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# ³´0µ¶-.5*L]1Scheme 15·=«¬ADHMN?OP5©>?@9AB69

CDI Friedel–Crafts^_[5¸L]¹ºr»¼;aL1hi¯°I±²[;½¾(g#

¿�51[Pd(MeCN)4](BF4)2 )ÀÁ519¦Â¢HIJKLÃÄÅÆQRr�Ç_[Y`

a=>I%0rL�)��1ÈI_[ÉI»¼;as((Table 1, Entries 2–4)g1,1,1,3,3,3-

ÊËÌ@9AB-2-ÍBMÎ89p1ÏÐ9�I BF3·OEt2ÑÒÓ1?@9AB69CDE5

ÔÕ�I«¬ADHÃÄÅÆQR;Ö×STUV()bØ1Å(I�(0 III))9Ù~OP;

TL(Ú5 Friedel–Crafts^_[Y`a=>b)YÛ�s(gU�51ÃÄÅÆQRÜÝ%

rÞß[69à~OP�á@y[6D¬ÐDrâI9¦Â¢;TL]�ÔÕã5

Friedel–Crafts^_[hiY`af1ÀÁ5_[kl�;ä�>b);def((Entries 5 and 

6)g#

#

  

CF2
O

O

+ +

2 3 4

F

1

/ (CF3)2CHOH

BF3·OEt2
(2)

 

[Pd(MeCN)4](BF4)2 (0.1)

AuCl(PPh3) (0.05) + AgOTf (0.1)

AuCl3 (0.05) + AgOTf (0.1)

RuCl3 (0.05) + AgOTf (0.1)

AlCl3 (0.05)

SbF5 (0.1)

r.t., 40 min

r.t., 2 d ! reflux, 5 h

r.t., 2 d ! reflux, 5 h

r.t., 2 d ! reflux, 5 h

r.t., 5 d

r.t., 5 d

Reagents (eq.) Conditions

1

2

3

4

5

6

Entry BF3·OEt2 (eq.)

1.0

1.0

1.0

1.0

2.0

2.0

Table 1.!"#$%&'()

2  :  3  :  4Total Yield /%

87

74

79

72

83

55

93  :  2  :  5

95  :  5  :  0

94  :  6  :  0

94  :  6  :  0

94  :  6 :   0

95  :  5 :   0
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bb�%I)bØ1Pd(MeCN)4](BF4)2;TL(åæ(Entry 1)5±�hiY���5`af1

çèéÞ_[R;ä�((�1bIê5*Ý>±²¯°I»¼;as(g�ë1Ö×Iì

Õp% BF3·OEt2 ÑÒÓ1 [Pd(MeCN)4](BF4)2 ;STUV]?@9AB69CDEI

Friedel–Crafts^_[;as(gíî; Table 15·=g6ï�~�79�?ð¬9ð8Ù91

N,N-?ñ¬96ï�6à�(DMA)p%hi;aò)1hi0óÞ`aVëôõYöçU\

((Entries 2–4)g_[I�I«¬ADkl;÷Ý>øã%1¦ADùRI[bmin][NTf2]�

[bmin][NTf2];TL()bØ1hiY`af(�IIúçè0Eûü*©ý��ü5þ�s

((Entries 5 and 6)gÿ!Ib)��1(CF3)2CHOH (HFIP);TL(åæ5±�"èéÞ_[

Y`a=>b)Y2�s((Entry 1)g#

####

CF2
O

O

+ +

2 3 4

F

1

[Pd(MeCN)4](BF4)2
BF3·OEt2 (1)

#

2  :  3  :  4Entry

1

2

3

4

5

6

Table 2.!"#$%&

Total Yield /%

87

0

0

0

15

44

93  :  2  :   5

100 :  0  :   0

82  :  7  : 11

Solvent

(CF3)2CHOH

MeCN

Et2O

DMA

[bmin][PF6]a

[bmin][NTf2]a

Conditions

r.t., 3 h

reflux, 5 h

reflux, 5 h

70 °C, 5 h

r.t., 5 d

120 °C, 2 h

-

-

-

#

NN =    [bmin]

a

#

#51¥�=>MN?OPI�;»¼f()bØ1ÔÕ0 0.01 Ð9��%$�=b)Y

%&%10.1Ð9�IÔÕ;TL(�)ÀÁ5'çè%_[R;ä�>b)Y(��)rs
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((Table 3, Entries 1–3)g(Üf1ÔÕ�I$�))�5hiÚq�J)5*Þrs(gv

L] BF3·OEt2I+T�;Ö×,�()bØ1ÏÐ9�*©ý-.Ð9�I BF3·OEt2;¥�

f(åæ50é/5_[Y`af(Y1BF3·OEt2 ;¥�frLåæ501hi00)1â

`aVë1ôõYöçU\((Entry 4)gb\0_[pqR B��w2@yz{|t5kl=

>@y[MN?OP3PdFX4Y1hi5ZH%rLb)5©>)���\>g5�1bIh

i0 PdCl2 I¾%0`afrLb)Y2�s]L>g�(1BF3·OEt2 ;�.Ð9�TL>

)6Úq%hiY78f(�II1úçè0,Û�r�s(gÿ!Ib)��10.05 .Ð

9�I[Pd(MeCN)4](BF4)2)ÏÐ9�I BF3·OEt2;TL>¯°(Table 3, Entry 2);±²¯°

)f]1ÿtI»¼5TL>b))f(g 

##

CF2
O

O

+ +

2 3 4

F

1

[Pd(MeCN)4](BF4)2
BF3·OEt2 (3)

r.t. / (CF3)2CHOH

#

Pd (eq.) BF3·OEt2 (eq.) Time 2  :  3  :  4Entry

1

2

3

4

5

0.1

0.05

0.01

0.05

0.05

1.0

1.0

1.0

0

2.0

40 min

3 h

9 d

2 h

15 min

Table 3.!"#$%&'

Total Yield /%

87

90

86

1

90

93  :  2  :  5

92  :  2  :  6

95  :  5  :  0

100  :  0  :  0

98  :  2  :  0
#

#

�®# :9:;HI»¼#

��\(±²¯°Ó%:9:;HI»¼;aòb))f(ge<�9I?@9AB69

CDI=>501ÿÓ5·=?Oz68�QRI 1,2-@X;TL>ABC®)�7@9AB

ñ¬9}~9[æ�I SN2’hiD®;TL(g�ë1ÐÎEF?@9AB69CD; Scheme 
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2 5·=©ò5f]ælf(g=rÛG1Â¬�DHIRIJ�B?Oz[5©s]�7

69Ë9?Oz)f(t51?@9AB}~97¬OP;��]?Oz68�QR;<k

UV>gbb��?Oz!I69Ë9:I 1,2-@X%k�(?@9AB}~9KND5ª

f1?Oz��LMIÅÆNF;O]ÍB�D[;aL1øãI?@9AB69CD;

PQRxSPT%ælf(g#

#

Ar

BH3

r.t. / THF

B(CH2CH2Ar)3

F2C

OTs –78 ºC ! r.t. / THF
F2C

OTs

B(CH2CH3Ar)3

F2C

CH2CH3Ar

B(CH2CH3Ar)2 1) CuI  2) H+

F2C

CH2CH3Ar

H

CF3CH2OTs
–78 °C / THF

n-BuLi Li

5a-f #

Scheme 2.##'()*#

@yzIwX5�¸I69Ë9U;<=>?EF?@9AB69CD01SN2’hi;Vh

i)=>AB%ælf(g=rÛG1�ë�7@9ABW¢ð¬9;ôõ)f]1Grignard

hi1Wittig hi;aòb)%�7@9ABñ¬9}~9[æ�;=>f(gb\5X¬

97¬OP;STUV]�7@9ABñ¬9}~9[æ�I SN2’hi;aL1øã%Y>

69Ë9U;<=>?@9AB69CD;ælf(g#

#####

CF3CO2Et

F3C

F3C O

MgBr

–78 ºC ! r.t., / Et2O

Ph3P+MeI–

t-BuOK

–78 ºC ! r.t., / Et2O

n-BuLi, TMEDA

–78 ºC ! r.t., / THF F2C

5g #

+ Scheme 3.  '()*+
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bI©ò5f]ælf(Z:9I_[hi;1[&I±²¯°;TL]as(g\Ií

î1�@¬9:�@�~9:;<=>Lë\I:9Iåæ�hi0ÀÁ5`af1_�C

�DY'çè%��\((Table 4)g�(1@�~9:!5G3]ä:%Y>ñ¬9:�ñ

�Ë^:;I_f(åæ�1hi0çè©Þ`af((Entries 4–6)g(Üf Entry 65·=

ñ�ñ�Ë^R%01A9�X)MNX%FmnoY`af-¸IXE`HR;ä�(g

:a1bLG3Fu:%Y>�7@9ABñ¬9:;6789:!5<=>:9%01c

d_IFmeYfL(�1ghüIçè%f�_[R0��\r�s((Entry 7)g!AB0

?EFI?@9AB69CD5�²T%K1hiÚqYij*Þrs(�IIhiY`a

f1é/rçè%ªi=>C�D;ä�((Entry 8)g#

R2

R1

R2

R1

O

R3

[Pd(MeCN)4](BF4)2 (0.05 eq)

BF3·OEt2 (1.0 eq)

/ (CF3)2CHOHF2C R3

R1 R2 R3

H

H

p-Me

p-OMe

m-OMe

p-CF3

H

H

Me

Me

Me

Me

Me

H

H

H

H

H

H

H

n-Pen

ConditionsEntry

2

3

4

5

6

7

8

0 °C, 2 h

0 °C, 2.5 h

r.t., 1 h

r.t., 47 h

r.t., 0.5 h

r.t., 30 h

r.t., 22 h

Yield

89 %

91 %

90 %

73 %a

66 %a

15 %

65%

Me

OOMe

Me Me

OO

MeO

MeO

Me

O

MeO

6d     (73 :  27)    6e

Comments

a  Mixture of the regioisomers

Table 4.!"#$%&'()

1
F2C

r.t., 3 h 85%a

(4)

O
O

2       (92 :  2)      4

5a-g 6a-g

5a

5b

5c

5d

5e

5f

5g

5

6d     (79 :  21)    6e'

#
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# Entry 5I:9��0-¸I`HR 6d) 6eY��\>Y1b\0ñ�X%I_[))�

5¦ÍkX%�_[Y`af1ÂlB_;Omf(@Xkl��k�((�)��]L>

nû®g#

MeO F2C

Me

MeO
Pd

Pd

F F

MeO

F

F

Pd

O

MeO

(5)

#

�(1wx@yz{|t5kl=>}~9@9A7�pqR C;o|=>øã%1678

9:)?@9AB}~9:;pDqD_%rsf(:9%_[;as(gb\01k�>

}~9@9A7�Ycdt)r+��2�YuvU\>)��(��%Y>gwxy+1

øã)f(@9AB@��D��DYû�üIçè%��\1bIMN?OPÔÕ5©>

_[hi%01}~9@9A7�Ypq5klf]L>b)Yz U\(n{®g#

F2C

F

[Pd(MeCN)4](BF4)2 (0.05 eq)

BF3·OEt2 (1.0 eq)

r.t., 23 h
/ (CF3)2CHOH

6h   54%

(6)

5h #

ÿ!Ib)��1!hi06789:!1rsWX169CD|z!5EF:;<=>

Z:9%�_[Y`a=>b)Y(��)rs(g#

#

�®# @yzI"î#

!hi5*Ý>@yzI"î;='>(�51}~|z!I�z;\\�\ßz1�z

ô3%EFf(?�B69CD;ælf1\I_[;½¾(g?�BB69CD1?XB

Ð69CD\\�\5ªf1(CF3)2CHOH ìÕp10.05 Ð9�I[Pd(MeCN)4](BF4)2)ÏÐ

9�I BF3·OEt2;STUV()bØ1_[RIçè0fçè%Ys( (Entries 2 and 4)g�
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(1ÏÐ9�IMN?OPQR;TL]�1?�BB69CD1?XBÐ69CD5m�

=>_[kl�01çè�Cü1��ü%f���\r�s((Entries 3 and 5)g 

X2C

O

[Pd(MeCN)4](BF4)2
BF3·OEt2 (1.0 eq)

/ (CF3)2CHOH

X

F

Cl

Cl

Br

Br

Conditions

0 °C, 2 h

r.t., 1 d ! reflux, 23 h

r.t., 1 d ! reflux, 11 h

r.t., 1 d ! reflux, 4 h

r.t., 1 d ! reflux, 6 h

Pd (eq.)

0.05

0.05

1.0

0.05

1.0

Yield /%

89

3

38

1

22

Entry

1

2

3

4

5

Table 5.!"#$%&'()*+

(7)

15a, 7 6a

5a

7a

7a

7b

7b

S.M.

 

ÐÎ@9AB69CD;e<�9)f(åæ1_[R0úçè��ü%��\(�II1

ôõI-�[���[râI�hiY�Þd�\(nC®g#

FHC

[Pd(MeCN)4](BF4)2 (0.05 eq)
BF3·OEt2 (1.0 eq)

r.t., 31 h
/ (CF3)2CHOH

11 % 4 % 19 %

(8)

8  

b\�Iíî01@yzI����!I��<G3ªY�XI«¬AD;��[=>"

î5©+1Friedel–Crafts ^_[Y��5`af]L>)��%K>g�(1?@9AB6

9CD0FmH5�fÞe<�9I��[Y`af�Lb)�Û�s(gbI©ò51«

¬ADHMN?OP) BF3·OEt2;TL>!AB014–6789?@9AB69CDI_[

hi5<"%Y>b)Y(��5rs(g#

# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
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!"#$ 

 

NMR spectra were recorded on JEOL AL 400, Bruker DRX 500, and Bruker 

AVANCE 500 spectrometers at the indicated field strengths. Chemical shift values are 

given in ppm relative to internal Me4Si (for 1H NMR: ! 0.00), CDCl3 (for 13C NMR: ! 

77.0), and C6F6 (for 19F NMR: !F 0.00). IR spectra were recorded on a Horiba FT 300-S 

by ATR method. High-resolution mass spectra were obtained with a JEOL MS-700P 

mass spectrometer. Elemental analyses were carried out at The Elemental Analysis 

Laboratory, Department of Chemistry, Faculty of Science, the University of Tokyo. 

Tetrahydrofuran and diethyl ether were purchased from Kanto Chemical Co., Inc and 

used without purification. 1,1,1,3,3,3-Hexafluoro-2-propanol was distilled from 

molecular sieves 4Å, and stored over molecular sieves 4Å. Hexamethylphosphoric 

triamide and N,N-dimethylacetamide were distilled from CaH2 and stored over 

molecular sieves 4Å. Column chromatography and preparative thin-layer chro-

matography (PTLC) were performed on silica gel (Kanto Chemical Co. Inc., Silica Gel 

60 and Wako Pure Chemical Industries, Ltd., B5-F), respectively. 

 

CF2

 
1,1-Difluoro-4-(2-naphthyl)-1-butene (1) 

Butyllithium (13.3 mL, 1.53 M in hexane, 20.4 mmol) was added to a 

tetrahydrofuran (THF, 50.0 mL) solution of 2,2,2-trifluoroethyl p-toluenesulfonate 

(2.46 g, 9.68 mmol) at –78 °C over 10 min under argon. The reaction mixture was 

stirred for 30 min at –78 °C, and then tris[2-(2-naphthyl)ethyl]borane [Borane–THF 

complex (11.0 mL, 1.08 M in THF, 11.9 mmol) was added to a solution of 2-vinyl-

naphthalene (5.00 g, 32.4 mmol) in THF (10.0 mL) at 0 °C over 10 min, and the mixture 

was stirred for 3 h at room temperature.] was added at –78 °C over 30 min. After being 

stirred for 1 h, the reaction mixture was warmed to room temperature and stirred for 

an additional 1 h, and then heated at reflux for 2 h. The resulting solution was cooled to 

0 °C and treated with hexamethylphosphoric triamide (HMPA, 12.5 mL) and cuprous 

iodide (3.70 g, 19.4 mmol). After the mixture was stirred for 0.5 h at room temperature, 

phosphate buffer (pH 7) was added to quench the reaction. The mixture was filtered, 

and organic materials were extracted with diethyl ether (Et2O) three times. The com-
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bined extracts were washed with brine and dried over Na2SO4. After removal of the 

solvent under reduced pressure, the residue was purified by column chromatography 

on silica gel (pentane) to give 1 (1.37 g, 65%) as a colorless liquid. 

 

IR (neat): 3054, 2927, 1745, 1600, 1508, 1303, 1222, 1162, 1012, 815, 746 cm-1. 
1H NMR (500 MHz, CDCl3): ! = 2.39 (2H, dtdd, J = 7.6, 7.6 Hz, JHF = 1.8, 1.8 Hz), 2.84 

(2H, t, J = 7.6 Hz), 4.18 (1H, dtd, JHF = 25.3 Hz, J = 7.6 Hz, JHF = 2.7 Hz), 7.32 (1H, dd, J 

= 8.1, 1.0 Hz), 7.43 (1H, ddd, J = 8.1, 8.1, 1.0 Hz), 7.61 (1H, d, J =1.0 Hz), 7.75 (1H, d, J 

= 8.1 Hz), 7.80 (1H, dd, J = 8.1, 1.0 Hz). 
13C NMR (126 MHz, CDCl3): ! = 23.9 (d, JCF = 4 Hz), 35.8 (d, JCF = 2 Hz), 77.3 (dd, JCF = 

22, 21 Hz), 125.3, 126.0, 126.6, 127.1, 127.5, 127.6, 128.0, 132.1, 133.6, 138.4, 156.4 (dd, 

JCF = 288, 286 Hz). 
19F NMR (470 MHz, CDCl3): ! = 70.9 (1F, ddt, JFF = 47 Hz, JFH = 25, 3 Hz), 72.9 (1F, d, 

JFF = 47 Hz). 

Anal. Calcd for C14H12F2: C, 77.26; H, 5.76. Found: C, 77.05; H, 5.54. 

 

O

    

O

%    

F

 

1,2-Dihydro-4(3H)-phenanthrenone (2) 

4-Fluoro-phenanthrene (3) 

3,4-Dihydro-1(2H)-anthracenone (4)   

Tetrakis(acetonitrile)palladium(II) tetrafluoroborate ([Pd(MeCN)4](BF4)2, 8.8 mg, 

0.02 mmol) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 2.0 mL) was added to a solution 

of 1,1-difluoro-4-(2-naphthyl)-1-butene (1, 87.2 mg, 0.40 mmol) and trifluoroborane 

diethyl ether complex (BF3•OEt2, 0.05 mL, 0.37 mmol) in HFIP (2.0 mL) at 0 °C under 

argon. After the mixture was stirred for 40 min at room temperature, phosphate buffer 

(pH 7) was added to quench the reaction. Organic materials were extracted with 

CH2Cl2 three times. The combined extracts were washed with brine and dried over 

Na2SO4. After removal of the solvent under reduced pressure, the residue was purified 

by thin–layer chromatography on silica gel (hexane–AcOEt 10:1) to give 2 (65 mg, 83%) 

as a pale yellow liquid, 3 (1.4 mg, 2%) as a colorless solid, and 4 (1.9 mg, 5%) as a 

colorless liquid.  
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2 

IR (neat): 3456, 2945, 1676, 1448, 1348, 1176, 918, 750 cm-1. 
1H NMR (500 MHz, CDCl3): ! = 2.17 (2H, tt, J = 6.7, 6.1 Hz), 2.77 (2H, t, J = 6.7 Hz), 

3.09 (2H, t, J = 6.1 Hz), 7.29 (1H, d, J = 8.2 Hz), 7.47 (1H, ddd, J = 8.2, 8.2, 0.9 Hz), 7.61 

(1H, ddd, J = 8.2, 8.2, 0.9 Hz), 7.77 (1H, dd, J = 8.2, 0.9 Hz), 7.89 (1H, d, J = 8.2 Hz), 

9.41 (1H, dd, J = 8.2, 0.9 Hz). 
13C NMR (126 MHz, CDCl3): ! = 23.0, 31.6, 41.1, 125.8, 126.6, 127.0, 127.2, 128.3, 128.8, 

131.3, 132.7, 134.2, 146.8, 200.5. 

Anal. Calcd for C14H12O: C, 85.68; H, 6.16. Found: C, 85.42; H, 6.19.   

 

3 

IR (neat): 3055, 2925, 1572, 1439, 1232, 1203, 999, 737, 704 cm-1. 
1H NMR (500 MHz, CDCl3): ! = 7.36 (1H, ddd, JH,F = 14.2 Hz, J = 8.1, 1.5 Hz), 7.53 (1H, 

ddd, J = 8.1, 8.1 Hz, JH,F = 4.9 Hz), 7.69 (1H, ddd, J = 8.1, 8.1, 1.5 Hz), 7.67–7.71 (2H, m), 

7.73 (1H, dd, J = 8.1 Hz, JH,F = 2.0 Hz), 7.77 (1H, d, J = 8.1 Hz), 7.91 (1H, dd, J = 8.1, 1.5 

Hz), 9.12 (1H, ddd, J = 8.1, 1.5 Hz, JH,F = 0.4 Hz). 
13C NMR (126 MHz, CDCl3): ! = 113.3 (d, JC,F = 25 Hz), 119.5 (d, JC,F = 9 Hz), 124.5 (d, 

JC,F = 3 Hz), 126.4 (d, JC,F = 3 Hz), 126.7 (d, JC,F = 10 Hz), 126.8 (d, JC,F = 1 Hz), 127.1 (d, 

JC,F = 2 Hz), 127.7 (d, JC,F = 25 Hz), 128.3, 128.4 (d, JC,F = 5 Hz), 128.4, 132.5, 134.8 (d, 

JC,F = 4 Hz), 159.1 (d, JC,F = 301 Hz). 
19F NMR (470 MHz, CDCl3): ! = 51.6 (brd, JF,H = 14 Hz). 

HRMS (FAB) m/z ([M+H]+): Calcd. for C14H10F 197.0767, Found: 197.0758. 

 

4 

IR (neat): 2922, 2852, 1670, 1508, 1458, 1196, 1117, 814, 746 cm-1. 
1H NMR (500 MHz, CDCl3): ! = 2.17 (2H, tt, J = 6.4, 6.1 Hz), 2.74 (2H, t, J = 6.4 Hz), 

3.11 (2H, t, J = 6.1 Hz), 7.44 (1H, dd, J = 7.8, 7.8 Hz), 7.53 (1H, dd, J = 7.8, 7.8 Hz), 7.66 

(1H, s), 7.76 (1H, d, J = 7.8 Hz), 7.93 (1H, d, J = 7.8 Hz), 8.60 (1H, s). 
13C NMR (126 MHz, CDCl3): ! = 23.3, 30.0, 39.7, 125.9, 126.7, 127.0, 128.6, 128.8, 129.0, 

130.7, 131.6, 135.8, 139.3, 198.9. 

HRMS (FAB) m/z ([M+H]+): Calcd. for C14H13O 197.0967, Found: 197.0958. 
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F2C  
1,1-Difluoro-4-phenylbut-1-ene (5a) 

Compound 5a was prepared by the method described for 1. 

IR (neat): 3026, 2926, 1736, 1603, 1493, 1450, 1375, 1028, 760, 700 cm–1.  
1H NMR (500 MHz, CDCl3): ! = 2.29 (2H, dtdd, J = 7.6, 7.6 Hz, JH,F = 1.5, 1.5 Hz), 2.68 

(2H, t, J = 7.6 Hz), 2.68 (2H, t, J = 7.6 Hz), 4.15 (1H, dtd, JH,F = 24.1 Hz, J = 7.6 Hz, JH,F 

= 2.4 Hz), 7.16–7.22 (3H, m), 7.29 (2H, t, J = 7.6 Hz). 
13C NMR (126 MHz, CDCl3): ! = 24.1 (d, JC,F = 4 Hz), 35.7(d, JC,F = 2 Hz), 77.3(dd, JC,F = 

22, 22 Hz), 126.1, 128.4, 128.4, 141.0, 156.3(dd, JC,F = 287, 287 Hz). 
19F NMR (470 MHz, CDCl3): ! = 70.7 (1F, ddt, JF,F = 47 Hz, JF,H = 24, 2 Hz), 72.7(1F, d, 

JF,F = 47 Hz). 

Anal. Calcd for C10H10F2: C, 71.41; H, 5.99. Found: C, 71.62; H, 6.24.   
 

F2C

Me

 
1,1-Difluoro-4-phenylpent-1-ene (5b) 

Compound 5b was prepared by the method described for 1. 

IR (neat): 3152, 3095, 1778, 1528, 1482, 1205, 788, 723 cm–1. 

1H NMR (400 MHz, CDCl3): ! = 1.27 (3H, d, J = 7.1 Hz), 2.24 (2H, dddd, J = 7.8, 7.4 Hz, 

JH,F = 1.9, 1.9 Hz), 2.75 (1H, qt, J = 7.4, 7.1 Hz), 4.04 (1H, dtd, JH,F = 25.6 Hz, J = 7.8 Hz, 

JH,F = 2.6 Hz), 7.16–7.22 (3H, m), 7.29 (2H, dd, J = 7.4, 7.4 Hz). 
13C NMR (126 MHz, CDCl3): ! = 21.2, 30.9(d, JC,F = 4 Hz), 39.8(dd, JC,F = 2, 2 Hz), 

76.4(dd, JC,F = 22, 21 Hz), 126.2, 126.9, 128.4, 146.0, 156.5(dd, JC,F = 287, 285 Hz). 
19F NMR (376 MHz, CDCl3): ! = 70.2 (1F, dd, JF,F = 46 Hz, JF,H = 26 Hz), 72.6(1F, dd, 

JF,F = 46 Hz, JF,H = 3 Hz). 

Anal. Calcd for C11H12F2: C, 72.51; H, 6.64. Found: C, 72.67; H, 6.80.   

 

F2C

Me

Me  
1,1-Difluoro-4-(4-methylphenyl)pent-1-ene (5c) 

Compound 5c was prepared by the method described for 1. 

IR (neat): 2962, 1743, 1516, 1456, 1306, 1232, 1173, 1049, 1007, 721 cm–1. 
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1H NMR (500 MHz, CDCl3): ! = 1.25 (3H, d, J = 7.1 Hz), 2.22 (2H, dddd, J = 7.8, 7.4 Hz, 

JH,F = 1.8, 1.8 Hz), 2.32(3H, s), 2.72 (1H, qt, J = 7.4, 7.1 Hz), 4.04 (1H, dtd, JH,F = 25.4 

Hz, J = 7.8 Hz, JH,F = 2.6 Hz), 7.29 (2H, d, J = 8.1 Hz), 7.11(2H, d, J = 8.1 Hz). 
13C NMR (126 MHz, CDCl3): ! = 21.0, 21.4, 30.9(d, JC,F = 4 Hz), 39.4(dd, JC,F = 3, 2 Hz), 

76.5(dd, JC,F = 22, 21 Hz), 126.7, 129.1, 135.7, 143.0, 156.4(dd, JC,F = 287, 285 Hz). 
19F NMR (376 MHz, CDCl3): ! = 70.1 (1F, dd, JF,F = 47 Hz, JF,H = 25 Hz), 72.5(1F, dd, 

JF,F = 47 Hz, JF,H = 3 Hz). 

Anal. Calcd for C11H14F2: C, 73.45; H, 7.19. Found: C, 73.42; H, 7.31. 

 

F2C

Me

MeO  
1,1-Difluoro-4-(4-methoxyphenyl)pent-1-ene (5d) 

Compound 5d was prepared by the method described for 1. 

IR (neat): 2960, 1745, 1614, 1512, 1458, 1298, 1248, 1178, 1039, 829 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 1.24 (3H, d, J = 7.1 Hz), 2.21 (2H, dddd, J = 7.8, 7.4 Hz, 

JH,F = 1.8, 1.8 Hz), 2.71 (1H, qt, J = 7.4, 7.1 Hz), 3.79 (3H, s), 4.03 (1H, dtd, JH,F = 25.5 

Hz, J = 7.8 Hz, JH,F = 2.6 Hz), 6.84 (2H, d, J = 8.7 Hz), 7.09(2H, d, J = 8.7 Hz). 
13C NMR (100 MHz, CDCl3): ! = 21.5, 31.1(d, JC,F = 3 Hz), 39.0(dd, JC,F = 2, 2 Hz), 55.3, 

76.5(dd, JC,F = 22, 21 Hz), 113.7, 127.7, 138.1, 156.3(dd, JC,F = 286, 285 Hz), 157.9. 
19F NMR (376 MHz, CDCl3): ! = 70.1 (1F, dd, JF,F = 47 Hz, JF,H = 25 Hz), 72.5(1F, d, JF,F 

= 47 Hz). 

Anal. Calcd for C12H14F2O: C, 67.91; H, 6.65. Found: C, 67.95; H, 6.76. 

 

F2C

Me

MeO

 
1,1-Difluoro-4-(3-methoxyphenyl)pent-1-ene (5e) 

Compound 5e was prepared by the method described for 1. 

IR (neat): 2962, 1743, 1583, 1487, 1230, 1157, 1043, 920, 777, 698 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 1.26 (3H, d, J = 7.0 Hz), 2.24 (2H, dddd, J = 7.8, 7.3 Hz, 

JH,F = 1.8, 1.8 Hz), 2.73 (1H, qt, J = 7.3, 7.0 Hz), 3.80 (3H, s), 4.04 (1H, dtd, JH,F = 25.4 

Hz, J = 8.0 Hz, JH,F = 2.6 Hz), 6.71–6.79 (3H, m), 7.22 (1H, dd, J = 7.8, 7.8 Hz). 
13C NMR (100 MHz, CDCl3): ! = 21.3, 30.8 (d, JC,F = 4 Hz), 39.9 (dd, JC,F = 2, 2 Hz), 55.2, 

76.4 (dd, JC,F = 22, 21 Hz), 111.1, 112.9, 119.3, 129.3, 147.7, 156.4 (dd, JC,F = 287, 285 
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Hz), 159.6. 
19F NMR (376 MHz, CDCl3): ! = 70.2 (1F, dd, JF,F = 47 Hz, JF,H = 25 Hz), 72.6(1F, d, JF,F 

= 47 Hz). 

Anal. Calcd for C12H14F2O: C, 67.91; H, 6.65. Found: C, 67.80; H, 6.84. 

 

F2C

Me

F3C  
1,1-Difluoro-4-(4-trifluoromethylphenyl)pent-1-ene (5f) 

Compound 5f was prepared by the method described for 1. 

IR (neat): 2968, 1745, 1620, 1458, 1419, 1323, 1117, 1068, 1014, 837 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 1.29 (3H, d, J = 7.0 Hz), 2.26 (2H, dddd, J = 7.8, 7.4 Hz, 

JH,F = 1.7, 1.7 Hz), 2.83 (1H, qt, J = 7.4, 7.0 Hz), 4.02 (1H, dtd, JH,F = 25.1 Hz, J = 7.8 Hz, 

JH,F = 2.5 Hz), 7.29 (2H, d, J = 8.3 Hz), 7.55 (2H, d, J = 8.7 Hz). 
13C NMR (126 MHz, CDCl3): ! = 21.1, 30.6 (d, JC,F = 4 Hz), 39.8 (dd, JC,F = 2, 2 Hz), 76.0 

(dd, JC,F = 23, 21 Hz), 124.3 (q, JC,F = 272 Hz), 125.4 (q, JC,F = 4 Hz), 127.3, 128.6(q, JC,F 

= 32 Hz), 150.1, 156.6 (dd, JC,F = 287, 287 Hz). 
19F NMR (376 MHz, CDCl3): ! = 70.8 (1F, dd, JF,F = 46 Hz, JF,H = 25 Hz), 73.2 (1F, d, JF,F 

= 46 Hz), 98.7 (3F, s). 

Anal. Calcd for C12H11F5: C, 57.60; H, 4.43. Found: C, 57.63; H, 4.58. 

 

F2C  
2-Phenethyl-1,1-difluorohept-1-ene (5g) 

Butyllithium (0.63 mL, 1.67 M in hexane, 1.05 mmol) was added to a solution of N, N, 

N’, N’-tetramethylethylenediamine (TMEDA, 0.15 mL, 1.05 mmol) and 

4-phenyl-2-trifluoromethyl-1-butene (0.20 g, 1.0 mmol) in THF (10 mL) at !78 ºC under 

argon. After stirring for 1 h at the same temperature, the mixture was warmed to room 

temperature, and stirred for 1 h. The reaction was quenched with NH4Cl aq. Organic 

materials were extracted with AcOEt three times. The combined extracts were dried 

over Na2SO4. After removal of the solvent under reduced pressure, the residue was 

purified by column chromatography on silica gel (hexane–AcOEt 100:1) to give 5g (0.17 

g, 74%) as a colorless liquid. 

IR (neat): 2929, 2860, 1745, 1496, 1456, 1259, 1209, 1051, 739, 696 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 0.89 (3H, t, J = 7.1 Hz), 1.21–1.35 (4H, m), 1.40 (2H, tt, 
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J = 7.5 Hz), 1.97 (2H, tdd, J = 7.5 Hz, JH,F = 2.2, 2.0 Hz), 2.26 (2H, tdd, J = 8.0 Hz, JH,F = 

2.2, 2.0 Hz), 2.69 (2H, t, J = 8.0 Hz), 7.15–7.22(3H, m), 7.28(2H, dd, J = 7.3 Hz). 
13C NMR (126 MHz, CDCl3): ! = 14.0, 22.4, 25.9 (d, JC,F = 2 Hz), 27.1, 28.0 (d, JC,F = 2 

Hz), 31.3, 34.0, 88.4 (dd, JC,F = 17, 17 Hz), 126.0, 128.3, 128.4, 141.4, 153.4 (dd, JC,F = 

283, 283 Hz). 
19F NMR (376 MHz, CDCl3): ! = 65.3 (1F, d, JF,F = 56 Hz), 65.7 (1F, d, JF,F = 56 Hz). 

Anal. Calcd for C15H20F2: C, 75.60; H, 8.46. Found: C, 75.66; H, 8.24. 

 

F2C  
2-(2,2-Difluorovinyl)biphenyl (5h) 

Dibromodifluoromethane (1.05 mL, 11.5 mmol) was added to a DMF (8.0 mL) solution 

of triphenylphosphine (3.02 g, 11.5 mmol) at 0 °C under argon. The reaction mixture 

was stirred for 30 min at room temperature, and then biphenyl-2-carbaldehyde (0.70 g, 

3.84 mmol) and Zn powder (0.83 g, 11.5 mg) were added slowly at 0 °C. After the 

mixture was stirred for 1 h at room temperature, NaHCO3 aq. was added to quench the 

reaction. Organic materials were extracted with pentane three times. The combined 

extracts were washed with brine and dried over Na2SO4. After removal of the solvent 

under reduced pressure, the residue was purified by column chromatography on silica 

gel (pentane) to give 5h (0.31 g, 37%) as a colorless liquid. 

IR (neat): 3060, 1722, 1479, 1348, 1232, 1171, 1072, 1009, 935, 700 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 5.21 (1H, dd, JH,F = 26.1, 4.2 Hz), 7.28–7.44 (8H, m), 

7.59 (1H, d, J = 7.7 Hz). 
13C NMR (126 MHz, CDCl3): ! = 80.6 (dd, JC,F = 30, 13 Hz), 126.9, 127.3, 127.5, 127.9 

(dd, JC,F = 6, 6 Hz), 128.1 (d, JC,F = 9 Hz), 128.2, 129.5, 130.1, 140.7, 141.1 (d, JC,F = 4 

Hz), 156.2 (dd, JC,F = 298, 287 Hz). 
19F NMR (376 MHz, CDCl3): ! = 76.3 (dd, JF,F = 31 Hz, JF,H = 4 Hz), 78.1 (ddd, JF,F = 31 

Hz, JF,H = 26, 3 Hz). 

Anal. Calcd for C14H10F2: C, 77.77; H, 4.66. Found: C, 77.70; H, 4.89. 

 

O  

3,4-Dihydro-1(2H)-naphthalenone (6a) 
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Compound 6a was obtained by the method described for 2. 

IR (neat): 3066, 2945, 1686, 1601, 1454, 1325, 1286, 1227, 1026, 764 cm–1. 
1H NMR (500 MHz, CDCl3): ! = 2.15 (2H, tt, J = 6.3, 6.3 Hz), 2.66 (2H, t, J = 6.3 Hz), 

2.97 (2H, t, J = 6.3 Hz), 7.25 (1H, d, J = 7.6 Hz), 7.31 (1H, dd, J = 7.6, 7.6 Hz), 7.47 (1H, 

ddd, J = 7.6, 7.6, 1.1 Hz), 8.04 (1H, dd, J = 7.6, 1.1 Hz). 
13C NMR (126 MHz, CDCl3): ! = 23.3, 29.7, 39.2, 126.6, 127.2, 128.8, 132.6, 133.4, 144.5, 

198.4. 

Anal. Calcd for C10H10O: C, 82.16; H, 6.89. Found: C, 81.90; H, 7.06. 

 

O

Me

 

3,4-Dihydro-4-methyl-1(2H)-naphthalenone (6b) 

Compound 6b was obtained by the method described for 2. 

IR (neat): 2970, 1690, 1600, 1460, 1335, 1290, 1195, 1010, 770 cm–1. 
1H NMR (500 MHz, CDCl3): ! = 1.40 (3H, d, J = 7.0 Hz), 1.85–1.95 (1H, m), 2.20-2.28 

(1H, m), 2.59 (1H, ddd, J = 17.4, 8.6, 4.5 Hz), 2.79 (1H, ddd, J = 17.4, 8.5, 4.4 Hz), 

3.05–3.13 (1H, m), 7.30 (1H, t, J = 7.9 Hz), 7.32 (1H, d, J = 7.9 Hz), 7.50 (1H, td, J = 7.9, 

1.5 Hz), 8.03 (1H, dd, J = 7.9, 1.5 Hz). 
13C NMR (126 MHz, CDCl3): ! = 20.7, 30.5, 32.8, 36.3, 126.5, 127.2, 127.4, 131.8, 133.6, 

148.9, 198.4. 

Anal. Calcd for C11H12O: C, 82.46; H, 7.55. Found: C, 82.31; H, 7.76. 

 

Me

Me

O  

4,7-Dimethyl-3,4-dihydro-2H-naphthalen-1-one (6c) 

Compound 6c was obtained by the method described for 2. 

IR (neat): 2929, 1680, 1610, 1495, 1408, 1327, 1281, 1180, 1018, 816 cm–1. 
1H NMR (500 MHz, CDCl3): ! = 1.38 (3H, d, J = 6.9 Hz), 1.84–1.92 (1H, m), 2.19–2.26 

(1H, m), 2.36 (3H, s), 2.58 (1H, ddd, J = 17.3, 8.9, 4.8 Hz), 2.78 (1H, ddd, J = 17.3, 8.5, 

4.5 Hz), 3.01–3.09 (1H, m), 7.22 (1H, d, J = 7.9 Hz), 7.32 (1H, dd, J = 7.9, 1.7 Hz), 7.84 

(1H, d, J = 1.7 Hz). 
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13C NMR (100 MHz, CDCl3): ! = 20.7, 20.8, 30.7, 32.4, 36.4, 127.3, 127.3, 131.6, 134.5, 

136.1, 146.1, 198.7. 

Anal. Calcd for C12H14O: C, 82.72; H, 8.10. Found: C, 82.69; H, 8.20. 

 

Me

O

MeO

 

7-Methoxy-4-methyl-3,4-dihydro-2H-naphthalen-1-one (6d) 

Compound 6d was obtained by the method described for 2. 

IR (neat): 2958, 2927, 1682, 1606, 1493, 1319, 1227, 1230, 1036, 822 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 1.38 (3H, d, J = 7.1 Hz), 1.82–1.92 (1H, m), 2.18–2.27 

(1H, m), 2.58 (1H, ddd, J = 17.3, 9.0, 4.9 Hz), 2.78 (1H, ddd, J = 17.3, 8.3, 4.4 Hz), 

2.98–3.07 (1H, m), 3.84 (3H, s), 7.08 (1H, dd, J = 8.4, 2.8 Hz), 7.24 (1H, d, J = 8.4 Hz), 

7.50 (1H, d, J = 2.8 Hz). 
13C NMR (100 MHz, CDCl3): ! = 20.9, 30.9, 32.2, 36.4, 55.5, 109.1, 121.8, 128.6, 132.6, 

141.5, 158.0, 198.2. 

HRMS: m/z calcd for C12H15O2 (M+): 191.1072; found: 191.1058. 

 

Me

O

MeO

 

6-Methoxy-4-methyl-3,4-dihydro-2H-naphthalen-1-one (6e) 

Compound 6e was obtained by the method described for 2. 

IR (neat): 2935, 1672, 1593, 1489, 1458, 1331, 1265, 1128, 1009, 820 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 1.39 (3H, d, J = 7.1 Hz), 1.83–1.94 (1H, m), 2.17–2.27 

(1H, m), 2.55 (1H, ddd, J = 17.4, 8.3, 4.6 Hz), 2.74 (1H, ddd, J = 17.4, 8.6, 4.6 Hz), 

2.99–3.09 (1H, m), 3.86 (3H, s), 6.77 (1H, d, J = 2.5 Hz), 6.82 (1H, dd, J = 8.7, 2.5 Hz), 

8.01 (1H, d, J = 8.7 Hz). 
13C NMR (100 MHz, CDCl3): ! = 20.6, 30.7, 33.2, 36.1, 55.4, 111.8, 112.3, 125.5, 129.7, 

151.3, 163.6, 197.0. 

HRMS: m/z calcd for C12H15O2 (M+): 191.1072; found: 191.1062. 
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Me

OOMe  

8-Methoxy-4-methyl-3,4-dihydro-2H-naphthalen-1-one (6e’) 

Compound 6e’ was obtained by the method described for 2. 

IR (neat): 2960, 2929, 1674, 1591, 1468, 1250, 1182, 1070, 1005, 795 cm–1. 
1H NMR (500 MHz, CDCl3): ! = 1.36 (3H, d, J = 7.0 Hz), 1.80–1.89 (1H, m), 2.15–2.25 

(1H, m), 2.59 (1H, ddd, J = 17.5, 7.1, 5.4 Hz), 2.76 (1H, ddd, J = 17.5, 9.4, 5.3 Hz), 

2.98–3.09 (1H, m), 3.90 (3H, s), 6.85 (1H, d, J = 8.0 Hz), 6.89 (1H, d, J = 8.0 Hz), 7.43 

(1H, dd, J = 8.0, 8.0 Hz). 
13C NMR (126 MHz, CDCl3): ! = 21.0, 29.6, 33.7, 37.5, 56.0, 109.9, 119.5, 121.6, 134.1, 

151.7, 160.0, 197.8. 

HRMS: m/z calcd for C12H15O2 (M+): 191.1072; found: 191.1077. 

 

Me

F3C

O  

4-Methyl-7-trifluoromethyl-3,4-dihydro-2H-naphthalen-1-one (6f) 

Compound 6f was obtained by the method described for 2. 

IR (neat): 2924, 2854, 1691, 1618, 1327, 1259, 1169, 1122, 1072, 841 cm–1. 
1H NMR (500 MHz, CDCl3): ! = 1.44 (3H, d, J = 7.1 Hz), 1.91–1.99 (1H, m), 2.25–2.35 

(1H, m), 2.66 (1H, ddd, J = 17.5, 8.6, 4.8 Hz), 2.84 (1H, ddd, J = 17.5, 8.9, 4.6 Hz), 

3.12–3.20 (1H, m), 7.48 (1H, d, J = 8.1 Hz), 7.74 (1H, dd, J = 8.1, 1.9 Hz), 8.31 (1H, d, J 

= 1.9 Hz). 
13C NMR (126 MHz, CDCl3): ! = 20.6, 30.0, 32.8, 36.0, 123.8 (q, JC,F = 273 Hz), 124.5 (q, 

JC,F = 4 Hz), 128.3, 129.2 (q, JC,F = 33 Hz), 129.7 (q, JC,F = 3 Hz), 132.0, 152.3, 197.1. 
19F NMR (376 MHz, CDCl3): ! = 98.9 (s). 

HRMS: m/z calcd for C12H12F3O (M+): 229.0840; found: 229.0846. 

 

O  

2-Pentyl-3,4-dihydro-2H-naphthalen-1-one (6g) 
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Compound 6g was obtained by the method described for 2. 

IR (neat): 2925, 2858, 1682, 1601, 1456, 1288, 1225, 1028, 912, 741 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 0.91 (3H, t, J = 8.5 Hz), 1.25–1.51 (8H, m), 1.77–2.00 

(2H, m), 2.24–2.26 (1H, m), 2.28–2.50 (1H, m), 2.78–3.01 (2H, m), 7.22 (1H, d, J = 7.6 

Hz), 7.29 (1H, dd, J = 7.6, 7.6 Hz), 7.44 (1H, ddd, J = 7.6, 7.6, 1.3 Hz), 8.02 (1H, dd, J = 

7.6, 1.3 Hz). 
13C NMR (100 MHz, CDCl3): ! = 14.1, 22.6, 26.8, 28.2, 28.3, 29.4, 32.0, 47.5, 126.4, 

127.4, 128.6, 132.5, 132.9, 143.9, 200.3. 

Anal. Calcd for C15H20O: C, 83.28; H, 9.32. Found: C, 83.10; H, 9.36. 

 

F  

9-Fluoro-phenanthrene (6h) 

Compound 6h was obtained by the method described for 2. 

IR (neat): 3060, 1639, 1604, 1500, 1452, 1400, 1313, 1228, 1063, 872 cm–1. 

1H NMR (400 MHz, CDCl3): ! = 7.37 (1H, d, JH,F = 11.5 Hz), 7.55–7.63 (2H, m), 7.66 (1H, 

ddd, J = 8.0, 8.0, 1.5 Hz), 7.71 (1H, ddd, J = 8.0, 8.0, 1.5 Hz), 7.79–7.83 (1H, m), 8.18 

(1H, dd, J = 8.1, 1.5 Hz), 8.60–8.65 (1H, m), 8.67 (1H, d, J = 8.1 Hz). 
13C NMR (126 MHz, CDCl3): ! = 107.9 (d, JC,F = 20 Hz), 121.3 (d, JC,F = 6 Hz), 122.7, 

122.8, 124.2 (d, JC,F = 19 Hz), 125.8 (d, JC,F = 2 Hz), 126.9, 127.2, 127.6, 127.8, 128.0 (d, 

JC,F = 6 Hz), 131.8 (d, JC,F = 6 Hz), 131.8 (d, JC,F = 10 Hz), 157.1 (d, JC,F = 251 Hz),. 
19F NMR (376 MHz, CDCl3): ! = 36.2 (d, JF,H = 12 Hz). 

HRMS: m/z calcd for C14H10F (M+): 197.0766; found: 197.0759. 

 

Cl2C  
1,1-Dichloro-4-phenylbut-1-ene (7a) 

IR (neat): 3028, 2858, 1620, 1496, 1454, 1084, 1030, 877, 746, 698 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 2.49 (2H, td, J = 7.7, 7.3 Hz), 2.72 (2H, t, J = 7.7 Hz), 

5.87 (1H, t, J = 7.3 Hz), 7.16–7.23 (3H, m), 7.30 (2H, dd, J = 7.3, 7.3 Hz). 
13C NMR(100 MHz, CDCl3): ! = 31.3, 34.3, 120.5, 126.2, 128.3, 128.4, 128.8, 140.5. 

Anal. Calcd for C10H10Cl2: C, 59.73; H, 5.01. Found: C, 59.72; H, 5.09. 
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Br2C  
1,1-Dibromo-4-phenylbut-1-ene (7b) 

IR(neat): 3026, 2856, 1558, 1541, 1496, 1454, 1338, 1082, 748, 698 cm–1. 
1H NMR (400 MHz, CDCl3): ! = 2.42 (2H, td, J = 7.7, 7.1 Hz), 2.73 (2H, t, J = 7.7 Hz), 

6.41 (1H, t, J = 7.1 Hz), 7.16–7.24 (3H, m), 7.30 (2H, dd, J = 7.3, 7.3 Hz). 
13C NMR (100 MHz, CDCl3): ! = 33.9, 34.7, 89.4, 126.2, 128.3, 128.4, 137.5, 140.4. 

Anal. Calcd for C10H10Br2: C, 41.42; H, 3.48. Found: C, 41.43; H, 3.49. 
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