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CPME···cyclopentyl methyl ether 
DAST···(diethylamino)sulfur trifluoride 
DBDMH···1,3-dibromo-5,5-dimethylhydantoin 
DCE···1,2-dichloroethane 
DCM···dichloromethane 
DEAD···diethyl azodicarboxylate 
DIBAL···diisobutylaluminum hydride 
diglyme···diethyleneglycol dimethyl ether 
DMAP···4-(dimethylamino)pyridine 
DME···1,2-dimethoxyethane 
DMF···N,N-dimethylformamide 
DMI···1,3-dimethyl-2-imidazolidinone 
DMPU···1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 
DMSO···dimethyl sulfoxide 
HFIP···1,1,1,3,3,3-hexafluoro-2-propanol 
LDA···lithium diisopropylamide 
MVK···methyl vinyl ketone 
NBS···N-bromosuccinimide 
NMI···1-methylimidazole 
NMP···1-methyl-2-pyrrolidone 
PPTS···pyridinium p-toluenesulfonate 
TBAC···tetrabutylammonium chloride 
TBAI···tetrabutylammonium iodide 
TFA···trifluoroacetic acid 
TFEDMA···1,1,2,2-tetrafluoroethyl-N,N-dimethylamine 
THF···tetrahydrofuran 
THP···tetrahydropyran 
 
Ac···acetyl (CH3C(=O)-) 
Ada···adamantyl (C10H15-) 
Ar···aryl 
Bdmim···1-butyl-2,3-dimethylimidazolium 
Bmim···1-butyl-3-methylimidazolium 
Bn···benzyl (C6H5CH2-) 
Bu···butyl (CH3CH2CH2CH2-) 
Cy···cyclohexyl (C6H11-) 
Emim···1-ethyl-3-methylimidazolium 
Empy···1-ethyl-3-methylpyridinium 
Et···ethyl (CH3CH2-) 
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iPr···isopropyl ((CH3)2CH-) 
Me···methyl (CH3-) 
Nf···nonafluorobutane-1-sulfonyl (CF3CF2CF2CF2SO2-) 
Ph···phenyl (C6H5-) 
Pr···propyl (CH3CH2CH2-) 
tBu···tertiary butyl ((CH3)3C-) 
Tf···trifluoromethanesulfonyl (CF3SO2-) 
TMS···trimethylsilyl ((CH3)3Si-) 
Ts···p-toluenesulfonyl (CH3C6H4SO2-)  
 
EI···electron ionization 
EWG···electron withdrawing group 
FID···flame ionization detector  
GC···gas chromatography 
GPC···gel permeation chromatography 
LRMS···low resolution mass spectrometry 
MS···mass spectrometry 
ND···not detected 
NMR···nuclear magnetic resonance  
RAFT···reversible addition/fragmentation chain transfer 
RID···refractive index detector 
 
s···singlet 
d···doublet 
t···triplet 
q···quartet 
sext···sextet 
m···multiplet 
dd···doublet of doublets 
dt···doublet of triplets 
dq···doublet of quartets 
td···triplet of doublets 
tt···triplet of triplets 
qd···quartet of doublets 
qt···quartet of triplets 
ddd···doublet of doublets of doublets 
ddt···doublet of doublets of triplets 
tdd···triplet of doublets of doublets 
dddd···doublet of doublets of doublets of doublets 
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1  ( 1) 145.5 °C 178.5 °C 2
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4 1968 5
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1 1968 5 Goldmacher
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1 Goldmacher  
compound Tm (°C) Tc (°C)  composition Tm (°C) Tc (°C) 

 

86 119 
 

 

 

50 wt% 
47 108 

 

86 120 
 

50 wt% 

 
82 113 

 

 

 

 

25 wt% 

39 104  
74 82 

 

25 wt% 

 
88 109 

 

25 wt% 

 
80 105.5 

 

25 wt% 

 
86 100 

 

 

 

50.1 wt% 
48 118 

 
81 110 

 

49.9 wt% 
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1970 Steinsträßer  ( 2) 16

Schiff ε Schiff

450 nm
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2 Steinsträßer  
compound Tm (°C) Tc (°C)  composition Tm (°C) Tc (°C) 

 

16.5 76 
 

 

 

62 wt% 
-6 81 

 

37 91 
 

38 wt% 

 

28.5 92 
 

 

 

65 wt% 
-15 85 

 

62 96 
 

35 wt% 

 

26.5 67 
 

 

 

67 wt% 
-7 79 

 

39 85.5 
 

33 wt% 

 

31.5 87.5 
 

 

 

68 wt% 
-9 73 

 

48 76 
 

32 wt% 

 

1973  

( 3) 6 Gray

 

 

3 Gray  
compound Tm (°C) Tc (°C)  composition Tm (°C) Tc (°C) 

 
22.5 35 

 

 

 

83.5 mol%
15 42 

 
13.5 28 

 
16.5 mol%

 
28.5 42 

 

 

 

56 mol%
0.5 37 

 
58 76.5 

 
44 mol%
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Gray 6

sp2 1970

2010
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8 Schiff

1980

( 4) 13,17 (4’- -4-
6 Δε≃ 11) Δε Vth
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4  
compound Tc (°C)  composition Δε Tc (°C) η (cP) Vth (V) 

 

-  
 45 wt% 

12.4 63.3 60 1.65  

-  
 29 wt% 

 

-  
 15 wt% 

 
37.1   

(= mixture A) 
11 wt% 

 

 
40.6  

mixture A 80 wt% 
11.6 44 50 1.31 

 
42.5  

 20 wt% 

 
159.0  

mixture A 80 wt% 
11.7 48.6 45 1.45 

 
112.5  

 20 wt% 

 
121.7  

mixture A 90 wt% 
12.1 70.2 60 1.77 

 
105.6  

 10 wt% 

 

111.2  
mixture A 80 wt% 

10.5 64.5 N/A 1.7 

 
98.5  

 20 wt% 

 

1981  ( 5) 18

η Vth
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5  
compound temp. range (°C)  composition temp. range (°C) η (cP) Vth (V) 

 

51.8 85.6   28 wt% 

-3 52 23 1.53 
 42 wt% 

 

44.2 123.7  

 30 wt% 

 

44.1 118.2  

 22.4 wt% 

-15 61.5 23 1.58 
 

45.3 124.1  

 33.6 wt% 

 
52.3 116.0  

 24 wt% 

 
34.5 117.6  

 20 wt% 

 

1982

4,4'-  ( 6) 19

η

Vth

trans- 9 trans-

2  

 



1  

14 
 

6 4,4'-  
compound Tm (°C) Tc (°C)  composition  Tm (°C) Tc (°C) η (cP) Vth (V) 

 
4 24.5  

 

 

 

30 wt% 

-3 52.5 23 1.5 
 

64.3 81.6  
40 wt% 

 
-8.3 95.2  

30 wt% 

 
15.6 97.2  

 

 

 

 

25 wt% 

-20 42.5 18 1.45  
18.1 92.2  

33.3 wt% 

 
12.8 44.3  

25 wt% 

 
4.7 105.3  

16.7 wt% 

 
17.7 109.8   

 
    

 

 
9 4- -4'-  

 

1985 1,3-

 ( 7) 20 Demus

Δε Demus

Δε 15

 ( 10) 21

trans

3  
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15 
 

7 Demus  
compound Tm (°C) Tc (°C)  compound Tm (°C) Tc (°C) 

 
34.5 109  

 
84 220 

 
<25 89  

 
95 214 

 
55 229  

 
45 203 

 
<25 194     

 

 
10 1,3-  

 

 ( 11) 22-24 12

2 Δε γ1 25

26 Δε
21 γ1

γ1 7

Δε
27 Δε γ1

anti / gauche
25 4  
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Δε

Δε

ε//

8 Δε

ε

Δε

Δε

5  
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 R Δε  R Δε  R Δε 
 

F 12.5 
[ref 23]  

 

17.4 
[ref 30]  

 

13.2 
[ref 30] 

 
C5F11 11.2 

[ref 28]  

 

19.3 
[ref 23]  

 

17.8 
[ref 24] 

 
CF2OCF3 17.9 

[ref 29]  
 

24.5 
[ref 23]  

 
25.4 

[ref 24] 
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9  
    

2  
  

 

3  
 

 

1,3-  

4  
  

-CF2O-  

5   
 

-OCH=CHCFxH3-x  

  



2

18

2

13 2

2-1 1,4-

1 6

( Tm Tc ) ( 10) 

Eidenschink Tc

12, 31-32

axial equatorial 2

ε// ε

10

R [ref 6] [ref 31] [ref 32] [ref 12]
Tm (°C) Tc (°C) Tm (°C) Tc (°C) Tm (°C) Tc (°C) Tm (°C) Tc (°C)

C3H7 - - 36 46 58 80 40 49
C4H9 - - 41 41 - - - -
C5H11 22.5 35 31 55 62 85 24 66
C6H13 13.5 28 42 47 - - - -
C7H15 28.5 42 30 59 71 83 - -

Eidenschink 14 12, 31-32 Grignard

2

trans-4-

Friedel-Crafts

α trans, trans

α

LDA α

71 : 29 33



2

19

14

Tc γ1

γ1

19, 34-35 ( 15) 

Δε

(Δε γ1 Tc ) 3 2

Eidenschink

15

( 16) 
36

79 : 21 85 : 15 cis



2

20

16

1,4- cis trans

trans cis

trans

cis trans 2

( 17) 37-39

2011 4- -4'-

( 18) 40-41

42 43

17

18



2  

21 
 

2-2 1,4- trans  

2-2-1 4- -4'-  (1) trans  

4- -4'-  (1) 19

Δε 0

19

4-(trans-4- ) Wittig

trans-1 cis-1

4-(trans-4- )

trans-1 trans-1' 13C NMR GC-MS

2 trans  

 

 
19 1  

 
17 1-

 ( 11) 1 trans

4-  (3) 

1

entry 2

entry 1

1  (entry 5) 

1  (99%) GC NMR

GPC trans-1

trans-1 cis-1 trans-1
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11 1-  

 
entry TfOH 

(mol%) 
4 

(mol%) 
GC-MS area% 

trans : cis of 1 
5 4 3 cis-1 trans-1 2 

(starting mixture) ND ND 17.9 63.7 17.1 0.4 21.2 : 78.8 
1 7.5 3.0 1.1 ND 16.5 61.0 20.3 0.1 25.0 : 75.0 
2 7.5 6.0 0.6 3.8 19.4 42.3 31.9 0.2 43.1 : 56.9 
3 15 3.0 1.3 trace 16.3 1.9 76.2 0.1 97.5 : 2.5 
4 15 6.0 2.6 trace 16.4 22.3 56.2 0.1 71.6 : 28.4 
5 30 0 ND ND 16.0 3.2 71.3 ND 95.7 : 4.3 
6 30 3.0 1.4 ND 17.1 2.2 75.6 trace 97.1 : 2.9 
7 30 6.0 2.8 ND 16.4 2.4 74.7 trace 96.8 : 3.2 
8 30 15 11.1 ND 20.9 31.7 36.4 ND 53.5 : 46.5 

 

GC-MS

 (GPC-RID) 11 entries 5, 7-8

23 25

 ( 12)  
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entry 4 (mol%) 

GPC-RID area% 
byproducts 1, 2 and 3 

5 0 2.0 98.0 
7 6.0 6.0 94.0 
8 15 12.0 88.0 

 

 
 

GPC 1 2 3
1H NMR GC

1 20

1 2

1 4

[1-H]+ 2

2

2

22 23 24 25 26 27

0 mol%
6 mol%
15 mol%

(min)



2

23

44 5

20

( 13) 

30 mol% (entry 0) 

(entries 1-2) -50 °C

(entries 3-6) -20 °C -50 °C trans -78 °C

(entry 7) 1

[1-H]+ [1-H]+ 1

trans

[1-H]+ trans -50 °C

7.5 mol% (entry 8) 

(entries 9-16) 

(H0 = -14.1) -1- (H0 = -13.2) 

-20 °C -50 °C (entries 

17-22) [1-H]+

( ) (entry 

23) (H0 = 

-13.8) 
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24 
 

 (entries 24-33) 

-78 °C
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entry catalyst amount 

(mol%) solvent conc. 
(M) 

temp. 
(°C) 

trans : cis (GC-MS)  
entry catalyst amount 

(mol%) solvent conc. 
(M) 

temp. 
(°C) 

trans : cis (GC-MS) 
time = 3 h time = 18 h  time = 3 h time = 18 h 

0 TfOH 30 DCM 1.0 -20 95.7 : 4.3 97.1 : 2.9  17 NfOH 30 DCM 1.0 -20 45.5 : 54.5 72.0 : 28.0 
1 TfOH 30 DCM 0.50 -20 94.1 : 5.9 -  18 NfOH 30 DCM 1.0 -50 - 23.7 : 76.3 
2 TfOH 30 DCM 0.25 -20 71.9 : 28.1 -  19 NfOH 30 CHCl3 1.0 -20 24.7 : 75.3 - 
3 TfOH 30 DCM 1.0 -50 94.5 : 5.5 99.5 : 0.5  20 NfOH 30 CHCl3 1.0 -50 - 21.8 : 78.2 
4 TfOH 30 DCM 0.50 -50 99.2 : 0.8 -  21 NfOH 30 DCE 1.0 -20 - 65.1 : 34.9 
5 TfOH 30 DCM 0.25 -50 99.1 : 0.9 -  22 NfOH 30 PhCl 1.0 -20 21.1 : 78.9 - 
6 TfOH 30 DCM 0.13 -50 97.4 : 2.6 -  23 Tf2NH 30 DCM 1.0 -20 - 21.4 : 78.6 
7 TfOH 30 DCM 1.0 -78 48.9 : 51.1 -  24 ClSO3H 30 DCM 1.0 -20 - 81.9 : 18.1 
8 TfOH 7.5 DCM 1.0 -50 94.4 : 5.6 -  25 ClSO3H 30 DCM 1.0 -50 99.3 : 0.7 98.6 : 1.4 
9 TfOH 30 CHCl3 1.0 -20 76.3 : 23.7 -  26 ClSO3H 15 DCM 1.0 -50 - 99.2 : 0.8 
10 TfOH 30 CHCl3 1.0 -50 73.5 : 26.5 96.0 : 4.0  27 ClSO3H 10 DCM 1.0 -50 - 44.7 : 55.3 
11 TfOH 30 DCE 1.0 -20 - 86.6 : 13.4  28 ClSO3H 30 DCM 1.0 -78 68.9 : 31.1 - 
12 TfOH 30 PhCl 1.0 -20 25.9 : 74.1 -  29 ClSO3H 30 DCM 0.50 -78 90.3 : 9.7 - 
13 TfOH 30 hexane 1.0 -20 21.5 : 78.5 21.9 : 78.1  30 ClSO3H 30 DCM 0.25 -78 57.8 : 42.2 - 
14 TfOH 30 MeNO2 1.0 -20 21.1 : 78.9 -  31 ClSO3H 30 CHCl3 1.0 -20 - 55.3 : 44.7 
15 TfOH 30 CS2 1.0 -20 - 21.7 : 78.3  32 ClSO3H 30 CHCl3 1.0 -50 99.3 : 0.7 99.5 : 0.5 
16 TfOH 30 CPME 1.0 -20 - 21.0 : 79.0  33 ClSO3H 15 CHCl3 1.0 -50 - 56.6 : 43.4 

 

trans-1,4- trans

40  

 

2-2-2 trans  

1,4- trans

 ( 14) 

 ( B) 

 (entries 1-6)  

(entries 7-8)  (entries 9-12) 

 (entries 13-14) 

B



2  

25 
 

 (entries 15-18) p

 (entries 19-20) 

o 1

 (entries 21-22) m

 (entries 23-24) p

 (entry 25) -I p R

o m p +I

R  

(entries 26-28) 2

 (entries 29-34)  

 

14  

  
entry R1 R2 trans : cis 

(SM) methoda trans : cisb 
(result) 

1 Et Pr 79.4 : 20.6 A >99.5 : <0.5 
2 Et Pr 79.4 : 20.6 B >99.5 : <0.5 
3 Pr Bu 81.3 : 18.7 A 95.2 : 4.8 
4 Pr Bu 81.3 : 18.7 B 96.6 : 3.4 
5 Pr pentyl 80.5 : 19.5 A >99.5 : <0.5 
6 Pr pentyl 80.5 : 19.5 B 91.1 : 8.9 
7 Pr 3-butenyl 49.5 : 50.5 A 53.8 : 46.2 
8 Pr 3-butenyl 49.5 : 50.5 B 54.8 : 45.2 
9 Pr OPr 29.3 : 70.7 A 29.9 : 70.1 
10 Pr OPr 29.3 : 70.7 B 29.9 : 70.1 
11 Pr OPh <0.5 : >99.5 A <0.5 : >99.5 
12 Pr OPh <0.5 : >99.5 B <0.5 : >99.5 
13 Pr CH2CO2Et 36.3 : 63.7 A 36.1 : 63.9 
14 Pr CH2CO2Et 36.3 : 63.7 C 36.1 : 63.9 
15 Pr Ph 41.4 : 58.6 A 98.8 : 1.2 
16 Pr Ph 41.4 : 58.6 B 68.7 : 31.3 

 

entry R3 R4 R5 R6 R7 trans : cis 
(SM) methoda trans : cisb 

(result) 
17 Pr H H H H 40.9 : 59.1 A 98.5 : 1.5 
18 Pr H H H H 40.9 : 59.1 B 99.1 : 0.9 
19 Pr H H OEt H 29.8 : 70.2 A 53.5 : 46.5 
20 Pr H H OEt H 29.8 : 70.2 C 89.5 : 10.5 
21 Pr F H H H 44.9 : 55.1 C 44.6 : 55.4 
22 Pr F H H H 44.9 : 55.1 E 46.2 : 53.8 
23 Pr H F H H 32.9 : 67.1 A 45.9 : 54.1 
24 Pr H F H H 32.9 : 67.1 D 95.1 : 4.9 
25 Pr H H F H 48.0 : 52.0 A 97.3 : 2.7 
26 Pr F H Me H 39.5 : 60.5 C 96.6 : 3.4 
27 Pr H F Me H 34.6 : 65.4 A 97.6 : 2.4 
28 Pr H F OMe H 60.1 : 39.9 A 93.5 : 6.5 
29 Pr H F F H 25.2 : 74.8 D 61.7 : 38.3 
30 Pr H F H F 22.1 : 77.9 A 25.3 : 74.7 
31 Pr F F Me H 40.1 : 59.9 E 43.1 : 56.9 
32 pentyl F F OEt H 66.1 : 33.9 A 68.5 : 31.5 
33 Pr H F Bu F 43.0 : 57.0 D 82.1 : 17.9 
34 Pr H F OMe F 28.7 : 71.3 A 40.6 : 59.4 

 

aA ··· TfOH, -20 °C, 3 h; B ··· ClSO3H, -50 °C, 3 h; C ··· TfOH, -20 °C, 18 h; D ··· TfOH, -20 °C, 120 h; E ··· TfOH, rt, 3 h 
bdetermined by GC-FID (entries 1-20) or 19F NMR (entries 21-34) 

 

 (

21) trans axial axial 12 Hz

equatorial 3 Hz  ( 2.46 ppm tt) cis



2  

26 
 

equatorial

 ( 2.56 ppm septet) axial

axial  > equatorial  

 

 
21  

 

 ( 22) ε 4-

-2,3- 14 entry 32

1 6

7 6

ε// 3,4,5-

3,4,5- 1 8

4- -2,3-

9 3,4,5-

10 2

 

 

 
22  
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27 
 

 (4- -4'- ) 

 ( 15) 

 

 

15  

 

entry additive trans : cis (GC-FID) 
- none 97.1 : 2.9 
1 EtOAc 21.1 : 78.9 
2 Et2O 21.0 : 79.0 
3 CPME 21.3 : 78.7 
4 PhOMe 21.2 : 78.8 
5 PhF 91.6 : 8.4 

 

 

trans

 

 

2-3  

 

 ( 16) 

1,2- 1,3- B

 (entries 1-6) 

-1- 4,4'-

 (entries 7-9) 

1,2,4- 4

 (entries 10-13) trans

equatorial
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28 
 

 

 

16  

 
entry substrate ratio of isomersa R methodb ratio of isomersa (result) 

1 1,2-dimethylcyclohexane 14.6 : 85.4 2-Me A 93.8 : 6.2 
2 1,2-dimethylcyclohexane 14.6 : 85.4 2-Me B 89.9 : 10.1 
3 1,3-dimethylcyclohexane 68.0 : 32.0 3-Me A 94.5 : 5.5 
4 1,3-dimethylcyclohexane 68.0 : 32.0 3-Me B 88.5 : 11.5 
5 1,4-dimethylcyclohexane 51.5 : 48.5 4-Me A 94.5 : 5.5 
6 1,4-dimethylcyclohexane 51.5 : 48.5 4-Me B 96.0 : 4.0 
7 p-menthane 51.4 : 48.6 4-iPr A 95.8 : 4.2 
8 p-menthane 51.4 : 48.6 4-iPr C 95.9 : 4.1 
9 p-menthane 51.4 : 48.6 4-iPr D 95.6 : 4.4 
10 1,2,4-trimethylcyclohexane 6.2 : 0.9 : 46.1 : 46.8 2-Me, 4-Me A 91.4 : 2.8 : 2.7 : 3.1 
11 1,2,4-trimethylcyclohexane 6.2 : 0.9 : 46.1 : 46.8 2-Me, 4-Me B 95.2 : 1.6 : 1.5 : 1.8 
12 1,3,5-trimethylcyclohexane 78.8 : 21.2 3-Me, 5-Me A 94.1 : 5.9 
13 1,3,5-trimethylcyclohexane 78.8 : 21.2 3-Me, 5-Me B 95.4 : 4.6 

adetermined by GC-MS (recorded in order of retention time) 
bA ··· TfOH, -20 °C, 3 h; B ··· ClSO3H, -50 °C, 3 h; C ···ClSO3H, -20 °C, 3 h; D ··· NfOH, -20 °C, 3 h 

 

2

 ( 17) trans / cis 1 : 1  

(entries 1-3) 2 1  (entry 

4) 2,6- 2- -6- 2

B

 (entries 5-9) 13C NMR

17  ( 23) 

X
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17  

 
entry substrate / ratio of isomersa ratio of isomersa R' R' methodb ratio of isomersa (result) 

1 decahydronaphthalene 48.3 : 51.7 H H A 57.2 : 42.8 
2 decahydronaphthalene 48.3 : 51.7 H H B 54.5 : 45.5 
3 decahydronaphthalene 48.3 : 51.7 H H C 48.7 : 51.3 
4 2-propyldecahydronaphthalene 18.1 : 78.2 : 3.7 Pr H B 22.8 : 77.2 : <0.5 
5 2,6-dipropyldecahydronaphthalene 29.5 : 12.8 : 50.9 : 1.9 : 5.0 Pr Pr A 41.9 : 15.7 : 24.1 : 17.7 : 0.5 
6 2,6-dipropyldecahydronaphthalene 29.5 : 12.8 : 50.9 : 1.9 : 5.0 Pr Pr B 57.3 : 5.0 : 33.5 : 3.5 : 0.8 
7 2,6-dipropyldecahydronaphthalene 29.5 : 12.8 : 50.9 : 1.9 : 5.0 Pr Pr C 37.8 : 7.4 : 50.9 : 3.9 : <0.5 
8 2-butyl-6-propyldecahydronaphthalene 25.3 : 2.3 : 60.4 : 1.7 : 6.4 Bu Pr B 94.2 : <0.5 : 3.1 : 2.7 : <0.5 
9 2-butyl-6-propyldecahydronaphthalene 25.3 : 2.3 : 60.4 : 1.7 : 6.4 Bu Pr C 46.6 : 2.2 : 29.8 : 21.5 : <0.5 

adetermined by GC-FID (recorded in order of retention time) 
bA ··· TfOH, -20 °C, 3 h; B ··· ClSO3H, -50 °C, 3 h; C ···TfOH, -50 °C, 3 h 
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GC-MS  

QP2010 ( ) DB-5MS (Agilent, 30 m, 0.25 mm, 0.25 μm) 

 ( 100 mL/min) 280 °C

80 °C 3 10 °C/min 300 °C  

 

GC-FID  

GC-17A ( ) DB-5MS (Agilent, 30 m, 0.25 mm, 0.25 μm) 

 ( 90 mL/min) 280 °C

80 °C 10 °C/min 280 °C 2  

 

GPC-RI  

GL-7400 (GL Sciences) TSKgel superH5000 ( , 15 cm, 6 mm, 

3 μm, 6.5 nm) TSKgel superH3000 ( 7.5 nm ) TSKgel superH2000 ( 2.0 nm ) 

TSKgel superH1000 ( 1.0 nm ) 1 40 °C

THF (0.4 mL/min) GL-7454 (GL Sciences)  

 

NMR  

ASCEND ULTASHIELD PLUS (Bruker)  (1H
13C 0 ppm) 1H NMR 19F NMR 16 13C NMR 1024 256
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1  

 
<A>  (5.59 g, 14 mmol) tert-

THF  (1 M, 14 mL) 2 4-(trans-4-

)  (2.22 g, 10 mmol) THF (5.0 mL) 2

 (100 mL)  (45 g) 

 (  = ) 

 (2.59 g, 99%)  (20 mL) 2-  (10 mL) 

 (1.30 g, 10 mmol)  (946 mg, 25 mmol) 

1  (40 mL)  (20 mL x 2) 

trans-1 cis-1  (0.6 : 0.4)  (2.26 g, 86%) 

GC-MS 17.70 min (cis-1) 17.83 min (trans-1)  
13C{1H} NMR (100 MHz, CDCl3) δ: 43.6 (0.6*2C), 42.0 (0.4C), 40.6 (0.4C), 39.9, 38.0 (0.6C), 37.7 (0.6C), 37.6 

(0.4C), 37.3 (0.6C), 34.7 (0.4C), 33.8 (0.6*2C), 33.71 (0.6*2C), 33.66 (0.4*2C), 33.1 (0.4C), 30.5 (0.4*2C), 30.2 

(0.6*4C), 29.9 (0.4C), 29.7 (0.4*2C), 29.3 (0.6C), 25.8 (0.4*2C), 23.10 (0.6C), 23.05 (0.4C), 20.1, 14.5, 14.20 (0.4C), 

14.18 (0.6C). 

<B>  (5.39 g, 14 mmol) 4-(trans-4- )

 (2.36 g, 10 mmol)  <A> trans-1 trans-1'  (0.6 : 0.4) 

 (1.87 g, 2 71%) GC-MS 17.76 min (trans-1’) 17.83 min (trans-1)  
13C{1H} NMR (100 MHz, CDCl3) δ: 43.6 (0.6*2C), 42.0 (0.4C), 40.6 (0.4C), 39.9 (0.6C), 38.0 (0.6C), 37.9 (0.4C), 

37.7 (0.6C), 37.3, 35.8 (0.4C), 34.5 (0.4C), 33.75 (0.6*2C), 33.70 (2C), 30.5 (0.4*2C), 30.1 (0.6*4C), 29.6 (0.4*2C), 

29.3, 25.8 (0.4*2C), 23.1, 20.6 (0.4C), 20.1 (0.6C), 14.5 (0.6C), 14.4 (0.4C), 14.2. 

 

1  ( 11 entry 5 ) 

 (90.0 mg, 0.60 mmol)  (2.0 mL) 

-20 °C 1 (529 mg, 2.0 mmol, trans : cis = 21.5 : 78.5) 3

 (2 mL)  (4 mL) 5

1 GC-FID trans : cis 

= 95.7 : 4.3 1  (524 mg, 99%) 
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THF 2.0%  
1H NMR (400 MHz, CDCl3) δ: 1.75-1.67 (8H, m), 1.34-1.24 (6H, m), 1.17-1.07 (6H, m), 1.04-0.93 (6H, m), 0.89-0.79 

(10H, m). 

13C{1H} NMR (100 MHz, CDCl3) δ: 43.6 (2C), 39.9, 38.0, 37.7, 37.3, 33.73 (2C), 33.68 (2C), 30.1 (4C), 29.3, 23.1, 

20.1, 14.4, 14.2. 

 

1  ( 11 12 entry 5 ) 

 (0.15-0.60 mmol)  (1.8 mL) 

-20 °C 1-  (4)  (0.30-1.5 M, 0.20 mL) 

1 (529 mg, 2.0 mmol, trans : cis = 21.5 : 78.5) 3

 (2 mL)  (4 mL) 5

1 GC-FID Entries 7-8

THF  

 

1  ( 13) 

 (0.15-0.60 mmol)  (2.0 mL) 

1 (529 mg, 2.0 mmol, trans : cis = 21.5 : 78.5) 3 18

 (2 mL)  (4 mL) 5  (

)  ( ) 1

GC-FID  

 

4-(3- )-4'-  ( 14, entries 7-8 )  

 
[2-(1,3- -2- ) ]  (25.0 g, 55 mmol) 

THF (40 mL) tert- THF  (1M, 55 mL) 70

4-(trans-4- )  (8.89 g, 40 mmol) THF (30 mL) 

70  (100 mL)  (100 mL)  (50 

mL) 60%  (50 mL x 2)  (50 mL) 

 (80 mL)  (5.18 g, 40 mmol) 
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 (3.78 g, 0.10 mol) 5

 (518 mg, 4.0 mmol)  (378 mg, 10 mmol) 

 (100 mL)  (100 mL) 

 (50 mL x 2) 

2-(2-[4-(trans-4- ) ] )-1,3-

 (12.0 g, 93%)  

2 1,3-  (11.9 g, 37 mmol)  (37 mL) 1

 (50 mL)  (50 mL)  (50 mL x 2) 

3-[4-(trans-4- ) ]

 (8.90 g, 91%)  

 (7.47 g, 28 mmol) THF (113 mL) -78 °C

 (1 M, 40 mL) 2.5

 (28.2 mL, 0.53 mol) 2  

(100 mL)  (100 mL)  (50 mL x 2) 

 (2.08 g, 28%) GC-FID

trans : cis = 49.5 : 50.5  
1H NMR (400 MHz, CDCl3) δ: 5.82 (1H, m), 4.99 (1H, m), 4.92 (1H, m), 2.08-2.00 (2H, m), 1.75-1.68 (6H, m), 

1.39-1.23 (8H, m), 1.15-1.11 (5H, m), 0.98-0.85 (10H, m). 
13C{1H} NMR (100 MHz, CDCl3) δ: 139.50 (0.5C), 139.48 (0.5C), 114.0 (0.5C), 113.9 (0.5C), 43.52 (0.5C), 43.51 

(0.5C), 41.9 (0.5C), 40.5 (0.5C), 39.9 (0.5*2C), 37.7 (0.5C), 37.6 (0.5C), 37.4 (0.5C), 36.7 (0.5C), 34.2 (0.5C), 33.7 

(0.5*2C), 33.6 (0.5*2C), 33.5 (0.5*2C), 32.6 (0.5C), 31.8 (0.5C), 31.3 (0.5C), 30.5 (0.5*2C), 30.1 (0.5*2C), 30.1 

(0.5*2C), 29.5 (0.5*2C), 25.7, 20.1, 14.4. 

 

=4'- -4-  ( 14, entries 9-10 )  

 
4-(trans-4- )  (8.89 g, 40 mmol) 1-  

(40 mL)  (9.52 mL, 44 mmol) Amberlyst-15 (88.9 mg) 1

4-(trans-4- )   

 (12.8 g, 99%)  

 (11.0 g, 34 mmol)  (68 mL) -78 °C

 (10.4 mL, 0.14 mol)  (14.1 mL, 88 mmol) 

1  (100 mL)  (100 mL)  (50 mL) 
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 (6.34 g, 70%) GC-FID trans : cis = 29.3 : 70.7

 
1H NMR (400 MHz, CDCl3) δ: 3.46 (1H, m), 3.33 (2H, t, J = 6.6 Hz), 1.83 (1H, m), 1.75-1.72 (4H, m), 1.57 (2H, sext, 

J = 6.8 Hz), 1.41-1.27 (8H, m), 1.14-1.04 (5H, m), 0.97-0.82 (11H, m). 
13C{1H} NMR (100 MHz, CDCl3) δ: 73.8, 69.3, 42.4, 42.3, 39.9, 37.6, 33.6 (2C), 30.2 (2C), 30.0 (2C), 24.5 (2C), 23.4, 

20.1, 14.4, 10.8. 

 

=cis-4-(trans-4- )  ( 14, entries 11-12 )  

 
4-(trans-4- )  (17.8 g, 80 mmol)  (120 mL) 

 (3.02 g, 80 mmol) 1

trans-4-(trans-4- )  

 (2.24 g, 10 mmol)  (1.04 g, 11 mmol) 

 (3.15 g, 12 mmol)  (10 mL)  

(2.2 M, 4.99 mL)  (10 g) 

4-(trans-4-

)  (20 mL) 10%  (20 mg) 

5 trans-4-  (2.40 g, 

<80%)  
1H NMR (400 MHz, CDCl3, impurity omitted) δ: 7.29-7.23 (2H, m, overlap with CHCl3), 6.92-6.88 (3H, m), 4.51 (1H, 

m), 2.03-2.01 (2H, m), 1.77-1.74 (4H, m), 1.55-1.46 (5H, m), 1.31-1.22 (2H, m), 1.16-1.06 (6H, m), 1.01-0.92 (2H, m), 

0.89-0.81 (5H, m). 
13C{1H} NMR (100 MHz, CDCl3, impurity omitted) δ: 157.8, 129.4 (2C), 120.3, 116.2 (2C), 72.0, 42.7, 42.4, 39.8, 

37.6, 33.6 (2C), 30.2 (2C), 29.8 (2C), 24.3 (2C), 20.1, 14.4. 
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4'- -4-  ( 14, entries 15-16 )  

 
7  (8.94 g, 24 mmol) THF -78 °C

-  (1 M, 22 mL) 

1 4-(trans-4- )  (4.45 g, 20 mmol) THF (15 mL) 

1  (40 mL)  (40 mL) 

 (30 mL x 2) 

 (20 mL)  (2.5 mL) 30

4-(trans-4- ) -1-  (2.24 g, 

40%)  

 (2.24 g, 7.9 mmol)  (20 mL) 10%  (22.4 mg) 

6

 (2.23 g, 99%) GC-FID trans : cis = 

41.4 : 58.6  
1H NMR (400 MHz, CDCl3) δ: 7.31-7.24 (2H, m, overlap with CHCl3), 7.21-7.15 (3H, m), 2.63 (0.6H, m, cis isomer), 

2.44 (0.4H, tt, J = 12.2 Hz, 3.4 Hz, trans isomer), 1.93-1.65 (8H, m), 1.51-0.81 (18H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 147.9 (0.4C), 147.4 (0.6C), 128.30 (0.4*2C), 128.26 (0.6*2C), 127.1 (0.6*2C), 

126.9 (0.4*2C), 125.8 (0.4C), 125.7 (0.6C), 44.8 (0.4C), 43.5 (0.4C), 43.0, 39.9 (0.4C), 39.5 (0.6C), 37.8 (0.4C), 37.5 

(0.6C), 37.0 (0.6C), 34.7 (0.4*2C), 33.7 (0.4*2C), 33.6 (0.6*2C), 33.5 (0.6C), 31.1 (0.6*2C), 30.5 (0.4*2C), 30.2 

(0.4*2C), 29.4 (0.6*2C), 27.7 (0.6*2C), 20.1, 14.5. 

GCMS-EI m/z: 284 [M]+ (38.1), 104 [C8H8]+ (100). 

 

4'-  ( 14, entries 21-22,26,31 )  

 

 (R5 = R6 = H) 

<C>  (4.50 mL, 48 mmol) tert- THF  (1 M, 44 

mL) -78 °C n-  (2.67 M, 16.5 mL) 

1  (4.36 g, 44 mmol) 30
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4-  (6.19 mL, 40 mmol) 90  (50 mL) 

 (60 mL)  (20 mL x 2) 

 (40 mL)  

(5.0 mL) 1

 (5.11 g, 59%)  (4.18 g, 19 

mmol)  (20 mL) 10%  (83.6 mg) 100 °C 4

2- -1-(4-

)  (2.67 g, 63%) 19F NMR trans : cis = 

44.9 : 55.1  
1H NMR (400 MHz, CDCl3) δ: 7.24 (1H, m, overlap with CHCl3), 7.14 (1H, m), 7.07 (1H, tt, J = 8.8 Hz, 1.4 Hz), 6.98 

(1H, ddd, J = 10.6 Hz, 8.0 Hz, 1.4 Hz), 2.83 (1H, m), 1.88-1.02 (13H, m, overlap with H2O), 0.93 (0.6*3H, t, J = 7.2 

Hz), 0.90 (0.4*3H, t, J = 7.2 Hz). 
13C{1H} NMR (100 MHz, CDCl3) δ: 160.7 (1C, d, 1JCF = 245 Hz), 134.4 (0.6C, d, 2JCF = 14.4 Hz), 134.3 (0.4C, d, 2JCF 

= 14.6 Hz), 127.8 (0.6C, d, 3JCF = 5.4 Hz), 127.6 (0.4C, d, 3JCF = 5.2 Hz), 127.0 (1C, d, 3JCF = 8.4 Hz), 124.0 (0.4C, d, 
4JCF = 3.8 Hz), 132.9 (0.6C, d, 4JCF = 3.6 Hz), 115.20 (0.6C, d, 2JCF = 23.0 Hz), 115.17 (0.4C, d, 2JCF = 22.9 Hz), 39.7 

(0.4C), 37.2 (0.4C), 37.1, 33.7 (0.6C), 33.5 (0.4*2C), 32.9 (0.4*2C), 32.3 (0.6C), 30.2 (0.6*2C), 27.5 (0.6*2C), 20.9 

(0.6C), 20.0 (0.4C), 14.41 (0.4C), 14.38 (0.6C). 
19F{1H} NMR (376 MHz, CDCl3) δ: -119.3 (0.6F, s, cis isomer), -119.5 (0.4F, s, trans isomer). 

 

 (R5 = H, R6 = Me) 

3-  (5.74 mL, 52 mmol) THF (32 mL) -78 °C

sec- -  (1.06 M, 41.5 mL) 2

4-  (6.19 mL, 40 mmol) 2  <C> 

3- -4-(4- )  (5.64 g, 60%) 19F 

NMR trans : cis = 39.5 : 60.5  
1H NMR (400 MHz, CDCl3) δ: 7.13 (0.6*1H, t, J = 7.9 Hz), 7.09 (0.4*1H, t, J = 7.8 Hz), 6.88 (1H, d, J = 7.8 Hz), 6.81 

(1H, d, J = 11.5 Hz), 2.80 (1H, m), 2.30 (3H, s), 1.86-1.05 (13H, m, overlap with H2O), 0.93 (0.6*3H, t, J = 7.2 Hz), 

0.90 (0.4*3H, t, J = 7.1 Hz).  
13C{1H} NMR (101 MHz, CDCl3) δ: 160.6 (1C, d, 1JCF = 244.3 Hz), 137.2 (1C, d, 3JCF = 8.1 Hz), 131.3 (0.6C, d, 2JCF 

= 14.7 Hz), 131.2 (0.4C, d, 2JCF = 14.8 Hz), 127.6 (0.6C, d, 3JCF = 5.9 Hz), 127.3 (0.4C, d, 3JCF = 5.9 Hz), 124.6 (0.4C, 

d, 4JCF = 3.0 Hz), 124.5 (0.6C, d, 4JCF = 2.9 Hz), 115.82 (0.6C, d, 2JCF = 22.9 Hz), 115.79 (0.4C, d, 2JCF = 22.8 Hz), 

39.8 (0.4C), 37.1 (0.4C), 37.0 (0.4C), 36.8 (0.6C), 33.8 (0.6C), 33.6 (0.4*2C), 33.0 (0.4*2C), 32.3 (0.6C), 30.3 

(0.6*2C), 27.6 (0.6*2C), 21.0 (0.6C), 20.8 (1C, d, 4JCF = 1.1 Hz), , 20.1 (0.4C), 14.41 (0.4C), 14.38 (0.6C). 
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19F{1H} NMR (376 MHz, CDCl3) δ: -120.2 (0.6F, s, cis isomer), -120.5 (0.4F, s, trans isomer). 

 

 (R5 = F, R6 = Me) 

2,3-  (5.44 mL, 48 mmol) THF (48 mL) -78 °C

n-  (2.65 M, 16 mL) 2 4-

 (6.19 mL, 40 mmol) 2  <C> 2,3-

-4-(4- )  (6.91 g, 68%) 19F NMR

trans : cis = 40.1 : 59.9  
1H NMR (400 MHz, CDCl3) δ: 6.90-6.82 (2H, m), 2.82 (1H, m), 2.255 (0.6*3H, d, 4JHF = 1.7 Hz), 2.253 (0.4*3H, d, 
4JHF = 1.5 Hz), 1.86-1.05 (13H, m, overlap with H2O), 0.92 (0.6*3H, t, J = 7.1 Hz) 0.90 (0.4*3H, t, J = 7.2 Hz).  
13C{1H} NMR (101 MHz, CDCl3) δ: 149.29 (0.6C, dd, 1JCF = 245.2 Hz, 2JCF = 13.7 Hz), 149.26 (0.4C, dd, 1JCF = 

245.2 Hz, 2JCF = 13.7 Hz), 148.7 (0.6C, dd, 1JCF = 245.1 Hz, 2JCF = 12.8 Hz), 148.6 (0.4C, dd, 1JCF = 245.0 Hz, 2JCF = 

12.8 Hz), 134.0 (0.6C, d, 2JCF = 11.7 Hz), 133.9 (0.4C, d, 2JCF = 12.4 Hz), 125.2 (1C, m), 123.9 (1C, d, 2JCF = 13.9 Hz), 

121.5 (0.6C, t, 4JCF = 4.3 Hz), 121.2 (0.4C, t, 4JCF = 4.4 Hz), 39.7 (0.4C), 37.2 (0.4C), 37.1 (1C), 33.8 (0.6C), 33.5 

(0.4*2C), 33.0 (0.4*2C), 32.3 (0.6C), 30.2 (0.6*2C), 27.5 (0.6*2C), 20.9 (0.6C), 20.1 (0.4C), 14.40 (0.4C), 14.37 

(0.6C), 14.1 (1C, t, 3JCF = 2.8 Hz). 
19F{1H} NMR (376 MHz, CDCl3) δ: -143.37 (0.4F, d, J = 20.2 Hz), -143.39 (0.6F, d, J = 20.4 Hz), -145.5 (0.6F, d, J = 

19.9 Hz, cis isomer), -145.7 (0.4F, d, J = 20.3 Hz, trans isomer). 

 

4'-  ( 14, entries 23-25,27-29,34 )  

 

 (R5 = F, R6 = R7 = H) 

<D>  (2.20 g, 52 mmol)  (1.26 g, 52 mmol) THF 

(48 mL) 3-  (5.72 mL, 52 mmol) 2

Turbo-Grignard 4-  (4.26 mL, 28 mmol) 3

 (50 mL)  (50 mL)  (30 mL x 2) 

 (20 mL)  (5.0 mL) 

1

 (20 mL) 10%  (103 mg) 



2  

38 
 

100 °C 4

3- -1-(4- )  (5.03 g, 83%) 19F NMR

trans : cis = 32.9 : 67.1  
1H NMR (400 MHz, CDCl3) δ: 7.23 (1H, m, overlap with CHCl3), 7.00 (0.7H, d, J = 7.7 Hz), 6.97 (0.3H, d, J = 7.7 Hz), 

6.95-6.83 (2H, m), 2.57 (0.7H, m), 2.45 (0.3H, tt, J = 12.2 Hz, 3.1 Hz), 1.91-0.99 (13H, m, overlap with H2O), 0.92 

(0.7H, t, J = 7.0 Hz), 0.90 (0.3H, t, J = 7.4 Hz). 
13C{1H} NMR (100 MHz, CDCl3) δ: 163.0 (1C, d, 1JCF = 244.5 Hz), 150.6 (0.3C, d, 3JCF = 6.6 Hz), 150.4 (0.7C, d, 
3JCF = 6.7 Hz), 129.57 (0.3C, d, 3JCF = 8.2 Hz), 129.54 (0.7C, d, 3JCF = 8.4 Hz), 122.6 (0.7C, d, 4JCF = 2.4 Hz), 122.5 

(0.3C, d, 4JCF = 2.8 Hz), 113.8 (0.7C, d, 2JCF = 20.9 Hz), 113.6 (0.3C, d, 2JCF = 20.7 Hz), 112.5 (0.3C, d, 2JCF = 21.1 

Hz), 112.4 (0.7C, d, 2JCF = 21.0 Hz), 44.4 (0.3C), 43.4 (0.7C), 39.7 (0.3C), 37.0 (0.3C), 34.20 (0.7C), 34.16 (0.3*2C), 

33.5 (0.3*2C), 32.6 (0.7C), 30.0 (0.7*2C), 28.8 (0.7*2C), 20.9 (0.7C), 20.0 (0.3C), 14.41 (0.3C), 14.37 (0.7C). 
19F{1H} NMR (376 MHz, CDCl3) δ: -113.9 (0.3F, s, trans isomer), -114.0 (0.7F, s, cis isomer). 

 

 (R5 = R7 = H, R6 = F) 

3- 4-  (5.68 mL, 52 mmol)  <D> 

4- -4'- 4- -1-(4-

)  (3.90 g, <64%) 19F NMR trans : cis = 48.0 : 52.0

 
1H NMR (400 MHz, CDCl3, impurity omitted) δ: 7.20-7.13 (2H, m), 6.99-6.93 (2H, m), 2.54 (0.5H, m), 2.44 (0.5H, tt, 

J = 12.3 Hz, 3.0 Hz), 1.88-1.02 (13H, m, overlap with H2O and impurity), 0.92 (0.5*3H, t, J = 7.1 Hz), 0.90 (0.5*3H, t, 

J = 7.3 Hz). 
13C{1H} NMR (100 MHz, CDCl3, impurity omitted) δ: 161.15 (0.5C, d, 1JCF = 243.1 Hz), 161.09 (0.5C, d, 1JCF = 

243.0 Hz), 143.5 (0.5C, d, 4JCF = 3.0 Hz), 143.3 (0.5C, d, 4JCF = 3.2 Hz), 128.2 (0.5*2C, d, 3JCF = 7.8 Hz), 128.1 

(0.5*2C, d, 3JCF = 7.5 Hz), 114.90 (0.5*2C, d, 2JCF = 20.7 Hz), 114.87 (0.5*2C, d, 2JCF = 20.9 Hz), 43.9 (0.5C), 43.0 

(0.5C), 39.7 (0.5C), 37.0 (0.5C), 34.5 (0.5*2C), 34.1 (0.5C), 33.6 (0.5*2C), 32.6 (0.5C), 30.1 (0.5*2C), 29.1 (0.5*2C), 

20.9 (0.5C), 20.0 (0.5C), 14.41 (0.5C), 14.37 (0.5C). 
19F{1H} NMR (376 MHz, CDCl3, impurity omitted) δ: -118.0 (0.5F, s, trans isomer), -118.1 (0.5F, s, cis isomer). 

GCMS-EI: m/z 220 [M]+ (23.9), 122 [C8H7F]+ (100). 

 

 (R5 = F, R6 = Me, R7 = H) 

3- 4- -2-  (6.52 mL, 52 mmol) 4-

6.19 mL (40 mmol)  <D> 3- -4- -4'-
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2- -4-(4- )  (5.40 g, 58%) 
19F NMR trans : cis = 34.6 : 65.4  

1H NMR (400 MHz, CDCl3, impurity omitted) δ: 7.07 (1H, m), 6.91-6.83 (2H, m), 2.53 (0.7H, m), 2.42 (0.3H, tt, J = 

12.2 Hz, 3.1 Hz), 2.230 (0.3*3H, s), 2.226 (0.7*3H, s), 1.89-1.00 (13H, m, overlap with H2O), 0.92 (0.7*3H, t, J = 7.0 

Hz), 0.90 (0.3*3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3, impurity omitted) δ: 161.4 (1C, d, 1JCF = 243.6 Hz), 147.8 (0.3C, d, 3JCF = 6.8 Hz), 

147.5 (0.7C, d, 3JCF = 6.7 Hz), 131.1 (0.3C, d, 3JCF = 5.4 Hz), 131.0 (0.7C, d, 3JCF = 5.5 Hz), 122.3 (0.7C, d, 4JCF = 3.0 

Hz), 122.2 (0.3C, d, 4JCF = 3.1 Hz), 121.8 (0.3C, d, 2JCF = 17.3 Hz), 121.7 (0.7C, d, 2JCF = 17.1 Hz), 113.4 (0.7C, d, 
2JCF = 21.9 Hz), 113.2 (0.3C, d, 2JCF = 21.7 Hz), 44.1 (0.3C), 43.0 (0.7C), 39.7 (0.3C), 37.0 (0.3C), 34.3 (0.3*2C), 

34.2 (0.7C), 33.5 (0.3*2C), 32.7 (0.7C), 30.0 (0.7*2C), 28.9 (0.7*2C), 20.9 (0.7C), 20.1 (0.3C), 14.41 (0.3C), 14.37 

(0.7C), 14.1 (1C, d, 3JCF = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3, impurity omitted) δ: -118.2 (0.3F, s, trans isomer), -118.3 (0.7F, s, cis isomer). 

 

 (R5 = R6 = F, R7 = H) 

3- 4- -1,2-  (5.89 mL, 52 mmol) 4-

6.19 mL (40 mmol)  <D> 1,2- -4-(4-

)  (7.81 g, 82%) 19F NMR trans : cis = 

25.2 : 74.8  
1H NMR (400 MHz, CDCl3) δ: 7.08-6.96 (2H, m), 6.91 (1H, m), 2.53 (0.7H, m), 2.42 (0.3H, tt, J = 12.2 Hz, 3.0 Hz), 

1.87-0.97 (13H, m, overlap with H2O), 0.92 (0.7*3H, t, J = 7.0 Hz), 0.90 (0.3*3H, t, J = 7.3 Hz). 

13C{1H} NMR (100 MHz, CDCl3) δ: 150.2 (1C, dd, 1JCF = 246.7 Hz, 2JCF = 12.5 Hz), 148.53 (0.3C, dd, 1JCF = 245.0 

Hz, 2JCF = 12.7 Hz), 148.46 (0.7C, dd, 1JCF = 245.2 Hz, 2JCF = 12.8 Hz), 144.9 (0.3C, m), 144.6 (0.7C, m), 122.6 

(0.7C, dd, 3JCF = 5.8 Hz, 4JCF = 3.5 Hz), 122.5 (0.3C, dd, 3JCF = 5.9 Hz, 4JCF = 3.6 Hz), 116.74 (0.3C, d, 2JCF = 16.8 

Hz), 116.71 (0.7C, d, 2JCF = 16.7 Hz), 115.6 (0.7C, d, 2JCF = 16.9 Hz), 115.4 (0.3C, d, 2JCF = 17.0 Hz), 43.9 (0.3C), 

42.8 (0.7C), 39.6 (0.3C), 36.9 (0.3C), 34.3 (0.3*2C), 34.1 (0.7C), 33.4 (0.3*2C), 32.6 (0.7C), 29.9 (0.7*2C), 28.9 

(0.7*2C), 20.8 (0.7C), 20.0 (0.3C), 14.4 (0.3C), 14.3 (0.7C). 
19F{1H} NMR (376 MHz, CDCl3) δ: -138.7 (0.3F, d, J = 21.8 Hz), -138.8 (0.7F, d, J = 20.5 Hz), -142.6 (0.3F, d, J = 

21.8 Hz, trans isomer), -142.7 (0.7F, d, J = 21.2 Hz, cis isomer). 

 

 (R5 = R7 = F, R6 = OMe) 

3- 4- -2,6-  (10.0 g, 45 mmol) 4-
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6.19 mL (40 mmol)  <D> 2,6- -4-(4-

)  (6.25 g, 58%) 19F NMR trans : cis = 

28.7 : 71.3  
1H NMR (400 MHz, CDCl3) δ: 6.79-6.70 (2H, m), 3.96-3.95 (3H, m), 2.49 (0.7H, m), 2.38 (0.3H, tt, J = 12.3 Hz, 3.0 

Hz), 1.87-0.97 (13H, m, overlap with H2O), 0.92 (0.7*3H, t, J = 7.0 Hz), 0.90 (0.3*3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 155.6 (2C, dd, 1JCF = 247.1 Hz, 3JCF = 6.4 Hz), 143.5 (0.3C, t, 3JCF = 7.5 Hz), 

143.2 (0.7C, t, 3JCF = 7.5 Hz), 110-5-110.2 (3C, m), 61.8 (1C, t, 4JCF = 2.9 Hz), 43.9 (0.3C), 42.7 (0.7C), 39.6 (0.3C), 

36.9 (0.3C), 34.2 (0.7C), 34.1 (0.3*2C), 33.3 (0.3*2C), 32.6 (0.7C), 29.8 (0.7*2C), 28.7 (0.7*2C), 20.8 (0.7C), 20.0 

(0.3C), 14.34 (0.3C), 14.29 (0.7C). 
19F{1H} NMR (376 MHz, CDCl3) δ: -129.5 (0.3*2F, s, trans isomer), -129.6 (0.7*2F, s, cis isomer). 

 

 (R5 = F, R6 = OMe, R7 = H) 

3- 4- -2-  (6.66 mL, 52 mmol) 4-

6.19 mL (40 mmol)  <D> 

-78 °C trans  (1.33 g, 13%) 2-

-4-(4- )  (1.62 g, 16%) 
19F NMR trans : cis = 60.1 : 39.9 1 

M  
1H NMR (400 MHz, CDCl3) δ: 6.98-6.85 (3H, m), 3.863 (0.4*3H, s), 3.860 (0.6*3H, s), 2.50 (0.4H, m), 2.38 (0.6H, tt, 

J = 12.2 Hz, 3.2 Hz), 1.87-1.00 (13H, m, overlap with H2O), 0.92 (0.4*3H, t, J = 7.2 Hz), 0.90 (0.6*3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 152.4 (1C, d, 1JCF = 244.7 Hz), 145.5 (0.6C, d, 2JCF = 10.8 Hz), 145.4 (0.4C, d, 
2JCF = 10.6 Hz), 141.3 (0.6C, d, 3JCF = 5.6 Hz), 141.0 (0.4C, d, 3JCF = 5.4 Hz), 122.3 (0.4C, d, 3JCF = 3.5 Hz), 122.1 

(0.6C, d, 3JCF = 3.3 Hz), 114.6 (0.4C, d, 2JCF = 17.0 Hz), 114.5 (0.6C, d, 2JCF = 17.5 Hz), 113.44 (0.6C, d, 4JCF = 2.1 

Hz), 113.41 (0.4C, d, 4JCF = 1.8 Hz), 56.4 (1C), 43.7 (0.6C), 42.5 (0.4C), 39.7 (0.4C), 37.0 (0.6C), 34.4 (0.6*2C), 34.2 

(0.4C), 33.5 (0.6*2C), 32.7 (0.4C), 30.0 (0.4*2C), 29.0 (0.4*2C), 20.8 (0.4C), 20.0 (0.6C), 14.40 (0.6C), 14.36 (0.4C). 
19F{1H} NMR (376 MHz, CDCl3) δ: -135.79 (0.6F, s, trans isomer), -135.82 (0.4F, s, cis isomer). 

 

3,5- -1-(4- )  ( 14, entry 30 )  

 
<E>  (2.20 g, 52 mmol)  (1.26 g, 52 mmol) THF 
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(48 mL) 5- -1,3-  (5.95 mL, 52 mmol) 20  (

THF ) 4 Turbo-Grignard

THF  (0.5 M, 8.0 mL) 30 4-  (6.19 mL, 40 mmol) 

 ( ) 3  (50 mL)  (50 mL) 

 (30 mL x 2) 

 (40 mL)  (5.0 mL) 1

 (40 mL) 10%  (160 mg) 

100 °C 4

 (5.76 g, 60%) 19F NMR

trans : cis = 22.1 : 77.9  
1H NMR (400 MHz, CDCl3) δ: 6.77-6.69 (2H, m), 6.60 (1H, tt, J = 9.0 Hz, 2.3 Hz), 2.55 (0.8H, m), 2.45 (0.2H, tt, J = 

12.2 Hz, 3.2 Hz), 1.88-0.97 (13H, m, overlap with H2O), 0.92 (0.8*3H, t, J = 7.0 Hz), 0.90 (0.2*3H, t, J = 7.4 Hz). 
19F{1H} NMR (376 MHz, CDCl3) δ: -110.9 (0.2*2F, s, trans isomer), -111.0 (0.8*2F, s, cis isomer). 

 

4- -3,5- -1-(4- )  ( 14, entry 33 )  

 
 <E> 1,3- -5-(4- -1-

)  (7.14 g, 30 mmol) THF (30 mL) -78 °C  (2.65 

M, 12.5 mL) 2 DMF (3.08 mL, 40 mmol) 2

 (50 mL)  (50 mL)  (30 mL x 2) 

2,6- -4-(4- -1- )

 

( ) THF (24 mL) 

tert- THF  (1 M, 42 mL) 2

THF (20 mL) 3  (100 mL) 

 (100 mL)  (50 mL) 60%  (50 mL x 2)  (50 mL) 

2-  (20 mL) 10%  (130 mg) 100 °C

8

 (7.42 g, 63%) 19F NMR trans : cis = 43.0 : 57.0  
1H NMR (400 MHz, CDCl3) δ: 6.74-6.64 (2H, m), 2.61 (2H, t, J = 7.4 Hz), 2.51 (0.6H, m), 2.40 (0.4H, tt, J = 12.2 Hz, 

3.2 Hz), 1.87-0.97 (17H, m, overlap with H2O), 0.94-0.88 (6H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 161.5 (0.6C, dd, 1JCF = 245.0 Hz, 3JCF = 10.2 Hz), 161.4 (0.4C, dd, 1JCF = 245.1 
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Hz, 3JCF = 10.0 Hz), 148.0 (0.4C, t, 3JCF = 8.7 Hz), 147.7 (0.6C, t, 3JCF = 8.7 Hz), 115.1 (0.4C, t, 2JCF = 21.0 Hz), 115.0 

(0.6C, t, 2JCF = 21.0 Hz), 109.3 (0.6C, dd, 2JCF = 19.0 Hz, 3JCF = 7.3 Hz), 109.2 (0.4C, dd, 2JCF = 18.8 Hz, 3JCF = 7.2 

Hz), 44.1 (0.4C), 42.9 (0.6C), 39.7 (0.4C), 37.0 (0.4C), 34.3 (0.6C), 34.1 (0.4*2C), 33.4 (0.4*2C), 32.7 (0.6C), 31.8 

(1C), 29.9 (0.6*2C), 28.7 (0.6*2C), 22.5 (1C), 21.9 (1C, t, 3JCF = 2.0 Hz), 20.8 (0.6C), 20.0 (0.4C), 14.4 (0.4C), 14.3 

(0.6C), 13.8 (1C). 
19F{1H} NMR (376 MHz, CDCl3) δ: -117.09 (0.4*2F, s, trans isomer), -117.13 (0.6*2F, s, cis isomer). 

 

 ( 14) 

 (0.60 mmol)  (2.0 mL)  (2.0 

mmol, 1 M 2.0 mL) 

 (2 mL)  (4 mL) 5

entries 1-20 GC-FID

entries 21-34 19F NMR  

 

6  

 
 (2.20 g, 52 mmol)  (1.26 g, 52 mmol) THF (20 mL) 

1,4- THF  (3 M, 20 mL) THF (10 

mL) 2 Turbo-Grignard 4-  (6.19 

mL, 40 mmol) 2  (50 mL)  (50 mL) 

 (30 mL x 2) 

 (40 mL)  (5.0 mL) 1

4- -1-(4-

-1- )  (4.50 g, 40%)  

 (699 mg, 17 mmol)  (401 mg, 17 mmol) 

 (4.19 g, 15 mmol) THF (20 mL) 2

Turbo-Grignard  (2.01 mL, 18 mmol) 3

1 N  (15 mL) 30  (50 mL)  (50 mL) 

 (30 mL x 2) 



2  

43 
 

4-(4- -1- )

 (1.99 g, 54%)  

4- -2,3-  (1.90 g, 8.0 mmol)  (5.09 g, 24 

mmol)  (1.98 g, 8.1 mmol)  (525 mg, 2.0 mmol) 

 (89.8 mg, 0.40 mmol)  (10 mL) 80 °C 26

2,3- -4-[4-(4- -1- ) ]  (798 mg, 28%) 

 

 (20 mL) 10%  (40 mg) 

100 °C 16

 (774 mg, 96%) 1H NMR trans : cis = 36.4 : 63.6

 
1H NMR (400 MHz, CDCl3) δ: 7.44-7.41 (2H, m), 7.31-7.29 (2H, m), 7.09 (1H, m), 6.78 (1H, m), 4.16 (2H, q, J = 7.0 

Hz), 2.61 (0.6H, m, cis isomer), 2.51 (0.4H, tt, J = 12.2 Hz, 3.0 Hz, trans isomer), 1.90-1.01 (16H, m, overlap with 

H2O), 0.93 (0.6*3H, t, J = 7.1 Hz), 0.91 (0.4*3H, t, J = 7.4 Hz). 
19F{1H} NMR (376 MHz, CDCl3) δ: -141.8 (0.6F, d, J = 19.2 Hz), -141.9 (0.4F, d, J = 20.2 Hz), -158.9 (1F, d, J = 19.7 

Hz). 

 

7  

 
 <D> 3- -1-(4- -1- )

 (7.26 g, 33 mmol) THF (72 mL) -78 °C sec- -

 (0.99 M, 37 mL) 1  (4.46 mL, 40 

mmol) -78 °C  (4.00 g, 33 mmol) 4

 (8.28 g, 71%)  

 (3.87 g, 11 mmol) 4- -2,3-  (2.37 

g, 10 mmol)  (112 mg, 0.50 mmol) DMF (20 mL) 

1  (112 mg, 0.50 mmol) DMF (2.0 mL) 
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2  (30 mL)  (50 mL)  (30 mL x 2) 

2,3- -4-[2- -4-(4- -1- ) ]  

(1.05 g, 28%)  

 (20 mL) 10%  (53 mg) 

100 °C 16

 (911 mg, 86%) 1H NMR trans : cis = 31.1 : 68.9

 
1H NMR (400 MHz, CDCl3) δ: 7.26 (1H, m, overlap with CHCl3), 7.09-6.99 (3H, m), 6.79 (1H, m), 4.16 (2H, q, J = 7.0 

Hz), 2.61 (0.7H, m, cis isomer), 2.53 (0.3H, tt, J = 12.1 Hz, 3.2 Hz, trans isomer), 1.95-1.01 (16H, m, overlap with 

H2O), 0.93 (0.7*3H, t, J = 7.0 Hz), 0.91 (0.3*3H, t, J = 7.4 Hz). 
19F{1H} NMR (376 MHz, CDCl3) δ: -115.72 (0.3F, d, J = 16.5 Hz), -115.75 (0.7F, d, J = 16.6 Hz), -138.17 (0.7F, dd, J 

= 16.4 Hz, 6.8 Hz), -138.22 (0.3F, dd, J = 17.6 Hz, 6.8 Hz), -159.0 (1F, d, J = 18.2 Hz). 

 

8  

 
 (3.05 g, 72 mmol)  (1.75 g, 72 mmol) 1,4-

 (21.2 g, 90 mmol) THF (40 mL) 2

Turbo-Grignard 4-  (11.3 mL, 60 mmol) 2

 (60 mL)  (60 mL)  (40 mL x 2) 

 (40 mL)  (5.0 mL) 

1

4- -1-(4- -1- )  (6.94 g, 38%)  

 (6.15 g, 20 mmol) 2,4,6- (3,4,5- )

 (4.74 g, 10 mmol)  (4.15 g, 30 mmol)  (1.31 g, 5.0 mmol) 

 (225mg, 1.0 mmol)  (15 mL)  (15 mL) 80 °C 26

 (20 mL x 2) 

 (20 mL) 10%  (50 mg) 
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100 °C 6

 (721 mg, 10%) GC-FID trans : cis = 

43.0 : 57.0  
1H NMR (400 MHz, CDCl3) δ: 7.43-7.41 (2H, m), 7.32-7.28 (2H, m), 7.19-7.12 (2H, m), 2.61 (0.5H, m), 2.51 (0.5H, tt, 

J = 12.2 Hz, 3.2 Hz), 1.93-1.01 (17H, m, overlpa with H2O), 0.91-0.89 (3H, m). 
19F{1H} NMR (376 MHz, CDCl3) δ: -134.5 (2F, d, J = 20.6 Hz), -163.3 (1F, t, J = 20.5 Hz). 

 

9  

 
4- -2,3-  (9.48 g, 40 mmol) THF (20 mL) 

-78 °C n-  (2.76 M, 16.6 mL) 1

4- THF  (2 M, 20 mL) 2

 (50 mL)  (60 mL) 

 (20 mL x 2) 

 (40 mL)  (5.0 mL) 1

2,3- -4-(4- -1- )  (6.04 g, 

48%)  

 (3.14 g, 10 mmol)  (20 mL) 10%  (63 mg) 

100 °C 6

 (3.16 g, quant.) 19F 

NMR trans : cis = 16.5 : 83.5  
1H NMR (400 MHz, CDCl3) δ: 7.34-7.14 (5H, m, overlap with CHCl3), 6.88 (1H, m), 6.66 (1H, m), 4.10 (0.2*2H, q, J = 

7.0 Hz), 4.08 (0.8*2H, q, J = 7.0 Hz), 3.09 (0.8H, m), 2.97 (0.8H, m), 2.89 (0.2H, m), 2.60 (0.2H, m), 2.15-1.58 (8H, 

m), 1.44 (0.2*3H, t, J = 6.9 Hz), 1.43 (0.8*3H, t, J = 6.9 Hz). 
19F{1H} NMR (376 MHz, CDCl3) δ: -142.0 (0.8F, d, J = 19.1 Hz, cis isomer), -143.2 (0.2F, d, J = 19.1 Hz, trans 

isomer), -159.6 (0.2F, d, J = 19.3 Hz), -159.8 (0.8F, d, J = 19.2 Hz). 

 

10  

 
 (1.87 g, 44 mmol)  (1.07 g, 44 mmol) THF (20 mL) 
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5- -1,2,3-  (4.74 mL, 40 mmol) 

2 Turbo-Grignard 4- THF  (1.0 M, 40 mmol) 

2  (50 mL)  (50 mL)  (30 mL 

x 2)  (20 mL) 

 (5.0 mL) 1 1,2,3-

-5-(4- -1- )  (6.41g, 56%)  

(2.88 g, 10 mmol)  (20 mL) 10%  (57.6 mg) 

100 °C 4

1,2,3- -5-(4- )  (2.90 g, quant.) 
19F NMR trans : cis = 37.0 : 63.0  

1H NMR (400 MHz, CDCl3) δ: 7.33-7.14 (5H, m, overlap with CHCl3), 6.91-6.81 (2H, m), 2.91-2.81 (0.6*2H, m), 

2.61-2.51 (0.4*2H, m), 2.05-1.48 (8H, m). 
19F{1H} NMR (376 MHz, CDCl3) δ: -135.2 (0.4F, d, J = 20.5 Hz), -135.3 (0.6F, d, J = 20.5 Hz), -164.6 (0.4F, t, J = 20.5 

Hz, trans isomer), -164.9 (0.6F, t, J = 20.6 Hz, cis isomer). 

 

 ( 22) 

 (90.0 mg, 0.60 mmol)  (2.0 mL) 

-20 °C  (1 M, 2.0 mL) 3

 (2 mL)  (4 mL) 5

8 GC-FID

NMR  

 

 ( 15) 

 (90.0 mg, 0.60 mmol)  (2.0 mL) 

-20 °C  (2.0 mmol) 1 (529 mg, 2.0 mmol, trans : cis = 

21.5 : 78.5) 3  (2 mL)  (4 mL) 

5 1

GC-FID  

 

 ( 16) 

 (0.60 mmol)  (2.0 mL)  (2.0 

mmol) 3  (2 mL)  (4 mL) 

5

GC-MS ( 40 °C 2 12 °C/min ) 
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trans 6.9 min trans 7.1 min cis

 

 

2-  

 
<F> 4-  (25.5 g, 0.18 mol)  (100 mL) 

 (30 mL, 0.36 mol) Dean-Stark 3

 (140 mL)  (20 mL, 0.24 mol) 

6

 (120 mL)  (9.83 g, 0.18 mol) 1.5 1 N

 (200 mL)  (200 mL)  (100 mL x 2) 

 (120 

mL) 10%  (150 mg) 6

 (  = 

 :  = 9 : 1) 2- -6-  (16.1 g, 45%) 

 

 (3.89 g, 20 mmol)  (40 mL) 85%  

(6.6 g, 0.10 mol)  (4.86 mL, 0.10 mol) 180 °C 2

 (40 mL)  (40 mL)  (40 mL x 2) 

 (779 mg, 22%) GC-FID 3

18.1 : 78.2 : 3.7  
13C{1H} NMR (101 MHz, CDCl3) δ: 43.5 (0.2C), 43.1 (0.2C), 41.1 (0.2C), 40.1 (0.8C), 39.9 (0.2C), 38.2 (0.8C), 37.6 

(0.2C), 36.2 (0.8C), 36.1 (0.8C), 34.3 (0.2C), 34.1 (0.2C), 34.0 (0.2C), 33.4 (0.2C), 32.8 (0.8C), 32.6 (0.8C), 32.5 

(0.8C), 27.8 (0.8C), 27.2 (0.8C), 26.8 (0.2C), 26.7 (0.2C), 25.9 (0.8C), 21.0 (0.8C), 20.03 (0.2C), 19.99 (0.8C), 14.5 

(0.8C), 14.4 (0.2C). 

GCMS-EI m/z (major isomer): 180 [M]+ (19.3), 137 [M-Pr]+ (61.0), 81 [C6H9]+ (100) 
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2,6-  

 
 (10.8 g, 28 mmol) THF (100 mL) 

tert-  (3.14 g, 28 mmol) THF (60 mL) 1

 <F> 2- -6-  (3.89 g, 20 mmol) THF (40 

mL) 1  (100 mL)  (100 mL) 

 (50 mL x 2) 60%  (50 mL x 2)  (50 mL x 2) 

 (  = ) 

 (20 mL) 10%  (20 mg) 

 (20 mL) 10%  (100 mg) 6

 

(2.23 g, 2 50%) GC-FID 5

29.5 : 12.8 : 50.9 : 1.9 : 5.0  

GCMS-EI m/z (major isomer): 222 [M]+ (29.7), 179 [M-Pr]+ (53.5), 95 [C7H11]+ (100) 

 

2- -6-  

 
 (6.33 g, 16 mmol) THF (50 mL) 

-20 °C tert-  (1.78 g, 16 mmol) THF (20 mL) 1

 <F> 2- -6-  (2.20 g, 11 mmol) THF 

(20 mL) 1  (100 mL)  (100 mL) 

 (50 mL x 2) 60%  (50 mL x 2)  (50 mL x 2) 

 (  = ) 2-

-6-  (1.67 g, 63%)  

 (20 mL) 10%  (33.4 mg) 

 (1.85 g, quant.) GC-FID 5

25.3 : 2.3 : 60.4 : 1.7 : 6.4  
13C{1H} NMR (101 MHz, CDCl3, major 2 isomers) δ: 43.1 (0.25*2C), 40.82 (0.25C), 40.78 (0.25C), 40.1 (0.6C), 

39.9 (0.25C), 38.5 (0.6C), 38.2 (0.6C), 37.9 (0.25C), 37.6 (0.25C), 37.5 (0.6C), 37.3 (0.25C), 36.0 (0.6*2C), 34.1 
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(0.25*2C), 33.5 (0.25C), 33.4 (0.25C), 32.82 (0.6C), 32.79 (0.6C), 32.4 (0.6*2C), 29.3 (0.25C), 29.2 (0.6C), 27.9 

(0.6C), 27.8 (0.6C), 23.0, 20.0, 14.4, 14.2. 

GCMS-EI m/z (major isomer): 236 [M]+ (32.4), 193 [M-Pr]+ (19.2), 179 [M-Bu]+ (36.1), 95 [C7H11]+ (100) 

 

 ( 17) 

 (0.60 mmol)  (2.0 mL)  (2.0 

mmol) 3  (2 mL)  (4 mL) 

5 GC-FID

 

  



3 1,3-

50

3 1,3-

25 3

3-1 2,5- 1,3-

Δε

ε// ε

6 Δε

( 26) ε

2

ε
45-47 ε// 1,3-

1,3- 2 sp3 > sp2 21 3

1,3- 11 Δε

26 ( ) ( ) Δε

6

trans
47 1,3-

3-2 2- 1,3-

3-2-1 5- -2-{trans-4-(3,4,5- ) }-1,3- (11) trans



3 1,3-  

51 
 

 

2,5- 1,3- 2- 1,3-

21 2,5- -1,3- trans : cis = 3 : 1

trans cis

6 48

6

 

11 NOESY  ( 27) 

3 : 1 2

4 axial axial

5 4 equatorial axial

axial 1' 4

axial equatorial

trans  

 

 
27 11 NOE  

 

 ( 19) p- 5 12

13 58 : 42 11 24

82 : 18 trans  (entries 1-9) -18 °C 56 : 44

3  (entries 10-17) 

trans trans

3 : 1

4 : 1 trans

p-

trans

 (entries 18-20) 1,3- [3,5- ( ) ]

 (14) 49  (entries 21-22) 
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52 
 

 

19 11  

 
entry acid  amount 

(mol%) 
temp. 
(°C) 

time 
(min) ratio of 11a trans-11 : cis-11a  entry acid  amount 

(mol%) 
temp. 
(°C) 

time 
(min) ratio of 11a trans-11 : cis-11a 

1 TsOH 1.0 rt 5 >99.5% 58.2 : 41.8  12 TsOH 1.0 -18 30 65.2% 56.7 : 43.3 
2 TsOH 1.0 rt 15 >99.5% 58.5 : 41.5  13 TsOH 1.0 -18 60 80.4% 56.7 : 43.3 
3 TsOH 1.0 rt 30 >99.5% 62.6 : 37.4  14 TsOH 1.0 -18 90 86.7% 56.7 : 43.3 
4 TsOH 1.0 rt 60 >99.5% 68.2 : 31.8  15 TsOH 1.0 -18 120 94.9% 57.0 : 43.0 
5 TsOH 1.0 rt 90 >99.5% 71.7 : 28.3  16 TsOH 1.0 -18 150 97.2% 56.5 : 43.5 
6 TsOH 1.0 rt 120 >99.5% 75.1 : 24.9  17 TsOH 1.0 -18 180 97.5% 56.7 : 43.3 
7 TsOH 1.0 rt 150 >99.5% 77.5 : 22.5  18 PPTS 5.0 rt 180 17.1% 56.4 : 43.6 
8 TsOH 1.0 rt 180 >99.5% 79.4 : 20.6  19 TFA  1.0 80 2880 21.8% 54.3 : 45.7 
9 TsOH 1.0 rt 1440 >99.5% 81.9 : 18.1  20 BF3·Et2O 1.0 -18 120 53.7% 56.9 : 43.1 
10 TsOH 1.0 -18 5 6.1% 55.0 : 45.0  21 14 1.0 rt 60 <0.5 - 
11 TsOH 1.0 -18 15 16.2% 55.7 : 44.3  22 14 1.0 80 1620 >99.5% 78.6 : 21.4 

adetermined by GC-MS 

 

p-  ( 20) 

4 : 1

 (entries 1-9) 3 : 

2 11

p-

 (entries 10-14, 19) 11

HFIP

HFIP 9 : 1

 (entries 15-18) 19 : 1

trans  (entries 20-25) 4 : 1  (entries 

26-28) 2

trans 1,3-
50

p-

p-  (entry 

21)  
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20 11  

 
entry solvent ratio of 11a trans-11 : cis-11a  entry solvent ratio of 11a trans-11 : cis-11a 

1 C6H14 94.0% 82.1 : 17.8  15 HFIP 96.0% 88.2 : 11.8 
2 cyclo-C6H12 95.9% 80.3 : 19.7  16 HCO2H <0.5% - 
3 CHCl3 95.0% 81.1 : 18.9  17 AcOH >99.5% 85.3 : 14.7 
4 C6F14 91.1% 86.8 : 13.2  18 tert-C4H9CH2CO2H >99.5% 80.7 : 19.3 
5 CPME 95.0% 79.9 : 20.1  19 H2O 97.4% 60.2 : 39.8 
6 THF 94.7% 77.9 : 22.1  20 [Bmim]BF4 98.5% 98.5 : 1.5 
7 DME 94.4% 78.6 : 21.4  21b [Bmim]BF4 <0.5 - 
8 MeNO2 85.2% 83.1 : 16.9  22 [Bm2im]BF4 96.0% 97.8 : 2.2 
9 Me2CO >99.5% 77.5 : 22.5  23 [Bmim]PF6 >99.5% 98.2 : 1.8 
10 NMP >99.5% 58.1 : 41.9  24 [Emim]OTs >99.5% 69.9 : 30.1 
11 DMPU 92.2% 58.1 : 41.9  25c [Emim]OTs >99.5% 95.8 : 4.2 
12 DMI >99.5% 58.9 : 41.1  26 [Empy]BF4 >99.5% 82.9 : 17.1 
13 DMF >99.5% 62.0 : 38.0  27 [Empy]OTs >99.5% 73.6 : 26.4 
14 DMSO >99.5% 60.2 : 37.8  28c [Empy]OTs >99.5% 78.4 : 21.6 

adetermined by GC-MS 
breaction without TsOH 
creaction temp. = 50 °C 

 

trans 2,5- 1,3-
51

52-54  ( 21) 12

15 12 1 2

11

 (entries 1-7) 

p-

trans  (entry 8) Entry 8 85%

2

trans  (entries 9-11) 

trans  (entries 12-16) p-

trans p-

trans p-
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21  

 
entry 12 or 15 solvent trans-11 : cis-11a  entry 12 or 15 solvent trans-11 : cis-11a 

1 15 sat. LiCl / H2O 59.6 : 40.4  9 15 sat. NaI / H2O 67.7 : 32.3 
2 15 sat. NaCl / H2O 78.8 : 21.2  10 12 sat. NaI / Me2CO 83.2 : 16.8 
3 15 sat. MgCl2 / H2O 52.8 : 47.2  11 12 sat. NaI / MeCN 82.9 : 17.1 
4 15 sat. CoCl2 / H2O 57.2 : 42.8  12 15 sat. NaNO3 / H2O 58.6 : 41.4 
5 15 sat. NiCl2 / H2O 52.8 : 47.2  13 15 sat. Na2SO4 / H2O 56.8 : 43.2 
6 15 sat. CuCl2 / H2O 55.9 : 44.1  14 15 sat. NaOTs / H2O 49.2 : 50.8 
7 15 sat. ZnCl2 / H2O 94.3 : 5.7  15 15 sat. NaBF4 / H2O 81.9 : 18.1 
8b 15 sat. ZnCl2 / H2O 98.8 : 1.2  16 15 sat. NaSCN / H2O 54.1 : 45.9 

adetermined by GC-MS 
breaction without TsOH 

 

p-

 ( 22) trans : cis = 3 : 2  (entry 1) 

trans : cis = 4 : 1 trans

 (entries 2, 5 and 9) trans

 (entry 11) entries 2 9 97%

96%

trans
55

 

 

22 11  

 
entry sat. MClx / aq. HCl solubility of MClx 

(g/100 g-H2O) trans-11 : cis-11a  entry sat. MClx / aq. HCl solubility of MClx 
(g/100 g-H2O) trans-11 : cis-11a 

1 1 N HCl - 58.5 : 41.5  7 sat. KCl / 1 N HCl 34.2 59.5 : 40.5 
2 sat. LiCl / 0.1 N HCl 83.5 97.3 : 2.7  8 sat. CaCl2 / 0.1 N HCl 74.5 62.4 : 37.6 
3 sat. NaCl / 0.1 N HCl 35.9 59.9 : 40.1  9 sat. CaCl2 / 1 N HCl 74.5 97.9 : 2.1 
4 sat. NaCl / 1 N HCl 35.9 68.6 : 31.4  10 sat. BaCl2 / 1 N HCl 35.8 59.9 : 40.1 
5 sat. MgCl2 / 1 N HCl 54.6 90.0 : 10.0  11 sat. CeCl3 / 1 N HCl N/A 80.4 : 19.6 
6 sat. AlCl3 / H2O 45.8 53.5 : 46.5      

adetermined by GC-MS 

 

trans
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 ( 23) 30 °C 1

trans : cis = 3 : 2 trans

24 trans  (entries 1-5) 50 °C 30 °C trans

9 trans  (entries 7-9) 70 °C

trans trans : cis = 5 : 1  (entries 10-12) 

11 70 °C

 

 

23  

 
entry temp. (°C) time (h) trans-11 : cis-11a  entry temp. (°C) time (h) trans-11 : cis-11a 

1 30 1 58.3 : 41.7  7 50 1 67.7 : 32.3 
2 30 3 65.2 : 34.8  8 50 3 92.2 : 7.8 
3 30 9 91.1 : 8.9  9 50 9 98.7 : 1.3 
4 30 24 97.9 : 2.1  10 70 1 75.6 : 24.4 
5 30 72 98.4 : 1.6  11 70 3 84.6 : 15.4 
6b 30 24 97.5 : 2.5  12 70 9 83.1 : 16.9 

adetermined by GC-MS 
breaction without stirring 

 

1 N 1 N

trans

 ( 24)  (entry 1)  (entry 7) 5

trans trans

7.5

trans  
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24 11  

 
entry concentration of 

CaCl2 (wt%) 
H2O / CaCl2 
(mol / mol) trans-11 : cis-11a 

1 0.0 - 58.5 : 41.5 
2 22.6 20.3 60.5 : 39.5 
3 32.7 12.2 64.3 : 35.7 
4 36.9 10.2 71.2 : 28.8 
5 38.8 9.4 78.6 : 21.4 
6 40.5 8.7 84.5 : 15.5 
7 44.2b 7.5 97.9 : 2.1 

adetermined by GC-MS 
bsaturated 

 

 

 

 ( 28) trans : cis = 99.0 : 1.0

11 95%  

 

 
28 11 100 g  

 

2,5- 1,3-

 

 

3-2-2 trans 2,5- 1,3-  

2,5- 1,3- trans

2-  (

29) trans-4-(3,4,5- ) 17-20

trans 17 5

22 cis GC-MS

23

25-27  
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29  

 

3-3 2,5- 1,3- trans  

2 trans

trans 1,3- trans : cis = 5 : 1

2

 
56 57

5- -2-{trans-4-(3,4,5-

) }-1,3-  ( 25) trans : cis = 5 : 1

p-  (entries 1-2) 

trans

 (entries 3-5) 

trans  (entry 6) 
58, 59

60

61
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25 11  

 

entry solvent time (h) trans-11 : cis-11a 
1 PhMe 14 84.9 : 15.1 
2b PhMe 28 82.3 : 17.7 
3 sat. LiCl / H2O 65 98.9 : 1.1 
4 sat. MgCl2 / H2O 65 98.8 : 1.2 
5 sat. CaCl2 / H2O 65 98.5 : 1.5 
6 H2O 14 97.7 : 2.3 

adetermined by GC-MS 
bTsOH was used in place of I2 

 

 

2,5- 1,3- trans

 

 

3-4 1,3-  

1,3-

trans : cis = 3 : 2

trans

trans

3 : 1 5 : 1

trans trans

1,3-

trans-1,3-
62 trans cis

 ( 30)  

 

 
30  ( )  ( ) 

 

3-5 3  

GC-MS  

QP2010 ( ) DB-5MS (Agilent, 30 m, 0.25 mm, 0.25 μm) 

 ( 90 mL/min) 280 °C
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80 °C 3 20 °C/min 300 °C  

 

 

MP 70 (Mettler Toledo) 0.5 °C/min 100%

1

2~3  

 

 

FT-720 (HORIBA) 

16  

 

NMR  

ASCEND ULTASHIELD PLUS (Bruker)  (1H
13C 0 ppm)  (19F 0 ppm) 1H NMR 19F 

NMR 16 13C NMR 1024  

 

12  

 
15 (2.36 g, 20 mmol) 2,2-  (20 mL) p-

 (38.0 mg, 0.20 mmol) Dean-Stark 75 °C

3  (1.38 g, 10 mmol) 

 (2.20 g, 69%) 

 

IR νmax (neat): 2993, 2958, 2933, 2854, 1456, 1369, 1254, 1196, 1157, 1119, 1034, 829. 

1H NMR (400 MHz, CDCl3) δ: 3.84 (2H, dd, J = 12.0 Hz, 4.7 Hz), 3.56 (2H, dd, J = 12.0 Hz, 9.8 Hz), 1.86 (1H, m), 

1.43 (3H, s), 1.40 (3H, s), 1.36-1.26 (2H, m), 1.19-1.13 (2H, m), 0.90 (3H, t, J = 7.2 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 97.4, 64.7 (2C), 33.8, 30.7, 27.3, 20.2, 19.5, 13.9. 

 

 ( 19) 

12 (34.8 mg, 0.22 mmol) 13 (48.4 mg, 0.20 mmol) 

 (0.20 mL)  ( ) 

GC-MS 12 13 11
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60 
 

 

 ( 20) 

12 (34.8 mg, 0.22 mmol) 13 (48.4 mg, 0.20 mmol) 

 (0.20 mL) p-  (0.38 mg, 2.2 μmol) 24

 (2.0 mL)  (2.0 mL) GC-MS

12 13 11  

 

 ( 21) 

15 (26.0 mg, 0.22 mmol) 12 (34.8 mg, 0.22 mmol) 

13 (48.4 mg, 0.20 mmol)  (0.20 mL,  : 

) p-  (0.38 mg, 2.2 μmol) 

24  (2.0 mL) GC-MS

11  

 

 ( 22) 

15 (26.0 mg, 0.22 mmol) 13 (48.4 mg, 0.20 mmol) 

 (0.20 mL,  : 2

) 24  (2.0 mL) 

GC-MS 15 13

11  

 

 ( 23 24) 

15 (26.0 mg, 0.22 mmol) 13 (48.4 mg, 0.20 mmol) 

 (0.20 mL,  : ) 

 (2.0 mL) 

GC-MS 15 13 11  

 

 ( 29 17-18, 21-26) 

 (0.22 mmol)  (0.20 mmol) 

 (0.20 mL,  : ) 24  

( 23 70 °C 12 )  (2.0 mL) 

GC-MS

 

GCMS-EI m/z (trans-17): 314 [M]+ (1.4), 313 [M-H]+ (1.4), 213 [C6H10C6H2F3]+ (0.9), 183 [M-C6H2F3]+ (0.6), 101 
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61 
 

[M-C6H10C6H2F3]+ (100). 

GCMS-EI m/z (trans-18): 375 [M-H]+ (0.6), 213 [C6H10C6H2F3]+ (0.6), 163 [M-C6H10C6H2F3]+ (27.8), 104 [C8H8]+ 

(100), 77 [Ph]+ (7.1). 

GCMS-EI m/z (trans-21): 211 [M-H]+ (3.9), 129 [M-Cy]+ (90.9), 83 [Cy]+ (74.7), 55 [C4H7]+ (100), 43 [Pr]+ (10.9). 

GCMS-EI m/z (trans-22): 245 [M-H]+ (1.1), 163 [M-Cy]+ (29.8), 104 [C8H8]+ (100), 83 [Cy]+ (5.3), 77 [Ph]+ (8.8). 

GCMS-EI m/z (trans-23): 330 [M]+ (8.4), 329 [M-H]+ (15.9), 253 [M-Ph]+ (6.4), 225 [M-CH2CH2Ph]+ (100), 139 

[BuC6H10]+ (2.3), 105 [CH2CH2Ph]+ (24.6), 77 [Ph]+ (17.5), 57 [Bu]+ (25.9). 

GCMS-EI m/z (trans-24): 282 [M]+ (62.8), 281 [M-H]+ (100), 205 [M-Ph]+ (25.3), 153 [PhC6H4]+ (22.7), 129 

[M-C12H11]+ (8.9), 77 [Ph]+ (10.5), 43 [Pr]+ (15.6). 

GCMS-EI m/z (trans-25): 251 [M]+ (7.0), 250 [M-H]+ (21.7), 129 [M-C6H4NO2]+ (9.0), 122 [C6H4NO2]+ (2.9), 55 

[C4H7]+ (100), 43 [Pr]+ (20.2). 

GCMS-EI m/z (trans-26): 274 [M]+ (20.2), 273 [M-H]+ (38.8), 205 [M-CF3]+ (4.4), 145 [C6H4CF3]+ (12.6), 129 

[M-C6H4CF3]+ (9.6), 69 [CF3]+ (16.8), 55 [C4H7]+ (100), 43 [Pr]+ (19.8). 

 

11  

 
 

15 (650 mg, 5.5 mmol) 13 (1.21 g, 5.0 mmol) 

 (5.0 mL,  : ) 

30 °C 24

 ( )  (1.65 g, 96%) 

GC-MS trans : cis = 96.1 : 3.9  

100 g  ( 28)  

15 (39.8 g, 0.34 mol) 13 (77.7 g, 0.32 mol) 

 (320 mL,  : ) 

50 °C 18  (1.0 mL)  (50.0 g) 12

 ( ) 

 (105 g, 95%) GC-MS trans : cis = 99.0 : 1.0  

mp: 92.2-93.2 °C. 

IR νmax (neat): 2958, 2920, 2852, 2359, 2333, 1612, 1531, 1442, 1348, 1226, 1153, 1034, 945, 849, 783, 700 

cm-1. 
1H NMR (400 MHz, CDCl3) δ: 6.81-6.76 (2H, m), 4.21 (1H, d, J = 5.1 Hz), 4.08 (2H, dd, J = 11.7 Hz, 4.6 Hz), 3.29 

(2H, t, J = 11.4 Hz), 2.40 (1H, tt, J = 11.8 Hz, 3.2 Hz), 2.01-1.88 (5H, m), 1.57 (1H, m, overlap with H2O), 1.38-1.18 



3 1,3-  

62 
 

(6H, m), 1.04-0.98 (2H, m), 0.90 (3H, t, J = 7.3 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 151.1 (2C, ddd, 1JCF = 244.4 Hz, 2JCF = 9.7 Hz, 3JCF = 4.1 Hz), 143.8 (1C, td, 3JCF 

= 6.5 Hz, 4JCF = 4.5 Hz), 137.6 (1C, dt, 1JCF = 248.6 Hz, 2JCF = 15.4 Hz), 110.6 (2C, dd, 2JCF = 15.4 Hz, 3JCF = 5.3 Hz), 

104.8, 72.3 (2C), 43.6, 41.8, 34.3, 33.4 (2C), 30.4, 27.3 (2C), 19.6, 14.2. 
19F{1H} NMR (376 MHz, CDCl3) δ: -135.9 (2F, d, J = 20.4 Hz), -165.2 (1F, t, J = 20.4 Hz). 

Anal. Calcd for C19H25F3O2: C, 66.65; H, 7.36; F, 16.65; O, 9.35. Found: C, 66.53; H, 7.32. 

GCMS-EI m/z: 342 [M]+ (0.9), 341 [M-H]+ (1.2), 129 [M-C12H12F3]+ (100). 

 

19  

 
2-(trans-4- )-1,3-  (85.8 mg, 0.40 mmol) 

13 (96.9 mg, 0.40 mmol)  (0.80 mL,  : 

) 50 °C 9

 (166 mg, 94%) 

GC-MS trans : cis = 98.7 : 1.3  

mp: 115.5-115.7 °C, 121.6-122.0 °C. 

IR νmax (neat): 2918, 2843, 2362, 2330, 1531, 1444, 1348, 1228, 1155, 1138, 1032, 847, 704 cm-1. 
1H NMR (400 MHz, CDCl3) δ: 6.82-6.75 (2H, m), 4.18 (1H, d, J = 5.0 Hz), 4.16 (2H, dd, J = 11.8 Hz, 4.6 Hz), 3.40 

(2H, t, J = 11.4 Hz), 2.40 (1H, tt, J = 11.8 Hz, 3.0 Hz), 1.97-1.88 (4H, m), 1.76-1.73 (3H, m), 1.67-1.63 (2H, m), 1.56 

(1H, m, overlap with H2O), 1.38-1.12 (11H, m), 1.00-0.93 (3H, m), 0.89-0.78 (5H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 151.1 (2C, ddd, 1JCF = 244.5 Hz, 2JCF = 9.7 Hz, 3JCF = 4.0 Hz), 143.7 (1C, td, 3JCF 

= 6.5 Hz, 4JCF = 4.5 Hz), 137.9 (1C, dt, 1JCF = 248.6 Hz, 2JCF = 15.4 Hz), 110.6 (2C, dd, 2JCF = 15.4 Hz, 3JCF = 5.2 Hz), 

104.6, 70.8 (2C), 43.6, 41.8, 39.6, 37.5, 37.4, 37.1, 33.4 (2C), 33.0 (2C), 29.9 (2C), 29.1, 27.3 (2C), 23.0, 14.1. 
19F NMR (376 MHz, CDCl3) δ: -135.9 (2F, d, J = 20.5 Hz), -165.2 (1F, t, J = 20.6 Hz). 

Anal. Calcd for C26H37F3O2: C, 71.20; H, 8.50; F, 13.00; O, 7.30. Found: C, 71.05; H, 8.51. 

GCMS-EI m/z: 438 [M]+ (0.6), 437 [M-H]+ (1.3), 225 [M-C12H12F3]+ (70.4), 55 [C4H7]+ (100). 
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20  

 
2-[2-(trans-4- ) ]-1,3-  (91.4 mg, 0.40 mmol) 

13 (96.9 mg, 0.40 mmol)  (0.80 mL,  : 

) 50 °C 9

 (154 mg, 85%) 

GC-MS trans : cis = 98.0 : 2.0  

mp: 100.0-106.4 °C. 

IR νmax (neat): 2910, 2850, 2359, 2339, 1533, 1442, 1344, 1227, 1153, 1136, 1041, 947, 852, 700 cm-1. 
1H NMR (400 MHz, CDCl3) δ: 6.82–6.75 (2H, m), 4.20 (1H, d, J = 5.1 Hz), 4.08 (2H, dd, J = 11.6 Hz, 4.6 Hz), 3.28 

(2H, t, J =11.4 Hz), 2.40 (1H, tt, J = 11.8 Hz, 3.2 Hz), 1.97-1.87 (5H, m), 1.72-1.68 (4H, m), 1.57 (1H, m, overlap with 

H2O), 1.37-1.08 (12H, m), 1.06-1.00 (2H, m), 0.88-0.82 (7H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 151.1 (2C, ddd, 1JCF = 245.0 Hz, 2JCF = 9.7 Hz, 3JCF = 4.0 Hz), 143.7 (1C, td, 3JCF 

= 6.5 Hz, 4JCF = 4.5 Hz), 137.9 (1C, dt, 1JCF = 248.6 Hz, 2JCF = 15.4 Hz), 110.6 (2C, dd, 2JCF = 15.4 Hz, 3JCF = 5.3 Hz), 

104.8, 72.3 (2C), 43.6, 41.8, 39.8, 37.9, 37.5, 34.7, 33.9, 33.4 (2C), 33.2 (2C), 33.2 (2C), 27.3 (2C), 25.6, 20.0, 14.4. 
19F{1H} NMR (376 MHz, CDCl3) δ: -135.9 (2F, d, J = 20.6 Hz), -165.2 (1F, t, J = 20.5 Hz). 

Anal. Calcd for C27H39F3O2: C, 71.65; H, 8.69; F, 12.59; O, 7.07. Found: C, 71.45; H, 8.72. 

GCMS-EI m/z: 452 [M]+ (0.8), 451 [M-H]+ (0.5), 239 [M-C12H12F3]+ (26.6), 55 [C4H7]+ (100). 

 

27  

 
2-(trans-4- )-1,3-  (85.8 mg, 0.40 mmol) 3,4-

 (56.8 mg, 0.40 mmol)  (0.80 mL, 

 : ) 50 °C 9

 (134 mg, 99%) 

GC-MS trans : cis = >99.5 : <0.5  

mp: 86.9-87.6 °C. 

IR νmax (neat): 2922, 2843, 2359, 2333, 1518, 1429, 1389, 1281, 1153, 1130, 1115, 1032, 891, 806, 771, 683 cm-1. 
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1H NMR (400 MHz, CDCl3) δ: 7.32 (1H, ddd, J = 10.6 Hz, 8.0 Hz, 2.1 Hz), 7.20 (1H, m), 7.13 (1H, m), 5.32 (1H, s), 

4.30 (2H, dd, J = 11.7 Hz, 4.6 Hz), 3.62 (2H, t, J = 11.5 Hz), 1.89 (1H, m), 1.78-1.68 (4H, m), 1.30-1.21 (4H, m), 

1.20-1.12 (3H, m), 1.09-0.95 (3H, m), 0.92-0.78 (5H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 150.6 (1C, dd, 1JCF = 250.9 Hz, 2JCF = 14.8 Hz), 149.1 (1C, dd, 1JCF = 249.5 Hz, 
2JCF = 14.5 Hz), 135.7 (1C, m), 122.3 (1C, dd, 3JCF = 6.4 Hz, 4JCF = 3.8 Hz), 116.9 (1C, dd, 2JCF = 16.2 Hz, 3JCF = 1.1 

Hz), 115.5 (1C, dd, 2JCF = 16.7 Hz, 3JCF = 2.7 Hz), 99.8, 71.2 (2C), 39.2, 37.5, 37.3, 37.0, 33.0 (2C), 29.9 (2C), 29.1, 

23.0, 14.1. 
19F{1H} NMR (377 MHz, CDCl3) δ: -138.4 (1F, d, J = 20.6 Hz), -138.5 (1F, d, J = 20.6 Hz). 

Anal. Calcd for C20H28F2O2: C, 70.98; H, 8.34; F, 11.23; O, 9.45. Found: C, 70.95; H, 8.19. 

GCMS-EI m/z: 338 [M]+ (12.2), 337 [M-H]+ (24.6), 319 [M-F]+ (0.8), 225 [M-C6H3F3]+ (1.5), 113 [C6H3F3]+ (55.4), 67 

[C5H7]+ (100). 

 

11  

 
15 (1.00 g, 8.5 mmol) 13 (1.86 g, 7.7 mmol) DMF (8.0 mL) 

p-  (15.0 mg, 79 μmol) 24  (10 mL) 

 (10 mL)  (10 mL x 2) 

trans-11 cis-11  (0.6 : 0.4)  (2.19 g, 83%)  
1H NMR (400 MHz, CDCl3) δ: 6.83-6.75 (2H, m), 4.31 (0.4H, d, J = 5.0 Hz), 4.21 (0.6H, d, J = 5.1 Hz), 4.08 (0.6*2H, 

dd, J =11.7 Hz, 4.6 Hz), 3.95–3.85 (0.4*4H, m), 3.29 (0.6*2H, t, J = 11.4 Hz), 2.40 (1H, m), 2.01-0.98 (14H, m, 

overlap with H2O), 0.94 (0.4*3H, t, J = 7.3 Hz), 0.90 (0.6*3H, t, J = 7.3 Hz). 

 

11  ( 25 entries 1,3-6) 

trans-11 cis-11  (68.4 mg, 0.20 mmol, 0.6 : 0.4)  (0.20 mL, 

 : ) 

 (5.4 mg, 20 μmol) 30 °C  (1.0 mL) 

 (1.0 mL)  (2.0 mL) 

GC-MS 11  

  



4

65

4

31 4

4-1

2 1

1

(CBr2F2)

( 32) 63 CBr2F2

2,6 2014

Grignard 64

(CHBrF2) 65

CHBrF2

32



4  

66 
 

 ( 33) Lawesson
27 1,3-

2004 66

 

 

 
33  

 

2,6

28

 ( 34) Δε 22, 63 2

28 ε 22  

 

 
34 3  

 

4-2 =  

4-2-1 2  

1 =
67

Lawesson Lawesson

 ( 35) 

28

4'- -2,3- 3,4,5-



4

67

o

35

Grignard

( 36) 68 Grignard

1
69

36

4'- -2,3- ( 37) 

Grignard

o 1

THF 19F NMR

30 31 1 : 2.7
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37 30  

 

Grignard THF

 ( 38) THF

29 30 31

32 4 NMR

30 : 31 = 44 : 1

CPME 30 : 31 = 44 : 1
70

CPME 3  

 

 
38 CPME  

 

30

67% CPME 66%

DMF  ( 39)  
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39 DMF  

 

33 30 3,4,5-

 ( 26) 

30%  (entries 1-2) 3,4,5-

 (entry 3) 

tert- 57%  (entry 4) 

 (entry 5)  (entry 6) 

 (entries 7-8) DMAP

82% 33

 

 
26  

 
entry catalyst additive solvent yield (%) 

1 CuOAc - PhMe 30 
2 CuOAc - CPME 31 
3 CuOAc KOAc PhMe 26 
4 CuOAc KOtBu  PhMe 57 
5 CuCN KOtBu PhMe 20 
6 CuCl KOtBu PhMe 55 
7 CuCl NMI PhMe 61 
8 CuCl DMAP PhMe 82 

 

29 30 33

2 75%

 

 

4-2-2 1  

33 1 30
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3,4,5- 33 1

 

 ( 40) 3,4,5-

NMI

33 71% 34

35 68%  

 

 
40 1  

 

7 2

 

 

4-2-3 =  
71 =

 ( 41) 35

Olah 28  

 

 
41 35  

 

2

 

 

4-2-4  

1

 ( 42) 34

36-38 6



4  

71 
 

39 2

1 2 1

2,6

36 38 42
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4-3  

2 29

 

 ( 27) 

48

45 49 50

m/z = 410  (entries 1-2) 

45 69 THF  (entries 

3-4)  (entries 5-9) 

2-MeTHF CPME CPME
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27  

 
entry solvent 

GC-MS area% 
48 45  44 46 47 49 50 

1 hexane 68.2 10.9  0.8 <0.5 1.4 10.5 7.8 
2 toluene 78.1 7.0  1.0 0.6 1.3 6.7 5.3 
3 diglyme 31.5 50.2  4.6 ND 2.8 10.0 0.9 
4 THF 77.8 16.7  1.2 ND 1.9 2.4 <0.5 
5 Bu2O 79.1 1.4  0.8 ND 10.0 2.6 2.6 
6 4-MeTHP 88.3 7.7  0.8 ND 2.8 ND ND 
7 iPr2O 91.7 2.0  0.5 ND 0.7 3.2 1.7 
8 2-MeTHF 96.6 0.9  1.3 ND 1.2 ND ND 
9 CPME 97.2 0.6  0.7 ND 0.8 0.6 ND 

 

43  ( 44 ) 

47

27 entry 5 45 48

2

48 46

49

48

1 48

50 72 50 LRMS
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43 48  

 

 ( 28) 

THF

54a : 52a 4.3 : 1 2-MeTHF 37.6 : 1

 (entries 1-2) CPME

 (entry 3) 2

CPME 1,2- CPME 54b

THF 55b  (entries 4-5) 

50 55b

CPME THF 52b

 (entries 6-7) 

CPME

55b THF

1,3- GC-MS

 (entries 8-9) 1,3-

2 2,6-

1,4- 1,2,3-

1,2- CPME THF

 (entries 10-13) 1,2,3,4- THF

54f  (entries 14-16) 
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74 
 

m R

2 m

92-98%  

 
28 ( )  

 
entry substrate solvent 

GC-MS area% yield of 54 
(%) 51 52 53 54 55 

1 fluorobenzene THF <0.5 17.5 4.7 75.4 <0.5 - 
2 fluorobenzene 2-MeTHF <0.5 2.5 1.6 93.9 <0.5 - 
3a fluorobenzene CPME (no reaction) 0 
4 1,2-difluorobenzene THF <0.5 39.2 3.4 10.5 41.7 - 
5 1,2-difluorobenzene CPME <0.5 0.7 <0.5 97.8 0.9 98 
6b 1,2-difluorobenzene THF <0.5 49.3 <0.5 42.5 <0.5 - 
7b,c 1,2-difluorobenzene CPME - - - - - 0 
8d 1,3-difluorobenzene THF <0.5 14.6 1.7 9.3 <0.5 - 
9c 1,3-difluorobenzene CPME - - - - - 0 
10 1,4-difluorobenzene THF <0.5 30.9 2.6 14.5 51.4 - 
11 1,4-difluorobenzene CPME <0.5 <0.5 <0.5 97.6 1.9 97 
12 e 1,2,3-trifluorobenzene THF <0.5 35.3 4.7 13.7 19.4 - 
13 1,2,3-trifluorobenzene CPME <0.5 <0.5 0.8 97.9 <0.5 92 
14 1,2,3,4-tetrafluorobenzene THF <0.5 <0.5 3.5 94.8 <0.5 - 
15 1,2,3,4-tetrafluorobenzene CPME <0.5 <0.5 <0.5 95.7 <0.5 97 
16b 1,2,3,4-tetrafluorobenzene THF <0.5 11.2 <0.5 83.4 <0.5 - 

a no lithiation proceeded 
b reaction without CuCN 
c no peaks except unreacted BnBr were detected 
d unreacted BnBr was detected (59.0%) 
e another unidentified compound was detected (24.4%) 

 

 

2,6-

 ( 29) 

N,N,N',N'',N''-

2  (entry 7) 

54c 52c

10 : 1  (entry 8) 52c
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29 1,3-  

 
entry additive amount 

(mol%) 
GC-MS area% 

BnBr 52c 54c 55c 
1 

 

3 >99.5 <0.5 <0.5 <0.5 
2 200 55.9 23.1 21.0 <0.5 
3a 200 66.3 19.4 14.3 <0.5 
4 

 

3 >99.5 <0.5 <0.5 <0.5 
5 10 >99.5 <0.5 <0.5 <0.5 
6 50 38.6 20.3 41.1 <0.5 
7 200 6.6 25.7 67.7 1.1 
8a 200 7.4 8.3 84.3 <0.5 

9a  200 23.2 28.9 47.9 <0.5 
a reaction without CuCN 
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-
75

 

 

4-6 4  

GC-MS  

QP2010 ( ) DB-5MS (Agilent, 30 m, 0.25 mm, 0.25 μm) 

 ( 90 mL/min) 280 °C

80 °C 3 20 °C/min 300 °C  

 

 

MP 70 (Mettler Toledo) 0.5 °C/min 100%

 

 

 

FT-720 (HORIBA) 

16  

 

NMR  

ASCEND ULTASHIELD PLUS (Bruker)  (1H
13C 0 ppm) 1H NMR 19F NMR 16 13C NMR 1024 256

 

 

30  ( 37-38) 

29 (655 mg, 3.0 mmol)  (2.4 mL) -78 °C sec-

-  (1.0 M, 3.3 mmol) 30 3

 (40.3 mg, 0.45 mmol) 15

 (0.22 mL, 3.6 mmol) -50 °C 30  ( THF

)  (0.52 mL, 4.5 mmol) 2

 (5.0 mL) 19F NMR  
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30  ( 39) 

 
 (8.0 mg, 90 μmol) 29 (655 mg, 3.0 mmol) CPME 

(4.8 mL) -78 °C sec- -  (1.0 M, 3.3 mmol) 

30 3  (0.22 mL, 3.6 mmol) -50 °C

30 30 DMF (2.0 mL, 26 mmol) 

 (0.52 mL, 4.5 mmol) 4  (8.0 mL) 

 (4.0 mL x 2) 

 (  : )  (1.05 g, 

91%)  

IR νmax (neat): 3026, 2964, 1618, 1604, 1495, 1454, 1407, 1290, 1236, 1084, 1003, 974, 895, 841, 816, 796, 769, 

729, 694 cm−1 
1H NMR (400 MHz, CDCl3) δ: 7.48 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 1.6 Hz), 7.45-7.28 (8H, m), 7.19 (1H, ddd, 3JHH = 

8.5 Hz, JHF = 6.8 Hz, 1.8 Hz), 4.61 (2H, s), 2.71 (2H, q, J = 7.6 Hz), 1.28 (3H, t, J = 7.6 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 220.5, 148.2 (1C, dd, 1JCF = 251.1 Hz, 2JCF = 13.7 Hz), 147.0 (1C, dd, 1JCF = 

256.0 Hz, 2JCF = 15.0 Hz), 145.2, 134.4, 134.1 (1C, d, 2JCF = 9.5 Hz), 133.1 (1C, d, 2JCF = 10.6 Hz), 131.4, 129.4 (2C), 

129.0-128.8 (4C, m), 128.4 (2C), 128.0, 124.4 (1C, m), 123.8 (1C, d, 3JCF = 4.0 Hz), 42.5, 28.8, 15.5. 
19F{1H} NMR (376 MHz, CDCl3) δ: -138.4 (1F, d, J = 20.3 Hz), -141.9 (1F, d, J = 19.9 Hz). 

HRMS (FAB): m/z calcd for C22H19F2S2 [M+H]+: 385.0896; found: 358.0886. 

 

33  ( 26 40) 

 
< >  (0.30 mmol)  (0 0.30 mmol) 3,4,5-

 (163 mg, 1.1 mmol)  (2.0 mL) 30 (385 mg, 1.0 mmol) 

60 °C 24

 (  : )  (20-82%) 

 



4  

79 
 

 
< >  (8.0 mg, 90 μmol) 29 (655 mg, 3.0 mmol) 

CPME (4.8 mL) -78 °C sec- -  (1.0 

M, 3.3 mmol) 30 3  (0.22 mL, 3.6 mmol) 

-50 °C 30  (0.24 mL, 3.3 mmol) 

1  ( ) 

NMI (0.71 mL, 9.0 mmol) 3,4,5-

CPME  (2.4 M, 3.6 mmol) 3  (8.0 mL) 

 (4.0 mL x 2) 

 (  : )  

(870 mg, 71%)  

mp: 101.6-102.7 °C 

IR νmax (neat): 3082, 2979, 2933, 2871, 1628, 1450, 1406, 1300, 1236, 1182, 1126, 1103, 1045, 987, 876, 845, 

822. 

1H NMR (400 MHz, CDCl3) δ: 7.91 (1H, ddd, 3JHH = 8.6 Hz, JHF = 6.8 Hz, 1.8 Hz), 7.53 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 

1.6 Hz), 7.34 (2H, d, J = 8.4 Hz), 7.28 (1H, ddd, 3JHH = 8.5 Hz, JHF = 6.8 Hz, 1.8 Hz, overlap with CHCl3), 6.86 (2H, dd, 

JHF = 7.3 Hz, 5.8 Hz), 2.73 (2H, q, J = 7.6 Hz), 1.30 (3H, t, J = 7.6 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 205.5, 151.5 (2C, ddd, 1JCF = 251.7 Hz, 2JCF = 10.8 Hz, 3JCF = 5.1 Hz, overlap 

with 149.0), 149.0 (1C, dd, 1JCF = 262.7 Hz, 2JCF = 15.3 Hz, overlap with 151.5), 148.5 (1C, td, 3JCF = 11.6 Hz, 4JCF = 

4.6 Hz), 148.4 (1C, dd, 1JCF = 251.3 Hz, 2JCF = 13.9 Hz), 145.6, 138.7 (1C, dt, 1JCF = 251.1 Hz, 2JCF = 15.2 Hz), 135.4 

(1C, d, 2JCF = 10.0 Hz), 130.9 (1C, m), 128.8 (2C, d, 4JCF = 3.2 Hz), 128.4 (2C), 127.5 (1C, d, 3JCF = 3.9 Hz), 126.9 

(1C, d, 2JCF = 6.6 Hz), 124.2 (1C, t, 3J CF & 4J CF = 3.5 Hz), 107.9 (2C, dd, 2JCF = 17.4 Hz, 3JCF = 6.6 Hz), 28.7, 15.4. 
19F{1H} NMR (376 MHz, CDCl3) δ: -132.1 (2F, d, J = 20.5 Hz), -134.7 (1F, d, J = 19.1 Hz), -141.9 (1F, d, J = 19.2 Hz), 

-162.0 (1F, t, J = 20.5 Hz). 

HRMS (FAB): m/z calcd for C21H14F5OS [M+H]+: 409.0686; found: 409.0687. 

 

35  ( 40) 

 
 (8.0 mg, 90 μmol) 34 (697 mg, 3.0 mmol) CPME 

(4.8 mL) -78 °C sec- -  (1.0 M, 3.3 mmol) 
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30 3  (0.22 mL, 3.6 mmol) -50 °C

30  (0.24 mL, 3.3 mmol) 

1  ( ) 

NMI (0.71 mL, 9.0 mmol) 3,4,5-

CPME  (2.4 M, 3.6 mmol) 14  (8.0 mL) 

 (4.0 mL x 2) 

 (  : )  (866 mg, 

68%)  

mp: 70.0-70.5 °C 

IR νmax (neat): 3080, 2958, 2931, 2871, 2322, 1630, 1525, 1452, 1404, 1201, 1134, 1041, 987, 874, 787. 

1H NMR (400 MHz, CDCl3) δ: 7.91 (1H, ddd, 3JHH = 8.5 Hz, JHF = 6.8 Hz, 1.8 Hz), 7.52 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 

1.6 Hz), 7.32-7.26 (3H, m, overlap with CHCl3), 6.86 (2H, dd, JHF = 7.4 Hz, 5.8 Hz), 2.66 (2H, t, J = 7.4 Hz), 1.70 (2H, 

sext, J = 7.4 Hz), 0.99 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 205.4, 151.5 (2C, ddd, 1JCF = 251.8 Hz, 2JCF = 10.8 Hz, 3JCF = 5.0 Hz, overlap 

with 149.0), 149.0 (1C, dd, 1JCF = 263.0 Hz, 2JCF = 15.2 Hz, overlap with 151.5), 148.6 (1C, td, 3JCF = 11.6 Hz, 4JCF = 

4.4 Hz), 148.5 (1C, dd, 1JCF = 251.1 Hz, 2JCF = 13.9 Hz), 144.1, 138.7 (1C, dt, 1JCF = 251.2 Hz, 2JCF = 15.2 Hz), 135.4 

(1C, d, 2JCF = 10.7 Hz), 130.9 (1C, m), 129.0 (2C), 128.7 (2C, d, 4JCF = 3.5 Hz), 127.5 (1C, d, 3JCF = 4.1 Hz), 126.9 

(1C, d, 2JCF = 6.6 Hz), 124.2 (1C, t, 4JCF & 3JCF = 3.4 Hz), 107.9 (2C, dd, 2JCF = 17.3 Hz, 3JCF = 6.6 Hz), 37.8, 24.4, 

13.8. 
19F{1H} NMR (376 MHz, CDCl3) δ: -132.1 (2F, d, J = 20.4 Hz), -134.7 (1F, d, J = 19.2 Hz), -141.9 (1F, d, J = 19.1 Hz), 

-162.1 (1F, t, J = 20.5 Hz). 

HRMS (FAB): m/z calcd for C22H16F5OS [M+H]+: 423.0842; found: 423.0850. 

 

28  ( 41) 

 

FEP (C2F4-C3F6 ) 35 (84.4 mg, 0.20 mmol) 

 (0.20 mL) 70% -  (41.6 μL, 1.6 mmol) 

 (0.20 mL, 0.40 mmol) 2

 (2.0 mL)  (2.0 mL)  (2.0 mL x 

3) 

 (  = )  (88.5 mg, quant)  

mp: 56.1-56.8 °C 
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IR νmax (neat): 2960, 2933, 2871, 1628, 1522, 1460, 1450, 1329, 1236, 1122, 1072, 1045, 831, 787. 

1H NMR (400 MHz, CDCl3) δ: 7.49-7.45 (3H, m), 7.31-7.27 (3H, m), 6.99 (2H, dd, JHF = 7.9 Hz, 5.9 Hz), 2.66 (2H, t, 

J = 7.4 Hz), 1.70 (2H, sext, J = 7.4 Hz), 0.98 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 151.1 (2C, ddd, 1JCF = 250.9 Hz, 2JCF = 10.7 Hz, 3JCF = 5.3 Hz, overlap with 

148.4), 148.9 (1C, dd, 1JCF = 258.0 Hz, 2JCF = 15.3 Hz), 148.4 (1C, dd, 1JCF = 251.1 Hz, 2JCF = 12.5 Hz, overlap with 

151.1), 114.7 (1C, td, 3JCF = 11.6 Hz, 4JCF = 3.8 Hz), 143.9, 138.5 (1C, dt, 1JCF = 250.4 Hz, 2JCF = 15.3 Hz), 134.7 (1C, 

d, 2JCF = 10.3 Hz), 130.9 (1C, m), 128.9 (2C), 128.7 (2C, d, 4JCF = 3.0 Hz), 124.5 (1C, t, 3J CF & 4J CF = 3.3 Hz), 121.4 

(1C, q, 3JCF = 4.6 Hz), 120.7 (1C, td, 2JCF = 32.6 Hz, 8.8 Hz, overlap with 120.4), 120.4 (1C, t, 1JCF = 264.8 Hz, 

overlap with 120.7), 107.4 (2C, dd, 2JCF = 17.4 Hz, 3JCF = 6.6 Hz), 37.8, 24.4, 13.8. 
19F{1H} NMR (376 MHz, CDCl3) δ: -65.6 (2F, d, J = 12.2 Hz), -132.4 (2F, d, J = 21.5 Hz), -138.7 (1F, dt, J = 20.3 Hz, 

12.2 Hz), -141.4 (1F, d, J = 19.8 Hz), -163.1 (1F, t, J = 20.5 Hz). 

HRMS (FAB): m/z calcd for C22H15F7O [M]+: 428.1011; found: 428.1019. 

 

36-43  ( 42) 

 

 (8.0 mg, 90 μmol)  (3.0 mmol) CPME (4.8 

mL) -78 °C sec- -  (1.0 M, 3.3 mmol) 30

3  (0.22 mL, 3.6 mmol) -50 °C

30  (0.24 mL, 3.3 mmol) 1

 ( ) 

NMI (23 μL, 30 μmol)  (3.0 

mmol) 14  (8.0 mL)  (4.0 mL x 2) 

 (  : ) 36-43  (25-60%) 

 

 

 
mp: 90.3-92.1 °C 

IR νmax (neat): 2958, 2931, 2871, 1722, 1458, 1408, 1298, 1227, 1188, 1113, 997, 895, 837, 768, 715. 

1H NMR (400 MHz, CDCl3) δ: 7.96 (1H, ddd, 3JHH = 8.5 Hz, JHF = 6.7 Hz, 1.8 Hz), 7.53 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 

1.7 Hz), 7.32-7.26 (3H, m, overlap with CHCl3), 7.20-7.16 (2H, m), 7.00 (1H, m), 2.66 (2H, t, J = 7.4 Hz), 1.70 (2H, 
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sext, J = 7.4 Hz), 0.99 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 204.1, 151.6 (1C, dd, 1JCF = 250.0 Hz, 2JCF = 10.7 Hz), 149.3 (1C, dd, 1JCF = 

263.3 Hz, 2JCF = 15.3 Hz), 148.5 (1C, dd, 1JCF = 250.9 Hz, 2JCF = 13.8 Hz), 144.0, 143.0 (1C, dd, 1JCF = 252.7 Hz, 
2JCF = 14.5 Hz), 142.7 (1C, dd, 2JCF = 9.8 Hz, 3JCF = 2.4 Hz), 135.3 (1C, d, 2JCF = 11.0 Hz), 131.1 (1C, m), 129.0 (2C), 

128.8 (2C, d, 4JCF = 3.2 Hz), 127.4 (1C, d, 3JCF = 4.1 Hz), 126.7 (1C, d, 2JCF = 6.8 Hz), 124.1 (1C, dd, 3JCF = 4.4 Hz, 
4JCF = 2.9 Hz), 123.7 (1C, dd, 3JCF = 7.9 Hz, 4JCF = 5.0 Hz), 119.1 (1C, d, 3JCF = 3.5 Hz), 115.5 (1C, d, 2JCF = 17.3 Hz), 

37.8, 24.4, 13.9. 
19F{1H} NMR (376 MHz, CDCl3) δ: -134.2 (1F, d, J = 19.3 Hz), -135.4 (1F, d, J = 21.6 Hz), -142.0 (1F, d, J = 19.0 Hz), 

-149.2 (1F, d, J = 21.2 Hz). 

 

 
mp: 72.7-76.4 °C 

IR νmax (neat): 2958, 2931, 2871, 1620, 1508, 1454, 1406, 1292, 1246, 1182, 1107, 1097, 1076, 957, 877, 777, 

629. 

1H NMR (400 MHz, CDCl3) δ: 7.92 (1H, ddd, 3JHH = 8.6 Hz, JHF = 6.8 Hz, 1.8 Hz), 7.52 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 

1.7 Hz), 7.32-7.24 (4H, m, overlap with CHCl3), 7.04 (1H, ddd, JHF = 10.2 Hz, 6.6 Hz, JHH = 2.8 Hz), 6.92 (1H, m), 

2.66 (2H, t, J = 7.4 Hz), 1.70 (2H, sext, J = 7.4 Hz), 0.99 (3H, t, J = 7.4 Hz).  
13C{1H} NMR (101 MHz, CDCl3) δ: 206.2, 150.5 (1C, dd, 1JCF = 251.1 Hz, 2JCF = 14.1 Hz), 149.6 (1C, dd, 3JCF = 8.4 

Hz, 4JCF = 3.5 Hz, overlap with 148.4), 149.0 (1C, dd, 1JCF = 262.6 Hz, 2JCF = 15.3 Hz), 148.9 (1C, dd, 1JCF = 247.7 

Hz, 2JCF = 12.5 Hz), 148.4 (1C, dd, 1JCF = 251.2 Hz, 2JCF = 13.8 Hz, overlap with 149.6), 144.1, 135.2 (1C, d, 2JCF = 

10.2 Hz), 131.0 (1C, m), 129.0 (2C), 128.8 (2C, d, 4JCF = 3.2 Hz), 127.5 (1C, d, 3JCF = 4.0 Hz), 127.2 (1C, d, 2JCF = 

6.7 Hz), 124.1 (1C, dd, 3JCF = 3.8 Hz, 4JCF = 3.2 Hz), 118.3 (1C, dd, 3JCF = 6.4 Hz, 4JCF = 4.0 Hz), 117.7 (1C, d, 2JCF = 

19.0 Hz), 112.4 (1C, d, 2JCF = 19.9 Hz), 37.9, 24.4, 13.9. 
19F{1H} NMR (376 MHz, CDCl3) δ: -133.9 (1F, d, J = 21.5 Hz), -135.0 (1F, d, J = 19.5 Hz), -139.5 (1F, d, J = 20.5 Hz), 

-142.1 (1F, d, J = 19.2 Hz). 

 

 
mp: 81.7-83.8 °C 

IR νmax (neat): 3087, 3060, 3024, 2958, 2931, 2871, 1608, 1454, 1404, 1300, 1211, 1119, 989, 980, 849, 843, 656. 
1H NMR (400 MHz, CDCl3) δ: 7.92 (1H, ddd, 3JHH = 8.5 Hz, JHF = 6.8 Hz, 1.9 Hz), 7.52 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 

1.7 Hz), 7.32-7.26 (3H, m, overlap with CHCl3), 6.81 (1H, tt, 3JHF = 8.8 Hz, 4JHH = 2.3 Hz), 6.77-6.73 (2H, m), 2.66 (2H, 

t, J = 7.4 Hz), 1.70 (2H, sext, J = 7.4 Hz), 0.99 (3H, t, J = 7.4 Hz). 
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13C{1H} NMR (101 MHz, CDCl3) δ: 205.4, 163.3 (2C, dd, 1JCF = 250.0 Hz, 3JCF = 14.6 Hz), 155.3 (1C, t, 3JCF = 13.7 

Hz), 149.0 (1C, dd, 1JCF = 262.6 Hz, 2JCF = 15.2 Hz), 148.4 (1C, dd, 1JCF = 250.9 Hz, 2JCF = 13.8 Hz), 144.1, 135.3 

(1C, d, 2JCF = 10.2 Hz), 131.0 (1C, m), 129.0 (2C), 128.8 (2C, d, 4JCF = 3.5 Hz), 127.5 (1C, d, 3JCF = 4.1 Hz), 127.1 

(1C, d, 2JCF = 6.6 Hz), 124.1 (1C, t, 3J CF & 4J CF = 3.5 Hz), 106.7 (2C, dd, 2JCF = 20.3 Hz, 4JCF = 8.1 Hz), 102.5 (1C, t, 
2JCF = 25.4 Hz), 37.8, 24.4, 13.9. 
19F{1H} NMR (376 MHz, CDCl3) δ: -107.8 (2F, s), -134.8 (1F, d, J = 19.0 Hz), -142.0 (1F, d, J = 19.1 Hz). 

 

 
mp: 95.7-97.4 °C 

IR νmax (neat): 2968, 2931, 2879, 1610, 1452, 1406, 1288, 1184, 1132, 1049, 874, 847, 812, 766. 

1H NMR (400 MHz, CDCl3) δ: 7.92 (1H, 3JHH = 8.5 Hz, JHF = 6.8 Hz, 1.8 Hz), 7.53 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 1.6 

Hz), 7.33-7.26 (3H, m, overlap with CHCl3), 6.90 (2H, d, 3JHF = 9.2 Hz), 2.66 (2H, t, J = 7.4 Hz), 1.70 (2H, sext, J = 

7.4 Hz), 0.99 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 204.3, 161.6 (2C, dd, 1JCF = 260.3 Hz, 2JCF = 6.9 Hz), 157.4 (1C, t, 3JCF = 14.2 

Hz), 149.1 (1C, dd, 1JCF = 263.3 Hz, 2JCF = 15.3 Hz), 148.5 (1C, dd, 1JCF = 251.4 Hz, 2JCF = 14.0 Hz), 144.2, 135.7 

(1C, d, 2JCF = 10.5 Hz), 130.9 (1C, m), 129.0 (2C), 128.7 (2C, d, 4JCF = 3.3 Hz), 127.6 (1C, d, 3JCF = 4.0 Hz), 126.6 

(1C, d, 2JCF = 6.4 Hz), 124.3 (1C, t, 3J CF & 4J CF = 3.5 Hz), 121.4 (1C, q, 1JCF = 275.4 Hz), 108.2 (2C, dd, 2JCF = 25.2 

Hz, 4JCF = 4.0 Hz), 106.5 (1C, qt, 2JCF = 34.0 Hz, 14.6 Hz, very weak signals), 37.8, 24.4, 13.9. 
19F{1H} NMR (376 MHz, CDCl3) δ: -56.3 (3F, t, 4J = 21.9 Hz), -108.1 (2F, q, 4J = 21.9 Hz), -134.3 (1F, d, J = 19.4 Hz), 

-141.7 (1F, d, J = 19.1 Hz). 

 

 
mp: 100.0-100.8 °C 

IR νmax (neat): 3064, 2968, 2931, 2871, 1618, 1537, 1496, 1454, 1402, 1246, 1194, 1043, 862, 823, 762, 648. 

1H NMR (400 MHz, CDCl3) δ: 7.95 (1H, ddd, 3JHH = 8.6 Hz, JHF = 6.8 Hz, 1.8 Hz), 7.53 (2H, dd, 3JHH = 8.2 Hz, 5JHF = 

1.6 Hz), 7.49 (1H, m), 7.33-7.26 (3H, m, overlap with CHCl3), 7.22 (2H, dd, JHF = 7.4 Hz, 6.6 Hz), 7.09-7.04 (2H, m), 

2.66 (2H, t, J = 7.4 Hz), 1.70 (2H, sext, J = 7.4 Hz), 0.99 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 205.9, 159.6 (1C, d, 1JCF = 251.8 Hz), 154.8 (1C, d, 3JCF = 11.0 Hz), 151.2 (2C, 

ddd, 1JCF = 250.1 Hz, 2JCF = 9.5 Hz, 3JCF = 4.1 Hz), 149.0 (1C, dd, 1JCF = 262.7 Hz, 2JCF = 15.0 Hz), 148.5 (1C, dd, 
1JCF = 250.0 Hz, 2JCF = 14.0 Hz), 144.1, 139.6 (1C, dt, 1JCF = 252.7 Hz, 2JCF = 13.8 Hz), 135.2 (1C, d, 2JCF = 10.3 Hz), 

131.0 (1C, m), 130.9-130.8 (2C, m), 129.0 (2C), 128.8 (2C, 4JCF = 3.2 Hz), 127.5 (1C, d, 3JCF = 3.8 Hz), 127.2 (1C, d, 
2JCF = 6.7 Hz), 124.6 (1C, d, 2JCF = 13.1 Hz), 124.1 (1C, t, 3J CF & 4J CF = 3.7 Hz), 118.8 (1C, d, 3JCF = 3.8 Hz), 113.3 
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(2C, ddd, 1JCF = 16.4 Hz, 2JCF = 6.4 Hz, 3JCF = 3.2 Hz), 111.3 (1C, d, 2JCF = 25.7 Hz), 37.8, 24.4, 13.9. 
19F{1H} NMR (376 MHz, CDCl3) δ: -114.0 (1F, s), -134.1 (2F, d, J = 20.5 Hz), -134.8 (1F, d, J = 19.1 Hz), -142.0 (1F, d, 

J = 19.1 Hz), -161.0 (1F, t, J = 20.5 Hz). 

 

 
mp: 33.9-35.6 °C 

IR νmax (neat): 2979, 2962, 2939, 2871, 1630, 1450, 1273, 1194, 1184, 1132, 1043, 995, 974, 868, 831, 725. 

1H NMR (400 MHz, CDCl3) δ: 7.78 (1H, ddd, 3JHH = 8.4 Hz, JHF = 6.7 Hz, 1.8 Hz), 7.01 (1H, ddd, 3JHH = 8.2 Hz, JHF = 

6.5 Hz, 1.8 Hz), 6.83 (2H, dd, JHF = 7.4 Hz, 5.8 Hz), 2.70 (2H, td, 3JHH = 7.5 Hz, 4JHF = 1.2 Hz), 1.69 (2H, sext, J = 7.4 

Hz), 0.99 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 205.9, 151.4 (2C, ddd, 1JCF = 251.6 Hz, 2JCF = 10.9 Hz, 3JCF = 5.1 Hz), 149.4 (1C, 

dd, 1JCF = 247.6 Hz, 2JCF = 12.9 Hz), 148.6 (1C, td, 3JCF = 11.6 Hz, 4JCF = 4.4 Hz), 148.4 (1C, dd, 1JCF = 262.7 Hz, 
2JCF = 14.9 Hz), 138.6 (1C, dt, 1JCF = 251.3 Hz, 2JCF = 15.3 Hz, overlap with 137.3), 137.3 (1C, d, 2JCF = 14.2 Hz, 

overlap with 138.6), 127.3 (1C, d, 3JCF = 3.8 Hz), 126.3 (1C, d, 2JCF = 6.2 Hz), 124.5 (1C, t, 3J CF & 4J CF = 4.3 Hz), 

107.9 (2C, dd, 2JCF = 17.4 Hz, 3JCF = 6.6 Hz), 31.1, 22.9, 13.7. 
19F{1H} NMR (376 MHz, CDCl3) δ: -132.2 (2F, d, J = 20.7 Hz), -135.8 (1F, d, J = 20.2 Hz), -142.3 (1F, d, J = 20.2 Hz), 

-162.2 (1F, t, J = 20.6 Hz). 

 

 
mp: 62.3-64.3 °C 

IR νmax (neat): 2958, 2927, 2866, 1747, 1481, 1471, 1269, 1174, 1101, 1001, 879, 812, 787, 744, 719. 

1H NMR (400 MHz, CDCl3) δ: 7.89 (1H, ddt, 3JHH = 8.1 Hz, 4JHF = 6.3 Hz, 4JHH & 5JHF = 1.7 Hz), 7.48 (2H, dd, 3JHH = 

8.2 Hz, 5JHF = 1.6 Hz), 7.40 (1H, dddd, 3JHF = 11.3 Hz, 3JHH = 8.4 Hz, 4JHF = 7.2 Hz, 4JHH = 1.7 Hz), 7.31-7.25 (3H, m, 

overlap with CHCl3), 7.18 (1H, tdd, 3JHH = 8.2 Hz, JHF = 4.7 Hz, 1.7 Hz), 7.03 (1H, ddd, 3JHH = 8.7 Hz, JHF = 6.6 Hz, 

2.0 Hz), 2.65 (2H, t, J = 7.4 Hz), 1.70 (2H, sext, J = 7.4 Hz), 0.98 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 204.4, 151.2 (1C, dd, 1JCF = 249.7 Hz, 2JCF = 13.1 Hz, overlap with 148.5), 148.9 

(1C, dd, 1JCF = 251.1 Hz, 2JCF = 11.1 Hz), 148.5 (1C, dd, 1JCF = 262.8 Hz, 2JCF = 14.0 Hz, overlap with 151.2), 143.3 

(1C, dd, 1JCF = 252.4 Hz, 2JCF = 15.4 Hz), 143.2, 141.2 (1C, dd, 2JCF = 10.2 Hz, 3JCF = 2.0 Hz), 131.4 (1C, m), 129.7 

(1C, d, 2JCF = 10.6 Hz), 128.9 (1C, d, 2JCF = 6.6 Hz), 128.84 (2C, overlap with 128.79), 128.79 (2C, d, 4JCF = 3.0 Hz, 

overlap with 128.84), 127.8 (1C, d, 3JCF = 3.4 Hz), 124.3 (1C, t, 3J CF & 4J CF = 3.6 Hz), 123.7 (1C, dd, 3JCF = 6.7 Hz, 
4JCF = 5.3 Hz), 121.2 (1C, d, 2JCF = 17.3 Hz), 118.4 (1C, d, 3JCF = 4.1 Hz), 37.8, 24.5, 13.9. 
19F{1H} NMR (376 MHz, CDCl3) δ: -135.5 (1F, d, J = 20.6 Hz), -136.7 (1F, d, J = 20.0 Hz), -139.9 (1F, d, J = 20.6 Hz), 
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-148.4 (1F, d, J = 22.3 Hz). 

 

 
mp: 63.1-65.3 °C 

IR νmax (neat): 3076, 2962, 2931, 2871, 1637, 1522, 1479, 1302, 1205, 1126, 1036, 941, 862, 835, 795. 

1H NMR (400 MHz, CDCl3) δ: 7.83 (1H, dddd, 3JHF = 10.6 Hz, 4JHF = 8.4 Hz, 6.3 Hz, 5JHF = 2.4 Hz), 7.49 (2H, d, 3JHH 

= 8.2 Hz), 7.30 (2H, d, 3JHH = 8.3 Hz), 7.22 (2H, d, 3JHF = 10.4 Hz), 7.06 (2H, d, 3JHF = 8.0 Hz), 2.65 (2H, t, J = 7.4 Hz), 

1.69 (2H, sext, J = 7.4 Hz), 0.97 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 200.2, 160.3 (2C, dd, 1JCF = 257.2 Hz, 3JCF = 5.9 Hz), 154.4 (2C, dd, 1JCF = 252.4 

Hz, 3JCF = 6.0 Hz), 148.5 (1C, t, 3JCF = 12.5 Hz), 147.1 (1C, t, 3JCF = 10.5 Hz), 144.4, 134.8, 129.4 (2C), 128.0 (1C, t, 
2JCF = 15.7 Hz), 126.8 (2C), 122.3 (1C, m), 120.5 (1C, t, 1JCF = 265.7 Hz), 114.2 (1C, dd, 2JCF = 21.5 Hz, 3JCF = 3.3 

Hz), 110.7 (2C, dd, 2JCF = 23.9 Hz, 4JCF = 2.6 Hz), 107.8 (1C, m), 106.9 (2C, d, 2JCF = 25.2 Hz), 37.7, 24.4, 13.8. 

The multiplet signals having 1JCF (ca. 250-260 Hz) ··· 146.4, 143.6, 141.5, 112.5 (1C each, very weak signals). 
19F{1H} NMR (376 MHz, CDCl3) δ: -61.5 (2F, t, 4J = 26.1 Hz), -110.6 (2F, t, 4J = 26.0 Hz), -122.7 (2F, s), -133.9 (1F, 

ddd, 3J = 21.6 Hz, 4J = 12.0 Hz, 5J = 9.6 Hz), -137.8 (1F, ddd, 3J = 21.7 Hz, 4J = 12.2 Hz, 5J = 2.6 Hz), -147.0 (1F, td, 
3J = 21.1 Hz, 4J = 9.3 Hz), -153.2 (1F, td, 3J = 20.5 Hz, 4J = 2.4 Hz). 

 

 ( 27) 

 
 (8.0 mg, 90 μmol)  (4.8 mL) -50 °C

 (1.6 M, 3.0 mmol)  (0.22 mL, 3.6 mmol) 

30 30 DMF (2.0 mL, 26 mmol) 

 (0.43 mL, 3.6 mmol) 4  (8.0 mL) 

GC-MS 44-49  
1H NMR (400 MHz, CDCl3, compound 45) δ: 7.36-7.22 (10H, m), 4.16 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 45) δ: 137.7, 134.1, 131.5 (2C), 129.3 (2C), 128.6 (2C), 128.2 (2C), 

127.2, 127.0, 40.0. 
1H NMR (400 MHz, CDCl3, compound 48) δ: 8.02-7.98 (2H, m), 7.52 (1H, tt, 3J = 7.4 Hz, 4J = 1.2 Hz), 7.41-7.26 

(7H, m), 4.60 (2H, s). 
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13C{1H} NMR (101 MHz, CDCl3, compound 48) δ: 227.5, 144.8, 135.1, 132.6, 129.4 (2C), 128.9 (2C), 128.5 (2C), 

127.9, 127.1 (2C), 42.4. 

GCMS-EI m/z (compound 50): 410 [M]+ (34.7), 319 [M-Bn]+ (7.2), 241 [M-Bn-Ph-H]+ (64.4), 210 [M-BnS-Ph]+ (100), 

178 [M-BnS-PhS]+ (25.5), 165 [M-Bn-Ph-Ph]+ (21.1), 91 [Bn]+ (24.2), 77 [Ph]+ (11.2). 

 

( )  ( 28) 

 
 (8.0 mg, 90 μmol)  (3.0 mmol) CPME (4.8 

mL) -78 °C sec- -  (1.0 M, 3.3 mmol) 30

3  (0.22 mL, 3.6 mmol) -50 °C

30 30 DMF (2.0 mL, 26 mmol) 

 (0.43 mL, 3.6 mmol) 4  (8.0 mL) GC-MS

 

GCMS-EI m/z (compound 53): 224 [M]+ (11.4), 133 [M-Bn]+ (12.2), 101 [M-SBn]+ (16.8), 91 [Bn]+ (100), 57 [sBu]+ 

(3.9). 

 
GCMS-EI m/z (compound 51a): 190 [M]+ (100). 

GCMS-EI m/z (compound 52a): 218 [M]+ (13.6), 127 [M-Bn]+ (3.6), 91 [Bn]+ (100). 
1H NMR (400 MHz, CDCl3, compound 52a) δ: 7.31-7.21 (5H, m), 7.17 (1H, m), 6.93 (1H, ddd, 3JHF = 9.4 Hz, JHH = 

8.5 Hz, 1.0 Hz), 6.89 (1H, td, 3JHH = 7.5 Hz, 5JHF = 1.1 Hz), 6.55 (1H, m), 3.99 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 52a) δ: 159.1 (1C, d, 1JCF = 247.1 Hz), 137.8 (1C), 130.9 (1C), 

129.3-129.1 (4C, m), 128.4 (2C), 127.0 (1C), 123.5 (1C), 115.2 (1C, d, 2JCF = 22.2 Hz), 38.4 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 52a) δ: −113.3 (1F, s); 

GCMS-EI m/z (compound 54a): 262 [M]+ (11.6), 171 [M-Bn]+ (3.0), 139 [M-SBn]+ (75.1), 123 [SBn]+ (1.5), 91 [Bn]+ 

(100). 
1H NMR (400 MHz, CDCl3, compound 54a) δ: 7.59 (1H, td, 3JHH = 7.6 Hz, 4JHF = 1.8 Hz), 7.42-7.25 (6H, m), 7.15 

(1H, td, 3JHH = 7.6 Hz, 5JHF = 1.1 Hz), 7.10 (1H, ddd, 3JHF = 10.4 Hz, JHH = 8.3 Hz, 1.1 Hz), 4.59 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 54a) δ: 222.7 (1C), 157.4 (1C, d, 1JCF = 253.4 Hz), 134.5 (1C), 134.1 

(1C, d, 2JCF = 12.2 Hz), 132.0 (1C, d, 3JCF = 8.7 Hz), 129.4 (1C, d, 4JCF = 1.2 Hz), 129.2 (2C), 128.7 (2C), 127.7 (1C), 
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124.0 (1C, d, 3JCF = 3.7 Hz), 116.3 (1C, d, 2JCF = 22.2 Hz), 42.2 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 54a) δ: −113.8 (1F, s); 

 
GCMS-EI m/z (compound 51b): 226 [M]+ (100). 

GCMS-EI m/z (compound 52b): 236 [M]+ (10.3), 145 [M-Bn]+ (2.7), 91 [Bn]+ (100). 
1H NMR (400 MHz, CDCl3, compound 52b) δ: 7.40-7.24 (5H, m), 7.04-6.99 (2H, m), 6.93 (1H, m), 4.11 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 52b) δ: 150.7 (1C, dd, 1JCF = 249.9 Hz, 2JCF = 13.6 Hz), 149.7 (1C, dd, 
1JCF = 246.3 Hz, 2JCF = 13.2 Hz), 136.8 (1C), 128.9 (2C), 128.6 (2C), 127.5 (1C), 127.3 (1C, d, 3JCF = 3.3 Hz), 125.6 

(1C, d, 2JCF = 14.5 Hz), 124.1 (1C, d, 3JCF = 3.8 Hz), 116.1 (1C, d, 2JCF = 17.4 Hz), 38.4 (1C, d, 4JCF = 2.6 Hz). 
19F{1H} NMR (377 MHz, CDCl3, compound 52b) δ: −133.8 (1F, d, 3J = 21.9 Hz), −137.1 (1F, d, 3J = 21.8 Hz); 

GCMS-EI m/z (compound 54b): 280 [M]+ (8.8), 157 [M-SBn]+ (24.2), 91 [Bn]+ (100). 

IR νmax (neat, compound 54b): 3062, 3030, 1676, 1653, 1587, 1475, 1454, 1271, 1227, 1167, 1093, 1063, 999, 

966, 839, 760, 694 cm−1. 
1H NMR (400 MHz, CDCl3, compound 54b) δ: 7.39-7.28 (6H, m), 7.22 (1H, m), 7.08 (1H, ddd, 3JHH = 8.0 Hz, 4JHF = 

4.7 Hz, 5JHF = 1.7 Hz), 4.59 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 54b) δ: 220.7 (1C), 150.7 (1C, dd, 1JCF = 250.0 Hz, 2JCF = 13.0 Hz), 

146.1 (1C, dd, 1JCF = 255.7 Hz, 2JCF =13.9 Hz), 136.0 (1C, d, 2JCF = 9.5 Hz), 134.2 (1C), 129.2 (2C), 128.8 (2C), 

127.9 (1C), 124.0 (1C, d, 3JCF = 3.5 Hz), 123.8 (1C, dd, 3JCF = 6.9 Hz, 4JCF = 5.4 Hz), 118.9 (1C, d, 2JCF = 17.4 Hz), 

42.4 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 54b) δ: −136.6 (1F, d, 3J = 20.4 Hz), −139.6 (1F, d, 3J = 20.7 Hz). 

HRMS (FAB, compound 54b): m/z calcd for C14H11F2S2 [M+H]+: 281.0270; found: 281.0267. 

GCMS-EI m/z (compound 55b): 496 [M]+ (5.6), 405 [M-Bn]+ (2.4), 282 [M-Bn-SBn]+ (8.9), 250 [M-SBn-SBn]+ (1.1), 

123 [SBn]+ (8.7), 91 [Bn]+ (100). 

 
GCMS-EI m/z (compound 52c): 236 [M]+ (12.5), 145 [M-Bn]+ (2.4), 91 [Bn]+ (100). 
1H NMR (400 MHz, CDCl3, compound 52c) δ: unassignable-7.17 (6H, m, overlap with major product 54c), 

6.89-6.82 (2H, m), 4.06 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 52c) δ: 163.4 (2C, dd, 1JCF = 248.4 Hz, 3JCF = 5.4 Hz), 135.0 (1C), 

130.1 (1C, t, 3JCF = 10.3 Hz), 129.3 (2C), 128.8 (2C), 127.9 (1C), 111.5 (2C, dd, 2JCF = 20.6 Hz, 4JCF = 6.6 Hz), 41.6 
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(1C), 1C could not be detected. 
19F{1H} NMR (377 MHz, CDCl3, compound 52c) δ: −104.8 (2F, s). 

GCMS-EI m/z (compound 54c): 280 [M]+ (9.4), 157 [M-Bn]+ (51.9), 113 [M-SBn]+ (3.7), 91 [Bn]+ (100). 
1H NMR (400 MHz, CDCl3, compound 54c) δ: 7.41-7.21 (6H, m), 6.93 (2H, dd, 3JHH = 8.4 Hz, 3JHF = 7.5 Hz), 4.62 

(2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 54c) δ: 216.4 (1C), 157.7 (2C, dd, 1JCF = 252.0 Hz, 3JCF = 5.5 Hz), 

134.2 (1C), 130.7 (1C, t, 3JCF = 10.7 Hz), 129.2 (2C), 128.9 (2C), 128.0 (1C), 123.8 (1C, t, 2JCF = 19.8 Hz), 111.8 (2C, 

dd, 2JCF = 19.7 Hz, 4JCF = 5.4 Hz), 42.2 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 54c) δ: −113.9 (2F, s); 

 
GCMS-EI m/z (compound 52d): 236 [M]+ (10.9), 145 [M-Bn]+ (3.4), 91 [Bn]+ (100). 

GCMS-EI m/z (compound 54d): 280 [M]+ (7.4), 157 [M-SBn]+ (23.9), 91 [Bn]+ (100). 

IR νmax (neat, compound 54d): 3064, 3030, 1670, 1647, 1589, 1489, 1454, 1412, 1248, 1173, 1066, 1043, 1028, 

953, 872, 850, 820, 752, 696 cm−1. 
1H NMR (400 MHz, CDCl3, compound 54d) δ: 7.39-7.28 (6H, m), 7.10-7.06 (2H, m), 4.58 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 54d) δ: 220.7 (1C), 158.0 (1C, dd, 1JCF = 244.6 Hz, 4JCF = 2.2 Hz), 

153.5 (1C, dd, 1JCF = 249.7 Hz, 4JCF = 2.0 Hz), 134.8 (1C, dd, 2JCF = 15.1 Hz, 3JCF = 7.4 Hz), 134.2 (1C), 129.3 (2C), 

128.8 (2C), 127.9 (1C), 118.4 (1C, dd, 2JCF = 24.0 Hz, 3JCF = 8.4 Hz), 117.6 (1C, dd, 2JCF = 25.3 Hz, 3JCF = 8.3 Hz), 

116.1 (1C, dd, 2JCF = 25.3 Hz, 3JCF = 1.5 Hz), 42.5 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 54d) δ: −118.3 (1F, d, 5J = 17.6 Hz), −119.6 (1F, d, 5J = 17.7 Hz). 

HRMS (FAB, compound 54d): m/z calcd for C14H11F2S2 [M+H]+: 281.0270; found: 281.0266. 

GCMS-EI m/z (compound 55d): 496 [M]+ (4.9), 405 [M-Bn]+ (1.5), 282 [M-Bn-SBn]+ (7.1), 250 [M-SBn-SBn]+ (1.2), 

123 [SBn]+ (9.8), 91 [Bn]+ (100). 

 
GCMS-EI m/z (compound 51e): 262 [M]+ (100). 

GCMS-EI m/z (compound 52e): 254 [M]+ (7.1), 163 [M-Bn]+ (2.9), 91 [Bn]+ (100). 

GCMS-EI m/z (compound 54e): 298 [M]+ (6.3), 175 [M-SBn]+ (15.7), 131 [C6F3H2]+ (3.1), 91 [Bn]+ (100). 

IR νmax (neat, compound 54e): 3064, 3030, 1630, 1604, 1504, 1468, 1306, 1279, 1259, 1176, 1072, 1047, 1028, 
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980, 957, 798, 696 cm−1. 
1H NMR (400 MHz, CDCl3, compound 54e) δ: 7.40-7.28 (6H, m), 6.98 (1H, tdd, 3JHH = 9.1 Hz, 4JHF = 6.9 Hz, 5JHF = 

2.2 Hz), 4.58 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 54e) δ: 219.3 (1C), 152.3 (1C, ddd, 1JCF = 255.2 Hz, 2JCF = 10.0 Hz, 
3JCF = 2.8 Hz), 147.5 (1C, ddd, 1JCF = 257.9 Hz, 2JCF = 11.1 Hz, 3JCF = 3.6 Hz), 140.0 (1C, dt, 1JCF = 253.3 Hz, 2JCF = 

15.7 Hz), 134.1 (1C), 131.6 (1C, dd, 2JCF = 9.5 Hz, 3JCF = 3.9 Hz), 129.3 (2C), 128.8 (2C), 128.0 (1C), 123.4 (1C, dd, 
3JCF = 7.7 Hz, 4.0 Hz), 111.9 (1C, dd, 2JCF = 17.6 Hz, 3JCF = 3.8 Hz), 42.5 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 54e) δ: −130.0 (1F, dd, 3J = 21.7 Hz, 4J = 10.2 Hz), −134.2 (1F, dd, 3J = 

21.7 Hz, 4J = 10.2 Hz), −158.6 (1F, t, 3J = 21.7 Hz). 

HRMS (FAB, compound 54e): m/z calcd for C14H10F3S2 [M+H]+: 299.0176; found: 299.0176. 

GCMS-EI m/z (compound 55e): 532 [M]+ (4.5) , 318 [M-Bn-SBn]+ (5.7), 123 [SBn]+ (7.3), 91 [Bn]+ (100). 

 
GCMS-EI m/z (compound 52f): 272 [M]+ (4.1), 91 [Bn]+ (100). 

GCMS-EI m/z (compound 54f): 316 [M]+ (4.4), 193 [M-SBn]+ (7.9), 149 [C6F4H]+ (1.8), 123 [SBn]+ (1.4), 91 [Bn]+ 

(100). 

IR νmax (neat, compound 54f): 3064, 3030, 1684, 1624, 1522, 1475, 1352, 1167, 1128, 1080, 1045, 1018, 947, 

860, 752, 696 cm−1. 

1H NMR (400 MHz, CDCl3, compound 54f) δ: 7.38-7.27 (6H, m), 4.57 (2H, s). 
13C{1H} NMR (101 MHz, CDCl3, compound 54f) δ: 217.6 (1C), 146.6 (1C, ddd, 1JCF = 248.0 Hz, 2JCF = 11.0 Hz, 
3JCF = 2.7 Hz), 143.7 (1C, ddd, 1JCF = 254.4 Hz, 2JCF = 11.2 Hz, 3JCF = 2.4 Hz), 141.8 (1C, dddd, 1JCF = 258.8 Hz, 2JCF 

= 16.5 Hz, 12.6 Hz, 3JCF = 2.8 Hz), 140.9 (1C, dddd, 1JCF = 255.2 Hz, 2JCF = 17.3 Hz, 12.2 Hz, 3JCF = 3.9 Hz), 133.9 

(1C), 129.6 (1C, ddd, 2JCF = 23.7 Hz, 3JCF = 11.2 Hz, 4.9 Hz), 129.3 (2C), 128.9 (2C), 128.1 (1C), 111.1 (1C, dd, 2JCF 

= 21.1 Hz, 3JCF = 3.3 Hz), 42.7 (1C). 
19F{1H} NMR (377 MHz, CDCl3, compound 54f) δ: −138.5 (1F, ddd, 3J = 23.1 Hz, 4J = 13.0 Hz, 5J = 2.8 Hz), −139.0 

(1F, ddd, 3J = 23.1 Hz, 4J = 13.1 Hz, 5J = 5.9 Hz), −151.7 (1F, td, 3J = 22.6 Hz, 4J = 7.0 Hz), −153.6 (1F, td, 3J = 21.8 

Hz, 4J = 2.8 Hz). 

HRMS (FAB, compound 54f): m/z calcd for C14H9F4S2 [M+H]+: 317.0082; found: 317.0081. 
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54c  ( 29) 

 
 (8.0 mg, 90 μmol)  (0.090-6.0 mmol)  (3.0 

mmol) CPME (4.8 mL) -78 °C sec- -

 (1.0 M, 3.3 mmol) 30 3  (0.22 mL, 3.6 

mmol) -50 °C 30 30 DMF (2.0 

mL, 26 mmol)  (0.43 mL, 3.6 mmol) 4  (8.0 mL) 

GC-MS  

 

48  ( 45) 

 
 (853 mg, 6.4 mmol)  (8.0 mL) 

 (0.25 mL, 2.0 mmol)  (0.75 mL, 6.4 mmol) 

10 GC-MS
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5

47 5

5-1

3,3,3- 2- -3,3,3- in 

situ 3,3,3- 76

trans 77 Z E

5-2 1- -3,3,3-

3,3,3- 3,3,3-

1- -3,3,3-

1- -3,3,3-
78 79 80

E ( 48) 

48 1- -3,3,3-

E-1- -3,3,3- E-3,3,3-

( 30) 19 °C entry 2

50 °C 4 13% (entry 2) 130 °C

(entries 3-9) Z

62a 80%

E : Z = 9 : 1 (entry 10) 
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 (entry 11) 

Z  (entry 12)  

 

30 E-1- -3,3,3-  

 
entry target base additive amount 

(mol%) solvent temp. 
(°C) 

time 
(h) 

yield (%) 
E-isomer Z-isomer 

1 56a NaH - - THF rt 24 0 0 
2 56a NaH - - NMP 50 94 13a 0 
3 56a NaH - - NMP 130 100 44 0 
4 56a NaH - - NMP 130 24 56 0 
5 57a NaH - - NMP 130 24 37 0 
6 58a NaH - - NMP 130 24 69 0 
7 59a NaH - - NMP 130 24 47 0 
8 60a NaH - - NMP 130 24 70 0 
9 61a NaH - - NMP 130 24 50 0 
10 62a NaH - - NMP 130 24 72a 8a 
11 62a KH - - NMP 130 24 39a 1a 
12 62a NaH TBAC 5.0 NMP 130 24 75 0 

acalcurated by NMR 

 

Z-1- -3,3,3-  ( 31) 

 (entry 1) 

 (entry 2) 66%

E 62a

 (entry 3)  
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31 Z-1- -3,3,3-  

 
entry additive amount 

(mol%) 
temp. 
(°C) 

yield (%)a 
62a 62b 

1 - - 130 8 22 
2 TBAC 5.0 130 24 42 
3 TBAC 5.0 70 8 28 

acalcurated by NMR 

 

49 E-1- -3,3,3-

anti

anti

60 ° E

Z-1- -3,3,3-

Z

E

E Z

 

 

 
49  

 

1 ε//

2,6 4

1- -3,3,3-
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3- 81 1,4- [2.2.2]  (63) 

 ( 32) 

1- -3,3,3- E-1- -3,3,3- Z

DMF

 (entry 6)  

 

32 63 3,3,3-  

 
entry target 1-chloro-3,3,3- 

trifluoropropene solvent 
yield (%) 

E-isomer Z-isomer 
1 56b Z-isomer DMF 0 82 
2 60b Z-isomer DMF 0 85 
3 61b Z-isomer DMF 0 87 
4 62b Z-isomer DMF 0 79 
5 56a E-isomer DMF 25a 0 
6 56a E-isomer PhMe 32 0 

acalcurated by NMR 

 

1,4- [2.2.2]  (63) 

E-1- -3,3,3- 63 DMF NMR

 ( 33 50) 5 6.6% E-1-

-3,3,3- 63

1-(2- )-4-(E-3,3,3- )

22 97%

63

Z-1- -3,3,3-

E

Z  > E Z
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33 63 1- -3,3,3-  

 

time 
(min) 

1H NMR ratio (%) 
Ha Hb Hc 

0 100 0 0 
22 93.4 6.6 <0.5 
97 67.6 22.1 10.3 
206 42.4 23.2 34.4 
455 17.2 12.3 70.5 
1373 1.5 1.4 97.0 

 

time 
(min) 

1H NMR ratio (%) 
Hd He Hf 

0 100 0 0 
15 >99.5 <0.5 <0.5 
50 98.1 1.9 <0.5 
169 89.6 7.8 2.6 
410 74.8 12.7 12.5 
1366 46.9 6.1 47.0 
1905 39.9 2.8 57.3 
3184 35.3 <0.5 64.4 
4785 34.1 <0.5 65.9 

 

(h) 
50 63 1- -3,3,3-  

 

3,3,3- 2  

 

5-3 1- -3,3-  

3,3-  (56c 56d) 

1,4- [2.2.2]  (63) 1- -3,3-

1- -3,3- 4
82-83  ( 51) 1

63  

 

0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
60.0%
70.0%
80.0%
90.0%

100.0%

0 10 20 30 40 50 60 70

Ha

Hb

Hc

Hd

He

Hf
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51 1- -3,3-  

 

2 1- -3,3,3- -2-

R

63

-

1-

-3,3- -2- 52 84

DIBAL 64

2

3- -2-

E-1- -3,3- -2-

 

 

 
52 E-1- -3,3- -2-  

 

E-1- -3,3- -2- 63

 ( 53) 55% Z

( )

56d  
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53 E-1- -3,3- -2-  

 

56d 56c Z-1- -3,3- -2-

56c

 ( 54)  

 

 
54 E-3,3- 56c  

 

63 1 56d

Z

 

 

5-4  

63

EL

 ( 55) 

63
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55 E-1- -3,3,3-  

 

5-5  

E

Z 63

56

 

 

 
56  

 

5-6 5  

 

MP 70 (Mettler Toledo) 0.5 °C/min 100%

1

2~3  

 

 

FT-720 (HORIBA) 

16  

 

NMR  

ASCEND ULTASHIELD PLUS (Bruker)  (1H
13C 0 ppm) 1H NMR 19F NMR 16 13C NMR 4096 1024

256  
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56a  

 
< > 60%  (800 mg, 20 mmol) 

NMP (40 mL) 2,6- -4-(

[trans-4-(trans-4- ) ] )  (8.05 g, 20 mmol) 

E-1- -3,3,3-  (5.0 mL, 50 

mmol) 130 °C 24

 ( )  (5.54 g, 56%) 

 

< > 2,6- -4-( [trans-4-(trans-4- )

] )  (1.21 g, 3.0 mmol) 63 (1.01 g, 9.0 mmol)  (24 mL) 

E-1- -3,3,3-  (0.45 mL, 4.5 mmol) 65

 ( ) 

 (469 mg, 32%)  

mp: 51.5-52.3 °C, 101.0-101.2 °C 

IR νmax (neat): 2954, 2918, 2852, 1687, 1608, 1520, 1448, 1327, 1277, 1248, 1227, 1171, 1119, 1066, 1034, 941. 
1H NMR (400 MHz, CDCl3) δ: 7.19 (1H, dq, 4JHF = 2.2 Hz, 3JHH = 12.4 Hz), 6.87 (2H, d, 3JHF = 8.4 Hz), 5.23 (1H, dq, 
3JHF = 6.5 Hz, 3JHH = 12.5 Hz), 2.05-1.94 (3H, m), 1.89-1.81 (2H, m), 1.79-1.68 (4H, m), 1.39-1.26 (4H, m), 1.18-1.10 

(3H, m), 1.10-0.92 (6H, m), 0.91-0.80 (5H, m). 

13C{1H} NMR (101 MHz, CDCl3) δ: 154.7 (2C, dd, 3JCF = 6.0 Hz, 1JCF = 251.9 Hz), 153.0 (q, 3JCF = 7.8 Hz), 147.9 (t, 
3JCF = 12.6 Hz), 128.4 (t, 2JCF = 15.2 Hz), 126.0 (t, 1JCF = 271.2 Hz), 123.9 (q, 1JCF = 267.2 Hz), 106.5 (2C, d, 2JCF = 

24.5 Hz), 99.4 (q, 2JCF = 34.5 Hz), 43.7 (t, 2JCF = 25.5 Hz), 43.2, 42.7, 39.8, 37.6, 33.5 (2C), 30.1 (2C), 28.7 (2C), 25.7 

(2C, t, 3JCF = 2.4 Hz), 20.0, 14.3. 
19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -78.8 (2F, s), -125.8 (2F, s). 

 

57a-62a  

 
60%  (300 mg, 7.5 mmol) 

NMP (15 mL)  (7.5 mmol) 

E-1- -3,3,3-  (1.86 mL, 19 mmol) 
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130 °C 24

 ( ) 62a

1/5 TBAC (20.8 mg, 75 mol)  

 

 
mp: 55.2-55.8 °C 

IR νmax (neat): 3103, 29464, 2933, 2850, 2320, 1685, 1508, 1435, 1390, 1327, 1228, 1124, 1080, 1005, 931, 860. 
1H NMR (400 MHz, CDCl3) δ: 7.19 (1H, dq, 4JHF = 2.2 Hz, 3JHH = 12.4 Hz, overlap with 7.14), 7.14 (2H, d, 3JHF = 10.1 

Hz), 6.98 (2H, d, 3JHF = 8.0 Hz), 5.37 (1H, s), 5.25 (1H, dq, 3JHF = 6.5 Hz, 3JHH = 12.4 Hz), 4.24 (2H, dd, 3J = 4.6 Hz, 
2J = 11.8 Hz), 3.52 (2H, t, 3J & 2J = 11.5 Hz), 2.12 (1H, m), 1.39-1.29 (2H, m), 1.13-1.06 (2H, m), 0.93 (3H, t, J = 7.4 

Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 159.9 (2C, dd, 3JCF = 5.5 Hz, 1JCF = 257.8 Hz), 154.7 (2C, dd, 3JCF = 5.8 Hz, 1JCF 

= 252.8 Hz), 152.9 (1C, q, 3JCF = 7.8 Hz), 147.1 (1C, t, 3JCF = 12.5 Hz), 145.0 (1C, t, 3JCF = 10.2 Hz), 129.2 (1C, t, 2JCF 

= 15.2 Hz), 123.8 (1C, q, 1JCF = 267.1 Hz), 120.2 (1C, t, 1JCF = 266.5 Hz), 110.6 (2C, dd, 4JCF = 3.3 Hz, 2JCF = 24.4 

Hz), 109.5 (1C, tt, 2JCF = 14.0 Hz, 32.3 Hz), 107.2 (2C, dd, 4JCF = 6.1 Hz, 2JCF = 18.7 Hz), 99.6 (1C, q, 2JCF = 34.5 Hz), 

98.7, 72.5 (2C), 33.9, 30.2, 19.5, 14.1. 
19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -61.7 (2F, t, 4J = 26.5 Hz), -110.2 (2F, t, 4J = 26.4 Hz), -125.1 (2F, s). 

 

 
mp: 41.2-42.0 °C 

IR νmax (neat): 3103, 2966, 2935, 2877, 2351, 2320, 2312, 1685, 1635, 1558, 1508, 1238, 1109, 1084, 935, 795. 
1H NMR (400 MHz, CDCl3) δ: 7.49 (2H, d, 3J = 8.2 Hz), 7.30 (2H, d, 3J = 8.2 Hz), 7.24-7.18 (3H, m), 7.02 (2H, d, 3JHF 

= 8.0 Hz), 5.26 (1H, dq, 3JHF = 6.4 Hz, 3JHH = 12.5 Hz), 2.65 (2H, t, J = 7.4 Hz), 1.68 (2H, sext, J = 7.4 Hz), 0.97 (3H, t, 

J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 160.3 (2C, dd, 3JCF = 6.0 Hz, 1JCF = 257.2 Hz), 154.7 (2C, dd, 3JCF = 5.8 Hz, 1JCF 

= 252.9 Hz), 152.9 (1C, q, 3JCF = 7.8 Hz), 147.2 (1C, t, 3JCF = 11.9 Hz, overlap with 147.1), 147.1 (1C, t, 3JCF = 10.4 

Hz, overlap with 147.2), 144.4, 134.7, 129.4 (2C, overlap with 129.2), 129.2 (1C, t, 2JCF = 15.1 Hz, overlap with 

129.4), 126.8 (2C), 123.8 (1C, q, 1JCF = 267.2 Hz), 120.4 (1C, t, 1JCF = 266.5 Hz), 11.07 (2C, dd, 4JCF = 2.8 Hz, 2JCF = 

24.0 Hz), 107.7 (1C, tt, 2JCF = 14.9 Hz, 32.1 Hz, overlap with 107.3), 107.3 (2C, dd, 4JCF = 6.2 Hz, 2JCF = 19.0 Hz, 

overlap with 107.7), 99.7 (1C, q, 2JCF = 34.5 Hz), 37.7, 24.4, 13.8. 
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19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -61.6 (2F, t, 4J = 26.0 Hz), -110.7 (2F, t, 4J = 26.0 Hz), -125.1 (2F, s). 

 

 
mp: 88.3-88.9 °C, 89.8-90.3 °C 

IR νmax (neat): 2970, 2933, 2364, 2322, 1716, 1684, 1558, 1541, 1516, 1489, 1244, 1157, 1092, 1036, 933, 796. 
1H NMR (400 MHz, CDCl3) δ: 7.75 (2H, d, 3J = 8.6 Hz), 7.69 (2H, d, 3J = 8.5 Hz), 7.53 (2H, dt, 4JHF = 1.7 Hz, 3J = 8.2 

Hz), 7.29 (2H, d, 3J = 8.2 Hz, overlap with CHCl3), 7.21 (1H, dq, 4JHF = 2.3 Hz, 3JHH = 12.4 Hz), 7.01 (2H, d, 3JHF = 8.2 

Hz), 5.26 (1H, dq, 3JHF = 6.4 Hz, 3JHH = 12.4 Hz), 2.65 (2H, t, J = 7.4 Hz), 1.69 (2H, sext, J = 7.4 Hz), 0.98 (3H, t, J = 

7.4 Hz). 

13C{1H} NMR (101 MHz, CDCl3) δ: 154.8 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 252.4 Hz), 153.0 (1C, q, 3JCF = 7.8 Hz), 147.8 

(1C, t, 3JCF = 12.3 Hz), 144.3, 142.9, 137.2, 131.1 (1C, t, 2JCF = 31.0 Hz), 129.1 (2C, overlap with 128.9), 128.9 (1C, t, 
2JCF = 15.2 Hz, overlap with 129.1), 127.2 (2C, overlap with 127.1), 127.1 (2C, overlap with 127.2), 125.9 (2C, t, 3JCF 

= 4.0 Hz), 123.7 (1C, q, 1JCF = 267.3 Hz, overlap with 122.6), 122.6 (1C, t, 1JCF = 264.1 Hz, overlap with 123.7), 107.0 

(2C, dd, 4JCF = 5.8 Hz, 2JCF = 18.8 Hz), 99.6 (1C, q, 2JCF = 34.5 Hz), 37.7, 24.5, 13.8. 
19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -66.1 (2F, s), -125.3 (2F, s). 

 

 
mp: 77.2-78.9 °C, 84.9-85.5 °C, 96.2-97.9 °C 

IR νmax (neat): 3103, 2966, 2933, 2852, 2378, 2320, 1685, 1637, 1508, 1400, 1294, 1228, 1111, 1076, 1032, 837. 
1H NMR (400 MHz, CDCl3) δ: 7.45-7.34 (3H, m), 7.22-7.20 (3H, m), 7.02 (2H, d, 3JHF = 8.0 Hz), 5.44 (1H, s), 5.26 

(1H, dq, 3JHF = 6.4 Hz, 3JHH = 12.9 Hz), 4.26 (2H, dd, 3J = 4.6 Hz, 2J = 11.7 Hz), 3.55 (2H, t, 3J & 2J = 11.6 Hz), 2.16 

(1H, m), 1.40-1.30 (2H, m), 1.14-1.07 (2H, m), 0.94 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 159.9 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 257.5 Hz), 159.5 (1C, d, 1JCF = 250.2 Hz), 

154.8 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 252.9 Hz), 153.0 (1C, q, 3JCF = 7.8 Hz), 147.1 (1C, t, 3JCF = 12.4 Hz), 142.2 (1C, 

d, 3JCF = 8.0 Hz), 141.4 (1C, t, 3JCF = 11.0 Hz), 130.0 (1C, d, 4JCF = 2.4 Hz), 129.3 (1C, t, 2JCF = 15.2 Hz), 125.6 (1C, d, 
2JCF = 12.6 Hz), 123.9 (1C, q, 1JCF = 267.2 Hz, overlap with 122.6), 122.6 (1C, d, 3JCF = 3.5 Hz, overlap with 123.9), 

120.3 (1C, t, 1JCF = 266.9 Hz), 114.6 (1C, d, 2JCF = 24.1 Hz), 113.2 (2C, dt, 4JCF = 3.2 Hz, 2JCF = 24.2 Hz), 108.8 (1C, 

tt, 2JCF = 14.0 Hz, 32.2 Hz), 107.3 (2C, dd, 4JCF = 5.9 Hz, 2JCF = 18.6 Hz), 99.9 (overlap with 99.7), 99.7 (1C, q, 2JCF = 

34.5 Hz), 72.7 (2C), 34.0, 30.4, 19.6, 14.2. 
19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -61.8 (2F, t, 4J = 26.4 Hz), -110.6 (2F, t, 4J = 26.1 Hz), -116.9 (1F, s), 

-125.0 (2F, s). 
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mp: 100.3-101.4 °C, 130.3-130.8 °C 

IR νmax (neat): 3095, 2922, 2852, 2366, 2322, 1685, 1635, 1508, 1400, 1304, 1228, 1113, 1080, 1034, 939, 829. 
1H NMR (400 MHz, CDCl3) δ: 7.50 (2H, d, 3J = 8.3 Hz), 7.32 (2H, d, 3J = 8.2 Hz), 7.24-7.18 (3H, m), 7.02 (2H, d, 3JHF 

= 8.0 Hz), 5.26 (1H, dq, 3JHF = 6.4 Hz, 3JHH = 12.9 Hz), 2.53 (1H, tt, 3J = 3.2 Hz, 12.2 Hz), 1.95-1.86 (4H, m), 

1.54-1.42 (2H, m, overlap with H2O), 1.41-1.20 (5H, m), 1.13-1.02 (2H, m), 0.91 (3H, t, J = 7.3 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 160.3 (2C, dd, 3JCF = 6.0 Hz, 1JCF = 270.0 Hz), 154.7 (2C, dd, 3JCF = 5.8 Hz, 1JCF 

= 252.8 Hz), 152.9 (1C, q, 3JCF = 7.8 Hz), 149.6, 147.2 (1C, t, 3JCF = 12.7 Hz, overlap with 147.1), 147.1 (1C, t, 3JCF = 

10.4 Hz, overlap with 147.2), 134.8, 129.3 (1C, t, 2JCF = 15.1 Hz), 127.8 (2C, overlap with 123.8), 126.8 (2C), 123.8 

(1C, q, 1JCF = 267.3 Hz, overlap with 127.8), 120.4 (1C, t, 1JCF = 266.6 Hz), 110.7 (2C, dd, 4JCF = 2.6 Hz, 2JCF = 23.9 

Hz), 107.7 (1C, tt, 2JCF = 14.4 Hz, 32.1 Hz, overlap with 107.3), 107.3 (2C, dd, 4JCF = 6.0 Hz, 2JCF = 18.8 Hz, overlap 

with 107.7), 99.7 (1C, q, 2JCF = 34.5 Hz), 44.4, 39.7, 37.0, 34.2 (2C), 33.5 (2C), 20.0, 14.4. 

19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -61.6 (2F, t, 4J = 26.2 Hz), -110.7 (2F, t, 4J = 26.1 Hz), -125.1 (2F, s). 

 

 
mp: 81.7-82.2 °C, 104.0-104.7 °C, 124.6-124.9 °C 

IR νmax (neat): 3101, 2964, 2933, 2875, 2368, 2322, 1689, 1637, 1516, 1396, 1308, 1236, 1113, 1082, 1036, 798. 
1H NMR (400 MHz, CDCl3) δ: 7.56-7.52 (2H, m), 7.50-7.48 (2H, m), 7.43 (1H, d, 3JHF = 12.3 Hz), 7.32-7.26 (4H, m, 

overlap with CHCl3), 7.21 (1H, dq, 4JHF = 2.0 Hz, 3JHH = 12.3 Hz), 7.03 (2H, d, 3JHF = 8.0 Hz), 5.26 (1H, dq, 3JHF = 6.4 

Hz, 3JHH = 12.4 Hz), 2.65 (2H, t, J = 7.4 Hz), 1.69 (2H, sext, J = 7.4 Hz), 0.98 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 160.0 (2C, dd, 3JCF = 4.9 Hz, 1JCF = 258.9 Hz, overlap with 159.9), 159.9 (1C, d, 
1JCF = 250.2 Hz, overlap with 160.0), 154.7 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 252.9 Hz), 152.9 (1C, q, 3JCF = 7.5 Hz), 

147.1 (1C, t, 3JCF = 12.6 Hz), 144.5 (1C, d, 3JCF = 8.5 Hz), 143.3, 141.5 (1C, t, 3JCF = 11.3 Hz), 130.3 (1C, d, 4JCF = 

3.1 Hz), 129.3 (1C, t, 2JCF = 15.0 Hz, overlap with 129.2), 129.2 (2C, overlap with 129.3), 126.8 (2C), 123.8 (1C, q, 
1JCF = 267.2 Hz), 123.6 (1C, d, 2JCF = 12.7 Hz), 123.2 (1C, d, 3JCF = 3.0 Hz), 120.3 (1C, t, 1JCF = 267.0 Hz), 114.8 (1C, 

d, 2JCF = 23.2 Hz), 113.0 (2C, dt, 4JCF = 3.5 Hz, 2JCF = 24.2 Hz), 108.6 (1C, tt, 2JCF = 14.9 Hz, 31.9 Hz), 107.3 (2C, dd, 
4JCF = 6.5 Hz, 2JCF = 18.4 Hz), 99.7 (1C, q, 2JCF = 34.4 Hz), 37.7, 24.5, 13.8. 
19F{1H} NMR (376 MHz, CDCl3) δ: -60.3 (3F, s), -61.7 (2F, t, 4J = 26.1 Hz), -110.7 (2F, t, 4J = 26.1 Hz), -116.9 (1F, s), 

-125.0 (2F, s). 



5  

103 
 

 

56b  

 
 

mp: 63.5-64.3 °C, 169.4-169.8 °C 

IR νmax (neat): 2952, 2931, 2918, 2850, 1684, 1516, 1448, 1269, 1155, 1117, 1049, 889, 872, 758, 742. 
1H NMR (400 MHz, CDCl3) δ: 6.84 (2H, d, 3JHF = 8.4 Hz), 6.53 (1H, dt, 5JHF = 1.5 Hz, 3JHH = 6.8 Hz), 5.02 (1H, qd, 
3JHH = 6.8 Hz, 3JHF = 7.9 Hz), 2.05-1.92 (3H, m), 1.88-1.81 (2H, m), 1.79-1.68 (4H, m), 1.39-1.26 (4H, m), 1.18-1.11 

(3H, m), 1.11-0.92 (6H, m), 0.92-0.78 (5H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 154.5 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 251.3 Hz), 151.2 (1C, m), 147.4 (1C, t, 3JCF = 

12.5 Hz), 130.7 (1C, t, 2JCF = 14.6 Hz), 126.0 (1C, t, 1JCF = 271.0 Hz), 122.4 (1C, q, 1JCF = 269.7 Hz), 106.5 (2C, dd, 
4JCF = 6.3 Hz, 2JCF = 18.5 Hz), 99.4 (1C, q, 2JCF = 35.9 Hz), 43.7 (1C, t, 2JCF = 25.5 Hz), 43.2, 42.7, 39.8, 37.6, 33.6 

(2C), 30.1 (2C), 28.8 (2C), 25.7 (2C, t, 3JCF = 2.1 Hz), 20.1, 14.4. 
19F{1H} NMR (376 MHz, CDCl3) δ: -57.8 (3F, s), -78.8 (2F, s), -126.9 (2F, s). 

 

60b-62b  

 
 (3.0 mmol) 63 (1.01 g, 9.0 mmol) DMF (24 mL) 

Z-1- -3,3,3-  (0.45 mL, 4.5 mmol) 65

 (79-87%) 62b 2/3

 

 

 
mp: 114.4-115.1 °C, 162.1-162.7 °C 

IR νmax (neat): 3111, 2974, 2956, 2927, 2860, 1685, 1508, 1402, 1292, 1271, 1120, 1086, 1028, 887, 839, 796. 
1H NMR (400 MHz, CDCl3) δ: 7.44-7.35 (3H, m), 7.20 (2H, d, 3JHF = 10.9 Hz), 6.99 (2H, d, 3JHF = 8.1 Hz), 6.56 (1H, 

dt, 5JHF = 1.4 Hz, 3JHH = 6.8 Hz), 5.44 (1H, s), 5.04 (1H, qd, 3JHH = 6.8 Hz, 3JHF = 7.9 Hz), 4.25 (2H, dd, 3J = 4.6 Hz, 2J 



5  

104 
 

= 11.8 Hz), 3.55 (2H, t, 3J & 2J = 11.5 Hz), 2.16 (1H, m), 1.40-1.31 (2H, m), 1.13-1.08 (2H, m), 0.94 (3H, t, J = 7.4 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 159.9 (2C, dd, 3JCF = 6.5 Hz, 1JCF = 257.5 Hz), 159.4 (1C, d, 1JCF = 250.4 Hz), 

154.6 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 252.3 Hz), 151.0 (1C, m), 146.6 (1C, t, 3JCF = 12.5 Hz), 142.2 (1C, d, 3JCF = 8.0 

Hz), 141.4 (1C, t, 3JCF = 11.2 Hz), 131.5 (1C, t, 2JCF = 14.5 Hz), 130.0 (1C, d, 4JCF = 2.7 Hz), 125.6 (1C, d, 2JCF = 12.9 

Hz), 122.6 (1C, d, 3JCF = 3.6 Hz), 122.4 (1C, q, 1JCF = 269.7 Hz), 120.2 (1C, t, 1JCF = 264.0 Hz), 114.6 (1C, d, 2JCF = 

24.1 Hz), 113.2 (2C, dt, 4JCF = 3.2 Hz, 2JCF = 24.2 Hz), 108.8 (1C, tt, 2JCF = 18.7 Hz, 32.5 Hz), 107.2 (2C, dd, 4JCF = 

6.6 Hz, 2JCF = 18.4 Hz), 99.9 (1C, d, 4JCF = 2.2 Hz, overlap with 99.6), 99.6 (1C, q, 2JCF = 35.9 Hz, overlap with 99.9), 

72.6 (2C), 34.0, 30.3, 19.6, 14.2. 
19F{1H} NMR (376 MHz, CDCl3) δ: -57.9 (3F, s), -61.7 (2F, t, 4J = 26.0 Hz), -110.6 (2F, t, 4J = 26.1 Hz), -116.9 (1F, s), 

-126.1 (2F, s). 

 

 
mp: 97.1-98.0 °C, 191.1-192.3 °C 

IR νmax (neat): 2924, 2856, 2844, 2360, 1684, 1635, 1508, 1450, 1271, 1228, 1209, 1113, 1028, 881, 831, 795. 
1H NMR (400 MHz, CDCl3) δ: 7.49 (2H, d, 3J = 8.3 Hz), 7.32 (2H, d, 3J = 8.2 Hz), 7.20 (2H, d, 3JHF = 10.4 Hz), 6.99 

(2H, d, 3JHF = 8.1 Hz), 6.55 (1H, dt, 5JHF = 1.4 Hz, 3JHH = 6.8 Hz), 5.04 (1H, qd, 3JHH = 6.9 Hz, 3JHF = 7.9 Hz), 2.53 (1H, 

tt, 3J = 3.2 Hz, 12.1 Hz), 1.93-1.88 (4H, m), 1.54-1.42 (2H, m, overlap with H2O), 1.41-1.19 (5H, m), 1.13-1.02 (2H, 

m), 0.91 (3H, t, J = 7.3 Hz). 
13C{1H} NMR (101 MHz, CDCl3) δ: 160.3 (2C, dd, 3JCF = 6.0 Hz, 1JCF = 257.0 Hz), 154.6 (2C, dd, 3JCF = 5.7 Hz, 1JCF 

= 252.3 Hz), 151.0 (1C, m), 149.6, 147.1 (1C, t, 3JCF = 10.6 Hz), 146.7 (1C, t, 3JCF = 12.4 Hz), 134.9, 131.5 (1C, t, 
2JCF = 14.6 Hz), 127.8 (2C), 126.9 (2C), 122.4 (1C, q, 1JCF = 269.6 Hz), 120.4 (1C, t, 1JCF = 266.0 Hz), 110.7 (2C, dd, 
4JCF = 2.7 Hz, 2JCF = 23.9 Hz), 107.7 (1C, tt, 2JCF = 14.3 Hz, 32.3 Hz, overlap with 107.2), 107.2 (2C, dd, 4JCF = 6.5 Hz, 
2JCF = 18.4 Hz, overlap with 107.7), 99.6 (1C, q, 2JCF = 35.9 Hz), 44.4, 39.7, 37.0, 34.3 (2C), 33.5 (2C), 20.1, 14.4. 
19F{1H} NMR (376 MHz, CDCl3) δ: -57.9 (3F, s), -61.5 (2F, t, 4J = 26.2 Hz), -110.7 (2F, t, 4J = 26.0 Hz), -126.1 (2F, s). 

 

 
mp: 113.9-114.8 °C, 150.5-151.1 °C, 189.6-190.4 °C 

IR νmax (neat): 2970, 2933, 2360, 2343, 2322, 1684, 1637, 1516, 1508, 1396, 1308, 1115, 1032, 860, 798. 
1H NMR (400 MHz, CDCl3) δ: 7.55-7.53 (2H, m), 7.49-7.48 (2H, m), 7.42 (1H, d, 3JHF = 12.4 Hz), 7.30-7.26 (4H, m, 

overlap with CHCl3), 7.01 (2H, d, 3JHF = 8.1 Hz), 6.56 (1H, dt, 5JHF = 1.5 Hz, 3JHH = 6.8 Hz), 5.05 (1H, qd, 3JHH = 6.9 
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Hz, 3JHF = 7.8 Hz), 2.65 (2H, t, J = 7.4 Hz), 1.69 (2H, sext, J = 7.4 Hz), 0.98 (3H, t, J = 7.4 Hz). 

13C{1H} NMR (101 MHz, CDCl3) δ: 159.9 (3C, d & dd, overlap), 154.6 (2C, dd, 3JCF = 5.6 Hz, 1JCF = 252.4 Hz), 151.0 

(1C, m), 146.6 (1C, t, 3JCF = 12.5 Hz), 144.5 (1C, d, 3JCF = 8.4 Hz), 143.3, 141.4 (1C, t, 3JCF = 10.5 Hz), 136.2 (1C, m), 

131.5 (1C, t, 2JCF = 14.6 Hz), 130.3 (1C, d, 4JCF = 3.0 Hz), 129.2 (2C), 126.8 (2C), 123.6 (1C, d, 2JCF = 12.6 Hz, 

overlap with 122.4), 123.1 (1C, d, 3JCF = 2.9 Hz), 122.4 (1C, q, 1JCF = 269.0 Hz, overlap with 123.6), 120.3 (1C, t, 1JCF 

= 269.3 Hz), 114.8 (1C, d, 2JCF = 23.3 Hz), 113.0 (2C, dt, 4JCF = 3.4 Hz, 2JCF = 24.2 Hz), 108.6 (1C, tt, 2JCF = 15.2 Hz, 

33.7 Hz), 107.2 (2C, dd, 4JCF = 6.1 Hz, 2JCF = 18.8 Hz), 99.6 (1C, q, 2JCF = 35.9 Hz), 37.7, 24.5, 13.8. 
19F{1H} NMR (376 MHz, CDCl3) δ: -57.9 (3F, s), -61.6 (2F, t, 4J = 26.1 Hz), -110.7 (2F, t, 4J = 26.1 Hz), -116.8 (1F, s), 

-126.1 (2F, s). 

 

56d  

 
TBAI (25 g, 68 mmol) 1,2-  (40 mL)  (5.0 

mL, 60 mmol) 85 °C 18  ( ) 

 (120 mL)  (40 g)  (80 mL) 

 (20 g) E-3- -2-
61  (7.48 g, 51%)  

 (3.2 g, 13.0 mmol)  (28 mL) 

-78 °C  (1 M, 18 mmol) 10

5 *  (2.5 mL)  (70 mL) 

 (50 mL) 2

 (25 mL x 2) 

 ( 80% - 20% , 

) E-3- -2-  (2.59 g, 92%) 

 
1H NMR (400 MHz, CDCl3) δ: 9.31 (1H, d, J = 0.6 Hz), 7.78 (1H, d, J = 0.7 Hz) 

FEP (C2F4-C3F6 )  (6.0 mL) 

4-tert- -2,6-  (3.29 g, 13 mmol) 3

FEP 2,6- -4-( [trans-4-(trans-4-

) ] )  (4.83 g, 12 mmol) 63 (2.69 g, 24 mmol) DMF (96 mL) 

90  (200 mL)  (150 mL x 2) 
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 (

) E-3,3- -2-  (2.57 g, 35%) 

 

mp: 83.9-85.1 °C 

IR νmax (neat): 2910, 2852, 2359, 1645, 1506, 1227, 1090, 1036, 995, 872, 762. 
1H NMR (400 MHz, CDCl3) δ: 6.86-6.84 (3H, m), 6.39 (1H, t, 2JHF = 55.4 Hz), 2.02-1.99 (3H, m), 1.86-1.83 (2H, m), 

1.77-1.74 (4H, m), 1.38-1.26 (4H, m), 1.16-1.13 (3H, m), 1.08-0.92 (6H, m), 0.89-0.81 (5H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 154.4 (2C, dd, 3JCF = 5.8 Hz, 1JCF = 251.3 Hz), 152.8 (1C, t, 3JCF = 8.3 Hz), 147.6 

(1C, t, 3JCF = 12.5 Hz), 129.9 (1C, t, 2JCF = 14.7 Hz), 126.0 (1C, t, 1JCF = 271.0 Hz), 107.4 (1C, t, 1JCF = 234.0 Hz), 

106.6 (2C, dd, 4JCF = 6.0 Hz, 2JCF = 18.7 Hz), 74.3 (1C, t, 2JCF = 28.4 Hz), 43.7 (1C, t, 2JCF = 25.5 Hz), 43.2, 42.7, 39.8, 

37.6, 33.5 (2C), 30.1 (2C), 28.7 (2C), 25.7 (2C, t, 3JCF = 2.4 Hz), 20.0, 14.4. 
19F{1H} NMR (376 MHz, CDCl3) δ: -78.8 (2F, s), -111.1 (2F, s), -126.7 (2F, s). 

 (2.14 g, 3.5 mmol) ( )  (81.8 

mg, 0.071 mmol) DMF (10 mL)  (80.4 mg, 2.1 mmol) 

1.5 19F NMR

 ( 134 mg = 3.5 

mmol, 3.5 )  (20 mL x 2) 

 ( ) 

 (1.26 g, 75%)  

mp: 63.1-63.8 °C, 150.1-150.9 °C 

IR νmax (neat): 2956, 2931, 2918, 2850, 1674, 1514, 1448, 1333, 1246, 1130, 1086, 1043, 1018, 989, 868, 756. 
1H NMR (400 MHz, CDCl3) δ: 6.84 (2H, d, 3JHF = 8.5 Hz, overlap with 6.79), 6.79 (1H, tdd, 4JHH = 0.6 Hz, 3JHH = 7.3 

Hz, 2JHF = 55.4 Hz, overlap with 6.84), 6.50 (1H, d, 3JHH = 6.5 Hz), 5.07 (1H, qd, 3JHH = 6.4 Hz, 3JHF = 7.4 Hz), 

2.05-1.94 (3H, m), 1.88-1.81 (2H, m), 1.79-1.68 (4H, m), 1.39-1.25 (4H, m), 1.18-1.10 (3H, m), 1.10-0.92 (6H, m), 

0.92-0.79 (5H, m). 
13C{1H} NMR (101 MHz, CDCl3) δ: 154.6 (2C, dd, 3JCF = 6.0 Hz, 1JCF = 250.9 Hz), 150.2 (1C, tt, 3JCF = 2.0 Hz, 12.2 

Hz), 147.1 (1C, t, 3JCF = 12.8 Hz), 130.6 (1C, t, 2JCF = 14.6 Hz), 126.0 (1C, t, 1JCF = 270.9 Hz), 110.2 (1C, t, 1JCF = 

230.0 Hz), 106.6 (2C, dd, 4JCF = 6.5 Hz, 2JCF = 18.6 Hz), 104.5 (1C, t, 2JCF = 27.2 Hz), 43.7 (1C, t, 2JCF = 25.5 Hz), 

43.2, 42.7, 39.8, 37.6, 33.5 (2C), 30.1 (2C), 28.8 (2C), 25.7 (2C, t, 3JCF = 2.1 Hz), 20.1, 14.4. 
19F{1H} NMR (376 MHz, CDCl3) δ: -78.8 (2F, s), -112.1 (2F, s), -126.9 (2F, s). 
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