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Ar : aryl 

aq. : aqueous 

Bn : benzyl 

Bu : butyl 

cat. : catalytic amount 

cod : 1,5-cyclooctadiene 

Cy : cyclohexyl 

dba : dibenzylideneacetone 

DIPEA : N,N-diisopropylethylamine 

DMAP : 4-dimethylaminopyridine 

DMF : N,N-dimethylformamide 

DMSO : dimethyl sulfoxide 

dppf : 1,1’-bis(diphenylphosphino)ferrocene 

equiv : equivalent 

Et : ethyl 

mCPBA  : m-chloroperbenzoic acid 

Me : methyl 

Mes : 2,4,6-trimethylphenyl 

mp : melting point 

N.R. : no reaction 

Ph : phenyl 

Pr : propyl 

PTLC : preparative thin-layer chromatography 

quant. : quantitative 

Rf : retention factor 

rt : room temperature 

sat. : saturated 

temp : temperature 

TES : triethylsilyl 

Tf : trifluoromethanesulfonyl 

THF : tetrahydrofuran 

TMS : trimethylsilyl 

o-tol : o-tolyl 



 

Hhmpbta : 2-(2’-hydroxy-5’-methylphenyl)benzotriazole
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�~����QRC«	��methyl 2-naphthyl sulfide 15)cd�U�b�l�mn��Cë

	��K!"#ùú��rËZÃ_X�����	F���6�s
(Table 2-1)�THF�

�å����aj��rs� Pd/C��	
�)C��z{ 80ð¬�3�%*�¬ØF

�U�b����FT<¬£
�5¬Øº
ventry 1x������o��¬� 67%¬�

F�r�¬£
ventry 2x���rs����aj��q���	
�)C��19��Q

¬�E¹��F��U�b��Ì���
�5¬Øº
(entries 3 and 4)��
 Pd(OAc)2�

�	
�)C¹ Pd/C��	
�)r�nç�hÏ¬3���Eventry 5x����aj

����	�	�)¬�����¿��|è~ 24��Q¹3��Ì����	�cd�

��aj���´µP¹T<¬£
ventry 6x� 

i	��Z��^�QR�|º
�Pd(PPh3)4ventry 7x© Pd(PCy3)2Cl2ventry 8x«»¼

Pd(dppf)Cl2•CH2Cl2ventry 9x��	
�)C������|s�	@±r�º
� Pd2(dba)3

r X-Phos��	
�)C� 25%¬3��U�b���E
� 

��@±cd�Z��^�()C»²����|������	FrUE��dC��

�aj���QRs
�k#���aj��	
r���80ð¬hÏ 96���U�b��

�E
ventry 11x�.�çv99.999%x�k#���aj��	
�)C¹�����C�

|s3��hÏ 90�¬�E
�cd�k#���ajå�¶�����CD�s�	F

����	¹�rUEd�Fventry 12x���"#ùú¬ØF RhCl3ventry 13x© PtCl2ventry 

14x�Ni(COD)2ventry 15x���rs��	
�)C�����|è~����QR�@

±cd�������aj���WXYXWZ[X\XUV^�;<=>?@)���a

bCD�s�	F������
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Table 2-1. Reduction of methyl 2-naphthyl sulfide with TESH with different catalysts 

 

 

 

i	����QRrs������� 80ðrs�k#���aj����e�methyl 2- 

naphthyl sulfide�NOrs� TESH��	����|º
vTable 2-2x�THF���rs�

�	
�)C��80ð¬���W@s
ventry 1x��ËXÃ����rs��	
�)

C��80ðQ¬�õ���²  ¡%�hÏr�º
ventry 2x��
�dioxane��	
�)

C¹õ����s�hÏ� 75%r�º
ventry 3x�MeCN��	
�)C¹õ����s�

3�¬ØF�U�b��hÏ� 75�r�º
ventry 4x�DMF��	
�)C¹ 80ð¬

����W@è~��U�b��hÏ� 82�C¢�º
ventry 5x����@±»²��

�rs�� THF�Ls�	F������
� 
  

SMe
Et3SiH (2.1 equiv)
catalyst (3 mol%)

THF, rt

H

1a 2a

Entry Catalyst Time Yielda (%)
1 Pd/Cb 80 min trace
2 Pd/Cb 5 h 67
3 Pd black 80 min trace
4 Pd black 19 h trace
5 Pd(OAc)2 6 h 79
6 - 24 h 0
7 Pd(PPh3)4 80 min 0
8 Pd(PCy3)2Cl2 80 min 0
9 Pd(dppf)Cl2•CH2Cl2 80 min 0

10 Pd2(dba)3, X-Phosc 80 min 25
11 PdCl2 80 min 96
12 PdCl2

d 60 min 90
13 RhCl3 24 h 0
14 PtCl2 24 h 0
15 Ni(COD)2 24 h 0

a Isolated yields.
b  10 % wt of Pd/C including 3 mol% of palladium was used.
c 1.5 mol% of Pd2(dba)3 and 3 mol% of X-Phos was used.
d  PdCl2 (99.999%) was used.
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Table 2-2. Reductive desulfurization of methyl 2-naphthyl sulfide with Et3SiH and PdCl2 in 

different solvent 

 

 
 

k#���ajrTESHr���¬�ü<�\rËZÃ_X�ZX�t�e v̂TESClx�

������aj�%£F��cd���	F 16)���¬�TESCl�¤����CD�s

�	F�¬��	crUE�����!�rWXYX�ZX�t�e^�()�QR�|

º
vTable 2-3x�THF��å�3 mol%�k#���aj��e�methyl 2-naphthyl sulfide

r 2.1¥F� TESH��	
z{¬���C«	��1.0¥F� TESCl�()s
r���

����� 80ðcd 50ðlr¦§s
ventry 2x��
�TESCl�c&²CËZ¨_X�

ZX�t�e v̂TMSCl, 1.0¥Fx�()s
�)C������ 10ðlr��dC¦§

��hÏ¹ 97�lr+�s
ventry 3x����cd�¥¦©����ªçl�«¬��

£	¹�rUEd�F�TMSClv1.0¥Fx��e�TESH�F� 1.5¥Flrds
�

)¬��õ�� 45ð¬®¯s 94�¬3���d��£
ventry 4x��dC TESH�F

�ds 1.2¥Frs
�)C�����W@è~�24��Q¹õ����s3��h

Ï� 83%r�º
ventry 5x�1.2¥F� TESH��	�¹���W@s�cº
�cd�

k#���aj���lr��EFðC)E����aj$^Z^!�
¨#�
��P

#�
ÜC TESH�´µ¬ØF·ÔP�¹s�����aj��C»² TESH�°s~ë

ð±s�	F·ÔP�UEd�F�T<�
Ü�1.2²F� TESH��	� TMSCl�()

è~C���|º
r���24��Q�hÏ�entry 5C��es58%r�º
ventry 6x�

��@±��TMSCl�³	
Ü entry 5C� sp2;<´>?@)�ab�µ����ð¶

ä TESH�ð±��|s
����s�	F� 

ËZÃËY������	
�)C�����|EF¹�������|�µ� 4��

¬ 62%r	1@±r�²ventry 7x�U·iX�����	
�)C�����¿��|s

�	@±r�º
ventry 8x�����þrs� nBu3SnH��	
�)C��TMSCl�(

)�()CD&d~����|s�	@±r�º
ventries 9 and 10x��
�ü<¸¹

SMe
Et3SiH (2.1 equiv)

PdCl2 (3 mol%)

solvent, rt, 80 min

H

1a 2a

Entry Solvent Yielda (%)
1 THF 96
2 toluene 68b

3 dioxane 75b

4 MeCN 75b

5 DMF 82b

a Isolated yields.
b  Starting material remained.
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�e¬���|º
��k#���aj��	
�)«»¼ Pd/Cr TMSCl��	
�)

	~�¹����|s�	@±r�º
ventries 11 and 12x���d�@±cd�¤���

�|C� TESH�´º¬ØF������
� 

 

Table 2-3. Reaction of methyl 2-naphthyl sulfide with PdCl2 (3 mol%) and reducing agent in THF 

at room temperature 

 

 

  

SMe
reducing agent
PdCl2 (3 mol%)

additive (1.0 equiv)

THF, rt

H

1a 2a

Entry Reducing Agent (equiv) Additive Time Yielda (%)

1 Et3SiH (2.1) - 80 min 91

2 Et3SiH (2.1) TESCl 50 min 96

3 Et3SiH (2.1) TMSCl 10 min 97

4 Et3SiH (1.5) TMSCl 45 min 94

5 Et3SiH (1.2) TMSCl 24 h 83b

6 Et3SiH (1.2) - 24 h 58b

7 (EtO)3SiH (2.1) - 4 h 62b

8 Ph3SiH (2.1) - 24 h 0b

9 nBu3SnH (2.1) - 24 h 0b

10 nBu3SnH (2.1) TMSCl 24 h 0b

11 H2 atmosphere - 24 h 0b

12 H2 atmospherec TMSCl 24 h 0b

a Isolated yields.
b  Starting material remained.
c 10 % wt of Pd/C including 3 mol% of palladium was used instead of PdCl2.
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�
�Pd/C��	
�)C¹ TMSClv1.0¥Fx�()C»²���»��� 80ð�

����¬3��hÏ 97�¬�E
ventry 2, Table 2-4x�k#���ajcd?¼s


������aj��	
�)C«	���k#���aj��	
�)C�����

|�µ��²�80ðQ¬���F�3�sc�d�~�24��Q¹3��hÏ� 21�

r�º
ventries 4 and 5x��
���rs� Ni(COD)2��	
�)C��TMSCl�()

��³Ccc&d~�����|s�	@±¬Øº
ventries 6 and 7x����QR@±c

d�¤��C«äF TMSCl�)ªÎ±�T<��
� 

 

Table 2-4. Reduction methyl 2-naphthyl sulfide with TESH with different catalysts 

 

 

 

 

  

SMe
Et3SiH (2.1 equiv)
catalyst (3 mol%)

THF, rt

H

1a 2a

Entry Catalyst Time Yielda (%)
1 Pd/Cb 80 min trace
2 Pd/Cb, TMSCl (1.0) 80 min 97
3 PdCl2 80 min 96
4 Pd*(0)e 80 min trace
5 Pd*(0)e 24 h 21
6 Ni(COD)2 24 h 0
7 Ni(COD)2, TMSCl (1.0) 24 h 0

a Isolated yields.
b  10 % wt of Pd/C including 3 mol% of palladium was used.
e Pd*(0) prepared from PdCl2 and TESH was used after pumped up.
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���¬�QR¬KL#��
IJ¬NOL�P�?F
Ü�k#���aj���

�e�TESv2.1¥Fx��	�TMSCl�()s�	IJ(reaction condition A)«»¼ TMSCl

�()s
IJ(reaction condition B)C«	��!ß�WXYXWZ[X\XUV^���

ab���QR�|º
vTable 2-5x�WXYXWZ[X\XUV^ 1b-1hventries 1A-7Ax

«»¼ 1j-1lventries 9A-11Ax���¬�î�EF3�� 74-99��hÏ¬�E
�¥¦

C½.	 2-¨_X_`pU·iX 1c17)� 22�������¬%*� 2b� 74��hÏ¬

�E
ventry 2Ax�òñ¾�N��EFNO 1d18)© 1g18)����¿À���|sventries 3A 

and 6Ax�òñOÁPN��EFNO 1e19)�1f20)�1h�1j21)�1k22)���� 70ð¬W@s


ventries 4A, 5A, 7A, 9A and 10Ax�NO 1i�iËtN�¤IJeC«	�����|s�

Â%*���E
 23)���
Ü�õ�¬ØF 1i�ÃhF«»¼3��hÏ��es
�

NO 1k��	
��¬��WX���Â���Ä�²ånç�hÏr�º
ventry 10Ax� 

WXYXrstWZ[X\XUV^ 1m-1o��	
�)C��XYF� TESH��	)

��ÅIJe¬���|º
�3���hÏr�²õ����EF@±r�º


ventries 12A-14Ax�scs��d�#)� 1p24)����ª©cC�|s�3� 2P�.

hÏ¬�E
�Table 2-5� entries 1B-15B�hÏ� entries 1A-15AC�	s�ÆrÇ��N

OC«	�hÏ���º�«²�TMSCl�)ªÎ±��º£²r����F�#)� 1i

ventry 8Bx��)¬��»²ÈÉ¬Ø²�15ð¬3� 2i� 92%�hÏ¬�E
�TMSCl

�()s�	�)C����W@è~�4ÊQC%*� 2ir��Cî�EFWf����

Ë� 35��25��hÏ¬�E
�Entry 8�UVrs���TMSCl�()C»²#)� 1i

����#)� 2iC��EF»1C�º
c�iËtN���C»²%£FÂ%*�C»

²¤�������
��UEd�F�NO 1k© 1l25)��	
��ventries 10A and 11Bx

¬��TMSCl�()��³CD&d~������£¬ØF��TMSCl�()C»²h

Ï�ÙÚ�Ìd��«²�ÍÎÏ	@±r�º�	F���@±��TMSCl�()s
�

C»²�Ðé@)C«äFÂ����|�Ñ/��
���s�	F� 

�
�TMSCl�()C»F¤���Ò�23��F�WXYXrstWZ[X\XU

V^ 1m-1p�NOrs��	
�)ventries 12B-15BxC��TMSCl�()C»²���

�|s�	@±r�º
�«�d����NO��EFrstÆ�Ó<õñ�kNP�õ

Ô¬õ�� TMSClrk�ö*s

Ü¶rUEd�F���d�@±� Grahamdcds


WXYXrstWZ[X\XUV^���ab�����IJrªÕC�FrUE

d�F 14)� 
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Table 2-5. The reaction of alkyl aryl sulfides with PdCl2 (3 mol%) and TESH (2.1 equiv) in the 

absence of TMSCl (A) and in the presence of TMSCl (1.0 equiv) (B) in THF 

 

Entry Substrate Temp. Time Product Yielda (%)

1A
1B

2Ab

2Bb

3A
3B

4A
4B

5A
5B

6A
6B

7A
7B

8A
8B

9A
9B

MeS

SMe

MeS

Me

MeS

F

MeS

Cl

MeS

OMe
MeS

CO2Me

MeS NO2

H

H

H

Me

H

F

H

Cl

H

OMe
H

CO2Me

H NO2

EtS SO2Me

1b26)

1c

1d

1e

1f

1g

1h

1i

1j

2b

2b

2d

2e

2f

2g

2h

2i

2j

rt

rt

rt

rt

rt

rt

rt

reflux
rt

rt

80 min
60 min

99
97

22 h
14 h

74
79

135 min
100 min

83
86

45 min
15 min

84
90

H SO2Me

30 min
10 min

80 min
30 min

20 min
10 min

4d
15 min

40 min
15 min

94
93

86
92

97
96

35c

92

89
98

H
CO2Et

MeS
CO2Et

MeS H

N
Me

N
SMe

O

N
SMe

S

N
SMe

N

Me

H

1k

1l

1m27)

1n28)

1o28)

2k

2l

2m

2n

2o

2p1p

10A
10B

11A
11B

12Ab

12Bf

13Ab

13Bf

14Ab

14Bf

15A
15B

N
Me

N
H

O

N
H

S

N
H

N

Me

SEt

rt

rt

reflux
50 ºC

reflux
50 ºC

reflux
50 ºC

rt

70 min
70 min

2 h
2 h

7 d
7 d

7 d
7 d

7 h
7 h

2 h
24 h

62d

87

70
79

44e

0e

55e

0e

tracee

0e

72e

0e

a Isolated yields.
b 4.2 equiv. of TESH was used.
c 44% of 8 remained. The amine corresponding to 8p (25%) was formed.
d Methyl hydrocinnamete (35%) was formed.
e Starting material remained.  
f 2.0 equiv.of TMSCl was used.
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���T±Ö�
Ü�	�ëc�yz�|º
�TES-SEt�%*�#)� 1jvvTable 2-5x

���Q��×� 1H NMRC»²Ì���
vFigure 2-1x� 

 

 

Scheme 2-1. Reaction of 1j in C6D6 

 

 
Figure 2-1. 13C NMR spectrum of reaction mixture of 1j 

 

�
�2-(2-naphthylsulfanyl)ethyl phenyl sulfone 1q29)���C«	��Q[ QC�U�b

�vhÏ 90�xr_`[X 3qvhÏ 72�xvScheme 2-1x��E�U·iX\XUV�æ

�¿�Ì����cº
vScheme 2-2x� 

 

 
Scheme 2-2. Reaction of 2-(2-naphthylsulfanyl)ethyl phenyl sulfone 1q 

 

TMSClC»F##)� 1a�;<->?@)��P#�?F
Ü�NMR��¨�|º


��chemical shift�m#�³	�cd�NO��P#s�	�	������
vFigure 2-2x� 

EtS SO2Me SO2Me SiEtS

Et3SiH (2.1 equiv)
PdCl2 (3 mol%)

C6D6, rt, 40 min
1j 2j

�����

��������

�������

	
�����������
�

������	��������

S
SO2Ph HS

SO2Ph

3q  72 %

Et3SiH (2.1 equiv)
PdCl2 (3 mol%)

THF, rt, 30 min

H

2a  90 %1q
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Scheme 2-3. NMR analysis of 1a with TMSCl  

 

���QR@±cd����aj��C»FWXYXWZ[X\XUV^�;<->?@

)�ab��sp3;<->?@)¬�� sp2;<->?@)¬Ä�²�î�EFWb[�r�

ZX#��
_`[X��EF���
��C»²ab��
WXYX_`N��ZX#

���%*sQ[ C»²)üð±�óä�_`[X��EF���s�	F� 

�
����¬�}~cdC«	�������r���aj��cd����aj$

^Z^!%*�ØÙ 30)©�%*s
���aj$^Z^!���EF\�Ú-¨�Û�\�

T�Ü¨ 31)cd¤������T�4�»1CÜ¨s
vFigure 2-2x� 

E�&'�k#���aj�WXYX���C»²�����������aj�%*

EF�i	��WXYX���r�æ#f)��|s���aj$^Z^!�%*EF�

Ú=¨�Û�\C»² C(sp2)-S@)�ab�� S-Si@)�%*EFlm¬�TMSCl��e

<�å�¦�>?õñ�òñ7ç�eí;<=>?@)��P#EF�¬���»���

F�Ú=¨�Û�\C»²�ZXWXYX_`Ã[sX�%£�KQC��ÝÞ�j�W

b[��%*EF� 

 
Figure 2-2. Proposed reaction mechanism  
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σ-metathesis



 12 

5M7� WXYXWZ[X\X]Y�^�����CDEF�� 
 

56G� H9 

 

\X]Y�^�>?õñ�C¶ßåà���s�F�rcd�¶ßÕáNrs��	F

��·Ô¬ØF�s
�º��âãcëÓÔN,-�\X]Y�^�mnä¼RS�|

1��¬£�����)*#�C��¬ØF� 

WXYXWZ[X\X]Y�^cdî�EFIJÆl�mn����Raney nickel��	


IJ 32)©�²F� Ni(OAc)2© NiCl2��	
IJ
33)�%d��	F��u����s


»1�ÓÔN,-P���©���W@CXYF�´µrEF���s��� ¦�àZ

Pcdô²�	C¸Í��s�Q��ü<#�ËZaj© Grignard����	F�rcd

kNPIJC¶
¨�NO��	F��¬£�	r	1/y�ØF���
Ü�{@cë

åPIJe¬����Aà�OÜd��	F���¬"#ùúr�������	F��

IJ�QRs
�QR�@±����aj����e TESH��	�{@cëâã��+

�ÌåE��¬£

Ü��eCæç��F�  
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5:G� ��IJ�KL# 

 

5:7¬KL#��
IJCî�EFIJ��	��methyl 2-naphthyl sulfoxide34)��	

�QR�|º
r���\X]Y�^�����
�U�b�rmethyl 2-naphthyl sulfide

���Ë�hÏ 80��hÏ 4�¬�d��£
vScheme 3-1x� 

 
Scheme 3-1. Pd-catalyzed reduction of methyl 2-naphthyl sulfoxide 

 

��
Ü�IJ�KL#C»²WXYXWZ[X\XUV^cdî�EFWb[��\

XUV^��Ë�l,-C��EF��·ÔrUE�QR�|º
��~�z{e�THF

��å�methyl 2-naphthyl sulfoxide�NOrs�!ß����aj����	��U�b

�l������QR�|º
vTable 3-1x�k#���aj���rs��	 TMSCl�

()è~C���|º
r��������¦§s����� 80ð¬�U�b���E


ventry 1x���¬i�QR¹ TMSCl�()è~C|º
���rs�èæ���aj�

�	
�)¬���dC�����¦§s 50ð¬�U�b�� 97��hÏ¬�E
ventry 

2x�Pd2(dba)3��	
�)¬� 100ð 86�hÏ¬3���E
ventry 3x�Pd/C���

rs��	
�)C��24��Q¬¹3��hÏ� 67%¬Øº
ventry 4x�PdCl2(PPh3)2

© Pd(PPh3)4���Z��^��	
�)C������|�®Cµ� 24��Q�hÏ

���Ë� 10��57�r�º
ventries 5 and 6x��
����aj���()è~C�

��|º
�����)C�����|s�	@±r�º
ventry 7x����QR�@±

»²�¤��C����aj���´º¬Ø²�å¬¹èæ���aj�La¬ØF�r

�T<��
��
�]\UV�Z��^�()C»²��ªç�µ��F�����
� 

SMe

Et3SiH (3.1 equiv)
PdCl2 (3 mol%)

TMSCl (1.0 equiv)

THF, rt, 24 h

H
O

SMe

4a 2a  80% 1a  4%
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Table 3-1. Reduction of methyl 2-naphthyl sulfoxide with various palladium catalysts 

 

 

 

ëéCmethyl 2-naphthyl sulfoxide�NOrs��èæ���aj����e�TESH�

�	�!ß����QRs
��Ã_XÃ[sX��	����|º
�)C� 21��Q

¹ÆrÇ�����|è~���F�3��Ì���
�5¬Øº
vTable 3-2, entry 2x�

��tt¨�����rs��	
�)C� 2��¬���W@s��U�b�� 98%�

hÏ¬�E
ventry 3x�ËXÃ���	
�)C� 21��¬���W@s�3�� 93�

�hÏ¬�E
ventry 4x�WÛËiËZX��	
�)C���� 2��¬W@s�U�

b�� 92��hÏ¬�E
ventry 5x���d�QR@±cd�����C�3s THF�

¤���KL��rs
� 

 

Table 3-2. Reduction of methyl 2-naphthyl sulfoxide in different solvent 

 

 

 

SMe
Et3SiH (3.1 equiv)
catalyst (3 mol%)

THF, rt

H
O

4a 2a

Entry Pd catalyst Time Yielda (%)
1 PdCl2 80 min 94
2 Pd(OAc)2 50 min 97
3 Pd2(dba)3 100 min 86
4 Pd/Cb 24 h 67
5 PdCl2(PPh3)2 24 h 10
6 Pd(PPh3)4 24 h 57
7 - 24 h 0

a Isolated yields.
b 10 % wt of Pd/C including 3 mol% of palladium was used.

SMe
Et3SiH (3.1 equiv)

Pd(OAc)2 (3 mol%)

solvent, rt

H
O

4a 2a

Entry Solvent Time Yielda (%)
1 THF 50 min 97
2 Et2O 21 h trace
3 CH2Cl2 2 h 98
4 toluene 21 h 93
5 MeCN 2 h 92

a Isolated yields.
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ëê	��methyl 2-naphthyl sulfoxide�NOrs��	�z{e THF��å¬�èæ�

��aj���rs
����C»²��þrs�����QR�|º
vTable 3-3x�Ë

ZÃËY������	����|º
�)C�\X]Y�^�����|s
��%£

F\XUV^ 1acd�U�b�l����ÆrÇ��|è~�methyl 2-naphthyl sulfide�

98�r.hÏ¬�d�
ventry 2x�ËZU·iX�����	
�)C������ 25

��¬�U�b�«»¼methyl 2-naphthyl sulfide���Ë�hÏ 13��86�¬�d��£


ventries 2 and 3x���d�@±cd�����,-EF�C»²\X]Y�^����

/0¬£F��Ìå��
� 

 

Table 3-3. Reduction of methyl 2-naphthyl sulfoxide with silane 

 

 
 

��QR¬\X]Y�^cd\XUV^l�����|s
�cd�methyl 2-naphthyl 

sulfoxide�NOrs��	�z{e�èæ���aj��C»FËZÃËY������

	
����¬!ß����QRs
vTable 3-4x��Ã_XÃ[sX���rs��	


�)C����W@è~�24��Q�3��hÏ� 46�r�º
ventry 2x���tt

¨�����rs��	
�)C¹����� 24��¬�õ��®¯è~�methyl 

2-naphthyl sulfide�hÏ� 62�¬Øº
ventry 3x�ËXÃ���	
�)��dC���

�|�µ��3��hÏ� 21�¬Øº
�WÛËiËZX���rs��	
�)C�

7��¬õ��®¯s3�� 95��hÏ¬�E
ventry 5x���d�QRcd�\XU

V^l�����C«	�¹ THF���Ls�	F��Ìå��
� 

  

SMe
R3SiH (3.1 equiv)

Pd(OAc)2 (3 mol%)

THF, rt

H
O

SMe
or

4a 2a 1a

Entry R3SiH Time Yielda (%) of
2a

Yielda (%) of
1a

1 Et3SiH 50 min 97 0
2 (EtO)3SiH 25 h 1 98
3 Ph3SiH 25 h 13 86

a Isolated yields.
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Table 3-4. Reduction of methyl 2-naphthylsulfoxide with different solvent 

 

 

  

SMeSMe
(EtO)3SiH (3.1 equiv)
Pd(OAc)2 (3 mol%)

solvent, rt

O

1a4a

Entry Solvent Time (h) Yielda (%)
1 THF 4 99
2 Et2O 24 46
3 CH2Cl2 24 62
4 toluene 24 21
5 MeCN 7 95

a Isolated yields.
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5MG� NOL�P�QR 

 

¤���NOL�P�?F
Ü�KL#��
IJC�QR�|1�rs
vTable 

3-5x�z{e�THF��å�3 mol��èæ���aj��e�!ß�\X]Y�^��	

� TESH«»¼ËZÃËY������Ë���	����|º
�

3-methylsulfinyl-1,1'-biphenyl�NOrs��	
�)C��î�EFpU·iXä¼\XU

V^���Ë�hÏ 91��88�¬�d��£
ventry 1x�

4-methyl-3'-methylsulfinyl-1,1'-biphenyl�NOrs��	
�)C��î�EFpU·iX

r\XUV^��Ë�� 97��97��hÏ¬�E
ventry 2x�òñ¾�N¬ØF¨ËY

�N�Õns
 4-methoxy-3'-methylsulfinyl-1,1'-biphenyl¬�����|�©©µ��²�î

�EFpU·iX����� 140ð¬ 97��hÏ�î�EF\XUV^����� 100ð

¬91��hÏ¬Øº
�ventry 3x�ëtì��Õns
4-fluoro-3'-methylsulfinyl-1,1'-biphenyl

© 3-chloro-3'-methylsulfinyl-1,1'-biphenyl�NOrs��	
�)C¹���¿À���|

s�î�EFpU·iX���Ë� 91��98��î�EF\XUV^���Ë� 84��84�

�hÏ¬�E
ventries 4 and 5x�Methy-3’-methylsulfinyl-1,1’-biphenyl-4-carboxylate��	


�)C«	��pU·iXl�mn�)ª������ íîð¬3�� ïð��hÏ¬�

E
��\XUV^l�mn�µ��²���� ð��¬î�EF\XUV^� ¡î��h

Ï¬�E
ventry 6x�1-Ethylsulfinyl-4-methylsulfonyl-benzene��)¹�Þ¬Ø²�î�

EF¨_XU·iX\X]�l�mn�)ª������  îð¬3��hÏ ïñ�¬�

E�\XUV^l�mn�ËZÃËY�����  òð ¥F�	��E���� ðó���´

µrs�3��hÏ� ¡ô�¬Øº
ventry 7x�rstÆC«	�¹����|s�

2-ethylsulfinyl-4-methylquinoline��	
�)C�î�EFYtZ�õÖ¦� ïó��hÏ¬

�E�î�EF\XUV^� ¡¡��hÏ¬�E
ventry 8x�

(E)-1-methylsulfinyl-4-styrylbenzene��	
�)C��̀ bUV����C»FÂ%*��

Ì����TESH��	
��¬�\_Xö��hÏ� íð�r�²�ËZÃËY����

��	
��¬�î�EF\XUV^�hÏ î�¬Øº
ventry 9x�êÝ�òñOÁP

N¬ØFÃ\sXr�÷¯`bUV���EF(E)-ethyl 3-(4-methylsulfinylphenyl)acrylate�

��¬��TESH��	
�)C`bUV�����êø�|s
¹��3�� ùðú�

hÏ¬�E��
ËZÃËY������	
��¬3�� ïð��hÏ¬�
ventry 10x�

��Ðë�NO��	
QR@±��	cd�òñ7ç��	`bUV�C«	��¤I

J¬���ªç�µ����
Ü�'d�IJr¹�ííû ��)C�� íü C«äF\X

]Y�^N����,-P�.�º
rUEd�F��
�íû C«	�ËZÃËY���

���	
�)C3���d��cº
 krs�4�»1CUVs
�¤��IJC

»²\X]Y�^�����\XUV^Cmn��Fr�`bUV��òñ7ç��dC

.�FrUEd�F���
Ü�õ��\X]Y�^C�%*��\XUV^C«	��

Â���»²Ä�²©E��FrUEd�F����rcd�NO íû ¬�ËZÃËY�
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�����	
�)ChÏ��es
¹�rý&�F�scs��d#)� ííü ��)C

«	���Ã\sXNr÷¯s
òñ7ç��	`bUV�¬ØF
Ü�`bUV���

�l���P��	�C)E�ËZÃËY������	
�)��P!�����þ	


Ü����ÆrÇ��|s�cº
rUEd�F��

4-methylsulfinyl-1,1'-biphenylôñ���	
�)¬��î�EFpU·iX� 95��hÏ¬�

E�î�EF\XUV^� 95��hÏ¬�d�
ventry 11x� 

���QR@±cd�����,-EF�C»²\X]Y�^cdî�EFWb[��


�\XUV^lr,-Cmn·Ô�����s
� 

 

Table 3-5. Reduction of sulfoxide with organosilane and Pd(OAc)2 in THF 

   

 

aryl S alkyl aryl H

R3SiH (3.1 equiv)
Pd(OAc)2 (3 mol%)

THF, rt
aryl S alkylor

O

4 2 1

Time (min) Yieldc (%) of 2 Time Yieldc (%) of 1

1 4b 90 91 50 min 88

2 4c 65 97 100 min 97

3 4d 140 97 100 min 91

4 4e 70 91 210 min 84

5 4f 110 98 70 min 84

6 4g 40 92 2 h 80

7 4h 60 95 21 h 83d

Reaction conditions BbReaction conditions Aa

SulfoxideEntry

S
Me

O

F

S
Me

O

Cl

S
Me

O

CO2Me

S
Me

O

OMe

S
Me

O

Me

S
Me

O

EtS

SO2Me

O
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Time (min) Yieldc (%) of 2 Time Yieldc (%) of 1

8 160 91 11 h 88

9 4j 140 42 3 h 0

10 4k 140 72 3 h 92

11 4l 120 95 130 min 95

4i

Entry Sulfoxide Reaction conditions Aa Reaction conditions Bb

MeS

CO2Et

O

MeS
O

N

Me

SEt
O

MeS
O

MeS

CO2Et

O

a Reaction condition A: Et3SiH (3.1 equiv).
b Reaction condition B: (EtO)3SiH (3.1 equiv).
c Isolated yields.
d 6.2 equiv of (EtO)3SiH was used.
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5SG� ���T�UV 

 

�
�TESH��	
��¬��	~��NOC«	�¹î�EF\XUV^�å�¦

rs�Ì���
���
Ü�¤��IJC«äF\X]Y�^cdWb[�l�����

\XUV^�jks�	F¹�rÜV���ËZÃËY������	
�)C�\XU

V^cdWb[�l����®Cµ	�¹s���|s�	
ÜC�\XUV^�hÏ

»��d���F¹�rUEd�F�\X]Y�^cd\XUV^l�mnC«	���

òñOÁPN��EFNOC«	�»²�	�����´µrEF�rcd�IJÆ�ò

ñ7çr��Pr�ªDEFrUEd�FvTable 3-5x��
�:7�QR@±vTable 2-5x

»²�\XUV^cdî�EFWb[�l������ªç��IJÆ�òñ7çr�ª

DEF�rcd�TESH��	
\X]Y�^cdWb[�l������ªç���d

�v)s
¹�C�FrUEd�F�scs��d�òñOÁPN�Õns
NOC«	

������¦§EF�cd�\XUV^cdî�EFWb[�l�����ª¬Ø²�

��
Ü�IJÆ«»¼\X]Y�^�òñ7ç��	Æ���ªç�)ªEFrUEd

�F� 

��cd�¤������T��e�»1CÜ¨s�	FvFigure 3-1x�\X]Y�^

� S-O@)��£�ð�s�	F���
Ü�æ<õñ��òñ7ç�.�º�«²��

��aj$^Z^!��e<õñrK�C��EFrý&�F�4C Si-Pd@)�ab�

�Frr¹C$^Z^�æ<õñ�C#²�S-O@)�òñ�>?õñCÅ�\XUV^

�%*EF� 

 

 
Figure 3-1. Proposed mechanism of reduction of alkyl aryl sulfoxide 

 

�
�����!�C»F��P�		Cë	��4�»1CUVs
vFigure 3-2x�

5:7C«äFÜ¨���T¬�Ú-¨�Û�\C«	��e<õñ��òñ7ç���

��ÕnNC»º�m#EF��
���F�Ã_XNC��ÃËY�N¬� RÎ±C

»Fæ<õñ���¥òñî�«¬¬�e<õñ��òñ7ç�.�F
Ü�Si-Pd@)�

��Frr¹C Si-S@)�ö*sC�	rUEd�F���
Ü�Ú-¨�Û�\��|

�Ñ/���\XUV^�������|s�	¹�rUEd�F� 

aryl S alkyl aryl H
O

R3SiH
cat. Pd(OAc)2

THF
aryl S alkyl

aryl
S

alkyl

O

SiR3PdH
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Figure 3-2. Electron density of silicon atom in σ-metathesis intermediate  

Si

S Ar

Pd

alkyl

H
RR

R R

Et
OEt

electron density of 
silicon atom

low
high



 22 

5S7� _`abWcdefghZiajkl�mn��CDEF�� 

 

56G� H9 

 

NHCZ��^��1991�C Ardiuengod���X[�C»º��Ü�
¨� NHC�

ûÞ 36)������6�C�����£
�NHCZ��^�Ú-^�[P�®C���

!ß�"#ùúr
¨�ùúý¦�ö*s.�P���rs���
Ü�Z��^ 37)rs

��	d��	F��
�NHC��¹�¹���� 38)rs��ÔEF�¹cd���	F�

NHC�)*+rs���î�EFefghZajk©efghZiajkcd�mn�Æ

rÇ���Ü�«²����rcdefghZajk©efghZiajk�)*+�é

µ�¹�r�º�	F� 

efghZajk©efghZiajk�)*+����¬C��cd���	F

vScheme 4-1x36n)� (�) efgh[X©efghZ�� N-WXYX#(method A)39)�(�)

î�EF�Wf�r`XËÅæÃ\sX��	
�î�EFWi`��[\��EFæ�

�e¬���(method B)40)�(�)]XjWf��rÃ_X��_`�²�¦r���(method 

C)41)²�ìíd�F� 

 

 
Scheme 4-1. Synthetic approach to imidazolium and imidazolinium salts 

 

Scheme 4-1C�s
)*+�1'�	�ëc�)*+�efghZajk©efghZ

iajk�)*EF�C��¬�ØF��NOL�P�/y��F�)�Ø²����E

NOL��¹�;	efghZajk©efghZiajk�½
�)*+�T¥���

��	F� 

�
�_`abWcdùú�Zaj��	�î�EF NHC���%*�èF�+¹c

d 42)���	F�(Scheme 4-1)�ùú�Zaj�#���P�.�cd¸Í¹�	�HE

N

N
S

R1

R2

N

N
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X

N

N

R1X

R2

NH

NH
R1

R2

N

N
R1

R2

+ HC(OR)3

(this work)
A

B

C

D

N

N
R1

R2

K
(metal)

base
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��ùú�Zaj�����.�cdL�·Ô�NO�y¨����
�Zaj ¦�à

ZP�.�cdyz��Cçà����´µrEF���Í�ìíd�F� 

��¬5:7«»¼5M7C«äF%Ì�¹rC�_`abWrOòñþr�����

Ó<õñ�òñ¾�P�«¬C»²>?õñ�¬Ä�F�cd�_`abWr�ZX#þ

r���C»²@±rs�%£F��d�rstÆ� sp2;<��ËZWXYX�ZX_

`N�����aj����eËZWXYX���C»²RS¬£F�¬��	crUE


���d�%ÌC»F���y³¬£���P ñ�()EF�������|EF�

C»²�{@�IJ�yz���â0#�.	ÓÔN,-P���y³s.	��P��

EF��C�F������F�����cd����aj��r�����C»FÆL

_`abWcdefghZiajkl�mn�QRs
��eCæç��F� 
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5:G� ��IJ�KL# 

 

5:7¬�
»1C�WXYXWZ[X\XUV^���IJ¬ TMSCl�)ªÎ±

��s
�cd 43)�KL#��
IJCî�s
IJ¬ØF THF��å�5 mol%���

�aj����e�TESH (3.0¥F)�TMSCl(1.2¥F)��	�_`abW 5a44)�NOrs

����|º
vScheme 4-2x�scs��d�����|s�	@±r�º
���¬�

»²����ZX#þ¬ØF TMSOTfv1.2¥Fx��	ËXÃ���å 80w¬���|

º
r���35��hÏ¬3�¬ØFefghZiajk 6a45)��d��£
� 

 

 
Scheme 4-2. Preliminary experimental results of Pd-catalyzed transformation of 5a to 6a 

 

��¬���ËXÃ�C!¨s�5.0¥F� TESH�0.6¥F�(TfOSiMe2CH2)2
46)��	��

���aj���QR�|º
vTable 4-1x� 

èæ���aj��	����|º
r���90ð¬3� 6a� 97��hÏ¬�E


ventry 1x�k#���aj���rs��	
�)C������|�µ��²�23�

�Q¹���W@è~�3��hÏ� 31�¬Øº
�Pd2(dba)3��	
�)C��90

ð¬õ��®¯s�90��hÏ¬3���E
ventry 3x�Pd/C��	
�)C���

���|s
� 23��Q¹õ����s�3��hÏ� 32�r�	¹�¬Øº
�]

\UV�Z��^��EF������aj��¬ØF Pd(PPh3)4©:�����aj�

�¬ØF Pd(PPh3)2Cl2��	
�)C�����¿��|s�	@±r�²�]\UV�

Z��^�()C»²�������F������
ventries 5 and 6x����aj��

�()s�	�)C�����|è~�¤��C����aj���´º¬ØF��"T

<��
ventry 7x���d�QR�@±cd�¤��C�	F���aj���èæ��

�aj�KL¬ØF����s
� 

 

  

NN

S

NN

Et3SiH (3.0 equiv)
PdCl2 (5 mol%)

conditions X

TMSCl (1.2 equiv) in THF, rt, 0%
TMSOTf (1.2 equiv) in toluene, 80 ºC, 35%

H

5a 6a
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Table 4-1. Reaction of thiourea with TESH and various palladium catalysts 

 

 

 

4C�èæ���aj���rs��	����ä¼()þ�QR�|º
vTable 4-2x�

Table 4-1, entry1r entry 2�@±��	cd�k#�e`�����Ñ/EF·ÔP�UE



Ü¬ØF� 

TMSCl��ZX#þrs��	
�)C��©�²����|s�cº
ventry 1x�i

	� TMSOTf��	
�)C�hÏ 95%¬3��efghZiajk��E
ventry 2x� 

(TfOSiMe2CH2)2 (0.6¥F)��ZX#þrs��	
�)C¹�entry 2r�£ 1.5����

���¬õ��®¯s�3��.hÏ¬�E
ventry 3x��ZX#þ�()s�	�)

C��k#���aj���rs��	
�)r�ÞC�����|s�	@±r�º


ventry 4x�ËZU·iX�����	
�)C������|�®Cµ� 23��Q¹

õ����s
ventry 5x�ËZÃËY������	
�)C�����¿��|s�	

@±r�º
ventry 6x��
�����()s�	�)C����¿��|s�	@±r

�º
ventry 7x���»²�¤��C��ZXËZU�[Ë«»¼����´º¬Ø²�

�
�TESH�KL¬ØF��&cº
� 

 

  

NN

S

NN

TfO

Et3SiH (5.0 equiv)
(TfOSiMe2CH2)2 (0.6 equiv)

Pd cat.

toluene, 80 ºC

H

5a 6a

Entry Pd catalyst (mol%) Time Yielda (%)
1 Pd(OAc)2 (10) 90 min 97
2 PdCl2 (10) 23 h 31b

3 Pd2(dba)3 (5) 90 min 90
4 Pd/C (10) 23 h 32b

5 Pd(PPh3)4 (10) 23 h 0b

6 Pd(PPh3)2Cl2 (10) 23 h 0b

7 - 23 h 0b

a Isolated yields.
b Starting material remained.



 26 

Table 4-2. Reaction of thiourea with various silane and additive 

 

 
 

� 5 mol%�èæ���aj���rs�3.0¥F� TESH«»¼ 1.2¥F� TMSOTf��

	��!ß���vtoluene, THF, 1,2-dichloroethane, 1,4-dioxane, benzenex�QRs
vTable 

4-3x�ËXÃ����rs��	
�)C��96��hÏ¬3�efghZiajk 6a

��E
ventry 1x��
�THF© 1,4-dioxane��	
�)C��TMSOTfC»²���

�P#�óä����r 5a���s
Â%*��Ì���
ventries 2 and 3x��
�

1,2-dichloroethane©ö�#����rs��	
�)C������|�µ	@±¬Øº


ventries 4 and 5x����QRC»²�¤�����rs��ËXÃ��KL¬ØF��

Ìå��
� 

 

Table 4-3. Reaction of thiourea with TESH and Pd(OAc)2 in various solvent 

 

  

NN

S

NN

R3SiH (5.0 equiv)
additive

Pd(OAc)2 (10 mol%)

toluene, 80 ºC X

H

5a 6a

Entry R3SiH Additive (equiv) Time (h) Yielda (%)
1 Et3SiH TMSCl (1.2) 23 0b

2 Et3SiH TMSOTf (1.2) 1.5 95
3 Et3SiH (TfOSiMe2CH2)2 (0.6) 1.5 97
4 Et3SiH - 23 0b

5 Ph3SiH (TfOSiMe2CH2)2 (0.6) 23 80b

6 (EtO)3SiH (TfOSiMe2CH2)2 (0.6) 23 0b

7 - (TfOSiMe2CH2)2 (0.6) 23 0b

a Isolated yields.
b Starting material remained.

NN

S

NN

TfO

Et3SiH (3.0 equiv)
TMSOTf (1.2 equiv)
Pd(OAc)2 (5 mol%)

solvent, 80 ºC

H

5a 6a

Entry Solvent Time (h) Yielda (%)
1 toluene 24 96
2 THF 2 78b

3 1,4-dioxane 23 76b

4 1,2-dichloroethane 24 49c

5 benzene 24 65c

a Isolated yields.
b Starting material disappeared.
c Starting material remained.
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Table 4-6C��IJ�¥FQR�@±��E���rs�èæ���aj� 10 mol%�

	
�)C������:��C¦§shÏ� 99�C+�s
ventry 2x��3 mol�C

dEr 24��Q¹õ��®¯è~hÏ� 69�r�º
ventry 3x�XYF� TESHv5.0¥

Fx��	Fr�hÏ�+�s 98�r�²ventry 4x��
 TESH�F�ds
�)v2.2

¥FxC�hÏ��es 80�r�º
ventry 5x�TMSOTf�F�ds
�)v0.6¥Fx

C��hÏ� 56�C�esõ����s
ventry 6x����rcd¹ TMSOTf�_`a

bW��P#s�	F������F� 

TMSOTf�c&²C 0.6¥F�(TfOSiMe2CH2)2��	
�)C������ÞC�|s

83%�hÏ¬3���E
ventry 7x� (TfOSiMe2CH2)2r 5 mol%�èæ���aj«»

¼o.0¥F� TESH��	
�)C�:��¬���W@s�92%�hÏ¬3���E


ventry 8x�10 mol%�èæ���aj«»¼o¥F� TESH��	
�)C� 1.5��

¬���W@s�97��hÏ¬3���E
�ventry 9x�èæ���aj�F� 3 mol%

lrdEr 18��Q¹õ��®¯è~�3� 6a�hÏ� 77%r�º
ventry 10x� 

 

Table 4-6. Preparation of imidazolinium salt 6a  

 

 

Et3SiH, R3SiOTf, Pd(OAc)2

toluene, 80 ºC
NN

S

NN

TfO

H

5a 6a

Entry Pd(OAc)2 (mol%) Et3SiH (equiv) R3SiX (equiv) Time (h) Yielda (%)
1 5 3.0 TMSOTf (1.2) 24 96
2 10 3.0 TMSOTf (1.2) 2 99
3 3 3.0 TMSOTf (1.2) 24 69b

4 5 5.0 TMSOTf (1.2) 24 98
5 5 2.2 TMSOTf (1.2) 24 80b

6 5 5.0 TMSOTf (0.6) 24 56b

7 10 3.0 (TfOSiMe2CH2)2 (0.6) 3.5 83b

8 5 5.0 (TfOSiMe2CH2)2 (0.6) 2 92
9 10 5.0 (TfOSiMe2CH2)2 (0.6) 1.5 97
10 3 5.0 (TfOSiMe2CH2)2 (0.6) 18 77b

a Isolated yields.
b Starting material remained.
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5MG� NOL�P�QR 

 

NOL�P�?F
Ü����¬�QRC»²KL#��
IJ A«»¼ BC�_`

abW 5b-k��	
QR�|º
vTable 4-7x�1-adamantylõÖ¦ 5b��	
�)C��

IJ A¬�M��¬���W@s3� 6b45)� 98��hÏ¬�Eventry 1, reaction 

condition Ax�IJ B¬� 97��hÏ¬3���E
ventry 1, reaction condition Bx�

2-methylphenylõÖ¦ 5c¬��IJ AC«	����ª©cC�|s 92��hÏ¬3�

6c45)��E
ventry 2, reaction condition Ax�IJ BC«	��X����|s�Wf�i

ajT��ABs
]XjWf^õÖ¦�Ì���
�2,6-dimethylphenylõÖ¦ 5d«»

¼ 2,6-diethylphenylõÖ¦ 5e44)��	
�)C����Ë�Cî�EF3� 6d«»¼ 6e

���Ë� 99�hÏventry 3, reaction condition Bx«»¼ 96�hÏventry 4, reaction condition 

Ax¬�E
� 

2,6-diisoprpylpenylõÖ¦ 5f47)¬��¥¦©��
Ü���®Cµ��6f46)�hÏ� 58�

r�º
ventry 5, reaction condition Bx�6$Æ�ÆL_`abW¬ØF 2,4,6-trimethylphenyl

õÖ¦ 5g��«»¼ 4-methoxy-2,6-dimethylphenylyõÖ¦ 5h�î�EFefghZiajk

6g�6h���Ë� 94�ventry 6, reaction condition Bx96%ventry 7, reaction condition Ax�

hÏ¬�E
�scs��d�4-methoxycarbonyl-2,6-dimethylphenylõÖ¦ 5i��'d��

�IJC«	�¹î�EFefghZiajk 6i��hÏr�º
ventry 8x�����

���|C`	�Ã\sX��� CòñOÁP�efghZiajk�ö*���%&

s
÷¯'C»FÃ\sX��P#�Ä�²�¨_XÃ\sX�)üð±��|s

Ü

rUE�	F�4-carboxy-2,6-dimethylphenylõÖ¦ 5j��	
��C«	���NO��

EF�X(Y�XNC TESH© TMSOTf�®)��F
ÜXYF� TESH© TMSOTf�

´µrs
����E3� 6j�hÏ� 38%r�	¹�¬Øº
�scs��d 10¥F

� TESH«»¼ 10 mol��èæ���aj�4¥F� TMSOTf��	F�¬hÏ� 73��

¬ÙÚ��
ventry 9x�4-fluoro-2,6-dimethylphenylõÖ¦ 5k��3� 6k� 98��hÏ

¬�E
ventry 10, reaction condition Bx���d�QR@±cd���F»1C�TMSOTf

��	
�)C��*+���	F���5¬���|1��¬£Fr	1Í�:Í¬Ø

²�(TfOSiMe2CH2)2��	
�)C� TMSOTf��	
�)»²¹���®C���h

Ï¹�)C»º��+�EFr	1:Í�ìíd�F� 
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Table 4-7. Reaction of thiourea with TESH and Pd(OAc)2 under reaction conditions A and B 

  

 

NN

S

R NN

TfO

R RR

H

n n
5 6

Et3SiH, R'3SiOTf, Pd(OAc)2

toluene, 80 ºC

Entry  Thiourea (R)
Time (h) Yieldc (%) Time (h) Yieldc (%)

1 1-adamantyl- (n = 1) (5b) 3 98 2 97

2 2-methylphenyl- (n = 1) (5c) 1 92 1 0d

3 2,6-dimethylphenyl- (n = 1) (5d) 37 85 3 99

4 2,6-diethylphenyl- (n = 1) (5e) 24 96 2 94

5 2,6-diisopropylphenyl- (n = 1) (5f) 35 44 24 58

6 2,4,6trimethylphenyl- (n = 2) (5g) 24 92 3 94

7 4-methoxy-2,6-dimethylphenyl- (n = 1) (5h) 22 96 3 93

8 4-methoxycarbonyl-2,6-dimethylphenyl- (n = 1) (5i) 24 28 10 32

9 4-carboxyl-2,6-dimethylphenyl- (n = 1) (5j) 24 38 (73)e 2 19

10 4-fluoro-2,6-dimehylphenyl- (n = 1) (5k) 12 91 1 98
a Reaction condition A: Et3SiH (3.0 equiv), TMSOTf (1.2 equiv), Pd(OAc)2 (5 mol%).
b Reaction condition B: Et3SiH (5.0 equiv), (TfOSiMe2CH2)2 (0.6 equiv), Pd(OAc)2 (10 mol%).
c Isolated yields.
d No desired products were obtained owning to overreduction.
e Et3SiH (10.0 equiv), TMSOTf (4.0 equiv), Pd(OAc)2 (10 mol%) were used.

Reaction conditions BbReaction conditions Aa
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�
�NO 5l48)C«	�¹�ÞCQR�|º
r���3.0¥F� TESH�10 �k#�

��aj«»¼ 1.2¥F� TMSOTf��	����|1�¬�.hÏ¬3� 6l49)��E


�cd�efghZajk¹�Þ��+C»²)*·Ô¬ØF��Ìås
vScheme 

4-3x�ÆLabW 5m���¬��99�r.hÏ¬3�Wf�iajk 6m��E�

ÆLabW 5n50)���C«	�¹�Â%*�rs�Wf�iajk�)üð±¦�êø

Ì���
¹���3� 6n51)�hÏ 70�¬�d�
����@±cdWf�iajk�

)*l¹L�·Ô¬ØF�����
� 

 

 

Scheme 4-3. Preparation of 6l, 6m and 6n 

  

Et3SiH (3.0 equiv) 
TMSOTf (1.2 equiv)

Pd(OAc)2, (10 mol%)
 

toluene, 80 ºC, 24 h
85%

NN

S

R NN

TfO

R RR

H

5l
R = 2,4,6-trimethylphenyl

6l

N N

TfO

H

N N

S
Reaction conditions A

60 ºC, 2 h, 99%

5m 6m

N

R' R'

N
R'R'

TfO

H

N

R' R'

N
R'R'

S
Reaction conditions A

rt, 21 h, 70%

5n
R' = isopropyl

6n
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5 4G� ���T�UV 

 

_`abW 5ar TMSOTf� CDCl3åC«äF
1H NMR\,�ËX�Ì�cd�å�¦

7a�%*�����
vFigure 4-1x����E���IJ A�B�'dC«	�¹_`a

bW 5ar TESHr����aj���rs
���efghZiajËZU�[Ëk 7

�jks��|EFrÜV��F�7acd�������5:7¬Ü¨s
���Tr�

ÞCÚ-¨�Û�\�jks��|s�	F¹�rUE�	F� 

 

 
Figure 4-1. Proposed intermediate 7a from 1H NMR analysis 

 

�
�ÍÎÏ	�CefghZiajk 8a�NOrs��	
��¬��_`abW

5a��d�
�5¬Øº
vScheme 4-4x�«�d���åC 8a�¨_XN�k��a�

�[Wi`�¬ØF.a<�(/s S-C@)�ABs

ÜrUEd�F� 

 

 

Scheme 4-4. Reaction of 8a 

 

  

NN

S
TMS

NN

S

TfO

5a 7a
4.55 ppm

0.25 ppm 7.14 ppm

3.94 ppm

6.91 ppm

2.43 ppm

2.46 ppm

2.24 ppm

2.26 ppm NN

H

TfO

6a
4.47 ppm

6.95 ppm

2.33 ppm

2.30 ppm

NN

S
Me

NN

S MeI (excess)

toluene
rt, 2.5 h

y. 98 %
I

NN

H

TfO

Et3SiH (3 equiv.)
Pd(OAc)2 (10 mol%)

toluene
80 ºC, 24 h

5a 8a 6a
0%
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_`abW 5arMeOTfr����è�)*s
 9a���¬��
���F»1Ce

fghZiajk 6a� 83��hÏ¬�d��£
vScheme 4-5x�scs��d�hÏ�

TMSOTf��	
�)�Ý�.��)E�MeOTf���.	��PC»²rstõñ�

WXYX#s�s�1���cd TMSOTf��	FÝ�Ls�	FrUEd�F� 

 

 
Scheme 4-5. Reaction of 9a 

 

�«�_`abW 5l�#)� 1052)�åàõ�rs��e�Ý+C»²)*s
vScheme 

4-6x� 

 

 
Scheme 4-6. Preparation of 5l 

 

¤7��rÜFr�efghZiajk�î�EF_`abWcd���aj����

	�mnEF���T¥s���IJ�efhZajk©Wf�iajk�)*C¹L�

¬£F��Ìås
��
�¤��C«	��3���C%*EF#)��0àP�

TES-S-TMSrUEd�F���
Ü���12QC0àPð�RSs���aj���3

Xs�R�¶ä¬�3�efghZiajk�efghZajk�Wf�iajk�?

¼EF�r�·Ô¬Ø²�âã��+¬ØF��	F���*+�¬Ø²��
{@�I

Jcëõ��_`abW�ô²�	��¬ØF
Ü�¤��� NHCu4¦�k�)*C

«	�����+r5EF�  

NN

S
Me

TfO

NN

S MeOTf (1.0)

toluene
rt, 1 h

y. 75 %

NN

H

TfO

Et3SiH (3 equiv.)
Pd(OAc)2 (10 mol%)

toluene
80 ºC, 24 h

y. 83 %5a 9a 6a

Mes

H
N

O
I Mes

H
N

O

N
H

Mes

MesNH2 (excess)
DMAP (cat.)

neat, rt

y. 44 %

HI
NN

S

MesMes
NN

S
1) NaBH4 (excess)
    EtOH, rt

2) HCl aq. rt

    y. 98 %
O

SCCl2 (1.2 equiv)
Cs2CO3 (3.0 equiv)

MeCN, rt

y.  60 %
5l10 11 12
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5o7� p\q\���rs
��Wft#��CDEF�� 
 

56G� H9 

 

��Wft#��C»FWX6$^cd.4CWXYX#��
Wf�l�mn��

��)*����å�¦©���D7�#)��)*EF
Ü�������êë¬ØF
53)� ������å�¦¬ØFef��æ��C»Fö*ref� C=N@)����7

iC»F¹�¬ØF�ùú����e¬�ü<C»F�� 54)©�NaBH3CN55)r

NaBH(OAc)3
53c), 56)� Brønstedæ© Lewisæ��e¬��� sodium-57) or zinc borohydride58)�

nickel boride59)�
�pyridine–BH3
60)�2-picoline–BH3

61)� 2,6-diborane–methanol62)�

dimethylamine–BH3
63)�t-BuMeiPrN–BH3

64)�5-ethyl-2-methylpyridine–BH3
65)�benzylamine–BH3

66)

���Wf�(����borohydride exchange resin (BER)67)�zinc–acetic acid68)�sodium 

borohydride– magnesium perchlorate69)�zinc borohydride–zinc chloride70)� silica gel–zinc 

borohydride71)�dibutyltin chloride hydride72)��®C��������Wft#���

cd���	F���d����å¬K¹ê=C�	d�F���ùú����e¬�

ü<C»F���NaBH3CNr NaBH(OAc)3¬ØF���d�23rs��ô²�	���

��NOL�P�8;����ìíd�F����d������Ë�¸Í��EF�H

rs�ØíFr�ùú�����e¬�����¬��;<=;<�é@)©iËtN��

WtN���ÓÔN����9)s�s�1
Ü���»1�ÓÔN��EF�)C¶L

¬ØF�NaBH3CN�>�¬Ø²>P�.	 NaCN© HCN���Â%*��%*����

Ø²�NaBH(OAc)3�O:P��	WiZ���	
�)C��hÏr�F�)�ØF
56)� 

p����F�ùúr��þrs������	
��Wft#���cd���	

F���������C·�¬ØF
Ü����×�������j6¼EF��·Ô¬

Ø²���Q�Q[ �¶µr�F�cd�;<×ª)*C«	��£�:Í��EF�

scs��d�ùú��rs���>P�.	\=�>�EF Bu2SnCl273)©bW¨�X�

>�EF Ga(OTf)3
74)�InCl3

75)�ReOBr2(Hhmpbta)PPh3
76)����	�«²��
�Ga(OTf)3

74)�

InCl3
75)�ReOBr2(Hhmpbta)PPh3��	
IJ¬�NOC/y�ØF
Ü��>Pcë
��

�s�8;	NOCL�·Ô���IJ�Aà�����	F� 

êÝ�O:P��	�ZXÃ[sX�O:þrs
 BiBr3��	
Ã[sX)*
77)�c

d���«²�O:P��	Wf�C«	�¹�ÞCWXYX#��|E��½¾��

��Wft#���AàC?�F�¬��	crUE
����¬Cp\q\���r

s��	
����Wft#���cdH����p\q\���rs��	
��

����þrEF��Wft#���y³¬£���>P������Ê\Ë@¬¹¨

ZqË�ØF�����r�²�F�cdQR�A}s
� 

�eCæç��F�  
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5:G� ��IJ�KL# 

 

ö�=WX6$^r�U·iXWf��NOrs��TESH��	�z{�WÛËiË

ZX��å�!ß���QRs
vTable 5-1x�BiF3¬�¿�����|è~ 13��Q¹

õ����s
�ventry 1x�BiCl3���rs��	
�)C 99%r.hÏ¬3� 15a

��E
ventry 2x��
�BiCl3�F� 5 mol%lrds
�)C��hÏ� 34%r�º


ventry 3x�BiBr3«»¼ BiI3��	
�)C¹����|s�3��hÏ���Ë�

79%ventry 4x�81%ventry 5xr�º
�WÛËiËZX��å�BiBr3r TESHr���

C»² 0�� Bir TESBr�%*EFr	1cdcd 75)�BiCl3��	
�)C¹�ÞC

TESCl�%*s�	F¹�r�¨s TESCl���rs����|º
���@±�XYF

� TESH��	
C¹cc&d~���W@è~�42��Q�hÏ� 26�r�º
�.

	 LewisæP��s�	F TiCl4© SnCl4��	
�)C������|EF¹��ånç

�hÏr�º
ventries 8 and 9x�SbCl5© ZnCl2�«»¼ PbCl2��	
�)C�3��

�hÏ¬ØFcventry 10x�¿�����|s�	@±r�º
ventries 11 and 12x���

�te^¬ØF CeCl3•7H2O© YCl3•6H2O��	
�)C����Ë����¿��|s

�	ventry 13xc�3��hÏ 10�r�hÏ¬Øº
ventry 14x�InCl3CDs���

Wf��kækr���Wft#���cd���	F���U·iXWf� 14a��

	
��H��	
Ü�QR�|º
���@±�10��¬���W@s�3�� 94%

�hÏ¬�E
ventry 15x�scs��d���s
»1Ce��aj�.�cë>P�

���ØF���
ÜÊ\Ë@©>P@¬���	F BiCl3¬i�QR�|1�rs
� 
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Table 5-1. Lewis acid catalyzed reaction of benzaldehyde and diphenylamine with TESH 

 

 
  

Ph H

O
+ N

PhPh

H

N
PhPh

Ph

Et3SiH (3.0 equiv)
catalyst (10 mol%)

MeCN, rt
13a 14a 15a

Entry Catalyst Time (h) Yielda (%)
1 BiF3 13 0
2 BiCl3 13 99
3 BiCl3 13 34b

4 BiBr3 13 79
5 BiI3 13 81
6 Bi(OTf)3 13 74
7 Et3SiCl 42 26c

8 TiCl4 23 59
9 SnCl4 23 68

10 SbCl5 23 4
11 ZnCl2 23 0
12 PbCl2 23 0
13 CeCl3•7H2O 13 0
14 YCl3•6H2O 13 10
15 InCl3 10 94

a Isolated yields.
b 5 mol% of BiCl3 was used.
c 6.0 equiv of Et3SiH was used.



 36 

ëéC���QR�|º
�ö�=WX6$^r�U·iXWf��NOrs�z{e�

BiCl3«»¼ TESH��	��!ß���QRs
vTable 5-2x�ËXÃ�©�Ã_XÃ[

sX��	
�)C����F�3��Ì���
¹��ventries 2 and 4x���tt¨

���THF�Ã�t[X�DMF�DMSO��	
�)C�����|s�	@±r�º


ventries 3, 5-8x��
�>üWÛËiËZX��	
�)C�����¿��|s�	@

±r�º
�cd¤���üC»²����F������
ventry 9x� 

 

Table 5-2. Direct reductive amination of benzaldehyde and diphenylamine with BiCl3 and TESH 

 

 
 

ëê	��z{eWÛËiËZX��å�BiCl3��	���þ�QR�|º
vTable 

5-3x�TESH�c&²C 3.0¥F� NaBH4��	
�)C�����¿��|s�	@±

r�º
ventry 2x��
�TESH�F�ds�2.0¥F�1.1¥Frs
�)C�hÏ�

��Ë��59�ventry 3x�«»¼ 32�ventry 4xr�º
�ËZÃËY����©ËZU

·iX������þrs��	
�)C�����¿��|s�	@±r�º
ventries 

5 and 6x��Ã_X�����	
�)C��23��QC3�� 72��hÏ¬�Eventry 

7x��U·iX�����	
�)C� 42%�hÏ¬3���E
ventry 8x�¨_XU

·iX���©�¨_XU·iX�����	
�)C��23��QC3����Ë�

95�ventry 9x�71�ventry 10x¬�E
�U·iX�����	
�)C�x��¬õ

��®¯sventry 11x�97��hÏr�²6¥FCds
�)C¹����W@s 10�

�¬3�� 93%�hÏ¬�E
ventry 12x���d�QRC»²�¤��¬� TESHr

U·iX����La¬ØF��Ìå��
� 

 

  

Ph H

O
+ N

PhPh

H

N
PhPh

Ph

Et3SiH (3.0 equiv)
BiCl3 (10 mol%)

solvent, rt

13a 14a 15a

Entry Solvent Time (h) Yielda (%)
1 MeCN 13 99
2 toluene 23 trace
3 DCM 23 0
4 Et2O 23 trace
5 THF 23 0
6 EtOH 23 0
7 DMF 23 0
8 DMSO 23 0
9 aq. MeCN 23 0

a Isolated yields.



 37 

Table 5-3. Direct reductive amination of benzaldehyde and diphenylamine with different hydride 

 

   

Ph H

O
+ N

PhPh

H

N
PhPh

Ph

hydride
BiCl3 (10 mol%)

MeCN, rt
15a13a 14a

Entry Hydride (equiv) Time (h) Yielda (%)
1 Et3SiH (3.0) 13 99
2 NaBH4 (3.0) 13 0
3 Et3SiH (2.0) 20 59
4 Et3SiH (1.1) 20 32
5 (EtO)3SiH (3.0) 24 0
6 Ph3SiH (3.0) 24 0
7 Et2SiH2 (3.0) 23 72
8 Ph2SiH2 (3.0) 23 42
9 PhMeSiH2 (3.0) 23 95

10 PhMe2SiH (3.0) 23 71
11 PhSiH3 (3.0) 7 97
12 PhSiH3 (1.0) 10 93
13 - 24 0

a Isolated yields.
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5MG� NOL�P�QR 

 

���¬�QR¬KL#��
IJ¬ØFz{eWÛËiËZX��å�10 mol%�

BiCl3��	FIJC«	��Wf�rs��U·iXWf��NOrs��	��!ß�

WX6$^r����QRs
vTable 5-4x�2-chlorobenzaldehyde��	
�)C��¥¦

©��
ÜhÏ��es 22��QC3�� 63��hÏ¬�E
ventry 1x�����C

»F��Wft#¬������s�1ÓÔN¬ØFWÛ_b���EF

2-ethynylbenzaldehyde�NOrs��	
�)C������ 22��¬3�� 69�¬�

E
ventry 2x�òñ¾�N��EFWX6$^¬����µ��3,4,5-trimethylbenzaldehyde

© 4-methoxybenzaldehy�NOrs��	
�)¬��hÏ���Ë� 39��35�r	1

@±r�º
ventries 3 and 4x�òñOÁPN��EFNO¬����)ª���

4-nitrobenzaldehyde¬�o��¬���12s3�� 90��hÏ¬�E
ventry 5x�o

$ÆrstÆ�U��-2-�X(Y�WX6$^©p\q\rýö*s

Üc�hÏr

�º
� 30 mol%� BiCl3��	
�)C 56�¬3���E
ventry 6x�_`U·�-2-

�X(Y�WX6$^¬��46�¬î�EFWf���E
ventry 7x�AZ��-3-�X(

Y�WX^$^¬��.	Ó<õñ�kNPC»Fýö*�
Üc3��¿��d��

cº
ventry 8x�BCN�WX6$^¬ØF��trY�X�X(Y�WX6$^©,�

��[X���Ë�hÏ 92�«»¼ 88%r.hÏ¬î�EFWf���E
�ventries 9 

and 10x�¥¦©���£	ADXWX6$^¬�3��hÏ� 32�r�hÏr�º


ventry 11x�U·iXWÛËWX6$^��	
�)C�Â%*��\EqË���Ì�

���î�EFWf��hÏ� 28�r�hÏr�º
ventry 12x��Ë��NOrs��

	
�)C�����|�µ��2.0¥F�WÛË���	
�)¬¹hÏ� 15�r�²

ventry 13x���tlYFt���)C�hÏ 28%ventry 14x��
WÛËU·t���

	
�)C�3���d��	ventry 15xr	1@±r�º
��
�WÛËWX6$

^�¨_XWÛ�[X�WX6$^²�¦rs��	
�)C������|EF¹��

20�r�hÏr�º
ventry 16x� 
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Table 5-4. Direct reductive amination of carbonyl compounds and diphenylamine with BiCl3 

catalyst 

 

 

R1 R2

O
+ N

PhPh

H

N
PhPh

R2

Et3SiH (3.0 equiv)
BiCl3 (10 mol%)

MeCN, rt R1
13 14a 15

Entry Yielda (%)Time (h)carbonyl compound

1

2

3

4

7

8

9

10

Cl

CHO

CHO

CHO

CHO

CHO

OMe
MeO

MeO

CHO

Me Me

O

22 63

22 69

19 39

3 92

22 88

22 28

19 15c

13b

13c

13d

13g

13h

13i

13j

13k

O
CHO

S
CHO

22 56b

22 46

N

CHO
24 0

13m

13n

11

12

13

14

15

16

Me Ph

O

O

CHO
24 3213l

24 28

13 0

Me OMe

OMe
22 20

13o

13p

13q

a Isolated yields. 
b 30 mol% of BiCl3 was used.
c 2.0 equiv of acetone was used.

Entry Yielda (%)Time (h)carbonyl compound

5

CHO
43 35

6

CHO
5 90

O2N

MeO
13e

13f
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i	�KL#IJC«	�WX6$^rs�ö�=WX6$^�NOrs��	�Wf

��QR�|º
vTable 5-5x�WiZ���	
�)C����� 18��¬3�� 90�

�hÏ¬�E
ventry 1x��
�òñOÁPN¬ØFËZUX`t¨_XN�Õns


3,5-bistrifluoromethylaniline��	
�)C����� 11��¬3��¨FC�E


ventry 2x��ÞCòñOÁPN¬ØFÃ_XÃ\sXN� 4 CÕns
WiZ� 14t�

�	
�)C��hÏ 91�r.hÏ¬3���Eventry 3x�O:P��	 4-nitroaniline

��	
�)¹�3�� 97%r.hÏ¬�d��£
ventry 4x�3-nitroaniline¬�hÏ

76�r�²ventry 5x¥¦©���£	 2-nitroaniline¬�hÏ 50�r�esventry 6x�O

:P��dC��¥¦©���£	Wf�¬ØF 2,4-dinitroaniline¬�3���d��

cº
ventry 7x�WX6$^�`XË CÕnN��EF 2-chlorobenzaldehyde©

2-bromoaldehyde��	
�)¹¥¦©��«¬¬����µ���Ë����� 20��

¬hÏ 79�ventry 8x«»¼���� 48��¬ 52�r�º
ventry 9x�scs��d¥

¦©��»²�£	 2,4,6-trichloroaniline��	
�)C¹����|s�23��Q�hÏ

� 68�r�º
ventry 10x���d�NO�45)&è��NaBH(OAc)3¬�����|

s�	��cd���«² 56)�¤���� Í�êë¬ØFr5EF�»²¥¦©���

£	 N-phenyl-2,4,6-trichloroaniline78)�NOrs��	
�)C�����|s�	@±r

�º
ventry 11x�kNP�.	Ó<õñ��EF 2-aminopyridine© 3-aminopyridine¬��

BiCl3rýö*�EF
Üc3���d��	@±¬Øº
ventries 12 and 13x�WXY

XWf�¬ØF�Ã_XWf�©A,Z����	
�)¹��kNPC»Fýö*�õ

Ôrý&�F�3���d��	@±r�º
ventries 14 and 15ax��
Wf��kæ

k��	F�¬ BiCl3r�ýö*�Ñ/«»¼ef�ö*�»�cdhÏ+����s�

entry 15b«»¼entry 16b�QRs
�A,Z���kæk��	
�)¬�3���d

�~ventry 15bx�N-methylaniline�kæk��	
�)¹�UZ[¦��	
�)C�

hÏ�ÆrÇ�ÙÚ���cº
ventry 16bx�2,4-dinitroaniliner�	s�Wf��kNP

�+�s�	FrUEd�F N-methy-2,4-dinitroaniline79)��	
�)C¹¥¦©�C»F

«¬��£	rUEd������|s�	@±r�º
ventry 17x��U·iXWf�

õÖ¦ 14ai��	
�)C���U·iXWf���	
�)r�	shÏ��es�

BiCl3� 30 mol%�	�¹3��hÏ� 22%¬Øº
ventries 18a and 18bx�����Ð

ë�ö�#�Æ�@)C»²T��!¨#��¥¦©���£��º
¹�rUEd�F� 
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Table 5-5. Direct reductive amination of benzaldehyde and amines with BiCl3 catalyst 

 

 
 

  

Ph H

O
+ N

R2R1

H

N
R2R1

Et3SiH (3.0 equiv)
BiCl3 (10 mol%)

MeCN, rt Ph
13a 14 15

8

NH2

NH2

CF3

F3C

NH2

O2N

NH2

NO2

NH2

Cl

NH2

Br

18 90

11 quant.

15 97

9

10

11

NH2

Cl

Cl

Cl

23

48 52

20 79

19 50

12NH2

22

14r

14s

14u

14w

14y

14z

13

N

NH2

20

15a
15b

N

NH2

20

EtO2C

NH2

22 7614v
O2N

16a
16b

Entry Yielda (%)Time (h)Amine

1

2

3

4

5

6

NH2

NO2

24 014x
O2N

N
H

NO2

24

O2N

Me

18
15

7

Entry Time (h)Amine

N
H

EtEt
21

H
N 24

16

17

a Isolated yields.
b 30 mol% of BiCl3 was used.

68

91

14aa

14ab

0

14t

0

14ac

0

14ae

9
19

14ad

Yielda (%)

0

13
22b

14af

14ag

14

24
24

0
0

piperidine
piperidine•HCl

PhNHMe
PhNHMe•HCl

14ah

N
H

Cl

Cl

Cl

24 0

18a
18b 14ai
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��QRC»²O:P��	Wf�C«	�¹��Wft#����|EF�cd

!ß�O:þ��	�QR�|º
vTable 5-6x�ethylä¼methylcarbamate��	
�)

C���Ë�hÏ 95��96�¬3���E
ventries 1 and 2x�phenylcarbamate�O:

þrs��	
�)C�hÏ�©©�es����� 24��¬3�� 75%¬�
ventry 

3x�WÛËWf^©ö�=Wf^¬���Ë� 13��23�r�hÏr�²ventries 4 and 5x�

WÛËWiZ^¬�3��¿��d��cº
ventry 6x��
�oxazolidone��	
�

)C¹�3��¿��d�~���EF carbamate� 1GCyd�F������
ventry 

7x�imide��	
�)C¹3���d��	@±r�º
ventries 8 and 9x��
�e

�^[XõÖ¦��	�QR�|º
��3 CòñOÁPN¬ØF¨_XÃ\sX��

EFe�^[X 14as��	
�)¹òñ¾�N��EFe�^[X 14at��	
�)C

¹3���d��cº
ventries 10 and 11x�\X]�Wf^ 14au��	
�)C��

î�EF%*�� 29��hÏ¬�E
ventry 12x� 

 

Table 5-6. Direct reductive amination of benzaldehyde and less basic amines with bismuth catalyst 

 

 
 

  

Ph H

O
+ N

R2R1

H

N
R2R1

Et3SiH (3.0 equiv)
BiCl3 (10 mol%)

MeCN, rt Ph
13a 14 15

Entry Yielda (%)Time (h)

1

2

3

4

5

6

7

24 96

24 75

19 13

24 95

14ak

14al

14am

14an

14ao

14ap

22 23

22 0

24 0

14aj

Nucleophile

H2N

O

OMe

H2N

O

OEt

H2N

O

OPh

H2N

O

Me

H2N

O

Ph

N
H

O

Me
Ph

HN
O

O

8

9

14aq 24 0HN

O

O

14ar 24 0HN

O

O

12 H2N
S

OO

Me

24 2914au

10 14as 24 0

H
N

MeO2C

11 14at 24 0

H
N

Me

Entry Yielda (%)Time (h)Nucleophile

a Isolated yields.
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Table 5-6C�|º
QR�@± ethyl carbamate�Û	@±��E
�rcd�!ß�W

X6$^r����QR�|º
vTable 5-7x�BCN�WX6$^¬ØF��trY�X

�X(Y�WX6$^©�t��[X��	
�)C����Ë� 92%ventry 1x�85�

ventry 2x�hÏ¬î�EF%*���E
��
¥¦©���£	ADXWX6$^C

«	�¹����|s�3��hÏ� 89�r�º
ventry 3x�rstÆõÖ¦¬ØF

U��-2-�X(Y�WX6$^©_`U·�-2-�X(Y�WX6$^C«	�¹���

��C�|s�î�EF3��hÏ� 66%ventry 4x«»¼ 85�ventry 5xr�º
�

�Ë� 13bar���¬�����µ	¹������ 43��¬3� 15ba� 66��h

Ï¬�E
ventry 6x�carbonate�WXYX#��O:Õn��©�Re2O7���rs��

	FIJ 80)�%d��	F�u��kNPIJ¬Ø²��
�Q��.��biaj��

	F�cd�åPIJcë�	
��p\q\��	F¤������¬ØFr5EF� 

 

Table 5-7. Direct reductive amination of carbonyl compounds and ethylcarbamate with bismuth 

catalyst 

 

   

R1 R2

O
+

H2N

Et3SiH (3.0 equiv)
BiCl3 (10 mol%)

MeCN, rt

O

OEt N
H

O

OEt

R2

R1

13 1514ak

29

14 85

1

2

3

CHO

CHO

CHO
24 89

Entry Yielda (%)Time (h)Elctrophile

O
CHO

S
CHO

4

5

6

21

21

66

85

O
43 66

13av

13aw

13ax

13ay

13az

13ba

a Isolated yields.

92
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5SG� ���T�UV 

 

���T�?F
Ü�QR�|º
�NOrs�ö�=WX6$^r�U·iXWf

���	�z{e�WÛËiËZX��å�ËZÃ_X���r���C«	��!ß�

����	������ 13��C!¨s����|º
vTable 5-8x�BiCl3��	
�)

C����W@s3�� 99��hÏ¬�E
ventry 1x�WÛËiËZX��å BiCl3r

TESHcd��� Bir TESCl�%*EFr�cd�ØF�cd�BiCl3�c&²C TESCl

���rs��	
�)C«	���3��hÏ� 23%r�²õ����s
ventry 2x�

BiCl3r TESHr���¬���p\q\�?¼s
QC TESCl�()s���«¬��

³�T<s
ventries 3 - 8x��~����p\q\�?¼�
Ü�HIJ�|1u�W

ÛËiËZX��å¬� BiCl3r TESHr����� 3ð�1���10��rK¨s�K

¨��jXQCHIJs
�'WXL�¬Õns�WÛËiËZX�TESH«»¼NO

�WÛËiËZX���)E���|º
���@±�?¼��Mð�6���10���

�Ë�C«	��3�� 27��15��15��hÏ¬�d�
ventries 3, 4, 5x��
��

��p\q\��M�����¬?¼sHIJs
Q�WXL�¸¹�e�WÛËiË

ZX�TESCl���Ë�C()s�KQCNO�WÛËiËZX�×�)E���|º
�

��@±?¼��Mð�6���10����Ë�C«	��3�� 88��72��86��

hÏ¬�d�
ventries 6, 7, 8x�*+���	F���p\q\NO��	� TESCl�(

)s
�)r()s�	�)�QR¹|º
r���TESCl�()s�	�)¬�hÏ�

4�ventry 9xr�²�TESCl�()s
�)C�hÏ 69�r�º
ventry 10x� 

���QRcd�¤��� TESCl¬¹�|EF��TESCl���rs��	�	�	�

�T<��
����p\q\�?¼��C»² 15a�hÏ�°s
����� BiCl3

���C���´µrEF����s�	F��
�entry 9�@±C5d�F»1C��

��p\q\� LewisæP�ÆrÇ���~û¦¬�����|s�	���s��TESCl

�5¬¹ÆrÇ�����|s�	�cd����p\q\r TESCl�45)&è��	


�)ChÏ�+��5d�
��ÍÎÏ	�ðP��Qfä��d��	�	��4

�·ÔP¹ØF¹�rUE�	F�E�&'�����þ�û¦¬�efiaj¹s��

rfWf�[X���¬£�	p\q\$^Z^!�%*s�NOcd%*EFefia

j¹s��rfWf�[Xå�¦�TESCl��P#EF�¬����|EF·ÔP¹UE

d�F� 
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Table 5-8. Direct reductive amination of benzaldehyde and diphenylamine with different catalyst 

 

 
 

ef� 16aC«	�¹�Þ�QR�|1�rrs�z{e�WÛËiËZX��å�Ë

ZÃ_X���r���C«	������� 13��rs�!ß�����	���|º


vTable 5-9x�BiCl3��	����|º
r���86��hÏ¬3���
ventry 1x�

�
�TESCl��	
�)C��hÏ� 29�r�²ventry 2x��
�*+�p\q\N

O��	
�)C�hÏ� 17�r	1@±r�º
ventry 3x���
Ü�TESCl���

rs��	�	�	�����p\q\�¤���R���¬��	������
��


��dC TESCl�()s
�)C� 89�r	1@±r�º
ventry 4x�entry 1r entry

S�@±C��Æ�S��	�cd�ef����C«	���BiCl3¬�´µP�³	�

����
��
��X(iX#)�rWf�õÖ¦r�ef��efiajö*«»¼

rfWÛ�[Xö*C BiCl3� Lewisærs���s�	F��Ü���F��«�*+

�p\q\NO��	
�)r?¼s
��p\q\��	
�)¬hÏCS�ØF���

Tñ'C»Fp\q\��±ªç�SC»F¹�rÜ¨s�	F��yz@±C»FQf

ä��d��	�	vTable 5-8, entries 4, 5, 9x� 

  

Ph H

O
+ N

PhPh

H

N
PhPh

Ph

Et3SiH (3.0 equiv)
catalyst

MeCN, rt, 13 h
13a 14a 15a

Entry Catalyst Yielda (%)
1 BiCl3 (10 mol%) 99
2 Et3SiCl (30 mol%) 23
3 Bi(0)b (3 min) (10 mol%) 27
4 Bi(0)b (1 h) (10 mol%) 15
5 Bi(0)b (10 h) (10 mol%) 15
6 Bi(0)b (3 min) (10 mol%) + Et3SiCl (30 mol%) 88
7 Bi(0)b (1 h) (10 mol%) + Et3SiCl (30 mol%) 72
8 Bi(0)b (10 h) (10 mol%) + Et3SiCl (30 mol%) 86
9 Bi(0)*c (10 mol%) 4
10 Bi(0)*c (10 mol%) + Et3SiCl (30 mol%) 69

a Ioslated yields.
b Bi(0) prepared from BiCl3 and Et3SiH was used.
c Commercially available bismuth (0) powder was used.
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Table 5-9. Reduction of imine with different catalyst 

 

 

 

�
���p\q\�%*s�	F��T<EF
Ü�QUyz�|1�rrs
��

��p\q\��	�WZX�tf^rö�=WX6$^r����èî�EF]VWZ

XWXÊ[X��F����WXd�X[�C»º�cd���	F 81)���cd¬��

ùúp\q\¹s��YZ©WXfiaj�[C»² BiCl3�'å¬��s
���p\

q\��	�«²�����¬�%*��hÏC»²?¼s
p\q\C«äF���p

\q\�%*�T<¬£FrUE
���¬�z{e�WÛËiËZX��å�BiCl3r

TESHr�Mð��
�6�����è�He\§�ËXÃ�÷]�|1�rC»²?

¼s
p\q\��	��M���|º
vTable 5-10x���@±�entry 1¬�3�]

VWZXWXÊ[X 17�hÏ 27�¬�d��entry 2¬�hÏ 98%r�º
���@±c

d�6���?¼��¬�	
 BiCl3��øð���C�����	F�������
�

��@±C»² Table 5-8� entries 5, 6, 7, 8¬�	
p\q\�����¬ØFrUEd�

F� 

 

Table 5-10. Reaction of allylbromide and benzaldehyde with Bismuth (0) 

 

   

N

Cl
H
N

ClEt3SiH (3.0 equiv)
catalyst

MeCN, rt, 13 h
16a 15bb

Entry Catalyst Yielda (%)
1 BiCl3 (10 mol%) 86
2 Et3SiCl (30 mol%) 29
3 Bi(0)*b (10 mol%) 17
4 Bi(0)*b (10 mol% ) + Et3SiCl (30 mol%) 89

a Isolated yields.
b Commercially available bismuth (0) powder was used.

OHCHO
Br

catalyst

DMF, rt, 1 h
+

1813a 17

1.1 equiv

Entry Catalyst Yielda (%)
1 Bi(0) (3 min)* (100 mol%)b 27
2 Bi(0) (1 h)* (100 mol%)b 98

a Isolated yields.
a Bi(0) prepared from TESH (10.0 equiv) and BiCl3 (100 mol%).
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5u7� vw 
 
� ¤9}��e�»1CvwEF� 

 

1. sp2;<=>?@)���AB��CDEF�� 

���aj���rEFËZÃ_X�����	
�WXYXWZ[X\XUV^c

dWb[�l�mn��C«	��ËZ¨_X�ZX�tZ^���'åC()EF

�r¬����)ª��F��Ìås
����)ªÎ±rÓÔN,-P�+���

dcCs
cd��	
Ü�¤�����)*#�C�^�ØFr	EF� 

 
 

2. WXYXWZ[X\X]Y�^�����CDEF�� 

èæ���aj����e�ËZÃ_X���¹s��ËZÃËY������	F

�C»²�WXYXWZ[X\X]Y�^cdWb[�ØF	�WXYXWZ[X\

XUV^l,-CmnEF���Ìås
����aj����	�z{¬|1�

��uH����{@cëâã�¤�+���)*#�C�^�ØFr	EF� 

 
 

3. _`abWcdefghZiajkl�mn��CDEF�� 

���aj����e�ËZÃ_X������þrs��	�ËZWXYX�ZX

ËZU�[Ë�()EF�r¬�_`abW�î�EFefghZiajËZU�[

ËklmnEF�C*_s
�¤���NOL�P�;��efghZajk©Wf

�iajk�)*l¹L�·Ô���Ìås
�_`abW�efghZiajkC

mnEF������¬Ccd����C`¬�Ü��H¬ØF� 

 

 

 

 

 

aryl S alkyl

Et3SiH, cat. PdCl2
TMSCl

THF
aryl H

aryl S alkyl
O

R3SiH
cat. Pd(OAc)2

THF, rt

aryl S alkyl
or

aryl H

(R = EtO)

(R = Et)

NN

S

R R

n

NN

TfO

R R

H

n

Et3SiH, R'3SiOTf
cat. Pd(OAc)2

toluene
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4. p\q\���rs
��Wft#��CDEF�� 

WÛËiËZX��å�10 mol%�k#p\q\(a)��e�ËZÃ_X������

þrs��	F�¬�����Wft#����|EF�r�Ìås
�¤��

��
��cë>P��	p\q\����	F�r�«»¼{@���IJ¬ÓÔ

N,-P�.	�rcd��)*#�C�����¬ØF� 

 
  

N
R4R3

H

N
R4R3

R2

Et3SiH
cat. BiCl3

MeCN, rt
R1 R2

O
+

R1
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5x7� yz{ 
 

General Information.  

 
1H NMR, 13C NMR \,�ËX��JEOL AL-300 spectrometer, JEOL AL-400 spectrometer, 

JEOL ECX-500 spectrometer Bruker AVANCE 600 spectrometer��	��¨s
�1H NMR, 
13C NMR ��f�X�UË��TMS�bøcd�Ors
r£� δ e (ppm) ¬2Ms

�	F�01� multiplecities (s, singlet; d, doublet; t, triplet; q, quartet; quint., quintet; m, 

multiplet; br, broad) �2s�Je�û � Hz¬2s�	F�IR \,�ËX� JASCO 

FT/IR-8300��	��¨s
�q\\,�ËX��SX102A��	��¨s
�fÍ��

Yamamoto capillary melting point apparatus��	��¨s
�E������0.25 mm E. 

Merck silica gel plates (60F-254) ��	�gh�tqË�UV[�|	�UV ���ij

©B����	�·k#EF�r¬T<s
���j�tqË�UV[� E. Merck 

silica gel (60, particle size 0.040-0.063 mm) �lmþrs�n�s
�Preparative thin-layer 

chromatography (PTLC) ��0.3 mm E. Merck silica gel plates (60F-254) cd?¼s
¹��

n�s
�E������2C��o£��ä�� Ar¸¹�e�³üIJe¬�4�

»1Cp¢s
^�e����	�|º
� 

 

Materials. 

 

THF : KOH¬IJs�NaC»²p¢s
��dC Na�ö�hU·t��_X

C»²n��uCp¢s
� 

Et2O : CaCl2¬IJs�Na�LiAlH4C»²p¢s
��dC Na�ö�hU·t�

�_XC»²n��uCp¢s
� 

CH2Cl2 : PCl5¬IJs�CaH2C»²p¢s
��dC CaH2C»²n��uCp¢

s
� 

benzene : CaH2�×��p¢s
��dC CaH2C»²n��uCp¢s
� 

MeOH : I2C»º��P#s
Mgcdp¢s�MS3A�×����s
� 

EtOH : Nacdp¢s�MS3A�×����s
� 

toluene : n��uC Nacdp¢s
� 

hexane : CaH2�×��p¢s
� 

DMF : Hep¢s
� 

DMSO : CaH2�×��Hp¢s
� 
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Methyl 3’-methythio-1,1’-biphenyl-4-carboxylate (1h) 

A mixture of 3-methylthiobenzbromide (215 mg, 1.00 mmol), 4-methoxycarbonylphenylboronic 

acid (200 mg, 1.05 mmol) and Pd(PPh3)4 (55 mg, 0.05 mmol) in a mixture of MeOH, toluene and 

sat. NaHCO3 aq. (3 : 6 : 2). The mixture was stirred under reflux for 2 days under argon atmosphere. 

Cooled to room temperature, the reaction mixture was extracted with CH2Cl2 and the organic layer 

was concentrated in vacuo. The residue was purified by column chromatography (Hexane / AcOEt 

= 40 / 1) to give title compound (213 mg, 78%) as pale yellow solid;  

Rf = 0.50 (hexane / ethyl acetate = 6 / 1); 1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.0 Hz, 2H), 

7.64 (d, J = 8.0 Hz, 2H), 7.49 (br, 1H), 7.41-7.34 (m, 2H), 7.31-7.27 (m, 1H), 3.94 (s, 3H), 2.54 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 145.2, 140.7, 139.4, 130.1, 129.3, 129.1, 126.1, 125.4, 124.1, 

52.2, 15.9; IR (neat) νmax 1707, 1288, 1271 cm-1; HRMS ESI (+) [M+Na]+ calcd for C15H14NaO2S: 

281.0612; found: 281.0602; mp. 47 oC. 

 

 
3-Methylthio-3’-nitro-1,1’-biphenyl (1i) 

A mixture of 3-methylthiobenzbromide (100 mg, 1.05 mmol), 3-nitrophenylboronic acid (99 mg, 

1.20 mmol) and Pd(PPh3)4 (53 mg, 0.05 mmol) in a mixture of EtOH, toluene and sat. NaHCO3 aq. 

(3 : 6 : 2). The mixture was stirred under reflux for 13 h under argon atmosphere. Cooled to room 

temperature, the reaction mixture was extracted with CH2Cl2 and the organic layer was concentrated 

in vacuo. The residue was purified by column chromatography (Hexane / AcOEt = 10 / 1) to give 

title compound (101 mg, 84%) as pale yellow wax;  

Rf = 0.20 (hexane); 1H NMR (400 MHz, CDCl3) δ 8.43 (s, 1H), 8.21 (d, J = 8.1 Hz, 1H), 7.89 (d, J 

= 7.6 Hz, 1H), 7.61 (t, J = 8.1 Hz, 1H), 7.48 (s, 1H), 7.43-7.36 (m, 2H), 7.29-7.32 (m, 1H), 2.55 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 148.7, 142.4, 139.8, 139.4, 133.1, 129.8, 129.5, 126.3, 125.1, 

123.9, 122.3, 121.9, 15.8; IR (neat) νmax 1523, 1347, 887, 782, 735, 699, 681 cm-1; HRMS FAB (+) 

[M]+ calcd for C13H11O2NS: 245.0511; found: 245.0566. 

 

 

2-Phenylsuflonylethanethiol (3q) 

To a mixture of 2-(2-naphthylsulfanyl)ethylphenylsulfone (1q) (75 mg, 0.23 mmol) and PdCl2 (1.2 

MeS

CO2Me

MeS NO2

HS
SO2Ph
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mg, 0.007 mmol) in THF (2 mL) was added Et3SiH (0.076 mL, 0.48 mmol). And the mixture was 

stirred at room temperature under Argon atmosphere. After starting material was disappeared, to the 

reaction mixture was added H2O and the mixture was extracted with CH2Cl2. The organic layer was 

concentrated under reduced pressure. The residue was purified by PTLC (hexane only) to give title 

compound (28.5 mg, 72%) as colorless oil; 

Rf = 0.20 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.93-7.92 (d, J = 8.0 Hz, 

2H), 7.71-7.67 (m, 1H), 7.60 (t, J = 8.0 Hz, 2H), 3.39-3.35 (m, 2H), 2.80-2.86 (m, 2H), 1.68 (t, J = 

8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 138.7, 134.1, 129.5, 128.159.6, 17.3; IR (neat) νmax 

1144, 1083 cm-1; HRMS ESI (+) [M+Na]+calcd for C8H10NaO2S2: 225.0020; found: 281.0015. 

 

 

General procedure for synthesis of alkylsulfinyl aryl compounds 

To a solution of sulfide compound (1.94 mmol) in CH2Cl2 (4 ml) was added mCPBA (1.94 mmol) at 

0 ºC. And the mixture was stirred at room temperature under Argon atmosphere. After starting 
material was disappeared, to the reaction mixture was added saturated aqueous solution of NaHCO3 

and the mixture was extracted with CH2Cl2. The organic layer was concentrated under reduced 

pressure. The residue was purified by column chromatography.  

 

 
3-(Methylsulfinyl)-1,1'-biphenyl (4b) 

According to general procedure, a solution of 3-(methylthio)-1,1'-biphenyl (1b) (38 mg, 0.189 mmol) 

and mCPBA (50 mg, 0.189 mmol) in CH2Cl2 (4 mL) was stirred for 13 h to afford title compound 

(28.5 mg, 70%) as colorless syrup;  

Rf = 0.10 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 7.87 (br, 1H), 7.72-7.68 (m, 

1H), 7.62-7.57 (m, 4H), 7.47-7.42 (m, 2H), 7.40-7.35 (m, 1H), 2.76 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 147.1, 143.3, 140.4, 130.4, 130.4, 129.7, 128.8, 127.9, 122.9, 122.7, 44.8; IR (neat) νmax 3055, 

2361, 1592, 1468, 1404, 1086, 1041, 754, 696 cm-1; HRMS (ESI) [M+Na]+ calcd for C13H12NaOS: 

239.05066; found: 239.05136.  

 

 

4-Methyl-3'-(methylsulfinyl)-1,1'-biphenyl (4c) 

S
Me

O

Me

S
Me
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According to general procedure, a solution of 4-methyl-3'-(methylthio)-1,1'-biphenyl (1d) (371 mg, 

1.73 mmol) and mCPBA (459 mg, 1.73 mmol) in CH2Cl2 (20 mL) was stirred for 30 min to afford 

title compound (360 mg, 90%) as colorless solid;  

Rf = 0.13 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 7.86 (br, 1H), 7.71-7.69 (m, 

1H), 7.58-7.55 (m, 2H), 7.53-7.49 (m, 2H), 7.28-7.24 (m, 2H), 2.77 (s, 3H), 2.40 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 146.4, 142.8, 138.2, 137.0, 129.9, 129.7, 128.3, 127.2, 122.1, 121.9, 44.2, 21.4; IR 

(neat) νmax 3023, 2914, 1710, 1469, 1048, 787, 694 cm-1; HRMS (ESI) [M+Na]+ calcd for C14H14NaOS: 
253.06631; found: 253.06737; mp 75-77 ºC. 

 

 
4-Methoxy-3'-(methylsulfinyl)-1,1'-biphenyl (4d) 

According to general procedure, a solution of 4-methoxy-3'-(methylthio)-1,1'-biphenyl (1g) (30 mg, 

0.13 mmol) and mCPBA (35 mg, 0.13 mmol) in CH2Cl2 (4 mL) was stirred for 13 h to afford title 

compound (19.7 mg, 62%) as colorless solid;  

Rf = 0.08 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 7.83 (s, 1H), 7.65 (d, J = 6.8 

Hz, 1H), 7.55-7.52 (m, 4H), 6.97 (d, J = 8.5 Hz, 1H), 3.84 (s, 3H), 2.75 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 160.3, 146.7, 142.8, 132.6, 130.2, 129.8, 128.8, 122.1, 122.0, 114.9, 55.9, 44.6; IR (neat) νmax 
3055, 2962, 2838, 1712, 1607, 1516, 1470, 1249, 1015, 793 cm-1; HRMS (ESI) [M+Na]+ calcd for 

C14H14NaO2S: 269.06122; found: 269.06160; mp 49-50 ºC. 

 

 
4-Fluoro-3'-(methylsulfinyl)-1,1'-biphenyl (4e) 

According to general procedure, a solution of 4-fluoro-3'-(methylthio)-1,1'-biphenyl (1e) (72 mg, 

0.329 mmol) and mCPBA (88 mg, 0.329 mmol) in CH2Cl2 (4 mL) was stirred for 13 h to afford title 

compound (43.1 mg, 56%) as colorless solid;  

Rf = 0.09 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 7.84 (s, 1H), 7.67-7.64 (m, 

1H), 7.59-7.54 (m, 4H), 7.14 (t, J = 8.5 Hz, 2H), 2.76 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 165.0, 
162.5, 147.3, 142.6, 136.7, 130.6 (d, J = 22.3 Hz), 129.7 (d, J = 7.5 Hz), 122.9 (d, J = 41.4 Hz), 116.8 (d, 

J = 21.5 Hz), 44.9; IR (neat) νmax 3063, 2990, 1691, 1513, 1463, 1218, 1047, 797 cm-1; HRMS (ESI) 

[M+Na]+ calcd for C13H11FNaOS: 257.04123; found: 257.04229; mp 75-76 ºC. 
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4-Chloro-3'-(methylsulfinyl)-1,1'-biphenyl (4f) 

According to general procedure, a solution of 4-chloro-3'-(methylthio)-1,1'-biphenyl (1f) (456 mg, 

1.94 mmol) and mCPBA (515 mg, 1.94 mmol) in CH2Cl2 (4 mL) was stirred for 16 h to afford title 

compound (541 mg, quant.) as colorless syrup;  

Rf = 0.15 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 7.87 (s, 1H), 7.69-7.67 (m, 

1H), 7.62-7.54 (m, 3H), 7.45-7.42 (m, 2H), 2.77 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 146.8, 

141.7, 138.4, 134.5, 130.2, 129.8, 129.4, 128.7, 122.8, 122.0, 44.3; IR (neat) νmax 3051, 2910, 1596, 

1496, 1465, 1389, 1091, 1050, 788, 692 cm-1; HRMS (ESI) [M+Na]+ calcd for C13H11ClNaOS: 

273.01168; found: 273.01159. 

 

 

Methyl 3’-(methylsulfinyl)-1,1’-biphenyl-4-carboxylate (4g) 
According to general procedure, a solution of methyl 3’-(methylthio)-1,1’-biphenyl-4-carboxylate (1h) 

(75 mg, 0.29 mmol) and mCPBA (77 mg, 0.29 mmol) in CH2Cl2 (4 mL) was stirred for 13 h to afford 

title compound (61.5 mg, 77%) as colorless solid;  

Rf = 0.06 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.5 Hz, 2H), 7.90 

(s, 1H), 7.72-7.70 (m, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.59-7.58 (m, 2H), 3.93 (s, 3H), 2.77 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 167.8, 147.8, 145.1, 142.5, 131.4, 131.0, 130.9, 130.8, 128.3, 124.1, 123.2, 

53.3, 45.2; IR (neat) νmax 3008, 2953, 2910, 1709, 1431, 1278, 1048, 783 cm-1; HRMS (ESI) [M+Na]+ 

calcd for C15H14NaO3S: 297.05613; found: 297.05690; mp 102-103 ºC. 

 

 
1-(Ethylsulfinyl)-4-(methylsulfonyl)-benzene (4h) 
According to general procedure, a solution of 1-(ethylthio)-4-(methylsulfonyl)-benzene (1j) (419 mg, 

1.19 mmol) and mCPBA (515 mg, 1.94 mmol) in CH2Cl2 (4 mL) was stirred for 16 h to afford title 

compound (383 mg, 85%) as colorless solid;  

Rf = 0.05 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.5 Hz, 2H), 

7.82 (d, J = 8.5 Hz, 2H), 3.10 (s, 3H), 3.03-2.96 (m, 1H), 2.81-2.76 (m, 1H), 1.23 (t, J = 7.3 Hz, 3H); 
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13C NMR (100 MHz, CDCl3) δ 150.6, 143.2, 128.5, 125.5, 50.5, 44.8, 6.0; IR (neat) νmax 3000, 2919, 
1385, 1305, 1285, 1147, 1025, 956, 783, 541 cm-1; HRMS (ESI) [M+Na]+ calcd for C9H12NaO3S2: 

255.01255; found: 255.01224; mp 129-130 ºC. 

 

 
2-(Ethylsulfinyl)-4-methylquinoline (4i) 

According to general procedure, a solution of 2-(ethylthio)-4-methylquinoline (1p) (779 mg, 3.83 

mmol) and mCPBA (1017 mg, 3.83 mmol) in CH2Cl2 (40 mL) was stirred for 1.5 h to afford title 

compound (750 mg, 89%) as colorless solid;  

Rf = 0.15 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 9.0 Hz, 2H), 7.95 

(s, 1H), 7.81-7.77 (m, 1H), 7.68-7.64 (m, 1H), 7.30-7.21 (m, 1H), 3.09-3.00 (m, 1H), 2.83 (s, 3H), 1.27 (t, 

J = 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 163.8, 147.2, 147.1, 130.2, 129.7, 128.1, 127.4, 124.1, 

116.3, 48.0, 19.0, 5.8; IR (neat) νmax 3058, 2979, 2933, 1714, 1580, 1504, 1057, 1022, 763 cm-1; HRMS 

(ESI) [M+Na]+ calcd for C12H13NNaOS: 242.06155; found: 242.06244; mp 33-34 ºC. 
 

 

(E)-1-(Methylsulfinyl)-4-styrylbenzene (4j) 

According to general procedure, a solution of (E)-1-(methylthio)-4-styrylbenzene (1l) (530 mg, 2.34 

mmol) and mCPBA (621 mg, 2.34 mmol) in CH2Cl2 (20 mL) was stirred for 45 min to afford title 

compound (453 mg, 80%) as colorless solid;  

Rf = 0.20 (dichloromethane / ethyl acetate = 4 / 1); 1H NMR (400 MHz, CDCl3) δ 7.85 (s, 1H), 7.60 

(d, J = 7.3 Hz, 1H), 7.53-7.50 (s, 3H), 7.48-7.44 (m, 1H), 7.37 (t, J = 7.3 Hz, 2H), 7.32-7.28 (m, 1H), 

7.23 (d, J = 16.3 Hz, 1H), 7.12 (d, J = 16.3 Hz, 1H), 2.77 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

146.8, 139.5, 137.2, 131.3, 130.2, 129.7, 129.4, 128.8, 127.6, 127.3, 122.8, 121.4, 44.6; IR (neat) 

νmax 3025, 1589, 1414, 1034, 1046, 957, 691 cm-1; HRMS (ESI) [M+Na]+ calcd for C15H14NaOS: 

265.06631; found: 265.06705; mp 40-41 ºC. 
 

 
(E)-Ethyl 3-(4-(methylsulfinyl)phenyl)acrylate (4k) 
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According to general procedure, a solution of (E)-ethyl 3-(4-(methylthio)phenyl)acrylate (1k) (230 

mg, 1.04 mmol) and mCPBA (275 mg, 1.0S mmol) in CH2Cl2 (10 mL) was stirred for 40 min to 

afford title compound (222 mg, 90%) as colorless solid;  

Rf = 0.15 (dichloromethane / ethyl acetate = 4 / 1); 1H NMR (400 MHz, CDCl3) δ 7.67-7.65 (m, 5H), 

6.49 (d, J = 16.1 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 2.73 (s, 3H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) δ 166.5, 147.6, 142.9, 137.2, 128.8, 124.1, 120.5, 60.8, 44.0, 14.3; IR (neat) νmax 

2980, 1705, 1636, 1311, 1172, 1041, 822, 641 cm-1; HRMS(ESI) [M+Na]+ calcd for C12H14NaO3S: 

261.05613; found: 261.05725; mp 47-50 ºC.  

 

 

General procedure for synthesis of dianiline dihydrobromide 

To a solution of aniline derivative (3.0 equiv) in MeOH was added dibromoalkane (1.0 equiv). The 

resulting mixture was vigorously stirred under reflux for 2 days. The solution was evaporated under 

reduced pressure to furnish a brown solid. The solid was triturated with acetone (40 mL), filtrated, 

and washed with acetone to yield corresponding dianiline dihydrobromide. 

 

 

N,N'-Bis(2-methylphenyl)-1,2-ethanediamine dihydrobromide 

According to general procedure, a solution of o-toluidine (5.14 g, 47.9 mmol) and 

1,2-dibromoethane (1.38 mL, 16.0 mmol) in methanol (10 mL) was heated for 2 days to afford title 

compound (1.88 g, 29%) as pale pink powder; 

Rf = 0.43 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, DMSO-d6) δ 7.21-7.18 (m, 4H), 7.06 
(d, J = 8.1 Hz, 2H), 6.97 (t, J = 7.8 Hz, 2H), 3.51 (s, 4H), 2.28 (s, 6H); 13C NMR (100 MHz, 

DMSO-d6) δ 131.1, 127.3, 127.1, 122.7, 43.8, 17.3; IR (neat) νmax 3317, 3003, 2840, 2562, 2474, 

1585, 1449, 1431, 750 cm-1; HRMS (ESI) [M+H-2HBr]+ calcd for C16H21N2: 241.1705, found: 

241.1702; mp 199 ºC (decomp.).  

 

 
N,N'-Bis(2,6-dimethylphenyl)-1,2-ethanediamine dihydrobromide 

According to general procedure, a solution of 2,6-dimethylaniline (11.8 mL, 95.8 mmol) and 

1,2-dibromoethane (2.80 mL, 31.9 mmol) in methanol (20 mL) was heated for 2 days to afford title 
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compound (6.30 g, 82%) as colorless powder;  

Rf = 0.45 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.04 (t, J = 7.3 Hz, 4H), 

6.95 (t, J = 7.3 Hz, 2H), 3.45 (s, 4H), 2.41 (s, 12H); 13C NMR (100 MHz, DMSO-d6) δ 139.4, 130.6, 

129.3, 125.3, 47.0, 18.1; IR (neat) νmax 3308, 2938, 2720, 1571, 1473, 1418, 1366 cm-1; HRMS 

(ESI) [M+H-2HBr]+ calcd for C18H25N2: 269.2018, found: 269.2023; mp 230 ºC (decomp.). 

 

 
N,N'-Bis(2,4,6-trimethylphenyl)-1,3-propanediamine dihydrobromide 

According to general procedure, a solution of 2,4,6-trimethylaniline (5.30 g, 39.2 mmol) and 

1,3-dibromopropane (1.39 mL, 13.1 mmol) in methanol (10 mL) was heated for 2 days to afford 

title compound (3.32 g, 54%) as light brown powder;  

Rf = 0.61 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, DMSO-d6) δ 9.98 (br, 2H), 7.02 (s, 

4H), 3.44-3.40 (m, 4H), 2.40 (s, 12H), 2.24-2.19 (s, 8H); 13C NMR (100 MHz, DMSO-d6) δ 138.4, 

131.8, 130.4, 129.5, 47.2, 20.2, 19.9, 17.8; IR (neat) νmax 2915, 2706, 1563, 1482, 1427 cm-1; 

HRMS (ESI) [M+H-2HBr]+ calcd for C21H31N2: 311.2487, found: 311.2500; mp 190 ºC (decomp.). 

 

 

General procedure for synthesis of thiourea 

To a mixture of dianiline dihydrobromide in CH2Cl2 was added SCCl2 and Et3N at 0 ºC. The 

resulting mixture was stirred at room temperature. After completion of the reaction, to the reaction 

mixture was added sat. NaHCO3 aq. and the aqueous layer was extracted with CH2Cl2 (× 2). The 

organic layer was dried over Na2SO4 and the filtrate was concentrated in vacuo. The residue was 

purified by silica gel column chromatography using Hexane / AcOEt as eluent. 

 

 

1,3-Bis(1-adamantyl)-2-imidazolidinethione (5b) 

According to general procedure, a mixture of N,N’-bis(1-adamantyl)-1,2-ethanediamine 

dihydrobromide (1.19 g, 2.43 mmol), SCCl2 (0.21 mL, 2.67 mmol) and Et3N (1.52 mL, 10.9 mmol) 

in CH2Cl2 (30 mL) was stirred for overnight to afford title compound (139 mg, 15%) as light brown 

powder;  

Rf = 0.50 (hexane / ethyl acetate = 8 / 1); 1H NMR (400 MHz, CDCl3) δ 3.49 (s, 4H), 2.47 (s, 12H), 
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2.10 (br, 6H), 1.71 (d, J = 12.0 Hz, 6H), 1.63 (d, J = 12.0 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 

182.0, 58.1, 43.5, 39.3, 36.4, 30.0; IR (neat) νmax 2905, 2848, 1392, 1311, 1239, 1206 cm-1; HRMS 

(FAB) [M-H]- calcd for C23H33N2S: 369.2364, found: 369.2367; mp 197-198 ºC. 

 

 
1,3-Bis(2-methylphenyl)-2-imidazolidinethione (5c) 

According to general procedure, a mixture of N,N'-bis(2-methylphenyl)-1,2-ethanediamine 

dihydrobromide (924 mg, 2.30 mmol) SCCl2 (0.39 mL, 5.00 mmol) and Et3N (0.96 mL, 6.89 mmol) in 

CH2Cl2 (25 mL) was stirred for overnight to afford title compound (553 mg, 85%) as colorless 

powder; 

Rf = 0.31 (hexane / ethyl acetate = 1 / 1); 1H NMR (400 MHz, CDCl3) δ 7.34-7.27 (m, 8H), 4.05 (s, 

4H), 2.39 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 182.5, 139.2, 136.7, 131.2, 128.4, 128.1, 127.1, 

49.8, 17.9; IR (neat) νmax 2877, 1470, 1401, 1292, 1273, 1121, 1040 cm-1; HRMS (ESI) [M+Na]+ 

calcd for C17H18N2NaS: 305.1088, found: 305.1084; mp 197-198 ºC. 

�

 
1,3-Bis(2,6-dimethylphenyl)-2-imidazolidinethione (5d) 

According to general procedure, a mixture of N,N'-bis(2,6-dimethylphenyl)-1,2-ethanediamine 

dihydrobromide (2.00 g, 2.30 mmol), SCCl2 (0.21 mL, 2.67 mmol) and Et3N (1.52 mL, 10.9 mmol) in 

CH2Cl2 (40 mL) was stirred for overnight to afford title compound (738 mg, 49%) as colorless 

powder; 

Rf = 0.38 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.22-7.14 (m, 6H), 4.03 (s, 

4H), 2.36 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 180.7, 137.0, 136.9, 128.7, 128.5, 47.5, 17.8; IR 

(neat) νmax 3308, 2938, 2720, 1571, 1473, 1418, 1366 cm-1; HRMS (ESI) [M+H]+ calcd for 

C18H25N2: 269.2018, found: 269.2023; mp 304-305 ºC. 

 

 
1,3-Bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydro-2(1H)-pyrimidinethione (5g) 

According to general procedure, a mixture of N,N'-bis(2,4,6-trimethylphenyl)-1,3-propanediamine 

dihydrobromide (1.60g, 3.40 mmol), SCCl2 (0.29 mL, 3.74 mmol) and Et3N (2.13 mL, 15.3 mmol) in 

NN

S

MeMe

NN

S Me

Me

Me

Me

N N

SMe

Me

MeMe

Me

Me



 58 

CH2Cl2 (30 mL) was stirred for 2 days to afford title compound (618 mg, 52%) as light brown powder; 

Rf = 0.45 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 6.91 (s, 4H), 3.59 (t, J = 5.9 

Hz, 4H), 2.37-2.22 (m, 20H); 13C NMR (100 MHz, CDCl3) δ 177.8, 141.7, 136.9, 134.6, 129.5, 48.5, 

22.3, 21.1, 17.9; IR (neat) νmax 2950, 2858, 1488, 1436, 1325, 1310, 1205, 850, 598 cm-1; HRMS 

(ESI) [M+Na]+ calcd for C22H28N2NaS: 375.1871, found: 375.1857; mp 281-282 ºC. 

 

 
1,3-Bis(4-methoxy-2,6-dimethylphenyl)-2-imidazolidinethione (5h) 

According to general procedure, a mixture of 

N,N'-bis(4-methoxy-2,6-dimethylphenyl)-1,2-ethanediamine dihydrochloride (758 mg, 1.89 mmol), 

SCCl2 (0.23 mL, 3.02 mmol) and Et3N (1.31 mL, 9.40 mmol) in CH2Cl2 (20 mL) was stirred for 3 days 

to afford title compound (365 mg, 44%) as light brown powder; 

Rf = 0.15 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 6.68 (s, 4H), 3.98 (s, 4H), 

3.78 (s, 6H), 2.32 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 181.6, 159.0, 138.1, 130.2, 113.8, 55.2, 

47.7, 18.1; IR (neat) νmax 2959, 1598, 1444, 1310, 1271, 1150, 1076 cm-1; HRMS (FAB) [M+H]+ 

calcd for C21H27N2O2S: 371.1746, found: 371.1789; mp 257-258 ºC. 

 

 
1,3-Bis(4-bromo-2,6-dimethylphenyl)-2-imidazolidinethione 

According to general procedure, a mixture of 

N,N’-bis(4-bromo-2,6-dimethylphenyl)-1,2-ethanediamine dihydrobromide (658 mg, 1.32 mmol), 

SCCl2 (0.13 mL, 1.71 mmol) and Et3N (0.74 mL, 5.28 mmol) in CH2Cl2 (10 mL) was stirred for 2 days 

to afford title compound (386 mg, 62%) as light brown powder; 

Rf = 0.60 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.30 (s, 4H), 3.98 (s, 4H), 

2.30 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 180.6, 139.0, 136.0, 131.7, 129.0, 128.2, 122.4, 47.4, 

17.7; IR (neat) νmax 2916, 1573, 1483, 1400, 1255, 1031 cm-1; HRMS (ESI) [M+H]+ calcd for 

C19H21Br2N2S: 466.9792, found: 466.9778; mp 296-297 ºC. 

 

 
1,3-Bis(4-methoxycarbonyl-2,6-dimethylphenyl)-2-imidazolidinethione (5i) 
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A mixture of 1,3-bis(4-bromo-2,6-dimethylphenyl)-2-imidazolidinethione (310 mg, 0.66 mmol), 

Pd(OAc)2 (7.0 mg, 5 mol%), dppf (17.0 mg, 5 mol%) and Et3N (0.28 mL, 1.99 mmol) in DMF (6 

mL) and MeOH (6 mL) was stirred at 60 ºC under CO atmosphere. After stirring for 20 h, to the 

reaction mixture was added 30 mL of H2O and the precipitate was collected. The precipitate was 

purified by silica gel column chromatography (CH2Cl2 / MeOH = 10 / 1) to afford title compound 

(219 mg, 78%) as colorless solid; 

Rf = 0.10 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.84 (s, 4H), 4.04 (s, 4H), 

3.90 (s, 6H), 2.40 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 180.2, 166.6, 140.9, 137.4, 130.0, 52.2, 

47.4, 17.9; IR (neat) νmax 2953, 1713, 1487, 1438, 1319, 1229, 1010 cm-1; HRMS (ESI) [M+Na]+ 

calcd for C23H26N2NaO4S: 449.1511, found: 499.1501; mp 295-296 ºC. 

 

 

1,3-Bis(4-carboxy-2,6-dimethylphenyl)-2-imidazolidinethione (5j) 

A mixture of 1,3-bis(4-methoxycarbonyl-2,6-dimethylphenyl)-2-imidazolidinethione (5i) (200 mg, 

0.47 mmol) and NaOH (100 mg, 2.5 mmol, 5.0 equiv) in THF (7 mL), MeOH (7 mL) and H2O (7 

mL) was stirred at room temperature. After stirring for 21 h, to the reaction mixture was added 10 

mL of conc. HCl aq. and the precipitate was collected to afford title compound (205 mg, quant.) as 

light brown powder; 

Rf = 0.20 (dichloromethane / methanol = 5 / 1); 1H NMR (400 MHz, DMSO-d6) δ 12.93 (s, 2H), 7.74 

(s, 4H), 4.07 (s, 4H), 2.33 (s, 12H); 13C NMR (100 MHz, DMSO-d6) δ 178.9, 166.9, 141.1, 137.4, 

130.3, 129.2, 47.1, 17.3; IR (neat) νmax 2977, 2605, 1427, 1309, 1242 cm-1; HRMS (ESI) [M+Na]+ 

calcd for C21H22N2NaO4S: 421.1198, found: 421.1179; mp 389 ºC (decomp.). 

 

 
1,3-Bis(4-fluoro-2,6-dimethylphenyl)-2-imidazolidinethione (5k) 

According to general procedure, a mixture of 

N,N'-bis(4-fluoro-2,6-dimethylphenyl)-1,2-ethanediamine dihydrochloride (2.09 g, 5.54 mmol), 

SCCl2 (0.42 mL, 5.54 mmol) and K2CO3 (2.30 g, 16.6 mmol) in MeCN (20 mL) was stirred for 2 days 

to afford title compound (1.62 g, 84%) as pale yellow powder; 

Rf = 0.10 (hexane / ethyl acetate = 8 / 1); 1H NMR (400 MHz, CDCl3) δ 6.84 (s, J = 8.7 Hz, 4H), 3.99 

(s, 4H), 2.32 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 181.2, 163.1, 139.2 (d, J = 10 Hz), 132.9, 

115.3 (d, J = 22 Hz), 47.6, 18.0; IR (neat) νmax 2920, 1471, 1310, 1269, 1017, 862 cm-1; HRMS 
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(ESI) [M+Na]+ calcd for C19H20N2F2NaS: 369.1207, found: 369.1207; mp 226 ºC (decomp.). 

 

 
Bis(cis-2,6-dimethylpiperidine)thiourea (5m) 

According to general procedure, a mixture of cis-2,6-dimethylpiperidine (1.19 mL, 8.84 mmol), and 

SCCl2 (0.17 mL, 2.20 mmol) in CH2Cl2 (2 mL) was stirred for 27 h to afford title compound (399 mg, 

17%) as pale yellow syrup; 

Rf = 0.70 (hexane / ethyl acetate = 8 / 1); 1H NMR (400 MHz, CDCl3) δ 4.44 (br, 2H), 4.30 (br, 2H), 

1.84-1.75 (m, 2H), 1.70-1.63 (m, 4H), 1.53-1.42 (m, 6H), 1.12 (d, J = 5.5 Hz, 12H); 13C NMR (100 

MHz, CDCl3) δ 201.6, 55.7, 32.4, 21.5, 20.1; IR (neat) νmax 2965, 2929, 2856, 1408, 1368, 1241, 

1054 cm-1; HRMS (ESI) [M+Na]+ calcd for C15H28N2NaS: 291.1865, found: 291.1865. 

 

 

General procedure for the synthesis of imidazolium salt 

Procedure A: To a suspension of thione (0.12 mmol, 1.0 equiv), Pd(OAc)2 (1.3 mg, 0.006 mmol, 5 

mol%) in 1 mL of toluene was added TMSOTf (0.026 mL, 0.14 mmol, 1.2 equiv) and Et3SiH (0.057 mL, 

0.35 mmol, 3.0 equiv) under argon atmosphere. The resulting mixture was stirred at 80 ºC. After 

completion of the reaction, the reaction mixture was cooled to room temperature and purified by silica 

gel column chromatography using CH2Cl2 / MeOH as eluent. 

 

Procedure B: To a suspension of thione (0.12 mmol, 1.0 equiv), Pd(OAc)2 (2.6 mg, 0.012 mmol, 10 

mol%) in 1 mL of toluene was added (TfOSiMe2CH2)2 (0.022 mL, 0.07 mmol, 0.6 equiv) and Et3SiH 

(0.095 mL, 0.59 mmol, 5.0 equiv) under argon atmosphere. The resulting mixture was stirred at 80 ºC. 

After completion of the reaction, the reaction mixture was cooled to room temperature and purified by 

silica gel column chromatography using CH2Cl2 / MeOH as eluent. 
 

�

1,3-Bis(2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolinium (6d) trifluoromethanesulfonate 

1,3-Bis(2,6-dimethylphenyl)-2-imidazolidinethione (5d) (37.0 mg) was used. Procedure A: 37 h, 

36.8 mg (85%), Procedure B: 3 h, 51.2 mg (99%); 

Rf = 0.23 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 7.30 (t, 
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J = 7.6 Hz, 2H), 7.19 (d, J = 7.6 Hz, 4H), 4.56 (s, 4H), 2.42 (s, 12H); 13C NMR (100 MHz, CDCl3) 

δ 159.2, 135.3, 132.4, 130.7, 129.5, 51.6, 17.8; IR (neat) νmax 2930, 1629, 1270, 1248, 1234, 1144 

cm-1; HRMS (ESI) [M-OTf]+ calcd for C19H23N2: 279.1861, found: 279.1872; mp 267-268 ºC. 

 

 

1,3-Bis(2,6-diethylphenyl)-4,5-dihydro-1H-imidazolinium trifluoromethanesulfonate (6e) 

1,3-Bis(2,6-diethylphenyl)-2-imidazolidinethione (5e) (43.0 mg) was used. Procedure A: 24 h, 54.9 

mg (96%), Procedure B: 2 h, 53.5 mg (94%); 

Rf = 0.41 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 8.34-8.32 (m, 1H), 

7.37 (t, J = 7.8 Hz, 2H), 7.19 (d, J = 7.8 Hz, 4H), 4.49 (s, 4H), 2.66 (q, J = 7.6 Hz, 8H), 1.27 (t, J = 

7.6 Hz, 12H); 13C NMR (100 MHz, CDCl3) δ 158.8, 141.2, 131.1, 131.0, 127.5, 53.1, 24.0, 15.1; IR 

(neat) νmax 2969, 2937, 1626, 1268, 1250, 1143, 1028 cm-1; HRMS (ESI) [M-OTf]+ calcd for 

C23H31N2: 335.2487, found: 335.2484; mp 188-189 ºC. 

 

 
1,3-Bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydropyrimidine-1-ium trifluoromethanesulfonate 

(6g) 

1,3-Bis(2,4,6-trimethylphenyl)-3,4,5,6-tetrahydro-2(1H)-pyrimidinethione (5g) (41.0 mg) was used. 

Procedure A: 24 h, 50.9 mg (92%), Procedure B: 3 h, 52.0 mg (94%); 

Rf = 0.32 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 7.54 (s, 1H), 6.92 (s, 

4H), 3.87 (t, J = 5.4 Hz, 4H), 2.53 (t, J = 5.4 Hz, 2H), 2.26-2.24 (m, 18H); 13C NMR (100 MHz, 

CDCl3) δ 154.2, 140.5, 136.3, 134.2, 130.1, 46.4, 20.9, 19.3, 17.4; IR (neat) νmax 2926, 1658, 1263, 

1140, 1031 cm-1; HRMS (ESI) [M-OTf]+ calcd for C22H29N2: 321.2331, found: 321.2343; mp 

246-247 ºC. 

 

 

1,3-Bis(4-methoxy-2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolium 
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trifluoromethanesulfonate (6h) 

1,3-Bis(4-methoxy-2,6-dimethylphenyl)-2-imidazolidinethione (5h) (44.0 mg) was used. Procedure 

A: 24 h, 55.5 mg (96%), Procedure B: 10 h, 53.4 mg (93%); 

Rf = 0.20 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H), 6.60 (s, 

4H), 4.38 (s, 4H), 3.74 (s, 6H), 2.29 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 160.5, 159.7, 136.8, 

125.2, 114.5, 55.5, 51.9, 18.1; IR (neat) νmax 2930, 1625, 1486, 1328, 1255, 1216, 1148, 1028 cm-1; 

HRMS (FAB) [M-OTf]+ calcd for C21H27O2N2: 339.2073, found: 339.2079; mp 198-199 ºC. 

 

�

1,3-Bis(4-methoxycarbonyl-2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolinium 

trifluoromethanesulfonate (6i) 

1,3-Bis(4-methoxycarbonyl-2,6-dimethylphenyl)-2-imidazolidinethione (5i) (50.0 mg) was used. 

Procedure A: 24 h, 17.8 mg (28%), Procedure B: 2 h, 20.3 mg (32%); 

Rf = 0.07 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CD2Cl2) δ 8.64 (s, 1H), 7.89 (s, 

4H), 4.55 (s, 4H), 3.91 (s, 6H), 2.47 (s, 12H); 13C NMR (100 MHz, CD2Cl2) δ 166.1, 160.1, 137.1, 

136.4, 131.0, 130.7, 52.7, 52.8, 18.1; IR (neat) νmax 3084, 2961, 1698, 1632, 1324, 1244, 1151, 1028, 
777, 635 cm-1; HRMS (ESI) [M-OTf]+ calcd for C23H27N2O4: 365.1965, found: 365.1966; mp 

203-206 ºC. 

�

 
1,3-Bis(4-carboxy-2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolium 

trifluoromethanesulfonate (6j) 

1,3-Bis(4-carboxy-2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolium (5j) (47.0 mg) was used. 

Procedure A: 24 h, 23.4 mg (38%), Procedure B: 2 h, 11.7 mg (19%); 

Rf = 0.05 (dichloromethane / methanol = 5 / 1); 1H NMR (400 MHz, DMSO-d6) δ 9.10 (s, 1H), 7.84 

(s, 4H), 4.54 (s, 4H), 2.47 (s, 12H); 13C NMR (100 MHz, DMSO-d6) δ 166.7, 160.3, 137.1, 136.7, 

132.2, 129.9, 125.6, 122.4, 119.2, 116.0, 51.0, 17.5; IR (neat) νmax 3479, 1632, 1249, 1228, 1171, 

1029 cm-1; HRMS (ESI) [M-OTf]+ calcd for C21H23N2O4: 367.1658, found: 367.1657; mp 344 ºC 

(decomp.). 
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1,3-Bis(4-fluoro-2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolium trifluoromethanesulfonate 

(6k) 

1,3-Bis(4-fluoro-2,6-dimethylphenyl)-4,5-dihydro-1H-imidazolinethione (5k) (40.9 mg) was used. 

Procedure A: 12 h, 49.3 mg (91%), Procedure B: 1 h, 53.5 mg (98%); 

Rf = 0.25 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, DMSO-d6) δ 8.98 (s, 1H), 7.18 

(d, J = 9.15 Hz, 4H), 4.47 (s, 4H), 2.41 (s, 12H); 13C NMR (100 MHz, DMSO-d6) δ 163.1, 160.6 (d, 

J = 11 Hz), 138.9 (d, J = 9 Hz), 129.6 (d, J = 3 Hz), 115.3 (d, J = 23 Hz), 51.8, 17.4; IR (neat) νmax 

3065, 2932, 1630, 1478, 1253, 1150, 1029, 636 cm-1; HRMS (ESI) [M-OTf]+ calcd for C19H21N2F2: 

315.1665, found: 315.1667; mp 299ºC (decomp.). 

 

 

1-(cis-2,6-dimethylpiperidine-1-ylmethylene)-cis-2,6-dimethylpipelidinium 

trifluoromethanesulfonate (6m) 

Bis(cis-2,6-dimethylpiperidine)thiourea (5l) (33.3 mg) was used. Procedure A: 47.8 mg (99%); 

Rf = 0.19 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 1H), 
4.26-4.19 (m, 4H), 1.97-1.81 (m, 6H), 1.73-1.58 (m, 6H), 1.49 (d, J = 6.9 Hz, 12H); 13C 

NMR (100 MHz, CDCl3) δ 155.7, 119.1, 30.0, 22.0, 12.5; IR (neat) νmax 2948, 2874, 1641, 
1271, 1250, 1222, 1145, 1027, 634 cm-1; HRMS (ESI) [M-OTf]+ calcd for C15H29N2: 237.2325, 

found: 237.2325; mp 233 ºC (decomp.) 

 

 

2-Trimethylsilylthio-1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-1H-imidazolium 

trifluoromethanesulfonate (7a) 

To a solution of 1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinethione (5a) (25.4 mg, 0.075 mmol) 

in CDCl3 (0.75 mL) was added TMSOTf (0.014 mL, 16.7 mg). After stirred for 5 min, the mixture 
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was analyzed by 1H NMR. 
1H NMR (400MHz, CDCl3) δ 7.14 (s, 4H), 4.55 (s, 4H), 4.54 (s, 4H), 2.46 (s, 6H), 2.43 (s, 12H), 

0.25 (s, 9H). 

 

 
2-Methylthio-1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-1H-imidazolium iodide (8a) 

To a suspension of 1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinethione (5a) (50 mg, 0.15 mmol) in 

toluene (2 mL) was added iodomethane (1 mL). The reaction mixture was turned to clear solution. 

Then precipitate was appeared gradually. After the mixture was stirred for 2.5 h, the precipitate was 

collected and washed with Et2O to afford title compound (70 mg, 98%) as colorless powder; 

Rf = 0.35 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 7.00 (s, 4H), 4.72 (s, 

4H), 2.42 (s, 12H), 2.33 (s, 6H), 1.84 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 167.6, 141.2, 135.7, 

130.2, 130.1, 53.1, 21.1, 18.2, 13.5; IR (neat) νmax 2951, 2915, 1536, 1446, 1283, 851 cm-1; HRMS 

(ESI) [M-OTf]+ calcd for C22H29N2S: 353.2046, found: 353.2044; mp 226 ºC (decomp.). 

 

 

2-Methylthio-1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-1H-imidazolium 

trifluoromethanesulfonate (9a) 

To a suspension of 1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinethione (5a) (97 mg, 0.29 mmol) in 

toluene (3 mL) was added methyltrifluoromethanesulfonate (0.032 mL, 0.29 mmol). After stirring 

for 1 h, the reaction mixture was purified by silica gel column chromatography (CH2Cl2 / MeOH = 

20 / 1) to afford title compound (108 mg, 75%) as light brown foam; 

Rf = 0.35 (dichloromethane / methanol = 10 / 1); 1H NMR (400 MHz, CDCl3) δ 6.99 (s, 4H), 4.45 (s, 

4H), 2.35 (s, 12H), 2.32 (s, 6H), 1.83 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 168.5, 141.3, 135.8, 

130.4, 130.2, 52.1, 21.2, 17.7, 13.4; IR (neat) νmax 2924, 1537, 1255, 1149, 1028, 850 cm-1; HRMS 

(ESI) [M-OTf]+ calcd for C22H29N2S: 353.2046, found: 353.2044. 

 

NN

S Me

Me

Me

Me

Me Me

Me

I

NN

S Me

Me

Me

Me

Me Me

Me

TfO



 65 

 
N-(Mesityl)-N’-(mesityl)ethane-2-amine amide hydroiodide (11) 

N-Iodoacetylmesitylamine (10) (4.56 g, 15.0 mmol) and DMAP (5 mg) in 2,4,6-trimethylaniline (4 

mL) was stirred at room temperature for 2 days. After completion of reaction, 2,4,6-trimethylaniline 

was removed in vacuo and the residue was purified by trituration with MeOH (10 mL) to afford title 

compound (2.27 g, 44%) as colorless solid; 

Rf = 0.50 (dichloromethane / ethyl acetate = 5 / 1); 1H NMR (400 MHz, CDCl3) δ 9.22 (s, 1H), 6.85 

(s, 2H), 6.74 (s, 2H), 4.32 (br, 1H), 3.72 (s, 2H), 3.30 (br, 1H), 2.24 (s, 6H), 2.21 (s, 3H), 2.15 (s, 

3H), 2.04 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 169.4, 143.6, 135.2, 134.7, 132.1, 129.5, 129.0, 

128.2, 128.1, 51.0, 20.4, 20.1, 18.3, 17.9; IR (neat) νmax 3368, 3262, 2915, 2885, 1659, 1541, 1485, 
1439, 1237, 855, 714 cm-1; HRMS (ESI) [M+Na]+ calcd for C20H26ON2Na: 333.1937, found: 

333.1936; mp 176-177 ºC. 

 

General procedure of direct reductive amination of diphenylamine 

To a suspension of bismuth chloride (10 mol%) in MeCN (0.02 M) was added Et3SiH (3.0 equiv.) 

and a solution of carbonyl compound (1.0 equiv.) and amine (1.0 equiv.) in MeCN (0.2 M). And the 

mixture was stirred at room temperature under Argon atmosphere. After starting material was 
disappeared, to the reaction mixture was added saturated aqueous solution of NaHCO3 and the 

mixture was extracted with CH2Cl2. The organic layer was concentrated under reduced pressure. 

The residue was purified by column chromatography using Hexane / AcOEt (10 / 1) as eluent.  

 

 
N-(2-Chlorolbenzyl)-N-phenylbenzenamine (15b) 

According to general procedure, 2-chlorobenzaldehyde (0.02 mL) and diphenylamine (30.0 mg) 

was used to give title compound (32.8 mg, 63%) as colorless syrup; 

Rf = 0.73 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 5.4, 3.7 Hz, 

1H), 7.38 (dd, J = 5.6, 3.4 Hz, 1H), 7.29-7.24 (m, 4H), 7.21-7.17 (m, 2H), 7.08-7.05 (m, 4H), 6.96 (t, 

J = 7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 147.6, 135.9, 132.4, 129.5, 129.4, 129.3, 128.0, 

126.9, 121.6, 120.5, 54.3; IR (neat) νmax 3059, 1589, 1494, 1223, 1037 cm-1; HRMS (ESI) [M+H]+ 

calcd for C19H17NCl: 294.1044, found: 299.1043. 
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N-(2-Ethynylbenzyl)-N-phenylbenzenamine (15c) 

According to general procedure, 2-ethynylbenzaldehyde (0.024 mL) and diphenylamine (30.0 mg) 

was used to give title compound (34.6 mg, 69%) as colorless syrup; 

Rf = 0.50 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 7.3 Hz, 1H), 

7.45 (d, J = 7.3 Hz, 1H), 7.28-7.17 (m, 6H), 7.07 (d, J = 8.0 Hz, 4H), 6.94 (t, J = 7.3 Hz, 2H), 5.15 (s, 

2H), 3.40 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 147.8, 141.4, 132.9, 129.3, 129.1, 126.5, 126.3, 

121.4, 120.5, 119.9, 83.2, 81.1, 55.0; IR (neat) νmax 3286, 3062, 1588, 1493, 1223 cm-1; HRMS (ESI) 

[M+H]+ calcd for C21H18N: 284.1434, found: 282.1433.  

 

 

N-(3,4,5-Trimethoxybenzyl)-N-phenylbenzenamine (15d) 

According to general procedure, 3,4,5-trimethoxybenzaldehyde (28.0 mg, 0.142 mmol) and 

diphenylamine (24.0 mg, 0.142 mmol) was used to give title compound (19.3 mg, 39%) as colorless 

syrup; 

Rf = 0.20 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.27-7.23 (m, 4H), 7.08 (d, 

J = 7.8 Hz, 4H), 6.95 (t, J = 7.6 Hz, 2H), 6.56 (s, 2H), 4.91 (s, 2H), 3.81 (s, 3H), 3.77 (s, 6H); 13C 

NMR (100 MHz, CDCl3) δ 153.4, 148.1, 135.0, 129.3, 121.4, 120.7, 103.3, 103.1, 56.3, 56.1, 49.3; 

IR (neat) νmax 2937, 2247, 1588, 1494, 1232, 1124, 728, 694 cm-1; HRMS (ESI) [M+Na]+ calcd for 

C22H23O3NNa: 372.1570; found: 372.1570. 

 

N-Phenyl-N-(furane-2-ylmethyl)benzenamine (15g) 

According to general procedure, 2-furylaldehyde (0.015 mL) and diphenylamine (30.0 mg) was 

used to give title compound (24.5 mg, 56%) as colorless wax; 

Rf = 0.70 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.33 (br, 1H), 7.25 (t, J = 8.2 

Hz, 4H), 7.06 (d, J = 8.2 Hz, 4H), 6.95 (t, J = 7.3 Hz, 2H), 6.26-6.25 (m, 1H), 6.15-6.14 (m, 1H), 4.88 (s, 

N

N
MeO

MeO
OMe

N
O
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2H); 13C NMR (100 MHz, CDCl3) δ 152.2, 147.6, 141.6, 129.2, 121.5, 120.9, 110.3, 107.5, 49.5; IR 

(neat) νmax 3036, 2916, 2360, 2341, 1588, 1493, 1361, 907, 789, 691 cm-1; HRMS (ESI) [M+H]+ 

calcd for C17H16ON: 250.1226, found: 250.1227.  

 

 

N-Phenyl-N-(thiophen-2-ylmethyl)benzenamine (15h) 

According to general procedure, thiophene-2-aldehyde (20.0 mg) and diphenylamine (30.0 mg) was 

used to give title compound (21.7 mg, 46%) as colorless wax; 

Rf = 0.75 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.26-7.22 (m, 4H), 7.13 (d, J 

= 4.6 Hz, 1H), 7.07 (d, J = 7.8 Hz, 4H), 6.97-6.89 (m, 4H), 5.10 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 

147.6, 142.8, 129.2, 126.7, 124.7, 124.1, 121.6, 120.9, 51.8; IR (neat) νmax 3035, 2918, 2360, 2360, 

2341, 1588, 1493, 1358, 1247, 746, 690 cm-1; HRMS (ESI) [M]+ calcd for C17H15NS: 265.0920, 

found: 265.0921.  

 

 

N-(Cyclohexylmethyl)-N-phenylbenzenamine (15j) 

According to general procedure, cyclohexylcarbaldehyde (0.021 mL) and diphenylamine (30.0 mg) 

was used to give title compound (43.3 mg, 92%) as colorless oil; 

Rf = 0.30 (hexane / ethyl acetate = 3 / 1); 1H NMR (400 MHz, CDCl3) δ 7.26 (t, J = 7.8 Hz, 4H), 7.00 
(d, J = 7.8 Hz, 4H), 6.94 (t, J = 7.8 Hz, 2H), 3.5 (d, J = 7.1 Hz, 2H), 1.86-1.65 (m, 6H), 1.27-1.12 (m, 

3H), 1.00-0.91 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 148.9, 129.1, 121.1, 120.9, 59.3, 36.6, 31.4, 

26.5, 26.0; IR (neat) νmax 2921, 2850, 1587, 1494, 1209 cm-1; HRMS (ESI) [M+H]+ calcd for C19H24N: 

266.1903, found: 266.1903.   

N
S
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