eg [ ]D25 -42.1 (c 1.28, CHCl3, 87% ee); (S)-5eg [ ]D25 +45.2 (c 1.06, CHCl3, 83% ee); Rf = 0.20 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.18 (t, J = 7.2 Hz, 3H, CH2CH3), 3.74 (s, 3H, 

OCH3), 3.78 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 4.11-4.19 (m, 2H, OCH2CH3), 6.00 (d, JH-P = 8.7 Hz, 1H, CH), 

6.79-6.93 (m, 6H, Ar), 7.06-7.14 (m, 2H, Ar), 7.19-7.23 (m, 1H, Ar), 7.26-7.33 (m, 1H, Ar), 7.37-7.40 (m, 2H, 

Ar); 13C NMR (75.5 MHz, CDCl3)  14.1, 55.4, 55.9, 56.0, 61.8, 77.6 (d, J = 5.6 Hz), 112.76, 112.84, 114.0, 

120.68 (d, J = 1.7 Hz), 120.72 (d, J = 3.9 Hz), 121.65 (d, J = 3.2 Hz), 121.72 (d, J = 2.0 Hz), 126.0 (d, J = 1.1 

Hz), 126.1 (d, J = 2.7 Hz), 127.1 (d, J = 6.0 Hz), 127.9, 128.8, 139.9 (d, J = 7.8 Hz), 140.0 (d, J = 10.0 Hz), 

150.76 (d, J = 5.5 Hz), 150.84 (d, J = 6.1 Hz), 160.3, 168.6 (d, J = 6.1 Hz); 31P NMR (121 MHz, CDCl3)  

-12.16 (d, JP-H = 8.8 Hz, 1P); MS (ESI, nagative) m/z 501.09 [M-H, 100], 309.09 [diarylphosphate, 95]; HPLC 

(DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 30.9, tS = 36.8 min; IR 

(neat) 2936, 1733 (C=O), 1609, 1507, 1459, 1264 (P=O), 1173, 1113, 1026, 967, 754 cm-1 

 

 

 

 

 



 

117 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(4-fluorophenyl)acetate (5fg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

F

 

4af (14 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 18 (R)-5fg (46.5 mg, 99%, 91% 

ee) (S)-5fg (46.5 mg, 99%, 89% ee)  

(R)-5fg [ ]D25 -38.8 (c 1.40, CHCl3, 91% ee); (S)-5fg [ ]D25 +34.7 (c 1.41, CHCl3, 89% ee); Rf = 0.35 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.18 (t, J = 7.2 Hz, 3H, CH2CH3), 3.70 (s, 3H, 

OCH3), 3.77 (s, 3H, OCH3), 4.11-4.22 (m, 2H, OCH2CH3), 6.03 (d, JH-P = 9.0 Hz, 1H, CH), 6.81-6.93 (m, 4H, 

Ar), 6.99-7.15 (m, 4H, Ar), 7.21-7.23 (m, 1H, Ar), 7.30-7.33 (m, 1H, Ar), 7.42-746 (m, 2H, Ar); 13C NMR (75.5 

MHz, CDCl3)  14.4, 56.2, 56.3, 62.4, 77.5 (d, J = 5.5 Hz), 113.1, 113.2, 116.0 (d, JC-F = 22.1 Hz), 121.07 (d, J = 

1.7 Hz), 121.12 (d, J = 1.1 Hz), 121.96 (d, J = 3.3 Hz), 122.03 (d, J = 2.8 Hz), 126.56 (d, J = 1.7 Hz), 126.60 (d, 

J = 1.7 Hz), 129.5 (d, JC-F = 9.1 Hz), 131.3 (dd, JC-F = 3.3 Hz, JC-P = 6.1 Hz,), 140.1 (d, J = 7.8 Hz), 140.2 (d, J = 

7.8 Hz), 151.1 (d, J = 5.5 Hz), 151.2 (d, J = 5.5 Hz), 163.6 (d, JC-F = 248 Hz), 168.6 (d, J = 6.1 Hz); 19F NMR 

(282 MHz, CDCl3)  -112.79; 31P NMR (121 MHz, CDCl3)  -12.19 (d, JP-H = 8.8 Hz, 1P); MS (ESI, positive) 

m/z 513.08 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 

27.6, tS = 32.9 min; IR (neat) 2979, 1759 (C=O), 1605, 1505, 1458, 1263 (P=O), 1196, 1223 1170, 1112, 1044, 

1026, 963, 755 cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(4-chlorophenyl)acetate (5gg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

Cl

 

4ag (16 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 24 (R)-5gg (46.6 mg, 92%, 90% 

ee) (S)-5gg (47.6 mg, 94%, 88% ee)  

(R)-5gg [ ]D25 -40.0 (c 1.27, CHCl3, 90% ee); (S)-5gg [ ]D25 +43.1 (c 1.36, CHCl3, 88% ee); Rf = 0.35 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.18 (t, J = 7.2 Hz, 3H, CH2CH3), 3.70 (s, 3H, 

OCH3), 3.78 (s, 3H, OCH3), 4.11-4.22 (m, 2H, OCH2CH3), 6.02 (d, JH-P = 9.3 Hz, 1H, CH), 6.81-6.93 (m, 4H, 

Ar), 7.08-7.16 (m, 2H, Ar), 7.21-7.34 (m, 4H, Ar), 7.38-7.41 (m, 2H, Ar); 13C NMR (75.5 MHz, CDCl3)  14.0, 

55.8, 55.9, 62.0, 77.0 (d, J = 5.0 Hz), 112.7, 112.8, 120.65 (d, J = 1.7 Hz), 120.71 (d, J = 1.7 Hz), 121.5 (d, J = 
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2.7 Hz), 121.6 (d, J = 3.3 Hz), 126.16 (d, J = 1.7 Hz), 126.20 (d, J = 1.7 Hz), 128.5, 128.8, 133.4 (d, J = 6.0 Hz), 

135.1, 139.6 (d, J = 7.8 Hz), 139.8 (d, J = 7.2 Hz), 150.6 (d, J = 5.6 Hz), 150.7 (d, J = 5.5 Hz), 168.0 (d, J = 6.0 

Hz); 31P NMR (121 MHz, CDCl3)  -12.19 (d, JP-H = 8.8 Hz, 1P); MS (ESI, positive) m/z 509.06 [M+Na]; 

HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 29.3, tS = 35.5 min; 

IR (neat) 2964, 1760 (C=O), 1604, 1504, 1458, 1263 (P=O), 1196, 1170, 1112, 1044, 963, 755 cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(4-bromophenyl)acetate (5hg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

Br

 

4ah (16 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 18 (R)-5hg (52.5 mg, 99%, 90% 

ee) (S)-5hg (52.0 mg, 98%, 88% ee)  

(R)-5hg [ ]D25 -41.7 (c 1.46, CHCl3, 90% ee); (S)-5hg [ ]D25 +38.2 (c 1.53, CHCl3, 88% ee); Rf = 0.35 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.17 (t, J = 7.2 Hz, 3H, CH2CH3), 3.68 (s, 3H, 

OCH3), 3.76 (s, 3H, OCH3), 4.10-4.20 (m, 2H, OCH2CH3), 6.01 (d, JH-P = 8.7 Hz, 1H, CH), 6.80-6.93 (m, 4H, 

Ar), 7.07-7.15 (m, 2H, Ar), 7.21-7.24 (m, 1H, Ar), 7.31-7.34 (m, 3H, Ar), 7.44-7.47 (m, 2H, Ar); 13C NMR (75.5 

MHz, CDCl3)  14.4, 56.2, 56.3, 62.5, 77.5 (d, J = 5.0 Hz), 113.1, 113.2, 121.08 (d, J = 1.7 Hz), 121.14 (d, J = 

1.1 Hz), 121.96 (d, J = 3.3 Hz), 122.03 (d, J = 3.3 Hz), 123.8, 126.60 (d, J = 1.7 Hz), 126.63 (d, J = 1.7 Hz), 

129.2, 132.2, 134.4 (d, J = 6.1 Hz), 140.1 (d, J = 7.8 Hz), 140.2 (d, J = 7.2 Hz), 151.0 (d, J = 5.6 Hz), 151.1 (d, J 

= 5.5 Hz), 168.3 (d, J = 5.5 Hz); 31P NMR (121 MHz, CDCl3)  -12.18 (d, JP-H = 9.9 Hz, 1P); MS (ESI, positive) 

m/z 573.00 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 

31.0, tS = 37.3 min; IR (neat) 2979, 1760 (C=O), 1604, 1504, 1458, 1263 (P=O), 1170, 1111, 1044, 962, 755 

cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-(2-naphthyl)acetate (5jg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

 

4aj (20 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 °C 48 (R)-5jg (51.7 mg, 99%, 88% 

ee) (S)-5jg (51.7 mg, 99%, 85% ee)  
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(R)-5jg [ ]D25 -48.3 (c 1.38, CHCl3, 88% ee); (S)-5jg [ ]D25 +45.6 (c 1.60, CHCl3, 85% ee); Rf = 0.30 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.16 (t, J = 7.2 Hz, 3H, CH2CH3), 3.59 (s, 3H, 

OCH3), 3.73 (s, 3H, OCH3), 4.09-4.22 (m, 2H, OCH2CH3), 6.22 (d, JH-P = 9.0 Hz, 1H, CH), 6.74-6.79 (m, 2H, 

Ar), 6.85-6.90 (m, 2H, Ar), 7.00-7.13 (m, 2H, Ar), 7.22-7.25 (m, 1H, Ar), 7.35-7.38 (m, 1H, Ar), 7.45-7.51 (m, 

2H, Ar), 7.55-7.58 (m, 1H, Ar), 7.77-7.82 (m, 3H, Ar), 7.90 (s, 1H, Ar); 13C NMR (75.5 MHz, CDCl3)  14.5, 

56.2, 56.3, 62.4, 78.4 (d, J = 5.0 Hz), 113.1, 113.2, 121.0 (d, J = 1.7 Hz), 121.1 (d, J = 1.7 Hz), 122.0 (d, J = 3.3 

Hz), 122.1 (d, J = 3.3 Hz), 124.6, 126.5 (d, J = 1.7 Hz), 126.6 (d, J = 1.7 Hz), 126.9, 127.2, 127.3, 128.2, 128.8, 

128.9, 132.6 (d, J = 5.7 Hz), 133.4, 134.0, 140.2 (d, J = 7.8 Hz), 140.3 (d, J = 7.2 Hz), 151.1 (d, J = 5.5 Hz), 

151.2 (d, J = 5.0 Hz), 168.8 (d, J = 6.0 Hz); 31P NMR (121 MHz, CDCl3)  -12.03 (d, JP-H = 9.0 Hz, 1P); MS 

(ESI, positive) m/z 545.04 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 1.0 

mL/min, 218 nm) tS = 32.7, tR = 41.3 min; IR (neat) 2979, 1758 (C=O), 1604, 1504, 1457, 1263 (P=O), 1196, 

1170, 1112, 1044, 960, 754 cm-1 

 

Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-4-phenylbutyrate (5mg); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

 

4am (19 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 to 0 °C 48 (R)-5mg (49.5 mg, 99%, 

85% ee) (S)-5mg (48.5 mg, 97%, 79% ee)  

(R)-5mg [ ]D25 -4.1 (c 1.35, CHCl3, 85% ee); (S)-5mg [ ]D25 +2.8 (c 1.43, CHCl3, 79% ee); Rf = 0.30 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.22 (t, J = 7.2 Hz, 3H, CH2CH3), 2.21-2.29 (m, 

2H, CH2), 2.70-2.78 (m, 2H, CH2), 3.76 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 4.17 (q, J = 7.2 Hz, 2H, OCH2CH3), 

6.22 (dt, JH-P = 8.7 Hz, J = 6.0 Hz, 1H, CH), 6.87-6.94 (m, 4H, Ar), 7.10-7.18 (m, 5H, Ar), 7.20-7.29 (m, 2H, Ar), 

7.36-7.39 (m, 2H, Ar); 13C NMR (75.5 MHz, CDCl3)  14.6, 31.0, 35.3 (d, J = 5.5 Hz), 56.40, 56.43, 62.1, 76.7 

(d, J = 6.0 Hz), 113.3, 121.21 (d, J = 2.2 Hz), 121.23 (d, J = 1.7 Hz), 122.08 (d, J = 2.3 Hz), 122.11 (d, J = 2.8 

Hz), 126.5 (d, J = 1.7 Hz), 126.6 (d, J = 1.7 Hz), 126.7, 128.99, 129.04, 140.4 (d, J = 7.8 Hz), 140.5 (d, J = 7.2 

Hz), 141.2, 151.2 (d, J = 5.5 Hz), 170.0 (d, J = 4.4 Hz); 31P NMR (121 MHz, CDCl3)  -11.87 (d, JP-H = 9.0 Hz, 

1P); MS (ESI, positive) m/z 523.13 [M+Na]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 70:30, 

1.0 mL/min, 218 nm) tS = 14.5, tR = 22.8 min; IR (neat) 2937, 1758 (C=O), 1604, 1504, 1456, 1264 (P=O), 1197, 

1171, 1112, 1045, 1026, 963, 754 cm-1 
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Ethyl 2-[Bis(2-methoxyphenyloxy)phosphinyloxy]-2-cyclohexylacetate (5ng); 

O

Ar=o-Methoxyphenyl

O

O

P
OAr
OAr

O

 

4an (17 L, 0.1 mmol), 7g (38 mg, 0.13 mmol),  (3.2 mg, 0.01 mmol),  (2.1 mg, 

0.02 mmol) CPME (2.0 mL) -30 to 23 °C 54 (R)-5ng (44.0 mg, 

92%,90% ee) (S)-5ng (43.5 mg, 91%, 87% ee). 

(R)-5ng [ ]D25 +3.9 (c 0.83, CHCl3, 90% ee); (S)-5ng [ ]D25 -5.3 (c 1.03, CHCl3, 87% ee); Rf = 0.40 

(hexane/ethyl acetate = 60/40); 1H NMR (300 MHz, CDCl3)  1.09-1.25 (m, 8H), 1.62-1.73 (m, 5H), 1.85-2.00 

(m, 1H), 3.79 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 4.14 (q, J = 7.2 Hz, 2H, OCH2CH3), 6.22 (dd, JH-P = 8.4 Hz, J 

= 4.5 Hz, 1H, CH), 6.85-6.93 (m, 4H, Ar), 7.09-7.15 (m, 2H, Ar), 7.34-7.37 (m, 2H, Ar); 13C NMR (151 MHz, 

CDCl3)  14.2, 25.97, 26.04, 26.1, 27.2, 28.5, 41.3 (d, J = 6.5 Hz), 56.0, 61.3, 80.9 (d, J = 6.6 Hz), 112.8, 120.7, 

120.8, 121.68, 121.70, 125.95, 126.00, 140.1 (d, J = 7.4 Hz), 140.2 (d, J = 7.5 Hz), 150.8 (d, J = 5.4 Hz), 150.9 

(d, J = 5.6 Hz), 169.9 (d, J = 2.7 Hz); 31P NMR (121 MHz, CDCl3)  -11.72 (d, JP-H = 7.7 Hz, 1P); MS (ESI, 

positive) m/z 501.1 [M+Na, 100], 479.3 [M+H, 10]; HPLC (DAICEL CHIRALPAK AD-3 , Hexane:iPrOH = 

70:30, 1.0 mL/min, 218 nm) tS = 11.8, tR = 14.3 min; IR (neat) 2932, 1756 (C=O), 1604, 1505, 1457, 1264 

(P=O), 1198, 1171, 1112, 1027, 960, 754 cm-1 

 

PCl3 Ar-OH
1) Pyridine, Toluene, r.t.

H
P

OAr

O
OAr

2) H2O, 40°C

Ar=o-Methoxyphenyl  

 (3.0 mL, 34.4 mmol)  (200 mL)  0 °C o-

 (5.3 mL, 48.1 mmol),  (4.4 mL, 55.0 mmol)  (50 ml) 30

2 40 °C 30

 (100 mL) 30  (50 mL×2)  (50 mL) 

o-

Dry 7g (2.7 g, 38 %)  
 

Bis-(2-methoxyphenyl) phosphite (7g); 

H
P

OAr

O
OAr

Ar=o-Methoxyphenyl  
m.p. 52.0~55.0 °C; 1H NMR (300 MHz, CDCl3)  3.87 (s, 6H, OCH3), 6.90-7.00 (m, 4H, Ar), 7.10-7.30 (m, 4H, 
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Ar), 7.59 (d, J H-P= 755 Hz, 1H, P-H); 13C NMR (151 MHz, CDCl3)  56.0, 112.7, 121.1 (d, J = 1.7 Hz), 122.1 

(d, J = 4.5 Hz), 126.2 (d, J = 1.7 Hz), 139.1 (d, J = 9.3 Hz), 150.3 (d, J = 3.9 Hz); 31P NMR (121 MHz, CDCl3) 

 1.01 (d, J H-P= 755 Hz, 1P); MS (ESI, positive) m/z 317.0 [M+Na, 100], 295.1 [M+H, 25]; IR (KBr) 1603, 

1503, 1464, 1284, 1264 (P=O), 1198, 1173, 1110, 951, 758 cm-1 

 

CO2Et

O

5ng
90% ee (R)

PtO2, H2

EtOH, 6 h

P
OAr

O
OAr

CO2Et

O
P

OH

O
OH

TMSCHN2

MeOH, 1 h CO2Et

O
P

OMe

O
OMe

9
98%

10
51%, 90% ee(R)  

(R)-5ng (0.24 g, 0.5 mmol)  (5.0 mL)  (11 mg, 

0.05mmol) 6  (10 

mL) 9 (0.13 g) 98 %

9 (50 mg, 0.019 mmol)  (2.0 mL)  (2M 

solution in hexane, 0.94 mL, 0.19 mmol) 1

(R)-10 (28 mg, 90% ee) 51%

 

 

Ethyl (R)-2-(dihydoxyphosphinyloxy)-2-cyclohexylacetate (9); 

CO2Et

O
P

OH

O
OH

 
(R)-9 [ ]D25 +13.0 (c 2.80, CH3OH, 90% ee); 1H NMR (300 MHz, CD3OD)  1.14-1.30 (m, 8H), 1.60-1.95 (m, 

6H), 4.21 (q, J = 6.9 Hz, 2H, OCH2CH3), 4.43 (m, 1H, CH), 5.31 (br, 2H, OH); 13C NMR (75.5 MHz, CD3OD)  

14.5, 26.9, 27.0, 27.1, 28.5, 29.8, 42.4 (d, J = 6.0 Hz), 62.2, 80.1, 171.8; 31P NMR (121 MHz, CDCl3)  -0.67 

(1P); MS (ESI, negative) m/z 531.18 [M*2-H, 100], 219.02 [cyclic phosphate, 15], 265.09 [M-H, 10]; IR (neat) 

2932, 2856, 1735 (C=O), 1286, 1205 (P=O), 1108, 1031, 970 cm-1 

 

Ethyl (R)-2-(dimethoxyphosphinyloxy)-2-cyclohexylacetate (10); 

CO2Et

O
P

OMe

O
OMe

 
(R)-10 [ ]D25 +20.6 (c 0.75, CH3OH, 90% ee); 1H NMR (300 MHz, CDCl3)  1.11-1.30 (m, 9H), 1.60-1.80 (m, 

5H), 1.85-2.00 (m, 1H), 3.79 (d, JH-P = 10.8 Hz, OCH3), 3.83(d, JH-P = 10.8 Hz, OCH3), 4.24 (q, J = 7.2 Hz, 2H, 
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OCH2CH3), 6.22 (dd, JH-P = 7.8 Hz, J = 4.2Hz, 1H, CH); 13C NMR (151 MHz, CDCl3)  14.3 , 25.9, 26.0, 26.1, 

27.1, 29.0, 41.1 (d, J = 6.8 Hz), 54.6, 54.7, 61.5, 80.0 (d, J = 6.0 Hz), 169.9; 31P NMR (121 MHz, CDCl3)  0.83 

(ddd, JP-H = 10.8 Hz, JP-H = 10.8 Hz JP-H = 7.8Hz, 1P); MS (ESI, positive) m/z 317.1 [M+Na, 100], 295.1, [M+H, 

10]; HPLC (DAICEL CHIRALPAK AY-H , Hexane:iPrOH = 70:30, 1.0 mL/min, 218 nm) tR = 5.8, tS = 13.5 

min; IR (neat) 2932, 2856, 1754 (C=O), 1450, 1287 (P=O), 1197, 1038, 851, 780 cm-1
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3  

NH HO

O
N DCC, DMAP (cat)

DCM, r.t., 1 h N

O
N

 
 (970 mg, 10 mmol) 4-  (110 mg, 

0.10 mmol) N,N’-  (2.3 g, 11 mmol)  (1.3 g, 10.5 mmol)

 (50 ml) 1

 (Hexane:AcOEt = 70:30) 1.8 g (88 %)

 

 

N
O

NO2
1) Me2SO4
2) KCN, H2O

N

NO2

CN

1) 90 % H2SO4, 120 °C
2) NaNO2, H2O

N

NO2

COOH

1) Na, MeOH, reflux
2) Dowex (H+)

N

OMe

COOH

 
4- -N-  (0.068 mol)  (0.070 mol) 70 °C 2

100 °C  (25 mL) -8 °C

 (0.08 mmol)  (20 mL) 12

2- -4-  (60 % ) 2- -4-  

(0.018 mmol) 90%  (28 g) 120 °C 2  (3.5 

g)  (7 mL) 1 80 °C 1

pH 1.6

4-  (72 % )  (80 mL)  (0.07 

mol) 4-  (0.015 mol) 2

3 1 Dowex® (H+ form, 

200g)  (400 mL) 1 N

4-  

 

N

OMe

CO2H
CDI

DCM, 40 °C, 3 h

NH

0 °C to 23 °C, 3 h
N

N
O

OMe  
4-  (766 mg, 5 mmol) 1,1’-  (810 mg, 5 mmol) CH2Cl2 

(40 mL) 3 0 °C  (486 mg, 

5 mmol) 3

 (Hexane:AcOEt = 60:40) 28 %  
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PPh3

THF, reflux, 2 h

OH

N3

N

O
N

N

OMe

CO2H
CDI

THF, 60 °C,  3 h N

OMe

N

O

N

0 °C to 23 °C, 3 h

OMe  
trans-6- -3-  (738 mg, 5.3 mmol)  (1.67 g, 6.4 

mmol) THF (25 mL) 2 4-  (842 mg, 5.5 

mmol) 1,1’-  (892 mg, 5.5 mmol) THF (25 mL) 3

0 °C 4- 3

 (Hexane:AcOEt = 50:50)

53 %  

 

7-Picolinoyl-7-azabicyclo[4.1.0]heptane (11d); 

N
N

O

 
88% yield. m.p. 65.0-67.0 °C; 1H NMR (300 MHz, CDCl3)  1.28-1.40 (m, 2H), 1.50-1.64 (m, 2H), 1.88-1.96 

(m, 2H), 2.17-2.26 (m, 2H), 2.85-2.87 (m, 2H), 7.40-7.44 (m, 1H), 7.78-7.84 (m, 1H), 8.07-8.10 (m, 1H), 

8.69-8.71 (m, 1H); 13C NMR (75 MHz, CDCl3)  20.0, 23.7, 37.2, 123.8, 126.1, 136.5, 149.3, 151.0, 177.6; IR 

(KBr) 2937, 1669, 1438, 1417, 1326, 1137, 750 cm 1; MS (APCI, positive) calculated for C12H15N2Ol+ [M+H]+ 

203.1. found 203.1 [M+H] +. 

 

7-(4-Chloropicolinoyl)-7-azabicyclo[4.1.0]heptane (11h); 

N
N

O

Cl  
57% yield. m.p. 66.0-67.0 °C; 1H NMR (300 MHz, CDCl3)  1.31-1.40 (m, 2H), 1.49-1.57 (m, 2H), 1.88-1.96 

(m, 2H), 2.16-2.25 (m, 2H), 2.88 (d, J = 3.3 Hz, 2H), 7.43 (dd, J = 2.1, 5.1 Hz, 1H), 8.10 (d, J = 2.1 Hz, 1H), 

8.58 (d, J = 5.1 Hz, 1H); 13C NMR (75 MHz, CDCl3)  20.1, 23.8, 37.6,  124.4, 126.4, 145.1, 150.2, 152.5, 

176.3; IR (KBr) 3062, 2932, 1856, 1665, 1573, 1440, 1417, 1346, 1318, 1229, 753, 701 cm 1; MS (ESI, 

positive) m/z 258.9 [M+Na]+; HRMS (ESI) calculated for C12H13N2ONaCl+ [M+Na]+ 259.0614. found 

259.0623. 
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7-(4-Methoxypicolinoyl)-7-azabicyclo[4.1.0]heptane (11j); 

N
N

O

OMe  
28% yield. m.p. 32.0-34.0 °C; 1H NMR (300 MHz, CDCl3)  1.30-1.39 (m, 2H), 1.49-1.58 (m, 2H), 1.88-1.93 

(m, 2H), 2.16-2.25 (m, 2H), 2.86 (d, J = 1.8 Hz, 2H), 3.90 (s, 3H), 6.92 (dd, J = 2.4, 5.4 Hz, 1H), 7.62 (d, J = 2.4 

Hz, 1H), 8.49 (d, J = 5.4 Hz, 1H); 13C NMR (75 MHz, CDCl3)  20.2, 23.9, 37.5, 55.5, 109.7, 112.8, 150.6, 

153.0, 166.4, 177.7; IR (KBr) 2936, 1672, 1595, 1421, 1318, 1035 cm 1; MS (ESI, positive) m/z 233.2 [M+H]+; 

HRMS (ESI) calculated for C13H16N2O2Na+ [M+Na]+ 255.1109. found 255.1137. 

 

7-(4-Methoxypicolinoyl)-7-azabicyclo[4.1.0]hept-3-ene (11k); 

N
N

O

OMe  
53% yield. m.p. 100.0-102.0 °C; 1H NMR (300 MHz, CDCl3)  2.47 (d, J = 18.0 Hz, 2H), 2.84 (d, J = 17.7 Hz, 

2H), 3.02 (s, 2H), 3.90 (s, 3H), 5.53 (s, 2H), 6.92 (dd, J = 1.8, 5.4 Hz, 1H), 7.63 (d, J = 21.8 Hz, 1H), 8.48 (d, J 

= 5.4 Hz, 1H); 13C NMR (75 MHz, CDCl3)  24.1, 36.6, 55.5, 109.5, 113.0, 122.6, 150.5, 153.0, 166.4, 177.1; 

IR (KBr) 1672, 1598, 1433, 1316, 1038, 671 cm 1; MS (ESI, positive) m/z 231.0 [M+H]+; HRMS (ESI) 

calculated for C13H14N2O2Na+ [M+Na]+ 253.0953. found 253.0976. 

 

N-(4-Methoxypicolinoyl)-2,3-iminotetralin (11l); 

N
N

O

OMe  
48% yield. m.p. 137.0-140.0 °C; 1H NMR (300 MHz, CDCl3)  3.14 (s, 2H), 3.22 (d, J = 15.3 Hz, 2H), 3.50 (d, 

J = 17.1 Hz, 2H), 3.79 (s, 3H), 6.86 (dd, J = 2.1, 5.7 Hz, 1H), 7.00-7.03 (m, 2H), 7.07-7.11 (m, 2H), 7.40 (d, J = 

2.1 Hz, 1H), 8.45 (d, J = 5.7 Hz, 1H); 13C NMR (75 MHz, CDCl3)  29.3, 37.3, 55.3, 109.1, 112.8, 126.6, 129.3, 

132.4, 150.2, 152.7, 166.1, 176.4; IR (KBr) 1669, 1598, 1435, 1317, 1037 cm 1; MS (ESI, positive) m/z 281.2 

[M+H]+; HRMS (ESI) calculated for C17H16N2O2Na+ [M+Na]+ 303.1109. found 303.1131. 

 

6-(4-Methoxypicolinoyl)-6-azabicyclo[3.1.0]hexane (11m); 

N
N

O

OMe  
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57% yield. m.p. 42.0-43.0 °C; 1H NMR (300 MHz, CDCl3)  1.19-1.27 (m, 1H), 1.62-1.79 (m, 3H), 2.16-2.22 

(m, 2H), 3.31 (s, 2H), 3.90 (s, 3H), 6.93 (dd, J = 2.1, 5.1 Hz, 1H), 7.64 (d, J = 2.1 Hz, 1H), 8.49 (d, J = 5.1 Hz, 

1H); 13C NMR (75 MHz, CDCl3)  19.4, 27.0, 43.9, 55.5, 109.4, 112.8, 150.5, 153.0, 166.5, 175.3; IR (KBr) 

2964, 1655, 1593, 1478, 1433, 1394, 1342, 1307, 1024 cm 1; MS (ESI, positive) m/z 219.1 [M+H]+; HRMS 

(ESI) m/z calculated for C12H14N2O2Na+ [M+Na]+ 241.0953. found 241.0960. 

 

3-Carbobenzyloxy-6-(4-methoxypicolinoyl)-3,6-diazabicyclo[3.1.0]hexane (11n); 

N
N

O

NCbz

OMe  
65% yield. m.p. 120.0-121.0 °C; 1H NMR (300 MHz, CDCl3)  3.36-3.41 (m, 2H), 3.48-3.52 (m, 2H), 3.84 (s, 

3H), 4.03-4.15 (m, 2H), 5.04 (d, J = 2.4 Hz, 2H), 6.93 (dd, J = 2.7, 5.4 Hz, 1H), 7.26-7.31 (m, 5H), 7.56 (d, J = 

2.4 Hz, 1H), 8.47 (d, J = 5.4 Hz, 1H); 13C NMR (75 MHz, CDCl3)  41.0, 41.1, 46.0, 46.5, 55.5, 66.9, 109.4, 

113.3, 127.7, 128.0, 128.5, 136.6, 150.4, 152.1, 154.9, 166.5, 174.1; IR (KBr) 1698, 1673, 1600, 1419, 1338, 

1314, 1035 cm 1; MS (ESI, positive) m/z 376.5 [M+Na]+; HRMS (ESI) calculated for C19H19N3O4Na+ [M+Na]+ 

376.1273. found 376.1298. 

 

8-(4-Methoxypicolinoyl)-8-azabicyclo[5.1.0]octane (11o); 

N
N

O

OMe  
45% yield. m.p. 57.0-58.0 °C; 1H NMR (300 MHz, CDCl3)  1.32-1.37 (m, 1H), 1.53-1.63 (m, 5H), 1.99-2.06 

(m, 4H), 2.78-2.84 (m, 2H), 3.90 (s, 3H), 6.92 (dd, J = 2.7, 5.7 Hz, 1H), 7.62 (d, J = 2.7 Hz, 1H), 8.49 (d, J = 5.7 

Hz, 1H); 13C NMR (75 MHz, CDCl3)  25.6, 29.2, 31.6, 42.2, 55.5, 109.6, 112.7, 150.6, 152.9, 166.4, 177.6; IR 

(KBr) 2924, 1661, 1596, 1432, 1324, 1130, 1037 cm 1; MS (APCI, positive) m/z 247.0 [M+H]+; HRMS (ESI) 

m/z calculated for C14H18N2O2Na+ [M+Na]+ 269.1266. found 269.1280. 

 

cis-1-(4-Methoxypicolinoyl)-2,3-dimethylaziridine (11p); 

Me

Me
N

N
O

OMe  
58% yield. m.p. 58.0-59.0 °C; 1H NMR (300 MHz, CDCl3)  1.43 (d, J = 5.4 Hz, 6H), 2.70-2.74 (m, 2H), 3.90 

(s, 3H), 6.93 (dd, J = 2.7, 5.4 Hz, 1H), 7.63 (d, J = 2.7 Hz, 1H), 8.50 (d, J = 5.4 Hz, 1H); 13C NMR (75 MHz, 

CDCl3)  12.8, 38.0, 55.5, 109.6, 113.0, 150.6, 152.9, 166.5, 178.1; IR (KBr) 1674, 1600, 1431, 1324, 1036 cm
1; MS (ESI, positive) m/z 206.8 [M+H]+; HRMS (ESI) m/z calculated for C11H14N2O2Na+ [M+Na]+ 229.0953. 
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found 229.0973. 

 

cis-1-(4-Methoxypicolinoyl)-2,3-dipropylaziridine (11q); 

n-Pr

n-Pr
N

N
O

OMe  
40% yield. m.p. 56.0-58.0 °C; 1H NMR (300 MHz, CDCl3)  1.01 (t, J = 7.2 Hz, 6H), 1.52-1.61 (m, 6H), 

1.85-1.95 (m, 2H), 2.62-2.65 (m, 2H), 3.90 (s, 3H), 6.93 (dd, J = 2.4, 5.7 Hz, 1H), 7.61 (d, J = 2.4 Hz, 1H), 8.49 

(d, J = 5.7 Hz, 1H); 13C NMR (75 MHz, CDCl3)  14.0, 20.6, 29.8, 42.5, 55.3, 109.4, 112.8, 150.3, 152.7, 166.3, 

178.1; IR (KBr) 3086, 1673, 1599, 1451, 1335, 1038 cm 1; MS (ESI, positive) m/z 263.2 [M+H]+; HRMS 

(ESI) m/z calculated for C15H22N2O2Na+ [M+Na]+ 285.1579. found 285.1583. 

 

Picolinic acid
DCC, DMAP (cat)

DCM, r.t., 1 h

N

N

H
N

O

NN

N

H2N

 

9- -9-epi  (2.5 g, 8.5 mmol)  (1.15g, 9.4 mmol) N,N’-

 (1.93 g, 9.4 mmol) 4-  (104 mg, 0.85 mmol)

 (100 ml) 1

 (AcOEt/MeOH = 70:30)

60% /  

 

N-(9-Deoxy-epi-cinchonin-9-yl)picolinamide (13g);  

 

N

N

H
N

O

N

. 

60% yield. [ ]D25 +266.4 (c 1.00, CHCl3); m.p. 231.0-232.0 °C; 1H NMR (300 MHz, CDCl3)  0.90-1.10 (m, 

1H), 1.20-1.40 (m, 2H), 2.25-2.40 (m, 1H), 2.95-3.15 (m, 5H), 3.20-3.35 (m, 1H), 5.10-5.20 (m, 2H), 5.60 (br, 

1H), 5.87-6.00 (m, 1H), 7.38-7.42 (m, 1H), 7.51 (d, J = 4.8 Hz, 1H), 7.62 (t, J = 7.2 Hz, 1H), 7.70-7.80 (m, 2H), 

8.03 (d, J = 7.8 Hz, 1H), 8.13 (d, J = 8.4 Hz, 1H), 8.47 (d, J = 8.4 Hz, 1H), 8.61 (d, J = 4.2 Hz, 1H), 8.88 (d, J = 

4.5 Hz, 1H), 9.02 (br, 1H); 13C NMR (75 MHz, CDCl3)  25.7, 26.8, 27.5, 39.4, 47.3, 49.5, 51.7, 60.2, 114.9, 



 

128 

119.4, 122.3, 123.5, 126.2, 126.8, 127.4, 129.2, 130.5, 137.3, 140.5, 147.2, 148.3, 148.7, 149.9, 150.1, 164.4; IR 

(KBr) 3380, 2938, 2866, 1669, 1590, 1570, 1508, 1464, 1434, 755 cm 1; MS (ESI, positive) m/z 399.7 [M+H]+, 

421.7 [M+Na] +, HRMS (ESI) calculated for C25H27N4O+ [M+H]+ 399.2185. found 399.2200. 

 

N-(9-Deoxy-epi-cinchonidin-9-yl)picolinamide (13h); 

N

H
N

N

O

N

 

92% yield. [ ]D25 -129.3 (c 1.00, CHCl3); m.p. 192.0-194.0 °C; 1H NMR (300 MHz, CDCl3)  0.92-0.99 (m, 

1H), 1.39-1.47 (m, 1H), 1.59-1.67 (m, 4H), 2.30-2.40 (m, 1H), 2.78-2.85 (m, 2H), 3.16-3.37 (m, 3H), 4.94-5.03 

(m, 2H), 5.63 (br, 1H), 5.73-5.82 (m, 1H), 7.38-7.42 (m, 1H), 7.51-7.52 (m, 1H), 7.61-7.66 (m, 1H), 7.70-7.79 

(m, 2H), 8.04 (d, J = 7.8 Hz, 1H), 8.13 (d, J = 8.4 Hz, 1H), 8.50 (d, J = 8.1 Hz, 1H), 8.60 (d, J = 4.2 Hz, 1H), 

8.89 (d, J = 4.5 Hz, 1H), 9.03 (br, 1H); 13C NMR (75 MHz, CDCl3)  26.3, 27.6, 28.0, 39.7, 41.1, 52.0, 56.2, 

60.2, 114.6, 119.6, 122.4, 123.5, 126.3, 127.0, 127.5, 129.3, 130.6, 137.3, 141.6, 147.0, 148.4, 148.7, 149.9, 

150.2, 163.4; IR (KBr) 3366, 2944, 2876, 1668, 1589, 1568, 1504, 1464, 1432, 749 cm 1; MS (ESI, positive) 

m/z 399.9 [M+H]+; HRMS (ESI) calculated for C25H27N4O+ [M+H]+ 399.2185. found 399.2196. 

 

N-(9-Deoxy-epi-quinidin-9-yl)picolinamide (13i); 

N

N

H
N

O

N

OMe

 

51% yield. [ ]D25 +262.8 (c 1.00, CHCl3); m.p. 163.0-164.0 °C; 1H NMR (300 MHz, CDCl3)  1.06-1.13 (m, 

1H), 1.32-1.39 (m, 1H), 1.57-1.69 (m, 3H), 2.30-2.32 (m, 1H), 3.00-3.10 (m, 4H), 3.22 (q, J = 9.0 Hz, 1H), 3.99 

(s, 3H), 5.09-5.17 (m, 2H), 5.60 (br, 1H), 5.88-6.00 (m, 1H), 7.36-7.46 (m, 3H), 7.37-7.38 (m, 1H), 7.78 (t, J = 

7.8 Hz, 1H), 8.00-8.08 (m, 2H), 8.58 (d, J = 7.5 Hz, 1H), 8.73 (d, J = 7.6 Hz, 1H), 8.95 (br, 1H); 13C NMR (75 

MHz, CDCl3)  26.0, 26.9, 27.6, 39.3, 47.3, 49.6, 51.4, 55.7, 60.1, 101.5, 114.8, 119.5, 122.2, 122.4, 126.3, 

128.5, 131.9, 137.4, 140.8, 144.9, 145.5, 147.7, 148.4, 150.0, 158.0, 164.3; IR (KBr) 3392, 2938, 2867, 1657, 

1620, 1570, 1509, 1472, 1433, 1029, 828, 751 cm 1; MS (ESI, positive) m/z 429.8 [M+H]+, HRMS (ESI) 

calculated for C26H29N4O2
+ [M+H]+ 429.2291. found 429.2293. 
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N-(9-Deoxy-epi-quinin-9-yl)picolinamide (13j); 

N

H
N

N

O

N

MeO

 

80% yield. [ ]D25 -122.2 (c 1.00, CHCl3); m.p. 195.0-196.0 °C; 1H NMR (300 MHz, CDCl3)  0.94-1.00 (m, 

1H), 1.51-1.69 (m, 4H), 2.32-2.35 (m, 1H), 2.72-2.84 (m, 2H), 3.26-3.41 (m, 3H), 3.99 (s, 3H), 4.97-5.05 (m, 

2H), 5.62 (br, 1H), 5.77-5.86 (m, 1H), 7.36-7.44 (m, 3H), 7.75-7.80 (m, 2H), 8.00-8.08 (m, 2H), 8.56 (d, J = 7.5 

Hz, 1H), 8.74 (d, J = 7.8 Hz, 1H), 8.88 (br, 1H); 13C NMR (75 MHz, CDCl3)  26.6, 27.5, 28.0, 39.5, 41.1, 51.8, 

55.6, 56.1, 59.6, 101.8, 114.4, 119.6, 121.8, 122.2, 126.1, 128.4, 131.8, 137.2, 141.5, 144.8, 147.5, 148.2, 149.7, 

157.9, 164.0; IR (KBr) 3365, 2928, 2865, 1664, 1620, 1521, 1434, 1242 cm 1; MS (ESI, positive) m/z 429.8 

[M+H]+; HRMS (ESI) calculated for C26H29N4O2
+ [M+H]+ 429.2291. found 429.2312. 

 
meso

Benzene, 5Å, r.t.
H

P
OPh

O
OPh

(1.5 equiv.)

N
N

O Et2Zn (10 mol %)
13g (10 mol %)
Na2CO3 (1.5 eq.)

NH

P
O

OPh
OPh

O
N

OMe

OMe

11k 12k

 

MS 5Å (100 mg)  (32 mg, 0.30 mmol) 140 °C 1

13g (8.0 mg, 0.02 mmol) MS 5Å  (1.0 

mL)  (1.0 M in toluene, 20 L, 0.02 mmol) 10

11k (0.20 mmol)  (58 L, 0.30 mmol)  (0.5 mL) 12

TLC  (1 mL)

 (Hexane:AcOEt = 50:50)

(R,R) 13g

13h (S,S)  
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Diphenyl 2-(picolinamido)cyclohexylphosphonate (12d); 

NH

P
O

OPh
OPh

O
N

 

(1R,2R)-12d: [ ]D25 -65.1 (c 1.00, CHCl3, >99% ee); (1S,2S)-12d: [ ]D25 +62.7 (c 0.50, CHCl3, 98% ee); m.p. 

109.0-111.0 °C; 1H NMR (300 MHz, CDCl3)  1.25-1.60 (m, 3H), 1.60-1.95 (m, 3H), 2.20-2.55 (m, 3H), 

4.35-4.50 (m, 1H), 7.00-7.22 (m, 10H), 7.27-7.36 (m, 1H), 7.76-7.81 (m, 1H), 8.18 (d, J = 7.8 Hz, 1H), 8.46 (d, J 

= 4.5 Hz, 1H), 8.54 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3)  24.6, 25.2 (d, J = 15.4 Hz), 26.3 (d, J = 

5.5 Hz), 33.6, (d, J = 13.7 Hz), 41.2 (d, J = 139.7 Hz), 48.8, (d, J = 6.0 Hz), 120.5, (d, J = 1.7 Hz), 120.6 (d, J = 

2.2 Hz), 122.2, 124.8, 126.0, 129.5 (d, J = 1.7 Hz), 137.2, 148.0, 150.0, 150.3 (d, J = 3.3 Hz), 150.4 (d, J = 3.8 

Hz), 163.3; 31P NMR (121 MHz, CDCl3)  22.8; MS (ESI, positive) m/z 459.4 [M+Na]+; HRMS (ESI) 

calculated for C24H25N2O4NaP+ [M+Na]+ 459.1450. found 459.1451.; HPLC (DAICEL CHIRALPAK AD-3, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 209 nm) t(1R,2R) = 18.6, t(1S,2S) = 24.3 min; IR (KBr) 3357, 1674, 1590, 1521, 

1490, 1257, 1215, 1190, 1164, 924, 783, 768, 691 cm-1 

 

Diphenyl 2-(4-chloropicolinamido)cyclohexylphosphonate (12h); 

NH

P
O

OPh
OPh

O
N

Cl

 

(1R,2R)-12h: [ ]D25 -40.0 (c 1.00, CHCl3, >99% ee); m.p. 95.0-96.0 °C; 1H NMR (300 MHz, CDCl3)  

1.25-1.57 (m, 3H), 1.72-1.93 (m, 3H), 2.30-2.50 (m, 3H), 4.35-4.42 (m, 1H), 7.03-7.26 (m, 10H), 7.36 (dd, J = 

2.1, 5.4 Hz, 1H), 8.18 (d, J = 2.7 Hz, 1H), 8.36 (d, J = 5.4 Hz, 1H), 8.44 (d, J = 8.4 Hz, 1H); 13C NMR (75 MHz, 

CDCl3)  24.7, 25.3 (d, J = 14.9 Hz), 26.4 (d, J = 5.5 Hz), 33.7 (d, J = 13.7 Hz), 41.3 (d, J = 140.2 Hz), 49.1 (d, J 

= 6.6 Hz), 120.6 (d, J = 4.4 Hz), 122.9, 125.0, 126.2, 129.6, 145.8, 149.0, 150.3, 150.4, 150.5, 151.5, 162.3; 31P 

NMR (121 MHz, CDCl3)  22.5; MS (ESI, positive) m/z 471.5 [M+H]+; HRMS (ESI) calculated for 

C24H24N2O4NaPCl+ [M+Na]+ 493.1060. found 493.1075.; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH 

= 70:30, 1.0 mL/min, 209 nm) t(1R,2R) = 18.8, t(1S,2S) = 39.0 min; IR (KBr) 1658, 1533, 1490, 1256, 1225, 1198, 

941, 765 cm-1 
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Diphenyl 2-(4-methoxypicolinamido)cyclohexylphosphonate (12j); 

NH

P
O

OPh
OPh

O
N

OMe

 

(1R,2R)-12j: [ ]D25 -39.4 (c 0.60, CHCl3, 96% ee); 1H NMR (300 MHz, CDCl3)  1.21-1.53 (m, 3H), 1.64-1.93 

(m, 3H), 2.32-2.51 (m, 3H), 3.90 (s, 3H), 4.35-4.50 (m, 1H), 6.87 (dd, J = 2.7 , 5.7 Hz, 1H), 7.08-7.12 (m, 6H), 

7.16-7.23 (m, 4H), 7.73 (d, J = 2.7 Hz, 1H), 8.27 (d, J = 5.7 Hz, 1H), 8.54 (d, J = 8.1 Hz, 1H); 13C NMR (75 

MHz, CDCl3)  24.6, 25.2 (d, J = 15.0 Hz), 26.3 (d, J = 5.0 Hz), 33.6, (d, J = 13.2 Hz), 41.1 (d, J = 139.7 Hz), 

48.8, (d, J = 6.1 Hz), 107.4, 112.8, 120.57, (d, J = 1.7 Hz), 120.63 (d, J = 1.7 Hz), 124.8, 129.5, 149.2, 150.4 (d, 

J = 2.2 Hz), 150.5, 152.0, 163.3, 166.9; 31P NMR (121 MHz, CDCl3)  22.8; MS (ESI, positive) m/z 467.6 

[M+H]+; HRMS (ESI) calculated for C25H27N2O5NaP+ [M+Na]+ 489.1555. found 489.1544.; HPLC (DAICEL 

CHIRALPAK IA, Hexane:iPrOH = 70:30, 1.0 mL/min, 209 nm) t(1R,2R) = 20.8, t(1S,2S) = 44.4 min; IR (KBr) 3378, 

1673, 1596, 1518, 1489, 1254 , 1214, 1203, 1183, 1028, 930, 762 cm-1. 

 

Diphenyl 6-(4-methoxypicolinamido)cyclohex-3-enylphosphonate (12k); 

NH

P
O

OPh
OPh

O
N

OMe

 

(1R,6R)-12k: [ ]D25 -68.6 (c 1.00, CHCl3, 99% ee); (1S,6S)-12k: [ ]D25 +69.3 (c 0.80, CHCl3, 97% ee); m.p. 

113.0-117.0 °C; 1H NMR (300 MHz, CDCl3)  2.18-2.27 (m, 1H), 2.60-2.77 (m, 2H), 2.80-2.88 (m, 2H), 3.90 (s, 

3H), 4.68-4.74 (m, 1H), 5.78 (s, 2H), 6.89 (dd, J = 2.7, 5.7 Hz, 1H), 7.09-7.15 (m, 6H), 7.19-7.26 (m, 4H), 7.73 

(d, J = 2.7 Hz, 1H), 8.30 (d, J = 5.7 Hz, 1H), 8.64 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3)  25.0 (d, J = 

4.4 Hz), 31.6, (d, J = 9.3 Hz), 36.5 (d, J = 141.2 Hz), 45.3 (d, J = 3.8 Hz), 55.6, 107.5, 113.0, 120.65 (d, J = 1.7 

Hz), 120.71 (d, J = 2.2 Hz), 124.7 (d, J = 11.0 Hz), 125.1 (d, J = 4.4 Hz), 129.7 (d, J = 2.7 Hz), 149.4, 150.4, 

150.5, 152.0, 163.8, 167.0; 31P NMR (121 MHz, CDCl3)  22.6; MS (ESI, positive) m/z 465.6 [M+H]+; HRMS 

(ESI) calculated for C25H25N2O5NaP+ [M+Na]+ 487.1399. found 487.1406.; HPLC (DAICEL CHIRALPAK 

OD-3, Hexane:iPrOH = 80:20, 1.0 mL/min, 209 nm) t(1R,6R) = 13.0, t(1S,6S) = 18.8 min; IR (KBr) 3314, 1658, 1599, 

1530, 1491, 1313, 1250, 1213, 1200, 1187, 943, 934 cm-1. 
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Diphenyl 3-(4-methoxypicolinamido)-1,2,3,4-tetrahydronaphthalen-2-ylphosphonate (12l); 

NH

P
O

OPh
OPh

O
N

OMe

 

(2R,3R)-12l: [ ]D25 -78.1 (c 0.50, CHCl3, 98% ee); (2S,3S)-12l: [ ]D25 +75.5 (c 1.10, CHCl3, 98% ee); m.p. 

103.5-114.5 °C; 1H NMR (300 MHz, CDCl3)  2.88-3.02 (m, 2H), 3.28-3.53 (m, 3H), 3.90 (s, 3H), 4.88-4.95 (m, 

1H), 6.89 (dd, J = 2.4, 6.0 Hz, 1H), 7.09-7.28 (m, 14H), 7.74 (d, J = 2.4 Hz, 1H), 8.28 (d, J = 6.0 Hz, 1H), 8.64 

(d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3)  28.8 (d, J = 4.4 Hz), 35.7, (d, J = 10.5 Hz), 37.7 (d, J = 141.2 

Hz), 46.1 (d, J = 3.3 Hz), 55.6, 107.5, 113.1, 120.6 (d, J = 3.9 Hz), 125.1, 126.7 (d, J = 3.3 Hz), 128.5, 129.3, 

129.7 (d, J = 3.9 Hz), 133.5 (d, J = 12.7 Hz), 133.9, 149.3, 150.3 (d, J = 5.0 Hz), 150.4 (d, J = 4.4 Hz), 151.8, 

163.9, 167.0; 31P NMR (121 MHz, CDCl3)  22.2; MS (ESI, positive) m/z 515.5 [M+H]+; HRMS (ESI) 

calculated for C29H27N2O5NaP+ [M+Na]+ 537.1555. found 527.1559.; HPLC (DAICEL CHIRALPAK OZ-H, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 209 nm) t(2S,3S) = 26.1, t(2R,3R) = 33.9 min; IR (KBr) 1672, 1597, 1520, 1490, 

1310, 1254, 1213, 1186, 1027, 934, 765 cm-1 

 

Diphenyl 2-(4-methoxypicolinamido)cyclopentylphosphonate (12m); 

NH

P
O

OPh
OPh

O
N

OMe

 

(1R,2R)-12m: [ ]D25 -43.1 (c 0.95, CHCl3, 97% ee); (1S,2S)-12m: [ ]D25 +42.1 (c 0.70, CHCl3, 95% ee); m.p. 

120.0-121.0 °C; 1H NMR (300 MHz, CDCl3)  1.77-1.94 (m, 3H), 2.10-2.40 (m, 3H), 2.62-2.73 (m, 1H), 3.90 (s, 

3H), 4.85-4.97 (m, 1H), 6.90 (dd, J = 2.7, 5.7 Hz, 1H), 7.08-7.17 (m, 6H), 7.21-7.31 (m, 4H), 7.73 (d, J = 2.7 Hz, 

1H), 8.27 (d, J = 10.5 Hz, 1H), 8.30 (d, J = 5.7 Hz, 1H); 13C NMR (75 MHz, CDCl3)  24.1 (d, J = 10.4 Hz), 

26.3, 34.2, (d, J = 12.1 Hz), 42.0 (d, J = 145.1 Hz), 52.4, 55.6, 107.5, 113.1, 120.67, 120.72, 125.1, 129.7, 149.2, 

150.5, 150.6, 151.9, 163.7, 167.1; 31P NMR (121 MHz, CDCl3)  24.9; MS (ESI, positive) m/z 453.6 [M+H]+; 

HRMS (ESI) calculated for C24H25N2O5NaP+ [M+Na]+ 475.1399. found 475.1496.; HPLC (DAICEL 

CHIRALPAK OZ-H, Hexane:iPrOH = 70:30, 1.0 mL/min, 209 nm) t(1S,2S) = 18.4, t(1R,2R) = 48.3 min; IR (KBr) 

3310, 1668, 1596, 1523, 1491, 1312, 1250, 1226, 1191, 933 cm-1 
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Diphenyl 1-(benzyloxycarbonyl)-4-(4-methoxypicolinamido)pyrrolidin-3-ylphosphonate (12n); 

NH

P
O

OPh
OPh

O
N

OMe

NCbz

 

(3R,4R)-12n (including rotamer.): [ ]D25 -17.8 (c 0.78, CHCl3, 95% ee); (3S,4S)-12n (including rotamer.): [ ]D25 

+18.8 (c 1.20, CHCl3, 95% ee); 1H NMR (300 MHz, CDCl3)  3.08-3.20 (m, 1H), 3.40-3.60 (m, 1H), 3.90 (s, 

3H), 3.91-4.10 (m, 2H), 4.15-.4.21 (m, 1H), 5.00-5.16 (m, 3H), 6.92 (dd, J = 3.0, 6.0 Hz, 1H), 7.12-7.16 (m, 6H), 

7.23-7.35 (m, 9H), 7.71 (s, 1H), 8.31 (d, J = 6.0 Hz, 1H), 8.43 (m, 1H); 13C NMR (75 MHz, CDCl3)  29.8, 45.4, 

50.6, 51.4, 55.6, 67.3, 107.7, 113.3, 120.5, 120.57, 120.63, 125.4, 125.5, 128.1, 128.2, 128.6, 129.86, 129.88, 

136.6, 149.4, 150.1, 150.17, 150.23, 151.3, 156.6, 164.3, 167.2; 31P NMR (121 MHz, CDCl3)  18.8, 18.9; MS 

(ESI, positive) m/z 588.4 [M+H]+; HRMS (ESI) calculated for C31H30N3O7NaP+ [M+Na]+ 610.1719. found 

610.1725.; HPLC (DAICEL CHIRALPAK OZ-H, Hexane:iPrOH = 70:30, 1.0 mL/min, 209 nm) t(3R,4R) = 41.3, 

t(3S,4S) = 68.3 min; IR (KBr) 1707, 1598, 1523, 1489, 1421, 1312, 1211, 1187, 939, 766, 690 cm-1 

 

Diphenyl 3-(4-methoxypicolinamido)butan-2-ylphosphonate (12p); 

NH

P
O

OPh
OPh

O
N

OMe

Me

Me
 

(2R,3R)-12p: [ ]D25 +0.2 (c 0.90, CHCl3, 99% ee); (2S,3S)-12p: [ ]D25 -1.3 (c 1.00, CHCl3, 97% ee); m.p. 

93.5-94.5 °C; 1H NMR (300 MHz, CDCl3)  1.45 (dd, J = 7.2, 19.2 Hz, 3H), 1.54 (d, J = 6.9 Hz, 3H), 2.74-2.85 

(m, 1H), 3.91 (s, 3H), 4.71-4.84 (m, 1H), 6.91 (dd, J = 2.1, 5.4 Hz, 1H), 7.10-7.33 (m, 10H), 7.73 (d, J = 2.1 Hz, 

1H), 8.32 (d, J = 5.4 Hz, 1H), 8.52 (d, J = 8.7 Hz, 1H); 13C NMR (75 MHz, CDCl3)  10.3 (d, J = 3.8 Hz), 18.3, 

(d, J = 2.0 Hz), 36.4 (d, J = 136.3 Hz), 45.8, 55.5, 107.4, 113.0, 120.5 (d, J = 1.1 Hz), 120.6 (d, J = 1.1 Hz), 

125.0 (d, J = 3.3 Hz), 129.7 (d, J = 4.4 Hz), 149.3, 150.3, 150.4 (d, J = 2.2 Hz), 151.7, 163.6, 166.9; 31P NMR 

(121 MHz, CDCl3)  24.7; MS (ESI, positive) m/z 441.7 [M+H]+; HRMS (ESI) calculated for C23H25N2O5NaP+ 

[M+Na]+ 463.1399. found 463.1427.; HPLC (DAICEL CHIRALPAK OD-3, Hexane:iPrOH = 90:10, 1.0 

mL/min, 209 nm) t(2S,3S) = 17.8, t(2R,3R) = 20.4 min; IR (KBr) 3385, 1672, 1599, 1513, 1492, 1305, 1258, 1216, 

1195, 1167, 1036, 933 768 cm-1 
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Diphenyl 5-(4-methoxypicolinamido)octan-4-ylphosphonate (12q); 

NH

P
O

OPh
OPh

O
N

OMe

n-Pr

n-Pr
 

(4R,5R)-12q: [ ]D25 +23.1 (c 0.50, CHCl3, 95% ee); (4S,5S)-12q: [ ]D25 -23.9 (c 0.50, CHCl3, 95% ee); m.p. 

108.5-109.5 °C; 1H NMR (300 MHz, CDCl3)  0.93 (q, J = 2.7 Hz, 6H), 1.38-1.55 (m, 3H), 1.62-2.04 (m, 5H), 

2.48-2.60 (m, 3H), 3.91 (s, 3H), 4.60-4.80 (m, 1H), 6.90 (dd, J = 2.7, 5.7 Hz, 1H), 7.07-7.33 (m, 10H), 7.73 (d, J 

= 2.7 Hz, 1H), 8.30 (d, J = 5.7 Hz, 1H), 8.74 (d, J = 9.6 Hz, 1H); 13C NMR (75 MHz, CDCl3)  13.9, 14.0, 20.1, 

21.4 (d, J = 11.6 Hz), 29.1, (d, J = 3.3 Hz), 36.8, 41.9 (d, J = 134.1 Hz), 48.7, (d, J = 3.9 Hz), 55.6, 107.5, 113.1, 

120.66, 120.71, 125.1 (d, J = 9.4 Hz), 129.7 (d, J = 10.4 Hz), 149.4, 150.4, 150.6, 151.9, 164.5, 167.0; 31P NMR 

(121 MHz, CDCl3)  25.1; MS (ESI, positive) m/z 497.2 [M+H]+; HRMS (ESI) calculated for C27H33N2O5NaP+ 

[M+Na]+ 519.2025. found 519.2054.; HPLC (DAICEL CHIRALPAK OZ-H, Hexane:iPrOH = 97:3, 1.0 mL/min, 

209 nm) t(4R,5R) = 33.2, t(4S,5S) = 38.7 min; IR (KBr) 1676, 1602, 1515, 1490, 1309, 1260, 1213, 1185, 931, 770 

cm-1 

 

NH

P

OO Ph

O

OMe
OMe

CbzCl, Et3N

H2O/Dioxane
r.t., 12 h

TMSCHN2

MeOH/CH2Cl2
r.t., 3 h

NH

P
O

OPh
OPh

O
N MeONa

NH

P
O

OMe
OMe

O
N 1) conc HCl, reflux, 20 h

MeOH, reflux, 3 h
83 %

2) propylene oxide, EtOH
95 %

NH2

P
O

OH
OH

(1R,2R)-12d 99% ee 14 15

16  

(1R,2R)-12d (218 mg, 0.5 mmol) NaOMe (135 mg, 2.5 mmol) 2.5 mL 3

TLC  (5 mL)

(AcOEt:MeOH = 100:0 to 90:10) (1R,2R)-14 83 % (1R,2R)-14 (62 mg, 0.2 mmol)

 (4 mL) 20  (1 

mL)  (0.1 mL) 3



 

135 

(1R,2R)-15 95 % (1R,2R)-15 (80 mg, 0.45 mmol)

 (500 L, 3.6 mmol) :1,4-  (1:1, 4mL) 0 °C

 (250 L, 1.8 mmol) 12  (5 mL)

 (2mL 3)

 (10mL 3) 66%

 (93 mg, 0.3 mmol) :1,4-  (5:1, 3.6mL) 0 °C

 (2.0 M in hexane, 0.9 mL, 1.8 mmol) 3

 (Hexane/AcOEt 

=30/70) (1R,2R)-16 28 %  

 

(1R,2R)-Dimethyl 2-(picolinamido)cyclohexylphosphonate (14); 

NH

P
O

OMe
OMe

O
N

 

[ ]D25 -83.1 (c 1.00, CHCl3, >99% ee); m.p. 97.0-98.0 °C; 1H NMR (300 MHz, CDCl3)  1.21-1.60 (m, 4H), 

1.70-1.90 (m, 2H), 2.03-2.29 (m, 3H), 3.67 (s, 3H), 3.70 (s 3H), 4.07-4.13 (m, 1H), 7.40 (dd, J = 1.5, 6.9 Hz, 

1H), 7.84 (t, J = 7.5 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H), 8.42, (d, J = 6.9 Hz, 1H), 8.58 (d, J = 4.2 Hz, 1H); 13C 

NMR (75.5 MHz, CD3OD)  24.4, 25.1 (d, J = 13.8 Hz), 25.8 (d, J = 5.6 Hz), 33.2, (d, J = 13.2 Hz), 39.7 (d, J = 

140.1 Hz), 48.5, (d, J = 5.5 Hz), 52.3 (d, J = 7.1 Hz), 52.6 (d, J = 6.6 Hz), 121.9, 125.9, 137.1, 148.0, 149.9, 

163.2; 31P NMR (121 MHz, CDCl3)  31.9; MS (ESI, positive) m/z 335.8 [M+Na]+; HRMS (ESI) calculated for 

C14H21N2O4NaP+ [M+Na]+ 335.1137. found 335.1164.; HPLC (DAICEL CHIRALPAK OZ-H, Hexane:iPrOH = 

70:30, 1.0 mL/min, 254 nm) tminor = 13.4, tmajor = 21.7 min; IR (KBr) 3323, 2940, 2857, 1651, 1524, 1245, 1025, 

822 cm-1 

 

(1R,2R)-2-Aminocyclohexylphosphonic acid (15); 
NH2

P
O

OH
OH

 
[ ]D25 -24.0 (c 0.15, 1N NaOH, >99% ee); m.p. 340 °C (decompoded); 1H NMR (300 MHz, D2O)  1.00-1.30 

(m, 4H), 1.40-1.70 (m, 3H), 1.80-2.00 (m, 2H), 2.95-3.10 (m, 1H); 13C NMR (75 MHz, D2O)  23.8, 24.3 (d, J = 

13.7 Hz), 25.6 (d, J = 4.4 Hz), 30.7, (d, J = 12.6 Hz), 39.4 (d, J = 131.3 Hz), 50.2, (d, J = 5.5 Hz); 31P NMR 

(121 MHz, D2O)  22.5; MS (ESI, positive) m/z 179.7 [M-H]+, (ESI, negative) m/z 177.6 [M-H]-; HRMS (ESI) 

calculated for C6H14NO3NaP+ [M+Na]+ 202.0609. found 202.0609.; IR (KBr) 2933, 2855, 1157, 567 cm-1 
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Benzyl (1R,2R)-2-(methoxyphosphono)cyclohexylcarbamate (16) 

NH

P

OO Ph

O

OMe
OMe

 

[ ]D25 -17.2 (c 0.21, CHCl3, >99% ee); 1H NMR (300 MHz, CDCl3)  1.16-1.48 (m, 5H), 1.90 (d, J = 12.6 Hz, 

1H), 2.07 (br, 1H), 2.20 (br, 1H), 3.58 (m, 1H), 3.67 (s, 3H), 3.71 (s, 3H), 5.10 (s, 2H), 5.31 (m, 1H), 7.29-7.36 

(m, 5H); 13C NMR (75 MHz, CDCl3)  24.7, 25.2 (d, J = 14.3 Hz), 26.2 (d, J = 5.5 Hz), 33.9 (d, J = 12.6 Hz), 

40.2 (d, J = 139.6 Hz), 50.5 (d, J = 5.5 Hz), 52.5 (d, J = 7.1 Hz), 52.9 (d, J = 7.1 Hz), 66.5, 128.06, 128.11, 

128.5, 136.9, 155.6; 31P NMR (121 MHz, CDCl3)  32.2; MS (ESI, positive) m/z 364.7 [M-H]+; HRMS (ESI) 

calculated for C6H24NO5NaP+ [M+Na]+ 364.1290. found 364.1297.; HPLC (DAICEL CHIRALPAK AY-3, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 209 nm) tminor = 15.0, tmajor = 69.5 min; IR (neat) 3262, 2932, 2855, 1719, 

1545, 1452, 1234, 1025, 818, 700 cm-1 
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4  

4-Chloropicolinic acid
DCC, DMAP (cat)

DCM, r.t., 1 h

N

N

H
N

O

NN

N

H2N
Cl

 

9- -9-epi  (294 mg, 1.0 mmol) 4-  (158 mg, 1.0 mmol)

N,N’-  (206 mg, 1.1 mmol) 4-  (12 mg, 0.1 

mmol)  (10 ml) 1

 (AcOEt:MeOH = 70:30)

 

 

N-(9-Deoxy-epi-cinchonin-9-yl)-4-chloropicolinamide (13m); 

N

N

H
N

O

N

Cl

 

[ ]D25 +201.9 (c 0.50, CHCl3); m.p. 162.0-163.0 °C; 1H NMR (300 MHz, CDCl3)  0.99-1.05 (m, 1H), 

1.29-1.36 (m, 1H), 1.53-1.67 (m, 3H), 2.31 (d, J = 7.8 Hz, 1H), 2.91-3.07 (m, 4H), 3.21-3.27 (m, 1H), 5.10-5.18 

(m, 2H), 5.58 (br, 1H), 5.87-5.98 (m, 1H), 7.41 (d, J = 5.4 Hz, 1H), 7.48 (d, J = 4.5 Hz, 1H), 7.63 (t, J = 7.5 Hz, 

1H), 7.73 (t, J = 7.8 Hz, 1H), 8.04 (s, 1H), 8.14 (d, J = 8.7 Hz, 1H), 8.44 (d, J = 8.4 Hz, 1H), 8.50 (d, J = 5.1 Hz, 

1H), 8.88 (d, J = 4.2 Hz, 1H), 8.97 (br, 1H); 13C NMR (75 MHz, CDCl3)  25.7, 26.8, 27.5, 39.4, 47.3, 49.5, 

60.2, 115.0, 119.4, 123.0, 123.4, 126.4, 126.9, 127.4, 129.3, 130.6, 140.5, 145.8, 146.8, 148.7, 149.3, 150.2, 

151.4, 163.2; IR (KBr) 3374, 3062, 2937, 2871, 1675, 1577, 1556, 1509, 1461, 1392, 985, 913, 849, 758, 727 

cm 1; MS (ESI, positive) m/z 433.0 [M+H]+ , HRMS (ESI) calculated for C25H26N4OCl+ [M+H]+ 433.1795. 

found 433.1798. 

 

N-(9-Deoxy-epi-cinchonidin-9-yl)-4-chloropicolinamide (13r): 

N

N H
N

O

N

Cl
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74% yield. [ ]D25 -94.1 (c 0.50, CHCl3); m.p. 97.0-98.0 °C; 1H NMR (300 MHz, CDCl3)  0.92-0.99 (m, 1H), 

1.41-1.49 (m, 1H), 1.65-1.73 (m, 3H), 2.32 (br, 1H), 2.73-2.83 (m, 2H), 3.20-3.37 (m, 3H), 4.95-5.03 (m, 2H), 

5.61 (br, 1H), 5.70-5.82 (m, 1H), 7.37 (dd, J = 2.1, 5.1 Hz, 1H), 7.49 (d, J = 4.5 Hz, 1H), 7.64 (t, J = 7.5 Hz, 1H), 

7.74 (t, J = 7.7 Hz, 1H), 8.04 (s, 1H), 8.14 (d, J = 8.7 Hz, 1H), 8.46-8.50 (m, 2H), 8.90 (d, J = 4.2 Hz, 1H), 8.97 

(br, 1H); 13C NMR (75 MHz, CDCl3)  26.3, 27.5, 27.9, 39.6, 41.1, 56.1, 60.0, 76.7, 114.6, 119.5, 122.9, 123.4, 

126.3, 127.0, 127.4, 129.3, 130.6, 141.4, 145.7, 146.6, 148.7, 149.2, 150.2, 151.3, 163.1; IR (KBr) 3369, 3063, 

2938, 2864, 1675, 1577, 1556, 1509, 1460, 1392, 1237, 988, 912, 847, 759, 730 cm 1; MS (ESI, positive) m/z 

433.0 [M+H]+, 887.3 [2M+Na] +, HRMS (ESI) calculated for C25H26N4OCl+ [M+H]+ 433.1795. found 433.1801. 

 

vinylogous Mannich

Ph Me

N
P(O)Ph2 O

Cu(OAc)2 (10 mol%)
13r (10 mol%)
TMSOH (1.2 equiv.)

THF (0.5 M),
-20 °C., 48 h

OTMS

18a 19a syn-20a anti-20a

Ph

NHMe

O

O

P(O)Ph2

Ph

NHMe

O

O

P(O)Ph2

 
(II) (1.8 mg, 0.01 mmol) -4- 13r (4.3 mg, 0.01 mmol)

18a (32 mg, 0.1 mmol) THF (0.2 mL) –20 °C 2- 19a 

(67 L, 0.4 mmol)  (11 L, 0.12 mmol) TLC

 (1 mL)

NMR  

(Hexane:AcOEt = 30:70) Anti-20a 13r

-4- 13m Anti-20a  

 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-phenylethyl]-(5H)-furan-2-one (20a); 

NHMe

O

O

P(O)Ph2

 

[ ]D25 +95.0 (c 0.50, CHCl3); m.p. 194.0-195.0 °C; 1H NMR (300 MHz, CDCl3)  1.74 (s, 3H), 3.76 (d, J = 6.6 

Hz, 1H), 5.54-5.56 (m, 1H), 6.02 (dd, J = 2.1, 6.0 Hz, 1H), 7.28-7.53 (m, 12H), 7.76-7.92 (m, 4H); 13C NMR 

(75 MHz, CDCl3)  22.0 (d, J = 4.4 Hz), 61.5 (d, J = 2.2 Hz), 89.7 (d, J = 3.3 Hz), 123.5, 125.6, 127.9, 128.47, 

128.52, 128.6, 128.7, 128.8, 131.5, 131.6, 131.78, 131.84, 131.90, 131.94, 132.0, 133.1 (d, J = 6.0 Hz), 134.8 (d, 

J = 6.6 Hz), 141.7 (d, J = 3.9 Hz), 153.5, 172.5; 31P NMR (121 MHz, CDCl3)  20.80; IR (KBr) 3405, 1759, 

1439, 1381, 1190, 1121, 1107, 1048, 991, 821, 755, 724, 698 cm-1; MS (ESI, positive) m/z 426.0 [M+Na]+; 

HRMS (ESI) calculated for C24H22NO3NaP [M+Na]+ 426.1235. found 426.1235.; HPLC (DAICEL 

CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm) tmajor = 14.8, tminor = 17.3 min.  
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(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-methylphenyl)ethyl]-(5H)-furan-2-one (20b); 

NHMe

O

O

P(O)Ph2

Me
 

[ ]D25 +87.1 (c 0.50, CHCl3); m.p. 153.0-154.0 °C; 1H NMR (300 MHz, CDCl3)  1.71 (s, 3H), 2.32 (s, 3H), 

3.77 (d, J = 6.9 Hz, 1H), 5.55 (dd, J = 1.8, 1.8 Hz, 1H), 6.00 (dd, J = 1.8, 5.7 Hz, 1H), 7.12 (d, J = 7.8 Hz, 2H), 

7.26 (d, J = 7.8 Hz, 2H), 7.36-7.53 (m, 7H), 7.77-7.91 (m, 4H); 13C NMR (75 MHz, CDCl3)  21.0, 22.1 (d, J = 

4.4 Hz), 61.4 (d, J = 2.2 Hz), 90.0 (d, J = 3.3 Hz), 123.6, 125.5, 128.6, 128.66, 128.74, 128.8, 129.2, 131.5, 

131.7, 131.9, 131.99, 132.03, 133.2 (d, J = 6.1 Hz), 134.9 (d, J = 8.3 Hz), 137.7, 138.6 (d, J = 4.4 Hz), 153.4, 

172.6; 31P NMR (121 MHz, CDCl3)  20.81; IR (KBr) 3400, 3135, 1754, 1438, 1407, 1380, 1188, 1168, 1121, 

1106, 1071, 1047, 993, 908, 817, 754, 726, 698 cm-1; MS (ESI, positive) m/z 418.0 [M+H]+, 440.0 [M+Na]+; 

HRMS (ESI) calculated for C25H24NO3NaP+ [M+Na]+ 440.1392. found 440.1391.; HPLC (DAICEL 

CHIRALPAK AD-3, Hexane:iPrOH = 80:20, 1.0 mL/min, 225 nm) tminor = 32.9, tmajor = 39.4 min.  

 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-methoxyphenyl)ethyl]-(5H)-furan-2-one (20c); 

NHMe

O

O

P(O)Ph2

MeO
 

[ ]D25 +97.1 (c 0.40, CHCl3); m.p. 162.0-163.0 °C; 1H NMR (300 MHz, CDCl3)  1.71 (s, 3H), 3.74 (d, J = 6.9 

Hz, 1H), 3.80 (s, 3H), 5.53-5.55 (m, 1H), 6.02 (dd, J = 2.1, 6.0 Hz, 1H), 6.84 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.4 

Hz, 2H), 7.39-7.52 (m, 7H), 7.77-7.91 (m, 4H); 13C NMR (75 MHz, CDCl3)  22.2 (d, J = 4.4 Hz), 55.2, 61.1 (d, 

J = 2.2 Hz), 89.9 (d, J = 2.7 Hz), 113.7, 123.5, 126.8, 128.48, 128.55, 128.6, 128.7, 131.5, 131.6, 131.77, 131.83, 

131.9, 133.1 (d, J = 7.2 Hz), 133.6 (d, J = 4.4 Hz), 134.8 (d, J = 8.2 Hz), 153.4, 158.9, 172.5; 31P NMR (121 

MHz, CDCl3)  20.78; IR (KBr) 3399, 1758, 1610, 1515, 1463, 1439, 1380, 1303, 1255, 1188, 1121, 1106, 1073, 

1047, 1031, 990, 852, 822, 755, 725, 698 cm-1; MS (ESI, positive) m/z 433.8 [M+H]+, 455.8 [M+Na]+; HRMS 

(ESI) calculated for C25H24NO4NaP [M+Na]+ 456.1341. found 456.1369.; HPLC (DAICEL CHIRALPAK AD-3, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm) tmajor = 14.4, tminor = 17.6 min.  

 
(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-fluorophenyl)ethyl]-(5H)-furan-2-one (20d); 

NHMe

O

O

P(O)Ph2

F
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[ ]D25 +84.3 (c 0.90, CHCl3); m.p. 186.0-187.0 °C; 1H NMR (300 MHz, CDCl3)  1.70 (s, 3H), 3.82 (d, J = 6.9 

Hz, 1H), 5.52-5.54 (m, 1H), 6.03 (dd, J = 1.5, 5.7 Hz, 1H), 6.99 (dd, J = 8.4, 8.4 Hz, 2H), 7.33-7.52 (m, 9H), 

7.74-7.89 (m, 4H); 13C NMR (75 MHz, CDCl3)  22.3 (d, J = 5.0 Hz), 61.2 (d, J = 1.7 Hz), 89.6 (d, J = 3.3 Hz), 

115.2, 115.5, 123.7, 127.6, 127.7, 128.66, 128.73, 128.8, 128.9, 131.6, 131.7, 131.8, 131.9, 132.08, 132.12, 

132.17, 132.20, 132.7 (d, J = 6.0 Hz), 134.4 (d, J = 7.1 Hz), 137.5 (d, J = 3.8 Hz), 153.3, 160.6, 163.8, 172.4; 19F 

NMR (282 MHz, CDCl3)  -115.0; 31P NMR (121 MHz, CDCl3)  20.83; IR (KBr) 3422, 1759, 1511, 1438, 

1234, 1190, 1166, 1122, 1105, 1048, 989, 822, 754, 728, 697 cm-1; MS (ESI, positive) m/z 421.8 [M+H]+, 443.9 

[M+Na]+; HRMS (ESI) calculated for C24H21NO3FNaP [M+Na]+ 444.1141. found 444.1144.; HPLC (DAICEL 

CHIRALPAK AD-3, Hexane:iPrOH = 80:20, 1.0 mL/min, 225 nm) tminor = 25.9, tmajor = 28.3 min.  
 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(3-chlorophenyl)ethyl]-(5H)-furan-2-one (20e); 

NHMe

O

O

P(O)Ph2

Cl

 

[ ]D25 +88.5 (c 0.50, CHCl3); m.p. 196.0-197.0 °C; 1H NMR (300 MHz, CDCl3)  1.67 (s, 3H), 3.80 (d, J = 6.9 

Hz, 1H), 5.52-5.54 (m, 1H), 6.05 (dd, J = 1.8, 6.0 Hz, 1H), 7.26-7.51 (m, 11H), 7.73-7.87 (m, 4H); 13C NMR 

(75 MHz, CDCl3)  22.0 (d, J = 4.4 Hz), 61.3, 89.2 (d, J = 3.3 Hz), 123.8, 124.2, 126.2, 128.1, 128.7, 128.8, 

129.8, 131.6, 131.7, 131.9, 132.1, 132.7, 132.9, 134.5, 134.6, 144.0 (d, J = 3.8 Hz), 153.3, 172.2; 31P NMR (121 

MHz, CDCl3)  21.00; IR (KBr) 1791, 1751, 1438, 1188, 1122, 1105, 727, 696 cm-1; MS (ESI, positive) m/z 

459.9 [M+Na]+; HRMS (ESI) calculated for C24H21NO3NaPCl [M+Na]+ 460.0845. found 460.0842.; HPLC 

(DAICEL CHIRALPAK IC, Hexane:iPrOH = 70:30, 1.0 mL/min, 40 °C, 225 nm) tmajor = 16.7, tminor = 25.5 min. 

 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-chlorophenyl)ethyl]-(5H)-furan-2-one (20f); 

NHMe

O

O

P(O)Ph2

Cl
 

[ ]D25 +100.1 (c 1.00, CHCl3); m.p. 197.0-198.0 °C; 1H NMR (300 MHz, CDCl3)  1.68 (s, 3H), 3.92 (d, J = 6.6 

Hz, 1H), 5.51-5.53 (m, 1H), 5.99 (dd, J = 1.5, 6.0 Hz, 1H), 7.24-7.31 (m, 4H), 7.36-7.48 (m, 7H), 7.73-7.87 (m, 

4H); 13C NMR (75 MHz, CDCl3)  21.8 (d, J = 4.4 Hz), 61.2 (d, J = 2.2 Hz), 89.5 (d, J = 3.3 Hz), 123.7, 127.4, 

128.6, 128.7, 128.8, 128.9, 129.0, 131.5, 131.7, 131.9, 132.0, 132.3 (d, J = 5.6 Hz), 134.0 (d, J = 8.3 Hz), 140.2 

(d, J = 3.8 Hz), 153.4, 172.5; 31P NMR (121 MHz, CDCl3)  21.41; IR (KBr) 1759, 1438, 1185, 1121, 1097, 722, 

697 cm-1; MS (ESI, positive) m/z 459.8 [M+Na]+; HRMS (ESI) calculated for C24H21NO3NaPCl [M+Na]+ 

460.0845. found 460.0845.; HPLC (DAICEL CHIRALPAK IA-3, Hexane:iPrOH = 90:10, 1.0 mL/min, 225 nm, 

40 °C) tmajor = 49.2, tminor = 56.1 min. 
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(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(3-bromophenyl)ethyl]-(5H)-furan-2-one (20g); 

NHMe

O

O

P(O)Ph2

Br

 

[ ]D25 +76.7 (c 1.00, CHCl3); m.p. 166.0-167.0 °C; 1H NMR (300 MHz, CDCl3)  1.68 (s, 3H), 3.78 (d, J = 6.9 

Hz, 1H), 5.55 (dd, J = 2.1, 2.1 Hz, 1H), 6.06 (dd, J = 2.1, 6.0 Hz, 1H), 7.17-7.22 (m, 1H), 7.36-7.54 (m, 10H), 

7.74-7.88 (m, 4H); 13C NMR (75 MHz, CDCl3)  22.2 (d, J = 4.4 Hz), 61.3, 89.3 (d, J = 3.8 Hz), 122.7, 124.0, 

124.7, 128.71, 128.74, 128.88, 128.91, 129.1, 130.2, 131.1, 131.6, 131.7, 131.8, 131.9, 132.1, 132.2, 132.8 (d, J 

= 12.1 Hz), 134.5 (d, J = 12.5 Hz), 144.1 (d, J = 3.9 Hz), 153.1, 172.2; 31P NMR (121 MHz, CDCl3)  21.04; IR 

(KBr) 1759, 1438, 1185, 1105, 727, 696 cm-1; MS (ESI, positive) m/z 505.9 [M+Na]+; HRMS (ESI) calculated 

for C24H21NO3NaPBr [M+Na]+ 504.0340. found 504.0338.; HPLC (DAICEL CHIRALPAK IC, Hexane:iPrOH 

= 70:30, 1.0 mL/min, 225 nm, 40 °C) tmajor = 16.9, tminor = 26.9 min.  
 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-bromophenyl)ethyl]-(5H)-furan-2-one (20h); 

NHMe

O

O

P(O)Ph2

Br
 

[ ]D25 +109.7 (c 0.50, CHCl3); m.p. 185.0-186.0 °C; 1H NMR (300 MHz, CDCl3)  1.71 (s, 3H), 3.74 (d, J = 6.6 

Hz, 1H), 5.53-5.55 (m, 1H), 6.05 (dd, J = 2.1, 6.0 Hz, 1H), 7.23-7.26 (m, 2H), 7.39-7.52 (m, 9H), 7.74-7.89 (m, 

4H); 13C NMR (75 MHz, CDCl3)  22.0 (d, J = 4.9 Hz), 61.2 (d, J = 2.3 Hz), 89.3 (d, J = 3.3 Hz), 122.1, 123.8, 

127.6, 128.7 (d, J = 12.6 Hz), 131.53, 131.66, 131.68, 131.81, 132.04, 132.9 (d, J = 9.9 Hz), 134.6 (d, J = 9.9 

Hz), 140.8 (d, J = 4.4 Hz), 153.2, 172.2; 31P NMR (121 MHz, CDCl3)  20.90; IR (KBr) 3392, 3147, 1790, 

1760, 1491, 1457, 1438, 1396, 1185, 1122, 1105, 1007, 986, 906, 888, 850, 820, 754, 728, 697 cm-1; MS (ESI, 

positive) m/z 503.8 [M+Na]+; HRMS (ESI) calculated for C24H21NO3NaPBr [M+Na]+ 504.0340. found 

504.0340.; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 80:20, 1.0 mL/min, 225 nm) tmajor = 26.0, 

tminor = 30.0 min. 

 
(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-nitrophenyl)ethyl]-(5H)-furan-2-one (20i); 

NHMe

O

O

P(O)Ph2

O2N
 

[ ]D25 +79.9 (c 0.50, CHCl3); m.p. 217.0-218.0 °C; 1H NMR (300 MHz, CDCl3)  1.76 (s, 3H), 3.86 (d, J = 6.6 
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Hz, 1H), 5.60-5.62 (m, 1H), 6.09 (dd, J = 2.1, 5.7 Hz, 1H), 7.27-7.60 (m, 9H), 7.73-7.89 (m, 4H), 8.14 (d, J = 

8.4 Hz, 2H); 13C NMR (75 MHz, 10% CDOD3 in CDCl3)  20.9 (d, J = 5.0 Hz), 60.8, 88.2 (d, J = 5.0 Hz), 123.0, 

123.1, 127.2, 128.3, 128.4, 128.5, 128.6, 131.2, 131.26, 131.32, 131.4, 131.6, 131.95, 131.99, 132.06, 132.09, 

133.2 (d, J = 6.6 Hz), 146.9, 149.5 (d, J = 3.3 Hz), 154.2, 172.8; 31P NMR (121 MHz, CDCl3)  21.15; IR (KBr) 

1759, 1518, 1349, 1168, 696, 537 cm-1; MS (ESI, positive) m/z 470.9 [M+Na]+; HRMS (ESI) calculated for 

C24H21N2O5NaP+ [M+Na]+ 471.1086. found 471.1083.; HPLC (DAICEL CHIRALPAK IC, Hexane:iPrOH = 

70:30, 1.0 mL/min, 225 nm, 40 °C) tmajor = 25.8, tminor = 36.1 min. 

 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(naphthalen-2-yl)ethyl]-(5H)-furan-2-one (20j); 

NHMe

O

O

P(O)Ph2

 

[ ]D25 +105.6 (c 0.50, CHCl3); m.p. 176.0-177.0 °C; 1H NMR (300 MHz, CDCl3)  1.85 (s, 3H), 3.88 (d, J = 6.6 

Hz, 1H), 5.65-5.57 (m, 1H), 5.99 (dd, J = 2.1, 5.4 Hz, 1H), 7.35-7.39 (m, 2H), 7.44-7.54 (m, 8H), 7.78-7.92 (m, 

8H); 13C NMR (75 MHz, CDCl3)  22.1 (d, J = 4.4 Hz), 61.5, 89.8 (d, J = 3.3 Hz), 123.5, 124.8, 126.5, 126.6, 

127.5, 128.4, 128.5, 128.57, 128.64, 128.7, 128.8, 131.6, 131.7, 131.87, 131.92, 132.0, 132.7, 132.9, 133.1 (d, J 

= 7.7 Hz), 134.8 (d, J = 8.8 Hz), 139.2 (d, J = 3.9 Hz), 153.5, 172.5; 31P NMR (121 MHz, CDCl3)  20.92; IR 

(KBr) 3161, 3056, 1758, 1437, 1381, 1184, 1123, 1093, 1048, 986, 897, 867, 819, 751, 726, 695 cm-1; MS (ESI, 

positive) m/z 454.0 [M+H]+ ,475.8 [M+Na]+; HRMS (ESI) calculated for C28H24NO3NaP [M+Na]+ 476.1391. 

found 459.1385.; HPLC (DAICEL CHIRALPAK ID, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm) tminor = 39.7, 

tmajor = 51.6 min. 
 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(thiophen-2-yl)ethyl]-(5H)-furan-2-one (20k); 

NHMe

O

O

S

P(O)Ph2

 

[ ]D25 +60.0 (c 0.50, CHCl3); m.p. 58.0-59.0 °C; 1H NMR (300 MHz, CDCl3)  1.76 (s, 3H), 3.90 (d, J = 6.9 Hz, 

1H), 5.55-5.57 (m, 1H), 6.07 (dd, J = 1.5, 5.7 Hz, 1H), 6.91-6.83 (m, 2H), 7.19-7.21 (m, 1H), 7.40-7.54 (m, 7H), 

7.82-7.88 (m, 4H); 13C NMR (75 MHz, CDCl3)  23.2 (d, J = 4.4 Hz), 60.3 (d, J = 2.2 Hz), 89.8 (d, J = 2.2 Hz), 

123.7, 124.6, 124.7, 127.1, 128.5, 128.6, 128.7, 128.8, 131.4, 131.5, 131.9, 132.0, 132.1, 132.8 (d, J = 13.7 Hz), 

134.6 (d, J = 16.0 Hz), 146.8 (d, J = 5.5 Hz), 153.0, 172.4; 31P NMR (121 MHz, CDCl3)  20.64; IR (KBr) 1756, 

1438, 1381, 1191, 1122, 1106, 726, 697 cm-1; MS (ESI, positive) m/z 410.0 [M+H]+, 432.0 [M+Na]+; HRMS 

(ESI) calculated for C22H20NO3NaPS [M+Na]+ 432.0799. found 432.0804.; HPLC (DAICEL CHIRALPAK 

IA-3, Hexane:iPrOH = 80:20, 1.0 mL/min, 225 nm, 40 °C) tmajor = 35.3, tminor = 39.3 min. 
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(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(thiophen-3-yl)ethyl]-(5H)-furan-2-one (20l); 

NHMe

O

O

P(O)Ph2

S

 

[ ]D25 +75.8 (c 0.50, CHCl3); m.p. 169.0-170.0 °C; 1H NMR (300 MHz, CDCl3)  1.70 (s, 3H), 3.75 (d, J = 6.9 

Hz, 1H), 5.56-5.58 (m, 1H), 6.04 (dd, J = 1.8, 5.7 Hz, 1H), 7.03-7.05 (m, 1H), 7.14-7.15 (m, 1H), 7.25-7.28 (m, 

1H), 7.39-7.51 (m, 7H), 7.76-7.87 (m, 4H); 13C NMR (75 MHz, CDCl3)  22.6 (d, J = 4.4 Hz), 60.0 (d, J = 2.2 

Hz), 89.8 (d, J = 2.7 Hz), 121.8, 123.6, 125.7, 126.5, 128.6, 128.7, 128.8, 128.9, 131.5, 131.6, 131.9, 132.0, 

132.06, 132.11, 133.0 (d, J = 6.6 Hz), 134.7 (d, J = 8.8 Hz), 143.6 (d, J = 4.4 Hz), 153.2, 172.6; 31P NMR (121 

MHz, CDCl3)  20.78; IR (KBr) 1758, 1437, 1182, 1106, 1046, 726, 697 535 cm-1; MS (ESI, positive) m/z 410.0 

[M+H]+ ,431.9 [M+Na]+; HRMS (ESI) calculated for C22H20NO3NaSP [M+Na]+ 432.0799. found 432.0815.; 

HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 90:10, 1.0 mL/min, 225 nm, 40 °C) tmajor = 58.4, tminor = 

71.0 min. 
 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(furan-2-yl)ethyl]-(5H)-furan-2-one (20m); 

NHMe

O

O

O

P(O)Ph2

 

[ ]D25 +75.2 (c 0.50, CHCl3); m.p. 167.0-168.0 °C; 1H NMR (300 MHz, CDCl3)  1.62 (s, 3H), 3.84 (d, J = 7.8 

Hz, 1H), 5.52 (dd, J = 1.5, 1.5 Hz, 1H), 6.10 (dd, J = 1.5, 6.0 Hz, 1H), 6.18-6.19 (m, 1H), 6.24-6.26 (m, 1H), 

7.41-7.51 (m, 7H), 7.69 (dd, J = 1.5, 6.0 Hz, 1H), 7.75-7.82 (m, 4H); 13C NMR (75 MHz, CDCl3)  19.8 (d, J = 

3.9 Hz), 58.2, 88.8 (d, J = 2.7 Hz), 107.3, 110.5, 123.2, 128.5, 128.6, 128.7, 128.8, 131.3, 131.5, 131.96, 132.04, 

132.1, 132.8, 134.6, 142.2, 153.4, 154.4 (d, J = 5.6 Hz), 172.6; 31P NMR (121 MHz, CDCl3)  20.95; IR (KBr) 

3178, 1757, 1592, 1439, 1382, 1315, 1192, 1122, 1047, 1017, 985, 820, 725, 697 cm-1; MS (ESI, positive) m/z 

394.2 [M+H]+, 416.0 [M+Na]+; HRMS (ESI) calculated for C22H20NO4NaP [M+Na]+ 416.1028. found 

416.1036.; HPLC (DAICEL CHIRALPAK IC, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, 40 °C) tmajor = 24.6, 

tminor = 46.0 min. 
 

(R)-5-[(S)-2-(Diphenyphoshinoylamino)-4-phenylbutan-2-yl]-(5H)-furan-2-one (20o); 

NHMe

O

O

P(O)Ph2

Ph
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[ ]D25 +37.7 (c 0.50, CHCl3); 1H NMR (300 MHz, CDCl3)  1.26 (s, 3H), 1.50-1.70 (m, 1H), 1.82-1.92 (m, 1H), 

2.63-2.73 (m, 1H), 2.86-2.95 (m, 1H), 3.26 (d, J = 6.6 Hz, 1H), 5.49-5.51 (m, 1H), 6.16 (dd, J = 1.5, 5.7 Hz, 1H), 

7.12-7.29 (m, 5H), 7.70 (dd, J = 1.5, 5.7 Hz, 1H), 7.76-7.83 (m, 2H), 7.90-7.96 (m, 2H); 13C NMR (75 MHz, 

CDCl3)  20.4 (d, J = 3.8 Hz), 30.0, 39.8 (d, J = 6.5 Hz), 59.6 (d, J = 3.2 Hz), 90.2, 122.8, 126.3, 128.4, 128.6, 

128.69, 128.74, 128.8, 128.9, 131.2, 131.4, 131.8, 132.0, 132.1, 132.2, 133.3 (d, J = 8.3 Hz), 135.0 (d, J = 13.7 

Hz), 141.3, 154.2, 173.0; 31P NMR (121 MHz, CDCl3)  21.22; IR (KBr) 1753, 1438, 1385, 1185, 1121, 723, 

698, 530 cm-1; MS (ESI, positive) m/z 453.9 [M+Na]+; HRMS (ESI) calculated for C26H26NO3NaP [M+Na]+ 

454.1548. found 454.1559.; HPLC (DAICEL CHIRALPAK IC, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, 

40 °C) tmajor = 17.4, tminor = 34.0 min. 

 

(R)-5-[(S)-2-(Diphenyphoshinoylamino)heptan-2-yl]-(5H)-furan-2-one (20p); 

NHMe

O

O

P(O)Ph2

 

[ ]D25 +28.2 (c 0.50, CHCl3); 1H NMR (300 MHz, CDCl3)  0.88 (t, J = 6.6 Hz, 3H), 1.17-1.36 (m, 9H), 

1.40-1.60 (m, 2H), 3.14 (d, J = 6.9 Hz, 1H), 5.41 (dd, J = 0.9, 0.9 Hz, 1H), 6.02 (dd, J = 0.9, 6.0 Hz, 1H), 

7.43-7.53 (m, 6H), 7.73 (dd, J = 0.9, 6.0 Hz, 1H), 7.79-7.93 (m, 4H); 13C NMR (75 MHz, CDCl3)  14.1, 20.5 (d, 

J = 3.8 Hz), 22.6, 23.1, 32.0, 37.9 (d, J = 6.1 Hz), 59.5 (d, J = 3.3 Hz), 90.1, 122.6, 128.5, 128.6, 128.7, 128.8, 

131.3, 131.4, 131.9, 132.0, 132.1, 133.4 (d, J = 2.7 Hz), 135.1 (d, J = 7.2 Hz), 154.6, 173.2; 31P NMR (121 MHz, 

CDCl3)  20.93; IR (KBr) 1755, 1438, 1187, 723, 698, 532 cm-1; MS (ESI, positive) m/z 420.0 [M+Na]+; 

HRMS (ESI) calculated for C23H28NO3NaP [M+Na]+ 420.1704. found 420.1712.; HPLC (DAICEL 

CHIRALPAK ID, Hexane:iPrOH = 80:20, 1.0 mL/min, 225 nm) tmajor = 31.1, tmionor = 34.6 min. 

 

(R)-5-[(S)-2-(Diphenyphoshinoylamino)butan-2-yl]-(5H)-furan-2-one (20q); 

NHMe

O

O

P(O)Ph2

 

[ ]D25 +15.8 (c 0.40, CHCl3); m.p. 187.0-188.0 °C; 1H NMR (300 MHz, CDCl3)  1.00 (t, J = 7.5 Hz, 3H), 1.17 

(s, 3H), 1.26-1.45 (m, 1H), 1.57-1.65 (m, 1H), 3.10 (d, J = 6.9 Hz, 1H), 5.40 (dd, J = 1.8, 1.8 Hz, 1H), 6.18 (dd, 

J = 1.8, 6.0 Hz, 1H), 7.42-7.55 (m, 6H), 7.73 (dd, J = 1.8, 6.0 Hz, 1H), 7.79-7.93 (m, 4H); 13C NMR (75 MHz, 

CDCl3)  7.9, 20.1 (d, J = 3.8 Hz), 30.6 (d, J = 6.6 Hz), 59.7 (d, J = 3.3 Hz), 90.0, 122.6, 128.5, 128.68, 128.71, 

128.8, 131.3, 131.4, 131.97, 132.03, 132.06, 132.10, 133.3, 135.0 (d, J = 6.1 Hz), 154.5, 173.2; 31P NMR (121 

MHz, CDCl3)  21.03; IR (KBr) 1758, 1436, 1181, 1122, 1092, 725, 697, 556, 531 cm-1; MS (ESI, positive) m/z 

378.0 [M+Na]+; HRMS (ESI) calculated for C20H22NO3NaP [M+Na]+ 378.1235. found 378.1248.; HPLC 
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(DAICEL CHIRALPAK IC, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, 40 °C) tmajor = 20.9, tminor = 35.9 min. 

 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-chlorophenyl)ethyl]-3-methyl-(5H)-furan-2-one (20r); 

NH

O

O

Me

Cl
Me

P(O)Ph2

 

[ ]D25 +69.4 (c 0.50, CHCl3); m.p. 234.0-235.0 °C; 1H NMR (300 MHz, CDCl3)  1.67 (s, 3H), 1.78 (s, 3H), 

3.80 (d, J = 6.3 Hz, 1H), 5.34-5.56 (m, 1H), 6.99-7.01 (m, 1H), 7.25-7.51 (m, 10H), 7.73-7.79 (m, 2H), 

7.83-7.90 (m, 2H); 13C NMR (75 MHz, CDCl3)  10.8, 22.4 (d, J = 5.0 Hz), 61.4 (d, J = 2.3 Hz), 87.3 (d, J = 3.8 

Hz), 127.4, 128.5, 128.6, 128.7, 128.8, 128.9, 131.6, 131.7, 131.8, 131.9, 132.01, 132.04, 132.1, 132.8, 133.0, 

133.1, 133.8, 134.7 (d, J = 9.9 Hz), 140.4 (d, J = 3.8 Hz), 145.1, 173.4; 31P NMR (121 MHz, CDCl3)  20.48; IR 

(KBr) 1761, 1496, 1438, 1400, 1182, 1157, 1122, 1099, 1066, 1011, 993, 979, 727, 721, 697 cm-1; MS (ESI, 

positive) m/z 451.9 [M+H]+, 473.8 [M+Na]+; HRMS (ESI) calculated for C25H23NO3NaPCl [M+Na]+ 474.1002. 

found 474.1001.; HPLC (DAICEL CHIRALPAK IC, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm) tmajor = 16.0, 

tminor = 22.1 min.  
 

(R)-5-[(S)-1-(Diphenyphoshinoylamino)-1-(4-chlorophenyl)ethyl]-4-methyl-(5H)-furan-2-one (20s); 

NH

O

O

Me

Cl

P(O)Ph2
Me

 

[ ]D25 +73.2 (c 1.00, CHCl3); m.p. 190.0-191.0 °C; 1H NMR (300 MHz, CDCl3)  1.75 (s, 3H), 1.84 (s, 3H), 

3.63 (d, J = 6.9 Hz, 1H), 5.35-5.37 (m, 1H), 5.77-5.79 (m, 1H), 7.26-7.31 (m, 2H), 7.36-7.42 (m, 4H), 7.46-7.52 

(m, 4H), 7.73-7.79 (m, 2H), 7.85-7.92 (m, 2H); 13C NMR (75 MHz, CDCl3)  16.7, 22.7, 61.6, 90.2 (d, J = 5.0 

Hz), 120.5, 127.1, 128.5, 128.6, 128.7, 131.5, 131.6, 131.7, 131.89, 131.92, 132.9, 133.7, 134.6 (d, J = 4.4 Hz), 

140.8, 166.0, 171.8; 31P NMR (121 MHz, CDCl3)  20.54; IR (KBr) 1764, 1744, 1438, 1186, 1121, 991, 721, 

698 cm-1; MS (ESI, positive) m/z 473.8 [M+Na]+; HRMS (ESI) calculated for C25H23NO3NaPCl [M+Na]+ 

474.1002. found 474.1002.; HPLC (DAICEL CHIRALPAK IC, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm) 

tmajor = 30.0, tminor = 44.1 min.  
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vinylogous Mannich  

1) H2, Pd/C
2) LiAlH4

NH

O

O

Me
P(O)Ph2

NH

OH

Me
P(O)Ph2

OH

20a; (97% ee) 21; 95% (2 steps, 97% ee)  
20a (57 mg, 0.14 mmol) Pd/C (10 wt%, 4.2 mg)  (2.1 mL)

2 TLC

 (20 

mg, 0.05 mmol)  (7.8 mg, 0.2 mmol)  (1.0 mL)

2  (5 mL

3)  (10 mL)  (10 mL)

 (AcOEt:MeOH = 95:5)

21 2 95% (97% ee)  
 

N-[(2S,3R)-3,6-Dihydroxy-2-phenylhexan-2-yl)]diphenylphosphinamide (21); 

NH

OH

Me
P(O)Ph2

OH

 

[ ]D25 +39.1 (c 0.50, CHCl3); m.p. 67.0-68.0 °C; 1H NMR (300 MHz, CDCl3)  1.12-1.47 (m, 5H), 1.61-1.80 

(m, 2H), 3.41-3.42 (m, 1H), 3.60-3.67 (m, 2H), 3.94 (d, J = 9.6 Hz, 1H), 6.70 (br, 1H), 7.26-7.31 (m, 2H), 

7.37-7.51 (m, 9H), 7.85-7.91 (m, 2H), 7.99-8.06 (m, 4H); 13C NMR (75 MHz, CDCl3)  26.1, 29.6, 30.4, 62.6, 

65.3, 78.5, 125.4, 127.1, 128.5, 128.60, 128.63, 128.8, 129.0, 130.9, 131.1, 131.96, 131.99, 132.1, 132.2, 132.6, 

132.7, 132.9, 134.0, 134.5, 145.5 (d, J = 8.8 Hz); 31P NMR (121 MHz, CDCl3)  24.15; IR (KBr) 3458, 1438, 

1178, 1121, 1110, 727, 698 cm-1; MS (ESI, positive) m/z 432.0 [M+Na]+; HRMS (ESI) calculated for 

C24H28NO3NaP [M+Na]+ 432.1704. found 432.1708.; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 

90:10, 1.0 mL/min, 225 nm, 40 °C) tminor = 24.5, tmajor = 33.6 min. 

 

1) H2, Pd/C, AcOEt
2) conc. HCl, dioxane
3) MeONa, MeOH

NH

O

O

Me
P(O)Ph2

OH

Me

R

HN

O

R

20a; R=H (97% ee)
20h; R=Br (97% ee)

22a; 66% (3 steps, 96% ee)
22h; 62% (3 steps, 96% ee)  

20a (57 mg, 0.14 mmol) Pd/C (10 wt%, 4.2 mg)  (2.1 mL)

2 TLC

 (56 
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mg, 0.14 mmol) 1,4-  (0.7 mL)  (0.7 mL) 50 16

 (5 mL 3)

 (15 mg, 0.28 mmol)  

(2.1 mL) 2

 (5 mL 3)

(AcOEt:MeOH = 95:5) 22a 3 66% (96% ee)  
 

(5R,6S)-5-Hydroxy-6-methyl-6-phenylpiperidin-2-one (22a);  

OH

Me
HN

O

 
[ ]D25 +3.4 (c 0.50, CH3OH); m.p. 179.0-180.0 °C; 1H NMR (300 MHz, CD3OD)  1.48-1.56 (m, 4H), 

1.62-1.72 (m, 1H), 2.12-2.21 (m, 1H), 2.43-2.56 (m, 1H), 4.02 (dd, J = 2.1, 4.5 Hz, 1H), 7.20-7.26 (m, 1H), 

7.30-7.36 (m, 4H); 13C NMR (75 MHz, CDCl3)  24.7, 25.7, 26.7, 64.0, 71.5, 126.5, 128.1, 129.6, 147.7, 175.2; 

IR (KBr) 3244, 1638, 1622, 1458, 1446, 1405, 1067, 768, 705, cm-1; MS (ESI, positive) m/z 227.9 [M+Na]+, 

260.2 [M+MeOH+Na]+; HRMS (ESI) calculated for C12H15NO2Na [M+Na]+ 228.1000. found 228.1001.; HPLC 

(DAICEL CHIRALPAK IC, Hexane:iPrOH = 80:20, 1.0 mL/min, 209 nm) tmajor = 14.7, tminor = 24.9 min.  
 

(5R,6S)-6-(4-Bromophenyl)-5-hydroxy-6-methylpiperidin-2-one (22h); 

OH

Me
HN

O

Br  

[ ]D25 +28.7 (c 0.58, CHCl3); m.p. 164.0-165.0 °C; 1H NMR (300 MHz, CDCl3)  1.56-1.80 (m, 4H), 1.82-1.88 

(m, 1H), 2.33-2.43 (m, 1H), 2.54-2.66 (m, 1H), 4.00-4.02 (m, 1H), 5.85 (br, 1H), 7.24 (d, J = 9.0 Hz, 2H), 7.50 

(d, J = 9.0 Hz, 2H); 13C NMR (75 MHz, CDCl3)  24.1, 25.3, 26.3, 62.7, 71.2, 121.7, 127.4, 132.0, 144.8, 172.6; 

IR (KBr) 3283, 1635, 1396, 1077, 1007, 819, 752 cm-1; MS (ESI, positive) m/z 337.8 [M+MeOH+Na]+; HRMS 

(ESI) calculated for C12H14NO2NaBr [M+Na]+ 306.0106. found 306.0107.; HPLC (DAICEL CHIRALPAK IC, 

Hexane:iPrOH = 80:20, 1.0 mL/min, 209 nm) tmajor = 13.7, tminor = 22.0 min.. 
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