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Ac acetyl 
acac acetylacetonato 
Ad 1-adamantyl 
aq. aqueous 
Ar  aryl 
BINAP 2,2’-bis(diphenylphospino)-1,1’-binaphthalene 
Bn benzyl 
Boc tert-butoxycarbonyl 
BQ 1,4-benzoquinone 
Bu butyl 
ca. circa  
cat. catalyst 
CMD concerted metalation deprotonation 
conc. concentration 
Cp* pentamethylcyclopentadienyl 
dba (trans,trans)-dibenzylideneacetone 
DCE 1,2-dichloroethane  
DFT density functional theory 
DG directing group 
dioxane 1,4-dioxane 
DIPEA N, N-diisopropylethylamine 
DMBQ dimethyl-1,4-benzoquinone 
dr diastereomer ratio 
EDG electron donating group 
ee enantiomeric excess 
equiv. equivalent 
er enantiomer ratio 
ESI electrospray ionization 
Et ethyl 
EWG electron withdrawing group 
GC gas chromatography 
het heterocyclic 
hex. hexane 
HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrum 
iPr isopropyl 
IR infrared 
L ligand 



LA Lewis acid 
M metal 
Me methyl 
MS Molecular sieves 
MOM methoxymethyl 
MS mass spectrometry 
MTBE methyl tert-butyl ether 
N.D. not detected 
nBu normal-butyl 
NHC N-heterocyclic carbene 
NMR nuclear magnetic resonance 
Nu nucleophile 
OFBA ortho-fluorobenzoic acid 
p-cym para-cymene 
Ph phenyl 
Piv tert-butylcarboxylate 
PPTS pyridinium p-toluenesulfonate 
p-Tol p-tolyl 
Py pyridyl 
Pym 2-pyrimidyl 
quant. quantitative 
r.t. room temperature 
recryst. recrystallization 
Rf retention factor (in chromatography) 
SM starting material 
sox (SOX) sulfoxide–oxazoline 
SPRIX spiro bis(isoxazoline) ligands 
sub substrate 
TBME methyl tert-butyl ether 
TBTS tert-buthanethioslufinate 
tBu tert-butyl 
tBuBQ 2-tert-butyl-1,4-benzoquinone 
temp temperature 
Tf trifluoromethanesulfonyl 
TFA trifluoroacetic acid 
TFE 2,2,2-trifluoroethanol 
THF tetrahydrofurane 
TLC thin-layer chromatography 
TMEDA tetramethylethylenediamine 
TMS trimethylsilyl 
Ts p-toluenesulfonyl 
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Figure 1. Preparation of BINAP Derivatives 
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Figure 2. Metal-Containing Bissulfoxide Schiff Base Ligands and Dinuclear Schiff Base Catalysts 
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Figure 3. Dinuclear Schiff Base Catalysts 
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Scheme 1. Preparation of Dinuclear Schiff Base Catalysts 

 

 

M1 M2 1

C–C

C–C Brønsted

Lewis



  1 1  

7 

100% M1 = Cu, M2 = Sm 1a

3 Boc 4 Nitro-Mnnich

20:1 syn 98%
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Scheme 2. Dinuclear Schiff Base Catalysts for Proton Transfer Reactions 
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Scheme 3. Dual Activation of Nucleophile and Electrophile by the Cu-Sm Schiff Base Catalyst 1a 
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Scheme 4. Other Types of Dinuclear Schiff Base Catalysts 

 



  1 1  

9 

15 3

Figure 4 15d

Figure 4a, b Figure 

4c 16

Figure 4a Figure 4b

 

 
Figure 4. Three Types of Bimetallic Interaction 
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Scheme 5. Bimetallic Pd(III) Catalysis 
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Scheme 6. Metal-Containing Schiff Base Ligand 
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Figure 5. Unique Properties of Sulfoxide Ligands 
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Figure 6. New Catalyst Design for C−H Functionalization Reactions: Dinuclear Chiral Bissulfoxide 

Schiff Base Catalysts  
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Scheme 7. Preparation of Salicylic Aldehyde Derivative Containing Chiral Sulfoxide 
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entry 3 TBTS TBTS 13

84  ee entry 4  

Table 1. Optimization of Sulfoxide Introduction 

 

entry reaction time 
(z min) 

temperature 
(y °C)a 

SM 
(equiv.) 

TBTS 
(x equiv.) 15:15-d:12:12-db 15 

(% yield) 
15+15-d 
(% ee) 

recovered 
TBTS 

1 30 −78 1.0 1.5 50:0:50:0 48 57 5% ee 
2 2 days −78 1.0 1.5 51:0:49:0 46 0 0% ee 
3 30 r.t. 1.0 1.5 37:15:48:0 42 78 0% ee 
4 30 r.t. 1.0 0.8 29:23:48:0 59 (74)c 84 N.D. 

aThe temperature during the addition of TBTS to ortho lithiated intermediate 13 solution. bThe ratio was determined by 1H NMR 
analysis of crude mixture. cIsolated yield calculated with TBTS as 1 equiv. after silica gel column chromatography. 
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Figure 7. Proton Transfer from 15 to 13 
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Table 2, entry 1

0 °C entry 2

entry 3

0 93% 93% ee

entry 4 Table 1
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Table 2. Optimization of Sulfoxide Introduction to Improve the Reaction Yield 

 

entry scale 
(u mmol) 

SM 
(v equiv.) 

TBTS 
(x equiv.) 

1st step 
temp. (w °C)c 

2nd step 
temp. (y °C) 

time 
d(z min) 15:15-d:12:12-da 15 

(% yield)c 
15 

(% ee) 
0 0.47 1.0 0.8 0 r.t. 30 13:38:48:0b 74 84 
1 0.47 2.1 1.0 0 r.t. 30 0:91:119:0b 86 87 
2 4.7 2.1 1.0 0 0 30 - 78 92 
3 10.8 2.1 1.0 0 0 10 - 66 95 
4 10.8 2.1 1.0 r.t. 0 10 - 93 93 

aThe ratio was determined by 1H NMR analysis of crude mixture. bThe reaction was quenched with D2O. cIsolated yield calculated with 
TBTS as 1 equiv. after silica gel column chromatography. cThe temperature during ortho lithiation. dThe temperature during the addition 
of TBTS to ortho lithiated intermediate 13 solution.  
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Scheme 8. Introduction of p-Tolyl Sulfoxide 
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Figure 8. Plausible Isomerization Mechanism 
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Scheme 9. Determination of Optical Purity 
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Scheme 10. Condensation with Diamines 

 

 

Figure 9. Bissulfoxide Schiff Base Ligands (L1−L14) 

 

 

Figure 10. Bissulfoxide Schiff Base Ligands with Substituted Diamine (L15−L20) 
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L21−L23 Figure 11  

Scheme 11. Preparation of Substituted Salicylic Aldehyde with Chiral Sulfoxide 

 

 

Figure 11. Bissulfoxide Schiff Base Ligands with Substituted Aryl Fragment L21−L23 
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5. L24−L31  
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L24−L31 Scheme 12, Figure 12  

Scheme 12. Preparation of Bissulfoxide Salan Ligands 

 

 

Figure 12. Bissulfoxide Salan Ligands (L24−L31) 
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Cu, Zn, Rh, Pd, Pt 2 ESI-MS  

Scheme 13. Introduction of M1 Metals 
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Table 3. Results of Introduction of M1 Metals 
 Fe Co Ni Cu Zn Rha Pd Pta 

L1         

L2         

L4           

L5           

L10          

L11         

aL and M1 were mixed at 50 °C. 

0 1   2  
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Scheme 14. Introduction of M2 Metals 
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Scheme 15. Bissulfoxide-Pd Catalyst for Allylic C−H Functionalization Reactions 
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Figure 13. Serial Ligand Catalysis 
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Scheme 16. First Enantioselective Allylic C−H Functionalization 
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Scheme 17. Asymmetric Allylic C−H Functionalization Reactions using Phosphoramidite Ligands 
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Scheme 18. Asymmetric Allylic C−H Functionalizations using SPRIX Ligand and Chiral NHC Ligand 
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Figure 14. Unique Properties of Sulfoxide Ligand (See Figure 5 for details) 
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Scheme 19. Allylic C−H Functionalizations using SOX Ligands 
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Scheme 20. Research Purpose: Broaden the Substrate Scope of Asymmetric Allylic C−H 

Functionalization Reactions 
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Scheme 17c Gong 1 45
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White 33b, 33e, 33k C H

L11 10 mol % Pd(OAc)2 20 mol % M1 = M2 = Pd

L11-Pd/Pd55 C−H

40 Scheme 21a 39

White 40 Scheme 21b C

H 33b

39  

Scheme 21. Intermolecular Allylic C−H Amination Reaction Using L11-Pd/Pd catalyst 

 
 

White
33a 41 C H

Table 4

L10 M1 THF L 10 mol %

M1 10 mol % L-M1 M2

Pd(OAc)2 10 mol % Table 5, 

L-M1/M2 3

1 M1 2 Mn, Fe, Co, Ni, Cu, Zn M1 = Cu

42 92 81:19 entry 5 56

M1 EIS-MS M1 = Fe

M1 = Ni Table 3  
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Table 4. Optimization of M1 metals 

 

entry 
L-M1 ligand a yield 

(%)b er 
L M1 source 

1 L10 Mn(OAc)2 13 62/38 
2 L10 Fe(OAc)2 16 52/48 
3 L10 Co(OAc)2 48 75/25 
4 L10 Ni(OAc)2 29 62/38 
5 L10 Cu(OAc)2 92 81/19 
6 L10 Zn(OAc)2 44 79/21 

aLigand L10 was mixed with the M1 source (Mn(OAc)2·4H2O, Fe(OAc)2, Co(OAc)2·4H2O, 
Ni(OAc)2·4H2O, Cu(OAc)2·H2O, ZnEt2 1.0 M solution in hexane) in THF at 40 °C. After 
removing the solvent, Pd(OAc)2 and other reagents were added to the mixture. bDetermined 
by 1H NMR analysis of the crude mixture using dimethylsulfone as the internal standard. 

 

Table 5 Pd Pd(dba)2, 

Pd(OAc)2, Pd(OPiv)2, Pd(TFA)2 entries 1−4

Pd(acac)2 entry 5

Pd(OAc)2 C H

Brønsted Lewis entries 6−10 32e, 33c, 51a B(C6F5)3

15 mol % 86:14 entry 8 MS3A

89:11 entry 10  

Table 5. Optimization of Pd source and additives 

 

entry Pd source Additive desiccant yield (%)b er 
1 Pd(dba)2 (PhO)2PO2H - 92 81/19 
2 Pd(OAc)2 (PhO)2PO2H - 93 82/18 
3 Pd(OPiv)2 (PhO)2PO2H - 85 81/19 
4 Pd(TFA)2 (PhO)2PO2H - 87 78/22 
5 Pd(acac)2 (PhO)2PO2H - <5 68/32 
6 Pd(OAc)2 AgOTf - 21 82/18 
7 Pd(OAc)2 AcOHb - 95 80/20 
8 Pd(OAc)2 B(C6F5)3 - 67 85/15 
9 Pd(OAc)2 B(C6F5)3

b - 45 86/14 
10 Pd(OAc)2 B(C6F5)3

b MS3A 66 89/11 
aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L10-Cu. bDetermined 
by 1H NMR analysis of the crude mixture using dimethylsulfone as the internal standard. c15 mol %. 
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M1 = Cu

Table 6, L8, L9 entries 8, 9

(R)- L10 L12 entries 10, 12

L10  (R)-

L10 M1 = Co, Zn entries 14−25

tBu OMe CF3

tBu OMe entries 28, 29

CF3 entry 30  

Table 6. Optimization of Ligand Structures for Intramolecular Allylic C−H Amination Reaction 

 

entry 
L-M1 liganda yield 

(%)b er 
L M1 source 

1 L1 Cu(OAc)2 15 52/48 
2 L2 Cu(OAc)2 56 44/56 
3 L3 Cu(OAc)2 55 57/43 
4 L4 Cu(OAc)2 13 52/48 
5 L5 Cu(OAc)2 22 52/48 
6 L6 Cu(OAc)2 25 45/55 
7 L7 Cu(OAc)2 18 52/48 
8 L8 Cu(OAc)2 27 28/72 
9 L9 Cu(OAc)2 18 37/63 

10 L10 Cu(OAc)2 66 89/11 
11 L11 Cu(OAc)2 13 50/50 
12 L12 Cu(OAc)2 15 72/28 
13 L14 Cu(OAc)2 9 52/48 
14 L15 Cu(OAc)2 44 79/21 
15 L15 Co(OAc)2 7 82/18 
16 L15 ZnEt2 10 80/20 
17 L16 Cu(OAc)2 17 57/43 
18 L16 Co(OAc)2 18 51/49 
19 L16 ZnEt2 5 50/50 
20 L17 Cu(OAc)2 16 72/28 
21 L17 Co(OAc)2 8 77/23 
22 L17 ZnEt2 5 80/20 
23 L18 Cu(OAc)2 39 87/13 
24 L18 Co(OAc)2 8 86/14 
25 L18 ZnEt2 7 84/16 
26 L19 Cu(OAc)2 32 52/48 
27 L20 Cu(OAc)2 9 54/46 
28 L21 Cu(OAc)2 22 91/9 
29 L22 Cu(OAc)2 27 90/10 
30 L23 Cu(OAc)2 36 61/39 

aLigand L10 was mixed with the M1 
source (Co(OAc)2·4H2O, Cu(OAc)2·H2O, 
ZnEt2 1.0 M solution in hexane) in THF 
at 40 °C. After removing the solvent, 
Pd(OAc)2 and other reagents were added 
to the mixture. bDetermined by 1H NMR 
analysis of the crude mixture using 
dimethylsulfone as the internal standard. 
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Table 7, entries 1−8

entries 9−12  

Table 7. Intramolecular Allylic C−H Amination using Schiff Base Catalysts 

 

entry 
L-M1 liganda yield 

(%)b er 
L M1 source 

1 L24 Cu(OAc)2 8 51/49 
2 L25 Cu(OAc)2 4 49/51 
3 L26 Cu(OAc)2 5 53/47 
4 L27 Cu(OAc)2 7 51/49 
5 L28 Cu(OAc)2 6 55/45 
6 L29 Cu(OAc)2 15 50/50 
7 L30 Cu(OAc)2 9 51/49 
8 L31 Cu(OAc)2 8 48/52 
9 L30 Mn(OAc)2 4 51/49 

10 L30 Fe(OAc)2 4 54/46 
11 L30 Co(OAc)2 6 57/43 
12 L30 Ni(OAc)2 11 57/43 

aLigand L10 was mixed with the M1 source (Mn(OAc)2·4H2O, Fe(OAc)2, Co(OAc)2·4H2O, 
Ni(OAc)2·4H2O, Cu(OAc)2·H2O, ZnEt2 1.0 M solution in hexane) in THF at 40 °C. After removing 
the solvent, Pd(OAc)2 and other reagents were added to the mixture. bDetermined by 1H NMR 
analysis of the crude mixture using dimethylsulfone as the internal standard.  
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L10-Cu Table 7, entry 10

1.0 M 72 h

81% Table 8, entry 1 MS3A

MS3A

93% 91:9 entry 2

MS3A 0.3 mmol

90% 91:9 entry 3  

Table 8. Optimization of Reaction Conditions for Intramolecular Allylic C−H Amination 

 
entry conc. (x M) time (y h) desiccant yield (%) er 

0 0.33 21 MS3A 66 89/11 
1 1.0 72 MS3A 81 87/13 
2 1.0 72 - 93 91/9 
3b 1.0 48 - 90 91/9 

aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L10-Cu. 
b0.3 mmol scale. Isolated yield was given. 
 

6 43

Scheme 22 57

Thorpe-Ingold Effect

43b 43c 43e

7 84:16 87:13 6  

Scheme 22. 6-Membered Ring Formation Reactions 
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2. C H  

 

Gong C H
45 45 Table 9

L10-Cu Table 9 Pd

Pd(OAc)2 Pd(dba)2 Pd B(C6F5)3

(PhO)2PO2H entries 2, 4, 6, 7 Pd(dba)2 (PhO)2PO2H

73% 95/5 entry 7

Pd Pd(dba)2 entries 8−10  

Table 9. Optimization of Reaction Conditions for Allylic C−H Amination Reaction using Urea 

 
entry Pd source Additives yield (%)b er 

1c Pd(OAc)2 - 48 66/34 
2 Pd(OAc)2 B(C6F5)3 58 82/18 
3 c Pd(OAc)2 PhCO2H 43 66/34 
4 c Pd(OAc)2 (PhO)2PO2H 61 82/18 
5 Pd(dba)2 - 46 67/33 
6 Pd(dba)2 B(C6F5)3 61 84/16 
7 Pd(dba)2 (PhO)2PO2H 73 95/5 
8 Pd(OPiv)2 (PhO)2PO2H 76 79/21 
9 Pd(TFA)2 (PhO)2PO2H 43 68/32 

10 Pd(acac)2 (PhO)2PO2H 48 75/25 
aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L10-Cu. 
bDetermined by 1H NMR analysis of the crude mixture using dimethylsulfone as the internal 
standard. ctBuBQ (= 2-tert-butyl-1,4-benzoquinone) was used which afford almost the same result 
as 2,6-DMBQ. The product 46 was obtained in 65%, 83:17 er with 2,6-DMBQ (1.24 equiv.), 
49%, 82:18 er with tBuBQ (1.24 equiv.). 
 

 

 

45 20 mol% 10 mol%

Table 10, entry 1
33e 14 9

entries 2−4  

  



  2 2  

33 

Table 10. Relationship between Enantioselectivity and Amount of Catalyst / Reaction Time 

 

entry L10-Cua, Pd(dba)2 
 (x mol %) 

(PhO)2PO2H 
 (y mol %) 

Time (z h) yield (%)b er 

0 20 8 21 73 95/5 
1 10 4 21 59 70/30 
2 20 8 2 - 79/21 
3 20 8 14 89 80/20 
4 20 8 44 64 96/4 

aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L10-Cu. bDetermined by 1H 
NMR analysis of the crude mixture using dimethylsulfone as the internal standard. 
 

45 SM major enantiomer 46 major minor enantiomer 46’ minor

Figure 15, 58

20

14 20 20 mol %

 

 
Figure 15. Changing of Amounts of Products over Time 

 
 

Minor enantiomer 46’

46/46’ Table 11

entry 1,2
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Table 11. Kinetic Resolution of Urea Compounds 

 

entry Pd source (PhO)2PO2H (x mol %) er 
1 Pd(dba)2 - 50/50 
2 Pd(dba)2 8 69/31 
3 Pd(OAc)2 8 77/23 

aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to 
prepare L10-Cu. 
 

Minor enantiomer 46’ Pd
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3  C H  

 

1. C−H  

 

1 Pd C H

47a M1 Cu

Table 12, L1

entry 1 L2 48a

entry 2

(R)- L10

90:10 entry 10 (S)- L11

entry 11 (R)-

L10 entries 15−17

OMe 76% 90/10

entry 18  

Table 12. Optimization of Diamine Structures 

 

entry L-M1 ligand yield 

(%)b er L M1 source 
1 L1 Cu(OAc)2 18 52/48 
2 L2 Cu(OAc)2 55 76/24 
3 L3 Cu(OAc)2 68 66/34 
4 L4 Cu(OAc)2 15 62/38 
5 L5 Cu(OAc)2 35 63/37 
6 L6 Cu(OAc)2 42 70/30 
7 L7 Cu(OAc)2 32 64/36 
8 L8 Cu(OAc)2 39 58/42 
9 L9 Cu(OAc)2 1 49/51 

10 L10 Cu(OAc)2 56b 90/10 
11 L11 Cu(OAc)2 41 56/44 
12 L12 Cu(OAc)2 34 81/19 
13 L13 Cu(OAc)2 59 72/28 
14 L14 Cu(OAc)2 21 44/56 
15 L15 Cu(OAc)2 52 84/16 
16 L18 Cu(OAc)2 62 71/29 
17 L20 Cu(OAc)2 51 53/47 
18 L22 Cu(OAc)2 76 90/10 
19 L23 Cu(OAc)2 37 62/38 

aL10 and Cu(OAc)2·H2O were mixed in 
THF at 40 °C and removed solvent to 
prepare L10-Cu. bDetermined by 1H NMR 
analysis of the crude mixture using 
dimethylsulfone as the internal standard. 
bIsolated yield after purification by column 
chromatography. 
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  2 3  

37 

Garner’s aldehyde 59 49

(R)-48a HPLC

48a S Scheme 23  

Scheme 23. Determination of Absolute Configuration of 48a 

 

 

L10 M1 Table 13 2 Cr, Mn, Fe

entries 1−3 Co, Ni

entries 4, 5 Zn, Pd Pd entries 

6, 7  

Table 13. Optimization of M1 Metal 

 

entry 
L-M1 ligand yield 

(%)b er 
L M1 source a 

0 L10 Cu(OAc)2 56 90/10 
1 L10 CrCl2 N.D. - 
2 L10 Mn(OAc)2 trace 76/24 
3 L10 Fe(OAc)2 trace 78/22 
4 L10 Co(OAc)2 15 87/13 
5 L10 Ni(OAc)2 7 82/18 
6 L10 ZnEt2 22 70/30 
7 L10 Pd(OAc)2 70 70/30 

aLigands L10 were mixed with the M1 source (Mn(OAc)2·4H2O, Fe(OAc)2, 
Co(OAc)2·4H2O, Ni(OAc)2·4H2O, Cu(OAc)2·H2O, ZnEt2 1.0 M solution in 
hexane) in THF at 40 °C. After removing the solvent, Pd(OAc)2 and other 
reagents were added to the mixture. bIsolated yield after purification by column 
chromatography. 
 

L10 Cu Table 14

Pd Pd(OPiv)2

entries 5 vs 0, 6−8

B(C6F5)3 entries 9, 10 Pd(OAc)2

(PhO)2PO2H Pd entry 0  
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Table 14. Optimization of Pd Source and Additives 

 
entry Pd source Additives yield (%)b er 

0 Pd(OAc)2 (PhO)2PO2H 56 90/10 
1 Pd(OPiv)2 (PhO)2PO2H 66 87/13 
2 Pd(TFA)2 (PhO)2PO2H 8 88/12 
3 Pd(dba)2 (PhO)2PO2H 5 78/22 
4 Pd(acac)2 (PhO)2PO2H 5 76/24 
5 Pd(OAc)2 - 39 66/34 
6 Pd(OAc)2 (nBuO)2PO2H 69 52/48 
7 Pd(OAc)2 Ph2PO2H 72 78/22 
8 Pd(OAc)2 PhCO2H 58 63/37 
9 Pd(OAc)2 B(C6F5)3 26 54/46 

10 Pd(OAc)2 DIPEA 22 59/41 
aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L10-Cu. 
bDetermined by 1H NMR analysis of the crude mixture using dimethylsulfone as the internal standard. 

 

White -Pd 32/PdII cat. C H

Figure 13

Lewis Brønsted

Table 15, 33e 2

Table 15, entry 1

entry 2  

Table 15. Proof of BQ Coordination 
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Table 16

entry 1 L10-Cu

2-

entries 2−5

L10-Cu White 32

Pd(0)

 

Table 16. Optimization of BQ Derivatives 

 

 

2,6-DMBQ Table 16, entry 4

Pd(0) C H

Figure 16 44b, 
60 C H 3 2

C H  

 

Figure 16. Two Possible C−H Activation Mechanisms 
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Pd black

Pd black Table 16, + Pd black

- Pd(0)

Pd(0)  

 

Pd(0) dba L10-Cu

75 Table 17 Pd 15 mol %

 

Table 17. Stabilization of Pd(0) or Excess Amount of Pd Source Gave Good Yields. 

 

entry (E,E)-dba (y mol %) Pd(OAc)2 (x mol %) yield (%)b er  
0 - 10 56 90/10  
1 10 10 75 91/9 = Condition A 
2 - 15 84 89/11 = Condition B 

aL10 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L10-Cu. bIsolated yield. 
 

L10 Table 17 entry 1: 

Condition A, entry 2: Condition B L22 Table 12, entry 18

L10 Scheme 24

90:10 48b, 48d, 48g 3,5

86:14 48f

tBu

84:16 90:10

48g−48n

48o 2- 48p 91:9

1- 48q

48r, 48s 20  



  2 3  

41 

Scheme 24. Substrate Scope of Aryl Substituted Olefine 

 
 

6 Scheme 25

Thorpe-Ingold Effect 57

52a (R)- L10

52b L2  

Scheme 25. 6-Membered Ring Formation Reactions 
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2. C H  

 

53

L M1 L2 Cu

64% 90/10 E (E)-54 Table 18, entry 

2,  

Table 18. Optimization of Ligand Structure 

 

entry 
L-M1 ligand yield(%)b er 

L M1 source a (E)-54 (Z)- 54 (E)- 54 (Z)- 54 
1 L1 Cu(OAc)2 4 1 63/37 58/42 
2 L2 Cu(OAc)2 64 6 90/10 57/43 
3 L3 Cu(OAc)2 34 5 83/17 76/24 
4 L4 Cu(OAc)2 9 1 76/24 77/23 
5 L5 Cu(OAc)2 15 2 67/33 57/43 
6 L6 Cu(OAc)2 13 trace 82/18 62/38 
7 L7 Cu(OAc)2 6 trace 67/33 - 
8 L8 Cu(OAc)2 12 1 69/31 62/38 
9 L9 Cu(OAc)2 3 trace - - 
10 L10 Cu(OAc)2 27 4 74/26 76/24 
11 L11 Cu(OAc)2 2 trace 67/33 66/34 
12 L12 Cu(OAc)2 12 1 66/34 49/51 
13 L14 Cu(OAc)2 5 trace 69/31 64/36 
14 L2 CrCl2 N.D. N.D. - - 
15 L2 Mn(OAc)2 trace N.D. - - 
16 L2 Fe(OAc)2 18 4 59/41 59/41 
17 L2 Co(OAc)2 4 1 75/25 42/58 
18 L2 Ni(OAc)2 16 2 68/32 56/44 
19 L2 Zn(OAc)2 3 Trace 67/33 49/51 
20 L2 Pd(OAc)2 20 2 71/29 14/86 

aLigand L was mixed with the M1 source (Mn(OAc)2·4H2O, Fe(OAc)2, Co(OAc)2·4H2O, Ni(OAc)2·4H2O, 
Cu(OAc)2·H2O, ZnEt2 1.0 M solution in hexane) in THF at 40 °C. After removing the solvent, Pd(OAc)2 and 
other reagents were added to the mixture. bDetermined by 1H NMR analysis of the crude mixture using 
dimethylsulfone as the internal standard. 
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48 Pd Pd(OAc)2

Table 19 73% 91:9

E 5% 56:44 Z entry 2  

Table 19. Optimization of Reaction Conditions for Methyl Substituted Olefin 

 

entry time (h) Pd source 
yield(%)c er 

(E)-54 (Z)-54 (E)-54 (Z)-54 
0 21 Pd(dba)2 64 6 90/10 57/43 
1 48 Pd2(dba)3

b 71 7 90/10 57/43 
2c 48 Pd(OAc)2 73 5 91/9 56/44 

aL2 and Cu(OAc)2·H2O were mixed in THF at 40 °C and removed solvent to prepare L2-Cu. 
b 5 mol %. c0.3 mmol scale. Isolated yield. 50 °C. 
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Garner’s aldehyde 61 55

54 HPLC

Scheme 26 E Z

E (E)-54 S Z (Z)-54

R  

Scheme 26. Determination of Absolute Configuration of 54 

 

 

58 Scheme 

27

 

Scheme 27. Allylic C−H Amination Reaction of Ethyl Substituted Olefin 
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4   

 

1.  C H  

 

C H White 2008

1 , Scheme 16 1-decene 60 C H

Table 20 M1 Pd

L11-Pd 39% 61

 55:45 entry 6 M1

M1

entries 7−12  

Table 20. Allylic C−H Acetoxylation using Sciff Base Catalysts 

 
 

 
 

 

entry 
L-M1 ligand 

% yield (GC)a erb 
L M1 sourced 

1 L1 Pd(OAc)2 N.D. - 
2 L2 Pd(OAc)2 N.D. - 
3 L4 Pd(OAc)2 N.D. - 
4 L5 Pd(OAc)2 7 - 
5 L10 Pd(OAc)2 N.D. - 
6 L11 Pd(OAc)2 39 55/45 
7c L11 CrCl2 N.D. - 
8c L11 Mn(OAc)2 N.D. - 
9 L11 Fe(OAc)2 N.D. - 
10 L11 Co(OAc)2 trace 50/50 
11 L11 Ni(OAc)2 trace 51/49 
12 L11 Cu(OAc)2 N.D. - 

aDetected by GCMS analysis using nonane as an internal standard. bDetermined 
by GC analysis on a chiral stationary phase. cReaction time was 10 h. dLigands L 
were mixed with the M1 source (Pd(OAc)2, CrCl2, Mn(OAc)2·4H2O, Fe(OAc)2, 
Co(OAc)2·4H2O, Ni(OAc)2·4H2O, Cu(OAc)2·H2O) in dioxane at r.t.. After stirring 
for 10 min, Pd(OAc)2 and other reagents were added to the mixture. 
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62 L

M1 Table 21  

Table 21. Optimization of Catalysts using Allylbenzene 

 

entry 
L-M1 ligand % yield (GC) 

er 
L M1 source Branch Liner 

1 L1 Pd(OAc)2
a 1 N.D. 51:49 

2 L2 Pd(OAc)2
a

 2 N.D. 51:49 
3 L4 Pd(OAc)2

a 3 N.D. 51:49 
4 L5 Pd(OAc)2

a 3 1 51:49 
5 L6 Pd(OAc)2

a 2 N.D. 52:48 
6 L7 Pd(OAc)2

a 6 3 51:49 
7 L10 Pd(OAc)2

a 2 4 - 
8 L11 Pd(OAc)2

a 3 trace 49:51 
9 L4 Cu(OAc)2

b 2 0 53:47 
10 L5 Cu(OAc)2

b 4 2 52:48 
11 L10 Cu(OAc)2

b 5 1 - 
12 L11 Cu(OAc)2

b 4 0 - 
aL-Pd/Pd was prepared by mixing L and Pd(OAc)2 (20 mol %) in dioxane for 10 
min before the addition of other reagents. bL and Cu(OAc)2·H2O were mixed in THF at 
40 °C and removed solvent to prepare L-M1 ligand. Pd(OAc)2 (10 mol %) and other reagents 
were added to the vial filled with L-M1 ligand and prepared L-Cu/Pd in situ. 
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2.  C H  

 

Shi 2008 65 C H 34a

M1 Pd L11-Pd White

32/PdII cat.

Scheme 28 C H

Table 21 C H

 

Scheme 28. Allylic C−H Alkylation of Allylbenzene using Acetylacetone 

 
 

67 68 Table 22 68

BQ 2,6-DMBQ BQ Pd C

H entry 1 vs 2  

Table 22. Allylic C−H Alkylation using Nitroketone as a Nucleophile 

 

entry 
catalysta 

Oxidant % yieldb 

L M1 , M2 sourcea 

1 L11 Pd(OAc)2 BQ 19 
2 L11 Pd(OAc)2 2,6-DMBQ 7 
3 White’s cat. (32/PdII cat.) BQ 22 
4 White’s cat. (32/PdII cat.) 2,6-DMBQ 14 

a L-M1/M2 catalyst was prepared in situ by mixing L and Pd(OAc)2 (20 
mol %) with other reagents. b These yields were calculated from the ratio of 
starting materials and products. 
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White 2014 34d

69a 69b 69c Table 23

70 entries 1, 3, 5

entries 2, 4, 6  

Table 23. Allylic C−H Alkylation using -Methyl Nitro Compounds 

 
entry EWG base % yield 

1 COPh 49a - N.D. 
2 COPh 49a DIPEA N.D. 
3 CO2Et 49b - N.D. 
4 CO2Et 49b DIPEA N.D. 
5 SO2Ph 49c - N.D. 
6 SO2Ph 49c DIPEA N.D. 

aL-M1/M2 catalyst was prepared in situ by mixing L and Pd(OAc)2 (20 mol %) 
with other reagents. bThe product was detected by 1H NMR and GCMS analysis. 
 

Trost 41a 71 Table 24

L1, L2, L4−L7, L10, L11

L7, L  

Table 24. Allylic C−H Alkylation using Acetylacetone as Nucleophile 

 

entry 
catalyst 

% yieldb 

L M1 , M2 sourcea 
0 White’s cat. (32/PdII cat.) 38 
1 L1 Pd(OAc)2 N.D. 
2 L2 Pd(OAc)2 N.D. 
3 L4 Pd(OAc)2 N.D. 
4 L5 Pd(OAc)2 N.D. 
5 L6 Pd(OAc)2 N.D. 
6 L7 Pd(OAc)2 trace 
7 L10 Pd(OAc)2 N.D. 
8 L11 Pd(OAc)2 5 

a L-M1/M2 catalyst was prepared in situ by mixing L and Pd(OAc)2 (20 mol %) 
with other reagents. b The product was detected by GCMS analysis.  
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3  C H  

 

1   

 

1.  

 

L32-Cu Pd(OAc)2

Table 25, entry 1 L32-Cu

White -Pd 32/PdII cat.

entry 2 -Pd entry 3 Cu(OAc)2

entry 4 Pd(OAc)2, Pd(dba)2

entries 5, 6

L10

entry 7 M1 Pd entry 8

Pd

M2 Cu(OAc)2

entry 0 entry 9 M1 Pd

M1 = Cu, M2 = Pd L-Pd/Pd

Table 13, entry 7  

 

Table 25. Control Experiments 

 

entry L-M1 ligand M2 source yield 
(%) 

ee 
(%) L M1 source 

0 L10 Cu(OAc)2 Pd(OAc)2 56 80 
1 L32 Cu(OAc)2 Pd(OAc)2 ND - 
2 L32 Cu(OAc)2 32/PdII cat. 7 -1 
3 - - 32/PdII cat. 14 0 
4 - Cu(OAc)2 32/PdII cat. 9 0 
5 - - Pd(OAc)2 ND - 
6 - - Pd(dba)2 ND - 
7 L10 Cu(OAc)2 - ND - 
8 L10 Pd(OAc)2 - ND  
9 L10 Pd(OAc)2 Cu(OAc)2 51 55 

aL and M1 source were mixed in THF at 40 °C and removed solvent to prepare L-M1.  
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2.  

 

L10-Cu/Pd(OAc)

DFT

32 SOX 36, 
21 Pd C H

Pd 4 1

Table 14 C H

Grimme

crest 2.9 program62 xtb 6.2.3 program63 69

1. Cu N,N,O,O 2. Pd 10

M06L/def2SVP Figure 

17  Pd  = Op, 

 = Os,  = S,  = OAc Figure 17a

Figure 17a White

32

SOX 36

Figure 17a vs 17e, 17f Figure 17a Pd

Pd

Pd

 

   
(a) OpSOAcOAc; G = 0 kcal/mol,  (b) OpSOAcOAc; G = 5.060241 kcal/mol 
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(c) OpSOAcOAc; G = 5.060241 kcal/mol  (d) OpOpSOsOAc; G = 7.954317 kcal/mol 
 

     
(e) SSOAcOAc; G = 8.65901 kcal/mol  (f) OpSSOAc; G = 11.44766 kcal/mo 
 

 
(g) OpSOAcOAc; G = 13.00138 kcal/mol  (h) OpOpOsOAc; G = 15.59927 kcal/mol 
 

  
 (i) SOsOAcOAc; G = 17.02372 kcal/mol  (j) OpSOsOAc; G = 17.63115 kcal/mol 
 
Figure 17. Calculation of the Plausible Structures of L10-Cu/Pd(OAc) Complex 
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2   

 

1.  

 

47a, 53

2 3 Z

47a Z (Z)-47a

(E, S)-48a Scheme 29a, 2

3 , Table 12, entry 10 E (E)-47a

Z (Z)-47a R (E, S)-48a

Scheme 29b  

Scheme 29. Allylic C−H Amination of Phenyl Substituted (Z)- and (E)-Alkenes 

 

53 Z E Z (Z)-53

(E,S)-54, (Z,R)-54 (E,R)-54, (Z,S)-54

Scheme 30 E Z

 

Scheme 30. Allylic C−H Amination of Methyl Substituted (Z)- and (E)-Alkenes 
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2.  

 

2 Pd

C−H

Figure 18, path A 2 Pd I-1

C−H - I-2 -

TM-4

TM-5 Nucleopalladation

- Figure 18, path B 2 Pd

I-1 Markovnikov I-3 anti-Markovnikov

I-4 Pd I-3

TM-1 TM2 I-4 TM-3 TM4 H2O

Wacker Aza-Wacker
64  

 
Figure 18. Possible Paths for the Oxidative PdII-Catalyzed Addition of Nuclepohiles to Alkenes35h 

 

White 2004 AcOH 2 Pd Wacker

va mk Table 26, entry 1 DMSO

Pd Wacker

C−H L B

entries 2, 3 31

Pd

C H 54b

Pd

C H 33a, 65  
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Table 26. Effect of DMSO and Bis-sulfoxide Ligand on the Pd(II)-Catalyzed Allylic C−H Oxidation31 

 

entry [PdII] % yield (GC) 
L B va mk 

1 Pd(OAc)2 3 5 17 14 
2 Pd(OAc)2, DMSO (as solvent) 40 2 3 6 
3 32/PdII cat. (10 mol %), CH2Cl2 (as solvent) 8 66 <1 <1 

 

Table 26 C H Wacker

Figure 18 TM-4

C H

 

C H Pd

Pd C−H

- Pd 1H NMR

- Pd 51 BQ34a, 34b, 35b 35a

- Pd

Pd

 

Pd White

74

75, 76 74

Table 27, entry 1 75

entries 2,3 33a

Pd−H

76

Pd−H C H

D
47, 51a,66,67,68  
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Table 27. Testing for a Possible Aminopalladation Mechanism33a 

 

entry olefin isomer Isolate yield (%) 5 h dr 
(anti/syn) 

72 h dr 
(anti/syn) 

1 -olefin 74 20 9:1 8:1 
2 -olefin 75 9 13:1 11:1 
3 -olefin 76 72 6:1 6:1 

 

47, 53 C H

Figure 18, Path A 2 C H 2

4 5 7 R = Me 53 5 C H

3 5 6 8 Scheme 31, 

path A Figure 18, Path B 3

6 4 7

5 47, 53

2 C H 5

48, 54 Scheme 31, path B Pd Pd

Pd−H

C H 35k,68 ,69

78, 79

Scheme 32,  

Scheme 31. Plausible Mechanisms of Allylic Amination 
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3. C H vs  

 

1H NMR Pd

White Table 26

53 79  

 

79

Scheme 32 (E)-79 (Z)-79

(E)-79 (Z)-53

(E,S)-54 28% 82:18 (Z,R)-54 14% 62:38

(Z)-79 (E)-53 (E,R)-54

41% 24:76 (Z,S)-54 3% 22:78

53 Scheme 30  

Scheme 32. Amination Reactions from Alken Isomers 

 

 

Scheme 30 (Z)-53 (E)-79

(E)-53 (Z)-79

Scheme 30 53 79

(Z)-53 (E)-79 (E)-53 (Z)-79

Scheme 33
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Scheme 33. Plausible Stereoselective Isomerization 

 

(E)-79 28% (E)-79

Scheme 30

(E)-79 15 53 (E)-79

(E)-79

Pd

 

 

(E)-79 82:18

91:9 C−H

S R 91:9

C H path A  + 

82:18 path B Scheme 34

path A 50%, path B 50% 91:9

C H 100:0 Z E

Z Z

path B

C−H  
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Scheme 34. Enantioselectivity of Path A and Path B 

 
 

C=C

80

Scheme 35 C=C Pd

C=C

 

Scheme 35. Isomerization from Remote Olefin 

 
 

C H  
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4.  

 

48 54

48

54 1HNMR

79

 

Scheme 36. Kinetic Resolution 

 
 

C H Scheme 30

Scheme 37 Figure 19  

Scheme 37. Allylic C−H Amination of Methyl Substituted (Z)- and (E)-Alkenes 
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Scheme 30 E Z

E (E)-54 Z (Z)-54

Z (Z)-53 E (E)-53 E (E)-54

Z (E)-53 π -1 E (E)-53

π -2 π-σ-π

E π -2

Pd 2

C−N Inner-sphere Pd

Outer-sphere π Pd

Figure 19 π

-1 (R,Z)-54 (S,E)-54
70 π

-2 (S,E)-54 π -3

(S,Z)-54 π -4 (R,E)-54

π C−H Z

C Ha π -1 -2 C

Hb π -3 -4 E

C Hb π -1 -2 C Ha

π -3 -4 C Ha C Hb

N−C Z, E

Z E

C−H

 

Z (R,Z)-54 2.8%, (S,E)-54 66.4%, (S,Z)-54

2.2%, (R,E)-54 6.6% C−Ha π

69%, C−Hb π 9% -1 -2

KZa = 24 -3 -4 KZb = 3 E (R,Z)-54 0.36%, 

(S,E)-54 6%, (S,Z)-54 2.6%, (R,E)-54 9% C−Hb

π 6%, C−Ha π 12% -1

-2 KZa = 17 -3 -4 KZb = 3 Z

E
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Figure 19. Plausible Mechanism of Allylic C−H Activation from (Z)-53 and (E)-53 

 

-

E Z

Scheme 38  

Scheme 38. Stereoselective Amination via Aminopalladation 
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5.  

 

KIE

53 0.3 mmol 3, 5, 7, 9, 

12, 16, 20, 24, 48 Induction 

perido Scheme 39, 16 2o

kH/kD

Scheme 39. Time Course Experiment

 

time 
(x h) 

NMR  
yield (%) 

0 0 
3 2 
5 6 
7 10 
9 14 
12 22 
16 37 
20 41 
24 51 
48 69 

 

48 D Scheme 40
1H NMR H/D d-54

Pd−H

C H  

Scheme 40. H/D Scrambling Experiment Using d2-53

 

  



  4 1  

63 

4  Cp*Co C H  

 

1   

 

C−H

Figure 20a 71

C−H

Friedel–Crafts

Figure 20b 72

C−H

Figure 20c 73

Ru74, Pd75, Re76, Ir77, Mn78, Ni79, Fe80, Cu81, Rh82,83,84,85,86,87,88,89

  

 

Figure 20. Aromatic C−H Allylation Reactions 

  

Cp*Rh(III)

2013 Glorius

Scheme 41 84a

Rh C−H

-O Heck

-H -X
85 Glorius 6

-O  
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Scheme 41. Aromatic C−H Allylation with Cp*Rh(III) Catalyst 

 

 

2017 Cp*Rh(III)
84 86 87 88

Scheme 42 89 Li 2-vinyloxiranes
90 Wang, Kim 4-vinyl-1,3-dioxolane-2-ones 91 -O

 

Scheme 42. Allylic Sources Used in C−H Allylations 

 

 

Cp*Rh(III) C−H

Rh

 

 

2013 Rh Rh Co Cp*Co(III) C H

Figure 21 90 Cp*Co(CO)I2 Co2(CO)8 2

Scheme 43 90b

Rh C−H 91  
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Figure 21. Cp*Co(III) Catalysts Used in C−H Activation Reactions 

 

Scheme 43. Preparation of Cp*Co(III) Catalyst 

 

 

Cp*Co(III) C–H 2014 Glorius

Scheme 42a 92a

Cp*Co(III)

Scheme 42b 92b

E Z

2015 Ackermann

Scheme 42c 92c  

Scheme 44. Cp*Co(III)-Catalyzed C−H Allylation Reactions 
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Cp*Co(III)

2016 Sundararaju -N- Scheme 43a 92d 2017

Anbarasan N- 2-

Scheme 43b 92e  

Scheme 45. Following Reports of Cp*Co(III)-Catalyzed C−H Allylation Reactions 

 

 

Cp*Rh(III) Cp*Co(III)

 

 

2015 Cp*Co(III) 84

85 Scheme 44 93

Cp*Co(III) Cp*Rh(III)

Co Rh

Rh Co  

Scheme 46. Cp*Co(III)-Catalyzed C−H Allylation Reaction using Unactivated Free Allyl Alcohols 
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Figure 22
93 Cp*Co(CO)I2 AgOTf

Cp*Co(OAc)2 1 3

A 94 1

B concerted metalation-deprotonation CMD 95 C−H

C 85 C=C

D  - Cp*Co(OAc) A DFT

- - 2.4 kcal/mol

-  

 

Figure 22. Plausible Catalytic Cycle of Dehydrative Direct C−H Allylation with Unactivated Free Allyl 

Alcohols via -Hydroxide Elimination 
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Scheme 47. Cp*Co(III)-Catalyzed C−H Allylation of Benzamide Using Unactivated Allyl Alcohol 
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Ru

Scheme 46 74d  

Scheme 48. Ru(II) Catalyzed C−H Allylation of Indole Derivatives Using Unactivated Allyl Alcohol 
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2  C−H  

 

C H
96 97

Table 28 87a

Scheme 44 93 C–H

88a 13 entry 1 HFIP

TFE 81 NMR 78%

entry 6

88a  

Table 28. Optimization of Solvents 
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Table 29. Optimization of Ag Salts 
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entry 1 Na, K, Cs Ag2CO3 entries 2−5
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Table 30. Optimization of Bases 

 

 

Table 31

3 entry 1 1 M

entries 2,3 24 80 ℃

entry 4,5 2.5 mol %

1 mol % 8 5 mol %

 

Table 31. Optimization of Reaction Conditions 

 

 

Cp*Co(CO)I2 5 mol % AgOTf 10 mol % Ag(OAc) 10 

mol % 1.5 equiv. TFE 0.1 M 60℃ 8 h Table 

28, entry 6 81 1H NMR 78% Table32, 88a  
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Table 32

88b, 88c

95 88b

87d

88e

88f~88h 88i

 

Table 32. Substrate Scope of C−H Allylation of Purine Derivativesa 
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Table 33 Entries 1-3

α 85a, 85b E Z

88aa-1, 88aa-2 88ab-1, 88ab-2 E

entries 1, 2 γ 85c γ 88ac

α 88aa-1 3-buten-2-ol 85a

85c 85a 88a-1

entry 3 α 2 85d γ

88ad  

Table 33. Substrate Scope of Allyl Alcohols 
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3  Weinreb C−H  

 

Glorius 92b

89a

41%

Table 34, entry 1 AgNTf2 entries 

2,3 80 ℃ 24 57% entry 4

3 entry 5

entry 6 HFIP

HFIP

entry 7  

Table 34. Optimization of Reaction Conditions for Benzamide 

 

 

Table 34, entry 7 Table 35
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91 92

89a-89c, 89e, 89f 10 1
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Table 35. Substrate Scope of Meta-substituted Benzamide Derivatives 

 
 

89g 89h 90g, 90h

91g, 91h Table 36

89i C−H

 

Table 36. Substrate Scope of Benzamide Derivatives 

 
 

Table 37 94a

93b, 93c 3

93c 2 4

94e’ MgSO4
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Table 37. Substrate Scope of Heteroaromatic Derivativesa 
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96b C H 2- 95c

 

Table 38. Optimization of Directing Groupsa 
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Table 39 N tBu 98a

98b, 98c N

98d

98e  

Table 39. Effect of Directing Groups 

 
 

Weinreb 99

100 Scheme 47, entry 1 90 ℃

entry 2 Cp*Co(III) C−H
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Scheme 49. C−H Allylation of Weinreb Amide 
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Cp*Co(III) 95

Figure 22

Cp*Co(CO)I2 II CMD

C−H IV

V β
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Figure 23. Plausible Reaction Mechanism 
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HFIP pKa = 9.3

Figure 24, B

Figure 24, A to B
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Figure 24. Active and Inactive Speaces 
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Co Rh
93

Rh Co

Rh 19% Table 40

101 Co 3% Rh 8%  

 

Table 40. Catalytic Activity of Cp*Rh(III) Catalyst 

 
 

Co Rh β-H β-O

Rh β-H β-O

Figure 25 β-H
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1 Rh

Glorius 100 Co -O

Rh -H Sundararaju
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Figure 25. -O Elimination vs -H Elimination 
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Cp*Co(III)

-O Figure 26, A -

B Friedel-Crafts C
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A 92b

Table 33

- -O A

-H Co

Table 40 102  

 
Figure 26. Three Plausible Reaction Mechanisms of Allylation 

  



4 4  

80 

5.  

 

AgOAc AgOTf 2 Figure 23
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32) -H 1

Figure 25 AgOAc
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1. General 

Analysis: Melting points were measured on a Yamato melting point apparatus model MP-21. Infrared (IR) 

spectra were recorded on a JASCO FT/IR-5300 spectrophotometer and absorbance bands are reported in wave 

numbers (cm-1). Proton nuclear magnetic resonance (1H NMR) spectra were recorded on JEOL JNM-ECS400 

spectrometers operating at 391.78 MHz, JOEL JNM-ECX400 spectrometers, operating at 395.88 MHz, and 

JNM-ECA500 spectrometers operating at 500.16 MHz. Carbon nuclear magnetic resonance (13C NMR) 

spectra were recorded on JEOL JNM-ECS400 spectrometers operating at 98.52 MHz, JOEL JNM-ECX400 

spectrometers operating at 99.55 MHz, and JNM-ECA500 spectrometers operating at 125.77 MHz. Chemical 

shifts in CDCl3, were reported in the scale relative to TMS (0.00 ppm for 1H NMR), CHCl3 (7.26 ppm for 1H 

NMR), CDCl3 (77.0 ppm for 13C NMR) as an internal reference, respectively. Data are presented as follows: 

chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 

coupling constant (J, Hz), integration and assignment. Mass spectrometry was performed by the Instrumental 

Analysis service, Hokkaido University. ESI mass spectra were measured on JEOL JMS-T100LCP 

spectrometer.  

Column chromatography was performed with silica gel Kanto Silica gel 60 N (40-50 mesh). Analytical high-

performance liquid chromatography (HPLC) was performed on a JACSO PU-1580 intelligent HPLC pump 

with JACSO UV-1575 intelligent UV/VIS detector. Daicel CHIRALPAK columns and CHIRALCEL columns 

(4.6 nm × 25 cm) were used. Detection was performed at 254, 230 nm. Retention times (tR) and peak ratios 

were determined with a JACSO-ChromNAV analysis system. Hexane and 2-propanol were HPLC grade, and 

filtrated prior to use. Optical rotations were measured on a JASCO P-1010 polarimeter. 

 

Materials for allylic C−H functionalization 1 − 3 : Metal sources such as Cu(OAc)2·H2O 

(Kanto Chemical, 07473-30), Ni(OAc)2·4H2O (Nacalai tesque, 2421412), Co(OAc)2·4H2O (Kanto Chemical, 

07386-00), Et2Zn 1.0 M solution in hexane (Kanto Chemical, 11264-25), and Pd(OAc)2 (TCI, P2161 purified 

grade) were used. 2,6-Dimethyl-1,4-benzoquinone (2,6-DMBQ, TCI, D2234), (PhO)2PO2H (TCI, P0801), 

B(C6F5)3 (FUJIFILM Wako, 356-19081), 1,2-Bis(phenylsulfinyl)ethane palladium(II) acetate 32 (Sigma-

Aldrich, 684821) were used for the allylic C−H amination reaction. THF and 1,4-dioxane used for allylic C−H 

amination were purified by Glass Contour solvent purification system before use. L32 was prepared from 

salicylic aldehyde and (R)-(+)-1,1'-binaphtyl-2,2-diamineane according to the literature. 1  All the C−H 

amination reactions were performed under Ar atmosphere using a Ar-filled glovebox. Substrates used in 2

3  were prepared Z-alkene unless otherwise noted.  

 
Materials for C−H allylation 4 : 1,1,1,3,3,3-Hexafluoropropan-2-ol, 1,2-dichloroethane 

(CaH2), and 2,2,2-trifluoroethanol (CaSO4 and NaHCO3) were distilled from the indicated 

reagents, purged with argon for over 30 min, and stored over activated molecular sieves 3A or 

4A under argon atmosphere before use. Commercially available THF, toluene, MeOH (Wako 
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Ltd., deoxidized grade) were used without further manipulation unless otherwise stated. 

Cp*Co(CO)I2 was synthesized according to the literature.2 All benzamide derivatives 889, 93, 97, 

99 were prepared from corresponding benzoic acid or benzoyl chloride and tert-butylamine. 

Purine derivatives 887 were prepared from commercially available 6-chloropurine according to 

the literature.3 Allyl alcohol was distilled from dried K2CO3 under argon atmosphere. All other 

reagents were commercially available and used as received. All non-aqueous reactions were 

prepared in a glovebox under Ar atmosphere unless otherwise noted. 
 

 

2. Measured data of allylic C−H amination of urea 45 (Figure 15) 

 

 
entry Catalyst  

(x mol %) 

(PhO)2PO2H Time 

(z h) 

% yield er 

(y mol %) SM TM 

1 10 4 14 13 58 72/28 

2 10 4 21 <10 59 70/30 

3 10 4 48 N.D. 49 70/30 

4 20 8 14 14 89 80/20 

5 20 8 21 N.D. 73 95/5 

6 20 8 48 N.D. 64 96/4 
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3. Experimental data of Schiff base ligands ( 1 ) 

3.1. Synthesis of Schiff base ligands 

1-(dimethoxymethyl)-2-(methoxymethoxy)benzene (12) 

 

To a stirred solution of salicylaldehyde 11 (20 g, 0.16 mol) and DIPEA (86 mL, 0.49 mol, 3 equiv.) in CH2Cl2 

(450 mL) was added MOMCl (19 mL, 0.25 mol, 1.5 equiv.) in CH2Cl2 (100 mL) dropwise at 0 °C under Ar 

atmosphere. The reaction mixture was stirred at room temperature for 4 hours. The reaction was quenched 

with NH4Cl aq. (ca. 300 mL) and then the mixture was washed with NH4Cl aq. two times to remove DIPEA. 

The combined organic layer was washed with brine (ca. 300 mL) and dried over anhydrous Na2SO4. Filtration 

and evaporation in vacuo furnished the crude product, which was used to the next transformation without any 

purifications. 

The crude mixture of 103 (27 g) was dissolved in MeOH (400 mL, 0.41 M). To this solution were added 

trimethyl orthoformate (80 g, 0.75 mol, 4.6 equiv.) and pyridinium p-toluenesulfonate (490 mg, 2.0 mmol, 

0.012 equiv.). After stirring for 5 hours at room temperature, the reaction was quenched by adding K2CO3 (410 

mg, 3.0 mmol) dissolved in a small amount of water, and evaporated to remove MeOH. The mixture was 

extracted with AcOEt (ca. 300 mL), and the organic layers were washed with NaHCO3 aq. (ca. 200 mL, two 

times) and brine (ca. 200 mL, once), and dried over anhydrous Na2SO4. Filtration and evaporation in vacuo 

furnished the crude product, which was purified by distillation (80 °C at 0.1 Torr) to give 7 (32 g, 93%) as a 

colorless oil. The product was identified by comparing the 1H NMR spectrum with reported one.4 

 

(R)-1-(tert-butylsulfinyl)-3-(dimethoxymethyl)-2-(methoxymethoxy)benzene (15) 

 

In a dried round bottom flask, n-butyllithium in hexane solution (7.21 mL, 1.5 M, 10.8 mmol, 2.1 equiv. to 

(R)-TBTS) was added to cooled THF (10.8 mL) under argon atmosphere. After the addition of TMEDA (1.3 

g, 10.8 mmol, 2.1 equiv.), the mixture was stirred for 10 min at 0 °C. Then the protected salicylaldehyde 12 

(2.17 mL, 10.8 mmol, 2.1 equiv.) was added to the solution dropwise at that temperature. After the stirring at 

room temperature for 1 h, (R)-tert-butanethiosulfinate (TBTS) (1.0 g, 5.2 mmol, 1.0 equiv.), which was 



 Chapter 3   

92 

prepared according to the literature,5 as 0.3 M THF solution was added slowly over a period of 3 minutes at 

0 °C. The reaction mixture was quenched with NH4Cl aq. after stirring for 10 min at 0 °C. The aqueous layer 

was extracted with CH2Cl2 and dried over anhydrous Na2SO4. Filtration and evaporation furnished the crude 

product, which was purified by column chromatography (hexane/AcOEt, gradient from 3:1 to 1:1) with cooling 

while the crude product was charged on silica gel. The product 15 was obtained as a colorless oil (1.52 g, 

93 %); HPLC analysis: 96:4 er, CHIRALPAK IC, hexane/iPrOH = 4:1, 1.0 mL/min, 254 nm, tR = 15.2 min 

(minor), 18.6 min (major). IR (NaCl): 3467, 2959, 2829, 1591, 1434, 1362, 1161, 1042, 932, 797 cm-1. 1H 

NMR (CDCl3, 400 MHz):  1.19 (s, 9H), 3.35 (s, 3H), 3.36 (s, 3H), 3.63 (s, 3H), 5.09 (d, J = 5.4 Hz, 1H), 

5.15 (d, J = 5.0 Hz, 1H), 5.66 (s, 1H), 7.38 (t, J = 7.7 Hz, 1H), 7.72 (dd, J = 7.7, 1.8 Hz, 1H), 7.81 (dd, J = 7.9, 

1.6 Hz, 1H). 13C NMR (100 MHz, CDCl3):  22.9, 52.5, 54.1, 58.0, 58.1, 98.8, 100.7, 124.6, 127.7, 131.1, 

132.0, 134.6, 152.5. [ ]D
24.1 = +142 (c = 1.0, CH2Cl2). HRMS (ESI): m/z calculated for C15H24O5SNa+ 

[M+Na]+: 339.1237, found: 339.1247.  

 
Figure 27a. Chiral HPLC chart for (rac)-1-(tert-butylsulfinyl)-3-(dimethoxymethyl)- 

2-(methoxymethoxy)benzene 15. 

Figure 27b. Chiral HPLC chart for (R)-1-(tert-butylsulfinyl)-3-(dimethoxymethyl)- 

2-(methoxymethoxy)benzene 15. 

 

(R)-3-(tert-butylsulfinyl)-2-hydroxybenzaldehyde (16) 

 

To a stirred solution of 15 (1.5 g, 4.8 mmol, 96:4 er) in THF (10 mL, 0.48 M) was added dropwise 2 M HCl 

aq. (10 mL) at 0 °C. After stirring for 18 h at room temperature, the mixture was extracted with AcOEt. The 

organic layer was evaporated to furnish the crude product as a pale yellow solid, which was purified by 

recrystallization from hexane/AcOEt below 40 °C to furnish enantiomerically pure product 16 as a pale yellow 

solid (817 mg, 76 %); mp: 103-105 °C. IR (KBr): 3063, 2983, 2928, 1958, 1923, 1728, 1663, 1606, 1573, 

(a) (b) 
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1442, 1396, 1362, 1295, 1271, 1224, 1168, 1133, 1074, 1039, 1022, 947, 907, 820, 794, 747, 694, 676, 612, 

568 cm-1. 1H NMR (CDCl3, 400 MHz)  1.26-1.27 (m, 9H), 7.16-7.21 (m, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.88 

(brs, 1H), 10.06 (s, 1H), 11.58 (s, 1H). 13C NMR (100 MHz, CDCl3):  21.6, 33.6, 39.4, 117.6, 127.0, 127.0, 

129.8, 134.7, 136.8, 144.7, 152.1. [ ]D
23.9 = +295 (c = 1.0, CH2Cl2). HRMS (ESI): m/z calculated for 

C11H14O3SNa+ [M+Na]+: 249.0556, found: 249.0553.  

It was difficult to determine the enantiomeric ratio of 16 by HPLC analysis because of their broad peaks. The 

enantiomeric ratio of 16 was determined after the reduction to the corresponding alcohol (see below). 

 

(R)-2-(tert-butylsulfinyl)-6-(hydroxymethyl)phenol (17) 

 

To determine the enantiomeric ratio of recrystallized aldehyde 16, reduced alcohol 17 was prepared. NaBH4 

(4.2 mg, 0.11 mmol, 0.74 equiv.) was added to a stirred solution of 16 (34 mg, 0.15 mmol) in EtOH (250 l, 

0.6 M) at 0 °C. After stirring for 1 h at room temperature, NH4Cl aq. was added to the mixture and then the 

mixture was extracted with CH2Cl2. After the evaporation of the organic layer, the crude mixture was purified 

by silica gel column chromatography to give alcohol 17, of which enantiomeric ratio was determined to be 

>99:1 by chiral HPCL analysis with a CHIRALPAK IE column (hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tR 

= 40.8 min (minor), 42.3 min (major)).; IR (NaCl): 3303, 2963, 2926, 2868, 2366, 1725, 1591, 1442, 1393, 

1365, 1248, 1172, 1141, 1075, 1055, 1011, 983, 873, 832, 818, 778, 737, 669, 659, 613, 586, 569, 558 cm-1. 
1H NMR (CDCl3, 400 MHz):  1.31 (s, 9H), 4.70 (s, 1H), 4.71 (s, 1H), 6.88 (t, J = 7.6 Hz, 1H), 6.92 (dd, J = 

7.6, 1.8 Hz, 1H), 7.38 (dd, J = 7.2, 1.8 Hz, 1H), 11.35 (brs, 1H). 13C NMR (100 MHz, CDCl3):  22.9, 58.8, 

61.5, 115.9, 118.6, 127.2, 130.9, 131.8, 159.7. [ ]D
23.9 = +38 (c = 1.0, CH2Cl2). HRMS (ESI): m/z calculated 

for C11H16NO3SNa+ [M+Na]+: 251.0712, found: 251.0711.  
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Figure 28a. Chiral HPLC chart for (rac)-2-(tert-butylsulfinyl)-6-(hydroxymethyl)phenol 17. 

Figure 28b. Chiral HPLC chart for (R)-2-(tert-butylsulfinyl)-6-(hydroxymethyl)phenol 17. 

 

General procedure for preparation of Schiff base ligands 

 

A corresponding diamine (1.0 equiv.) was added to aldehyde 16 (2.0 equiv.) in EtOH (0.1 M), and the mixture 

was then stirred for more than 3 hours at room temperature. The mixture was evaporated in vacuo to furnish 

Schiff base ligands L as an orange or yellow solid in quantitative yield, which was directly used for the 

characterization and the enantioselective C–H amination reaction without further purification except for L10. 

 

6,6'-((1E,1'E)-(1,2-phenylenebis(azanylylidene))bis(methanylylidene))bis(2-((R)-tert-

butylsulfinyl)phenol) (L1) 

o-Phenylene diamine (19 mg, 0.18 mmol) and aldehyde 16 (80 mg, 0.35 mmol) 

afforded L1 as a yellow solid according to the general procedure; mp: >200°C. IR 

(KBr): 2961, 1615, 1584, 1568, 1471, 1433, 1363, 1301, 1266, 1213, 1172, 1144, 

11 05, 1041, 1031, 931, 859, 831, 786, 760, 745, 578 cm-1. 1H NMR (CDCl3, 400 

MHz)  1.28 (s, 18H), 7.12 (t, J = 7.5 Hz, 2H), 7.25-7.29 (m, 2H), 7.40 (dd, J = 

5.9, 3.6 Hz, 2H), 7.52 (d, J = 6.8 Hz, 2H), 7.87 (d, J = 7.7 Hz, 2H), 8.66 (s, 2H). 

13C NMR (100 MHz, CDCl3):  23.0, 57.9, 119.1, 119.8, 128.3, 131.2, 134.9, 

141.8, 159.2, 163.4. Some aromatic signals were missing probably due to overlapping. [ ]D
24.0 = +564 (c = 

1.0, CH2Cl2). HRMS (ESI): m/z calculated for C28H32N2O4S2Na+ [M+Na]+: 547.1696, found: 547.1711. 

  

 

(a) (b) 
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6,6'-((1E,1'E)-(ethane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis(2-((R)-tert-

butylsulfinyl)phenol) (L2) 

1,2-Ethylenediamine (11 mg, 11.7 l, 0.18 mmol) and aldehyde 16 (80 mg, 0.35 

mmol) afforded L2 as a yellow solid according to the general procedure; mp: 

>200 °C. IR (KBr): 2979, 2923, 1632, 1602, 1575, 1439, 1361, 1274, 1143, 1051, 

1027, 932, 890, 828, 783, 748, 616, 603, 512 cm-1. 1H NMR (CDCl3, 400 MHz)  

1.22 (s, 18H), 3.87-3.94 (m, 2H), 4.00-4.07 (m, 2H), 7.04 (td, J = 7.6, 0.9 Hz, 2H), 

7.33 (d, J = 7.7 Hz, 2H), 7.80 (d, J = 7.7 Hz, 2H), 8.37 (s, 2H). 13C NMR (100 MHz, CDCl3):  22.8, 57.6, 

58.7, 118.1, 118.5, 128.0, 130.5, 134.1, 159.7, 166.3. [ ]D
24.3 = +485 (c = 1.0, CH2Cl2). HRMS (ESI): m/z 

calculated for C24H32N2O4S2Na+ [M+Na]+: 499.1696, found: 499.1710. 

 

6,6'-((1E,1'E)-(((1R,2R)-cyclohexane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2-((R)-tert-

butylsulfinyl)phenol) (L4) 

(1R,2R)-(-)-1,2-Cyclohexanediamine (20 mg, 0.18 mmol) and aldehyde 16 (80 

mg, 0.35 mmol) afforded L4 as a yellow solid according to the general procedure; 

mp: >200 °C. IR (KBr): 3431, 2928, 2860, 1627, 1523, 1435, 1300, 1269, 1230, 

1143, 1069, 1033, 942, 826, 786, 748, 625, 596 cm-1. 1HNMR (CDCl3, 400 

MHz)  1.10 (s, 18H), 1.45-1.50 (m, 2H), 1.66-1.75 (m, 2H), 1.91 (d, J = 9.4 Hz, 

2H), 1.99 (d, J = 14.8 Hz, 2H), 3.37 (dd, J = 6.1, 3.8 Hz, 2H), 6.97 (t, J = 7.9 Hz, 

2H), 7.23 (dd, J = 7.6, 1.8 Hz, 2H), 7.72 (dd, J = 7.6, 1.8 Hz, 2H), 8.30 (s, 2H). 13C NMR (100 MHz, CDCl3):  

22.8, 24.1, 32.6, 57.6, 72.2, 118.0, 118.3, 127.9, 130.5, 134.0, 159.9, 164.3. [ ]D
24.1 = 305 (c = 1.0, CH2Cl2). 

HRMS (ESI): m/z calculated for C28H38N2O4S2Na+ [M+Na]+: 553.2165, found: 553.2186. 

 

6,6'-((1E,1'E)-(((1S,2S)-cyclohexane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2-((R)-tert-

butylsulfinyl)phenol) (L5) 

(1S,2S)-(+)-1,2-Cyclohexanediamine (20 mg, 0.18 mmol) and aldehyde 16 (80 

mg, 0.35 mmol) afforded L5 as a brown solid according to the general procedure; 

mp: >200 °C. IR (KBr): 3449, 2932, 2860, 1627, 1573, 1524, 1435, 1365, 1302, 

1269, 1232, 1173, 1144, 1068, 1031, 944, 858, 825, 789, 750, 685, 624, 578 cm-1. 
1H NMR (CDCl3, 400 MHz)  1.24 (s, 18H), 1.45-1.50 (m, 2H), 1.71-1.77 (m, 

2H), 1.91 (d, J = 9.0 Hz, 2H), 2.03 (d, J = 14.4 Hz, 2H), 3.26-3.33 (m, 2H), 6.96 

(t, J = 7.6 Hz, 2H), 7.22 (dd, J = 7.6, 1.8 Hz, 2H), 7.74 (dd, J = 7.9 1.6 Hz, 2H), 

8.21 (s, 2H). 13C NMR (100 MHz, CDCl3):  22.9, 23.9, 32.6, 57.6, 71.8, 117.8, 118.6, 127.8, 130.6, 134.3, 

159.9, 164.8. [ ]D
24.0 = 2030 (c = 1.0, CH2Cl2). HRMS (ESI): m/z calculated for C28H38N2O4S2Na+ [M+Na]+: 

553.2165, found: 553.2181. 
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6,6'-((1E,1'E)-(((1R,2R)-1,2-diphenylethane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2-

((S)-tert-butylsulfinyl)phenol) (L6) 

(1R,2R)-(+)-1,2-Diamino-1,2-diphenylethane (38 mg, 0.18 mmol) and aldehyde 

16 (80 mg, 0.35 mmol) afforded L6 as a yellow solid according to the general 

procedure; mp: >200 °C. IR (KBr): 3430, 3056, 2970, 2364, 1625, 1572, 1472, 

1455 1434, 1405, 1359, 1297, 1271, 1231, 1173, 1142, 1076, 1032, 930, 848, 823, 

789, 771, 750, 701, 652, 634, 619, 577 cm-1. 1H NMR (CDCl3, 400 MHz)  1.12 

(s, 18H), 4.76 (s, 2H), 7.01 (t, J = 7.9 Hz, 2H), 7.13-7.15 (m, 4H), 7.23-7.25 (m, 

8H), 7.76 (dd, J = 7.6, 1.8 Hz, 2H), 8.35 (s, 2H). 13C NMR (100 MHz, CDCl3):  22.7, 57.6, 80.1, 118.1, 118.7, 

127.6, 127.7, 128.0, 128.5, 130.4, 134.2, 138.1, 158.9, 165.3. [ ]D
24.1 = +325 (c = 1.0, CH2Cl2). HRMS (ESI): 

m/z calculated for C36H40N2O4S2Na+ [M+Na]+: 651.2322, found: 651.2337. 

 

6,6'-((1E,1'E)-(((1S,2S)-1,2-diphenylethane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2-

((R)-tert-butylsulfinyl)phenol) (L7) 

(1S,2S)-(-)-1,2-Diamino-1,2-diphenylethane (38 mg, 0.18 mmol) and aldehyde 

16 (80 mg, 0.35 mmol) afforded L7 as a yellow solid according to the general 

procedure; mp: 172-175 °C. IR (KBr): 2972, 2359, 1626, 1493, 1435, 1391, 1301, 

1268, 1231, 1143, 1119, 1029, 832, 748, 700, 588 cm-1. 1H NMR (CDCl3, 400 

MHz)  1.23 (s, 18H), 4.66 (s, 2H), 7.00 (t, J = 7.5 Hz, 2H), 7.14-7.17 (m, 4H), 

7.21-7.24 (m, 8H), 7.77 (dd, J = 8.1, 1.5 Hz, 2H), 8.30 (s, 2H). 13C NMR (100 

MHz, CDCl3):  22.9, 57.8, 79.8, 118.2, 119.1, 127.6, 127.7, 128.0, 128.6, 130.7, 134.6, 138.3, 159.1, 166.1. 

[ ]D
24.3 = +185 (c = 1.0, CH2Cl2). HRMS (ESI): m/z calculated for C36H40N2O4S2Na+ [M+Na]+: 651.2322, 

found: 651.2341. 

 

6,6'-((1E,1'E)-(((11R,12R)-9,10-dihydro-9,10-ethanoanthracene-11,12-

diyl)bis(azanylylidene))bis(methanylylidene))bis(2-((R)-tert-

butylsulfinyl)phenol) (L8) 

(11R,12R)-9,10-Dihydro-9,10-ethanoanthracene-11,12-diamine (42 mg, 0.18 

mmol) and aldehyde 16 (80 mg, 0.35 mmol) afforded L8 as a yellow solid 

according to the general procedure; mp: >200 °C. IR (KBr): 3649, 3453, 3043, 

2960, 2869, 2361, 1621, 1572, 1469, 1458, 1435, 1392, 1366, 1300, 1268, 1223, 

1170, 1116, 1080, 1035, 975, 930, 907, 822, 795, 749, 714, 697, 678, 654, 640, 606, 570 cm-1. 1H NMR (CDCl3, 

400 MHz)   1.18 (s, 18H), 3.64 (s, 2H), 4.34 (s, 2H), 7.05 (t, J = 7.7 Hz, 2H), 7.22-7.40 (m, 10H), 7.80 (dd, 

J = 7.9, 1.3 Hz, 2H), 8.38 (s, 2H). 13C NMR (100 MHz, CDCl3):  22.9, 51.5, 57.7, 76.3, 118.4, 118.7, 124.1, 

125.7, 126.7, 127.1, 128.0, 130.7, 134.4, 139.2, 140.3, 159.1, 164.7. [ ]D
24.5 = 98 (c = 1.0, CH2Cl2). HRMS 

(ESI): m/z calculated for C38H40N4O2Na+ [M+Na]+: 675.2322, found: 675.2342. 
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6,6'-((1E,1'E)-(((11S,12S)-9,10-dihydro-9,10-ethanoanthracene-11,12-

diyl)bis(azanylylidene))bis(methanylylidene))bis(2-((S)-tert-butylsulfinyl)phenol) (L9) 

(11S,12S)-9,10-Dihydro-9,10-ethanoanthracene-11,12-diamine (42 mg, 0.18 

mmol) and aldehyde 16 (80 mg, 0.35 mmol) afforded L9 as a yellow solid 

according to the general procedure; mp: >200 °C. IR (KBr): 3441, 3009, 2937, 

2895, 2369, 1625, 1573, 1469, 1435, 1405, 1364, 1301, 1272, 1220, 1169, 1142, 

1116, 1078, 1036, 925, 882, 822, 789, 750, 714, 674, 661, 640, 604, 579, 566 cm-

1. 1H NMR (CDCl3, 400 MHz)  1.24 (s, 18H), 3.62 (s, 2H), 4.30 (s, 2H), 7.05 (t, 

J = 7.7 Hz, 2H), 7.17-7.25 (m, 6H), 7.34 (dd, J = 7.5, 1.6 Hz, 2H), 7.39 (d, J = 7.9, 

1.6 Hz, 2H), 7.80 (dd, J = 7.9, 1.6 Hz, 2H), 8.37 (s, 2H). 13C NMR (100 MHz, CDCl3):  22.9, 51.7, 58.0, 76.3, 

118.2, 118.8, 124.3, 125.4, 126.8, 126.9, 127.9, 130.5, 134.2, 139.4, 139.8, 159.0, 164.4. [ ]D
24.7 = +634 (c = 

1.0, CH2Cl2). HRMS (ESI): m/z calculated for C38H40N2O4S2Na+ [M+Na]+: 675.2322, found: 675.2339. 

 

6,6'-((1E,1'E)-([(R)-1,1'-binaphthalene]-2,2'-diylbis(azanylylidene))bis(methanylylidene))bis(2-((R)-

tert-butylsulfinyl)phenol) (L10) 

(R)-(+)-1,1'-Binaphtyl-2,2-diamineane (314 mg, 1.1 mmol, 1.0 equiv.) was added 

to aldehyde 16 (500 mg, 2.2 mmol, 2.0 equiv.) in EtOH (5.5 mL, 0.2 M), and the 

mixture was then stirred over night at room temperature. The mixture was 

evaporated in vacuo and then an obtained crude solid was washed with cooled 

solvent (hexane/AcOEt = 4:1) to furnish a purified orange solid L10 (724 mg, 

93%); mp: >200 °C. IR (KBr): 3949, 3864, 3807, 3748, 3726, 3055, 2964, 2922, 

2359, 1603, 1557, 1507, 1469, 1455, 1428, 1389, 1362, 1297, 1263, 1205, 1172, 

1145, 1071, 1039, 989, 970, 933, 873, 832, 817, 798, 754, 717, 703, 629, 578 cm-

1. 1H NMR (CDCl3, 400 MHz)  1.09 (s, 18H), 6.96 (t, J = 7.5 Hz, 2H), 7.23-7.27 (m, 4H), 7.32 (t, J = 7.9 

Hz, 2H), 7.50 (t, J =8.2 Hz, 2H), 7.51 (d, J = 9.1 Hz, 2H), 7.70 (d, J = 7.7 Hz, 2H), 7.97 (d, J = 8.2 Hz, 2H), 

8.06 (d, J = 8.6 Hz, 2H), 8.55 (s, 2H). 13C NMR (100 MHz, CDCl3):  23.0, 57.7, 116.7, 118.7, 118.9, 126.3, 

126.4, 127.4, 128.3, 129.0, 130.2, 130.7, 132.7, 133.1, 134.4, 143.0, 158.8, 161.1. [ ]D
24.1 = 85 (c = 1.0, 

CH2Cl2). HRMS (ESI): m/z calculated for C42H40N2O4S2Na+ [M+Na]+: 723.2322, found: 723.2349. 
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6,6'-((1E,1'E)-([(S)-1,1'-binaphthalene]-2,2'-diylbis(azanylylidene))bis(methanylylidene))bis(2-((R)-

tert-butylsulfinyl)phenol) (L11) 

(S)-(-)-1,1'-Binaphtyl-2,2-diamineane (50 mg, 0.18 mmol) and aldehyde 16 (80 

mg, 0.35 mmol) afforded L11 as an orange solid according to the general 

procedure; mp: >200 °C. IR (KBr): 2962, 1605, 1561, 1506, 1431, 1362, 1206, 

1143, 1027, 818, 747 cm-1. 1H NMR (CDCl3, 400 MHz)   0.97 (s, 18H), 6.96 (t, 

J = 7.9 Hz, 2H), 7.24-7.26 (m, 4H), 7.34 (d, J = 5.8 Hz, 2H), 7.43 (ddd, J = 8.1, 

5.8, 2.2 Hz, 2H), 7.67 (dd, J = 7.9, 1.6 Hz, 2H), 7.71 (d, J = 9.0 Hz, 2H), 7.93 (d, 

J = 8.1 Hz, 2H), 8.10 (d, J = 9.0 Hz, 2H), 8.74 (s, 2H). 13C NMR (100 MHz, 

CDCl3):  22.9, 57.6, 116.6, 118.6, 118.8, 126.3, 126.3, 127.3, 127.9, 128.2, 128.9, 130.2, 130.6, 132.6, 132.9, 

134.4, 142.9, 158.7, 161.0. [ ]D
24.2 = +136 (c = 1.0, CH2Cl2). HRMS (ESI): m/z calculated for 

C42H40N2O4S2Na+ [M+Na]+: 723.2322, found: 723.2344. 
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4. Experimental data of allylic C−H functionalization 2  

4.1. Preparation of substrates 

4.2.1. Substrates for the 5-membered ring formation reactions with an aryl substituent 

General procedure: (Z)-4-arylbut-3-en-1-yl tosylcarbamate (47) 

 

Aryl substituted (Z)-alcohols 104 were prepared according to the literature6. To a solution of alcohol 104 (1.0 

equiv.) in THF (1.0 M) was added p-toluenesulfonyl isocyanate (1.0 equiv.) at 0 °C, and the mixture was stirred 

over night at room temperature. The mixture was cooled with an ice bath, and then NH4Cl aq. was added. After 

the extraction with AcOEt, the organic layer was washed with brine and evaporated to furnish the crude product. 

Purification by silica gel column chromatography (hexane/AcOEt, gradient from 10:1 to 3:1) with cooling 

while the crude product was charged on silica gel to afford 47. All the experimental manipulations were 

performed in the dark. The Z/E ratio of 47 was confirmed to be more than 50:1 by 1H NMR unless otherwise 

noted. 

 

(Z)-4-phenylbut-3-en-1-yl tosylcarbamate (47a) 

General procedure using alcohol 104a (1.0 g, 6.8 mmol, 1.0 equiv.), THF (6.8 mL, 1.0 M) 

and p-toluenesulfonyl isocyanate (1.3 g, 1.0 mL, 6.8 mmol, 1.0 equiv.) afforded the carbamate 

47a as a viscous colorless oil (2.2 g, 95%); IR (NaCl): 3232, 1747, 1598, 1445, 1349, 1291, 

1226, 1161, 1090, 997, 865, 816, 770, 703, 663, 584 cm-1. 1H NMR (CDCl3, 500 MHz)  

2.43 (s, 3H), 2.62 (tdd, J = 6.9, 6.9, 1.7 Hz, 2H), 4.16 (t, J = 6.9 Hz, 2H), 5.54 (dt, 11.5, 6.9 Hz, 1H), 6.53 (d, 

J = 11.5 Hz, 1H), 7.22 (d, J = 6.9 Hz, 2H), 7.24-7.28 (m, 1H), 7.30 (d, J = 8.6 Hz, 2H), 7.34 (t, J = 7.4 Hz, 

2H), 7.90 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.6, 27.8, 66.3, 126.4, 126.9, 128.2, 128.3, 

128.5, 129.5, 131.7, 135.4, 136.8, 144.9, 150.5. HRMS (ESI): m/z calculated for C18H19NO4SNa+ [M+Na]+: 

368.0927, found: 368.0930. 

 

(Z)-4-(o-tolyl)but-3-en-1-yl tosylcarbamate (47b) 

General procedure using alcohol 108b (382 mg, 2.4 mmol, 1.0 equiv.), THF (2.4 mL, 1.0 M) 

and p-toluenesulfonyl isocyanate (463 mg, 357 L, 2.4 mmol, 1.0 equiv.) afforded carbamate 

47b as a colorless solid (770 mg, 91%); mp: 88-90 °C. IR (KBr): 3180, 3086, 1714, 1596, 

1472, 1415, 1352, 1308, 1187, 1168, 1120, 1092, 1070, 1018, 1001, 910, 819, 791, 775, 754, 

741, 706, 654, 586 cm-1. 1H NMR (CDCl3, 400 MHz)  2.22 (s, 3H), 2.40-2.46 (m, 2H), 2.43 (s, 3H), 4.10 (t, 

J = 6.6 Hz, 2H), 5.60 (dt, 11.3, 6.6 Hz, 1H), 6.55 (d, J = 11.3 Hz, 2H), 7.08 (d, J = 6.3 Hz, 1H), 7.12-7.18 (m, 

3H), 7.30 (d, J = 8.6 Hz, 2H), 7.44 (s, 1H), 7.89 (d, J = 8.2 Hz, 2H).  13C NMR (100 MHz, CDCl3):  19.8, 
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21.7, 27.6, 66.4, 125.5, 126.4, 127.3, 128.4, 128.7, 129.6, 129.9, 131.3, 135.4, 135.9, 136.3, 145.1, 150.3. 

HRMS (ESI): m/z calculated for C19H21NO4SNa+ [M+Na]+: 382.1084, found: 382.1085. 

 

(Z)-4-(m-tolyl)but-3-en-1-yl tosylcarbamate (47d) 

General procedure using alcohol 108d (556 mg, 3.4 mmol, 1.0 equiv.), THF (3.4 mL, 1.0 

M) and p-toluenesulfonyl isocyanate (676 mg, 428 L, 3.4 mmol, 1.0 equiv.) afforded the 

carbamate 47d as a viscous colorless oil (1.0 g, quant., Z/E =40:1); IR (NaCl): 3244, 3015, 

2960, 1748, 1599, 1445, 1351, 1291, 1225, 1186, 1162, 1091, 1019, 998, 902, 863, 815, 

771, 663, 587 cm-1. 1H NMR (CDCl3, 400 MHz)  2.35 (s, 3H), 2.43 (s, 3H), 2.61 (tdd, J = 6.7, 6.7, 1.8 Hz, 

2H), 4.15 (t, J = 6.7 Hz, 2H), 5.51 (dt, 13.5, 5.8 Hz, 1H), 6.49 (d, J = 11.7 Hz, 1H), 7.01-7.07 (m, 3H), 7.22 (t, 

J = 7.9 Hz, 1H), 7.29 (d, J = 8.1 Hz, 2H), 7.55 (s, 1H), 7.90 (d, J = 8.5 Hz, 2H). 13C NMR (100 MHz, CDCl3): 

 21.4, 21.7, 27.9, 66.4, 125.6, 126.2, 127.8, 128.2, 128.4, 129.3, 129.6, 131.9, 135.4, 136.8, 137.9, 145.1, 

150.3. HRMS (ESI): m/z calculated for C19H21NO4SNa+ [M+Na]+: 382.1084, found: 382.1084. 

 

(Z)-4-(m-methoxyphenyl)but-3-en-1-yl tosylcarbamate (47e) 

General procedure using alcohol 108e (357 mg, 2.0 mmol, 1.0 equiv.), THF (2.0 mL, 

1.0 M) and p-toluenesulfonyl isocyanate (395 mg, 304 L, 2.0 mmol, 1.0 equiv.) 

afforded the carbamate 47e as a viscous colorless oil (726 mg, 97%, Z/E = 30:1); IR 

(NaCl): 3524, 3238, 2961, 2836, 2587, 2307, 1923, 1747, 1598, 1454, 1351, 1227, 

1158, 1090, 1046, 996, 863, 815, 771, 663, 585, 562 cm-1. 1H NMR (CDCl3, 500 MHz)  2.43 (s, 3H), 2.61 

(tdd, J = 6.6, 6.6, 1.7 Hz, 2H), 3.81 (s, 3H), 4.15 (t, J = 6.6 Hz, 2H), 5.53 (dt, J = 13.2, 5.9 Hz, 1H), 6.49 (d, J 

= 11.5 Hz, 1H), 6.76 (s, 1H), 6.81 (d, J = 8.0 Hz, 2H), 7.25 (t, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 7.34 

(s, 1H), 7.90 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.7, 27.9, 55.2, 66.3, 112.4, 114.3, 121.1, 

126.8, 128.4, 129.3, 129.6, 131.6, 135.4, 138.2, 145.0, 150.5, 159.4. HRMS (ESI): m/z calculated for 

C19H21NO5SNa+ [M+Na]+: 398.1033, found: 398.1032. 

 

(Z)-4-(3,5-dimethylphenyl)but-3-en-1-yl tosylcarbamate (47f) 

 General procedure using alcohol 108f (257 mg, 1.46 mmol, 1.0 equiv.), THF (2.9 mL, 

1.0 M) and p-toluenesulfonyl isocyanate (288 mg, 223 L, 1.0 equiv.) afforded the 

carbamate 47f as a viscous colorless oil (298 mg, 55%, Z/E = 11:1); IR (NaCl): 3244, 3013, 

2920, 1748, 1599, 1444, 1351, 1291, 1225, 1161, 1091, 1019, 997, 904, 854, 815, 771, 

704, 664, 588 cm-1. 1H NMR (CDCl3, 400 MHz)  2.31 (s, 6H), 2.43 (s, 3H), 2.61 (tdd, J = 6.8, 6.8, 1.8 Hz, 

2H), 4.15 (t, J = 6.6 Hz, 2H), 5.49 (dt, 13.4, 5.8 Hz, 1H), 6.46 (d, J = 11.3 Hz, 1H), 6.84 (s, 2H), 6.89 (s, 1H), 

7.30 (d, J = 8.2 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.2, 21.5, 27.8, 66.3, 126.0, 

126.3, 128.2, 128.5, 129.4, 131.7, 135.3, 136.6, 137.6, 144.9, 150.6. HRMS (ESI): m/z calculated for 

C20H23NO4SNa+ [M+Na]+: 396.1240, found: 396.1240. 
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(Z)-4-(p-tolyl)but-3-en-1-yl tosylcarbamate (47g) 

General procedure using alcohol 108g (525 mg, 3.2 mmol, 1.0 equiv.), THF (6.5 mL, 

0.5 M) and p-toluenesulfonyl isocyanate (638 mg, 492 L, 3.2 mmol, 1.0 equiv.) 

afforded the carbamate 47g as a colorless solid (911 mg, 78%); mp: 77-80 °C. IR 

(KBr): 3189, 3092, 1719, 1596, 1513, 1468, 1408, 1349, 1306, 1164, 1119, 1092, 1067, 

1019, 997, 971, 908, 887, 835, 776, 752, 729, 706, 687, 650, 583 cm-1. 1H NMR (CDCl3, 400 MHz)  2.35 

(s, 3H), 2.43 (s, 3H), 2.60 (tdd, J = 6.7, 6.7, 1.8 Hz, 2H), 4.15 (t, J = 6.7 Hz, 2H), 5.48 (dt, J = 13.5, 5.8 Hz, 

1H), 6.48 (d, J = 11.7 Hz, 1H), 7.10-7.15 (m, 4H), 7.29 (d, J = 8.1 Hz, 2H), 7.48 (s, 1H), 7.90 (d, J = 8.1 Hz, 

2H). 13C NMR (100 MHz, CDCl3):  21.2, 21.7, 27.9, 66.4, 125.7, 128.4, 128.5, 129.0, 129.6, 131.7, 134.0, 

135.4, 136.8, 145.1, 150.3. HRMS (ESI): m/z calculated for C19H21NO4SNa+ [M+Na]+: 382.1084, found: 

382.1088. 

 

(Z)-4-(p-(tert-butyl)phenyl)but-3-en-1-yl tosylcarbamate (47h) 

 General procedure using alcohol 108h (592 mg, 2.9 mmol, 1.0 equiv.), THF (9.7 mL, 

0.3 M) and p-toluenesulfonyl isocyanate (638 mg, 492 L, 2.9 mmol, 1.0 equiv.) 

afforded the carbamate 47h as a viscous colorless oil (688 mg, 59%, Z/E =18:1); IR 

(NaCl): 3244, 3095, 2963, 2865, 1748, 1598, 1455, 1353, 1289, 1226, 1162, 1120, 

1091, 1018, 871, 770, 705, 663, 613, 575 cm-1. 1H NMR (CDCl3, 400 MHz)  1.32 (s, 9H), 2.42 (s, 3H), 2.62 

(tdd, J = 6.8, 6.8, 1.8 Hz, 2H), 4.16 (t, J = 6.6 Hz, 2H), 5.48 (dt, 13.4, 5.8 Hz, 1H), 6.48 (d, J = 11.3 Hz, 2H), 

7.17 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 7.62 (s, 1H), 7.90 (d, J = 8.2 Hz, 

2H). 13C NMR (125 MHz, CDCl3):  21.6, 27.9, 31.3, 34.5, 66.5, 125.2, 125.8, 128.4, 128.4, 129.6, 131.6, 

134.0, 135.5, 145.0, 150.0, 150.4. HRMS (ESI): m/z calculated for C22H27NO4SNa+ [M+Na]+: 424.1553, 

found: 424.1570. 

 

(Z)-4-(p-methoxyphenyl)but-3-en-1-yl tosylcarbamate (47i) 

General procedure using alcohol 108i (525 mg, 3.2 mmol, 1.0 equiv.), THF (6.5 mL, 

0.5 M) and p-toluenesulfonyl isocyanate (571 mg, 442 L, 3.2 mmol, 1.0 equiv.) 

afforded the carbamate 47i as a colorless solid (524 mg, 50%); mp: 54-61 °C. IR (KBr): 

3190, 1748, 1606, 1512, 1448, 1350, 1303, 1240, 1160, 1090, 1024, 892, 839, 776, 

746, 731, 705, 663, 574 cm-1. 1H NMR (CDCl3, 400 MHz)  2.43 (s, 3H), 2.61 (tdd, J = 6.8, 6.8, 1.8 Hz, 2H), 

3.82 (s, 3H), 4.16 (t, J = 6.8 Hz, 2H), 5.43 (dt, 11.8, 6.8 Hz, 1H), 6.45 (d, J = 11.3 Hz, 2H), 6.87 (d, J = 8.6 

Hz, 2H), 7.16 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 7.7 Hz, 2H), 7.30 (brs, 1H), 7.90 (d, J = 8.6 Hz, 2H). 13C NMR 

(100 MHz, CDCl3):  21.7, 27.8, 55.3, 66.4, 113.7, 124.8, 128.4, 129.5, 129.6, 129.8, 131.2, 135.4, 145.1, 

150.3, 158.5. HRMS (ESI): m/z calculated for C19H21NO5SNa+ [M+Na]+: 398.1033, found: 398.1033. 
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(Z)-4-((1,1’-biphenyl)-4-yl)but-3-en-1-yl tosylcarbamate (47j) 

General procedure using alcohol 108j (114 mg, 0.51 mmol, 1.0 equiv.), THF (507 L, 

1.0 M) and p-toluenesulfonyl isocyanate (105 mg, 78 L, 0.51 mmol, 1.05 equiv.) 

afforded the carbamate 47j as a colorless oil (191 mg, 89%); mp: 89-94 °C. IR (KBr): 

3224, 1753, 1597, 1488, 1444, 1378, 1340, 1231, 1184, 1152, 1090, 878, 850, 815, 769, 

730, 690, 664, 586, 560 cm-1. 1H NMR (CDCl3, 500 MHz)  2.41 (s, 3H), 2.67 (tdd, J = 6.9, 6.9, 1.7 Hz, 2H), 

4.19 (t, J = 6.6 Hz, 2H), 5.57 (dt, 13.6, 5.7 Hz, 1H), 6.55 (d, J = 11.5 Hz, 1H), 7.29 (d, J = 8.0 Hz, 2H), 7.30 

(d, J = 8.6 Hz, 2H), 7.33 (brs, 1H), 7.36 (tt, J = 7.4, 1.5 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.57 (dt, J = 8.4, 2.0 

Hz, 2H), 7.60 (dt, J = 6.9, 1.7 Hz, 2H), 7.90 (d, J = 8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.6, 27.9, 

66.3, 126.7, 126.9, 127.3, 128.4, 128.8, 129.0, 129.6, 131.3, 135.3, 135.8, 139.7, 140.6, 145.1, 150.4. One 

aromatic signal was missing probably due to overlapping. HRMS (ESI): m/z calculated for C24H23NO4SNa+ 

[M+Na]+: 444.1240, found: 444.1240. 

 

(Z)-4-(p-fluorophenyl)but-3-en-1-yl tosylcarbamate (47k) 

General procedure using alcohol 108k (561 mg, 3.4 mmol, 1.0 equiv.), THF (3.4 mL, 

1.0 M) and p-toluenesulfonyl isocyanate (665 mg, 515 L, 3.4 mmol, 1.0 equiv.) 

afforded the carbamate 47k as a viscous colorless oil (1.1 mg, 86%, Z/E = 125:1); IR 

(NaCl): 3240, 2962, 1747, 1601, 1507, 1455, 1352, 1226, 1165, 1091, 1018, 849, 770, 

704, 665, 581 cm-1. 1H NMR (CDCl3, 400 MHz)  2.43 (s, 3H), 2.57 (tdd, J = 6.8, 6.8, 1.8 Hz, 2H), 4.15 (t, 

J = 6.8 Hz, 2H), 5.52 (dt, 13.4, 5.7 Hz, 1H), 6.47 (d, J = 11.3 Hz, 1H), 7.01 (dd, J = 9.1, 8.6 Hz, 2H), 7.17 (dd, 

J = 8.6, 5.4 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.53 (s, 1H), 7.90 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, 

CDCl3):  21.7, 27.8, 66.2, 115.1, 115.3, 126.4, 128.4, 129.6, 130.2, 130.2, 130.8, 132.9, 135.4, 145.2, 150.3. 

HRMS (ESI): m/z calculated for C18H18NO4FSNa+ [M+Na]+: 386.0833, found: 386.0832. 

 

(Z)-4-(p-chlorophenyl)but-3-en-1-yl tosylcarbamate (47l) 

 General procedure using alcohol 108l (506 mg, 2.8 mmol, 1.0 equiv.), THF (2.8 mL, 

1.0 M) and p-toluenesulfonyl isocyanate (546 mg, 423 L, 2.8 mmol, 1.0 equiv.) 

afforded the carbamate 47l as a viscous colorless oil (719 mg, 68%); IR (NaCl): 3239, 

3018, 2963, 2923, 1915, 1747, 1597, 1492, 1454, 1351, 1292, 1226, 1186, 1164, 1091, 

1013, 950, 845, 815, 770, 704, 664, 577 cm-1. 1H NMR (CDCl3, 400 MHz)  2.44 (s, 3H), 2.57 (tdd, J = 6.8, 

6.8, 1.8 Hz, 2H), 4.15 (t, J = 6.6 Hz, 2H), 5.55 (dt, J = 13.6, 5.9 Hz, 1H), 6.46 (d, J = 11.8 Hz, 1H), 7.14 (d, J 

= 8.6 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.46 (s, 1H), 7.90 (d, J = 8.2 Hz, 2H). 13C 

NMR (100 MHz, CDCl3):  21.7, 27.8, 66.1, 127.1, 128.4, 128.5, 129.6, 129.9, 130.7, 132.8, 135.2, 135.3, 

145.2, 150.3. HRMS (ESI): m/z calculated for C18H18NO4NClSNa+ [M+Na]+: 402.0537, found: 402.0539. 
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(Z)-4-(p-hydroxyphenyl)but-3-en-1-yl tosylcarbamate (47o) 

 

 A THP protected carbamate 110 was prepared using alcohol 109 (849 mg, 3.4 mmol, 1.0 equiv.), THF (3.4 

mL, 1.0 M) and p-toluenesulfonyl isocyanate (674 mg, 522 L, 3.4 mmol, 1.0 equiv.) according to the general 

procedure (1.1 g, 74%, Z/E = 42:1). This procedure was repeated three times. To remove the THP protection, 

pyridinium p-toluenesulfonate (203 mg, 0.81 mmol, 0.3 equiv.) was added to the carbamate 110 (1.2 g, 2.7 

mmol, 1.0 equiv.) dissolved in the mixture of CH2Cl2 (20 mL) and MeOH (6.7 mL) according to the reported 

reaction conditions.7 The mixture was stirred at room temperature for 15 h. After the evaporation, the crude 

mixture was purified by column chromatography (hexane/AcOEt, gradient from 6:1 to 1:1) to afford carbamate 

47o (794 mg, 82%) as a colorless solid; mp: 108-113 °C. IR (KBr): 3395, 3112, 1749, 1610, 1513, 1442, 1337, 

1311, 1295, 1254, 1224, 1186, 1157, 1089, 1029, 977, 918, 890, 830, 770, 741, 715, 705, 666, 630, 586 cm-1. 
1H NMR (CDCl3, 500 MHz)  2.43 (s, 3H), 2.59 (tdd, J = 6.6, 6.6, 2.0 Hz, 2H), 4.15 (t, J = 6.9 Hz, 2H), 4.80 

(s, 1H), 5.43 (dt, 13.4, 5.7 Hz, 1H), 6.43 (d, J = 11.5 Hz, 1H), 6.80 (d, J = 8.6 Hz, 2H), 7.11 (d, J = 8.6 Hz, 

2H), 7.31 (d, J = 8.6 Hz, 2H), 7.34 (s, 1H), 7.90 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, acetone-d6):  21.4, 

28.7, 66.4, 115.9, 125.5, 128.8, 129.3, 130.2, 130.8, 131.7, 137.6, 145.4, 151.7, 157.2. HRMS (ESI): m/z 

calculated for C18H19NO5SNa+ [M+Na]+: 384.0876, found: 384.0877.  

 

 Pivaloyl chloride (51 l, 1.05 equiv.) was added to the mixture of carbamate 47m (145 mg, 0.40 mmol, 1.0 

equiv.) and Et3N (167 l, 3.0 equiv.) in CH2Cl2 (4 mL, 0.5 M), and the mixture was stirred at room temperature 

for 24 h according to the reported procedure.8 NH4Cl aq. was added to the mixture at 0 °C. The mixture was 

extracted with AcOEt, and the solvent was removed. Purification by silica gel column chromatography 

(hexane/AcOEt, gradient from 6:1 to 2:1) afforded 47m (102 mg, 57 %, Z/E = 56:1) as a colorless oil; IR 

(NaCl): 3238, 2973, 1731, 1599, 1506, 1351, 1281, 1165, 1030, 899, 817, 771, 704, 665, 589 cm-1. 1H NMR 

(CDCl3, 400 MHz)  1.36 (s, 9H), 2.41 (s, 3H), 2.49 (tdd, J = 6.6, 6.6, 1.7 Hz, 2H), 4.05 (t, J = 6.7 Hz, 2H), 

5.44 (dt, J = 13.3, 5.6 Hz, 1H), 6.39 (d, J = 11.7 Hz, 1H), 6.94 (dt, J = 9.0, 2.2 Hz, 2H), 7.13 (d, J = 8.5 Hz, 

2H), 7.20 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 8.5 Hz, 2H), 8.07 (s, 1H). 13C NMR (100 MHz, CDCl3):  21.6, 

27.0, 27.7, 39.1, 66.1, 121.4, 126.7, 128.4, 129.5, 129.6, 131.0, 134.3, 135.4, 145.1, 149.9, 150.3, 177.1. 

HRMS (ESI): m/z calculated for C23H27NO6SNa+ [M+Na]+: 468.1451, found: 468.1448. 
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(Z)-4-(4-(trifluoromethyl)pheny)but-3-en-1-yl tosylcarbamate (47n) 

 The general procedure was repeated three times: 108n (26 mg, 0.12 mmol, 1.0 equiv.), 

THF (1.2 mL, 0.1 M) and p-toluenesulfonyl isocyanate (23 mg, 18 L, 0.12 mmol, 1.0 

equiv.); 108n (40 mg, 0.19 mmol, 1.0 equiv.), THF (1.9 mL, 0.1 M) and p-

toluenesulfonyl isocyanate (37 mg, 29 L, 0.19 mmol, 1.0 equiv.); 108n (28 mg, 0.13 

mmol, 1.0 equiv.), THF (1.3 mL, 0.1 M) and p-toluenesulfonyl isocyanate (25 mg, 19 L, 0.13 mmol, 1.0 

equiv.). The combined crude mixture was purified by silica gel column chromatography to afford 47n (viscous 

colorless oil, 89 mg, 46% combined yield) as an inseparable mixture with TsNH2 (47n/TsNH2 = 5:1) as 47n. 

It was used for the allylic C–H amination reaction without further purification; IR (NaCl): 3242, 1748, 1616, 

1445, 1326, 1226, 1160, 1067, 1017, 855, 771, 661, 576 cm-1. 1H NMR (CDCl3, 400 MHz)  2.40 (s, 3H), 

2.57 (tdd, J = 6.8, 6.8, 1.4 Hz, 2H), 4.16 (t, J = 6.6 Hz, 2H), 5.65 (dt, J = 13.6, 5.9 Hz, 1H), 6.52 (d, J = 11.8 

Hz, 1H), 7.27 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.89 (t, J = 8.2 Hz, 2H), 

8.38 (brs, 1H). 13C NMR (100 MHz, CDCl3):  21.5, 27.8, 65.9, 124.1 (q, J = 272.8 Hz), 125.1 (q, J = 3.8 Hz), 

128.2, 128.7, 128.8, 128.8 (q, J = 32.4 Hz), 129.5, 130.4, 135.4, 140.3, 145.0, 150.6. (TsNH2:  20.9, 126.3, 

129.6, 139.1, 143.5.)  HRMS (ESI): m/z calculated for C19H18NO4F3SNa+ [M+Na]+: 436.0801, found: 

436.0797. 

 

(Z)-4-(naphthalen-2-yl)but-3-en-1-yl tosylcarbamate (47p) 

 General procedure using alcohol 108p (329 mg, 1.66 mmol, 1.0 equiv.), THF (1.7 

mL, 1.0 M) and p-toluenesulfonyl isocyanate (327 mg, 253 L, 1.0 equiv.) afforded the 

carbamate 47p as a colorless solid (491 mg, 75 %, Z/E = 34:1); mp: 97-99 °C. IR 

(KBr): 3213, 1753, 1595, 1448, 1343, 1230, 1186, 1155, 1092, 990, 875, 836, 817, 771, 

737, 716, 705, 671, 583 cm-1. 1H NMR (CDCl3, 400 MHz)  2.38 (s, 3H), 2.69 (tdd, J 

= 6.8, 6.8, 1.8 Hz, 2H), 4.19 (t, J = 6.8 Hz, 2H), 5.62 (dt, J = 13.4, 5.8 Hz, 1H), 6.68 (d, J = 11.8 Hz, 1H), 7.25 

(d, J = 6.3 Hz, 2H), 7.31 (s, 1H), 7.35 (dd, J = 8.4, 1.6 Hz, 1H), 7.46-7.49 (m, 2H), 7.67 (s, 1H), 7.79-7.83 (m, 

3H), 7.88 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3): 21.6, 28.0, 66.4, 126.0, 126.2, 126.8, 126.8, 

127.4, 127.6, 127.8, 127.9, 128.4, 129.5, 131.9, 132.3, 133.2, 134.3, 135.4, 145.0, 150.3. HRMS (ESI): m/z 

calculated for C22H21NO4SNa+ [M+Na]+: 418.1084, found: 418.1081. 
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(E)-4-phenylbut-3-en-1-yl tosylcarbamate ((E)-47a) 

(E)-4-phenylbut-3-en-1-ol (E)-108a was prepared according to the literature. 9  General 

procedure using (E)-4-phenylbut-3-en-1-ol (E)-108a (610 mg, 3.1 mmol, 1.0 equiv.), THF 

(3.1 mL, 1.0 M) and p-toluenesulfonyl isocyanate (615 mg, 474 L, 1.0 equiv.) afforded the 

carbamate (E)-1a as a colorless solid (1.0 g, 96 %); mp: 99-102 °C. IR (KBr): 3270, 3082, 

3027, 2979, 2889, 1926, 1808, 1747, 1655, 1596, 1494, 1423, 1370, 1341, 1306, 1259, 1226, 

1184, 1151, 1087, 1039, 1018, 986, 974, 914, 881, 840, 818, 791, 769, 753, 731, 692, 660, 580 cm-1. 1H NMR 

(CDCl3, 400 MHz)  2.41 (s, 3H), 2.50 (tdd, J = 6.7, 6.7, 1.3 Hz, 2H), 4.20 (t, J = 6.5 Hz, 2H), 6.05 (dt, J = 

16.2, 7.1 Hz, 1H), 6.41 (d, J = 16.2 Hz, 1H), 7.21-7.31 (m, 7H), 7.35 (s, 1H), 7.90 (d J = 8.1 Hz, 2H). 13C 

NMR (100 MHz, CDCl3):  21.7, 32.1, 66.2, 124.6, 126.1, 127.4, 128.3, 128.6, 129.6, 132.9, 135.5, 137.0, 

145.1, 150.4. HRMS (ESI): m/z calculated for C18H19NO4SNa+ [M+Na]+: 368.0927, found: 368.0928. 
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4.2.2. Substrates for the 5-membered ring formation reactions with an alkyl substituent or a terminal 

alkene 

General procedute: penten-1-yl tosylcarbamates and but-3-en-1-yl tosylcarbamate 

 

The corresponding alcohol 111 (1.0 equiv.) was dissolved in THF (1.0 M) and then p-toluenesulfonyl 

isocyanate (1.0 equiv.) was added at 0 °C. The mixture was stirred over night at room temperature. The mixture 

was cooled with an ice bath, and then NH4Cl aq. was added. After extraction with AcOEt, the organic layer 

was washed with brine and evaporated to furnish the crude product. After purification by silica gel column 

chromatography (hexane/AcOE), the product 53 was obtained. 

 

But-3-en-1-yl tosylcarbamate (41)  

 A colorless solid 41 was prepared and identified refer to the literature10; mp: 145-147 °C. 

IR (KBr): 3167 3079 1714 1644 1598 1429 1357 1313 1167 1092 1077

1038 986 918 902, 840, 813, 776, 701, 659, 586 cm-1. 1H NMR (CDCl3, 400 MHz)  

2.33 (td, J = 6.3, 6.3 Hz, 2H), 2.45 (s, 3H), 4.13 (t, J = 6.8 Hz, 2H), 5.04 (ddt, J = 10.4, 1.4, 

1.4 Hz, 1H), 5.05 (ddt, J = 16.8, 1.8, 1.4 Hz, 1H), 5.67 (ddt, J = 16.8, 10.4, 6.8 Hz, 1H), 7.35 (d, J = 8.2, 2H), 

7.35 (brs, 1H), 7.92 (d, J = 8.2 Hz, 2H). 13C NMR (100 MHz, CDCl3): d 21.7, 32.8, 66.0, 117.8, 128.4, 129.6, 

133.1, 135.5, 145.1, 150.5. 

 

(Z)-pent-3-en-1-yl tosylcarbamate ((Z)-53)  

 (Z)-pent-3-en-1-ol 111 was prepared according to the literature.11 General procedure using 

(Z)-pent-3-en-1-ol (721 mg, 8.4 mmol, 1.0 equiv.), THF (8.4 mL, 1.0 M) and p-

toluenesulfonyl isocyanate (1.7 g, 1.3 mL, 8.4 mmol, 1.0 equiv.) afforded the carbamate (Z)-

53 as a colorless solid (2.1 g, 88 %); mp: 51-54 °C. IR (KBr): 3159, 3074, 1715, 1596, 1496, 1471, 1423, 

1353, 1330, 1311, 1169, 1079, 1040, 996, 938, 902, 841, 817, 774, 705, 654, 601, 580 cm-1. 1H NMR (CDCl3, 

400 MHz)  1.58 (dt, J = 6.8, 0.9 Hz, 3H), 2.34 (td, J = 7.2, 6.8 Hz, 2H), 2.45 (s, 3H), 4.08 (t, J = 7.0 Hz, 2H), 

5.26 (dtq, J = 10.9, 7.2, 1.8 Hz, 1H), 5.55 (dqt, J = 10.9, 6.8, 1.8 Hz, 1H), 7.35 (d, J = 8.2 Hz, 2H), 7.93 (d, J 

= 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  12.8, 21.7, 26.3, 66.3, 124.4, 127.4, 128.4, 129.6, 135.5, 145.1, 

150.4. HRMS (ESI): m/z calculated for C13H17NO4SNa+ [M+Na]+: 306.0771, found: 306.0776. 
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(E)-pnet-3-en-1-yl tosylcarbamate ((E)-53) 

 A colorless solid (E)-53 was prepared and identified refer to the literature12 ; 1H NMR 

(CDCl3, 400 MHz)  1.62 (d, J = 7.0 Hz, 3H), 2.25 (td, J = 6.7, 6.7 Hz, 2H), 2.45 (s, 3H), 

4.07 (t, J = 6.7 Hz, 2H), 5.27 (dtq, J = 15.3, 7.2, 1.6 Hz, 1H), 5.47 (dqt, J = 15.3, 6.7, 1.3 Hz, 

1H), 7.32 (s, 1H), 7.35 (d, J = 8.1 Hz, 2H), 7.92 (dt, J = 8.5, 1.8 Hz, 2H).  

 

(E)-pent-2-en-1-yl tosylcarbamate ((E)-79)  

 A colorless solid (E)-79 was prepared and identified refer to the literature13 ; 1H NMR 

(CDCl3, 400 MHz)  0.97 (t, J = 7.5 Hz, 3H), 2.04 (qd, J = 7.7, 7.5 Hz, 2H), 2.45 (s, 3H), 

4.51 (dd, J = 6.6, 1.1 Hz, 2 H), 5.45 (dtt, J = 15.4, 6.8, 1.8 Hz, 1H), 5.78 (dt, J = 15.4, 6.3 Hz, 

1H), 7.34 (d, J = 7.7 Hz, 2 H), 7.39 (brs, 1H), 7.92 (d, J = 8.2 Hz, 2H).  

 

(Z)-pnet-2-en-1-yl tosylcarbamate ((Z)-79) 

 A colorless solid (Z)-79 was prepared and identified refer to the literature12; 1H NMR 

(CDCl3, 400 MHz)  0.95 (t, J = 7.6 Hz, 3H), 2.06 (dqd, J = 7.6, 7.6, 1.8 Hz, 2H), 2.45 (s, 

3H), 4.62 (dd, J = 7.4, 1.1 Hz, 2H), 5.40 (dtt, J = 11.2, 6.7, 1.6 Hz, 1H), 5.65 (dtt, J = 10.8, 

7.6, 1.1 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 7.36 (s, 1H), 7.93 (dd, J = 8.3, 2.0 Hz, 2H).  
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4.2.3. Substrates for the 6-membered ring formation reactions  

(Z)-5-phenylpent-4-en-1-yl tosylcarbamate (1q) 

 
(Z)-2-methyl-5-phenylpent-4-en-2-ol 112 (362 mg, 1.9 mmol, 1.0 equiv.) prepared according to the 

literature14 was dissolved in THF (1.9 mL, 1.0 M) and then p-toluenesulfonyl isocyanate (289 l, 1.9 mmol, 

1.0 equiv.) was added at 0 °C. The mixture was stirred over night at room temperature in the dark. The mixture 

was cooled with an ice bath, and then NH4Cl aq. was added. After extraction with AcOEt, the organic layer 

was washed with brine and evaporated to furnish the crude product. The crude mixture was purified by column 

chromatography (hexane/AcOEt = 8:3) in the dark with cooling while the crude product was charged on silica 

gel. Then the product 52b was obtained as a colorless solid (622 mg, 84%); mp: 75-78 °C. IR (KBr): 3244, 

2986, 1734, 1704, 1595, 1495, 1450, 1371, 1339, 1304, 1205, 1161, 1121, 1086, 1054, 1016, 908, 851, 817, 

766, 729, 710, 671, 596 cm-1. 1H NMR (CDCl3, 400 MHz)  1.37 (s, 6H), 1.78-1.83 (m, 2H), 2.19 (dtd, J= 

9.4, 7.0, 1.8 Hz, 2H), 2.40 (s, 3H), 5.51 (dt, J = 13.6, 5.7 Hz, 1H), 6.38 (d, J = 11.7 Hz, 1H), 7.20-7.36 (m, 

7H), 7.43 (s, 1H), 7.84 (dt, J = 8.7, 1.9 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.6, 22.9, 25.8, 40.4, 85.9, 

126.7, 128.1, 128.2, 128.6, 129.4, 129.5, 131.5, 135.8, 137.3, 144.7, 149.0. HRMS (ESI): m/z calculated for 

C21H25NO4SNa+ [M+Na]+: 410.1397, found: 410.1417. 

 

General procedure: 1,1-dialkylpent-4-en-1-yl tosylcarbamate 

 
The corresponding alcohol 113 (1.0 equiv.) was dissolved in THF (1.0 M) and then p-toluenesulfonyl 

isocyanate (1.0 equiv.) was added at 0 °C. The mixture was stirred over night at room temperature. The mixture 

was cooled with an ice bath, and then NH4Cl aq. was added. After extraction with AcOEt, the organic layer 

was washed with brine and evaporated to furnish the crude products. After purification by silica gel column 

chromatography (hexane/AcOEt = 8:3), the product 43 was obtained. 
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2-methylhex-5-en-2-yl tosylcarbamate (43b) 

 2-Methylhex-5-en-2-ol 113b was prepared according to the literature. 15  General 

procedure using 2-Methylhex-5-en-2-ol 113b (571 mg, 5.0 mmol, 1.0 equiv.), THF (5.0 mL, 

1.0 M) and p-toluenesulfonyl isocyanate (986 mg, 750 L, 5.0 mmol, 1.0 equiv.) afforded 

the carbamate 43b as a colorless solid (1.3 g, 81 %); mp: 59-61 °C. IR (KBr): 3170, 3083, 2991, 2929, 1710, 

1643, 1599, 1497, 1452, 1423, 1357, 1308, 1258, 1218, 1166, 1092, 1078, 1065, 1020, 1001, 974, 912, 846, 

816, 773, 716, 704, 675, 653, 634, 581 cm-1. 1H NMR (CDCl3, 400 MHz)  1.38 (s, 6H), 1.71-1.76 (m, 2H), 

1.89-1.95 (m, 2H), 2.45 (s, 3H), 4.91 (dq, J = 8.1, 1.7 Hz, 1H), 4.94 (dq, J = 15.0, 1.6 Hz, 1 H), 5.70 (ddt, J = 

17.1, 10.3, 6.3 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 7.54 (brs, 1H), 7.89 (d, J = 8.7 Hz, 2H). 13C NMR (100 MHz, 

CDCl3):  21.7, 25.8, 27.9, 39.5, 86.0, 114.7, 128.2, 129.5, 135.9, 137.9, 144.8, 149.0. HRMS (ESI): m/z 

calculated for C15H21NO4SNa+ [M+Na]+: 334.1084, found: 334.1081. 

 

3-ethylhept-6-en-3-yl tosylcarbamate (43c) 

 3-Ethylhept-6-en-3-ol 113c was prepared according to the literature.14 General procedure 

using 2-Methylhex-5-en-2-ol 113c (712 mg, 5.0 mmol, 1.0 equiv.), THF (5.0 mL, 1.0 M) 

and p-toluenesulfonyl isocyanate (986 mg, 750 L, 5.0 mmol, 1.0 equiv.) afforded the 

carbamate 43c as a colorless solid (842 mg, 50 %); mp: 76-78 °C. IR (KBr): 3394, 3080, 2974, 1930, 1714, 

1664, 1641, 1599, 1497, 1599, 1497, 1339, 1164, 1134, 1090, 1038, 996, 960, 915, 848, 822, 777, 732, 705, 

660, 634, 585 cm-1. 1H NMR (CDCl3, 400 MHz)  0.70 (t, J = 7.6 Hz, 6H), 1.68-1.85 (m, 8H), 2.44 (s, 3H), 

4.90 (ddt, J = 10.3, 1.3, 1.3 Hz, 1H), 4.92 (dtt, J = 16.6, 1.3, 1.3 Hz, 1H), 5.69 (ddt, J = 16.6, 9.9, 6.3 Hz, 1H), 

7.32 (s, 1H), 7.33 (d, J = 8.1 Hz, 2H), 7.88 (d, J = 8.5 Hz, 2H). 13C NMR (100 MHz, CDCl3): 7.4, 21.7, 27.1, 

27.3, 33.3, 91.7, 114.6, 128.2, 129.5, 135.8, 137.9, 144.8, 148.6. HRMS (ESI): m/z calculated for 

C17H25NO4SNa+ [M+Na]+: 362.1397, found: 362.1414. 

 

1-(but-3-en-1-yl)cyclohexyl tosylcarbamate (43e) 

 1-(But-3-en-1-yl)cyclohexan-1-ol 113e was prepared according to the literature. 16 

General procedure using 2-Methylhex-5-en-2-ol (771 mg, 5.0 mmol, 1.0 equiv.), THF (5.0 

mL, 1.0 M) and p-toluenesulfonyl isocyanate (986 mg, 750 L, 5.0 mmol, 1.0 equiv.) 

afforded the carbamate 43e as a colorless solid (770 mg, 44 %); mp: 90-91 °C. IR (KBr): 3168, 3077, 2929, 

2866, 2364, 1710, 1640, 1598, 1453, 1414, 1372, 1352, 1280, 1267, 1254, 1189, 1164, 1133, 1090, 1056, 1017, 

996, 957, 914, 821, 773, 704, 669, 582 cm-1. 1H NMR (CDCl3, 400 MHz)  1.17-1.24 (m, 1H), 1.26-1.34 (m, 

2H), 1.38-1.48 (m, 4H), 1.53-1.59 (m, 1H), 1.63-1.74 (m, 2H), 1.79-1.83 (m, 2H), 2.09 (d, J = 13.0 Hz, 2H), 

2.44 (s, 3H), 4.80-4.84 (m, 2H), 5.59 (ddt, J = 16.6, 10.8, 6.3 Hz), 7.58 (s, 1H), 7.89 (dt, J = 8.5, 1.8 Hz, 2H). 
13C NMR (100 MHz, CDCl3):  21.6, 21.6, 25.3, 27.0, 34.4, 36.5, 87.8, 114.5, 128.2, 129.6, 135.9, 138.0, 

144.8, 148.8. HRMS (ESI): m/z calculated for C18H25NO4SNa+ [M+Na]+: 374.1397, found: 374.1414. 
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4.3. General procedures and supplement data of allylic C−H amination 

4.3.1. 5-membered ring formation reactions of substrates with an aryl substituent  

General Procedure of allylic C-H amination for carbamates with an aryl substituent (Scheme 25) 

 
Schiff base ligand L10 (21 mg, 0.03 mmol, 10 mol %), Cu(OAc)2·H2O (6.0 mg, 0.03 mmol, 10 mol %), and 

anhydrous THF (600 L) were added to a dried screw-capped vial in a glove box. The mixture was heated to 

40 °C and stirred for 2 hours. After cooling to room temperature, the solvent was removed under reduced 

pressure through a needle, and the resulting residue was dried for 2 hours at room temperature. In the 

condition A, Pd(OAc)2 (6.7 mg, 0.03 mmol, 10 mol %), 2,6-dimethyl-1,4-benzoquinone (45 mg, 0.33 mmol, 

1.1 equiv.), (PhO)2PO2H (11 mg, 0.045 mmol, 15 mol %), trans,trans-dibenzylideneacetone (7.0 mg, 0.03 

mmol, 10 mol %), (Z)-4-arylbut-3-en-1-yl tosylcarbamate 47 (0.3 mmol, 1 equiv.), and anhydrous 1,4-dioxane 

(3 mL, 0.1 M) were added to the vial in the glove box. In the condition B, Pd(OAc)2 (10 mg, 0.03 mmol, 15 

mol %), 2,6-dimethyl-1,4-benzoquinone (44.9 mg, 0.33 mmol, 1.1 equiv.), (PhO)2PO2H (11 mg, 0.045 mmol, 

15 mol %), (Z)-4-arylbut-3-en-1-yl tosylcarbamate 47 (0.3 mmol, 1 equiv.), and anhydrous 1,4-dioxane (3 mL, 

0.1 M,) were added to the vial in the glove box. The mixture was stirred under Ar atmosphere at 50 °C for 48 

hours in the dark. After the mixture was cooled to room temperature and diluted with AcOEt, insoluble solids 

were filtered off through a short silica gel column. After evaporation, the obtained crude mixture, which was 

analyzed by 1H NMR using dimethyl sulfone as an internal standard, was purified by silica gel column 

chromatography with hexane/ CH2Cl2/MeOH (gradient from 80 : 20 : 1 to 40 : 20 : 1) to remove the Schiff 

base complex and other some byproducts. After the solvent removed, the mixture was purified again by silica 

gel column chromatography with hexane/AcOEt (gradient from 10 : 1 to 3 : 1 with adding 1% Et3N) to remove 

the remaining starting material. After the evaporation, the pure product was obtained. 

 

(S,E)-4-(2-phenylovinyl)-3-tosyloxazolidin-2-one (48a) 

A colorless solid 48a was prepared from (Z)-4-phenylbut-3-en-1-yl tosylcarbamate (Z)-47a 

(104 mg, 0.3 mmol). Condition A: the product (77 mg, 75%) was obtained and the 

enantiomeric ratio was determined to be 91:9 with a CHIRALCEL OJ-H column 

(hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 40.3 min (minor), 50.2 min (major)). 

Condition B: the product (87 mg, 84%) was obtained and the enantiomeric ratio was determined to be 89:11.  

When we prepared the same product using (E)-4-phenylbut-3-en-1-yl tosylcarbamate (E)-47a (0.3 mmol, 
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104 mg) Condition B:, the product (6 mg, 6%) was obtained and the enantiomeric ratio was determined to be 

78:22 (tR = 39.6 min (major), 51.0 min (minor)), see Scheme S1.; mp: 132-135 °C. IR (KBr): 3028, 2921, 

1793, 1766, 1658, 1596, 1493, 1473, 1449, 1400, 1373, 1314, 1262, 1202, 1187, 1171, 1135, 1109, 1090, 1047, 

987, 974, 964, 841, 812, 769, 751, 719, 704, 693, 666, 614, 577 cm-1. 1H NMR (CDCl3, 500 MHz)  2.40 (s, 

3H), 4.12 (dd, J = 8.9, 3.2 Hz, 1H), 4.56 (dd, J = 8.6, 8.6 Hz, 1H), 5.10 (ddd, J = 8.6, 8.6, 3.4 Hz, 1H), 5.99 

(dd, J = 15.5, 9.2 Hz, 1H), 6.76 (d, J = 15.5 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H) 7.30-7.38 (m, 5H), 7.86 (d, J = 

8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.6, 59.7, 68.2, 123.6, 126.8, 128.7, 128.7, 128.9, 129.5, 134.9, 

135.2, 136.0, 145.4, 151.7. [ ]D
24.2 = 2.2 (c = 1.0, CHCl3) using 91:9 er product. HRMS (ESI): m/z 

calculated for C18H17NO4SNa+ [M+Na]+: 366.0771, found: 366.0770. 

 

Figure 29a. Chiral HPLC chart for (rac,E)-4-(2-phenylovinyl)-3-tosyloxazolidin-2-one 48a. 

Figure 29b. Chiral HPLC chart for the product 48a prepared by condition A. 

Figure 29c. Chiral HPLC chart for the product 48a prepared by condition B. 

Figure 29d. Chiral HPLC chart for the product 48a prepared from (E)-4-phenylbut-3-en-1-yl 

tosylcarbamate (E)-47a. 

 

 

(a) (b) 

(c) (d) 
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(S,E)-4-(2-methylstyryl)-3-tosyloxazolidin-2-one (48b) 

A colorless solid 48b was prepared from (Z)-4-(o-tolyl)but-3-en-1-yl tosylcarbamate 47b 

(0.3 mmol, 108 mg). Condition A: the product (54 mg, 51%) was obtained and the 

enantiomeric ratio was determined to be 91:9 with a CHIRALCEL OJ-H column 

(hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 30.1 min (minor), 40.1 min (major)). 

Condition B: the product (92 mg, 86%) was obtained and determined enantiomeric ratio to 

be 91:9.; mp: 143-146 °C. IR (KBr): 2923, 1783, 1656, 1596, 1486, 1460, 1377, 1309, 1259, 1202, 1168, 

1138, 1119, 1092, 1056, 999, 967, 844, 813, 763, 745, 723, 704, 666, 614, 578 cm-1. 1H NMR (CDCl3, 400 

MHz)  2.38 (s, 3H), 2.41 (s, 3H), 4.14 (dd, J = 8.8, 3.4 Hz, 1H), 4.59 (dd, J = 8.5, 8.5 Hz, 1H), 5.13 (ddd, J 

= 8.6, 8.6, 3.4 Hz, 1H), 5.91 (dd, J = 15.5, 9.2 Hz, 1H), 7.02 (d, J = 15.7 Hz, 1H), 7.15-7.26 (m, 6H), 7.88 (d, 

J = 8.1 Hz, 2H). 13C NMR (100 MHz, CDCl3):  19.7, 21.6, 59.8, 68.3, 124.9, 125.7, 126.2, 128.7, 129.6, 

130.6, 134.0, 134.0, 135.3, 136.1, 145.4, 151.7. One aromatic signal was missing probably due to overlapping. 

[ ]D
23.8 = 0.068 (c = 1.0, CHCl3) using 91:9 er product. HRMS (ESI): m/z calculated for C19H19NO4SNa+ 

[M+Na]+: 380.0927, found: 380.0929.  

 

 

Figure 30a. Chiral HPLC chart for (rac,E)-4-(2-phenylovinyl)-3-tosyloxazolidin-2-one 48b. 

Figure 30b. Chiral HPLC chart for the product 48b prepared by condition A. 

Figure 30c. Chiral HPLC chart for the product 48b prepared by condition B. 

(a) (b) 

(c) 
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(S,E)-4-(3-methylstyryl)-3-tosyloxazolidin-2-one (48d) 

A colorless solid 48d was prepared from (Z)-4-(m-tolyl)but-3-en-1-yl tosylcarbamate 

47d (0.3 mmol, 108 mg). Condition A: the product (71 mg, 66%) was obtained and the 

enantiomeric ratio was determined to be 87:13 with a CHIRALPAK IH column 

(hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 18.5 min (major), 27.1 min (minor)). 

Condition B: the product (95 mg, 89%) was obtained and determined enantiomeric ratio 

to be 87:13.; mp: 94-98 °C. IR (KBr): 3530, 3026, 2991, 2925, 1913, 1791, 1655, 1597, 1581, 1483, 1452, 

1371, 1300, 1265, 1171, 1133, 1119, 1092, 1055, 1008, 976, 882, 835, 811, 788, 750, 734, 720, 703, 693, 670, 

635, 617, 581 cm-1. 1H NMR (CDCl3, 400 MHz)  2.35 (s, 3H), 2.40 (s, 3H), 4.10 (dd, J = 8.8, 3.4 Hz, 1H), 

4.54 (dd, J = 8.6, 8.6 Hz, 1H), 5.08 (ddd, J = 8.6, 8.6, 3.2 Hz, 1H), 5.96 (dd, J = 15.9, 9.1 Hz, 1H), 6.72 (d, J 

= 15.9 Hz, 1H), 7.10-7.15 (m, 3H), 7.20-7.26 (m, 3H), 7.86 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3): 

 21.3, 21.6, 59.7, 68.3, 123.4, 124.0, 127.5, 128.6, 128.7, 129.5, 129.6, 134.9, 135.3, 136.1, 138.3, 145.3, 

151.7. [ ]D
24.2 = +6.3 (c = 1.0, CHCl3) using 87:13 er product. HRMS (ESI): m/z calculated for 

C19H19NO4SNa+ [M+Na]+: 380.0927, found: 380.0927. 

 

 

Figure 31a. Chiral HPLC chart for (rac,E)- 4-(3-methylstyryl)-3-tosyloxazolidin-2-one 48d. 

Figure 31b. Chiral HPLC chart for the product 48d prepared by condition A. 

Figure 31c. Chiral HPLC chart for the product 48d prepared by condition B. 

(a) (b) 

(c) 
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(S,E)-4-(3-methoxystyryl)-3-tosyloxazolidin-2-one (48e) 

A colorless solid 48e was prepared from (Z)-4-(m-methoxyphenyl)but-3-en-1-yl 

tosylcarbamate 47e (0.3 mmol, 113 mg). Condition B: the product (92 mg, 80%) was 

obtained and the enantiomeric ratio was determined to be 90:10 with a CHIRALPAK IH 

column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 30.0 min (major), 42.4 min 

(minor)).; mp: 84-87 °C. IR (KBr): 3033, 2956, 2833, 1785, 1596, 1492, 1466, 1377, 

1307, 1272, 1246, 1201, 1168, 1119, 1092, 1038, 1002, 961, 930, 861, 844, 815, 799, 749, 738, 704, 690, 668, 

624, 607, 596, 571 cm-1. 1H NMR (CDCl3, 500 MHz)  2.40 (s, 3H), 3.81 (s, 3H), 4.11 (dd, J = 8.9, 3.2 Hz, 

1H), 4.55 (dd, J = 8.3, 8.3 Hz, 1H), 5.09 (ddd, J = 8.6, 8.6, 3.4 Hz, 1H), 5.98 (dd, J = 15.5, 9.2 Hz, 1H), 6.72 

(d, J = 15.5 Hz, 1H), 6.82 (s, 1H), 6.88 (dd, J = 8.3, 2.6 Hz, 1H) 6.90 (d, J = 7.4 Hz, 1H), 7.22 (d, J = 8.6 Hz, 

2H), 7.27 (t, J = 7.7 Hz, 1H), 7.86 (d, J = 8.6 Hz, 2H). 13C NMR (126 MHz, CDCl3):  21.6, 55.2, 59.6, 68.2, 

112.0, 114.5, 119.4, 123.9, 128.7, 129.6, 129.7, 135.2, 135.9, 136.3, 145.4, 151.6, 159.9. [ ]D
25.3 = +8.2 (c = 

1.0, CHCl3) using 90:10 er product. HRMS (ESI): m/z calculated for C19H19NO5SNa+ [M+Na]+: 396.0876, 

found: 396.0875. 

 

Figure 32a. Chiral HPLC chart for (rac,E)- 4-(3-methoxylstyryl)-3-tosyloxazolidin-2-one 48e. 

Figure 32b. Chiral HPLC chart for the product 48e prepared by condition B. 

 

(S,E)-4-(3,5-dimethylstyryl)-3-tosyloxazolidin-2-one (48f) 

A colorless solid 48f was prepared from (Z)-4-(3,5-dimethylphenyl)but-3-en-1-yl 

tosylcarbamate 47f (0.3 mmol, 112 mg). Condition B: the product (83 mg, 74%) was 

obtained and the enantiomeric ratio was determined to be 86:16 with a CHIRALPAK IH 

column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 14.2 min (major), 25.7 min 

(minor)).; mp: 111-113 °C. IR (KBr): 3017, 2920, 1783, 1655, 1596, 1495, 1477, 1389, 

1370, 1310, 1295, 1249, 1173, 1135, 1113, 1091, 1053, 1000, 973, 856, 836, 815, 754, 716, 703, 692, 668, 

612, 583, 555 cm-1. 1H NMR (CDCl3, 400 MHz)  2.31 (s, 6H), 2.40 (s, 3H), 4.09 (dd, J = 9.0, 3.1 Hz, 1H), 

4.54 (dd, J = 8.5, 8.5 Hz, 1H), 5.07 (ddd, J = 8.8, 8.8, 3.3 Hz, 1H), 5.94 (dd, J = 15.5, 9.2 Hz, 1H), 6.68 (d, J 

= 15.7 Hz, 1H), 6.91 (s, 2H), 6.97 (S, 1H), 7.21 (d, J = 8.1 Hz, 2H), 7.86 (d, J = 8.5 Hz, 2H). 13C NMR (100 

(a) (b) 



   Chapter 4 

115 

MHz, CDCl3):  21.1, 21.6, 59.7, 68.3, 123.1, 124.7, 128.7, 129.5, 130.5, 134.8, 135.2, 136.1, 138.1, 145.2, 

151.7. [ ]D
24.8 = +15 (c = 1.0, CHCl3) using 86:16 er product. HRMS (ESI): m/z calculated for C20H21NO4Na+ 

[M+Na]+: 394.1084, found: 394.1083. 

 

Figure 33a. Chiral HPLC chart for (rac,E)- 4-(3,5-dimethylstyryl)-3-tosyloxazolidin-2-one 48f 

Figure 33b. Chiral HPLC chart for the product 48f prepared by condition B. 

 

(S,E)-4-(4-methylstyryl)-3-tosyloxazolidin-2-one (48g) 

A colorless solid 48g was prepared from (Z)-4-(p-tolyl)but-3-en-1-yl tosylcarbamate 47g 

(0.3 mmol, 108 mg). Condition A: the product (65 mg, 60%) was obtained and the 

enantiomeric ratio was determined to be 90:10 with a CHIRALCEL OJ-H column 

(hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 32.9 min (minor), 43.0 min (major)). 

Condition B: the product (89 mg, 83%) was obtained and the enantiomeric ration was 

determined to be 89:11.; mp: 120-122 °C. IR (KBr): 2923, 1791, 1654, 1597, 1517, 1495, 1377, 1298, 1173, 

1121, 1091, 1055, 978, 869, 810, 756, 742, 724, 704, 667, 616, 581 cm-1. 1H NMR (CDCl3, 500 MHz)  2.37 

(s, 3H), 2.40 (s, 3H), 4.10 (dd, J = 8.6, 3.4 Hz, 1H), 4.55 (dd, J = 8.6, 8.6 Hz, 1H), 5.08 (ddd, J = 8.6, 8.6, 3.1 

Hz, 1H), 5.92 (dd, J = 15.5, 9.2 Hz, 1H), 6.72 (d, J = 16.0 Hz, 1H), 7.16 (d, J = 8.0 Hz, 2H) 7.20 (d, J = 8.0 

Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 7.85 (d, J = 8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.3, 21.7, 59.9, 

68.4, 122.5, 126.8, 128.8, 129.5, 129.6, 132.2, 135.2, 136.0, 139.0, 145.4, 151.7. [ ]D
24.3 = 14 (c = 1.0, 

CHCl3) using 90:10 er product. HRMS (ESI): m/z calculated for C19H19NO4SNa+ [M+Na]+: 380.0927, found: 

380.0931. 

(a) (b) 
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Figure 34a. Chiral HPLC chart for (rac,E)- 4-(4-methylstyryl)-3-tosyloxazolidin-2-one 48g. 

Figure 34b. Chiral HPLC chart for the product 48g prepared by condition A. 

Figure 34c. Chiral HPLC chart for the product 48g prepared by condition B. 

 

(S,E)-4-(4-(tert-butyl)styryl)-3-tosyloxazolidin-2-one (48h) 

A colorless solid 48h was prepared from (Z)-4-(p-(tert-butyl)phenl)but-3-en-1-yl 

tosylcarbamate 47h (0.3 mmol, 120 mg). Condition A: the product (60 mg, 50%) was 

obtained and the enantiomeric ratio was determined to be 85:15 with a CHIRALCEL OJ-

H column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 27.3 min (minor), 41.3 min 

(major)). Condition B: the product (88 mg, 74%) was obtained and the enantiomeric 

ratio was determined to be 85:15.; mp: 87-97 °C. IR (KBr): 2960, 2870, 1789, 1655, 

1596, 1515, 1473, 1373, 1314, 1270, 1173, 1136, 1104, 1046, 976, 858, 815, 753, 716, 

704, 666, 611, 580, 557 cm-1. 1H NMR (CDCl3, 400 MHz)  1.34 (s, 9H), 2.40 (s, 3H), 4.09 (dd, J = 9.0, 3.1 

Hz, 1H), 4.54 (dd, J = 9.0, 8.6 Hz, 1H), 5.08 (ddd, J = 8.6, 8.6, 3.1 Hz, 1H), 5.95 (dd, J = 15.7, 9.4 Hz, 1H), 

6.73 (d, J = 15.7 Hz, 1H), 7.21 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H), 7.38 (dt, J = 8.8, 2.0 Hz, 2H), 

7.86 (dt, J = 8.5, 1.8 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.6, 31.2, 34.7, 59.8, 68.3, 122.7, 125.6, 126.5, 

128.7, 129.5, 132.2, 135.2, 135.8, 145.3, 151.7, 152.1. [ ]D
24.9 = 7.1 (c = 1.0, CHCl3) using 85:15 er product. 

HRMS (ESI): m/z calculated for C22H25NO4SNa+ [M+Na]+: 422.1397, found: 422.1415. 

(a) (b) 

(c) 
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Figure 35a. Chiral HPLC chart for (rac,E)- 4-(4-(tert-butyl)styryl)-3-tosyloxazolidin-2-one 48h. 

Figure 35b. Chiral HPLC chart for the product 48h prepared by condition A. 

Figure 35c. Chiral HPLC chart for the product 48h prepared by condition B. 

 

(S,E)-4-(4-methylstyryl)-3-tosyloxazolidin-2-one (48i) 

A colorless solid 48i was prepared from (Z)-4-(p-methoxyphenyl)but-3-en-1-yl 

tosylcarbamate 47i (0.3 mmol, 113 mg). Condition A: the product (69 mg, 62%) was 

obtained and determined enantiomeric ratio to be 89:11 with a CHIRALCEL OD-H 

column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 20.4 min (major), 33.8 min 

(minor)). Condition B: the product (91 mg, 81%) was obtained and the enantiomeric 

ratio was determined to be 87:13.; mp: 127-132 °C. IR (KBr): 3030, 2966, 2930, 2840, 

1785, 1656, 1604, 1509, 1459, 1375, 1301, 1249, 1189, 1169, 1136, 1120, 1106, 1092, 1058, 1033, 1003, 963, 

855, 816, 751, 716, 704, 667, 636, 611, 578 cm-1. 1H NMR (CDCl3, 400 MHz)  2.39 (s, 3H), 3.84 (s, 3H), 

4.10 (dd, J = 9.1, 3.2 Hz, 1H), 4.54 (dd, J = 8.4, 8.4 Hz, 1H), 5.07 (ddd, J = 8.6, 8.6, 3.0 Hz, 1H), 5.83 (dd, J 

= 15.6, 9.3 Hz, 1H), 6.70 (d, J = 15.4 Hz, 1H), 6.88 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 7.25 (d, J = 

8.6 Hz, 2H), 7.86 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.7, 55.4, 60.0, 68.4, 114.2, 121.2, 

127.7, 128.2, 128.8, 129.5, 135.3, 135.6, 145.4, 151.8, 160.2. [ ]D
24.4 = 17 (c = 1.00, CHCl3) using 87:13 

er product. HRMS (ESI): m/z calculated for C19H19NO5SNa+ [M+Na]+: 396.0876, found: 396.0876. 

(a) (b) 

(c) 
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Figure 36a. Chiral HPLC chart for (rac,E)- 4-(4-methoxylstyryl)-3-tosyloxazolidin-2-one 48i. 

Figure 36b. Chiral HPLC chart for the product 48i prepared by condition A. 

Figure 36c. Chiral HPLC chart for the product 48i prepared by condition B. 

 

  

(a) (b) 

(c) 
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(S,E)-4-(2-([1,1'-biphenyl]-4-yl)vinyl)-3-tosyloxazolidin-2-one (48j) 

A colorless solid 48j was prepared from (Z)-4-((1,1’-biphenyl)-4-yl)but-3-en-1-yl 

tosylcarbamate 47j (0.3 mmol, 127 mg). The crude mixture was purified by silica gel 

column chromatography using toluene (first column: toluene/AcOEt = 4:1, second 

column toluene/Et3N = 99:1) because of its high crystallinity. Condition B: the product 

(106 mg, 84%) was obtained and the enantiomeric ratio was determined to be 87:13 with 

a CHIRALPAK IH column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 35.2 min 

(minor), 43.3 min (major)).; mp: 170-174 °C. IR (KBr): 2925, 1761, 1654, 1597, 1521, 1487, 1451, 1392, 

1376, 1312, 1256, 1178, 1138, 1106, 1044, 996, 971, 860, 822, 764, 724, 706, 689, 667, 610, 580 cm-1. 1H 

NMR (CDCl3, 400 MHz)  2.39 (s, 3H), 4.13 (dd, J = 8.8, 3.4 Hz, 1H), 4.56 (dd, J = 9.1, 8.2 Hz, 1H), 5.11 

(ddd, J = 8.6, 8.6, 3.3 Hz, 1H), 6.03 (dd, J = 15.9, 9.1 Hz, 1H), 6.79 (d, J = 15.9 Hz, 1H), 7.22 (d, J = 8.2 Hz, 

2H), 7.37 (t, J = 7.5 Hz, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.46 (t, J = 7.2 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 7.60 

(dt, J = 6.8, 1.4 Hz, 2H), 7.88 (dt, J = 8.6, 1.8 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.6, 59.7, 68.3, 123.6, 

126.9, 127.3, 127.4, 127.6, 128.7, 128.9, 129.6, 133.9, 135.2, 135.6, 140.2, 141.6, 145.4, 151.8. [ ]D
25.2 = 

24 (c = 1.0, CHCl3) using 87:13 er product. HRMS (ESI): m/z calculated for C24H21NO4SNa+ [M+Na]+: 

442.1084, found: 442.1087. 

 

Figure 37a. Chiral HPLC chart for (rac,E)- 4-(4-phenylstyryl)-3-tosyloxazolidin-2-one 48j. 

Figure 37b. Chiral HPLC chart for the product 48j prepared by condition B. 

 

(S,E)-4-(4-fluorostyryl)-3-tosyloxazolidin-2-one (48k) 

A colorless solid 48k was prepared from (Z)-4-(p-flurorphenyl)but-3-en-1-yl 

tosylcarbamate 47k (0.3 mmol, 109 mg). Condition B: the product (87 mg, 80%) was 

obtained and the enantiomeric ratio to be 90:10 with a CHIRALCEL OJ-H column 

(hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 40.6 min (minor), 53.5 min (major)).; 

mp: 123-125 °C. IR (KBr): 2923, 1793, 1766, 1598, 1509, 1475, 1398, 1374, 1320, 

1237, 1204, 1188, 1167, 1135, 1110, 1091, 1046, 991, 974, 866, 819, 765, 704, 664, 610, 579 cm-1. 1H NMR 

(CDCl3, 500 MHz)  2.40 (s, 3H), 4.11 (dd, J = 8.6, 3.4 Hz, 1H), 4.56 (dd, J = 8.6, 8.6 Hz, 1H), 5.08 (ddd, J 

(a) (b) 
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= 8.6, 8.6, 3.4 Hz, 1H), 5.93 (dd, J = 16.0, 9.2 Hz, 1H), 6.72 (d, J = 15.5 Hz, 1H), 7.04 (dd, J = 8.6, 8.6 Hz, 

2H), 7.22 (d, J = 8.0 Hz, 2H), 7.29 (dd, J = 8.6, 5.2 Hz, 1H), 7.85 (d, J = 8.6 Hz, 2H). 13C NMR (125 MHz, 

CDCl3):  21.6, 59.6, 68.2, 115.7, 115.8, 123.4, 128.5, 128.5, 128.5, 128.7, 129.5, 131.1, 131.2, 134.7, 135.2, 

145.5, 151.6, 162.0, 163.9. [ ]D
24.6 = +1.1 (c = 1.0, CHCl3) using 90:10 er product. HRMS (ESI): m/z 

calculated for C18H16NO2FSNa+ [M+Na]+: 384.0676, found: 384.0678. 

 

Figure 38a. Chiral HPLC chart for (rac,E)- 4-(4-fluorostyryl)-3-tosyloxazolidin-2-one 48k. 

Figure 38b. Chiral HPLC chart for the product 48k prepared by condition B. 

 

(S,E)-4-(4-chlorostyryl)-3-tosyloxazolidin-2-one (48l) 

A colorless solid 48l was prepared from (Z)-4-(p-chlorophenyl)but-3-en-1-yl 

tosylcarbamate 47l (0.3 mmol, 114 mg). Condition A: the product (103 mg, 91%) was 

obtained and the enantiomeric ratio was determined to be 89:11 with a CHIRALCEL OD-

H column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 16.1 min (major), 23.4 min 

(minor)). Condition B: the product (95 mg, 84%) was obtained and the enantiomeric ratio 

was determined to be 89:11.; mp: 143-145 °C. IR (KBr): 2926, 1790, 1597, 1491, 1376, 1307, 1169, 1119, 

1093, 1007, 964, 859, 811, 744, 717, 670, 611, 577 cm-1. 1H NMR (CDCl3, 500 MHz)  2.41 (s, 3H), 4.12 

(dd, J = 9.2, 3.4 Hz, 1H), 4.56 (dd, J = 8.6, 8.6 Hz, 1H), 5.09 (ddd, J = 8.6, 8.6, 3.1 Hz, 1H), 5.99 (dd, J = 16.0, 

9.2 Hz, 1H), 6.72 (d, J = 15.5 Hz, 1H), 7.23 (d, J = 7.4 Hz, 2H) 7.25 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 8.8 Hz, 

2H), 7.85 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.8, 59.6, 68.3, 124.5, 128.2, 128.8, 129.1, 

129.7, 133.6, 134.8, 134.8, 135.3, 145.7, 151.7. [ ]D
24.6 = 12 (c = 1.0, CHCl3) using 89:11 er product. 

HRMS (ESI): m/z calculated for C18H16NO4ClSNa+ [M+Na]+: 400.0381, found: 400.0385. 

(a) (b) 
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Figure 39a. Chiral HPLC chart for (rac,E)- 4-(4-chlorolstyryl)-3-tosyloxazolidin-2-one 48l. 

Figure 39b. Chiral HPLC chart for the product 48l prepared by condition A. 

Figure 39c. Chiral HPLC chart for the product 48l prepared by condition B. 

 

(S,E)-4-(4-pivaloxystyryl)-3-tosyloxazolidin-2-one (48m) 

A colorless solid 48m was prepared from (Z)-4-(4-pivaloxy)but-3-en-1-yl 

tosylcarbamate 47m (0.3 mmol, 134 mg). Condition B: the product (90 mg, 67%) was 

obtained and the enantiomeric ratio was determined to be 85:15 with a CHIRALPAK IH 

column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 23.0 min (minor), 28.4 min 

(major)).; mp: 137-141 °C. IR (KBr): 2971, 1796, 1450, 1600, 1509, 1479, 1372, 1300, 

1169, 1111, 1056, 982, 899, 848, 814, 764, 746, 723, 669, 614, 579 cm-1. 1H NMR 

(CDCl3, 500 MHz)  1.37 (s, 9H), 2.41 (s, 3H), 4.12 (dd, J = 8.8, 3.4 Hz, 1H), 4.57 (dd, 

J = 8.4, 8.4 Hz, 1H), 5.09 (ddd, J = 8.6, 8.6, 3.3 Hz, 1H), 5.95 (dd, J = 15.4, 9.1 Hz, 1H), 6.75 (d, J = 15.4 Hz, 

1H), 7.06 (dt, J = 8.9, 2.3 Hz, 2H), 7.23 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 7.85 (d, J = 8.6 Hz, 2H). 

13C NMR (100 MHz, CDCl3): 21.6, 27.1, 39.1, 59.6, 68.2, 121.9, 123.7, 127.8, 128.7, 129.6, 132.5, 135.0, 

135.2, 145.4, 151.5, 151.6, 176.9. [ ]D
24.6 = 16 (c = 1.0, CHCl3) using 85:15 er product. HRMS (ESI): m/z 

calculated for C23H25NO6SNa+ [M+Na]+: 466.1295, found: 466.1302. 

(c) 

(a) (b) 
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Figure 40a. Chiral HPLC chart for (rac,E)- 4-(4-pivaloxystyryl)-3-tosyloxazolidin-2-one 48m. 

Figure 40b. Chiral HPLC chart for the product 48m prepared by condition B. 

 

(S,E)-4-(4-(trifluoromethyl)styryl)-3-tosyloxazolidin-2-one (48n) 

A colorless solid 48n was prepared from (Z)-4-(4-(trifluoromethyl)phenyl)but-3-en-1-

yl tosylcarbamate 47n (0.2 mmol of 47n, 83 mg) with 0.03 mmol of TsNH2. Condition 

B: the product (61 mg, 75%) was obtained and the enantiomeric ratio was determined to 

be 84:16 with a CHIRALCEL OJ-H column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, 

tR = 28.6 min (minor), 36.9 min (major)).; mp: 125-128 °C. IR (KBr): 3042, 2929, 1923, 

1773, 1615, 1598, 1496, 1474, 1376, 1328, 1168, 1122, 1068, 1048, 1017, 984, 875, 817, 766, 748, 718, 704, 

667, 635, 597, 576 cm-1. 1H NMR (CDCl3, 400 MHz)  2.41 (s, 3H), 4.14 (dd, J = 8.8, 3.4 Hz, 1H), 4.58 (dd, 

8.4, 8.4 Hz, 1H), 5.12 (ddd, J = 8.6, 8.6, 3.3 Hz, 1H), 6.14 (dd, J = 15.6, 8.8 Hz, 1H), 6.79 (d, J = 15.4 Hz, 

1H), 7.23 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.86 (d, J = 8.2 Hz, 2H). 13C 

NMR (100 MHz, CDCl3):  21.7, 59.3, 68.1, 125.8 (q, J = 3.8 Hz), 126.5, 126.7 (q, J = 271.8 Hz), 127.1, 

128.7, 129.7, 130.8 (q, J = 65.8 Hz), 134.4, 135.1, 138.5, 145.7, 151.6. [ ]D
24.2 = +15 (c = 1.0, CH2Cl2) using 

84:16 er product. HRMS (ESI): m/z calculated for C19H16NO4F3SNa+ [M+Na]+: 434.0644, found: 434.0640. 

 
Figure 41a. Chiral HPLC chart for (rac,E)- 4-(4-trifluoromethylstyryl)-3-tosyloxazolidin-2-one 48n 

Figure 41b. Chiral HPLC chart for the product 48n prepared by condition B. 

 

(a) (b) 

(a) (b) 
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(S,E)-4-(2-(naphthalen-2-yl)vinyl)-3-tosyloxazolidin-2-one (48p) 

A colorless solid 48p was prepared from (Z)-4-(naphthalen-2-yl)but-3-en-1-yl 

tosylcarbamate 47p (0.3 mmol, 119 mg). The product was purified by two times of 

silica gel column chromatography (column 1; toluene 100%), (column 2; 

toluene/CH2Cl2/Et3N, gradient from 100 : 0 : 1 to 80 : 20 : 1) instead of the column 

using hexane. Condition A: the product (94 mg, 79%) was obtained and the 

enantiomeric ratio was determined to be 91:9 with a CHIRALCEL OD-H column 

(hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 21.9 min (major), 49.5 min (minor)). Condition B: the product 

(100 mg, 85%) was obtained and the enantiomeric ratio was determined to be 88:12.; mp: 151-153 °C. IR 

(KBr): 2923, 1793, 1655, 1596, 1508, 1492, 1474, 1376, 1291, 1260, 1168, 1128, 1110, 1088, 1041, 1004, 978, 

908, 876, 850, 823, 810, 758, 733, 718, 703, 667, 608, 577 cm-1. 1H NMR (CDCl3, 400 MHz)  2.36 (s, 3H), 

4.15 (dd, J = 8.8, 3.4 Hz, 1H), 4.58 (dd, J = 8.5, 8.5 Hz, 1H), 5.15 (ddd, J = 8.5, 8.5, 3.1 Hz, 1H), 6.09 (dd, J 

= 15.7, 9.0 Hz, 1H), 6.91 (d, J = 15.7 Hz, 1H), 7.17 (d, J = 8.1 Hz, 2H), 7.43 (dd, J = 8.5, 1.3 Hz, 2H), 7.48-

7.53 (m, 2H), 7.72 (s, 1H), 7.88-7.79 (m, 5H). 13C NMR (100 MHz, CDCl3):  21.6, 59.8, 68.3, 123.1, 123.8, 

126.6, 126.6, 127.6, 127.7, 128.1, 128.5, 128.7, 129.6, 132.3, 133.3, 133.4, 135.2, 136.1, 145.4, 151.7. [ ]D
24.5 

= 65 (c = 1.0, CHCl3) using 91:9 er product. HRMS (ESI): m/z calculated for C22H19NO4SNa+ [M+Na]+: 

416.0927, found: 416.0934. 

 

 

Figure 42a. Chiral HPLC chart for (rac,E)- 4-(2-(naphthalen-2-yl)vinyl)-3-tosyloxazolidin-2-one 48p. 

(a) (b) 

(c) 



 Chapter 4   

124 

Figure 42b. Chiral HPLC chart for the product 48p prepared by condition A. 

Figure 42c. Chiral HPLC chart for the product 48p prepared by condition B. 
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4.3.2. 5-membered ring formation reactions of substrates with an alkyl substituent or a terminal 

alkene 

General Procedure of allylic C-H amination for alkyl substituted carbamates and terminal alkene 

materials (Table 8, 19) 

 
Schiff base ligand L2 or L10 (21 mg, 10 mol %), Cu(OAc)2·H2O (6.0 mg, 10 mol %), and anhydrous THF 

(600 L) were added to a dried screw-capped vial in a glove box. The mixture was heated to 40 °C and stirred 

for 2 hours. After cooling to room temperature, the solvent was removed under reduced pressure through a 

needle, and the resulting residue was dried for 2 hours at room temperature. Pd(OAc)2 (6.7 mg, 10 mol %), 

2,6-dimethyl-1,4-benzoquinone (w equiv.), additive (x mol %), tosylcarbamate 41, 53 (0.3 mmol, 1 equiv.), 

and anhydrous 1,4-dioxane (y M) were added to the vial in the glove box. The mixture was stirred under Ar 

atmosphere at z °C for 48 hours. After the mixture was cooled to room temperature and diluted with AcOEt, 

insoluble solids were filtered off through a short silica gel column. After evaporation, the obtained crude 

mixture, which was analyzed by 1H NMR using dimethyl sulfone as an internal standard, was purified by silica 

gel column chromatography with hexane/CH2Cl2/MeOH (gradient from 80:20:1 to 40:20:1) to remove the 

Schiff base complex and other some byproducts. After the removal of the solvent, the mixture was purified 

again by silica gel column chromatography with hexane/AcOEt (gradient from 10:1 to 3:1 with adding 1% 

Et3N) to remove the remaining starting material. After the evaporation, the pure product was obtained.  

 

(S,E)-4-(2-(thiophene-3-yl)vinyl)-3-tosyloxazolidin-2-one (41) 

This product was prepared using L10 (21 mg, 10 mol %), 2,6-dimethyl-1,4-benzoquinone (61 

mg, 1.5 equiv.), B(C6F5)3 as additive (23 mg, 15 mol %), tosylcarbamate 41 (0.3 mmol, 81 mg), 

and anhydrous 1,4-dioxane (300 l, 1 M) at 45 °C according to general procedure. After two 

times of column chromatography, colorless solid 42 (72 mg, 90%) was obtained and the 

enantiomeric ratio was determined to be 91:9 with a CHIRALPAK ID column (hexane/iPrOH = 4:1, 1.0 

mL/min, 230 nm, tR = 19.6 min (major), 24.7 min (minor)). The product was identified by comparing the 

spectra with reported ones16; 1H NMR (CDCl3, 500 MHz)  2.44 (s, 3H), 4.04 (dd, J = 8.6, 4.0 Hz, 1H), 4.49 

(dd, J = 8.6, 8.6 Hz, 1H), 4.91 (ddd, J = 8.3, 8.3, 3.6 Hz, 2H), 5.38 (d, J = 9.7 Hz, 1H), 5.48 (d, J = 17.2 Hz, 

1H), 5.82 (ddd, J = 17.9, 9.3, 7.6 Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.92 (d, J = 8.6 Hz, 2H). 13C NMR (125 

MHz, CDCl3):  21.6, 59.5, 68.0, 120.7, 128.6, 129.6, 133.5, 134.9, 145.5, 151.7. HRMS (ESI): m/z calculated 

for C12H13NO4SNa+ [M+Na]+: 290.0458, found: 290.0470. 
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Figure 43a. (rac,E)- 4-(2-(thiophene-3-yl)vinyl)-3-tosyloxazolidin-2-one 42. 

Figure 43b. Reaction product 42. 

 

4-(prop-1-en-1-yl)-3-tosyloxazolidin-2-one (54) 

This product was prepared using L2 (14 mg, 10 mol %), 2,6-

dimethyl-1,4-benzoquinone (61 mg, 1.5 equiv.), (PhO)2PO2H as 

additive (3 mg, 4 mol %), tosylcarbamate (Z)-53 (0.3 mmol, 85 mg), 

and anhydrous 1,4-dioxane (3 mL, 0.1 M) at 50 °C according to the 

general procedure. After two times of column chromatography, a 

colorless solid (67 mg, 80%) was obtained as a mixture of (E)-4-(2-(thiophene-3-yl)vinyl)-3-tosyloxazolidin-

2-one (E)-54 (73%) and (Z,R)-4-(2-(thiophene-3-yl)vinyl)-3-tosyloxazolidin-2-one (Z)-54 (5%) and 4-allyl-3-

tosyloxazolidin-2-onewas 114 (3%). The enantiomeric ratios of these products were determined to be 91:9 

((E)-54), 56:44 ((Z)-54), 61:39 (114) with a CHIRALCEL OJ-H column (hexane/iPrOH = 4:1, 1.0 mL/min, 

230 nm, tR = 25.4 min (114), 27.8 min ((Z)-54), 29.3 (114), 31.0 min ((E)-54), 35.3 min ((Z)-54), 38.2 min 

((E)-54)). 1H NMR (mixture of (E)-54, (Z)-54, 114) (CDCl3, 500 MHz)  1.74 (d, J = 6.3 Hz, 3H·(E)-54), 

1.83 (d, J = 6.9 Hz, 3H·(Z)-54), 1.86 (d, J = 5.7 Hz, 3H·114), 2.44 (s, 3H·(E)-54 + 3H·(Z)-54 + 3H·114), 3.96 

(dd, J = 8.9, 3.7 Hz, 1H·(Z)-54), 4.01 (dd, J = 8.6, 3.4 Hz, 1H·(E)-54), 4.12 (dd, J = 8.9, 3.7 Hz, 1H·114), 4.34 

(dd, J = 8.3, 8.3 Hz, 1H·114), 4.46 (dd, J = 8.3, 8.3 Hz, 1H·(E)-54), 4.51 (dd, J = 8.3, 8.3 Hz, 1H· (Z)-54), 

4.55 (tt, J = 7.5, 4.0 Hz, 1H·114), 4.88 (td, J = 8.3, 3.4 Hz, 1H·(E)-54), 5.15 (d, J = 17.2 Hz, 1H·114), 5.19 (d, 

J = 10.9 Hz, 1H·114), 5.29 (td, J = 9.0, 3.7 Hz, 1H·(Z)-54), 5.38 (dd, J = 15.2, 8.9 Hz, 1H·(E)-54), 5.64 (ddt, 

J = 17.0, 10.0, 6.9 Hz, 1H·114), 5.89 (qd, J = 10.0, 7.0 Hz, 1H·(Z)-54), 5.93 (qd, J = 14.0, 6.7 Hz, 1H·(E)-54), 

7.33 (d, J = 8.0 Hz, 2H·(E)-54 + 2H·(Z)-54 + 2H·114), 7.89 (d, J = 8.6 Hz, 2H·(E)-54 + 2H·(Z)-54), 7.97 (d, 

J = 8.0 Hz, 2H·114). A peak of 1H·(Z)-54 is overlapping somewhere. 

When we used (E)-53 as a substrate, we obtained the products (E)-54 (40:60 er) and (Z)-54 (11:89 er). See 

figure 44d. 

When we used (E)-73 as a substrate, we obtained the products (E)-54 (82:18 er) and (Z)-54 (62:38 er). See 

figure 44e. 

When we used (Z)-73 as a substrate, we obtained the products (E)-54 (24:76 er) and (Z)-54 (22:78). See 

(a) (b) 



   Chapter 4 

127 

figure 44f. 

  

 

 

Figure 44a. Mixture of the reaction products prepared from (Z)-53 using racemic L10-Cu ligand 

(mixture of (Sbinaphthyl,RSulfoxide,RSulfoxide)-L10 ligand and (R,S,S)-L10 ligand). 

Figure 44b. Mixture of the reaction products prepared from (Z)-53. 

Figure 44c. Mixture of the reaction products prepared from (Z)-53 with the difference reaction condition 

(MS 4A (60 mg) was added). This mixture was used for the following purification. 

Figure 44d. Mixture of the reaction products prepared from (E)-53. 

(c) (d) 

(a) (b) 

(e) (f) 
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Figure 44e. Mixture of the reaction products prepared from (E)-73. 

Figure 44f. Mixture of the reaction products prepared from (Z)-73. 

 

Further purification by HPLC with InerSustain Phenyl 5 m column (10×250mm, hexane/iPrOH = 9:1, 5.0 

mL/min, 254 nm, tR = ca. 10 min) afforded (S,E)-4-(2-(thiophene-3-yl)vinyl)-3-tosyloxazolidin-2-one (E)-54 

as a single product; IR (NaCl): 2918, 1778, 1672, 1598, 1495, 1446, 1369, 1309, 1262, 1190, 1173, 1119, 

1086, 1070, 1038, 999, 971, 813, 759, 664, 607, 573 cm-1. 1H NMR (CDCl3, 400 MHz)  1.75 (dd, J = 6.9, 

1.1 Hz, 3H), 2.45 (s, 3H), 4.01 (dd, J = 8.9, 3.7 Hz, 1H), 4.46 (dd, J = 8.3, 8.3 Hz, 1H), 4.88 (td, J = 8.6, 3.4 

Hz, 1H), 5.38 (ddq, J = 15.0, 9.0, 1.3 Hz, 1H), 5.93 (qd, J = 14.9, 6.9 Hz, 1H), 7.33 (d, J = 8.0 Hz, 2H), 7.89 

(d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3): 17.6, 21.7, 59.5, 68.4, 126.5, 128.7, 129.5, 133.0, 135.3, 

145.4, 151.8. [ ]D
24.2 = 42 (c = 0.37, CHCl3) using 91:9 er product. HRMS (ESI): m/z calculated for 

C13H15NO4SNa+ [M+Na]+: 304.0614, found: 304.0627. 

 
Figure 45. Chiral HPLC chart for the product purified using InerSustain Phenyl 5 m column. 
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4.3.3. 6-membered ring formation reactions  

General Procedure of allylic C-H amination of 6-membered ring formation reactions (Scheme 23, 26) 

 

The reaction conditions were the same as the general procedure of 5-membered ring formation reactions of 

substrates with an alkyl substituent or a terminal alkene (See 4-3-2). 

 

(E)-6,6-dimethyl-4-styryl-3-tosyl-1,3-oxazinan-2-one (52b) 

This product was prepared using L2 (14 mg, 10 mol %), 2,6-dimethyl-1,4-

benzoquinone (82 mg, 2.0 equiv.), (PhO)2PO2H as additive (3.0 mg, 4 mol %), 

tosylcarbamate 51b (0.3 mmol, 116 mg), and anhydrous 1,4-dioxane (3 mL, 0.1 M) 

according to general procedure under dark conditions. After two times of column 

chromatography, a colorless solid (99 mg, 86%) was obtained and the enantiomeric ratio was determined to 

be 83:17 with a CHIRALPAK IF column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 16.3 min (minor), 

20.4 min (major)).; mp: 141-143 °C. IR (KBr): 2980, 1727, 1596, 1493, 1449, 1359, 1273, 1214, 1169, 1133, 

1086, 973, 900, 809, 767, 705, 669, 633, 580 cm-1. 1H NMR (CDCl3, 500 MHz)  1.42 (s, 3H), 1.52 (s, 3H), 

1.98 (dd, J = 14.3, 9.2 Hz, 1H), 2.23 (dd, J = 14.3, 7.4 Hz, 1H), 2.38 (s, 3H), 5.13 (ddd, J = 8.6, 7.4, 7.4 Hz, 

1H), 5.89 (dd, J = 15.5, 8.0 Hz, 1H), 6.66 (d, J = 15.5 Hz, 1H), 7.17 (d, J = 8.0 Hz, 2H), 7.26-7.36 (m, 5H), 

7.91 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.5, 25.4, 29.1, 40.9, 56.8, 79.8, 126.5, 127.2, 128.3, 

128.6, 129.0, 129.4, 133.4, 135.5, 136.1, 144.6, 149.0. [ ]D
24.9 = 5.3 (c = 1.0, CHCl3) using 83:17 er product. 

HRMS (ESI): m/z calculated for C21H23NO4SNa+ [M+Na]+: 408.1240, found: 408.1258. 

  
Figure 46a. Chiral HPLC chart for (rac,E)-6,6-dimethyl-4-styryl-3-tosyl-1,3-oxazinan-2-one 52b. 

Figure 46b. Chiral HPLC chart for the product 52b. 

(a) (b) 
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6,6-dimethyl-3-tosyl-4-vinyl-1,3-oxazinan-2-one (43b) 

This product 43b was prepared using L10 (21 mg, 10 mol %), 2,6-dimethyl-1,4-

benzoquinone (82 mg, 2.0 equiv.), tosylcarbamate 42b (0.3 mmol, 93 mg), and anhydrous 

1,4-dioxane (3 mL, 0.1 M) at 45 °C without any additives according to general procedure. 

After two times of column chromatography, a colorless solid (66 mg, 71%) was obtained and the enantiomeric 

ratio was determined to be 87:13 with a CHIRALPAK IF column (hexane/iPrOH = 9:1, 1.0 mL/min, 230 nm, 

tR = 28.8 min (major), 37.1 min (minor)).; mp: 96-100 °C. IR (KBr): 1735, 1359, 1280, 1225, 1188, 1171, 

1146, 1088, 977, 931, 892, 815, 761, 715, 678, 656, 629, 563 cm-1. 1H NMR (CDCl3, 400 MHz)  1.40 (s, 

3H), 1.44 (s, 3H), 1.95 (dd, J = 14.3, 8.4 Hz, 1H), 2.18 (dd, J = 14.3, 7.0 Hz, 1H), 2.42 (s, 3H), 4.98 (ddd, J = 

8.2, 7.2, 7.2 Hz, 1H), 5.28 (d, J = 10.0 Hz, 1H), 5.37 (d, J = 16.8 Hz, 1H), 5.74 (ddd, J = 16.8, 10.0, 6.8 Hz, 

1H), 7.30 (d, J = 8.2 Hz, 2H), 7.95 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.5, 26.1, 29.0, 40.6, 

56.8, 80.0, 118.0, 129.1, 129.3, 135.9, 136.7, 144.7, 148.9. [ ]D
25.1 = 18 (c = 1.0, CH2Cl2) using 87:13 er 

product. HRMS (ESI): m/z calculated for C15H19NO4SNa+ [M+Na]+: 332.0927, found: 332.0939. 

   
Figure 47a. Chiral HPLC chart for the (rac)- 6,6-dimethyl-3-tosyl-4-vinyl-1,3-oxazinan-2-one 43b. 

Figure 47b. Chiral HPLC chart for the product 43b. 

 

(R)-6,6-diethyl-3-tosyl-4-vinyl-1,3-oxazinan-2-one (43c) 

This product 43c was prepared using L10 (21 mg, 10 mol %), 2,6-dimethyl-1,4-

benzoquinone (82 mg, 2.0 equiv.), tosylcarbamate 42c (0.3 mmol, 102 mg), and anhydrous 

1,4-dioxane (3 mL, 0.1 M) at 45 °C without any additives according to general procedure. 

After two times of column chromatography, a colorless oil (77 mg, 76%) was obtained and the enantiomeric 

ratio was determined to be 85:15 with a CHIRALPAK IF column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, 

tR = 12.3 min (major), 14.8 min (minor)).; IR (NaCl): 2974, 2884, 2361, 1730, 1645, 1597, 1495, 1462, 1357, 

1232, 1172, 1088, 987, 911, 816, 757, 706, 676, 593 cm-1. 1H NMR (CDCl3, 500 MHz)  0.88 (t, J = 7.7 Hz, 

3H), 0.89 (t, J = 7.7 Hz, 3H), 1.62-1.71 (m, 3H), 1.74-1.82 (m, 1H), 1.91 (dd, J = 14.3, 8.0 Hz, 1H), 2.17 (dd, 

J = 14.3, 7.4 Hz), 2.42 (s, 3H), 4.97 (ddd, J = 7.4, 7.4, 7.4 Hz, 1H), 5.25 (d, J = 10.3 Hz, 1H), 5.33 (d, J = 17.2 

Hz, 1H), 5.74 (ddd, J = 17.2, 10.3, 7.4 Hz), 7.29 (d, J = 8.0 Hz, 2H), 7.95 (d, J = 8.6 Hz, 2H) . 13C NMR (125 

MHz, CDCl3):  21.6, 23.5, 23.8, 38.2, 38.8, 39.6, 57.2, 90.7, 118.1, 129.1, 129.4, 135.9, 136.9, 144.8, 149.0. 

(a) (b) 
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[ ]D
25.2 = 19 (c = 1.1, CH2Cl2) using 85:15 er product. HRMS (ESI): m/z calculated for C17H23NO4SNa+ 

[M+Na]+: 360.1240, found: 360.1254. 

  
Figure 48a. Chiral HPLC chart for (rac)- 6,6-diethyl-3-tosyl-4-vinyl-1,3-oxazinan-2-one 43c. 

Figure 48b. Chiral HPLC chart for the product 43c. 

 

(R)-3-tosyl-4-vinyl-1-oxa-3-azaspiro[5.5]undecan-2-one (43e) 

This product was prepared using L10 (21 mg, 10 mol %), 2,6-dimethyl-1,4-benzoquinone 

(82 mg, 2.0 equiv.), tosylcarbamate 42e (0.3 mmol, 105 mg), and anhydrous 1,4-dioxane 

(3 mL, 0.1 M) at 45 °C without any additives according to general procedure. After two 

times of column chromatography, a colorless solid (74 mg, 71%) was obtained and the enantiomeric ratio was 

determined to be 84:16 with a CHIRALPAK IF column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 14.0 

min (major), 18.6 min (minor)).; mp: 77-79 °C. IR (KBr): 2933, 2863, 2367, 2356, 2342, 1737, 1599, 1448, 

1381, 1359, 1316, 1277, 1244, 1207, 1187, 1170, 1140, 1092, 1021, 997, 938, 926, 904, 855, 813, 761, 709, 

687, 666, 637, 661, 556 cm-1. 1H NMR (CDCl3, 400 MHz)  1.29-1.38 (m, 1H), 1.41-1.53 (m, 4H), 1.56-1.73 

(m, 3H), 1.77-1.89 (m, 2H), 1.90 (dd, J = 14.4, 8.1 Hz, 2H), 2.21 (dd, J = 14.4, 7.2 Hz, 1H), 2.42 (s, 3H), 4.97 

(ddd, J = 7.3, 7.3, 7.3 Hz, 1H), 5.25 (d, J = 10.3 Hz, 1H), 5.34 (d, J = 17.1 Hz, 1H), 5.73 (ddd, J = 17.1, 9.9, 

7.2 Hz, 1H), 7.29 (d, J = 8.5 Hz, 2H), 7.95 (d, J = 8.1 Hz, 2H). 13C NMR (100 MHz, CDCl3):  21.5, 21.7, 

21.8, 24.9, 35.2, 37.6, 39.4, 56.5, 81.8, 118.0, 129.1, 129.4, 135.9, 136.9, 144.8, 149.0. [ ]D
25.1 = 16 (c = 

1.0, CH2Cl2) using 84:16 er product. HRMS (ESI): m/z calculated for C18H23NO4SNa+ [M+Na]+: 372.1240, 

found: 372.1255. 

 

(a) (b) 

(a) (b) 
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Figure 49a. Chiral HPLC chart for (rac)- 3-tosyl-4-vinyl-1-oxa-3-azaspiro[5.5]undecan-2-one 42e. 

Figure 49b. Chiral HPLC chart for the product 42e. 
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5. Determination of absolute configurations 2−3  

Scheme S2. Determination of Absolute Configuration of 2a 

 

The amino alcohol 49 was prepared from the commercially available Garner’s aldehyde ((S)-(−)-3-boc-2,2-

dimethyloxazolidine-4-carboxaldehyde) according to the literature.17 To a stirred solution of amino alcohol 

49 (68 mg, 0.26 mmol, 1 equiv.) in THF (2.6 mL, 0.1 M) was added SOCl2 (92 L, 1.3 mmol, 5 equiv.), and 

the mixture was stirred overnight. After evaporation, purification by silica gel column chromatography with 

hexane/AcOEt (gradient from 2:1 to 1:2) afforded carbamate 50 (50 mg, qunat.) as a colorless solid. The 

product was identified by comparing the spectra with reported ones.18 

To a solution of carbamate 50 (50 mg, 0.26 mmol, 1.0 equiv.) in THF (26 mL, 0.01 M) was added NaH (26 

mg, 2.5 equiv., 60% dispersion in mineral oil). After the stirring at room temperature for 5 minutes, p-

toluenesulfonyl chloride (75 mg, 1.5 equiv.) was added to the mixture at 0 °C, and the reaction mixture was 

further stirred for 1 h at room temperature. The reaction was quenched by NH4Cl aq. and extracted with CH2Cl2. 

The combined organic layers were evaporated and purified by silica gel column chromatography with 

hexane/AcOEt (gradient from 10:1 to 1:2) to furnish the product 48a (65 mg, 72%), which was identified as 

the same product as the compound obtained from the allylic C−H amination reaction by comparing their 1H 

NMR spectra. From the HPLC analysis, the enantiomeric ratio was determined to be 97:3 (tR = 39.9 min (major, 

(R)-48a’s peak), 52.1 min ((S)-48a’s minor)). 

By comparing retention time of the authentic sample with that of products under our conditions (Figure 3b), 

the absolute configuration was determined. 

 
Figure 50. 4-(2-phenylovinyl)-3-tosyloxazolidin-2-one 48a derivatized from Garner’s aldehyde. 
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Scheme S3. Determination of Absolute Configuration of 54 

 

The compound 55 was prepared as E/Z mixture (E/Z =1:10) from Garner’s aldehyde through Wittig reaction 

according to the literature.19 Without separation of the E/Z isomers, the compound 55 was converted to tosyl 

carbamate 54 through 3 steps. To a solution of 55 (50 mg, 0.21 mmol, 1.0 equiv., E/Z mixture) in MeOH (1.2 

mL, 0.17 M) was added p-toluenesulfonic acid (18 mg, 0.5 equiv.), and the mixture was stirred for 3 hours at 

room temperature. The reaction mixture was quenched by NaHCO3 aq. and extracted with AcOEt. After the 

evaporation, the crude mixture was purified by silica gel column chromatography with hexane/AcOEt 

(gradient from 5:1 to 2:1) to afford the amino alcohol 56 (28 mg, 50%) as a colorless solid. The product was 

identified by comparing the NMR spectra with reported ones.20 

To a stirred solution of amino alcohol 56 (28 mg, 0.10 mmol, 1 equiv.) in THF (1.0 mL, 0.1 M) was added 

SOCl2 (38 L, 0.52 mmol, 5 equiv.) and the mixture was stirred for 4 hours. After the evaporation, purification 

by silica gel column chromatography with hexane/AcOEt (gradient from 2:1 to 1:2) afforded carbamate 57 (13 

mg, 97%) as a colorless solid. The product was identified by comparing the NMR spectra with reported ones.21 

To a solution of carbamate 57 (13 mg, 0.10 mmol, 1.0 equiv.) in THF (10 mL, 0.1 M) was added NaH (14 

mg, 3.5 equiv., 60% dispersion in mineral oil) and the mixture was stirred at room temperature. After the 

stirring for 5 minutes, p-toluenesulfonyl chloride (29 mg, 1.5 equiv.) was added at 0 °C and the reaction mixture 

was further stirred for 1 h at room temperature. The reaction was quenched by NH4Cl aq. and extracted with 

CH2Cl2. The combined organic layers were evaporated and purified by silica gel column chromatography with 

hexane/AcOEt (gradient from 10:1 to 1:2) to furnish the product 54 (15 mg, 53%, Z:E = 10:1), which was 

identified as the same product as the compound obtained from the allylic C−H amination reaction by 

comparing their 1H NMR spectra. From the HPLC analysis, enantiomeric ratio was measured to be 3:97 ((E)-

54), 97:3 ((Z)-54) with a CHIRALCEL OJ-H column (hexane/iPrOH = 4:1, 1.0 mL/min, 230 nm, tR = 27.9 

min((R,Z)-54), 31.5 min ((R,E)-54), 35.7 min ((S,Z)-54), 39.4 min ((S,E)-54)). 

By comparing retention time of the authentic sample with that of products under our conditions (Figure 17b), 

the absolute configuration was determined. 
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Figure 51. 4-(prop-1-en-1-yl)-3-tosyloxazolidin-2-one 54 derivatized from Garner’s aldehyde. 
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6. Calculation of the plausible structure of Pd(OAc)/L10-Cu complex 3  

Initial structure search was performed with crest 2.9 program 22  developed by Grimme et al. 

(https://github.com/grimme-lab/crest) combined with xtb 6.2.3 program 23  (https://github.com/grimme-

lab/xtb). The search was performed with iMTD-GC algorithm, GFN2-xTB parameters,24  and the energy 

threshold value of 15 kcal/mol. We obtained 69 structures at this point, from which 10 structures were selected 

based on the following criteria: (1) we selected structures in which the inner N,N,O,O atoms coordinate to the 

Cu; (2) we selected the structures with different coordinating atoms to Pd. In other words, one representative 

structure was selected when several structures have the same coordination structure around the Pd. The selected 

10 structures were further optimized at M06L/def2SVP level of theory25  using Gaussian 16 (Rev B.01) 

program package,26  followed by vibrational calculation at the same level to confirm that the optimized 

structures are equilibrium structures. Based on the Gibbs free energies, the most favored structure shown below 

is more stable than others by 5.1–17.6 kcal/mol. All the calculations were performed with a monocationic and 

doublet state.    

 

Most favored structure of Pd(OAc)/L9-Cu complex 

Cu             0.582148     0.062980    -0.143835 

O             -0.816675    -1.382705    -0.097608 

O             -0.762121     1.416234    -0.187234 

N              1.814510     1.131371     0.957614 

C              3.857136    -0.165750     0.665783 

C              3.880650     0.109350    -0.794697 

N              1.825318    -1.156011    -1.127300 

C              5.894112     1.558459    -0.539404 

C              4.928386     0.906665    -1.352252 

C             -0.791421     2.541344     0.425790 

C              0.373404    -3.123981    -1.260592 

C              1.502697     2.303168     1.431954 

C              4.870703    -0.994242     1.242439 

C              2.898781     0.405549     1.499398 

C              3.049187    -0.314686    -3.058279 

C              2.947525    -0.465739    -1.652380 

C              6.890911     2.325325    -1.100394 

C              2.940237     0.208750     2.904190 

C              0.319072     3.062410     1.185590 

C              5.020674     1.066646    -2.775668 

C              4.908045    -1.185950     2.664271 
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C             -0.773517    -2.593710    -0.593966 

C              1.557611    -2.355247    -1.539178 

C              0.229823     4.331300     1.799212 

C              5.854931    -1.647475     0.452640 

C              6.820120    -2.439935     1.033849 

C              6.062844     1.858181    -3.319417 

C              0.345142    -4.469880    -1.684966 

C              3.927621    -0.556743     3.470134 

C             -0.911116     5.105338     1.717090 

C              4.066583     0.427497    -3.604008 

C             -1.969307     3.354877     0.395621 

C             -0.746127    -5.298638    -1.471667 

C              6.981602     2.475111    -2.501286 

C             -1.898930    -3.439253    -0.477211 

C              6.858356    -2.617575     2.433396 

C             -2.019310     4.585882     1.037798 

C              5.918059    -2.002956     3.229273 

C             -1.887225    -4.774703    -0.859430 

H              5.837021     1.453839     0.546145 

H              2.223642     2.768469     2.125403 

H              2.289899    -0.776171    -3.694330 

H              7.618667     2.822524    -0.455842 

H              2.156667     0.657756     3.519200 

H              2.302123    -2.856146    -2.181958 

H              1.092635     4.690882     2.366758 

H              5.840776    -1.522996    -0.632213 

H              7.563286    -2.935532     0.405783 

H              6.122502     1.969597    -4.404798 

H              1.234429    -4.866942    -2.181786 

H              3.955930    -0.704639     4.552197 

H             -0.964417     6.080904     2.200503 

H              4.140297     0.545826    -4.687542 

H             -0.717812    -6.343494    -1.781120 

H              7.780713     3.081317    -2.932322 

H              7.632421    -3.243731     2.881278 

H             -2.957293     5.150669     1.018250 
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H              5.935259    -2.137127     4.313582 

H             -2.767456    -5.394363    -0.670468 

S             -3.362117    -2.696125     0.225406 

S             -3.527537     2.777135    -0.285338 

O             -4.118286    -3.690654     1.025136 

C             -4.431306    -2.198958    -1.264970 

C             -3.561775    -1.371799    -2.187834 

H             -2.749328    -1.962408    -2.636604 

H             -4.184908    -1.001845    -3.015935 

H             -3.148179    -0.488873    -1.674650 

C             -4.918290    -3.491619    -1.885715 

H             -5.435432    -4.124827    -1.152581 

H             -5.636398    -3.250221    -2.682819 

H             -4.104466    -4.067627    -2.348799 

C             -5.556261    -1.394017    -0.635605 

H             -6.277224    -1.123159    -1.420696 

H             -6.095370    -1.977605     0.122858 

H             -5.186041    -0.462838    -0.182539 

O             -3.568848     1.257470    -0.252914 

C             -3.367606     3.256201    -2.119416 

C             -4.650756     2.710121    -2.724954 

H             -4.669098     2.917041    -3.804848 

H             -4.724897     1.622819    -2.586700 

H             -5.545200     3.172920    -2.283777 

C             -2.144829     2.593760    -2.714013 

H             -2.145449     1.511500    -2.526378 

H             -2.134915     2.751237    -3.803648 

H             -1.212032     3.011565    -2.311076 

C             -3.307822     4.769318    -2.180585 

H             -4.166890     5.238633    -1.678579 

H             -2.384100     5.167285    -1.736809 

H             -3.329179     5.096938    -3.230517 

Pd            -2.468595    -0.848019     1.093470 

O             -1.912542     0.809047     2.390763 

C             -3.087499     0.768545     2.859031 

O             -3.854770    -0.176506     2.460976 
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C             -3.593729     1.781653     3.815380 

H             -4.425180     2.333846     3.357019 

H             -3.995151     1.292697     4.711660 

H             -2.799529     2.482402     4.094366 
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7. More Detailed Mechanistic Studies 

7.1. Time course experiment 

Discussion: We performed a time-course experiment using internal alkene 53. As shown in Scheme S4, an 

induction period was observed. The result indicated that it is difficult to accurately determine the kH/kD value 

of this reaction. 

 

Experimental Section: The reaction mixture was prepared according to the same procedure written in [4.3.2. 

5-membered ring formation reactions of substrates with an alkyl substituent or a terminal alkene]. The vial 

filled with reaction mixture was opened in the glovebox and collected 250 L at each time (3, 5, 7, 9, 12, 16, 

20, 24, 48 h). The collected reaction mixture was passed through a short silica gel column. After the 

evaporation, dimethylsulfone was added to the crude mixture as an internal standard, and then the solution was 

analyzed by 1H NMR. The graph in Scheme S4 shows the NMR yield change from 3 h to 16 h. 

Scheme 50. Time course experiment using 53.  

 

time 
(x h) 

NMR  
yield (%) 

0 0 
3 2 
5 6 
7 10 
9 14 

12 22 
16 37 
20 41 
24 51 
48 69 
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7.2. H/D scrambling 

Discussion: We conducted the reaction using d2-53 (Scheme S5). The product (d-54) was isolated and 

analyzed by 1H NMR. The 1H NMR spectrum showed that no H/D scrambling occurred. The result implied 

that the C–H cleavage would be irreversible and further supported that the isomerization/amino-palladation 

pathway is not plausible. 

 

Experimental section: Schiff base ligand L2 (4.8 mg, 10 mol %), Cu(OAc)2·H2O (2.0 mg, 10 mol %), and 

anhydrous THF (200 L) were added to a dried screw-capped vial in a glove box. The mixture was heated to 

40 °C and stirred for 2 hours. After cooling to room temperature, the solvent was removed under reduced 

pressure, and the resulting residue was dried for 2 hours at room temperature. Pd(OAc)2 (2.3 mg, 10 mol %), 

2,6-dimethyl-1,4-benzoquinone (20 mg, 1.5 equiv.), (PhO)2PO2H (1.0 mg, 4 mol %) [D2]-tosylcarbamate d2-

53 (28 mg, 1 equiv.), and anhydrous 1,4-dioxane (1 mL, 0.1 M) were added to the vial in the glove box. The 

mixture was stirred under Ar atmosphere at 50 °C. 200 L of crude mixture was collected after stirring for 48 

h and passed through a short silica gel column. After the evaporation, dimethylsulfone was added to the crude 

mixture as an internal standard, and then the solution was analyzed by 1H NMR to determine the NMR yield. 

The crude mixture was purified by preparative TLC to investigate H/D scrambling by 1H NMR analysis. 

Scheme 51. H/D scrambling experiment using d2-53 

 
 

 (Z)-pent-3-en-1-yl-2,2-d2 tosylcarbamate (d2-53) 
1H NMR (CDCl3, 400 MHz)  1.57 (dd, J = 6.8, 1.8 Hz, 3H), 2.45 (s, 3H), 4.06 (s, 2H), 

5.24 (d, J = 10.4 Hz, 1H), 5.54 (dq, J = 10.6, 7.0 Hz, 1H), 7.34 (d, J = 8.2 Hz, 2H), 7.93 (d, 

J = 8.6 Hz, 2H), 7.93 (s, 1H). 

 

(S,E)-4-(prop-1-en-1-yl)-3-tosyloxazolidin-2-one-4-d (d-54, Figure 26) 
1H NMR (CDCl3, 400 MHz)  1.75 (dd, J = 6.5, 1.6 Hz, 3H), 2.45 (s, 3H), 4.01 (d, J = 9.0 

Hz, 1H), 4.46 (d, J = 8.5 Hz, 1H), 5.38 (d, J = 15.7 Hz, 1H), 5.93 (dq, J = 15.3, 6.3 Hz, 1H), 

7.33 (d, J = 8.1 Hz, 2H), 7.89 (d, J = 8.1 Hz, 2H). The spectra (see chapter 8) contains 2,6-

dimethyl-1,4-hydroquinone [  2.20 (s, 3H), 6.48 (s, 1H)]and 2,6-dimethyl-1,4-benzoquinone [  2.06 (s, 3H), 

6.56 (s, 1H)]. Integral value was determined as a mixture of d-(E)-54 and d-(Z)-54. 
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FFigure 52. 1H NMR Spectra of d-54 isolated from the reaction of Scheme S5  
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8. Experimental data of Cp*CoIII-catalyzed C−H allylation 

 
GGeneral Procedure of Cp*CoIII-Catlyzed C H Allylation of Purine Derivatives (Table 32) 

To a dried screw-capped vial were added purine derivative 887 (0.30 mmol), Cp*Co(CO)I2 (7.1 

mg, 0.015 mmol, 5 mol %), AgOTf (7.7 mg, 0.030 mmol, 10 mol %), AgOAc (5.0 mg, 0.030 mmol, 

10 mol %), and TFE (3.0 mL) under argon atmosphere in a glovebox. Allyl alcohol 885 (31 l, 0.45 
mmol, 1.5 eq) was then added to the vial. The vial was capped, taken out of the glovebox, and 

the mixture was heated at 60 °C for 8 h with stirring. After the mixture was cooled to room 
temperature and diluted with CH2Cl2, saturated EDTA 2Na aq. was added. The organic layer 

was separated, and the aqueous layer was extracted with CH2Cl2 three times. The organic layers 

were dried over Na2SO4. After filtration and evaporation, the obtained crude mixture was 

purified by silica gel column chromatography (AcOEt/hexane) to give a corresponding product 

88. 

 

Gram-scale Synthesis of 88b (Table 32) 

To a flame-dried 100 mL Schlenk flask were added 9-benzyl-6-phenyl-9H-purine  87b (1.0 g, 3.5 

mmol), Cp*Co(CO)I2 (83.1 mg, 0.175 mmo, 5 mol %), AgOTf (89.7 mg, 0.35 mmol, 10 mol %), and 

AgOAc (58.3 mg, 0.35 mmol, 10 mol %) in a glovebox. The flask was charged with TFE (35 mL) 

and allyl alcohol 22 (356 L, 5.2 mmol, 1.5 eq). The flask was taken out of the glovebox, and the 

mixture was heated at 60 °C for 8 h with stirring under argon atmosphere. After the mixture 

was cooled to room temperature, diluted with CH2Cl2, and transferred to a separatory funnel, 
saturated EDTA 2Na aq.(ca. 100 mL) was added. The organic layer was separated, and the 

aqueous layer was extracted with CH2Cl2 (100 mL x 2). The organic layers were dried over 

Na2SO4. After filtration and evaporation, the obtained crude mixture was purified by silica gel 

column chromatography (AcOEt/hexane = 2/1) to give 888b (1.08 g, 95%). 

 
General Procedure of Cp*CoIII-Catlyzed C H Allylation of Benzamide Derivatives (Table 35) 

To a dried screw-capped vial were added benzamide derivative 889 (0.30 mmol), Cp*Co(CO)I2 

(7.1 mg, 0.015 mmol, 5 mol %), AgNTf2 (23.3 mg, 0.060 mmol, 20 mol %), AgOAc (5.0 mg, 0.030 

mmol, 10 mol %), and HFIP (0.3 mL) under argon atmosphere in a glovebox. Allyl alcohol 885 (61 

l, 0.90 mmol, 3.0 eq) was then added to the vial. The vial was capped, taken out of the glovebox, 

and the mixture was heated at 80 °C for 24 h with stirring. The workup was the same as above. 
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66-(2-allylphenyl)-9-isopropyl-9H-purine (88a): a colorless oil; IR (neat)  

2978, 1582, 1329, 1216, 764, 649 cm-1; 1H NMR (CDCl3, 400 MHz)  1.70 (d, 

J = 7.0 Hz, 6H), 3.63 (d, J = 6.3 Hz, 2H), 4.84-4.90 (m, 2H), 5.00 (sept, J = 

7.0 Hz, 1H), 5.87 (ddt, J = 17.2, 10.4, 6.3 Hz, 1H), 7.36-7.46 (m, 3H), 7.69 (d, 

J = 7.7 Hz, 1H), 8.15 (s, 1H), 9.04 (s, 1H); 13C NMR (CDCl3, 100 MHz) 22.4, 

37.6, 47.3, 115.4, 126.1, 129.6, 130.1, 130.8, 132.5, 134.7, 137.3, 138.8, 142.2, 151.3, 151.7, 158.5; 

HRMS (ESI): m/z calculated for C17H19N4+ [M+H+]: 279.1604, found: 279.1603. 

 

6-(2-allylphenyl)-9-benzyl-9H-purine (88b): a colorless oil; IR (neat)  3062, 
3032, 1583, 1504, 1455, 1402, 1327, 1213, 924, 763, 727, 699, 650 cm-1; 1H 

NMR (CDCl3, 500 MHz)  3.64 (d, J = 6.6 Hz, 2H), 4.83-4.87 (m, 2H), 5.46 

(s, 2H), 5.85 (ddt, J = 17.2, 10.3, 6.6 Hz, 1H), 7.33-7.44 (m, 8H), 7.71 (dd, J 

= 7.4, 1.1 Hz, 1H), 8.05 (s, 1H), 9.07 (s, 1H); 13C NMR (CDCl3, 100 MHz) 37.7, 47.2, 115.4, 126.1, 

127.8, 128.5, 129.0, 129.7, 130.2, 130.9, 132.0, 134.6, 135.0, 137.2, 138.9, 144.3, 151.8, 152.2, 

158.6; HRMS (ESI): m/z calculated for C21H19N4+ [M+H +]: 327.1604, found: 327.1606. 

 

6-(2-allylphenyl)-9-(p-tolylsulfonyl)-9H-purine (88c): a colorless solid (74.7 

mg, 64%); mp 127.0-128.5 °C; IR (neat)  3065, 1581, 1387, 1362, 1194, 1180, 

1153, 1089, 670, 578 cm-1 ; 1H NMR (CDCl3, 500 MHz)  2.45 (s, 3H), 3.56 (d, 

J = 6.6 Hz, 2H), 4.80-4.86 (m, 2H), 5.81 (ddt, J = 17.2, 9.2, 6.6 Hz, 1H), 7.35-

7.47 (m, 5H), 7.60 (d, J = 7.4 Hz, 1H), 8.23 (d, J = 8.6 Hz, 2H), 8.53 (s, 1H), 

9.12 (s, 1H); 13C NMR (CDCl3, 100 MHz) 21.8, 37.5, 115.7, 126.2, 128.7, 130.2, 130.4, 130.9, 

132.5, 133.5, 133.7, 137.0, 137.0, 139.0, 141.6, 147.1, 150.3, 153.6, 159.9; HRMS (ESI): m/z 

calculated for C21H19O2N4S + [M+H+ ]: 391.1223, found: 391.1223.  

 

6-(2-allylphenyl)-9-((2R,3R,4R,5R)-3,4-diacetoxy-5-

(acetoxymethyl)tetrahydrofurane-2-yl)-9H-purine (88e): a pale 

yellow amorphous; IR (neat)  2979, 1748, 1584, 1373, 1223, 1099, 

1048, 762 cm-1; 1H NMR (CDCl3, 400 MHz)  2.08 (s, 3H), 2.10 (s, 

3H), 2.14 (s, 3H), 3.60 (d, J = 6.9 Hz, 2H), 4.38 (dd, J = 13.2, 5.2 Hz, 

1H), 4.44-4.47 (m, 2H), 4.83-4.88 (m, 2H), 5.71 (dd, J = 5.4, 4.6 Hz, 

1H), 5.84 (ddt, J = 16.6, 9.7, 6.9 Hz, 1H), 6.00 (dd, J = 5.4, 5.4 Hz, 

1H), 6.27 (d, J = 4.6 Hz, 1H), 7.34-7.44 (m, 3H), 7.66 (dd, J = 7.4, 1.1 Hz, 1H), 8.22 (s, 1H), 9.03 

(s, 1H); 13C NMR (CDCl3, 100 MHz)  20.3, 20.4, 20.6, 37.6, 62.9, 70.4, 73.0, 80.2, 86.4, 115.6, 

126.2, 129.9, 130.2, 130.9, 132.8, 134.3, 137.1, 138.9, 142.8, 151.2, 152.3, 159.2, 169.3, 169.5, 

170.2; HRMS (ESI): m/z calculated for C25H26N4NaO7+ [M+Na+]: 517.1694, found: 517.1695. 
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66-(2-allyl-4-methoxyphenyl)-9-isopropyl-9H-purine (88f): a colorless oil; 

IR (neat)  2977, 2935, 1605, 1579, 1506, 1450, 1329, 1217, 648 cm-1; 1H 

NMR (CDCl3, 500 MHz)  1.64 (d, J = 6.9 Hz, 6H), 3.66 (d, J = 6.3 Hz, 

2H), 3.82 (s, 3H), 4.87-4.96 (m, 3H), 5.85 (ddt, J = 16.6, 10.3, 6.3 Hz, 1H), 

6.87-6.90 (m, 2H), 7.73 (d, J = 8.0 Hz, 1H), 8.10 (s, 1H), 8.96 (s, 1H); 13C 

NMR (CDCl3, 100 MHz) 22.4, 37.8, 47.2, 55.2, 111.4, 115.6, 115.9, 127.3, 

132.4, 132.7, 137.2, 141.1, 141.8, 151.2, 151.6, 158.2, 160.6; HRMS (ESI): m/z calculated for 

C18H21N4O+ [M+H+]: 309.1710, found: 309.1711. 

 

6-(2-allyl-4-fluorophenyl)-9-isopropyl-9H-purine (88g): a colorless oil; IR 

(neat)  2979, 1589, 1503, 1330, 1216, 970, 809, 648 cm-1; 1H NMR (CDCl3, 

500 MHz)  1.66 (d, J = 6.9 Hz, 6H), 3.61 (d, J = 6.9 Hz, 2H), 4.88-4.99 (m, 

3H), 5.83 (ddt, J = 16.6, 9.7, 6.9 Hz, 1H), 7.04 (ddd, J = 8.5, 8.5, 2.5 Hz, 

1H), 7.09 (dd, J = 10.0, 2.5 Hz, 1H), 7.70 (dd, J = 8.5, 6.3 Hz, 1H), 8.13 (s, 

1H), 9.00 (s, 1H); 13C NMR (CDCl3, 100 MHz) 22.5, 37.6, 47.4, 113.1 (d, 
2JCF = 30.9 Hz), 116.3, 116.9 (d, 2JCF = 21.6 Hz),, 130.8 (d, 4JCF = 2.4 Hz), 132.7 (d, 3JCF = 46.8 

Hz), 133.0, 136.4, 142.1 (d, 3JCF = 8.4 Hz),, 142.3, 151.4, 151.7, 157.5, 163.5 (d, 1JCF = 248.3 Hz); 

HRMS (ESI): m/z calculated for C17H18FN4+ [M+H+]: 297.1510, found: 297.1511. 

 

6-(4-acetyl-2-allylphenyl)-9-isopropyl-9H-purine (88h): a colorless oil; IR 

(neat)  2979, 1685, 1578, 1392, 1329, 1216, 931, 756, 648 cm-1; 1H NMR 

(CDCl3, 400 MHz)  1.68 (d, J = 7.0 Hz, 6H), 2.63 (s, 3H), 3.65 (d, J = 6.7 

Hz, 2H), 4.84-4.92 (m, 2H), 4.98 (sept, J = 7.0 Hz, 1H), 5.83 (ddt, J = 16.6, 

9.9, 6.7 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.93 (dd, J = 8.1, 1.8 Hz, 1H), 7.97 

(s, 1H), 8.16 (s, 1H), 9.03 (s, 1H); 13C NMR (CDCl3, 100 MHz) 22.4, 26.7, 

37.5, 47.4, 116.2, 126.0, 129.9, 131.1, 132.4, 136.4, 137.5, 139.1, 139.5, 142.7, 151.4, 151.6, 157.1, 

197.9; HRMS (ESI): m/z calculated for C19H21N4O+ [M+H+]: 321.1710, found: 321.1712.

 

6-(3-allylthiophene-2-yl)-9-isopropyl-9H-purine (88i): a colorless oil; IR 

(neat)  3075, 2977, 2931, 1577, 1446, 1327, 1218, 917, 831, 647 cm-1; 1H 

NMR (CDCl3, 400 MHz)  1.67 (d, J = 6.7 Hz, 6H), 4.11 (d, J = 6.5 Hz, 2H), 

4.97 (sept, J = 6.7 Hz, 1H), 5.04 (dd, J = 10.1, 1.8 Hz, 1H), 5.11 (ddt, J = 

17.1, 1.8, 1.8 Hz, 1H), 6.08 (ddt, J = 17.1, 10.1, 6.5 Hz, 1H), 7.09 (d, J = 5.1 

Hz, 1H), 7.57 (d, J = 5.1 Hz, 1H) 8.18 (s, 1H), 8.96 (s, 1H); 13C NMR (CDCl3, 100 MHz) 22.5, 

34.9, 47.2, 115.4, 129.8, 130.3, 130.8, 131.2, 137.1, 141.4, 143.9, 151.3, 151.6, 151.7; HRMS (ESI): 
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m/z calculated for C15H17N4S+ [M+H+]: 285.1168, found: 285.1171. 

 

99-isopropyl-6-(2-(3-methylbut-2-en-1-yl)phenyl)-9H-purine (88ad): a 

colorless oil; IR (neat)  2978, 2928, 1583, 1329, 1216, 934, 762, 649 cm-

1; 1H NMR (CDCl3, 400 MHz)  1.43 (s, 3H), 1.56 (s, 3H), 1.68 (d, J = 6.8 

Hz, 6H), 3.53 (d, J = 7.2 Hz, 2H), 4.98 (sept, J = 6.8 Hz, 1H), 5.14 (t, J = 

7.2 Hz, 1H), 7.32-7.43 (m, 3H), 7.63 (d, J = 6.3 Hz, 1H), 8.15 (s, 1H), 9.04 

(s, 1H); 13C NMR (CDCl3, 100 MHz) 17.4, 22.4, 25.4, 32.1, 47.3, 123.2, 125.8, 129.5, 129.8, 130.4, 

131.9, 132.6, 134.7, 140.5, 142.1, 151.2, 151.8, 158.9; HRMS (ESI): m/z calculated for C19H23N4+ 

[M+H+]: 307.1917, found: 307.1917. 

 

2-allyl-N-(tert-butyl)-5-methylbenzamide (90a): a colorless solid; mp 66.5-

66.9 °C; IR (KBr)  3250, 2977, 2957, 1635, 1545, 1450, 1326, 1223, 913, 

822 cm-1; 1H NMR (CDCl3, 400 MHz)  1.44 (s, 9H), 2.33 (s, 3H), 3.50 (d, 

J = 6.3 Hz, 2H), 4.98 (ddt, J = 16.9, 1.8, 1.8 Hz, 1H), 5.06 (ddt, J = 10.2, 

1.8, 1.8 Hz, 1H), 5.65 (brs, 1H), 6.02 (ddt, J = 16.9, 10.2, 6.3 Hz, 1H), 7.09 (d, J = 7.7 Hz, 1H), 

7.14 (d, J = 7.7 Hz, 1H), 7.18 (s, 1H); 13C NMR (CDCl3, 100 MHz) 20.8, 28.7, 36.9, 51.7, 115.8, 

127.7, 130.2, 130.3, 133.7, 135.9, 137.6, 137.9, 169.5; HRMS (ESI): m/z calculated for 

C15H21NNaO+ [M+Na+]: 254.1515, found: 254.1516. 

 

2-allyl-N-(tert-butyl)-5-(trifluoromethyl)benzamide (90b): a colorless 

solid; mp 93.0-93.7 °C; IR (KBr)  3297, 3084, 2979, 2929, 1643, 1550, 

1343, 1308, 1146, 1126 cm-1; 1H NMR (CDCl3, 400 MHz)  1.46 (s, 9H), 

3.58 (d, J = 6.3 Hz, 2H), 5.01 (ddt, J = 17.0, 1.8, 1.4 Hz, 1H), 5.13 (ddt, 

J = 10.2, 1.8, 1.4 Hz, 1H), 5.72 (brs, 1H), 6.00 (ddt, J = 17.0, 10.2, 6.3 Hz, 1H), 7.34 (brd, J = 8.1 

Hz, 1H), 7.57 (brd, J = 8.1 Hz, 1H), 7.60 (brs, 1H); 13C NMR (CDCl3, 100 MHz) 28.7, 37.2, 52.2, 

116.9, 123.8 (q, 1JCF = 273.1 Hz), 124.1 (q, 3JCF = 3.8 Hz), 126.2 (q, 3JCF = 3.9 Hz), 128.7 (q, 2JCF 

= 32.4 Hz), 130.9, 136.6, 138.3, 141.2, 167.9; HRMS (ESI): m/z calculated for C15H18F3NNaO+ 

[M+Na+]: 308.1233, found: 308.1234. 

 

Methyl 4-allyl-3-(tert-buthylcarbamoyl)benzoate (90c): a colorless oil; 

IR (KBr)  3330, 2961, 2926, 1726, 1652, 1260, 1224 cm-1; 1H NMR 

(CDCl3, 400 MHz)  1.46 (s, 9H), 3.60 (d, J = 6.3 Hz, 2H), 3.92 (s, 3H), 
5.02 (dd, J = 17.1, 1.7, Hz, 1H), 5.11 (dd, J = 10.4, 1.7 Hz, 1H), 5.73 

(brs, 1H), 6.00 (ddt, J = 17.1, 10.4, 6.3 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.97 (dd, J = 8.1, 1.8 Hz, 

1H), 8.01 (d, J = 1.8 Hz, 1H); 13C NMR (CDCl3, 100 MHz) 28.7, 37.3, 52.0, 52.1, 116.6, 128.1, 
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128.1, 130.4, 130.4, 136.6, 137.8, 142.7, 166.4, 168.3; HRMS (ESI): m/z calculated for 

C16H21NNaO3+ [M+Na+]: 298.1414, found: 298.1414. 

 

22-allyl-5-bromo-N-(tert-butyl)benzamide (90e): a colorless solid; mp 131.3-

132.0 °C;  IR (KBr)  3293, 2966, 1639, 1547 cm-1; 1H NMR (CDCl3, 400 

MHz)  1.44 (s, 9H), 3.48 (d, J = 5.9 Hz, 2H), 4.98 (ddt, J = 16.8, 1.8, 1.4 
Hz, 1H), 5.09 (ddt, J = 10.0, 1.8, 1.4 Hz, 1H), 5.66 (brs, 1H), 5.97 (ddt, J = 

16.8, 10.0, 6.3 Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H), 7.44 (dd, J = 8.2, 1.8 Hz, 1H), 7.48 (d, J = 1.8 Hz, 

1H); 13C NMR (CDCl3, 100 MHz) 28.7, 36.7, 52.0, 116.4, 119.8, 129.9, 132.1, 132.5, 136.0, 137.0, 
139.5, 167.6; HRMS (ESI): m/z calculated for C14H18BrNNaO+ [M+Na+]: 318.0464, found: 

318.0465. 

 

2-allyl-N-(tert-butyl)-5-iodobenzamide (90I): a colorless solid; mp 128.8-

129.2 °C; IR (KBr)  3292, 2968, 1639, 1546, 1450, 1319, 1222 cm-1; 1H NMR 

(CDCl3, 400 MHz)  1.42 (s, 9H), 3.45 (d, J = 6.3 Hz, 2H), 4.97 (ddt, J = 
17.3, 1.8, 1.8 Hz, 1H), 5.07 (ddt, J = 10.1, 1.8, 1.3 Hz, 1H), 5.68 (brs, 1H), 

5.96 (ddt, J = 17.3, 10.1, 6.3 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 7.62 (dd, J = 8.1, 2.0 Hz, 1H), 7.65 

(d, J = 2.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz) 28.7, 36.8, 52.0, 91.1, 116.5, 132.2, 135.7, 136.6, 
136.9, 138.4, 139.8, 167.5; HRMS (ESI): m/z calculated for C14H18INNaO+ [M+Na+]: 366.0325, 

found: 366.0330. 

 

2-allyl-N-(tert-butyl)benzamide (90g): a colorless solid; mp 62.5-63.0 °C; IR 

(KBr)  3284, 2966, 1631, 1551, 1361, 1324, 1224, 921, 740 cm-1; 1H NMR 

(CDCl3, 400 MHz)  1.44 (s, 9H), 3.55 (d, J = 6.3 Hz, 2H), 4.99 (dd, J = 17.1, 
1.7 Hz, 1H), 5.08 (dd, J = 10.2, 1.7 Hz, 1H), 5.71 (brs, 1H), 6.03 (ddt, J = 17.1, 

10.2, 6.3 Hz, 1H), 7.2-7.24 (m, 2H), 7.31-7.37 (m, 2H); 13C NMR (CDCl3, 100 MHz)  28.7, 37.3, 

51.8, 116.0, 126.2, 127.1, 129.6, 130.3, 136.8, 137.6, 137.7, 169.3; HRMS (ESI): m/z calculated 

for C14H19NNaO+ [M+Na+]: 240.1359, found: 240.1361. 

 

2-allyl-N-(tert-butyl)-4-methylbenzamide (90h): a colorless solid; mp 77.4-

77.8 °C; IR (KBr) 3267, 2972, 1639, 1542, 1323, 1225, 822 cm-1; 1H NMR 

(CDCl3, 500 MHz)  1.44 (s, 9H), 2.33 (s, 3H), 3.53 (d, J = 6.3 Hz, 2H), 5.01 

(ddt, J = 16.6, 1.7, 1.7 Hz, 1H), 5.07 (ddt, J = 9.7, 1.7, 1.7 Hz, 1H), 5.64 

(brs, 1H), 6.02 (ddt, J = 16.6, 9.7, 6.3 Hz, 1H), 7.02 (s, 1H), 7.03 (d, J = 6.9 Hz, 1H), 7.27 (d, J = 

6.9 Hz, 1H); 13C NMR (CDCl3, 100 MHz) 21.2, 28.8, 37.3, 51.6, 115.9, 126.8, 127.1, 131.0, 135.0, 

137.0, 137.8, 139.5, 169.4; HRMS (ESI): m/z calculated for C15H21NNaO+ [M+Na+]: 254.1515, 
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found: 254.1517. 

 

22-allyl-N-(tert-butyl)-6-fluorobenzamide (90i): a colorless solid; mp 77.3-

78.0 °C; IR (KBr)  3283, 3077, 2970, 2928, 1647, 1558, 1456, 1363, 1322, 

1252, 1223, 985, 803, 762 cm-1; 1H NMR (CDCl3, 500 MHz)  1.46 (s, 9H), 

3.48 (d, J = 6.6 Hz, 2H), 5.04 (ddt, J = 16.9, 1.7, 1.7 Hz, 1H), 5.08 (ddt, J = 

10.6, 1.7, 1.7 Hz, 1H), 5.67 (brs, 1H), 5.96 (ddt, J = 16.9, 10.6, 6.6 Hz, 1H), 6.90-6.93 (m, 1H), 

6.99-7.00 (m, 1H), 7.23-7.27 (m, 1H); 13C NMR (CDCl3, 100 MHz) 28.7, 36.9 (d, 4JCF = 2.4 Hz), 

52.1, 113.4 (d, 2JCF = 21.6 Hz), 116.3, 125.3 (d, 4JCF = 2.4 Hz), 125.9 (d, 2JCF = 18.0 Hz), 130.1 (d, 
3JCF = 8.3 Hz), 136.7, 139.8 (d, 3JCF = 2.4 Hz), 159.0 (d, 1JCF = 245.9 Hz), 164.1; HRMS (ESI): m/z 

calculated for C14H18FNNaO+ [M+Na+]: 258.1265, found: 258.1264. 

 

2-allyl-N,5-dimethylbenzamide (98c): a colorless solid (25.6 mg, 45%); mp 136-

137 °C; IR (KBr)  3291, 3076, 2944, 1635, 1550, 1409, 1323, 913 cm-1 ; 1H 

NMR (CDCl3, 400 MHz)  2.32 (s, 3H), 2.96 (d, J = 5.2 Hz, 3H), 3.50 (d, i = 6.3 
Hz, 2H), 4.99 (dd, i = 16.7, 1.7 Hz, 1H), 5.05 (dd, J = 9.9, 1.7 Hz, 1H), 5.83 (brs, 

1H), 6.00 (ddt, J = 16.7, 9.9, 6.3 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 7.16 (d, J =8.0 Hz, 1H), 7.21 

(s, 1H); 13C NMR (CDCl3, 100 MHz) 20.8, 26.5, 37.1, 115.6, 127.9, 130.3, 130.6, 134.2, 135.9, 
136.4, 138.0, 170.7; HRMS (ESI): m/z calculated for C12H16NO+ [M+H+]: 190.1226, found: 

190.1229. 

 

2-allyl-N,N-dimethylbenzamide (98d): a colorless oil (17.7 mg, 31%); IR (KBr)  

2927, 1636, 1507, 1395, 1267, 1068 cm-1 ; 1H NMR (CDCl3, 400 MHz)  2.81 (s, 

3H), 3.11 (s, 3H), 3.39 (brs, 2H), 5.04-5.09 (m, 2H), 5.91 (ddt, J = 17.2, 10.3, 6.3 

Hz, 1H), 7.16 (dd, J = 7.4, 1.1 Hz, 1H), 7.21-7.28 (m, 2H), 7.31 (ddd, J = 7.4, 

7.4, 1.1 Hz, 1H); 13C NMR (CDCl3, 100 MHz) 34.6, 37.3, 38.8, 116.1, 126.0, 126.3, 128.9, 

129.8, 136.4, 136.5, 136.5, 171.3; HRMS (ESI): m/z calculated for C12H16NO+ [M+H+]: 

190.1226, found: 190.1228.  

 

2-allyl-N-methoxy-N-methylbenzamide (100): a colorless oil; IR (neat)  2975, 

2934, 1651, 1378, 988 cm-1; 1H NMR (CDCl3, 400 MHz, 50 °C)  3.26 (s, 3H), 

3.44 (d, J = 6.5 Hz, 2H), 3.52 (s, 3H), 5.04-5.11 (m, 1H), 5.94 (ddt, J = 16.8, 10.0, 

6.5 Hz, 1H), 7.20-7.34 (m, 4H); 13C NMR (CD3CN, 100 MHz, 50 °C) 34.0 (brs), 
38.2, 61.7, 116.7, 127.0, 127.6, 130.4, 130.6, 136.9, 138.1, 138.4, 170.9 (brs); HRMS (ESI): m/z 

calculated for C12H15O2NNa+ [M+Na+]: 228.0995, found: 228.0997. 
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