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   Ac acetyl 

Ad adamantyl 

AIBN 

tAm 

azobis(isobutyronitrile) 

tert-amyl 

aq. 

BINAP 

BINOL 

BINSA 

aqueous 

2,2´-bis(diphenylphosphino)-1,1´-binaphthyl 

1,1´-bi-2-naphthol 

1,1´-binaphthyl-2,2´-disulfonic acid 

Bn benzyl 

Boc tert-butoxycarbonyl 

BQ 

nBu 

tBu, tBu 

benzoquinone 

normal butyl 

tert-butyl 

Bz benzoyl 

cat. catalyst 

Cbz benzyloxycarbonyl 

cod 

Cp 

1,5-cyclooctadiene 

cyclopentadienyl 

Cp* 

Cp*CF3 

Cp*tBu 

CpMe4 

pentamethylcyclopentadienyl 

tetramethyl(trifluoromethyl)cyclopentadienyl 

tetramethyl(tert-butyl)cyclopentadienyl 

tetramethylcyclopentadienyl 

d.r. diastereomeric ratio 

DCE 1,2-dichloroethane 

DG directing group 

DIBAL-H diisobutylaluminium hydride  

DMAP N,N-dimethyl-4-aminopyridine  

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

dppm bis(diphenylphosphino)methane 

e.r. or er enantiomeric ratio 



ee 

EI 

enantiomeric excess 

electron impact ionization 

ent enantiomer of 

equiv. equivalent 

ESI electrospray ionization  

Et ethyl 

FG functional group 

GC 

GPC 

nHex 

gass chromatography 

gel permeation chromatography 

normal hexyl 

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 

HPLC 

IR 

high performance liquid chromatography  

infrared 

KIE 

L 

kinetic isotope effect 

ligand 

LC liquid chromatography 

Me methyl 

MOM methoxymethyl 

MOPS 3-morpholinopropane-1-sulfonic acid 

MS mass spectrometry, moleculer sieves 

Naph naphtyl 

NBS N-bromosuccinimide 

NHC N-heterocyclic carbene 

NMR 

pNs 

nuclear magnetic resonance  

4-nitorobenzenesulfonyl 

PG protecting group 

Ph phenyl 

phen phenanthroline 

Phth phthalimide 

Piv 

iPr 

pivaloyl 

isopropyl 

quant. quantitative yield 

rac 

Rf 

racemate of 

retention factor 



rt 

TBDPS 

room temperature 

tert-butyldiphenylsilyl 

TBS tert-butyldimethylsilyl  

TDG transient directing group 

temp. temperature 

Tf trifluoromethanesulfonyl 

TFE 2,2,2-trifluoroethanol 

THF 

TIC 

tetrahydrofuran 

total ion chromatogram 

TIPS triisopropylsilyl 

TLC thin-layer chromatography 

TM target material 

TMS 

TRIP 

trimethylsilyl 

3,3´-bis(2,4,6-triisopropylphenyl)-1,1´-binaphthyl-2,2´-diyl hydrogenphosphate 

Ts p-toluenesulfonyl 

UV ultraviolet 

VIS 

xylyl 

visible 

3,5-dimethylphenyl 
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� [ 1\ �"$ CpXn,<	FS  

� [ 2\ �%��j/s	FS  

� [ 3\ Brønstedod;�	40  

� [ 4\ d;U��"$n8:	DG  

 

[*Z� Cp*Rh(III)-�"$��$!�&����#��d;	rT 

� [v\� )J C–H+27F�d;fe�  

� [ 2\� lXpBq-�@���"$@
��%	FS  

� [ 3\� Cp*Rh(III)-�"$��$!�&����#��d;	rT  

� [ 4\� ���#��d;	kS]H^  

 

[(Z� Cp*Rh(III)-�"$��$!�&����#��d;�
� 

� � � � )J C–H1E+27F	rT 

� [ 1\� 2-���$�#�%gA-	)J C–H1E+27F  

� [ 2\� 6-
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Ðř 
 
� xſ&�/%��4�$2��ĤÊ8ť����	Ĝ{ &��4!�315/%8ºŰ$ğĠ

�5�!
§ņ$#4�x�%ô3�&ś�#/%$#���5	�%s �2016Î24�èĿ§

ņ#ųĤħą (Sustainable Development Goals: SDGs)�
rģĥ$È��6&�.�xſ%�6, 

%ğĠĎ�
ŐĨ�6��5	�#7����#/%8ºŰ$ğĠ�5 ĺ#�/%��4� &

#��Ŷ4�5ŝē8÷�Ďġ�ÚŏŰ8ĥĪ$ğĠ�5�Ğ·Ŝŉ%É#�24�ěĥ#�/%

��4�$Ů�
ł�65ò{$ı���!œ
5	 

 

� �½JDkf �/%��4�8Ō	÷Ć¨ã�¾%rģ$����Ğ·$Ŭâ���ěĥ#¨

ã&CekiD`JRek!�	l�%�ů!���|��3J_ORd;R8Đ'��5	1991

Î$ Trost&¡½�ě (Atom economy)!�	ĂÝ8ë®�� 1)	¡½�ě!&��¾¢Ü$���Ñ

Āę$#3#�¡½%�¨8Ŏ�éą �4�ğãę$¢Ü�
��«,65!¡½�ě& 100%!

#5 (eq. 1)	l�%¸ìÌĮ$Ç�5�Ğ·Ŝŉ8Ŕ��5n Ůŏ#éą!#���5	¦�ĥ

# Diels–Alder¢Ü09fSkf¢Ü�Michaelz�¢Ü#"&�Ĕ²ĥ$¡½�ě$�6�Ėļ–Ė

ļľ¨Óã¢Ü!#���5	���#
3��63%¢Ü$���/Âġĥ#¢Ü�ě8ÂĜ�

5$&�Ďß��6�ŕŊ8ġ�5�!
lňĥ!#���4��63%ŕŊĢý%ÑĀę%�ğ

8Ū�5�!&±Ż ���	 

 

 

� 9fQXS�;`i�Michael¥Ä�#"%ċż½�(%ċþz�¢Ü&�÷Ć¨ã�¾%ÿÏ 

�5Ėļ–Ėļľ¨8Óã�5{Ŏĥ#¢Ü%lį �5 (Scheme 1)	�63%¢Ü&ċþ�!���

VhEi�ęķ8t�$Ďß���÷ĆűËŕŊ8ġ�5�!
lňĥ �5	�%�.�Ďß�

%ÌĮ
Úŏ!#4�¢ÜÖ$&�¾ŰřŰ%űË¶
ÑĀę!��ğ���,		�%2	$�

¡½�ě%őė &Ū�5�!
±Ż#ŗž8Ĉ����	 

 

 

� �%s �šÍ &pĎß#Ėļ–Ċļľ¨8Œ¼ĥ$Ďß��5�C–HÀņ³�¢Ü&�63%

ŗž8�ø�×5åĉ!��čħ8Ź.��5	 

Atom economy
(%)

=
Molecular weight
(desired product)
Molecular weight

(all reactants)

×  100 (1)

Br Mg MgBr H R1

X

electrophiles

XH

R1

X

R1

BrMg

+H+

Mg salts
Metal waste

NR, O
CHCORX =

Scheme 1. Nucleophilic addition to polar electrophiles.
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� 1993Î$ûv3&�fPU<a(II)Ų�8ġ�� C–H9fAf�¢Ü8´¬�� (eq. 2) 2)	DR

i8Ŭª³!��ŭ�ĥz�$24bLdG;BfsŴ�8Óã��C–H ľ¨
Œ¼ĥ$Ďß��

65	Ŀ�9fDi%ê�!�ū�ĥŇź$2�� C–H9fAf�¢Ü
ŤŌ�5	�%´¬8Ħ

�4$�Ŭª³8Üġ�� C–HÀņ³�¢Ü%ųĤĩİ&ÞŢ$ŤÊ��Ą�#ũĭűËŲ�8ġ

��¹Ą#¸ì
Ő��6��5 3)	 

 

 
 

� Ą�#ũĭűËŲ�$25 C–HÀņ³�¢Ü
ųĤ�65s �2007Î$mďj�ŋ3&]iL

bNfHBh]iLI>Uf (Cp*) Ŭ�½8÷�5hI<a(III)Ų��/��&;eI<a(III)Ų�

8ġ���¿àƀŭ% C–HĎß�8Ľ5ŭ�ĥ@O\eiC¢Ü8´¬�� (eq. 3, 4) 4)	Ƃ¡½�

%ĵƄðűË Cp*Ų�8ġ�� C–HÀņ³�¢Ü$�����Ɓĥ#�!#���5	lňĥ$ C–

H Àņ³�¢Ü&�Ŧĕ#¢Üü}8Úŏ!�5µ¨
¹�#���5	�%�.�Ęĥ¿Áß


Ƃ�¤4æ�
Äñ#ĵƄðűË Cp*Ų�&�C–H Àņ³�¢Ü$Ũġ�5n öŨ#Œ¼%l�

!��Ń
36��%´¬|ŵ¹�%ĩİCfk\$2��Üġĩİ
ĸ�ĥ$Ť.36� 5)	 

 

 
 

� 2011Î$ Bergman, Ellman3& Cp*Rh(III)Ų�8ġ�5�! �C–HĎß�8Ľ��Ś;`i(%

z�¢Ü8´¬�� (eq. 5) 6)	2-Z=UfYeIiŖÈ�% C–HĎß�$24�Ċļĭ�%-8~

��ĵuĻ9`i
×365	*+©òù$ Shi3/©Ą%¢Ü8´¬���5 (eq. 6) 7)	�63%

¢Ü&�Œ¼ĥ# C–HĎß�$2��Ċļĭ�%-8~���¾ŰřŰ%ŕŊ8Úŏ!�#��!

�3ÑĀę!#5�ğãę
ğ�#��¡½�ě%őė ā.��6�¢Ü!#���5	÷Ć¨

ã$��5Ğ·Ř­8Ûª��Ÿ$�ĝáĥ#¸ìČ%l�!��Ń
365	 

R1

O

R2 + R3

RuH2(CO)(PPh3)3
(2–6 mol %)

toluene, reflux
R1

O

R2

R3
(2)

via: O

R1

R2
Ru

H

CO2H

R2

R3
+

[Cp*RhCl2]2 (0.5 equiv.)
Cu(OAc)2•H2O (2 equiv.)

o-xylene, 120 ºC

(1.2 equiv.)

O

O

R2
R3

(3)

CO2H

R2

R2
+

[Cp*IrCl2]2 (0.5 equiv.)
Ag2CO3 (2 equiv.)

o-xylene, 160 ºC

R2

R2
R2

(4)
R2

R1

R1

R1

R1
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� �63%¢Ü%áÁ�65¢ÜĆă8ī� (Figure 1) 8)	&�.$�[Cp*RhCl2]2 (2)
 AgSbF6$2

��ŇVhEi���³Ş �5 2-Z=UfYeIi (1)!@N?iß%hkMG;BfsŴ� 3

8Óã�5	�%ò�2-Z=UfYeIi (1)$2���Ť�65�Concerted Metalation–Deprotonation

Ćă (CMDĆă) $2���Ň\hRi�
ŤŌ�5�! sŴ� 3 !#5	�%�.�YeIU

<a¶ 4
 1H NMR$���őĒ�6��5	18ż½Ų�% 3�3 1
Ňź�5�! �Œ¼Ďß

į �5@N?iß 16ż½Ų� 5 !#4Œ¼G;Bf
ų»�5	;`i 6 
Ŭ��5�! 18

ż½Ų� 7 !#4�ÕŢĉŷ �5ĖļƃĲļuŮľ¨%ê�8Ľ�sŴ� 8 !#5	�%Ö�1

!%Ŭ�½wì$24sŴ� 9!#4�öÖ$ CMDĆă$25\hRi�$2��ħĥę 10
È

�65!!/$�Œ¼Ďßį 5
�ğ�5	RhsÙ ŭ�ū�
ğ�#��gSOBJUckRd

f#Ĺ!#���5	 

 

 

N

H +
H R2

N
PG

[Cp*RhCl2]2 (10 mol %)
AgSbF6 (40 mol %)

CH2Cl2, 75 ºC

PG = Ts, pNs, Boc

N

R2

HN PG

Me
Me

Me

Me
Me Rh

Cl Cl

Me
Me

Me

Me
MeRh

ClCl

[Cp*RhCl2]

(5)

+
H R3

N

tBuOH, 90 ºC

N

R3

HN Ts

(6)

Me

Me

Me
Me

Me
Rh

NCCH3
H3CCN NCCH3

2+

2SbF6–

[Cp*Rh(CH3CN)3][SbF6]2

[Cp*Rh(MeCN)3][SbF6]2 
(5 mol %)TsN

H

R1

R2

R1

R2

R1 R1

N

[Cp*RhCl2]+

+

N+

SbF6–
H

Figure 1. Proposed mechanistic catalytic cycle of Cp*Rh-catalyzed C–H addition to N-protected imine.

N
Rh+

Cp*

SbF6–

N
Rh+

Cp*

SbF6–

OR

O

HPh

N
N

Ph

OR

O

N

N OR

ORh+

Ph

Cp*

N

N

Rh+

Ph

Cp*

OR

O

N
Ph

SbF6–

N

R

HN OR

O

AgCl

AgSbF6

N
Rh+

Cp*

N

Ph

SbF6–

N

Ph

4
3

1
2

5

6

10 1

7

8

9
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� ©Î$ Li3&�Cp*Rh(III)Ų�$25 2-Z=UfYeIiŖÈ�% C–HĎß�8Ľ��ċż½ß

%Ƃ�Ďß#9fQXS(%z�¢Ü8´¬�� (eq. 7) 9)	24Œ¼Ďßį$ş�ăţ8è��

[Cp*Rh(CH3CN)3][SbF6]2 8ġ�5�!$24��6�£ě z��
×365	 

 

 
 

� ,��Li3! Huang3&�6�6Ěĳ$ Cp*Rh(III)Ų�$25 2-Z=UfYeIiŖÈ�% C–H

Ďß�8Ľ��Michael¥Ä�(%z�¢Ü8´¬�� (eq. 8, 9) 10, 11)	�Š%;`i09fQXS(

%z�¢Ü!©Ą$�hkMG;BfsŴ�
���/ċþ�%2	$Ćņ��Michael¥Ä�(%

z��8q
5¢Ü!#���5	 

 

 
 

� 2013Î$Ķń%äËĩİÃ &�Ƃ�#hI<aŲ�%{õ!���©ð¡½ 24¿�#FW

fRŲ�8ġ�5�! �©�ÓÒ% C–HĎß�8Ľ��Ś;`i0 Michael¥Ä�(%z�¢Ü

$ã��� (eq. 10, 11) 12)	Cp*Rh(III)Ų�!©Ą$�@N?iß% Cp*Co(III)Ų�
Œ¼Ďßį!�

�Ćņ�5!Ń
365
�24Ƃđü}
Úŏ!#���5	 

 

 

N
+ H R3

O

H CH2Cl2, 50–60 ºC
R3 = -CO2Et or 
electron-deficient aryls

Me
Me

Me
Me

Me
Rh

NCCH3
H3CCN NCCH3

2+

2SbF6–
(7)

R1

R2

N
R1

R2 R3

OH
[Cp*Rh(CH3CN)3][SbF6]2

(5 mol %)

[Cp*Rh(CH3CN)3][SbF6]2

N

H

R1

R2

+
R3 R4

O

enals or enones

[Cp*Rh(CH3CN)3][SbF6]2
(5 mol %)

CH2Cl2, 40–50 ºC

N
R1

R2

R3

R4

O
(8)

N

H

R1

R2

+
R3 R4

O

enones

[Cp*RhCl2]2 (5 mol %)
AgSbF6 (10 mol %)

AcOH, 60 ºC

NR1

R2

R3

R4

O
(9)

Li (2011)

Huang (2012)

N

H +

H R1

NS
O O

R2 R3

O

[Cp*Co(benzene)][PF6]2
(10 mol %)

DCE, 100 ºC

[Cp*Co(benzene)][PF6]2
(5 mol %)

THF, 100 ºC

N

R1

HN S
S

O O
S

N R2

R3

O

(10)

(11)

Me
Me

Me
Me

Me
Co

2+

(PF6)2

[Cp*Co(benzene)][PF6]2
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� |n%2	#�C–HĎß�8Ľ�ċż½į(%z�¢Ü8�úří &C–Hz�¢Ü!ŀĬ�5	

�Š% C–Hz�¢Ü&ğãę
AdeP:k8÷���5
�ĳ��¾%�Ø&�6��#�dK

`�%ğãę8q
5¢Ü!#���5	¡½�ě$�6� C–H z�¢Ü%ĳ��¾8�Ø�5�

�#7�pî C–Hz�¢Ü8ŧã�5�!&�Ĝ{%ĸÅ¨ãçō8Ğ·Ŝŉ%É#�ćr{%ç

ō(!Ť���5l�$#5!Ń
36�	 

 

� y°Ķń&�ï�#åČ %pî C–Hz�¢Ü%ÂĜ8ħé��Cp*Rh(III)-AdfIJf^Tk

RV;[eOSŒ¼8ųĤ���68Üġ��pî C–H�Ôz�¢Ü8Ő���	úří &ĩİ

ĽŁ8�|o%Ž ´¬�5	 

 

ĵlĴ &�ĩİŅó!��Ƃ¡½�ĵƄðũĭűËŲ�8ġ���pî C–HÀņ³�¢Ü$�

��Š)5	 

ĵuĴ &�Cp*Rh(III)-AdfIJf^TkRV;[eOSŒ¼%ųĤ$���Š)5	 

ĵmĴ &�V;[eOSŒ¼8ġ�5�! ŧã���pî C–H�Ôz�¢Ü$���Š)5	 

ĵ¯Ĵ &�pî C–H�Ôz�¢Ü$��5¢ÜĆă%ŃÆ$���Š)5	 
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łtŀ� ĵĽŚþ�Ƣ¬Æ�łƧùƄĹƍÒƏ�9ĩ��xó C–HÉś¼¨­à� 

 

� £Ż&Ž5	Cp*ƈ�Æ9ā�6Ƣ¬Æ�łƧùƍÒƏ�'	C–H Éś¼¨%�� āĩ$ƄĹ

ƍÒƏ�!�6��74&ŧÅ­à%��6tŞį$ďČ9 Scheme 2%ķ��ƈ²¼9ë��¼Ŵ

%Ï�	Cp*Ə�
 C–H �õ9�� iQmH=Dozƒ�(I)9Úå�6�zƒ�(I)&đ5&ƈ�

¾%­à¤
ƈ��zƒ�(II)"$5	ļ�&ō­à9ő6�"!Ĩåğ
Ý476��&ƁĻ%�

� 	zƒ�(II)' 18ƚÆ9ě�� �5	ƍÒv&ƈ�¾9� «ā��ġä"$6��&�0	

dLa<rƝ2 NHCƝ$#"���tŞį$xóƈ�Æ9ÂƇ�4¦
 1	­à%Ɠy�6�"


�ć�Ŀ�¨È9¢Þ�6�"
¸Ƙ"$� ��� 

 

 
 

� �&z!	Ƣ¬Æ�łƧùƍÒ Cp*Ə�9àĩ��xó C–HÉś¼¨­à'	­à&ƀŠ%ßŤ

$ƍÒv&ƈ�¾9«ā��%xó­à¾9Čň�6	-�'ƈ�ƞµ$zƒ�9ő6£Ü%Ŀ�

ƅéâ9Įĥ��6�"
ƋŤ"$� �5	{%�w&æĬ%3� Ƃå�7 ��� 

 

� ł 1ņ Cmo CpXƈ�Æ&àĩ 

� ł 2ņ Qr]DŴ�Ɵ&àĩ 

� ł 3ņ BrønstedƊŧÅ"&©� 

� ł 4ņ ŧÅį$Cmoƈ²¼&Úå 

 

� �7�7&�Ơį$ĵĽ"�šį$àĩ�%�� 	�w%ŏ��6�

DG

reagent+

M

Me Me
MeMe

Me

L
L

L
M = Co(III)

Rh(III)
Ir(III)

Cp*M catalyst
H

DG
FG

M

Me Me
MeMe

Me

LDG

Cp*M catalyst

reagent M

Me Me
MeMe

Me

DG reagent

����������

(I) (II)

chiral
ligand


����������	
����

Scheme 2. General reaction mechanism of Cp*M catalyzed C–H functionalization.



 ąű� łtŀ� łƥņ  
 

 7 

łƥņ� Cmo CpXƈ�Æ&àĩ 

 

� 2012Ö Cramer4'	C2Ïĸ»&Cmo CpXƈ�Æ9Ð��� RhƏ� 11 9àĩ��	xó C–H

Éś¼¨­à9�0 ½³�� (eq. 12) 13)�Ƣ�@YrSAƅéâ!	K^Xq=OC[qrŮÐ�

9Ý6�"%å¥� �6� 

 
 

� Cramer4'ŗÖ%	òģúĲ& 12�4ñÔĻ&Áî9ő 	_YaSoơĊ"ļ�&ŖîčØ9

ë�Cmo CpXRh(I)Ə� 16 9ƑĮ�	(R)-16c 9àĩ��xó C–H ;oCo¨­à9½³�� 

(Scheme 3) 13)��&½³�Ɣ	Cmo CpXRhƏ�(I)169àĩ�6Ãč$xó C-HÉś¼¨­à
	

ţñ&Eosb%3� ½³�7 �5 15)	ėĩâ%�7�Cmo CpXRh(I)Ə�!�6�"
ŭ0

476� 

 

 

� �v&Cmo CpXƈ�Æ'	}�&À%36Ŀ�§ĉ9Ģ��ŪŨ"$� �5	�749ĎØ

¨��1&9ķ�ƣFigure 2Ƥ�Cmo CpXƈ�Æ'}�&À	�$8� side wall" back wall%3�

 ƅéâ91�4��side wall'qsRH=Dozƒ�9Úå�6¼Ŵ A&ƈ�Ƈ� (SL)2	�&

´Ź"&Ŀ�­Į%3� 	t÷&ƈ�ÚØ!&qsRH=Dozƒ� Y 9��į%Úå��6�

Me

R1 N
H

O
OBoc

+

R3
R2

R1 NH

O

R3
R2

11 (2 mol %)
(BzO)2 (2 mol %)

EtOH, 23 ºC, 16 h

Rh

Me

OOPh

Ph

59–91%
85:15–97:3 e.r.

(12)

Rh

R N
H

O
OMe

• R1

R1

R2+ R N
H

O
OMe

R2

R1

R1

R

R

(R)-16c  (5 mol %)
(BzO)2 (5 mol %)

CH2Cl2, –20 ºC, 18 h
66–91%

82:18–99:1 e.r.

OMe

OMe

1. NBS, AIBN
2. CpNa, NaH

OMe

OMe
2 or 3 steps

R

R

R = OMe: (R)-16a
OiPr: (R)-16b
OTIPS: (R)-16c
OTBDPS: (R)-16d
Ph: (R)-16e
H: (R)-16f

(R)-12

220 ºC

R

R

1. TlOEt
2. [Rh(C2H4)2Cl]2

Scheme 3. Preparation of chiral CpXRh complexes 16 and asymmetric C–H alkylation.

(R)-13 (R)-14

(R)-15
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back wall'­à¤ B
íź�6÷²9ƕÊ�6�­à¤ B
Ŀ�į%ľ� �6�Ŗ�4ƅéį%

ƈ��	ªt&K;LUpAfs!�6qsRH=Dozƒ� Z 9��į%Úå�$
4­à
ƀ

Š�6�0	Ŀ�ƅéį$­à
Ëĥ�6� 

 
 

� You4'±č&Ŀ�§ĉ9Ģ�	L`qơĊ9ā�6ļ�&Cmo CpXƈ�Æ9Ð��� RhƏ�

239ƑĮ���(S)-23a9àĩ�6�"!	Ƣ�@YrSAƅéâ!ŷxó¨°ğ9y
6xó C-H

;oFZo¨­à9½³�� (eq. 13) 16)��&Ü1	�&àĩ�9½³� �6 17)� 

 

 

Rh

back wall

side wall

SL
Rh

SLsubstrate
A

disfavored favored

Rh

R

R

back wall

side wall Rh

SL

Rh

SL

RB

Top view

Perspective
view

SS

SS

SS

SS

SS = small substrate A segment
SL = large substrate A segment
RB = incoming reactant B

substrate
A

Rh

SL

SS

RB

selective
coordination asymmetric

reaction

RB

RB

RB

X Y Z

Figure 2. Design of chiral CpX lgands for enantioselective C–H functionalization.

(S)-23a (5 mol %)
(BzO)2 (5 mol %)

Cu(OAc)2 (20 mol %)
Ag2CO3

MeOH, 25 ºC

19–96%
79:21–98:2 e.r.

R4+

N

R3

N

R3

R4

Rh

R

R

CO2H

CO2H

Pd(OAc)2

IOAc

CO2H

CO2H

I

I

1. SOCl2
    MeOH
2. DIBAL-H

CH2OH

CH2OH

I

I

CuI/phen

ROH,Cs2CO3

CH2OH

CH2OH

R

R

R = OMe: (S)-20a
OBn: (S)-20b
OiPr: (S)-20c2 steps

SOCl2
pyridine
CHCl3

CH2Cl

CH2Cl

R

R

1. NaH
    CpNa
2. dodecane
    240 ºC

R

R

+
1. TlOEt
    benzene
2. [Rh(C2H4)Cl]2

(S)-17 (S)-18 (S)-19

(S)-21 (S)-22 (mixture) R = OMe: (S)-23a
OBn: (S)-23b
OiPr: (S)-23c
H: (S)-23d

R1 R1

R2 R2

Scheme 4. Preparation of chiral spiro CpXRh complexes 23.

(13)
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� Antonchick, Waldmann4'ƎŧÅ%36Ŀ�ƅéį[6+3]ħ¨�¦­à9¼ŷ"� 	ĳÔĻ��

Ãč$ŮÐ�¨1¯ś$Cpƈ�Æ�4	SjsZrE&Íü$CmoCpXRh(I)Ə� 249ƑĮ���

SjsZrE�7� 24 9����6�"%35	Ʀ�&xó C–H Éś¼¨­à%ƃĩ� �6

(Scheme 5) 18)��&àĩ�1½³�7 �5 19)	�&�"'tŕ9ī��ŧÅČſ"$� �6� 

 

 

R1/H

R1
NH

R1 R1/H
CO2R3

H
R2

R2

N

CO2R3+

NH

R1 R1/H
CO2R3

H
R2

Cu-catalyzed
exo-selective

[6+3] cycloaddition

Cu-catalyzed
endo-selective

[6+3] cycloaddition

reductive
amination

reductive
amination

NR4

R1 R1/H
CO2R3

H
R2

NR4

R1 R1/H
CO2R3

H
R2

1. TlOEt or TlOMe
    benzene
2. [Rh(C2H4)Cl]2 Rh

N

R1

R1
R4

CO2R3

R2

Rh R2
N

R1

R4

CO2R3

Rh
NH

R1 CO2R3

R2

N
H

O
OBoc

R1

R3
R2+

Rh
N

Me2-Naph

Me
Me

CO2Me

24a (5 mol %)
(BzO)2 (5 mol%)

CH2Cl2, –10 ºC, 18 h

NH

O

R1

R2

R3
50–93%

83–92% ee

24

N
H

O
OMe

R1
+

•

R3

R3

R2

24b (5 mol %)
(BzO)2 (5 mol%)
CH2Cl2/TFE (4:1)

–20 ºC, 18 h
65–94%

79–94% ee

Rh
NH

4-Br-C6H4

CO2Me

4-F-C6H4

N
H

O
OMe

R1

R2 R3

R3

R1

R2

O

H
N

OMe

O
N2

CO2R3

+
24b (5 mol %)

(BzO)2 (5 mol%)
CH2Cl2/TFE (4:1)

–20 ºC, 18 h

Rh
NH

4-Br-C6H4

CO2Me

4-F-C6H4
R1

R2

CONHOMe
O

CO2R3

56–93%
79–90% ee

Scheme 5. Preparation of tunable CpXRh catalysts and applications.
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� Ã�&àĩ
ť��7�Cmo CpXRh(I)Ə�!'�61&&	�v&�!'Cmo CpXƈ�Æ&

Rh)&Ð�ý%¨Èƌűƌ&Qn>h9ĩ�6èĘ
tŞį"$� �5	Qn>h&ēâ
ůƜ

"Ř
47���&z! 2017Ö% Cramer4'	�-ĝōŜƗ9¼ŷ"��Qn>h9�ĩ�$�C

mo CpXƏ�&°åĘ9½³�� (Scheme 6) 20)�FWr"� ŜƗ�6łuŌ;oGsoƇ�9Ð

���Cmo CpXƈ�Æ£Ơ� 25a 9ĩ�6�"%35	¿¼âĆ�w!&[Rh(cod)OH]2"&¦Ğ

ïê%3� 	Cmo CpXƏ�
şÄ$®Ĥ!Ý476�-�	Ü�Ħ"� l>ō%36Ɗ¨�

Ħ9ő6�"!	�®Ĥ!'�61&&�&Cmo CpXCo(III)Ə� 28&°å%å¥��� 

 

 

 

 

� vũ-!"'ĭ$6;bqsS"� 	2018Ö% Perekalin4';Cmo$ Cpƈ�Æ9ë��ƛ

xó CpXRh(III)Ə� 32 9ƑĮ�� (Scheme 7) 21)�[Rh(cod)Cl]2�4aocr
ƈ��� RhƏ� 30

)"Áî�	Ɔ�į$�Ħ"l>ō%36Ɗ¨9ő6�"!	ƛxó9ā�6mNg�& CpXRhƏ

� 32 )"Ð��mNg�& CpXRh(III)Ə� 32 %Ï� (S)-bqnr9ƈ���6�"%35	t÷

&K;LUpAfs
��į%Œÿ¨�	Ý47�Œÿ9l>¨ğ}ƌ�)"Áî�6�"!	ƛ

xó9ā�6Cmo CpXRh(III)Ə�(R)-32 9ŰŢ���(R)-32 ' C–H ęâ¨%36K^Xq=OC

[qr°å%�� 	Ƣ�@YrSAƅéâ
ķ�7 �6 (eq. 14)�ĳÔĻ!āē$Qn>h9�

ĩ�6�"&$�	ŉ�$ŰŢĘ%3� �è¯ś$ö�$ŧÅ"� 	�Ü&àĩÑƑ
ĂÛ�

7 �6� 

Rh

OMe

OMe

HO Ph
CO2Me

Rh Rh
O
H

H
O

[Rh(cod)OH]2

OH
R1

R2

[Rh(cod)OH]
H2O

O

R2

R1Rh

R2

O R1

β-carbon
elimination

[M(cod)OH]2
Cs2CO3 (1.0 equiv.)

then I2

M

OMe

OMe
toluene, 70 ºC

M = Rh(26): 93%
Ir(27): 87%

Co2(CO)8
Cs2CO3 (1.0 equiv.)

CH2Cl2, 40 ºC

Co

OMe

OMe
I COI

28
32%

Scheme 6. β-carbon elimination strategy for preparation of chiral CpXM catalysts.

25a

25
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� 2019 Ö% Cramer 4'	¬ô%[Rh(cod)OAc]29ĩ�6�"!	ūÙ�6K@r";oGsoĜÅ

z% ïê�6&.!Cmo CpXƏ�
Ý476	ö�$°åĘ9½³�� (Scheme 8) 22)�ąĘ9

ĩ�6�"%35­àĜÅ
;oGsoƝ$4(	Cmo CpXƏ�9­àŊz!Úå��6�"


¯ś"$5	|£ŰŢ��Cmo CpXRh(I)Ə� 16b "ĔŸ� 	+,±ń&®Ĥ"ƅéâ!=O=

rXqrŮÐ� 369Ý6�"%å¥� �6 (Sceheme 9)� 

 

 

 

Rh
Cl

Cl

2

tBu
AgPF6

0 ºC Rh+
tBu

tBu

HtBu

NaBH3CN

MeOH/tBuOK Rh
tBu

tBu

tBu

I2
Rh

I
I

tBu

tBu

tBu

2

(S)-proline

K2CO3

Rh
I

H
N

tBu

tBu

tBu

O

O

1. crystalization
of diastereomers
2. HI

(±)-32

Rh
I

I
tBu

tBu

tBu

2

N
H

O
OH

R +

1. Boc2O, NaOH

2. (R)-32 (1 mol%)
    Ag2CO3 (2.5 mol%)
    CsOAc (25 mol%)
    in air, MeOH, 20 ºC

R
NH

O

55–97%
78–95% ee

29 30 31

33 (R)-32
Scheme 7. Preparation of planer-chiral CpXRh catalyst.

(14)

[Rh(cod)OAc]2
or

[Ir(cod)OAc]2
R

M
toluene/MeOH

23-70 ºC, 0.25–3 h

R
M = Rh, Ir
83–96% for
various chiral complexes

Rh

N
H

O
OPiv

+

OiPr

OiPr

Chiral CpXRh cat.
(BzO)2 (5 mol%)

CH3CN/MeOH (9:1)
 35 ºC, 16 h

NH

Me

N2
OCH(iPr)2

O

O

Me
O

OCH(iPr)2

16b (5 mol %)
83%, 90:10 e.r.

OiPr

OiPr

[Rh(cod)OAc]2
(2.5 mol %) +

15b (5 mol %)
66%, 95:5 e.r.

Chiral CpXRh cat.

Scheme 8. Mild complexation protocol for chiral CpXM complexes.

Scheme 9. Application of in situ CpXRh catalyst.

34
35 36
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� �4%��Āź Cramer4'	ļ�&Cmo CpX 37" Co2(CO)89tƊ¨ĝōƙ¹ĕw% ïê�	

l>ō%36Ɗ¨�Ħ9Š	�"!	č�$ŖîčØ9ë�Cmo CpXCo(III)Ə� 38 9şÄ$®Ĥ

!°å�6�"%å¥�� (Scheme 10) 23)�°å��Cmo CpXCo(III)Ə� 38a9ĩ�6�"!	ċ

0 Ƣ�@YrSAƅéâ!K^Xq=OC[qrŮÐ�9Ý �6� 

 

 
 

� �v35	źÖ&Cmo CpXƈ�Æ&ĵĽĮÑ'0�-��	Õ×�àĩÑƑ
ƀ/""1%	

ŉ�$ŧÅŰŢĘ&ƑĮ1ƀ:��"!	ksIsaprXns$èĘ"� ĶĿ� ���Ƣ¬

Æ�łƧùƄĹƍÒƏ�%36ŧÅįxó C–HÉś¼¨­à9Ëĥ�6	Ā1¼ąį$èĒ"$�

 �6 24)� 

 

 

 

 

 

 

 

 

 

 

 

 

Co(CO)8, 1atm. CO
CH2Cl2, 40 ºC
then I2, Et2O

22–91%

OMe

OMe

tBu

Co
OC I

IN
H

O
Cl

R2
R1

+
38a (5 mol%)

AgOTf (10 mol%), CsOPiv
HFIP, 40 ºC

NH

O

R2
R1

21–91%
78:22–99.5:0.5 e.r.

R1

R1

R2

R4

R3 R1

R1

R2

Co
OC I

I

R3

R4

Scheme 10. Synthesis and application of chiral CpXCo catalysts.

37 38



 ąű� łtŀ� ł 2ņ  
 

 13 

ł 2ņ Qr]DŴ�Ɵ&àĩ 

 

� 2012ÖWord, Rovis4'	Qr]DŴ�Ɵ9ø�� Cp*Rh(III)Ə�9ĩ�6�"%35	̂ XqC

HhƊ@LUo&xó C–HÉś¼¨­à9½³�� (Scheme 11) 25)�Cp*ƈ�Æ%_ASr9nrB

s!íœ��[Cp*biotinRhCl2]2 9	~Ô�Ɵ��LWpbW;_Kr (S112Y-K121E-tSav)"Œ°��

6�"%35xó­à¾9Čň�	Qr]DŴ�!­à
ƀŠ�6�"!Ƣ�@YrSAƅéâ!

K^Xq=OC[qrŮÐ�
Ý476����$
4	Qr]DŴ9¡ĩ�6�0ĠĐ$­àĆ

�
ßŤ"$5	�&­àŊ)&àĩÑƑ
¸Ƙ"$� ��� 

 

 
 

� 2019Ö% McNaughton, Rovis4'	±č&æĬ!ĄŁApa<r&xó C–HÉś¼¨9Ƃå��

ƣeq. 15Ƥ26)�ªƌ�&LWpbW;_Kr (mSav)" Cp*biotinRhƏ�9|£%Œ°���ŧÅ9ĩ�

6�"%35	;Dno;gXŮÐ� 39 "LSprŮÐ� 40 9¼Ŵ"� 	C–Hęâ¨"œ�ħ

¨
Ƣ�@YrSAƅéâ!ƀŠ�6�ą­à%�� mSav '�7�Ŀ�ƅéâ��!$�	®

Ĥ&²v%1Îy� �6� 

 

 

 

 

RhCl
Cl

2

O

H

H HN
NH

S

O

H
NMe

Me
Me Me

[Cp*biotinRhCl2]2

biotin

Cp*
Rh

Engineered streptavidin

R1 N
H

O
OPiv

R2+

[Cp*biotinRhCl2]2 (1 mol %)
S112Y-K121E-tSav

(0.66 mol %)
MOPS Buffer/MeOH

23 ºC, 72 h
R1 NH

O

R2

30–95%
10:1–32:1 r.r.

56:44–93:7 e.r.

Scheme 11. Engineered streptavidin-conjugated Cp*Rh catalyst for enantioselective C–H functionalization.

N
H

O
OPiv

+

wt-mSav:Cp*biotinRhCl2
(3 mol %)

H2O: MeOH
NaOAc, NaCl, pH 7.4

25 ºC

R1
NH

O

8–99%
53–96% ee

R1

R2
R2

(15)

39 40 41
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ł 3ņ BrønstedƊŧÅ"&©� 

 

� ł 1, 2ņ!'	Cpƈ�Æ%�Ɵ9¦
6�"!xó­à¾9Čň�6æĬ!���
	�74"

'ĭ$5ÂƇ�4Cmo BrønstedƊŧÅ9Ě¦�xó9Ůŵ��6èĘ
ƀÑ� �6�2015Ö%

Chang4'	@YrSAW`TD$}�& C(sp2)–H9ā�6dLa<rACJX 42 9¼Ŵ"��	

Cp*Ir Ə�%36 C–H ;gX¨­à%�� 	��@YrSAƅéâ!'�61&&xóŮŵ9ť

��� (Scheme 12) 27)�ƉĴƊĪć&CmoBoeCJmsW
	Concerted Metalation–Deprotoation

ďČ (CMD ďČ) %3� 	@YrSAW`TD$ C(sp2)–H Œ°9Ų � C–H Œ°�õ
ƀŠ

�6�"!	iQmH=Dozƒ�Úåý%xóŮŵ
Įĥ�6�iQmH=Dozƒ� 44&ĒƖ

!xó
Ůŵ�76�0	�&Ü&­àƁĻ%�� ƈ�ƞµ$zƒ�9őĪ� 1	@YrSA

ƅéâ9Ŕë��--­à
ƀŠ�	Ŀ�ƅéį%İįğ 43
Ý476� 

 

 
 

� CmoBoeCJmsW& CMDďČ%36	@YrSAƅéį$ C–HŒ°�õ9Ơ���xó

C–HÉś¼¨­à'	2008Ö% Yu4%3� �0 ½³�7� (eq. 16) 28)�PdƏ�"Cmo$�

ų;g[Ɗ 45 9ĩ�6�"!	Ƣ�@YrSAƅéâ! C–H ;oCo¨­à9Ƃå� �6��

&½³�Ɣ	PdƏ�9ĩ�6­àŊ%�� ĵĽ
ƀ.	č�$�ų;g[Ɗ2CmonrƊ9à

ĩ���
½³�7 �6 29)��%Ż*� Chang4&½³%35	Ƣ¬Æ�ł 9ù Cp*Ə�9ĩ�

6­àŊ%�� 1	Ɲ�&àĩ
ĂÛ�7�� 

 
 

P
O

R

H H

+ TsN3

[Cp*IrCl2]2 (2 mol %)
AgNTf2 (8 mol %)

DCE, 60 ºC, 18 h
P∗∗
O

R

H NHTs TsHN H

R

O
P∗∗

enantiomers 4344–91%
11–32% ee

+

P
O

R

H H

PivO

HO2C CO2H

OPiv
(4 mol %)

P
O

R

H

O

O

R∗∗Ir

Me
MeMe

Me Me
Cp*Ir cat.

H
P∗∗
O

R

H
Ir

Me
MeMe

Me Me
O

–O R∗∗

O

HO R∗∗

TsN3

P∗∗
O

R

H NHTs

Scheme 12.Chiral carboxylate-assisted CMD pathway for enantioselective C–H functionalization.

Concerted Metallation–Deprotonation pathway
(CMD)

42

43
44

N

R1 R1

H H
+ R2B(OH)2

Pd(OAc)2 (10 mol %)
45 (10–20 mol %)

Ag2O, BQ
THF, 50–80 ºC, 20 or 40 h

N

R1 R1

H R2

CO2H

HN O

O-(–)-Menthyl

MonoProtected Amino Acid
(MPAA)

45
(16)

43–96%
54–95% ee
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� 2017Ö% Cramer4'	Cmo CpXIr(III)Ə� 46 "CmoBoerƊ 47 9©����	dLa<

rACJX 48&xó C–H;gX¨­à9½³�� (Scheme 13) 30)�;Cmo$[Cp*IrCl2]2"Cmo

BoerƊ 47 2	Cmo CpXIr(III)Ə� 46 "`\oƊ"&Ő.°8�!'�7�ƅéâ9ķ��	

Cmo$}�9Ő.°8�6�"!Ƣ�@YrSAƅéâ
Ëĥ� �6� 

 

 

 

� 2018Ö%Ńř&çÒĵĽÌ!'	;Cmo$ Cp*Rh(III)Ə�"CmoBoerƊ9ĩ��xó C–

HÉś¼¨­à9½³�� (Scheme 14) 31)�;Cmo$ Cp*Rh(III)Ə�1��' CpMe4Rh(III)Ə�"	

ŬŎ$SjsZrE9ø��CmoBoerƊ 53 9ĩ�6�"!	@YrSAW`TD$}�&

C(sp2)–H Œ°9ā�6;gr 51 & C–H �õ
Ŀ�ƅéį%ƀ.	qsRH=Dozƒ�9Úå�

6���)	K;P@LUo 52
�ĩ�6�"! C–H;oCo¨
ƀŠ�	œ�ħ¨%35 54"

$5	ĀÜ&ŜĝƊ�Ħ%3� ħġ;gr 55
Ƣ�@YrSAƅéâ!Ý476� 

 

 

 

46 (2 mol%)
chiral acid 47 (24 mol%)

AgNTf2 (8.5 mol%)

tAmOH/dioxane, 0 ºC

12–95%
70:30–99:1 e.r.

Ir

I

OMe

OMe I

2

CO2H

NPhth

tBu

O
P

R2R1 R1
R3N3

O
P∗∗

R2R1 R1

NH
R3

+

46 47

[Cp*IrCl2]2

46

+

+

47

PivOH

: 3%, 52:48 e.r.

: 19%, 65:35 e.r.

Control datas

Scheme 13. Cooperative effects between chiral CpXIr catalyst and chiral carboxylic acid.

48 49 50

NH

R3R1 R1

R2

CO2MeMeO2C

N2
+

[Cp*RhCl2]2 or
[CpMe4RhCl2]2
(1–2.5 mol %)

53 (4.8–12 mol %)
Ag2CO3 (2.4–6 mol %) or

AgOTf (12 mol %)
MeOH, 60 ºC, 18 h

N CO2Me

R1 R1R3

R2
O

LiCl, H2O
DMSO

130 ºC, 3 h

N

R1 R1R3

R2
O

P

F
F

F F
F

FO
CO2H

tBu
OMe

tBu

53

R2 = Me : 59–87%
  90.5:9.5–96:4 e.r.

R2 = H : 55–84%
  90:10–97:3 e.r.

51

52

54 55

Scheme 14. Achiral CpXRh/chiral carboxylic acid-catalyzed enantioselective C–H functionalization.

H H H H
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� vũ�Ɣ	;Cmo$Ə�"CmoBoeCJmsW& CMDďČ9àĩ��	xó C–HÉś¼

¨­à&ƑĮĵĽ'áž%ƀÑ� �6�ĥº-!%	çÒĵĽÌ% ;Cmo$ Cp*tBuCo(III)Ə�

";g[ƊĪć&CmoBoerƊ 56 9Ő.°8��	SA;gXŮÐ�&xó C(sp3)–H ;gX

¨­à2 (eq. 17) 32)	Cp*Rh(III)Ə�"_YaSoơĊ9ë�CmoBoerƊ 579Ő.°8��	

8-;oCoC[nrŮÐ�&xó C(sp3)–H;gX¨­à9½³�� (eq. 18) 33)�Ƣ¬Æ�łƧù Cp*

Ə�!'¸Ƙ"$� �� C(sp3)–HÉś¼¨­à9	xó­à)"ƀÑ���ĺā$�"$� �

6� 

 

 

 

� -�	Shi 4%3� Cp*Co(III)Ə�"�ų;g[Ɗ 58 9Ő.°8��	a?qNrŮÐ�&ƛ

xó C(sp2)–H;gX¨­à1½³�7 �6 (eq. 19) 34)�­à%��6@YrSAƅéâ'��1

&&	Ĩåğ'�Œÿð�%35�Èŋ¶9Ý6�"
¯ś%$� �6� 

 

 
 

� t÷!	CmoBoerƊ' CMD ďČ!'$�àĩĘ1ť��7 �6�2017 Ö% Ackermann

4'	Cp*Co(III)Ə�%36=rXsoŮÐ� 59& C–H;oCo¨­à%�� 	BoerƊ&Ě

¦%35ĭ$6Ĩåğ
Ý476�"9ť��� (Scheme 15) 35)�BoerƊ
Çº�$�Ć�w!

'ıƐ»&Ĩåğ 61 
Ý47	BoerƊ9Ě¦�6"�Ó»&Ĩåğ 62 
��į%Ý476�

N

S

R1

H

H

+ N
OO

O

R2

CoH3CCN
H3CCN

NCCH3

Me
tBuMe

Me Me

[SbF6]2

HO2C N

tBu O

O

H

H

[Cp*tBuCo(CH3CN)3][SbF6]2
(5 mol %)

chiral acid 56 (10 mol %)
1,2-Cl2-C6H4, MS13X, 40 ºC

N

S

R1

H

NHCOR2

[Cp*tBuCo(CH3CN)3][SbF6]2
56

50–99%
90:10–94:6 e.r.

(17)

N

R1

X

H
H

N
OO

O

R2
+

[Cp*RhCl2]2 (4 mol %)
chiral acid 57 (8 mol %)

AgSbF6 (16 mol %)
Ag2CO3 (4–30 mol %)

PhCl, –20–4 ºC

N

R1

X

NHCOR2H

CO2H
tBu

OMe
tBu57

(18)

46–99%
91:9–94:6 e.r.

Fe

R2

NR1

S

H

H

N
OO

O

R3

+

[Cp*Co(CH3CN)3][SbF6]2
(5 mol %)

chiral acid 58 (20 mol %)
EtOH, 25 ºC Fe

R2

NR1

S

NHCOR3

H

HO

CO2H

NHBz

58
(19)

48–97%
68:32–77.5:22.5 e.r.
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DFTŨŅ%36iBZMhŦĈ%35	BoerƊ'bqWr¨&ƁĻ%Ɠy� �6"Ř
47	

�Ó»&ì�zƒ� 659ƅéį%bqWr¨�6"ãÊ�7 �6� 

 

 

� ŗÖ%±Eosb'	vũ&­à%Ï� CmoBoerƊ 68 9ĩ�6�"!	xó C–H ;o

Co¨­à9Ƃå�� (eq. 20) 36)�Ŀ�ƈŖ&ĭ$6ì�zƒ�
¯żį%Ĩå�	68
t÷%Ï

� ƅéį%ďś�bqWr¨
ƀŠ�6�"!	Ƣ�@YrSAƅéâ!�¦� 69
Ý476"

Ř
47 �6� 

 

 

 

� ÜŻ�6Ńř&ĵĽ'	Ackermann4& (eq. 20)"Ɲ���­àÚØ"$6
	CmoBoerƊ

!'$�CmoKLodrƊ9Ơ���1&%$� �6�

N

N
nHex

H

[Cp*Co(CO)I2] (10 mol %)
AgSbF6 (20 mol %)

additive

N

N nHex

N

N
nHex

Me

+ +
DCE, 20 h

additive

none

1-AdCO2H

temp (ºC)

120

50

% yield

82

80

61:62

>99:1

5:95

59 60 61 62

N

N

Co

Me
MeMe

Me Me
O

O
Ad

R
H

N

N

Co

Me
MeMe

Me Me
O

O
Ad

H
R

+

+

1-AdCO2H

N

N

Co

Me
MeMe

Me Me

+

R

1-AdCO2H

N

N nHex

61

N

N
nHex

Me

62

Scheme 15. Selectivity control in Cp*Co catalyzed C–H alkylation.

64

65

63

N

N
R2H

[Cp*Co(CO)I2] (10 mol %)
AgSbF6 (20 mol %)

N

N
Me

+
Amberlyst 15, DCE, 50 ºC

66 67 69

Me Me

R1 R1

R2N
Bz

Bz
NPh

Ph
CO2H

68
(20 mol %)

41–73%
75:25–98:2 b/l ratio

83:17–93:7 e.r.

(20)
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ł 4ņ ŧÅį$Cmoƈ²¼&Úå 

 

� 2019 Ö% Wang 4'	­àŊz!Cmo$ƈ²¼9ŧÅį%Úå��6�"!	;Cmo$

Cp*iPrRh(III)Ə�9ĩ��xó C–HÉś¼¨­à9½³�� (eq. 21) 37)�ŧÅį%Cmo$ƈ²¼9

Úå��6èĘ'	2016Ö% Yu4%3� ½³�7�	PdƏ�%36xó C–HÉś¼¨­à!ā

ĩâ
û4�%�7 �6 38)�Wang 4'	;oV^X 70 9Cmo;gr 72 %3� Ŋz!=g

r)"Áî�	xó C–HÉś¼¨­à9Ƃå� �6� 

 

� Wang4&­à&ãÊ�76­àďČ9 Figure 3 %ķ��;oV^X 70 "Cmo;gr 72 �4

Úå�76Cmo=gr 74 
	ęâ$ Cp*iPrRhƏ�(I)%36 C–H ęâ¨%3� qsRH=Do

zƒ�(II)9Úå�6�Cmo$ƈ²¼%3� 	;oV^X)&�¦
@YrSAƅéį%ƀŠ�

zƒ�(III)"$6�zƒ�(III)�4	C–N ì�"�ĖōŜƗ9ő =gr(V)"$5	ĀÜ%Cmo

;gr&ŜƗ%3� Ĩåğ 73"$6�Cmo;gr 72&ŧÅ·Ŷ
¸Ƙ!�5	Cp*Ə�9ĩ�

6­àŊ%�� '	ŧÅį$Cmoƈ²¼'ă�×Ň$àĩÑƑ%ŝ� �$�� 

 

O

HR1
H

O

R2
+

CF3

F

NH2

Et

[Cp*iPrRhCl2]2 (1 or 4 mol %)
TDG-72 (20 or 70 mol %)

AgBF4 (8 or 32 mol %)
Ag2CO3 (0.7 or 1.4 equiv.)

1,4-dioxane, 70 ºC

R1 O

O

R2

15–73%
61–99.9% ee

70 71 73

(21)

TDG-72

R1

Rh

CF3

F

R2H

Et
N

Me
iPrMe

Me Me

O

HR1

H2O

N
Et F

F3CR1

[Cp*iPrRhCl2]2
AgBF4

AgCl

[Cp*iPrRhIII][BF4]2

O

R1

Rh

CF3

F

R2

Et
N

Me
iPrMe

Me Me

O

Rh

Me
iPrMe

Me Me

O

R2

N H
Et

F
F3C

III

III

III

R1

[Cp*iPrRhIIIH][BF4]

[Cp*iPrRhI]

O

R2

N
Et

F
F3C

R1

O

R2

O

R1

H2O

HBF4
AgBF4
CO2
H2O

Ag2CO3
HBF4

AgBF4, CO2, H2O

Ag2CO3
2Ag+

R2H

O

+

(I)

(II)

(III)
(IV)

(V)

73

Figure 3. Proposed reaction mechanism.

70

71

74

TDG-72

TDG-72
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ŅzŃ� Cp*Rh(III)-AjlHIlcVqTY;_kQUţÄ&Ƌı 

 

ŅƜň� vý C–H~¦¬å!ţÄŨť 

 

� ņŔ'�ŅƠā Cp*ƈ�$03 C–H Ģæ©7Ŏ�ğƑÅĿ)&~¦¬å (C–H ~¦¬å) 7�ŉ

�#ìĠ$0��vý¬å)!ıÒ��3�!7Ĵò�ĺŀ$ĸì���Cp*ƈ�$03 C–H ~¦

¬å&rŗĲ#ĘĖ7 Scheme 16$ļ��C–H�þ$���ĭ�3gOjF;Blxƌ�(I)$Ï��

ğƑÅĿ�Ɓ���Ɓ�Ɩ·xƌ�(II)!#2���
1ó�7Ŏ�xƌ�(III)!#3�Ĉá$`n

To©-ŖgOl©$0��~¦��â14�ţÄ��ĭ�3�`nToĽ¨&+7���¬åŻľ

 �2�«Å§Ī&šħ ĕ-��4�¬å!Ť�3��
�#�1�Ɓ�Ɩ·xƌ�(II)7Ŏį�

#�4(źŚ�#	�-�rŗĲ#výƁ�Å&ģ¦$03vý¬å)&ÒƋ'¹Ɛ!#��	�� 

 

 
 

� Ellman 1'�Ajl# N-Il^:Wl;eo 76 7ğƑÅĿ!��Į	3�! �H9IRm?

ſîĲ# C–H~¦¬å$ê¥�� (eq. 22) 39)�Ő�Ŗ�ů$02�>VoP?ſîĲ$9ohW<

fÀ 787â3�!� �3�Cp*Rh(III)ƈ�7Į	�vý C–H~¦¬å&�&� �3��©Çƅ

Ůƅ&Il^:Wl;eo 76�äş!#��	3� 

 

 

DG

+

M

Me Me
MeMe

Me

L
L

L
M = Co(III)

Rh(III)

Cp*M catalyst
H

DG

M

Me Me
MeMe

Me

DG

Cp*M catalyst

M

Me Me
MeMe

Me

DG

(II)

Scheme 16. General reaction mechanism of Cp*M catalyzed C–H addition reaction.

H R

X

H
R

XM

Me Me
MeMe

Me

LDG

(I)

C–H activation

H R

X

Coordination Insertion R

X

XH

R

Proto-demetalation H+

(III)

N O

+
S

O N

R2
R1

(CF2)3CF3
[Cp*RhCl2]2 (10 mol %)
AgB(C6F5)4 (40 mol %)

DCE, 50 ºC

N O

R1 R2

HN S

(CF2)3CF3

O
(22)

>99:1 dr75 76 R2 = aryl
        -CO2Et

H
77

HCl

N O

R2

NH3Cl

99:1 e.r.

CH2Cl2, 0 ºC

78
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� ţÄĲ#vý C–H ~¦¬å'�Ajl CpXRh ƈ�7åĮ�3�!$02żê�4�	3�2015

Ø$ Cramer1'�\V^PlƘĒ7ĉ�3Ajl CpXRh(I)ƈ� 79 7Į	3�!$02�9lS[

U)&�Å�vý C–H~¦¬å7¾µ�� (eq. 23) 40)�2017Ø$' Ellman1.�²ė&ƘĒ7ĉ�

3Ajl CpXRh(III)ƈ� 827Į	��WTn9lDo 81a-d)&�Åƌvý C–H~¦¬å7¾µ�

�	3 (eq. 24) 41)�ė�#åĮÒƋ�ź8 	3Ajl CpXRhƈ�$�	�.�vý C–H~¦¬å

)&åĮ'�41&z�&+$!"*���2�Ƌð&�»7ě��	�� 

 

 

� řŔ'�vý C–H ~¦¬å7Ëī�3ÿ�#ţÄŨť!���Cp*ƈ�$Ï�AjlÏ9W?o

&Ð��°ŕ �3!œ����Ĕ�Ŭ7 Scheme 17$ļ��]kHl½/@ldWl½!	���

ƑÅĲ$xæ#Ɓ³½&¿±$'�Ýê�43gOjF;Blxƌ�(I)-(III)'@P?oæ&ĩé!

#3�@P?oæ&gOjF;Blxƌ�$Ï�AjlÏ9W?o7Ð��3�! �¬åźŚ$

äş#ƆÓt&Ɓ�¿7ªĉ�3�!#��ł�ſîĲ$¬å7�ã �3!èÊ��� 

N
H

O
OiPr

O

H

O

R1

RhO

R1

HN

O

OiPr

OH
79 (5 mol %)

(BzO)2 (5 mol %)

DCE, 23 ºC

79  (R = OMOM)
98%

92:8 e.r.

(23)

Rh
I

I
2

82  (R = OMe)

N O

+ NO2R1

N O

∗∗

R1

NO2

82 (5 mol %)
AgSbF6 (40 mol %)

DCE, 80 ºC (24)

80 83a (R1 = (CH2)2Ph) 60% yield, 84:16 e.r.
83b (R1 = Ph)           68% yield, 90:10 e.r.
83c (R1 = 4-OMePh) 73% yield, 91:9 e.r.
83d (R1 = 4-CF3Ph)  60% yield, 90:10 e.r.

81a-d

R

R

R

R

chiral
counterion

chiral
counterion

DG

+
Cp*M catalystH

DG

∗∗

M

Me Me
MeMe

Me

DG

Cp*M catalyst

M

Me Me
MeMe

Me

DG

(II)

Scheme 17. Working hypothesis of Cp*M(III)-chiral counterion hybrid catalysis.

H R

X

H
R

XM

Me Me
MeMe

Me

LDG

(I)

H R

X

R

X

XH

R

H+

(III)

DG: N R2N O
, ,etc...

chiral
counterion

Cp*M(III)-chiral counterion hybrid catalysis
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ŅƝň� žĽƆÓƈ�$Ï�3AjlÏ9W?o&åĮ 

 

� AjlÏ9W?o'�2000Ø�xƔ$ĉĘţÄ7Į	�Ýê�43�;eW<f;?o/?AM

W<f;?o#")&åĮ�ĳ8$ĺŀ�4��2 42)��&á& 2007Ø$žĽƆÓƈ�$Ï�3ĉ

Įæ�Š��4��2007Ø$ Toste1'�Auƈ�&Ï9W?o!��AjlcI^=qT7åĮ�

��vý�Å�9lEAG©¬å7¾µ�� (Scheme 18, eq. 26) 43)�ŸÖ&AjlcI^:oƈ� 

'�	>VoP?ſîæ$!"*3.&& (eq. 25)�dppmƈ�&Ï9W?o$AjlcI^=qT

867Ð��3�! ��4�>VoP?ſîæ$�ĴĲĨ 85�â143 (eq. 26)�*��¬åĤÄ

&ēŦ
1ĕæĤÄ&WTngOo 18% ee!#2�ƒĕæĤÄ&aoLo 97% ee!#3�!

�Ă1
$#��	3�¬åŻľ$�	�Ajl;?ob9xƌ� 877Ýê��ƒĕæĤÄx$�

ĤÄ·7¯��	#	EoOBT;?ob97Ýê�3�!���4�ł�ſîæ7Ëī�3t 

ƃş �3!œ�14�	3�ċ¬å 'AjlcI^=qT' Au$Ɓ��3�!#��È�#Ï

9W?o&ĩé Ęŕ��	3!èÊ�43� 

 

 

 

� rĀ �²ąĊ$ List 1' Pd ƈ�$²ė&AjlcI^=qT7åĮ���výŴ–TnIT¬

å7¾µ�� (Scheme 19, eq. 27) 44)�Pd(0)! TRIP (90) Æºu�9kl9eo 8979kl©¡$Į

	3�! ��Ô¼9lS[U 88 &>VoP?ſîĲ#�-9kl©¬å�źŚ�3�èÊ�43

¬åĘĖ '�'�-$ TRIP (90)�ƂţÄ!���Į��9lS[U 88!9eo 89
1>VhW

+ – + – + –

contact ion pair solvent-shared
ion pair

solvent-separated
ion pair

more-polar solventless-polar solvent

•
O
H

Au
LP O

O

O
∗∗

O

(R)-TRIP– 
(34)

87
chiral ion-pair
intermediate

dppm(AuCl)2 (2.5 mol %)
Ag-(R)-TRIP (86)  (5 mol %)

solvent, rt
O
O P O

OAg

iPr

iPr
iPr

iPr

iPriPr
Ag-(R)-TRIP

(86)

benzene
THF

CH2Cl2
acetone
CH3NO2

90%, 97% ee
83%, 76% ee
76%, 65% ee
71%, 37% ee
60%, 18% ee

(R)-3,5-xylyl-BINAP(AuCl)2
(3 mol %)

Ag(p-nitrobenzoate)
(3 mol %)

89%, 8% ee

solvent

•
OH

O
H

84
CH2Cl2

Scheme 18. Au–TRIP-catalyzed asymmetric hydroalkoxylation.

85

84 85

(25)

(26)
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<f-cI^=qT&;?oÏ(I)�Ýê�43�;?oÏ(I)&>VhW<f�ŖƏ½!#2 Pd(0)�

Ƃ©Ĳ~¦�3�! �AjlcI^=qT7|���-9klZjH<fŞ±�(II)!#3�Ş±

�(II)
1>VoP?ſîĲ# C–C ŏ±Ýê�źŚ�3�! �ƙ	ł�ſîæ$�;eW<fŞ

±�(III)!#2�Ő�¦Ğ�Ţ$0��ĭêĨ 91 �â143��& Toste 1&¾µ!'İ#2�ċ

¬å 'ƃş#�-9klZjH<fŞ±�(II)&Ĝƍ$�	��Pd(II)!AjlcI^=qT';?

oÏ7Ýê��	3
�.��'Ɓ���ĩé$�3
!	
ħ'Ă1
$#��	#	�List 1

'�&0
#ćĄ#Ķ{�Į&åĮ.´-��AjlÏ9W?o7åĮ�3ţÄ¬å7 Asymmetric 

Counteranion-Directed Catalysis (ACDC)!ÊŒ~��	3 42a)� 

 

 
 

� TRIP (90)7Õ+$Ɨ��3�! �výūű&+$!"*1#	¢ęĲ#Ęŕ.Š��4�	3�

List1' 2011Ø$��&výŴ–Trost¬å$�	��TRIP (90)�ŷ¦Ęŕ7ď��ùŘ¼7¾µ�

�	3 (Scheme 20, eq. 28) 45)��&¬åŊ$Ï��Ņs&ţÄ!��9eo 937¦�3�! �9

kl9lEql (92)79kl©¡!��vý�-9kl©¬å�Ëī�3�9eoţÄ 93 '�9l

S[U 88$�Į��ğđĿ!#3>Veo 957Ýê�3�rĀ TRIP (90)'�AjlÏ9W?o

R2

R1

O

H Ph N
H

Ph

R3

+
R2

R1

O

H

R3

[Pd(PPh3)4] (3 mol %)
(R)-TRIP (90) (1.5 mol %)

MeOtBu, MS5A, 40 ºC
then 2N HCl

45–89%
85:15–98.5:1.5 e.r.

O
O P O

OH

iPr

iPriPr

iPr

iPriPr
(R)-TRIP (90)

P
OH

O

O∗∗

O
(R)-TRIP (90)

R1

R2
H

N
H

R3 Ph

Ph
P O
O

O
∗∗

O

R1

R2
H

N
H

Ph

Ph

P
OO

O
∗∗

O

Pd
R3

N

H

R3

R2 R1

Ph

Ph
H

P O
O

O
∗∗

O

Pd(0)

88 89 91

88 + 89

H2OH2O

91 H2N

Ph

Ph

Scheme 19. Pd–TRIP-catalyzed enantioselective Tsuji–Trost α-allylation of α-branched aldehydes.

(I)

(II)

(III)

(27)
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!��>Veo!&Ş±� 96&Ýê$02ł�ſîĲ#~¦7�ź�3�� #��BrønstedƂţ

Ä!��Ęŕ�3�!  Ĝƍ �39kl9lEql&Ģæ©$.Íw��	3�Pdƈ�p9e

opTRIP !	��s�&ţÄ$03�ƙÙ$Ũť�4�¬åŊ&x �TRIP 'AjlÏ9W?o

! BrønstedƂţÄ&z�&ß£7ď���	3� 

 

 
 

� �t7'�-!���žĽƆÓƈ�$Ï�3AjlÏ9W?o&åĮ'ė�#��¾µ�4�	

3 38)�īº '�výūÐ�� #	ŷ¦Ęŕ7.Ċà �3�ĉ¤#ìĠ&r�!#��	3�

ņŔ.²ė&§ď7Ċà��C–H ~¦¬å)&ŽĮ��Á	 Cp*Rh(III)ƈ�$Ï���AjlÏ9

W?o&Ð�7ũ+�� 

 

 

 

 

 

 

 

Pd(PPh3)4 (1.5 mol %)
(S)-TRIP (90) (3 mol %)

Ph

Ph

NH2
(40 mol %)

then 2 N HCl

Ph NH2

Ph

H

O

Ph

Ph NH

Ph

H
Ph

Ph
H

Ph

N PhH

O
P

O
O

∗∗
O

Pd

Ph

N
H

Ph
Ph

Ph

O
H + H2O

HO
P

O

O

∗∗
O

O

O
P

O
O

∗∗
O

H H

O
P

O

O

∗∗
O

Pd

Pd0

96

OH
(S)-TRIP (90)

94

– H2O

Scheme 20. Pd–TRIP-catalyzed enantioselective α-allylation of aldehydes with allylalcohols.

99

92

93

95

R2

R1

O

H HO
+ R2

R1

O

H

88 92

toluene, MS5A, 40 ºC

93

94

88

97

98

(28)
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Ņƞň� Cp*Rh(III)-AjlHIlcVqTY;_kQUţÄ&Ƌı 

 

� Cp*Rh(III)ƈ�$Ï��AjlÏ9W?o7Ð��3ìĠ'z�œ�143 (Scheme 21)�r�'

Ɓ³½7ñ�½Ű7�[Cp*RhCl2]2!Ajl9W?oįč&ƇÀÆºu$�÷ï�3�! �¬åŊ

x ;?oÏ7Ýê��3ìĠ �3 (Method 1)�.
rĀ'�Cp*Rh(III)ƈ�!Ajl9W?o7

y $ƈÝê����Y;_kQUţÄ7�Į�3ìĠ �3 (Method 2)�ø��02ŉ�#ƇÀ

7Į	3Method 1$02��Ċ&ēŦ7ź-3�!!��� 

 

 

� �ĊēŦ!�� Cp*Rh(III)ƈ�$Ï���AjlÏ9W?o!žĽƆÓƈ�!&ō+±6� rŗ

Ĳ#�AjlcI^=qT&Ð�7ũ+��Li 10)/ Huang 11)1$0��jKe¬å�¾µ�4�	

3�2-^=Wl]kHo (1)7½Ű!���>Xo)&�ß~¦¬å$Ï�3ŽĮ7ŭĐ�� (eq. 29)�

AjlcI^=qT 101 7ƇÀ!��[Cp*RhCl2]2!ō+±6��¬å7Ś��!�5��­Ī j

Ke�&ĭêĨ 1027â�� 

 

 
 

� (eq. 29) $�	��­Ī$!"*��ş¸7œÎ���gOjF;Blxƌ�$Ï��>Xo 100

!cI^=qT Ɓ��ń±��¬å&źŚ7í���!œ�14� (Scheme 22)�02Ɓ�ŕ&�

	Ajl9W?oĿ!�3�! �¬å7�ĥ$źŚ��3�!� �3!èÊ��� 

 

 

chiral
counterionchiral

counterion

chiral
counterion2Ag

Me
Me

Me
Me

Me
Rh

L
L LH

DG [Cp*RhCl2]2
(2)

+

AgCl

Me
Me

Me
Me

Me
Rh

DG L

L

H
DG

Method 1
In situ generation

Method 2
Using pre-activated catalyst

Scheme 21.  Introduction of chiral counterion to cationic Cp*Rh complexes.

N O

H +
[Cp*RhCl2]2 (2.5 mol %)
Ag-(S)-101 (10 mol %)

DCE, 60 ºC, 19 h

N
O

O

O
P

O
O–

100
(2 equiv.)1 102 (S)-10126%

50:50 e.r.

(29)

Me
Me

Me
Me

Me
RhN

O
O

O
P

O
O

Me
Me

Me
Me

Me
RhN

O

O
P

O
O

[Cp*RhCl2]2
Ag-(S)-101

Desired

1 + 100

Scheme 22.  Coordination competing of enone and chiral phosphate.

– 100

Unproductive intermediate
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� ņŔ'�02Ɓ�ŕ&Ñ�	Ajl9W?oĿ!���AjlkoƂ02.'3
$ƂæÙ&ƙ

	�Ajl 1,1’-\V^Pl-2,2’-HIlcoƂƚBINSA 103ƛ$ĸĴ�� (Figure 4)�Ajl BINSA

'Ĺ«pġÁƄ1$0��ĉĮæ�Š��4��2�AjlĉĘÀţÄ*�'ƆÓÀţÄ!��ė�

#åĮ�¾µ�4�	3 46)� 

 

 

 

� 2008 Ø$Ĺ«pġÁƄ1'�Ajl BINSA ]kHW<fÀţÄ7Į	�ĵëĲvý Mannich ¼

¬å7¾µ��	3 (eq. 30) 47)�(R)-BINSA ((R)-103)! 2,6-H^=Wl]kHo (107)
1�BINSA

]kHW<fÀţÄ7¬åŊx Ýê�3�! �9lHeo 105 ! 1,3-HDTo 106 &ĵëĲv

ý Mannich¼¬å�Ëī�3� 

 

 

� ċ¬å&ĈŽ©Żľ '�(R)-BINSA ((R)-103)! 2,6-H^=Wl]kHo (107)&Üƅĝ7ēŦ�

3�!$02�ķ&ţÄĢæĿ!��Ęŕ�3 BINSA]kHW<fÀ&ĖŹ$�	�œÎ��	3

(Table 1)�ēŦ&ŏď�1077 1.5–2.5Üƅ¦��Ǝ$��4�ſîæ7ļ��!�Ă1
!#���

]kHW<fÀÝê�×ś¬å �3�!
1�ķ&ĢæĿ' 1:1  ō+±6���Ş±� 109  

�3!õÊ�4�	3� 

 

 

SO3H
SO3H

O

O
P

O

N
H

SO2CF3>
O

O
P

O

OH
> CO2H

CO2H
> OH

OH
>

Figure 4. Chiral binaphthyl Brønsted acids and their acidity.

(S)-BINSA (103)
acidity

(S)-BINOL (104)(S)-101

Ar

N

H R2

O

R2

O
Ar COR2

COR2

NHR1
R1

+

(R)-BINSA (103) (1 mol %)

CH2Cl2, MgSO4
0 ºC, 30 min

N PhPh
107

(2 mol %)

105
(1.5 equiv.)

106 108

(30)

91–99%
84–98% ee

Ph

N

H

O O
Ph Ac

Ac

NHCbzCbz
+

(R)-BINSA (103) (5 mol %)
107 (X mol %)
CH2Cl2, 0 ºC

30 min

(R)-BINSA : 107 % yield % ee
1   :  0
1   : 0.5
1   : 0.75
1   :  1

1  : 1.5
1  :  2
1  : 2.5
1  :  3

81
83
81
82

84
74
76
68

17
34
79
84

90
92
95
86

(R)-BINSA : 107 % yield % ee

Table 1. Effect of ratio (R)-BINSA (103) to 107.

SO3
SO3H

H
N PhPh

Proposed
active speacies 109

105 106
(1.1 equiv.) 108
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� �t&0
$�BINSA'ō+±6�39eo/]kHoƕ7Ž�$ſî���41&Üƅĝ7ŭ

ň�3�! �¬åŊx ƂæÙ&ŭû�Ìă$ �3 (Figure 5)�*��²ą$ 3,3´-�&őö½

$Ü�3ł�§ď&PiqWoC.�%�.&!#2�ŉ�#ţÄIBkqWoC�°ŕ#ţÄŨ

ť!#��	3� 

 

 

� rĀ BINSA ƆÓÀţÄ'�2009 Ø$Ĺ«pġÁƄ1$02ĉĮæ�Š��4�	3�BINSA

! La(OPh)3
1¬åŊx ƈ�ţÄ7Ýê���47Į	�vý Strecker ¼¬å7¾µ�� (eq. 31) 

48)�ƈ�ţÄÆºu�TkgPlGklG9WU (111)!`nToƂ
1G9o©Ğŋ7ıĭ��3

�! �ė�#9lHeo 110&ƙ>VoP?ſîĲ#G9X©�źŚ�3�BINSA�zÚ Ɓ�

�� La(III)ƈ���Ajl LewisƂţÄ!��Ęŕ��¬å!#��	3� 

 

 
 

� *��AjlÏ9W?o!�� BINSA7åĮ���.¾µ�4�	3�2010Ø$ Toste1'9m

o7´,N-9lAl[UnAGl9eo 113&��Å�vý[Un9lEAG©¬å7¾µ�� (eq. 

32) 49)�Au ƈ�$AjlÏ9W?o7åĮ��¬å!#��	3��ţÄIBkqWoC$�	�

3,3´-9kql BINSAūÐ� 1157ēŦ��	3�výūÐ'ĻŪ�4�	3.&&�ĈŽČ�!#

�� Ag-(S)-TRIP (86)!ĝŲ�3!�	>VoP?ſîæ$!"*��	�� 

 

 
 

SO3H
SO3H

+ NR3 + NR3

– NR3 – NR3

SO3
SO3

H

H

N

N

R R R

RR R

SO3H
SO3H

Ar

Ar

SO3
SO3H

H
NR R R

(S)-BINSA (103)
Figure 5. Design of chiral BINSA ammonium salts.

R

N

H

Ph

Ph

+ TMSCN

111
(1.5 equiv.)110

(R)-BINSA (103) (10 mol %)
La(OPh)3 (10 mol %)

AcOH or iPrCO2H
(10 mol %)

EtCN, –20 ºC R ∗∗

HN

CN

Ph

Ph

(31)

28–99%
33–92% ee

112

•

BocN OH dppm(AuCl)2 (3 mol %)
Ag salt

toluene, 23 ºC, 15 h
∗∗

OBocN

(32)

Ag salt
Ag2-(S)-115 (3 mol %)

Ag-(S)-TRIP (86) (6 mol %)
98% yield, 65% ee
98% yield, 98% ee

SO3–Ag+

SO3–Ag+

O

O
P

O

O–Ag+

CF3

CF3

CF3

CF3

Ag2-(S)-115

iPr

iPriPr

iPr

iPr iPr
Ag-(S)-TRIP (86)

113 114
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� ŵØ$�	�.�Ĺ«1&ĺŀClq`$�	� BINSAūÐ�!9l@kƆÓ7ō+±6��ţ

Ä¬å�Áú¾µ�4�	3 50)��
�#�1�BINSAūÐ�7žĽƆÓƈ�$åĮ��ƙ	ł�

ſîæ7Š����'¾µ�#
���BINSAūÐ�&ÿ�#åĮĠ&Ƌð!#3�!.Ċà��

ņŔ' Cp*Rh(III)ƈ�$Ï��BINSA&Ïå�3IlcVqT �3 BINSate&Ð�7ũ+�� 

 

� 2-^=Wl]kHo  (1)&>Xo 100 )& C–H �ß~¦¬å$�	�� [Cp*RhCl2]2 !

Ag2-(R)-BINSate (116a)7Į	�¬å7Ś��!�5��­Ī '�3.&&výūű7ĻŪ�� (eq. 

33)�ċ¬å$02�ƇÀ 116a�ĤŢæ$�4�	#	�!�Ă1
!#���-�Cp*Rh(III)ƈ�

! BINSate7ƈÝê���Y;_kQUţÄ&y ŭŝ$ĸì��� 

 

 
 

� BINSA ūÐ� 103a-c 7ƇÀ!��á�[Cp*RhCl2]2!9KTWTklx ÷ï�3�! �Ŀ�

& BINSateūÐ�7Ð���Y;_kQUţÄ 117a-c 7±ê�� (Scheme 23)�Y;_kQUţÄ

117'ƇÀ 116a!ĝŲ���Ŀ�&ĉĘĤÄ$Ï��ŘÃ#ĤŢæ7ļ���²ė&�Ĭ7Ś
�

! Cp*Co(III)ƈ�$�	�.Y;_kQUţÄ7ŭŝ�3�!� ��*� 

 

 
 

______________________________________ 

* Cp*Co(CO)I2 118!ƇÀ 116b79KTWTklx ÷ï�3�! ��­Ī '�3.&& Cp*Co(III)ƈ�

!ō+±6��[Cp*CoLN][6,6’-Br2-(S)-BINSate] (119)7ŭû�3�!� �� (eq. 34)� 

 

N O

H +
[Cp*RhCl2]2 (2.5 mol %)

Ag2-(R)-BINSate 116a (5 mol %)
DCE(0.2 M), 60 ºC, 18 h

N
O

100
(2 equiv.)1 102 Ag2-(R)-BINSate 116a33%

60:40: e.r.

(33)
SO3–Ag+

SO3–Ag+

SO3H
SO3H

SO3Ag
SO3Ag

[Cp*RhCl2]2Ag2CO3
CH3CN

X

X R

R X

X R

R

[Cp*RhLN]
[6,6'-X2-(S)-BINSate]

103a: X = H, R = H
103b: X = Br, R = H
103c: X = H, R = Ph

116a-c

117a: 80%
117b: 68%
117c: 70%

Scheme 23. Preparation of [Cp*RhLN][(S)-BINSate] 117a-c.

Cp*Co(CO)I2

SO3Ag
SO3Ag

Br

Br

+ [Cp*CoLN]
[6,6'-Br2-(S)-BINSate]CH3CN, 40 ºC, 24 h

118 116b 11929% as dehydrate

(34)
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� rĀ �Y;_kQUţÄ 117 &ŏĆĖŹŢĎ'¹Ɛ ����-�ĚĻ#ĖŹ$�	�'Ă1


$ ��	#	�[Cp*RhLN][(S)-BINSate] (117a)& 1H NMRIbBTl&ŏď7 Figure 6$ļ��

117a '�ŋ�Ď&ŏď
1zĞ·Ĩ!ē��4�.&&�1H NMR IbBTl$�	�' 2.7 ppm

¶ų$_nqU��]qB�Š143&+ �2�ŭŝą&ĤÄ!��Į	�9KTWTkl/Ğ

&Ĵł��]qB'ĻŪ �#
���Ɓ�Å$�	�'Ă1
$ �#
��.&&�zĞ·Ĩ

!���Åƅ7Ň��áŶ�3¬å$Į	�Ǝ$çÞƓ�#
���-�ċŮü$�	�'Y;_

kQUţÄ7[Cp*RhLN][(S)-BINSate]!Ŝŧ�3�Y;_kQUţÄ 117a 7Į	��Ŀ�& C–H ~

¦¬å)&ŽĮôŌ7ź-3�!!��� 

 

Figure 6. 1H NMR spectrum of [Cp*RhLN][(S)-BINSate] (117a). 
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ŅƟň� Y;_kQUţÄ&ŽĮŊôŌ 

 

� �$ŭŝ��Y;_kQUţÄ 117a7�2-^=Wl]kHo (1)7½Ű!��>Xo 100)& C–

H�ß~¦¬å$ŽĮ�� (eq. 35)�xľÙ&­Ī ĴĲĨ 102�â14�6�
#�1výūű�

ĻŪ ���rĀ �}&ğƑÅĿ)&~¦¬å 'výūű'ĻŪ �#
��*� 

 

 
� �1#3ſîæ&³t7Ĵò��>Xo&ĖŹĈŽ©7Ś�� (Table 2)�Ŀ�&őöėÛ7ñ�

(E)-�&>Xo7ēŦ��!�5�100 !ĝŲ��ſîæ�³t��.&&���/	�$ Ph ½7

ĉ�3>Xo 120-123 '�­Ī$!"*�� (entries 1-4)�rĀ �Ɖĩ&>Xo 124 '�4�

>VoP?ſîæ7ļ�!!.$�ƙ­Ī ~¦��â14� (entry 5)�¬åƀ� �3	���

Ɗ�3!ſîæ�6�
$�u�(entry 6)��Ô��ĦŋƉ '­Īpſîæ!.$�u��(entry 7)� 

 

 
______________________________________ 

* }&ğƑÅĿ!�� N-TGl;eo 127/�p-WTnaoJ9lS[U (129)7ũ���"�1.�­Ī 

jKe�&~¦��â14�� 

 
 

N O

H +
[Cp*RhLN][(R)-BINSate] 117a

(5 mol %)
DCE(0.2 M), 60 ºC, 21 h

N

∗∗

O

100
(2 equiv.)1 10244%

54:46 e.r.

(35)

N

H +
[Cp*RhLN][(S)or(R)-BINSate] 117a

(5 mol %)
DCE(0.2 M)

N

∗∗

1 (1.5 equiv.)

R1

O

R2

O

R2

R1

entry R1 R2 T ºC % yield b e.r. c

1a

2
3
4
5
6
7

Ph
Ph
Ph
Me
Me
Et
iPr

catalyst

(R)-117a
(R)-117a
(R)-117a
(R)-117a
(S)-117a
(S)-117a
(S)-117a

40
40
60
rt
rt
rt
rt

8
17
22
28
86
98
21

H
Ph
Me
Ph
Et
Me
Me

120
121
122
123
124
125
126

acceptor
time h

46
26
24
22
24
24
24

a 1 (1 equiv.), acceptor (1.5 equiv.). b The yields were determined by 1H NMR of crude mixture with dibenzyl ether 
as an internal standard. c Determined by HPLC analysis.

71:29
70:30
72:28
71:29
81:19
71:29
66:34

Table 2. Substrate scope of enones in asymmetric C–H conjugate addition reaction.

acceptor
(1 equiv.)

Ph H

N
TsN

H +

[Cp*RhLN]
[(S)-BINSate] 117a
      (5 mol %)

DCE(0.25 M)
90 ºC, 20 h

N NHTs

Ph

8%, 50:50 e.r.

N

H +

[Cp*RhLN]
[(S)-BINSate] 117a
      (5 mol %)

DCE(0.25 M)
60 ºC, 20 h

N OH

22%, 50:50 e.r.1
127

(2 equiv.) 128 1
129

(2 equiv.) 130

H

O

NO2
NO2
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� >Xo 124)& C–H�ß~¦¬å$�	��Ŀ�&Ɓ³½7ñ�½Ű&ēŦ7Ś�� (Table 3)�

2-^=Wl]kHo (1)&}$�Chang 1$0�� C–H Éŕ½©¬å)&ŽĮ�Š��4� 6-9k

ql`koūÐ� 131 51)$�	�.�ŘÃ#>VoP?ſîæ ~¦��â14��rĀ �ƕ�Ė

Ź& 2-^=Wl]keHo (132) 'ſîæ�Â���u��²��Łŋt &Ɓ��Ċà �3

1-^=Wl]jNql (133) 'jKe�&ĭêĨ�â14��*��Ƃŋt &Ɓ��œ�143

aoJ9eU 134 '�¬å�źŚ�#
����t&ēŦ02�2-^=Wl]kHo (1)/ 6-9k

ql`koūÐ� 1317hSl½Ű!���Y;_kQUţÄ$03vý C–H�ß~¦¬å&ĈŽ

©ēŦ$®2ō,�!!��� 

 

 

tBu
OHN

DG

+
DCE (0.2 M), rt

DG

∗∗

Me O

Et

N

NN

N

Bn

N N

DG, yield, e.r.

49%, 85:15 e.r. 39%, 60:40 e.r. No reaction

Table 3.  Directing group screening.

131 132 134

N

86%, 81:19 e.r.
1

124

EtMe

O [Cp*RhLN][(S)-BINSate] 117a
(5 mol%)

N

22%, 51:49 e.r.
133

N

H

(1.5 equiv.)
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ĞgĜ� Cp*Rh(III)-<^`AB`XMeKP7U_HLĴ£"-0jØ C–H�Às��Æ#Ŗď 

 

ĞŨĠ� 2-T8N`S_Acĸ°x#jØ C–H�Às��Æ 

 

� 2-T8N`S_Ac (1)4�Ļ���	9Oc 124 %#jØ C–H �Às��Æ"����Æèu

#äň�4đÑ�	�Æþ£#ìĵ4į!�� (Table 4)�ŞíÇþ£��0K`9cm�$	w�

Ĉ��w�9McG:ŉÎÇ"� (�� (entry 1)�A9G`9eI`�$ 88:12 e.r.�Ĭ¢!9M

cG:Yeó4ė���	�Ĉ��È!+#�!�� (entry 2)��1.#þ£m�$Ĵ£#þĳÇ

�È��*	w�Ĉ"� (���ĩ	.10�THFþ£��0�þĳÇ�Ô��1�Ĉ$�h�	

Ĭ�ŉÎÇ+ė�� (entry 3)�CH2Cl2, DCE��0��Æ$©ŐĐ"ńį�	ť�9McGYeó

�đĐă 135�Ã.1� (entries 4, 5)�ŞVbKcÇíÇþ£��06CKcm"
��+	Ĭ¢!

�ĈdŉÎÇ4ė��� (entry 6)	[FOe`þ£m�$�ĈdŉÎÇ�+"wi�� (entry 7)�

th#ìĵ#-/	DCE4äňþ£���tŚ#ìĵ4ħ�0������ 

 

 
 

 

______________________________________ 

� ×ćÞĔ# 136 52)�. 5´Ę#�Ò4Ĥ�(R)-1354Ĺİ�0���	Ħ¯ěxŌĨ4ö©�� (Scheme 24)� 

 

 

N

H +
Me Et

O
N

Et

Me O[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

solvent (0.2 M), 35 ºC

1
(1.2 equiv.)

124
(0.05 mmol) 135

entry solvent % yield e.r.

1
2
3
4
5
6
7

toluene
Et2O
THF

CH2Cl2
DCE

acetone
MeOH

21
3

79
quant.
quant.
quant.

12

66:34
88:12
80:20
80:20
81:19
81:19
63:37

Table 4. Screening of solvents.

a b

a Determined by 1H NMR spectroscopic analysis of the crude reaction 
mixture with dibenzyl ether as an internal standard. b Determined by 
HPLC analysis.

Br
OH

Me 1) TsCl, DMAP
    pyridine, CH2Cl2, rt
2) NaCN, DMSO
    80 ºC

Br
CN

Me 1) EtMgBr
    Et2O, reflux
2) 2N HCl, rt

Br Me

Et

O N SnBu3
PdCl2(PPh3)2, LiCl

toluene, 110 ºC

Me

Et

ON

136 137 138 (R)-135
90% 22% 48%

Scheme 24. Determination of absolute configuration of 135.
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� BINSA�#ı�x¾Ë"-0ěxŉÎÇ#�h4æÁ�	åð��4û�����ìĵ4į�� 

(Table 5)�û�Ő� ���"$�Ĉ#wi�Ėķ�1�#�*	û�Ő$ 20 mol %��©�ìĵ4

«Ü���DIPEA (139),�Ģ!S_Ac (140)4û���Ŝ"$	�Æ�ńį�!����RhmÅ

%¼�Ōv�	�Æ#ńį4ř­���ĩ	.1��2,6-`GAc (141)��0�ĨÒ�#ěx�ď

"-/ŌvĪ�wi���*�	�Ĉ#Ô��ŉÎÇ#�h�Ėķ�
���."	4v"ĨÒ�4

°��ŌvĪ4ĹÖ����2	�Ĉ"k	0¿Š�šĮ���� (142, 143)�2,6v� tBu���

�ť� 144 �$	©ŐĐ"đĐă�Ã.1�+##ŉÎÇ"k	0¿Š�±��!���<O_c

Ţ (145-147)4ìĵ����2	2-[G`<O_c (146)4�	�Ŝ"�Ĉ�ŉÎÇ#lş�}1�

ĥé4ė���6=_Ac (148)"���+ìĵ���	2-[G`<O_c (146)�#ŉÎÇ4h�

0��$!����th#ìĵ��Í#®á�4ľ(		2-[G`<O_c (146)4äň!û���

��� 

 

 

  

 

 

 

 

 

 

 

+

N N Me O

Et

[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

additive (20 mol %)
DCE (0.2 M), 35 ºC, 16-19 h

additive, yielda, e.r.b

none

quant.
81:19 e.r.

N

47%
87:13 e.r.

N

trace
86:14 e.r.

N

No reaction
–

Et
N

iPr iPr

No reaction
–

1
(1.2 equiv.)

124 135

N N N

139 140 141 142

145
13%

84:16 e.r.

146
86%

87:13 e.r.

148
85%

85:15 e.r.
a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with dibenzyl ether as 
an internal standard. b Determined by HPLC analysis.

Table 5. Screening of organic bases.

N

Ph

147
89%

84:16 e.r.

Me Et

O
H

N tButBu
144
97%

83:17 e.r.

N

Ph

71%
88:12 e.r.

143
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____________________________________ 

* 2,6-`GAc (141)4č��û�Ő#ìĵ4į�� (Table 6)�û�Ő� 40 mol %th�$	�Æâŗ�¡


�¸ŕ��"+Ř3.�w�Ĉ"� (/	ŉÎÇ"k	0¿Š$&�5 �3.!��� (entries 2-4)�t

h-/	û�Ő$ 20 mol %����ęåð��#ìĵ4į��� 

 

 

 

� �æìĵ"
��}1�ĥé4ė�!����Ļ"¯��+	åð��#û��é4Ĺê�� (Table 7)�

2-T8N`S_ZAc (132)4�Ļ�����"$	2,6-`GAc (141)� 2-[G`<O_c (146)# �.4

�	�+ŉÎÇ#�h�Ėķ�
� (entries 1-3)�2-T8N`S_Ac (1)"
�0ìĵ��ï"	2-[G`<

O_c (146)��Ĉ�ŉÎÇ#lş�ä+Ĭ�ĥé4ė�� (entry 3)�fÛ�	1-T8N`S^Ee` (133)

�$��1#û��4�	�+ŉÎÇ#�h$Ėķ�
�	^CZx#ČËă�Ã.10#)���� 

(entries 4-6)� 

 

 
 

 

 

+

N N Me O

Et

[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

141 (X  mol %)
DCE (0.2 M), 35 ºC

1
(1.2 equiv.)

124 135

Me Et

O
H

1
2
3
4

entry X mol %
20
40
60

100

time (h)
16
48
48
48

% yielda e.r.b

47
43
34
21

87:13
88:12
88:12
87:13

Table 6. Investigation of  additive's amount.

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture 
with dibenzyl ether as an internal standard. b Determined by HPLC analysis.

+

DG DG

∗∗

Me O

Et

[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

additive (20 mol %)
DCE (0.2 M), 35 ºC, 18-24 h

(1.2 equiv.) 124

Me Et

OH

DG entry additive e.r.b% yielda

N N

N
N

1
2
3

4
5
6

–
2,6-lutidine 141

2-methylquinoline 146

–
2,6-lutidine 141

2-methylquinoline 146

35
trace
24

22
24
45

71.5:28.5
79.5:20.5
80.5:19.5

50:50
54:46
50:50

132

133
a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with dibenzyl 
ether as an internal standard. b Determined by HPLC analysis.

Table 7. Effect of organic bases with other starting materials.
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� �Æġm"ÄŐ"¥��0ô#ś�4đĐ���	2-[G`<O_c (146)4û���èu#+�	

\a<]^e@eUB#ìĵ4į�� (Table 8)���14�	�+3��!�.ŉÎÇ��h� 

(entries 2-4)	Ą" MS3A4û���Ŝ" 90:10 e.r.�đĐă�Ã.1� (entry 4)� 

 

 

______________________________________ 

� åð��#r"	ōŎ�#û��é"���+Ĺê�� (Table 9)�ōŎŒ(I),ōŎő(I)4û���Ŝ"	

2-[G`<O_c (146)�&'�ğ#9McG:ŉÎÇ�đĐă�Ã.1�Ŧentries 6, 7ŧ����!�.	ō

Ŏő(I)� 2-[G`<O_c (146)4 �.+�	���2	�Ĉ�ŉÎÇ$¡
�wi�� (entry 8)�(�	

ōŎő(I)� MS3A4�â"�	�èui"
��+	Ĭ�ĥé4ė�!��� (entry 9)�ōŎ�4û����

�"$	\a<]^e@eUB�#ŉÎÇ"¯�0Ēn�é�Ã.1!����*	2-[G`<O_c (146)

4äň!û�����tÂ#ìĵ4ń*�� 

 

 
 

Table 8. Effect of molecular sieves.

entry % yield e.r.b

1
2
3
4

86
80
64
58

87:13
88:12

89.5:10.5
90:10

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with 
dibenzyl ether as an internal standard. b Determined by HPLC analysis.

drying agent
none
MS5A
MS4A
MS3A

+

N N Me O

Et

[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

2-methylquinoline 146 (20 mol %)
drying agent (40 mg/mmol)

DCE (0.2 M), 35 ºC, 16-19 h

1
(1.2 equiv.)

124 135

Me Et

O
H

a

Table 9. Effects of metal acetates.

+

N N Me O

Et

[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

MOAc (5  mol %)
additive

DCE (0.2 M), 35 ºC, 17 h

1
(1.2 equiv.)

124 135

Me Et

O
H

entry % yield a e.r.b

1
2
3
4
5
6
7
8
9

quant.
56
63
37
88
90
88
19
10

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with 
dibenzyl ether as an internal standard. b Determined by HPLC analysis.

MOAc

–
LiOAc
NaOAc
KOAc
CsOAc
CuOAc
AgOAc
AgOAc
AgOAc

additive

–
–
–
–
–
–
–

2-methhylquinoline 146 (20 mol %)
MS3A (200 mg/mmol)

81:19
84:16

84.5:15.5
77:23
86:14
87:13
87:13
60:40

60.5:39.5
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� BINSate"ĨÒ�4°��0���	Ĵ£îŃ#G]eNc>4į�� (Table 10)�ěxĐ!¿Š

�¡
�!0�ĩ	.10	[Cp*RhLN][3,3´-Ph2-(S)-BINSate] (117c)�$�Ĉ�ŉÎÇ��+"¡
�

wi�� (entry 2)�B`XMeK�Ł#ěx�ď$�Æ"È¿Š4k	0��Ù�	6,6´-v"ĨÒ

�4°��0���	ŝ¤ĐÇĻ#ĹÖ4Ć����#ĥé	[Cp*RhLN][6,6´-Br2-(S)-BINSate] (117b)

4č�0���	92:8 e.r.�đĐă4Ã0��"Ë��� (entry 3)��Ļ#½ŐĹÖ��Æâŗ4¸

ŕ�0p"-/	ŉÎÇ4¡
�Ó!�p!��Ĉ� 84%(�Ô���#� (entry 4)	��.#è

u4äň�èu����ĻfīÇ#Ĺê4ń*0������  

 

 

 

� äň���èu#+�	ę�# 2-T8N`S_Acĸ°x"¯�0ňč4Ĺê�� (Table 11)�

�Ļ"-���ÆÇ�Ď!���*	ňª9Oc 124#½ŐĹÖ��Æâŗ4¸ŕ�0���	ï�

! 2-T8N`S_Acĸ°x"
��	}1��Ĉ�9McG:ŉÎÇ�s�x4Ã0����


��WcDcċh#ĨÒ�$	[Fv�Q^v"ę�#ŝ¤zk�dŝ¤õº��°��Ī��/	

ŝ¤õº�4°���Ŝ"3��"Ĭ�ŉÎÇ4ė�� (135d-f, i-m)�ŝ¤zk�4Ð��Ļ�$

}1��Æ�Ĉ4ė�	Q^v"ŝ¤zk��¥��0��"Ņ��Æ��qŏs�x#ČË�	

đĐ��0s�x#�Ĉwi"�!����*	9Oc 124#½Ő4ü.��ìĵ4«Ü�� (135g, 

h)�(�	[Fv"ĨÒ�4Ð���$ěx�ď4Ŋ�0-�"�Æ�ńį�	§Ċ!vĨŉÎÇ

�s�x�Ã.1� (135b-f, n-p)�Ō��#S_Acċh#ĨÒ�°�+ìĵ��ĥé	S_Ac

ċh 5v" Me�4Ð�	ĭţċh[Fv"9BI`�4°����Ļ 1p4č��Ŝ"	äť�!

0 95:5 e.r.4ņË�� (135p)� 

 

Table 10. Effect of BINSate derivatives.

+

N N Me O

Et

[Cp*RhLN][(S)-X-BINSate]
(5 mol %)

2-methylquinoline 146 (20 mol %)

DCE (0.2 M), MS3A, 35 ºC

1
(1.2 equiv.)

124 135

Me Et

O
H

entry X-BINSate time (h) % yielda e.r.b

1
2
3
4

BINSate 117a
3,3'-Ph2-BINSate 117c
6,6'-Br2-BINSate 117b
6,6'-Br2-BINSate 117b

17
17
17
48

58
5

60
84

90:10
46:54
92:8
91:9c

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture 
with dibenzyl ether as an internal standard. b Determined by HPLC analysis.c 1 (0.1 mmol), 124 
(1.1 mmol), isolated yield.

X

X

X

X

–O3S
–O3S

3

3'

6

6'

(S)-X-BINSate
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� ä+Ĭ�ŉÎÇ4ė�� 1p4č��	9Oc#ĨÒ¾¹#ìĵ4į�� (Table 12)��v#āģ

Ŕ�ŕ�!����"$}1�ŉÎÇ�s�x�Ã.1 (149)	~ĝ" Ph�,@b<@��ĨÒ�

���+	ŉÎÇ4Ó!�p!�s�x4Ã0����
� (150, 151)�fÛ��Æŋv#āģŔ�

-/ŕŔ"!����"$	3��"ŉÎÇ�wi��+##Ĭ¢!�Ĉ�s�x�Ã.1� (152, 

153)� 

Et

Me ON N

H +

[Cp*RhLN][6,6'-Br2-(S)-BINSate]
117b (5 mol %)

2-methylquinoline 146 (20 mol %)
DCE (0.2 M), MS3A, 35 ºC

R1

R2

R1

R2

Et

Me ON

R

R = H
Me
OMe
Cl
CF3
CO2Me

1a-p
124

(1.1-1.3 equiv.) 135a-p

135a 
135b  
135c  
135d 
135e
135f

84%, 91:9 e.r.
89%, 90:10 e.r.
89%, 90:10 e.r.
89%, 92:8 e.r.
62%, 93:7 e.r.
71%, 93:7 e.r.

Et

Me ON

R

R = Me
OMe
F
Cl
CF3
CO2Me
Ac

135g
135h
135i
135j
135k
135l
135m

80%, 90:10 e.r.
66%, 91:9 e.r.
75%, 92:8 e.r.
77%, 92:8 e.r.
66%, 92:8 e.r.
81%, 92:8 e.r.
65%, 92:8 e.r.

Me

Et

ON

135n 69%, 91:9 e.r.

Et

Me ON

Me

MeO2C 135o 70%, 93:7 e.r.

Et

Me ON

MeO2C 135p 93%, 95:5 e.r.

Me

Table 11. Scope of 2-pheylpyridine derivatives.

Me Et

O

Me

ON

MeO2C

Me

Ph

153 87%, 88:12 e.r.

nBu

Me ON

MeO2C

Me

Me ON

MeO2C

Me

Ph

Me ON

MeO2C

Me

OTBS

149 95%, 95:5 e.r. 150 88%, 95:5 e.r. 151 76%, 93:7 e.r.

R2 R1

O

R1

R2 ON N

H +

[Cp*RhLN][6,6'-Br2-(S)-BINSate]
117b (5 mol %)

2-methylquinoline 146 (20 mol %)
DCE (0.2 M), MS3A, 35 ºC

1p
(1.3 equiv.)

Me

MeO2C

Me

MeO2C

Table 12. Scope of enones.

Me

ON

MeO2C

Me

Me

152 89%, 88:12 e.r.
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ĞũĠ� 6-6_e`V_cĸ°x#jØ C–H�Às��Æ 

 

� �æìĵ"
�� 2-T8N`S_Ac (1)��ğ#ŉÎÇ4ė����	6-6_e`V_cĸ°x

131"���+äň�ìĵ"ēÍ���~# 2-T8N`S_Acĸ°x�äň���èu4	6-6_

e`V_cĸ°x 131 %ňč����2	w�Ĉ�� 78:22 e.r.��æìĵ4i�0ĥé4ė�� 

(Scheme 25)�131"���+äň�ìĵ4ń*0������ 

 

 
 

� åð��#û��é�æÁ�
!��*	 [Cp*RhLN][(S)-BINSate] (117a) ¥�i"� MS3A4û

���èu�þ£ìĵ�.ēÍ�� (Table 13)�2-T8N`S_Acĸ°x�#ìĵ"
��Ĭ�ĥ

é4ė��Pb?cġþ£4mÅ"ìĵ4į���	DCE"
�0ŉÎÇ4h�0ĥé$Ã.1!

����Ĵ£4[Cp*RhLN][6,6´-Br2-(S)-BINSate] (117b)����	¡
!Ň�$Ėķ�
!��� 

(entry 8)� 

 

Et

Me ON

N

N

N

H +

[Cp*RhLN][6,6'-Br2-(S)-BINSate]
117b (5 mol %)

2-methylquinoline 146 (20 mol %)
DCE (0.2 M), MS3A, 35 ºC, 48 h

124
131

(1.2 equiv.)

N

N

N

N

Bn Bn

154

23% yield
78:22 e.r.

Scheme 25. Asynmmetric conjugate addition of 6-arylpurine derivative.

conditions

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)

DCE (0.2 M), rt, 24 h

conditions

49% yield
85:15 e.r.

Me Et

O

Et

Me ON

N

N

N

H + Cp*Rh cat. (5 mol %)

solvent (0.2 M), MS3A
35 ºC, 17 h

131
124

(1.5 equiv.)

N

N

N

N

Bn Bn

154

DCE
CH2Cl2
CHCl3

C6H11Cl
C6H5Cl

THF
acetone

DCE

40
51
25
22
14
11
27
44

84:16
79:21
74:26
76:24
69:31
64:36
66:34
85:15

1
2
3
4
5
6
7
8

entry solvent % yield a e.r.b

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with CHCl2CHCl2 as an 
internal standard. b Determined by HPLC analysis.

Table 13. Screening of solvents.

Cp*Rh cat.

[Cp*RhLN][(S)-BINSate]       117a
117a
117a
117a
117a
117a
117a

[Cp*RhLN][6,6'-Br2-(S)-BINSate] 117b

Me Et

O
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� [Cp*RhLN][6,6´-Br2-(S)-BINSate] (117b) ¥�i"�	\a<]^e@eUB4$�*���oĂ�

#ìĵ4į�� (Table 14)�MS3A� MS4A$�ğ#ŉÎÇ4ė� (entries 1, 2)	MS5A�$3��

"ŉÎÇ�wi�� (entry 3)��#r#oĂ�+ìĵ���	ŉÎÇ$wi�0#)���� 

(entries 4, 5)�äÂ"	oĂ�4�	!�èu4Ķ)���2	&'�ğ#ŉÎÇ� 154�Ã.10

���à.��!�� (entry 6)� 

 

 

 

� th-/	BINSateĸ°x4°���P7U_HLĴ£�$äť 85:15 e.r."� (/	��fñĽ

/!�ą÷�!����*� 

 

 

______________________________________ 

* Ì³ĕĚ¬"�Ú�"Ŗď�1�	BSb�Ťë4å�0<^`AB`XMeK��0 SPISate 53)4°��

�[Cp*RhLN][(R)-SPISate] (117d) 4č�0��"-/	Ĵ£#)4�	��Æèu"
�� 87:13 e.r.�s�x

154�Ã.1� (Scheme 26)��."�Ļìĵ4ń*0��"-/	äť 91:9 e.r.�s�x4Ã0��"Ë��

��0 54)� 

 

Et

Me ON

N

N

N

H +
solvent (0.2 M), drying agent

35 ºC, 17 h

131
124

(1.5 equiv.)

N

N

N

N

Bn Bn

154

[Cp*RhLN][6,6'-Br2-(S)-BINSate]
117b (5 mol %)

entry % yield a e.r.bdrying agent

MS3A
MS4A
MS5A

DRIERITE®

MgSO4
none

44
59
75
72
62
79

85:15
85:15
83:17
82:18
81:19
84:16

1
2
3
4
5
6c

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture 
with CHCl2CHCl2 as an internal standard. b Determined by HPLC analysis.c 131 (0.12 mmol), 
124 (0.10 mmol), 48 h

Table 14. Screening of drying agent.

Me Et

O

Et

Me ON

N

N

N

H +

DCE (0.2 M), 35 ºC, 48 h
131

124
(1.5 equiv.)

N

N

N

N

Bn Bn

154

Rh

Me Me
MeMe

Me

L
L

L
2+

[Cp*RhLN][(R)-SPISate] 117d
(5 mol %)

–O3S
–O3S

Scheme 26. [Cp*RhLN][(R)-SPISate] (117d) catalyzed asymmetric conjugate addition of 131.
62% yield, 87:13 e.r.

Me Et

O
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ĞŪĠ� N-S_A`7cLe`ĸ°x#jØ C–H�Às��Æ 

 

� P7U_HLĴ£"-0jØ C–H�Às��Æ#�.!0ňčġÏ»4đÑ�	7cLe`ĸ°

x%#ňč4Ĺê���[Cp*RhLN][(S)-BINSate] (117a) ¥�i"
��	Nh#Ō��#ìĵ4į�

� (Table 15)�C–H¨Ī���fīĐ"č�.10 N-S_AZ`7cLe` (155) 4�Ļ����

�"$	đĐ��0s�x�w�Ĉ��^CZx�Ã.1� (entry 1)�S_A`�4Ō����0

� (156)	jØĸļ4ďĉ��s�x�Ã.1� (entry 2)�Ō��4 2-T8N`S_Acĸ°x#ì

ĵ"
��+å����� 5-[G`S_A`���� 157 4�Ļ��0�	2 âŗ�©ŐĐ"�Æ

�ńį� 83:17 e.r.�đĐă�Ã.1� (entry 3)�[Cp*RhCl2]2� Ag2-(S)-BINSate (116a)"-/ùÇę

4ġmďČ��0Íø4�����2	86:14 e.r.(�ŉÎÇ��h�� (entry 4)�1574\J`�Ļ

���äň�ìĵ4ń*0������ 

 

 

 

� � [Cp*RhCl2]2� Ag2-(S)-BINSate (116a)4�	�èu#+�	�Æþ£4ìĵ�� (Table 16)�P

b?cġþ£4mÅ"µ¶�ìĵ���	DCE 4h�0ŉÎÇ$Ėķ�
!����2-T8N`S

_Ac (1)"
�0ìĵ��ï"	ŞíÇþ£#K`9c�$w�ŉÎÇ4ė�� (entry 6)����

!�.	íÇþ£��06CKc"
��$	DCE4i�0ŉÎÇ�!�� (entry 9)�157 "
�

�+ DCE4äňþ£����.!0ìĵ4ħ����  

 

N
DG

H
+

Me Et

O Cp*Rh cat. (5 mol %)

DCE (0.2 M), 40 ºC

N
DG

∗∗

Me

Et

O

N N

N

N

Me

Table 15. Screening of N-substituted indole derivatives.

DG entry Cp*Rh cat. time (h) % yield a e.r.b

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with CHCl2CHCl2 
as an internal standard. b Determined by HPLC analysis.

1

2

3

4

[Cp*RhLN][(S)-BINSate] 117a

[Cp*RhLN][(S)-BINSate] 117a

[Cp*RhLN][(S)-BINSate] 117a

[Cp*RhCl2]2 + Ag2-(S)-BINSate 116a

17

2

2

2

12 50:50

70 76:24

quant.

quant.

83:17

86:14

155

156

157

124
(1.5 equiv.)
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� ħ��	\a<]^e@eUB#¿Š4Ĺê�� (Table 17)���1#+#4�	�+	�Æń

į"¿Š4k	0��$!�+##	ŉÎÇ#��+Ėķ�1!����ç�Æġ"
��$	\

a<]^e@eUB#�é$!���Ù��� 

 

 

 

� DCEþ£m"
��Ĵ£#ìĵ4į�� (Table 18)��Æý·4ìĵ��Ŝ"Ā·4 0.1 M��

0�Ĵ£�ł,�"þĳ�	�Ĉ,ŉÎÇ�¦©�����.	tÂ$ 0.1 M #Ā·�ìĵ4ń*

�*�BINSateĸ°x4ıÕĶ���	ŉÎÇ#�h$Ĳ.1!��� (entries 2-4)�CpŌv¤"


�0ěxĐ¿Š4ĩÊ�	��ť� 159 , Me ��f�²!� 160 4Ķ���	ŉÎÇ�wi�0

#)���� (entries 5, 6)�ŝ¤jĽ! Rh mÅ��� 161 �$	�Ĉ�ŉÎÇ��+"wi�� 

(entry 7)�Ā·�ã�����.	P7U_HLĴ£ 117a 4�·Ķ����23��"ŉÎÇ�h

ß�	87:13 e.r.�đĐă 158 4Ã�  (emtry 8)�6-6_e`V_cĸ°x�Ĭ�ĥé4ė��

[Cp*RhLN][(R)-SPISate] (117d)+ìĵ���ŉÎÇ#�h$Ėķ�
!��� (entry 9)� 

N H +
Me Et

O

solvent (0.2 M)
40 ºC, 2 h

N
∗∗

Me

Et

O
N N

Me Me

[Cp*RhCl2]2 (2.5 mol %)
Ag2-(S)-BINSate 116a

(5 mol %)

entry

DCE
DCM
CHCl3
C6H5Cl
oDCB

quant.
quant.

82
quant.
quant.

86:14
85:15
71:29
77:23
82:18

toluene
Et2O
THF

acetone
tAmylOH

47
ND
66

quant.
75

67:33
–

85:15
79:21
64:36

1
2
3
4
5

6
7
8
9

10

solvent entry solvent% yield a e.r.b % yield a e.r.b

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with CHCl2CHCl2 as an 
internal standard. b Determined by HPLC analysis.

Table 16. Screening of solvents.

124
(1.5 equiv.)157 158

N H +
Me Et

O

DCE (0.2 M), 40 ºC, 2 h
N

∗∗

Me

Et

O
N N

Me Me

[Cp*RhCl2]2 (2.5 mol %)
Ag2-(S)-BINSate 116a

(5 mol %)

Table 17. Screening of drying agents.

entry MS (5 mg)
0
1
2
3
4

–
MS3A
MS4A
MS5A

MS13X

quant.
quant.
quant.
quant.
quant.

86:14
85:15
84:16
84:16
86:14

124
(1.5 equiv.)

% yield a e.r.b

a The yields were determined by 1H NMR spectroscopic analysis of 
the crude reaction mixture with CHCl2CHCl2 as an internal standard. 
b Determined by HPLC analysis.

158157
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* [Cp*RhCl2]2� Ag2-6,6´-Br2-(S)-BINSate (117b)4�	�èu#+��	�Æý·#ìĵ4į�� (Table 19)�

Ā·� 0.2 M�$	Ĵ£#þĳÇ�È��Æþú�ÿ��ąÉ�!/	�Æ$©ŐĐ"ńį��+##ŉÎÇ

�wi�0|��Ĳ.1� (entries 1, 2)�Ā·4 0.1 M"i����2Ĵ£�ł,�"þĳ�	ŉÎÇ�Ô�

�1� (entry 3)����!�.	�Æý·4�ã��+�Ĉ,ŉÎÇ"��$Ėķ�
!��� (entries 3-6)� 

 

 
 

RhCl
Cl

2

N H +
Me Et

O

DCE (0.1 M)
40 ºC, 4 h

N
∗∗

Me

Et

O
N N

Me Me

Cp*Rh cat.
(5 mol %)

124
(1.5 equiv.) 158157

[Cp*RhCl2]2
[Cp*RhCl2]2
[Cp*RhCl2]2
[Cp*RhCl2]2

[Cp*tBuRhCl2] 159
[CpMe4RhCl2]2 160
[Cp*CF3RhCl2]2 161

Ag2-(S)-BINSate 116a
Ag2-6,6'-Br2-(S)-BINSate 116b
Ag2-3,3'-Ph2-(S)-BINSate 116c

Ag2-(S)-H8-BINSate 116e
Ag2-(S)-BINSate 116a
Ag2-(S)-BINSate 116a
Ag2-(S)-BINSate 116a

quant.
98
60

quant.
50
72
11

quant.
quant.

86:14
82:18
33:67
70:30
77:23
78:22
74:26
87:13
85:15

1
2
3
4
5
6
7
8
9

+
+
+
+
+
+
+

[Cp*RhLN][(S)-BINSate] 117a
[Cp*RhLN][(R)-SPISate] 117d

entry Cp*Rh cat. % yield a e.r.b

Table 18. Screening of BINSate derivatives and Cp ligands.

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with CHCl2CHCl2 as 
an internal standard. b Determined by HPLC analysis.

SO3Ag
SO3Ag
Ag2-(S)-H8-BINSate

116e

Me Me
Me Me

tBu

RhCl
Cl

2

Me Me
Me Me

RhCl
Cl

2

Me Me
Me Me

CF3

[Cp*tBuRhCl2]
159

[CpMe4RhCl2]2
160

[Cp*CF3RhCl2]2
161

DCE

[Cp*RhCl2]2 (2.5 mol %)
Ag2-6,6'-Br2-(S)-BINSate 116b

(5 mol %)

Table 19. Screening of temperature.

entry temp. (ºC)

1
2
3
4
5
6

0
40
0
rt
40
60

quant.
quant.
quant.
quant.

98
98

74:26
80:20
81:19
81:19
82:18
82:18

% yield a e.r.b

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with 
CHCl2CHCl2 as an internal standard. b Determined by HPLC analysis.

+ 124
(1.5 equiv.)

157 158

conc. (M) time (h)
0.2
0.2
0.1
0.1
0.1
0.1

21
2

12
12
12
12
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� äÂ"	[Cp*RhLN][(S)-BINSate] (117a) Ĵ£¥�i"
��	åð��4û�����ìĵ4į�

� (Table 20)�RhmÅ%#Ōv"-0�Ĉwi4ĩÊ�	117a��Ő#åð��4�	ìĵ���

��1#+#4�	���+�Ĉ,ŉÎÇ#��$&�5 Ėķ�
�	åð��#û�$�é�

!��ĩ	.1�� 

 

 

� th#äň�ìĵ#ĥé	[Cp*RhLN][(S)-BINSate] (117a) Ĵ£#)4�	�èu4äňèu���	

�ĻfīÇ4Ĺê�� (Table 21)�7cLe`h 4, 5, 6v"$ï�!ĨÒ��°��Ī��/	ŉ

ÎÇ4¡
�Ó!���!�&'©ŐĐ"đĐă4Ã0����
� (162-167)�Sbe`ĸ°x�

$	Ņ��Æ"-/mĘ·#�Ĉ"!0+##	Ĭ¢!ŉÎÇ4ė�� (168)�fÛ�	IK^RL

b7cLe`ĸ°x 169,	B;Ke`ĸ°x 170�$ŉÎÇ�wi��� 

 

 
 

+ 124
(1.5 equiv.) DCE (0.1 M), 40 ºC

157 158

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)
additive (5 mol%)

additive, yielda, e.r.b

none

quant.
87:13 e.r.

N

139
94%

87:13 e.r.

N
141
92%

87:13 e.r.

N
142

quant.
87:13 e.r.

N
146

quant.
86:14 e.r.

N
148

quant.
86:14 e.r.

Table 20. Screening of orgaic bases.

a The yields were determined by 1H NMR spectroscopic analysis of the crude reaction mixture with CHCl2CHCl2 as an internal 
standard. b Determined by HPLC analysis.

DCE (0.1 M), 40 ºC, 6 h

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)N H +

Me Et

O
N

∗∗

Me

Et

O
N N

Me Me

124
(1.5 equiv.)

N
∗∗

Me

Et

O
N

Me

Br

N
∗∗

Me

Et

O
N

Me

OMe

N
∗∗

Me

Et

O
N

Me

Br

N
∗∗

Me

Et

O
N

Me

F

N
∗∗

Me

Et

O
N

Me

Br
N

∗∗

Me

Et

O
N

Me

MeO2C
N

∗∗

Me

Et

O
N

Me

N
∗∗

Me

Et

O
N

Me

O

N
∗∗

Me

Et

O
N

Me

Me

N
∗∗

Me

Et

O
N

Me

158
99%

87:13 e.r.

R R

Table 21.Substrste scope and limitations.

162
94%

83:17 e.r.

163
99%

86:14 e.r.

164
99%

86:14 e.r.

165
98%

86:14 e.r.

166
97%

85:15 e.r.

167
90%

84:16 e.r.

168
60%

85:15 e.r.

169
62%

75:25 e.r.

170
quant.

73:27 e.r.
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�  �#�Ļ�}1��Ĉ4ė��#�	Ĵ£Ő#wü4Ķ)� (eq. 36)�Ĵ£Ő4 0.5 mol %(�

ü.����2	�Æâŗ�¸ŕ��+##©ŐĐ"�Æ�ńį�	ŉÎÇ4¡
�Ó!���!

� 85:15 e.r.�s�x 158 4Ã0����
��ç�Æ"
�0Ĵ£�ĿÕ$	Þ¥#ĞūÝ Cp*œ

x"-0jØ C–H¨Ī���Æ�óŀ�0�	í*�ť�{����� 

 

 
 

 

 

 

 

 

 

 

 

 

______________________________________�  

� 6=CVFe�!09Oc#ňčÏ»4đÑ�	A9Oc 171%#ňč4Ĺê����2	2v� 3v��

Às��Æ�ńį�� 172�Ĭ¢!�Ĉ�Ã.1�(Scheme 27)�3��"Ã.1��ČËă#îŃ�.	2v

� C–Hs��Æ�ńį��#�	3v�#ċ��ńį���0�ĩ	.10�jØĸļ#ďĉ�Ėķ�
��

0+##	A6BIa:ŉÎÇd9McG:ŉÎÇ�+"Ô�#y�4ò���0� 

 

 
 

DCE (0.1 M), 40 ºC, 96 h

[Cp*RhLN][(S)-BINSate]
117a (0.5 mol %)N H +

Me Et

O
N

∗∗

Me

Et

O
N N

Me Me

124
(1.5 equiv.)157 15898% yield

85:15 e.r.

(36)

DCE (0.1 M), 60 ºC, 24 h

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)N H +

N
N

N

Me
Me

171
(1.5 equiv.)

157 90% yield
74:26 d.r.
76:24 e.r.

∗∗

∗∗
Me

O

Me

O

Me

O

O
Me

H

172

Scheme 27. C–H addition/cyclization cascade reaction of indole derivative 157.
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ĴªĲ� mí C–H�Ðv��Ö#Á�4�ÖĆă%ņÀ 
 
Ĵ 1ķ� �ÖĆăŖý¼Ǝ 
 
� �#ŭ)�	2-W=SdVcFg (1)8®ť ��mí C–H �Ðv��Ö%Ĕ¶Āř#
��	

Ɗā×Ĕ¶�&}�ŹÞ×8Ī�	ā×Ĕ¶�Ŋµ"ŹÞ×������%� �2	AbdÁ:

S?g%Öğ�jŉģ����DgJBP;?gZ:%ÎÚ�	ú�Ö#
�4ı~ŹÞ×%ĢĜ

#&�5*!žœ�&"� ņ	25� (Figure 7)� 

 

� ŗ¶śŘĉƈ�&	fiKE;Bdpƅ~ BINSate �;?gZ:8ÎÚ�	mí�Ö°8ăĸ

���4 ��Ø»������"7�	Í�&;?gZ:%ÎÚ#13mí�Ö°8ăĸ�	p

ƅ~(II)�2>RgL?ŹÞģ"ä��Ųō�4 ņ	��� (Figure 8a)����"�2	kŚ%Ĕ

¶Āř%ŀþ&	ı~ŹÞ×�ĢĜ�4ĉƈ#
��	;?gZ:8ÎÚ�"�q8ëá�40%

 ņ	25���%ŀþ	pƅ~(II)�2¡ůģ#ä��Ųō�ä�pƅ~ rac-(III) "3	jñ%

ı~żŅ8á�ä�pƅ~(III)#Á�	YfPg��� BINSate� RhpÕ#ż|��ĚÙ�	>R

gL?ŹÞģ"YfPg��Ųō�	jñ%ı~żŅ8á�v�~�����Ô254 ��ð�

"Ćă�Ø»�5� (Figure 8b)��52%`@SH_#���ŝĽ8ó2�#�4� &	U;X

cMQŗ¶%�2"4ÖğÅƄ#¾n�4 ņ	ŖýĨİ#ĦÛ��� 

� � �  

N

H

+

Me Et

O N

Et

Me O

[Cp*RhLN][(S)-BINSate] 117a
(5 mol %)

solvent (0.2 M), rt1
(1.2 equiv.)

124
(0.05 mmol) 135

toluene

21%
66:34 e.r.

DCE

quant.
81:19 e.r.

acetone

quant.
81:19 e.r.

+ –

contact ion pair

+ –
solvent-separated

ion pair
Figure 7. Solvent effects of asymmetric C–H conjugate addition reaction.

N [Cp*RhLN]
[(S)-BINSate]

117a

N Rh

Cp*
O3S ∗∗

HO3S

N
Rh

Cp*
O3S

∗∗

HO3S

Me

Et
O

N Rh

Cp*

Et

O

Me

O3S
∗∗

HO3S

O

Me Et

[Cp*RhLN]
[(S)-BINSate]

117a

N Rh

Cp*
O3S ∗∗

HO3S

N
Rh

Cp*
O3S

∗∗

HO3S

Me

Et
O

N Rh

Cp*

Et

O

Me

O3S
∗∗

HO3S

O

Me Et

N

Et

Me OH
N

H

C–H activation C–H activation

CoordinationCoordination
Enantioselective

insertion
Reversible
insertion

Enantioselective
protonationProtonation

Figure 8. Two patterns of proposal reaction mechanism.

(I)

(II)

ent-(III) (I)

(II)

rac-(III)

135

a). Enantioselective-insertion mechanism b). Enantioselective-protonation mechanism

1 1

124
124
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� &�/#	u%Abd:S?gį ľ-¢7��°¢ %Ċū8ō�� (Table 22)�[Cp*RhCl2]2

¸­l	Ag2-BINSate (116a)8ď��4� �	�Öĺp�ŗ¶č×į8ÎÚ��4ÛČ8��� 

�6	135%�ě&}l���ŹÞ×8ê"�� �"����/	u%Abd:S?gį0ƀ± 

���	ŀþ8Ċū���F:S?gį ��AbdF@d\gŽ± 173 8ğ�� �6	bI^

~%ĤģĘ�}�ě�Ô25��[GW=iP8&�/ ��Œì%aT:S?gį8ŷğ���	

ĤģĘ�Ô254°¢&�40%%	��50míşŦ&* 9!ĩŞ�
"��� (101, 86, 174)�

ú�Ö#
��&	BINSate%-�Ə�>RgL?ŹÞ×80�2�� �ó2� "��� 

 

� Ag2-BINSate (116a)8ğ��	ŗ¶ ĞÚĘ 135 %ƅ%ƊŃÎ�þ%öĖ8šÿ�� (Figure 9)�

0.1 mmolGCid#�	(S)-~h(R)-~% 116a8īſ���/G]MP%�5&Ŕ2540%%	r

�%�¹ĻÊ&Ă$Ċ�Ɔ�#�4� �ó2� "��������	fiKE;Bdpƅ~ 

BINSate& 1Á 1%¸­Ċ�Œ¢~8ÎÚ�	�Ö�Ųō���4 ņ	25�� 

 

  

[Cp*RhCl2]2 (2.5 mol%)
Ag salt

DCE (0.2 M), MS3A
35 ºC, 36 h

SO3Ag
SO3Ag

(5 mol%)

(S)-116a
40%, 90:10 e.r.

CO2Ag
CO2Ag

(5 mol%)

(S)-173
10%, 50:50 e.r.

O

O

(10 mol%)

Ag-(S)-101
25%, 53:47 e.r.

P
O

OAg

O

O
(10 mol%)

(S)-86
No reaction

P
O

OAg

2,4,6-iPr3-C6H2

2,4,6-iPr3-C6H2

S

S

(10 mol%)

(S)-174
49%, 50:50 e.r.

NAg

O
O

O
O

Ag salt, yield, e.r.

Table 22. Evaluation of other chiral anions.

Yields were determined by 1H NMR analysis of the crude mixture using dibenzyl ether as an internal standard. Enantiomer ratios were determined by 
chiral HPLC analysis.

N

H +
Me Et

O
N

Et

Me O

1 124
(1.3 equiv.) 135

[Cp*RhCl2]2 (2.5 mol%)
Ag2-(S)-/(R)-BINSate 116a(5 mol %)

DCE (0.2 M), 35 ºC, 36 h
+1

(0.1 mmol)
124

(1.3 equiv.) 135

y	=	0.8135x	
R²	=	0.98�

0	

20	

40	

60	

80	

100	

0	 10	 20	 30	 40	 50	 60	 70	 80	 90	 100	

13
5	
	(%

	e
e)
�

116a	(%	ee)�
Figure 9. Evaluation of non-linear effect. �
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� žċļsé¼Ǝ8ō�� (eq. 37)�žċļ��� 2-W=SdVcFg ([D]5-1)8ğ��	U;Xc

MQŗ¶ 117a  2-`LdATcg (146)¸­l	DCE/`JTidĎ¢Ĕ¶p#��Ö8ō���2

ôƅ��Ö8�Ĉ��� �6 22%%v�~ 135 �Ô25	ù�Ö%�î 1 � 63%«��5��«

��5� 1 %�ÖŻ|%žċļ�·�	`JTid#Ġü�4ċļ�· 48%sé�5��4� 

�ĩŞ�
��xk%ŀþ13	ú�Ö�& C–Hč×�&¡ůģ��4� �Ī©�5�� 

 

 

 

� U;XcMQŗ¶ :Abd" Cp*Rh(III)ŗ¶8ğ���5�5%ŗ¶�Ö#���	ŰÊŢģ£

|~�þ (KIE) %öĖ8Ŝ��� (Figure 10)�U;XcMQŗ¶ 117a8ğ��mí C–H�Ðv�

�Ö�& (eq. 38)	kH/kD =1.41 Ķ��5�*�jñ�	:Abd"[Cp*Rh(CH3CN)3][SbF6]28ğ��

bI^�Ö%°¢& (eq. 39)	��5% 2-W=SdVcFg ([H5]/[D5]-1)8®ť ��0*+£��

ÖŴĮ8Ī� kH/kD =1.00 "���,�	�Ö%Ųō�ų�"3	ď��% 1468Ƈ
�ÖđÊ8

60 ºC,�òđ��k�	�Öôƅ8Ëƃ�4� #13£ĵ%Ŭźě#ŵ����%� �2	�

ÖŰÊ#&´
"Ŷ���4� �ó2�#"���4**�xk%šÿ#13	r�%ŗ¶�Ö�

&�ÖĆă�ġ"4� �èÀ�5	U;XcMQŗ¶#14mí C–H�Ðv��Ö�&	ÒŰĉ

ƈ#ċļ�·�ĥç	0��&ƅçģ#Ɔn���4¡ň×�Ī©�5�� 

 

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)

2-methylquinoline
146 (20 mol %)

DCE/MeOH (4:1), rt, 2 h

N

+
Me Et

O

[D]5-1
(1.2 equiv.)

124
(0.05 mmol)

135
22%, 82:18 e.r.

D5

N

D4

Me

Et

O

+

N

D3

H/DH/D

97% D
recov. 1

63%

(37)

48% D

y	=	0.01x	
R²	=	0.99�

y	=	0.0071x	
R²	=	0.99�

0	

0.005	

0.01	

0.015	

0.02	

0.025	

0	 0.5	 1	 1.5	 2	 2.5	

13
5	
	(m

m
ol
)�

time	(h)�

H5	
D5	

y	=	0.0006x	
R²	=	0.99�

0	

0.005	

0.01	

0.015	

0.02	

0.025	

0	 5	 10	 15	 20	 25	 30	

13
5	
	(m

m
ol
)�

time	(h)�

H5	

D5	

Figure 10. KIE for asymmetric and racemic C–H conjugate addition reaction. �

�H]5-1�

�D]5-1��D]5-1�
�H]5-1�

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)

2-methylquinoline
146 (20 mol %)

DCE (0.2 M), 35 ºC

N

+

Me Et

O

1
(0.05 mmol)

124
(1.1 equiv.)

135

H5/D5 N

H4/D4

Me

Et

O [Cp*Rh(CH3CN)3][SbF6]2
(5 mol %)

DCE (0.2 M), 60 ºC

N

+

Me Et

O

1
(0.05 mmol)

124
(1.1 equiv.)

135

H5/D5 N

H4/D4

Me

Et

O

(38) (39)

kH/kD = 1.41 kH/kD = 1.00
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______________________________________ 

* £|~8¥.ŀ¢%ƄŐhĞÚ�Ŧ�4°¢8jć£|~�þ §'�jć£|~�þ�ŕĒ�54� �

�	Ž HA�2±® B(%YfPgĭ��Ö8aOd��� (eq. 40)��%ô	£|~�þ8ţŢ�4k�&

ŸĭĚÙ�%ÁĬ{ńã��žœ��4� �ħ25�
3	A–H  H–B ƅ��%»ì�ĵ��"3ã��

º�#ÁĬ#"��Ɖ#	£|~�þ�õ´ "4� (eq. 40)�& HA HB% pKa�ĵ��"��°¢#	

ÁĬ"ŸĭĚÙ8�4 ņ	25 kH/kD�õ´� "4� �ĩ�/25��4 (Figure 11)�jñ�	r�%

pKa%Æ�´
�"4 £|~�þ&Ã��"3	kH/kD%��Ã��"4� 

 

kŚ8Ū,	t«Ķ��5� kH/kD =1.41 ���8ņÀ�4�mí C–H�Ðv��Ö#
�� C–Hŀ¢ÎÚ

&	2-`LdATcgĠü%ATcS<_ 176 �2 Rh->TbiP 175 (%YfPgĭ�#13Ú�54 Ø

»���4 (Figure 12)�ATcS<_ 176 ĞÚĘ%CPg 135% pKa8Ċū�4 �%Æ&´
��/	

kH/kD =1.41 ��Ã�"��Ķ��5� ņ	25�� 

 

** Huang 2#1��	�Öĺp% pKa ��ě#´
�ÏƋ�4� �¯¦�5��4�Ĕ¶#ğ�4@d\

gŽ% pKa#13	v�~%�ě�ġ"4� �ĩ�/25��4 (Table 23) 10)�t«&Ċū%�/±®×û

y#��Ö8ō���/	�Ö�ě�}l�4ŀþ#"�� ņ	25�� 

 

A H B← → : ������

pKa (AH) = pKa (BH) kH/kD = max

180 5. 化 学反応論

供する．
反応速度は遷移状態理論に基づいて反応原系と遷移状態の間の平衡定数と して表されるので，反応

速度同位体効果も平衡同位体効果と全く同様に考えてよい．速度同位体効果は，同位体置換の位置に
よって次の三つに分けて考える．
1) 生成が起こる
2) 二次同位体効果： I司位体を含む結合の変化を伴わない
3) 溶媒同位体効果：反応溶媒（主として H 2 0 とD 20) による効果

5・6・2 一次同位体効果
2 原子分子の解離反応（図 5・29)においては，遷移状態において結合が弱まっており，振動の零点

エネルギーも小さくなっているので，知／知>1 となるはずである．遷移状態で結合切断がほとんど
完結しているとすると，原系の零点エネルギーの差がそのまま速度同位体効果に反映されるはずであ
る．では，一般的に遷移状態が生成系に近いほど速度同位体効果は大きいといえるだろうか．溶液反
応はこれほど単純ではなく，結合の切断とともに新しい結合の生成が起こっているのがふつうである．
たとえば，フリーラジカルによる水素引抜きや酸から塩基へのプロトン移動のような水素移動反応
を考えてみよう．このような反応は，三中心反応としてモデル化できる．

A - JI + B  - - A +  11- B  
← → A・・ …・H … ・・・B  
対称伸縮振動

← → ← A ------H ……B  
非対称仲縮振動

遷移状態の直線的 3原子系は，対称と非対称の 2種類の伸縮振動と縮退した変角振動を含んでいる．
このうち非対称伸縮は反応の進行状況では一方方向の H の並進運動に相当し，零点エネルギーをも
たない．また，変角振動の寄与は原系 A - H のそれと相殺されるので，遷移状態の零点エネルギー
に対しては対称伸縮が重要となる．この振動が A -H とH - B の力の定数が等しくなって完全に対
称になると，中心原子 H の動きは全く止まってしまい，その質最は無関係になる．すなわち，その
ような遷移状態では零点エネルギーの同位体差がなくなり，このとき速度同位体効果は最大になる．
酸 H A から塩甚 B へのプロ トン移動では， A ―と B の塩碁性がちょうど等しくなったとき（すな
わち共役酸 H A とH B十の pK. が等しいとき），対称な遷移状態をとると考えられる．実際に， 両者
の pK .差が 0 の場合に知／知が極大値になることが確かめられている（図 5 ・30). A とB の質最が

10 

6
 

Gぺlg

_!! 10  

0 2 N CH 2CO心 H 5 +  B - -
0 2函 H C O心 H 5 +  HB+ 

゜△ p K.  10 

図 5 ・30 プロトン移動反応における速度同位体効果 [R.P. Bell, "The  Proton  in  Chemistry  
(2nd  ed.)", p.  263, Chapman and H all,  London (1973)のデータによる．］

大学院講義　有機化学I　(第一版), 
東京化学同人, p.180. 
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Figure 12. Proposed protonation pathway of asymmetric C–H conjugate addition reaction.
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CF3CO2H
CH3COCO2H
HCO2H
PhCH2CO2H
iPrCO2H
CH3CO2H
nBuCO2H
CH3CH2CO2H
PivOH

0.23
2.25
3.75
4.28
4.69
4.76
4.81
4.87
5.01

2
0.2
0.1
81
84
79
25
30
31

1
2
3
4
5
6
7
8
9

entry solvent pKa % yield

N

H

+

Ph Ph

O

[Cp*RhCl2]2
(2.5 mol %)

AgSbF6
(10 mol %)
solvent,

60 ºC, 16 h

N Ph

Ph

O

Table 23. pKa effects of C–H conjugate addition reaction.



 úŢ� ĴªĲ� Ĵ 1ķ  
 

 48 

� C–H �ï#z�Ğ�4YfPg%ŮŨ8Ĥģ#	[D]5-1 8®ť ��Ô254v�~ 135 %Ŗý

8ō�� (Scheme 28)�U;XcMPŗ¶ 117a8ğ��°¢#&	135#
�4�|%jñ%ċļ

�·�	F:GNe?ŹÞģ#žċļ��5��4� 8	1H NMR GZBPd#13ĩŞ��

(Scheme 28, eq. 41)�jñ�	[Cp*Rh(CH3CN)3][SbF6]28ğ��Ɖ#&	135%�|�bgK_#žċ

ļ��5��4���"�	0�jñ%�|%žċļ�0ĩŞ�5� (Scheme 28, eq. 42)�U;Xc

MQŗ¶ 117a#14mí C–H�Ðv��Ö�&	YfPg�%ŴĮ�´
�ġ"4 ņ	25�� 
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Scheme 28. C–H conjugate addition of isotopically labeled compound.
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� 2-`LdATcg (146)� BINSate Œ¢~8ÎÚ��ĚÙ�	>RgL?ŹÞ×�ĢĜ�4ĉƈ
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��ATcS<_-BINSate Œ¢~�Yf

Pgē ��Ćň�	��ģ#YfPg��Ųō�4 ņ	��4�2-`LdATcg (146)%ď�

�þ%j� ��	õŷ"ı~ăű% BINSateŒ¢~8ÎÚ�4 ��ĕ8ņÀ���4 (Figure 14, 

effect 1)����"�2	6-:cidYcgşÂ~8®ť ��°¢#&	ŹÞ×%¤k�ĩŞ�


"���� �2�%�þ0ņ	25�� 
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Experimental Section 
 

General Information 

General: Reported melting points were uncorrected. Optical rotations were measured on a JASCO P-1030 

digital polarimeter with a sodium lamp (589 nm). Infrared (IR) spectra were recorded on a JASCO 

FT/IR-5300 spectrophotometer and absorbance bands are reported in wave numbers (cm-1). NMR spectra 

were recorded on JEOL JNM-ECP400 spectrometers operating at 399.78 MHz for 1H NMR and 100.53 MHz 

for 13C NMR, JEOL JNM-ECS400 spectrometers operating at 391.78 MHz for 1H NMR and 98.52 MHz for 
13C NMR, JOEL JNM-ECX400 spectrometers, operating at 395.88 MHz for 1H NMR and 99.55 MHz for 13C 

NMR, and JNM-ECA500 spectrometers, operating at 500.16 MHz for 1H NMR and 125.77 MHz for 13C 

NMR and 470.54 MHz for 19F NMR. Chemical shifts were reported in the scale relative to tetramethylsilane 

(0.00 ppm for 1H NMR), CHCl3 (7.26 ppm for 1H NMR), CH3OH (3.34 ppm for 1H NMR), CDCl3 (77.0 

ppm for 13C NMR), C6F6 (–164.9 ppm for 19F NMR), C6H5CF3 (–63.72 ppm for 19F NMR) as an internal 

reference, respectively. GC/MS analysis was performed on Shimadzu GC-MS QP2010 Ultra using capillary 

column (DB-5ms, 30 m x 0.25 mm, 0.25 µm), and the GC/MS yields were calculated based on TIC area 

values (EI-mode) by fitting with a calibration curve (internal standard: n-dodecane). ESI mass spectra were 

measured on JEOL JMS-T100LCP spectrometer. ESI mass spectra were measured on JEOL JMS-T100LCP 

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

Yamazen YFLC AI-580 using Universal Column SiOH. TLC analysis was carried out on Merck Kieselgel 

60 F254 plates with visualization by UV light, anisaldehyde stain solution or phosphomolybdic acid stain 

solution. Gel permeation chromatography (GPC) was performed with YMC LC-forte/R using CHCl3 as an 

eluent.� Chiral HPLC analysis was performed on a JASCO PU-2080 intelligent HPLC pump with JASCO 

MD-4017 intelligent UV/VIS detector using DAICEL Chiralpak ID and IE columns (0.46 cm x 25 cm). 

 

Materials: 1,2-dichloroethane was distilled from CaH2, purged with argon for over 30 min, and stored over 

activated molecular sieves 124 under argon atmosphere before use. Commercially available toluene, THF, 

CH2Cl2, MeOH (Wako Ltd., deoxidized grade) and Et2O, acetone (KANTO Chemical Co., Inc., dehydrated 

grade) were used without further manipulation unless otherwise stated. All other reagents were commercially 

available and used as received. 
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Chapter 2 Section 3: Preparation of Cp*Rh-BINSate catalysts 

Preparation of (S)-6,6’-Br2-BINSA 103b 

(S)-6,6’-Br2-BINSA (103b) was synthesized as shown in Scheme S1 according to procedures reported in the 

literatures.47, 49, 55 

 

 
 

(S)-O,O’-[6,6’-dibromo-(1,1’-binaphthalene)-2,2’-diyl] bis(dimethylcarbamothioate) (S2) (SS06019) 

To a solution of 6,6’-dibromo BINOL (S1, 2.66 g, 6.0 mmol) in DMF (12 mL) was 

added NaH (960 mg, 24.0 mmol, 60% oil dispersion) at 0 ºC. The reaction mixture 

was immediately warmed to room temperature, and stirred for 30 min. To the 

resulting solution was added N,N-dimethylthiocarbamoyl chloride (3.3 g, 24 mmol), 

and the solution was stirred at 85 ºC for 12 h. The reaction mixture was cooled to room temperature, and 

poured into 1% aqueous KOH (50 mL). The colorless precipitates were filtered, washed with water, and 

dissolved in CH2Cl2. The solution was washed with brine, dried (Na2SO4), and evaporated. The residue was 

purified by silica gel column chromatography (hexane/AcOEt = 9:1 to 3:1) to give S2 (3.42 g, 92%). 

Colorless solid. 1H NMR (500 MHz, CDCl3): δ 2.64 (s, 6H), 3.12 (s, 6H), 7.25 (d, J = 8.8 Hz, 2H), 7.36 (dd, 

J = 8.8, 1.9 Hz, 2H), 7.61 (d, J = 9.2 Hz, 2H), 7.87 (d, J = 9.2 Hz, 2H), 8.07 (d, J = 1.9 Hz, 2H). 13C NMR 

(125 MHz, CDCl3): δ 38.2, 42.9, 120.0, 123.7, 124.8, 127.6, 128.5, 129.80, 129.84, 131.7, 132.5, 149.7, 

185.9. [α]D
19= –76.1 (c 0.97, CHCl3). HRMS (ESI): m/z Calcd for C26H22O2N2Br2S2Na+ [M+Na+]: 638.9382, 

found: 638.9391. 

 

(S)-S,S’-[6,6’-dibromo-(1,1’-binaphthalene)-2,2’-diyl] bis(dimethylcarbamothioate) (S3) (SS06022) 

A solution of S2 (1.23 g, 2.0 mmol) in 1,2,4-trichlorobenzene (10 mL) was refluxed 

at 230 ºC for 15 h with stirring. The reaction mixture was cooled to room 

temperature, and directly purified by silica gel column chromatography 

(hexane/AcOEt = 7:1 to 1:1) to give S3 (756 mg, 60%). 
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Scheme S1. Synthetic route of 103b.
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Colorless solid. 1H NMR (500 MHz, CDCl3): δ 2.74 (brs, 6H), 2.85 (brs, 6H), 6.93 (d, J = 9.2 Hz, 2H), 7.30 

(dd, J = 9.2, 2.0 Hz, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.88 (d, J = 9.0 Hz, 2H), 8.07 (d, J = 2.0 Hz, 2H). 13C 

NMR (125 MHz, CDCl3): δ 36.8, 121.1, 127.3, 128.5, 129.1, 129.87, 129.91, 131.5, 134.3, 140.4, 165.6. 

[α]D
17= –10.7 (c 0.99, CHCl3). HRMS (ESI): m/z Calcd for C26H22O2N2Br2S2Na+ [M+Na+]: 638.9382, 

found: 638.9393. 

 

(S)-6,6’-dibromo-(1,1’-binaphthalene)-2,2’-disulfonic acid (103b) (SS06025) 

A performic acid solution was prepared by mixing and stirring 30% H2O2 (3.5 mL, 36 

mmol) and formic acid (35 mL) at room temperature for 30 min. To this solution was 

added S3 (618 mg, 1.0 mmol) in CH2Cl2 (35 mL) dropwise. After stirring at room 

temperature for 10 h, MnO2 (17.4 mg, 0.2 mmol) was added, and the mixture was stirred 

at room temperature for further 6 h until the peroxides were completely decomposed (checked by KI starch 

paper). The reaction mixture was filtered through a plug of Celite, and washed with CH2Cl2. The filtrate was 

concentrated in vacuo to furnish the crude product, which was subjected to silica gel column 

chromatography (CH2Cl2/MeOH = 4:1). The obtained salts of 103b was dissolved in water and passed 

through a cation exchange column (100 cm3, Amberlite IR120H ion-exchange resin from Aldrich). The 

eluent was concentrated in vacuo. The residue was dissolved in H2O, and passed again through a cation 

exchange column. The filtrate was concentrated in vacuo to afford 103b (570 mg, 99%). 

Red solid. 1H NMR (500 MHz, CD3OD): δ 6.93 (d, J = 9.2 Hz, 2H), 7.35 (d, J = 9.2 Hz, 2H), 8.02 (d, J = 

9.2 Hz, 2H), 8.16 (s, 2H), 8.19 (d, J = 9.2 Hz, 2H). 13C NMR (125 MHz, CD3OD): δ 122.5, 127.0, 128.7, 

130.8, 130.9, 131.0, 133.2, 134.9, 136.5, 141.4. [α]D
17 = 13.3 (c 1.11, CH3OH). HRMS (ESI): m/z Calcd for 

C20H11O6S2Br2
– [M–H–]: 568.8369, found: 568.8369. 

 

Synthesis of [Cp*RhLN][(S)-6,6’-BINSate] (117a) 56 (SS05099) 

  
 

To a stirred solution of (S)-BINSA 103a (107 mg, 0.25 mmol) in EtOH (2.5 mL) was added Ag2CO3 (75.8 

mg, 0.275 mmol) at room temperature. After stirring for 12 h in dark, the reaction mixture was filtered 

through a Celite pad, and washed with MeOH/CH3CN (1:1). The filtrate was evaporated in vacuo to furnish 

Ag2-(S)-BINSate (152 mg, 96%) as a colorless solid, which was directly used for the next step without 

purification. To a flame-dried Schlenk flask were added [Cp*RhCl2]2 (71.7 mg, 0.116 mmol), 

Ag2-(S)-BINSate (152 mg, 0.24 mmol), CH3CN (2.5 mL) in a glovebox. The flask was taken out of the 

SO3H
SO3H

1. Ag2CO3 (1.1 equiv.)
    EtOH (0.1 M), rt, 12 h

2. [Cp*RhCl2]2 (0.48 equiv.)
    CH3CN (0.1 M), rt, 24 h

[Cp*RhLn]
[(S)-BINSate]

(S)-BINSA (103a)
117a

80%
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glovebox, and the mixture was stirred at room temperature under argon atmosphere. After 24 h, the resulting 

precipitates were removed by filtration through a Celite pad, and washed with CH3CN. The filtrate was 

concentrated in vacuo, and the residue was dissolved in CH3CN (1 mL). To this solution was added Et2O 

dropwise, and the resulting orange precipitates were collected by filtration, washed with Et2O, and dried in 

vacuo to afford [Cp*RhLN][(S)-BINSate] 117a (138 mg, 80% as dihydrate). 

Orange-solid. IR (KBr): ν 3399, 3234, 3060, 1626, 1590, 1563, 1504, 1454, 1376, 1307, 1257, 1132, 1063, 

1015, 943, 872, 818, 776, 752, 701, 686, 660, 603 cm–1. 1H NMR (400 MHz, CDCl3): δ 1.56 (s, 15H), 6.97 

(d, J = 8.1 Hz, 2H), 7.22 (dd, J = 8.1, 8.1 Hz, 2H), 7.46 (dd, J = 8.1, 8.1 Hz, 2H), 7.86 (d, J = 8.1 Hz, 2H), 

7.99 (d, J = 8.8 Hz, 2H), 8.13 (d, J = 8.8 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 8.7, 92.9 (d, 1JCRh = 11.4 

Hz), 123.6, 127.1, 127.5, 127.6, 127.8, 128.4, 133.0, 133.5, 133.9, 139.6. Anal. Calcd for C30H31O8RhS2 

(dihydrate): C, 52.48; H, 4.55. Found: C, 51.88; H, 4.03, N, <0.30. 

 

Synthesis of [Cp*RhLN][(S)-6,6’-Br2-BINSate] (117b) 56 (Procedure A) (SS06035) 

  
 

To a stirred solution of (S)-6,6’-Br2-BINSA 103b (114 mg, 0.20 mmol) in CH2Cl2/CH3CN (1:1, 4 mL) was 

added Ag2CO3 (110 mg, 0.40 mmol) at 40 ºC. After stirring for 24 h in dark, the reaction mixture was 

filtered through a Celite pad, and washed with CH2Cl2/CH3CN (1:1). The filtrate was evaporated in vacuo to 

furnish Ag2-(S)-6,6’-Br2-BINSate (142 mg, 90%) as an orange solid, which was directly used for the next 

step without purification. To a flame-dried Schlenk flask were added [Cp*RhCl2]2 (50 mg, 0.081 mmol), 

Ag2-(S)-6,6’-Br2-BINSate (142 mg, 0.18 mmol), CH3CN (1.8 mL) in a glovebox. The flask was taken out of 

the glovebox, and the mixture was stirred at room temperature and under argon atmosphere. After 48 h, the 

resulting precipitates were removed by filtration through a Celite pad and washed with CH3CN. The filtrate 

was concentrated in vacuo and the residue was dissolved in CH3CN (1 mL). To this solution was added Et2O 

dropwise, and the resulting orange precipitates were collected by filtration, washed with Et2O, and dried in 

vacuo to afford [Cp*RhLN][(S)-6,6’-Br2-BINSate] 117b (115 mg, 68% as dihydrate). 

Orange solid. IR (KBr): ν 3067, 1608, 1558, 1487, 1450, 1247, 1169, 1140, 1078, 1060, 1020, 876, 806, 718, 

697, 680, 668, 623, 608 cm–1. 1H NMR (500 MHz, CDCl3): δ 1.54 (s, 15H), 6.80 (d, J = 9.2 Hz, 2H), 7.29 

(dd, J = 9.2, 1.7 Hz, 2 H), 7.91 (d, J = 8.6 Hz, 2H), 8.05 (d, J = 1.7 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H). 13C 

NMR (100 MHz, CDCl3): δ 8.7, 93.1 (d, 1JCRh = 10.5 Hz), 122.3, 124.9, 127.7, 129.4, 129.9, 130.7, 131.4, 

133.1, 135.1, 140.1. Anal. Calcd for C30H29Br2O8RhS2 (dihydrate): C, 42.67; H, 3.46. Found: C, 42.48; H, 

3.04; N, <0.30. 

SO3H
SO3H

1. Ag2CO3 (2.0 equiv.)
    CH2Cl2/CH3CN  (0.05 M)
    40 ºC, 24 h

2. [Cp*RhCl2]2 (0.4 equiv.)
    CH3CN (0.1 M), rt, 48 h

[Cp*RhLn]
[(S)-6,6'-Br2-BINSate]

(S)-6,6'-Br2-BINSA (103b)

Br

Br 117b

68%
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Synthesis of [Cp*RhLN][(R)-3,3’-Ph2-BINSate] (117c) (SS06152) 

  
 

 Following the Procedure A, (R)-3,3’-Ph2-BINSA 103c 52 (32.4 mg, 57 µmol), Ag2CO3 (30.3 mg, 110 µmol), 

and CH2Cl2/CH3CN (1:1) were stirred at 40 ºC for 16 h in dark. The reaction mixture was filtered and 

evaporated in vacuo to furnish Ag2-3,3’-Ph2-BINSate (38.6 mg, 87%) as an colorless solid, which was 

directly used for the next step without purification. Ag2-3,3’-Ph2-BINSate (38.6 mg, 50 µmol), [Cp*RhCl2]2 

(13.6 mg, 22 µmol) and CH3CN (1 mL) were stirred at room temperature for 24 h. The reaction mixture was 

filtered and concentrated in vacuo. The filterate was further dried in vacuo at 40 ºC to afford 

[Cp*RhLN][(R)-3,3’-Ph2-BINSate] 117c (33.5 mg, 70% as dihydrate) without recrystallization. 

Orange solid. 1H NMR (400 MHz, CDCl3): δ 1.47 (s, 15H), 7.01 (d, J = 8.1 Hz, 2H), 7.22-7.26 (m, 2H), 

7.37-7.48 (m, 8H), 7.70 (d, J = 6.7 Hz, 4H), 7.79 (d, J = 6.7 Hz, 4H). Anal. Calcd for C42H39O8RhS2 

(dihydrate): C, 60.14; H, 4.69. Found: C, 59.84; H, 4.33; N, <0.30. No assignable 13C NMR spectrum was 

obtained because 1c was scarcely soluble in non-polar solvents and coordinatively unstable in polar solvents. 
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    CH2Cl2/CH3CN  (0.05 M)
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Chapter 3 Section 1: Asymmetric C–H conjugate addition of 2-phenylpyridine derivatives 

 

Preparation of 2-phenylpyridine derivatives 58 

2-Phenylpyridine derivatives 1b-p were synthesized according to the following procedure.6 A mixture of 

2-chloropyridine (1 mmol), the corresponding arylboronic acid (2 mmol), Pd(OAc)2 (11.2 mg, 5 mol %), and 

K3PO4 (650 mg, 3 mmol) in iPrOH/H2O (1:1, 4 mL) was stirred at 80 ºC overnight. The mixture was poured 

into brine and extracted with AcOEt. The organic layer was dried over Na2SO124nd evaporated. The crude 

product was purified by silica gel column chromatography.  

 

Methyl 3-(4-methylpyridin-2-yl)benzoate (1o) 

Colorless oil (264 mg, 58% yield). TLC: Rf = 0.41 (hexane/AcOEt = 3:1). 1H NMR (500 

MHz, CDCl3): δ 2.40 (s, 3H), 3.94 (s, 3H), 7.07 (d, J = 4.6 Hz, 1H), 7.53 (dd, J = 8.0, 8.0 Hz, 

1H), 7.59 (s, 1H), 8.07 (ddd, J = 8.0, 1.7, 1.7 Hz, 1H), 8.22 (ddd, J = 8.0, 1.7, 1.7 Hz, 1H), 

8.55 (d, J = 4.6 Hz, 1H), 8.62 (dd, J = 1.7, 1.7 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 21.0, 

52.0, 121.4, 123.4, 127.8, 128.7, 129.7, 130.4, 131.2, 139.6, 147.8, 149.4, 156.0, 166.8. HRMS (ESI): m/z 

calcd for C14H14O2N+ [M+H+]: 228.1019, found: 228.1020. 

 

Methyl 3-(5-methylpyridin-2-yl)benzoate (1p) 

Colorless solid (195 mg, 43% yield). TLC: Rf = 0.47 (hexane/AcOEt 3:1). 1H NMR (500 

MHz, CDCl3): δ 2.36 (s, 3H), 3.94 (s, 3H), 7.53 (dd, J = 7.4, 7.4 Hz, 1H), 7.56 (dd, J = 7.7, 1.7 

Hz, 1H), 7.67 (d, J = 7.7 Hz, 1H), 8.06 (ddd, J = 7.4, 1.7, 1.7 Hz, 1H), 8.20 (ddd, J = 7.4, 1.7, 

1.7 Hz, 1H), 8.53 (s, 1H), 8.62 (dd, J = 1.7, 1.7 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 18.1, 

52.0, 119.9, 127.6, 128.7, 129.5, 130.5, 131.0, 132.0, 137.3, 139.6, 150.1, 153.5, 166.9. HRMS (ESI): m/z 

calcd for C14H14O2N+ [M+H+]: 228.1019, found: 228.1020. 

 

Optimization of reaction conditions 

To a dried screw-capped vial were added 117a (2.5 µmol, 5 mol %), MS3A (0 or 2 mg), solvent (0.25 mL) 

under argon atmosphere in a glovebox. To the resulting mixture were successively added 2-phenylpyridine 

(1) (8.6 µL, 0.060 mmol), an additive (0 or 0.01 mmol), and enone 124 (5.5 µL, 0.050 mmol). The vial was 

capped, taken out of the glovebox, and the mixture was heated at 35 ºC with stirring under argon atmosphere 

for 16-18 h. The resulting mixture was filtered through a short silica gel pad, and washed with AcOEt. The 

filtrate was concentrated to afford the crude mixture. Dibenzyl ether (internal standard, ca. 10 mg, precisely 

weighted in each reaction) and CDCl3 were added to the crude mixture, and the yield of 135 was determined 

by 1H NMR analysis. An aliquot of the crude mixture was purified by preparative TLC, and the enantiomeric 

ratio of 135 was determined by HPLC analysis (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). 
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General procedure of asymmetric conjugate addition via C–H activation (Table 11, 12) 

  
 

To a dried screw-capped vial were added 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), and DCE (0.5 

mL) under argon atmosphere in a glovebox. To the resulting mixture were successively added 

2-phenylpyridine derivative 1 (0.10 mmol), 2-methylquinoline (2.7 µL, 0.02 mmol, 20 mol %), and enone 

124 (0.11 or 0.13 mmol). The vial was capped, taken out of the glovebox, and the mixture was heated at 35 

ºC with stirring under argon atmosphere. Upon completion, as judged by TLC analysis of the reaction 

mixture, the reaction mixture was directly purified by silica gel column chromatography to afford the desired 

product 135a-p, 149-153. 

 

(S)-5-[2-(pyridin-2-yl)phenyl]hexan-3-one (135a) (SS06098)  

Following the general procedure, 2-phenylpyridine 1a (14.4 µL, 0.10 mmol), enone 124 

(12.6 µL, 0.11 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 

2-methylquinoline (2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 48 h, 

and the mixture was purified by silica gel column chromatography (hexane/AcOEt = 6:1 

to 3:1) to afford 135a (22.8 mg, 93%w/w purity, 84% yield, 91:9 er), which was further purified by GPC. 

Colorless oil. TLC: Rf = 0.38 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.95 (t, J = 7.5 Hz, 3H), 

1.20 (d, J = 6.8 Hz, 3H), 2.27 (q, J = 7.5 Hz, 2H), 2.54 (dd, J = 15.9, 9.1 Hz, 1H), 2.83 (dd, J = 15.9, 5.4 Hz, 

1H), 3.52-3.63 (m, 1H), 7.23-7.29 (m, 2H), 7.32 (dd, J = 6.8, 0.9 Hz, 1H), 7.33-7.41 (m, 2H), 7.43 (dd, J = 

7.7, 0.9 Hz, 1H), 7.76 (ddd, J = 7.7, 7.7, 1.8 Hz, 1H), 8.65-8.69 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 7.7, 

21.7, 30.7, 36.0, 50.8, 121.8, 124.3, 125.9, 126.0, 128.6, 129.9, 136.2, 140.0, 144.1, 149.1, 160.0, 210.4. 

HRMS (ESI): m/z calcd for C17H20ON+ [M+H+]: 254.1539, found: 254.1543. [α]D
17 = 18.9 (c = 0.72, CHCl3). 

HPLC: 91:9 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 6.6 min, tR (minor) = 

7.4 min). 

 

(S)-5-[4-methyl-2-(pyridin-2-yl)phenyl]hexan-3-one (135b) (SS06059) 

Following the general procedure, 1b (15.6 µL, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 

0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 36 h, and the mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford 

135b (23.7 mg, 89% yield, 90:10 er): Pale yellow oil. TLC: Rf = 0.31 (hexane/AcOEt = 3:1). 1H NMR (500 

N

R3 R4

O+

N R3

R4

O

DCE (0.2 M), MS3A, 35 ºC

117b (5 mol %)
2-methylquinoline
146 (20 mol %)

R2

R1
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R1

1a-p
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MHz, CDCl3): δ 0.94 (t, J = 7.4 Hz, 3H), 1.18 (d, J = 6.9 Hz, 3H), 2.26 (q, J = 7.4 Hz, 2H), 2.35 (s, 3H), 2.53 

(dd, J = 16.0, 8.6 Hz, 1H), 2.80 (dd, J = 16.0, 5.7 Hz, 1H), 3.47-3.56 (m, 1H), 7.14 (s, 1H), 7.19 (d, J = 8.0 

Hz, 1H), 7.22-7.29 (m, 3H), 7.44 (d, J = 7.7 Hz, 1H), 7.77 (ddd, J = 7.7, 7.7, 1.7 Hz, 1H), 8.68 (d, J = 4.6 Hz, 

1H). 13C NMR (125 MHz, CDCl3): δ 7.7, 20.8, 21.8, 30.4, 36.0, 50.8, 121.7, 124.2, 125.8, 129.3, 130.5, 

135.4, 136.1, 139.8, 141.0, 149.0, 160.0, 210.5. HRMS (ESI): m/z calcd for C18H22ON+ [M+H+]: 268.1696, 

found: 268.1696. [α]D
22 = 19.0 (c = 0.99, CHCl3). HPLC: 90:10 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 

mL/min, 254 nm, tR (major) = 6.5 min, tR (minor) = 7.7 min). 

 

(S)-5-[4-methoxy-2-(pyridin-2-yl)phenyl]hexan-3-one (135c) (SS06063) 

Following the general procedure, 1c (15.8 µL, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 

0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 48 h, and the mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 3:1 to 1:1) to afford 

135c (26.6 mg, 89% yield, 90:10 er). Colorless oil. TLC: Rf = 0.38 (hexane/AcOEt = 3:1). 1H NMR (400 

MHz, CDCl3): δ 0.94 (t, J = 7.3 Hz, 3H), 1.17 (d, J = 7.0 Hz, 3H), 2.26 (q, J = 7.3 Hz, 2H), 2.52 (dd, J = 

16.1, 8.4 Hz, 1H), 2.79 (dd, J = 16.1, 5.9 Hz, 1H), 3.41-3.51 (m, 1H), 3.81 (s, 3H), 6.86 (d, J = 2.9 Hz, 1H), 

6.95 (dd, J = 8.4, 2.9 Hz, 1H), 7.26 (d, J = 8.4 Hz, 1H), 7.31 (dd, J = 7.7, 5.1 Hz, 1H), 7.47 (d, J = 7.7 Hz, 

1H), 7.80 (ddd, J = 7.7, 7.7, 1.5 Hz, 1H), 8.69 (d, J = 5.1 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 7.7, 22.0, 

30.2, 36.1, 50.9, 55.3, 114.6, 114.9, 121.9, 124.3, 127.0, 136.2, 136.4, 140.8, 149.0, 157.4, 159.6, 210.6. 

HRMS (ESI): m/z calcd for C18H22O2N+ [M+H+]: 284.1645, found: 284.1646. [α]D
22 = 19.0 (c = 0.87, 

CHCl3). HPLC: 90:10 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 9.7 min, tR 

(minor) = 14.4 min).  

 

(S)-5-[4-chloro-2-(pyridine-2-yl)phenyl]hexan-3-one (135d) (SS06059) 

Following the general procedure, 1d (15.0 µL, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 

0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 60 h, and the mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford 

135d (25.5 mg, 89% yield, 92:8 er). Colorless oil. TLC: Rf = 0.30 (hexane/AcOEt = 3:1). 1H NMR (500 

MHz, CDCl3): δ 0.95 (t, J = 7.3 Hz, 3H), 1.17 (d, J = 6.9 Hz, 3H), 2.27 (q, J = 7.3 Hz, 2H), 2.53 (dd, J = 

16.0, 8.6 Hz, 1H), 2.79 (dd, J = 16.0, 5.7 Hz, 1H), 3.49-3.58 (m, 1H), 7.28-7.32 (m, 3H), 7.34 (dd, J = 8.0, 

2.3 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H), 7.78 (ddd, J = 7.4, 7.4, 1.7, 1H), 8.67 (d, J = 4.0 Hz, 1H). 13C NMR 

(100 MHz, CDCl3): δ 7.7, 21.8, 30.3, 36.1 50.5, 122.3, 124.3, 127.5, 128.6, 129.8, 131.5, 136.5, 141.6, 142.7, 

149.3, 158.5, 210.0. HRMS (ESI): m/z calcd for C17H19ONCl+ [M+H+]: 288.1150, found: 288.1151. [α]D
21 = 

15.8 (c = 0.73, CHCl3), HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) 

N Me O

Cl

N Me O

MeO
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= 6.5 min, tR (minor) = 8.7 min). 

 

(S)-5-[2-(pyridin-2-yl)-4-(trifluoromethyl)phenyl]hexan-3-one (135e) (SS06067) 

Following the general procedure, 1e (17.4 µL, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 

0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 84 h, and the mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 9:1 to 7:3) to afford 

the mixture of 135e (21.0 mg, 95%w/w purity, 62% yield, 93:7 er), which was further purified by GPC. 

Colorless oil. TLC: Rf = 0.36 (hexane/AcOEt = 3:1). 1H NMR (500 MHz, CDCl3): δ 0.96 (t, J = 7.2 Hz, 3H), 

1.21 (d, J = 6.9 Hz, 3H), 2.30 (q, J = 7.2 Hz, 2H), 2.58 (dd, J = 16.5, 8.6 Hz, 1H), 2.85 (dd, J = 16.5, 6.0 Hz, 

1H), 3.58-3.67 (m, 1H), 7.32 (dd, J = 7.4, 5.4, 1.5 Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 

7.59 (s, 1H), 7.62 (d, J = 7.4 Hz, 1H), 7.81 (ddd, J = 7.4, 7.4, 1.5 Hz, 1H), 8.69 (d, J = 5.4 Hz, 1H). 13C 

NMR (125 MHz, CDCl3): δ 7.6, 21.6, 30.7, 36.1, 50.2, 122.4, 124.1 (q, 1JCF = 272.3 Hz), 124.3, 125.2 (q, 
3JCF = 4.9 Hz), 126.5, 126.8 (q, 3JCF = 3.6 Hz), 128.3 (q, 2JCF = 32.4 Hz), 136.5, 140.6, 148.4, 149.3, 158.6, 

209.7. 19F NMR (470 MHz, CDCl3): δ –63.4. HRMS (ESI): m/z calcd for C18H19ONF3
+ [M+H+]: 322.1413, 

found: 322.1419. [α]D
24 = 9.1 (c = 0.61, CHCl3). HPLC: 93:7 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 

mL/min, 254 nm, tR (major) = 4.8 min, tR (minor) = 5.3 min). 

 

Methyl (S)-4-(4-oxohexan-2-yl)-3-(pyridin-2-yl)benzoate (135f) (SS06057) 

Following the general procedure, 1f (21.3 mg, 0.10 mmol), enone 124 (14.9 µL, 

0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline 

(2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the 

mixture was purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 

3:2) to afford 135f (22.1 mg, 71% yield, 93:7 er). Pale yellow oil. TLC: Rf = 0.21 (hexane/AcOEt = 3:1). 1H 

NMR (400 MHz, CDCl3): δ 0.95 (t, J = 7.3 Hz, 3H), 1.22 (d, J = 7.0 Hz, 3H), 2.28 (q, J = 7.3 Hz, 2H), 2.57 

(dd, J = 16.2, 8.2 Hz, 1H), 2.85 (dd, J = 16.2, 5.9 Hz, 1H), 3.58-3.68 (m, 1H), 3.90 (s, 3H), 7.31 (ddd, J = 7.7, 

4.8, 1.1 Hz, 1H), 7.43 (d, J = 8.1 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.81 (ddd, J = 7.7, 7.7, 1.5 Hz, 1H), 8.00 

(d, J = 1.8 Hz, 1H), 8.04 (dd, J = 8.1, 1.8 Hz, 1H), 8.68 (d, J = 4.8 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 

7.6, 21.6, 30.9, 36.1, 50.3, 52.0, 122.2, 124.4, 126.2, 127.9, 129.7, 131.2, 136.6, 140.1, 149.0, 149.7, 158.9, 

166.7, 209.8. HRMS (ESI): m/z calcd for C19H22O3N+ [M+H+]: 312.1594, found: 312.1597. [α]D
22 = 18.2 (c 

= 0.82, CHCl3). HPLC: 93:7 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 17.2 

min, tR (minor) = 24.2 min). 
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(S)-5-[5-methyl-2-(pyridin-2-yl)phenyl]hexan-3-one (135g) (SS06073) 

Following the general procedure, 1g (15.6 µL, 0.10 mmol), enone 124 (12.6 µL, 0.11 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 5:1 to 3:2) to afford the 

mixture of 135g (23.9 mg, 93% w/w purity, 83% yield, 90:10 er), which was further purified by GPC. 

Colorless oil. TLC: Rf = 0.31 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.95 (t, J = 7.4 Hz, 3H), 

1.19 (d, J = 6.8 Hz, 3H), 2.27 (q, J = 7.4 Hz, 2H), 2.39 (s, 3H), 2.54 (dd, J = 15.9, 8.6 Hz, 1H), 2.81 (dd, J = 

15.9, 5.4 Hz, 1H), 3.52-3.63 (1H, m), 7.08 (d, J = 7.7 Hz, 1H), 7.15 (s, 1H), 7.20-7.27 (m, 2H), 7.40 (d, J = 

7.7 Hz, 1H), 7.74 (dd, J = 7.7, 7.7 Hz, 1H), 8.66 (d, J = 4.1 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 7.7, 

21.4, 21.6, 30.6, 36.0, 50.9, 121.6, 124.3, 126.6, 126.8, 129.9, 136.1, 137.2, 138.2, 144.0, 149.1, 160.1, 210.6. 

HRMS (ESI): m/z calcd for C18H22ON [M+H+]: 268.1696, found: 268.1700. [α]D
20 = 26.7 (c = 0.71, CHCl3), 

HPLC: 90:10 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 6.7 min, tR (minor) 

= 7.5 min). 

 

(S)-5-[5-methoxy-2-(pyridin-2-yl)phenyl]hexan-3-one (135h) (SS06073) 

Following the general procedure, 1h (18.5 mg, 0.10 mmol), enone 124 (12.6 µL, 0.11 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 5:1 to 3:2) to afford 135h 

(18.8 mg, 66% yield, 91:9 er). Colorless oil. TLC: Rf = 0.19 (hexane/AcOEt = 3:1). 1H NMR (500 MHz, 

CDCl3): δ 0.96 (t, J = 7.4Hz, 3H), 1.19 (d, J = 6.9 Hz, 3H), 2.28 (q, J = 7.4 Hz, 2H), 2.53 (dd, J = 15.8, 9.2 

Hz, 1H), 2.82 (dd, J = 15.8, 5.4 Hz, 1H), 3.58-3.66 (m, 1H), 6.81 (dd, J = 8.6, 2.3 Hz, 1H), 6.88 (d, J = 2.3 

Hz, 1H), 7.24 (ddd, J = 7.4, 5.2, 1.1 Hz, 1H), 7.28 (d, J = 8.6 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.75 (ddd, J 

= 8.0, 7.4, 1.7 Hz, 1H), 8.66 (d, J = 5.2 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.7, 21.6, 30.8, 36.0, 50.8, 

55.2, 110.7, 112.1, 121.5, 124.4, 131.3, 132.7, 136.3, 145.9, 149.0, 159.7, 159.8, 210.3. HRMS (ESI): m/z 

calcd for C18H22O2N+ [M+H+]: 284.1645, found: 284.1649. [α]D
19 = 21.7 (c = 0.94, CHCl3), HPLC: 91:9 er 

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 10.5 min, tR (minor) = 12.4 min). 

 

(S)-5-[5-fluoro-2-(pyridin-2-yl)phenyl]hexan-3-one (135i) (SS06054) 

Following the general procedure, 1i (17.3 mg, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 120 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford the 

mixture of 135i (21.0 mg, 97% w/w purity, 75% yield, 92:8 er), which was further purified by GPC. 
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Colorless oil. TLC: Rf = 0.30 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.96 (t, J = 7.2 Hz, 3H), 

1.18 (d, J = 6.8 Hz, 3H), 2.29 (q, J = 7.2 Hz, 2H), 2.53 (dd, J = 16.3, 8.6 Hz, 1H), 2.80 (dd, J = 16.3, 5.4 Hz, 

1H), 3.53-3.63 (m, 1H), 6.96 (ddd, J = 8.6, 7.7, 2.7 Hz, 1H), 7.03 (dd, J = 10.9, 2.7 Hz, 1H), 7.25-7.32 (m, 

2H), 7.42 (d, J = 7.7 Hz, 1H), 7.77 (ddd, J = 7.7, 7.7, 1.8 Hz, 1H), 8.66 (d, J = 4.5 Hz, 1H). 13C NMR (125 

MHz, CDCl3): δ 7.6, 21.5, 30.7, 36.1, 50.4, 112.7 (d, 2JCF = 21.6 Hz), 112.9 (d, 2JCF = 20.3 Hz), 121.8, 124.3, 

131.6 (d, 3JCF = 8.4 Hz), 136.1 (d, 4JCF = 2.4 Hz), 136.3, 146.9 (d, 3JCF = 7.2 Hz), 149.1, 159.0, 162.9 (d, 1JCF 

= 247.1 Hz), 209.8. 19F NMR (470 MHz, CDCl3): δ –116.4. HRMS (ESI): m/z calcd for C17H19ONF+ 

[M+H+]: 272.1445, found: 272.1449. [α]D
17 = 11.9 (c = 0.99, CHCl3). HPLC: 92:8 er (Chiralpak ID, 

hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 6.3 min, tR (minor) = 7.3 min). 

 

(S)-5-[5-chloro-2-(pyridin-2-yl)phenyl]hexan-3-one (135j) (SS06075) 

Following the general procedure, 1j (18.9 mg, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.68 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 96 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford the 

mixture of 135j (24.1 mg, 92% w/w purity, 77% yield, 92:8 er), which was further purified by GPC. 

Colorless oil. TLC: Rf = 0.29 (hexane/AcOEt = 3:1). 1H NMR (500 MHz, CDCl3): δ 0.97 (t, J = 7.2 Hz, 3H), 

1.19 (d, J = 6.9 Hz, 3H), 2.29 (q, J = 7.2 Hz, 2H), 2.55 (dd, J = 16.0, 8.6 Hz, 1H), 2.81 (dd, J = 16.0, 5.7 Hz, 

1H), 3.53-3.61 (m, 1H), 7.23-7.29 (m, 3H), 7.31 (d, J = 1.7 Hz, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.77 (ddd, J = 

8.0, 8.0, 1.7 Hz, 1H), 8.67 (d, J = 4.0 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 7.7, 21.6, 30.6, 36.2, 50.4, 

122.1, 124.3, 126.2, 126.2, 131.3, 134.5, 136.4, 138.4, 146.4, 149.2, 158.8, 209.8. HRMS (ESI): m/z calcd 

for C17H19ONCl+ [M+H+]: 288.1190, found: 288.1155. [α]D
19 = 23.8 (c = 0.50, CHCl3). HPLC: 92:8 er 

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 6.5 min, tR (minor) = 7.2 min). 

 

(S)-5-[2-(pyridin-2-yl)-5-(trifluoromethyl)phenyl]hexan-3-one (135k) (SS06071) 

Following the general procedure, 1k (22.3 mg, 0.1 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford the 

mixture of 135k (22.0 mg, 96% w/w purity, 66% yield, 92:8 er), which was further purified by GPC. 

Colorless oil. TLC: Rf = 0.31 (hexane/AcOEt = 3:1). 1H NMR (500 MHz, CDCl3): δ 0.97 (t, J = 7.3 Hz, 3H), 

1.22 (d, J = 6.9 Hz, 3H), 2.30 (q, J = 7.3 Hz, 2H), 2.59 (dd, J = 16.4, 8.3 Hz, 1H), 2.84 (dd, J = 16.4, 5.2 Hz, 

1H), 3.59-3.66 (m, 1H), 7.32 (ddd, J = 8.0, 4.9, 1.1 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.0 Hz, 

1H), 7.53 (d, J = 8.0 Hz, 1H), 7.58 (s, 1H), 7.81 (ddd, J = 8.0, 8.0, 1.7 Hz, 1H), 8.69 (d, J = 4.9 Hz, 1H). 13C 

NMR (125 MHz, CDCl3): δ 7.7, 21.6, 30.5, 36.2, 50.2, 122.4, 122.7-122.9 (m, 2C), 124.1 (q, 1JCF = 272.3 
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Hz), 124.2, 130.4, 130.6 (q, 2JCF = 32.4 Hz), 136.5, 143.4, 145.4, 149.3, 158.6, 209.7. 19F NMR (470 MHz, 

CDCl3): δ –63.5. HRMS (ESI): m/z calcd for C18H19ONF3 [M+H+]: 322.1413, found: 322.1419. [α]D
17 = 7.5 

(c = 0.68, CHCl3). HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 

4.7 min, tR (minor) = 5.2 min). 

 

Methyl (S)-3-(4-oxohexan-2-yl)-4-(pyridin-2-yl)benzoate (135l) (SS06057cd) 

Following the general procedure, 1l (21.3 mg, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.68 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford 135l 

(25.1 mg, 81% yield, 92:8 er). Colorless solid. TLC: Rf = 0.21 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, 

CDCl3): δ 0.96 (t, J = 7.3 Hz, 3H), 1.22 (d, J = 6.6 Hz, 3H), 2.30 (q, J = 7.3 Hz, 2H), 2.62 (dd, J = 16.5, 8.4 

Hz, 1H), 2.87 (dd, J = 16.5, 5.9 Hz, 1H), 3.55-3.65 (m, 1H), 3.95 (s, 3H), 7.31 (dd, J = 7.7, 4.4 Hz, 1H), 7.40 

(d, J = 8.1 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.81 (ddd, J = 7.7, 7.7, 1.8 Hz, 1H), 7.93 (dd, J = 8.1, 1.5 Hz, 

1H), 8.04 (d, J = 1.5 Hz, 1H), 8.70 (d, J = 4.4 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.6, 21.8, 30.5, 36.2, 

50.3, 52.1, 122.3, 124.2, 127.1, 127.3, 130.1, 130.1, 136.4, 144.3, 144.7, 149.2, 158.9, 166.9, 209.9. HRMS 

(ESI): m/z calcd for C19H22O3N+ [M+H+]: 312.1594, found: 312.1595. [α]D
23 = 26.6 (c = 0.69, CHCl3), 

HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 13.0 min, tR (minor) 

= 18.3 min). 

 

(S)-5-[5-acetyl-2-(pyridin-2-yl)phenyl]hexan-3-one (135m) (SS06072) 

Following the general procedure, 1m (21.3 mg, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 0.02 

mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the crude mixture was 

purified by silica gel column chromatography (hexane/AcOEt = 2:1 to 1:1) to afford 

135m (20.3 mg, 65% yield, 92:8 er). Colorless oil. TLC: Rf = 0.40 (hexane/AcOEt = 

X:X). 1H NMR (400 MHz, CDCl3): δ 0.96 (t, J = 7.3 Hz, 3H), 1.22 (d, J = 7.0 Hz, 3H), 2.30 (q, J = 7.3 Hz, 

2H), 2.63 (dd, J = 16.5, 8.4 Hz, 1H), 2.65 (s, 3H), 2.88 (dd, J = 16.5, 5.9 Hz, 1H), 3.56-3.67 (m, 1H), 7.31 

(ddd, J = 7.7, 5.1, 1.1 Hz, 1H), 7.43 (d, J = 7.7 Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.79 (dd, J = 7.7, 1.8 Hz, 

1H), 7.84 (dd, J = 8.1, 1.8 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 8.70 (ddd, J = 5.1, 1.8, 1.1 Hz, 1H). 13C NMR 

(125 MHz, CDCl3): δ 7.7, 21.8, 26.7, 30.5, 36.2, 50.3, 122.3, 124.2, 125.7, 126.2, 130.3, 136.4, 137.0, 144.6, 

145.0, 149.3, 158.9, 198.0, 209.9. HRMS (ESI): m/z calcd for C19H21O2NNa+ [M+Na+]: 318.1465, found: 

318.1469. [α]D
26 = 24.6 (c = 0.93, CHCl3), HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 

254 nm, tR (major) = 17.5 min, tR (minor) = 29.4 min).  
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(S)-5-[3-(pyridin-2-yl)naphthalen-2-yl]hexan-3-one (135n) (SS06075) 

Following the general procedure, 1n (20.5 mg, 0.10 mmol), enone 124 (14.9 µL, 0.13 

mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 µL, 

0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 96 h, and the crude mixture 

was purified by silica gel column chromatography (hexane/AcOEt = 9:1 to 7:3) to 

afford the mixture of 135n (30.5 mg, 91% w/w purity, 91% yield, 91:9 er), which was 

further purified by GPC. Colorless oil. TLC: Rf = 0.24 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): 

δ 0.95 (t, J = 7.3 Hz, 3H), 1.28 (d, J = 6.8 Hz, 3H), 2.28 (q, J = 7.3 Hz, 2H), 2.60 (dd, J = 16.2, 8.8 Hz, 1H), 

2.95 (dd, J = 16.2, 5.4 Hz, 1H), 3.68-3.79 (m, 1H), 7.32 (ddd, J = 7.7, 4.6, 0.9 Hz, 1H), 7.43-7.51 (m, 2H), 

7.56 (d, J = 8.2 Hz, 1H), 7.78-7.85 (m, 5H), 8.72 (d, J = 4.6 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.7, 

21.7, 30.7, 36.0, 51.0, 121.9, 124.5, 124.7, 125.7, 126.3, 127.3, 127.8, 129.3, 131.7, 133.3, 136.3, 139.0, 

142.5, 149.1, 160.0, 210.4. HRMS (ESI): m/z calcd for C21H22ON+ [M+H+]: 304.1696, found: 304.1696. 

[α]D
23 = 31.7 (c = 0.71, CHCl3). HPLC: 91:9 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, 

tR (major) = 9.9 min, tR (minor) = 15.1 min). 

 

Methyl (S)-3-(4-methylpyridin-2-yl)-4-(4-oxohexan-2-yl)benzoate (135o) (SS06093) 

Following the general procedure, 1o (22.7 mg, 0.10 mmol), enone 124 (14.9 µL, 

0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline 

(2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the 

crude mixture was purified by silica gel column chromatography (hexane/AcOEt 

= 3:1 to 1:1) to afford 135o (22.9 mg, 70% yield, 93:7 er). Colorless oil. TLC: Rf = 0.19 (hexane/AcOEt = 

3:1). 1H NMR (400 MHz, CDCl3): δ 0.96 (t, J = 7.3 Hz, 3H), 1.21 (d, J = 6.6 Hz, 3H), 2.29 (q, J = 7.3 Hz, 

2H), 2.43 (s, 3H), 2.57 (dd, J = 16.1, 8.8 Hz, 1H), 2.86 (dd, J = 16.1, 5.9 Hz, 1H), 3.58-3.68 (m, 1H), 3.90 (s, 

3H), 7.12 (dd, J = 5.1, 0.7 Hz, 1H), 7.28 (s, 1H), 7.42 (d, J = 8.1 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 8.03 (dd, 

J = 8.1, 1.8 Hz, 1H), 8.52 (d, J = 5.1 Hz, 1H). 13C NMR (125 Mhz, CDCl3): δ 7.7, 21.3, 21.4, 30.9, 36.1, 

50.4, 52.0, 123.2, 125.2, 126.2, 127.8, 129.5, 131.2, 140.2, 147.7, 148.8, 149.8, 158.8, 166.8, 209.9. HRMS 

(ESI): m/z calcd for C18H24O3N+ [M+H+]: 326.1751, ound: 326.1756. [α]D
20 = 16.9 (c = 1.14, CHCl3). 

HPLC: 93:7 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 20.5 min, tR (minor) 

= 26.8 min). 
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Methyl (S)-3-(5-methylpyridin-2-yl)-4-(4-oxohexan-2-yl)benzoate (135p) (SS06090) 

Following the general procedure, 1p (22.7 mg, 0.10 mmol), enone 124 (14.9 µL, 

0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 2-methylquinoline 

(2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC for 72 h, and the 

crude mixture was purified by silica gel column chromatography (hexane/AcOEt 

= 4:1 to 3:2) to afford 135p (30.2 mg, 93% yield, 95:5 er). Colorless oil. TLC: Rf 

= 0.23 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.96 (t, J = 7.3 Hz, 3H), 1.21 (d, J = 6.2 Hz, 

3H), 2.29 (q, J = 7.3 Hz, 2H), 2.41 (s, 3H), 2.58 (dd, J = 16.5, 8.4 Hz, 1H), 2.85 (dd, J = 16.5, 5.5 Hz, 1H), 

3.58-3.68 (m, 1H), 3.89 (s, 3H), 7.37 (d, J = 8.1 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.61 (d, J = 8.1, 1.8 Hz, 

1H), 7.99 (d, J = 1.8 Hz, 1H), 8.02 (dd, J = 8.1, 1.8 Hz, 1H), 8.51 (dd, J = 1.8, 0.7 Hz, 1H). 13C NMR (125 

MHz, CDCl3): δ 7.7, 18.2, 21.5, 30.8, 36.1, 50.3, 52.0, 123.7, 126.1, 127.8, 129.4, 131.3, 131.6, 137.0, 140.2, 

149.6, 149.7, 156.2, 166.8, 209.9. HRMS (ESI): m/z calcd for C20H24O2N+ [M+H+]: 326.1751, found: 

326.1756. [α]D
18 = 19.5 (c = 1.24, CHCl3). HPLC: 95:5 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 

254 nm, tR (major) = 16.5 min, tR (minor) = 20.0 min). 

 

Methyl (S)-3-(5-methylpyridin-2-yl)-4-(4-oxooctan-2-yl)benzoate (149) (SS06117) 

Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone 

(18.2 µL, 0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 

2-methylquinoline (2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 

ºC for 72 h, and the crude mixture was purified by silica gel column 

chromatography (hexane/AcOEt = 3:1 to 2:1) to afford the mixture of 149 

(36.2 mg, 93% w/w purity, 95% yield, 95:5 er), which was further purified by GPC. Colorless oil. TLC: Rf = 

0.38 (hexane/AcOEt = 3:1). 1H NMR (400 mHz, CDCl3): δ 0.86 (t, J = 7.3 Hz, 3H), 1.22 (d, J = 7.0 Hz, 3H), 

1.18-1.27 (m, 2H), 1.41-1.51 (m, 2H), 2.27 (t, J = 7.5 Hz, 2H), 2.41 (s, 3H), 2.57 (dd, J = 16.4, 8.6 Hz, 1H), 

2.85 (dd, J = 16.4, 5.5 Hz, 1H), 3.61-3.72 (m, 1H), 3.91 (s, 3H), 7.37 (d, J = 8.1 Hz, 1H), 7.42 (d, J = 8.4 Hz, 

1H), 7.60 (d, J = 8.1 Hz, 1H), 8.00 (d, J = 1.8 Hz, 1H), 8.03 (dd, J = 8.4, 1.8 Hz, 1H), 8.51 (s, 1H). 13C NMR 

(100 MHz, CDCl3): δ 13.9, 18.4, 21.6, 22.4, 26.0, 30.9, 42.9, 50.8, 52.1, 123.9, 126.3, 127.9, 129.6, 131.4, 

131.7, 137.2, 140.3, 149.7, 149.9, 156.3, 166.9, 209.8. HRMS (ESI): m/z calcd for C22H28O3N+ [M+H+]: 

354.2064, found: 354.2062. [α]D
18 = 8.1 (c = 1.47, CHCl3). HPLC: 95:5 er (Chiralpak ID, hexane/i-PrOH = 

9:1, 1.0 mL/min, 254 nm, tR (major) = 14.4 min, tR (minor) = 20.0 min). 
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Methyl (S)-3-(5-methylpyridin-2-yl)-4-(4-oxo-6-phenylhexan-2-yl)benzoate (150) (SS07038)  

Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone 

(22.4 µL, 0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 

2-methylquinoline (2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 

ºC for 72 h, and the mixture was purified by silica gel column chromatography 

(hexane/AcOEt = 8:1 to 3:2) to afford 150 (35.3 mg, 88% yield, 95:5 er). Colorless oil. TLC: Rf = 0.26 

(hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 1.19 (d, J = 6.6 Hz, 3H), 2.38 (s, 3H), 2.50-2.62 (m, 

3H), 2.79 (t, J = 7.7 Hz, 2H), 2.85 (dd, J = 15.9, 6.0 Hz, 1H), 3.58-3.69 (m, 1H), 3.89 (s, 3H), 7.09 (d, J = 

7.3 Hz, 2H), 7.15-7.20 (m, 1H), 7.22-7.28 (m, 2H), 7.32 (d, J = 8.1 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.58 

(dd, J = 8.1, 1.7 Hz, 1H), 7.98 (d, J = 2.1 Hz, 1H), 8.01 (dd, J = 8.1, 1.7 Hz, 1H), 8.45 (s, 1H).13C NMR (100 

MHz, CDCl3): δ 18.4, 21.6, 29.7, 31.0 44.5, 51.2, 52.2, 123.9, 126.2, 126.3, 128.0, 128.4, 128.6, 129.6, 

131.4, 131.8, 137.2, 140.2, 141.1, 149.7, 149.8, 156.3, 166.9, 208.6. HRMS (ESI): m/z calcd for C26H28O3N+ 

[M+H+]: 402.2064, found: 402.2062. [α]D
18 = –4.8 (c = 0.68, CHCl3). HPLC: 95:5 er. (Chiralpak IB, 

hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 8.6 min, tR (minor) = 11.3 min). 

 

Methyl (S)-4-(6-((tert-butyldimethylsilyl)oxy)-4-oxohexan-2-yl)-3-(5-methylpyridin-2-yl)benzoate (151) 

(SS07006) 

Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone 

(32.3 µL, 0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 

2-methylquinoline (2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 50 

ºC for 84 h, and the mixture was purified by silica gel column 

chromatography (hexane/AcOEt = 6:1 to 2:1) to afford 151 (34.6 mg, 76% 

yield, 93:7 er). Colorless oil. TLC: Rf = 0.30 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.00 (s, 

6H), 0.84 (s, 9H), 1.19 (d, J = 6.8 Hz, 3H), 2.38 (s, 3H), 2.47 (t, J = 6.3 Hz, 2H), 2.62 (dd, J = 16.4, 8.8 Hz, 

1H), 2.88 (dd, J = 16.4, 5.4 Hz, 1H), 3.59-3.70 (m, 1H), 3.79 (t, J = 6.3 Hz, 2H), 3.88 (s, 3H), 7.35 (d, J = 

8.2 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.58 (dd, J = 8.2, 2.3 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 8.01 (dd, J = 

8.2, 1.8 Hz, 1H), 8.50 (d, J = 2.3 Hz, 1H).13C NMR (100 MHz, CDCl3): δ –5.5, 18.2, 21.5, 25.8, 30.5, 45.7, 

51.7, 52.0, 52.0, 58.6, 123.8, 126.2, 127.8, 129.5, 131.3, 131.6, 137.0, 140.1, 149.6, 149.8, 156.1, 166.8, 

208.2. HRMS (ESI): m/z calcd for C26H38O4NSi+ [M+H+]: 456.2565, found: 456.2566. [α]D
18 = 9.5 (c = 1.14, 

CHCl3). HPLC: 93:7 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 8.7 min, tR 

(minor) = 10.4 min). 
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Methyl (S)-3-(5-methylpyridin-2-yl)-4-(5-oxohexan-3-yl)benzoate (152) (SS06119) 

Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone (14.7 

µL, 0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 

2-methylquinoline (2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC 

for 96 h, and the mixture was purified by silica gel column chromatography 

(hexane/AcOEt = 3:1 to 1:1) to afford 151 (29.1 mg, 89% yield, 88:12 er). Colorless oil. TLC: Rf = 0.19 

(hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.66 (t, J = 7.3 Hz, 3H), 1.53-1.65 (m, 2H), 2.03 (s, 

3H), 2.40 (s, 3H), 2.66 (dd, J = 16.3, 7.7 Hz, 1H), 2.87 (dd, J = 16.3, 6.4 Hz, 1H), 3.40-3.47 (m, 1H), 3.90 (s, 

3H), 7.36 (d, J = 5.1 Hz, 1H), 7.38 (d, J = 5.1 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 8.00 (s, 1H), 8.03 (d, J = 8.1 

Hz, 1H), 8.50 (s, 1H).13C NMR (100 MHz, CDCl3): δ 12.0, 18.3, 29.0, 30.4, 37.8, 50.5, 52.2, 124.0, 126.5, 

127.9, 129.5, 131.2, 131.7, 137.1, 141.4, 148.2, 149.7, 156.4, 166.9, 207.8. HRMS (ESI): m/z calcd for 

C20H24O3N+ [M+H+]: 326.1751, found: 326.1751. [α]D
18 = 22.9 (c = 1.50, CHCl3). HPLC: 88:12 er. 

(Chiralpak IE, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (minor) = 27.9 min, tR (major) = 31.5 min). 

 

Methyl (S)-3-(5-methylpyridin-2-yl)-4-(5-oxo-1-phenylhexan-3-yl)benzoate (153) (SS06193)  

Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone (21.6 

µL, 0.13 mmol), 117b (4.3 mg, 5 µmol, 5 mol %), MS3A (4 mg), 

2-methylquinoline (2.7 µL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 ºC 

for 72 h, and the mixture was purified by silica gel column chromatography 

(hexane/AcOEt = 6:1 to 3:2) to afford 153 (34.9 mg, 87% yield, 88:12 er). Colorless oil. TLC: Rf = 0.21 

(hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 1.87-1.93 (m, 2H), 2.00 (s, 3H), 2.35 (t, J = 8.0 Hz, 

2H), 2.40 (s, 3H), 2.70 (dd, J = 16.3, 7.7 Hz, 1H), 2.92 (dd, J = 16.3, 6.0 Hz, 1H), 3.55-3.62 (m, 1H), 3.91 (s, 

3H), 6.97 (d, J = 7.4 Hz, 2H), 7.11 (dd, J = 7.4, 7.4 Hz, 1H), 7.17 (dd, J = 7.4, 7.4 Hz, 2H), 7.31 (d, J = 8.0 

Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.55 (dd, J = 8.0, 2.0 Hz, 1H), 8.02 (d, J = 1.7 Hz, 1H), 8.06 (dd, J = 8.0, 

1.7 Hz, 1H), 8.46 (d, J = 2.0 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 18.2, 30.1, 33.4, 35.7, 37.5, 50.5, 52.0, 

123.8, 125.6, 126.4, 128.0, 128.1 (2C), 129.5, 131.3, 131.5, 136.9, 141.1, 141.7, 147.8, 149.4, 156.0, 166.7, 

207.3. HRMS (ESI): m/z calcd for C26H28O3N+ [M+H+]: 402.2064, found: 402.2063. [α]D
21 = 63.8 (c = 0.65, 

CHCl3). HPLC: 88:12 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (minor) = 22.4 min, 

tR (major) = 27.4 min). 
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Chapter 3 Secion 2: Asymmetric conjugate addition of 6-Arylpurines 

 

Optimization of reaction conditions  

To a dried screw-capped vial were added model substrate 131 (14.3 mg, 0.05 mmol), 117a or 117b (2.5 

µmol, 5 mol %), MS (2 mg), solvent (0.25 mL) under argon atmosphere in a glovebox. To the resulting 

mixture were successively added enone 124 (8.6 µL, 0.075 mmol). The vial was capped, taken out of the 

glovebox, and the mixture was heated at 35 ºC with stirring under argon atmosphere for 2-4 h. The resulting 

mixture was filtered through a short silica gel pad, and washed with AcOEt. The filtrate was concentrated to 

afford the crude mixture. Dibenzyl ether (internal standard, ca. 10 mg, precisely weighted in each reaction) 

and CDCl3 were added to the crude mixture, and the yield of 154 was determined by 1H NMR analysis. An 

aliquot of the crude mixture was purified by preparative TLC, and the enantiomeric ratio of 154 was 

determined by HPLC analysis (Chiralpak AD-H, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). The results are 

summarized in Table 13, 14. 

 

(S)-5-(2-(9-benzyl-9H-purin-6-yl)phenyl)hexan-3-one (154) 

Yellow oil. TLC: Rf = 0.35 (hexane/AcOEt = 1:1). 1H NMR (500 MHz, CDCl3): δ 

0.93 (t, J = 7.3 Hz, 3H), 1.23 (d, J = 6.9 Hz, 3H), 2.26 (q, J = 7.3 Hz, 2H), 2.58 (dd, J 

= 16.0, 9.2 Hz, 1H), 2.93 (dd, J = 16.0, 4.6 Hz, 1H), 3.58-3.67 (m, 1H), 5.48 (d, J = 

15.5 Hz, 1H), 5.52 (d, J = 15.5 Hz, 1H), 7.32-7.42 (m, 6H), 7.43-7.49 (m, 2H), 7.60 (d, 

J = 7.4 Hz, 1H), 8.03 (s, 1H), 9.07 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 7.7, 21.4, 31.0, 36.0, 47.4, 51.1, 

126.0, 126.6, 127.9, 128.6, 129.2, 129.9, 130.8, 132.4, 134.0, 135.0, 144.4, 145.4, 151.9, 152.3, 158.8, 210.4. 

HRMS (ESI): m/z calcd for C24H25ON4
+ [M+H+]: 385.2023, found: 385.2027.  
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Chapter 3 Section 3: Asymmetric C–H conjugate addition of indole derivatives 

 

Optimization of reaction conditions  

To a dried screw-capped vial were added model substrate 157 (10.4 mg, 0.05 mmol), Cp*Rh catalyst (2.5 

µmol, 5 mol %), MS (0 or 2 mg), solvent (0.25 mL) under argon atmosphere in a glovebox. To the resulting 

mixture were successively added additive (0 or 2.5 µmol) and enone 124 (8.6 µL, 0.075 mmol). The vial was 

capped, taken out of the glovebox, and the mixture was heated at 35 ºC with stirring under argon atmosphere 

for 17 h. The resulting mixture was filtered through a short silica gel pad, and washed with AcOEt. The 

filtrate was concentrated to afford the crude mixture. 1,1,2,2-Tetrachloroethane (internal standard, ca. 10 mg, 

precisely weighted in each reaction) and CDCl3 were added to the crude mixture, and the yield of 158 was 

determined by 1H NMR analysis. An aliquot of the crude mixture was purified by preparative TLC, and the 

enantiomeric ratio of 158 was determined by HPLC analysis (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 

mL/min, 254 nm). The results are summarized in Table 16-20. 

 

General procedure of asymmetric C–H conjugate addition of indole derivatives (Table 21) 

 

  

 

To a dried screw-capped vial were added 117a (3.1 mg, 5 µmol, 5 mol %), indole derivatives (0.10 mmol), 

and DCE (1 mL) under argon atmosphere in a glovebox. To the resulting mixture were successively added 

enone 124 (17.2 µL, 0.15 mmol). The vial was capped, taken out of the glovebox, and the mixture was 

heated at 40 ºC with stirring under argon atmosphere for 6 h. The reaction mixture was filtered through a 

short silica gel pad and washed with AcOEt or directly purified by silica gel column chromatography to 

afford the desired product 158-169. 

 

5-(1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (158) (SS09108)  

Following the general procedure, applicable indole derivative (20.8 mg, 0.10 mmol), 

124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 mL) were 

stirred at 40 ºC for 6 h, and the mixture was filtered through a short silica gel pad and 

washed with AcOEt to afford 158 (30.1 mg, 98% yield, 87:13 er). Yellow oil. TLC: Rf 

= 0.49 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.99 (t, J = 7.2 Hz, 3H), 

DCE (0.1 M), 40 ºC, 6 h

[Cp*RhLN][(S)-BINSate]
117a (5 mol %)N H +

Me Et
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1.22 (d, J = 6.7 Hz, 3H), 2.35 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 2.57 (dd, J = 16.6, 8.5 Hz, 1H), 2.95 (dd, J = 

16.6, 5.4 Hz, 1H), 3.60-3.71 (m, 1H), 6.42 (s, 1H), 7.07-7.14 (m, 1H), 7.18-7.24 (m, 1H), 7.37 (d, J = 8.1 Hz, 

1H), 7.53-7.59 (m, 1H), 7.71 (dd, J = 8.1, 3.1 Hz, 1H), 8.47 (d, J = 2.2 Hz, 1H). 13C NMR (125 MHz, 

CDCl3): δ 7.9, 18.2, 20.9, 27.1, 36.4, 49.6, 99.7, 110.3, 120.1, 120.6, 121.4, 121.8, 128.4, 132.4, 137.6, 139.2, 

146.0, 149.0, 150.1, 210.2. HRMS (ESI): m/z calcd for C20H23ON2
+ [M+H+]: 307.1805, found: 307.1804. 

[α]D
22 = 5.1 (c = 1.15, CHCl3). HPLC: 87:13 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, 

tR (major) = 9.7 min, tR (minor) = 13.9 min). 

 

5-(4-bromo-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (162) (SS09123)  

Following the general procedure, applicable indole derivative (28.7 mg, 0.10 mmol), 

124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 mL) were 

stirred at 40 ºC for 6 h, and the mixture was filtered through a short silica gel pad and 

washed with AcOEt to afford 162 (36.2 mg, 94% yield, 83:17 er). Yellow oil. TLC: Rf 

= 0.38 (hexane/AcOEt = 3:1). 1H NMR (500 MHz, CDCl3): δ 1.00 (t, J = 6.9 Hz, 3H), 

1.23 (d, J = 6.9 Hz, 3H), 2.36 (q, J = 6.9 Hz, 2H), 2.44 (s, 3H), 2.62 (dd, J = 17.2, 8.6 

Hz, 1H), 2.97 (dd, J = 17.2, 5.4 Hz, 1H), 3.54-3.64 (m, 1H), 6.46 (s, 1H), 6.95 (dd, J = 8.0, 8.0 Hz, 1H), 7.12 

(d, J = 8.0 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.71 (dd, J = 8.0, 2.3 Hz, 1H), 8.47 (d, 

J = 2.3 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.9, 18.3, 21.0, 27.0, 36.6, 49.4, 99.7, 109.6, 114.0, 121.5, 

122.7, 123.4, 129.0, 132.9, 137.8, 139.3, 147.0, 148.6, 150.2, 209.9. HRMS (ESI): m/z calcd for 

C20H22ON2Br+ [M+H+]: 385.0910, found: 385.0911. [α]D
19 = 17.7 (c = 1.51, CHCl3). HPLC: 83:17 er. 

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 6.7 min, tR (minor) = 9.5 min). 

 

5-(4-methoxy-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (163) (SS09113)  

Following the general procedure, applicable indole derivative (23.8 mg, 0.10 mmol), 

124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 mL) were 

stirred at 40 ºC for 6 h, and the mixture was filtered through a short silica gel pad and 

washed with AcOEt to afford 163 (33.4 mg, 99% yield, 86:14 er). Yellow oil. TLC: Rf 

= 0.42 (hexane/AcOEt = 3:1). 1H NMR (500 MHz, CDCl3): δ 0.99 (t, J = 7.4 Hz, 3H), 

1.21 (d, J = 6.9 Hz, 3H), 2.34 (q, J = 7.4 Hz, 2H), 2.43 (s, 3H), 2.56 (dd, J = 16.7, 8.6 

Hz, 1H), 2.95 (dd, J = 16.7, 5.4 Hz, 1H), 3.57-3.66 (m, 1H), 3.96 (s, 3H), 6.53 (s, 1H), 6.55 (d, J = 8.0 Hz, 

1H), 6.84 (d, J = 8.0 Hz, 1H), 7.03 (t, J = 8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.69 (dd, J = 8.0, 2.3 Hz, 

1H), 8.46 (d, J = 2.3 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.8, 18.2, 21.0, 27.0, 36.5, 49.7, 55.5, 96.7, 

100.6, 103.9, 118.7, 121.4, 122.6, 132.4, 138.8, 139.1, 144.6, 149.1, 150.0, 152.7, 210.2. HRMS (ESI): m/z 

calcd for C21H25O2N2
+ [M+H+]: 337.1911, found: 337.1911. [α]D

22 = 13.5 (c = 1.24, CHCl3). HPLC: 86:14 

er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 10.5 min, tR (minor) = 18.6 min).  
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5-(5-bromo-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (164) (SS09116)  

Following the general procedure, applicable indole derivative (28.7 mg, 0.10 mmol), 

124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 mL) were 

stirred at 40 ºC for 6 h, and the mixture was filtered through a short silica gel pad 

and washed with AcOEt to afford 164 (38.0 mg, 99% yield, 86:14 er). Yellow oil. 

TLC: Rf = 0.37 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.99 (t, J = 

7.2 Hz, 3H), 1.21 (d, J = 6.7 Hz, 3H), 2.34 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 2.58 (dd, J = 17.1, 8.3 Hz, 1H), 

2.93 (dd, J = 17.1, 5.4 Hz, 1H), 3.55-3.66 (m, 1H), 6.35 (s, 1H), 7.06 (d, J = 8.5 Hz, 1H), 7.17 (dd, J = 8.5, 

1.8 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.67 (d, J = 1.8 Hz, 1H), 7.72 (dd, J = 8.1, 1.8 Hz, 1H), 8.47 (d, J = 1.8 

Hz, 1H). 13C NMR (125 MHz, CDCl3): δ7.8, 18.2, 20.9, 27.1, 36.5, 49.4, 99.1, 111.8, 113.7, 121.4, 122.5, 

124.5, 130.1, 132.8, 136.3, 139.3, 147.4, 148.6, 150.2, 209.9. HRMS (ESI): m/z calcd for C20H22ON2Br + 

[M+H+]: 385.0910, found: 385.0910. [α]D
20 = 12.6 (c = 1.29, CHCl3). HPLC: 86:14 er. (Chiralpak ID, 

hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 10.6 min, tR (minor) = 15.5 min). 

 

5-(5-fluoro-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (165) (SS09109)  

Following the general procedure, applicable indole derivative (22.6 mg, 0.10 mmol), 

124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 mL) were 

stirred at 40 ºC for 6 h, and the mixture was filtered through a short silica gel pad and 

washed with AcOEt to afford 165 (31.8 mg, 98% yield, 86:14 er). Yellow oil. TLC: 

Rf = 0.34 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.99 (t, J = 7.2 Hz, 

3H), 1.21 (d, J = 7.2 Hz, 3H), 2.35 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 2.58 (dd, J = 17.1, 8.3 Hz, 1H), 2.94 (dd, 

J = 17.1, 5.4 Hz, 1H), 3.56-3.65 (m, 1H), 6.37 (s, 1H), 6.83 (ddd, J = 9.4, 9.0, 2.2 Hz, 1H), 7.11 (dd, J = 9.0, 

4.0 Hz, 1H), 7.19 (dd, J = 9.4, 2.2 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.71 (dd, J = 8.1, 1.8 Hz, 1H), 8.47 (d, J 

= 1.8 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.6, 18.2, 20.9, 27.2, 36.5, 49.5, 99.6 (d, 4J CF = 3.5 Hz), 

105.0 (d, 2J CF = 23.9 Hz), 109.8 (d, 2J CF = 26.4 Hz), 111.0 (d, 3J CF = 9.6 Hz), 128.7 (d, 3J CF = 9.6 Hz), 

132.7, 134.1, 139.2, 147.7, 148.8, 150.2, 158.5 (d, 1J CF = 232.7 Hz), 210.0. HRMS (ESI): m/z calcd for 

C20H22ON2F + [M+H+]: 325.1711, found: 325.1709. [α]D
18 = 7.3 (c = 0.99, CHCl3). HPLC: 86:14 er. 

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 9.2 min, tR (minor) = 13.2 min). 

 

5-(6-bromo-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (166) (SS09117)  

Following the general procedure, applicable indole derivative (28.7 mg, 0.10 

mmol), 124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 

mL) were stirred at 40 ºC for 6 h, and the mixture was filtered through a short 

silica gel pad and washed with AcOEt to afford 166 (37.4 mg, 97% yield, 85:15 er). 

Yellow oil. TLC: Rf = 0.34 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): 
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δ 0.99 (t, J = 7.4 Hz, 3H), 1.20 (d, J = 6.7 Hz, 3H), 2.34 (q, J = 7.4 Hz, 2H), 2.45 (s, 3H), 2.57 (dd, J = 16.8, 

8.3 Hz, 1H), 2.92 (dd, J = 16.8, 5.6 Hz, 1H), 3.56-3.64 (m, 1H), 6.38 (s, 1H), 7.20 (dd, J = 8.1, 1.8 Hz, 1H), 

7.33 (d, J = 1.8 Hz, 1H), 7.35 (d, J = 1.8 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.73 (dd, J = 8.1, 2.0 Hz, 1H), 

8.48 (d, J = 2.0 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.8, 18.2, 20.9, 27.0, 36.5, 49.4, 99.7, 113.3, 115.3, 

121.2, 121.4, 123.8, 127.2, 132.9, 138.4, 139.4, 146.8, 148.4, 150.3, 209.9. HRMS (ESI): m/z calcd for 

C20H22ON2Br + [M+H+]: 385.0910, found: 385.0910. [α]D
19 = –1.4 (c = 0.79, CHCl3). HPLC: 85:15 er. 

(Chiralpak IG, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 8.7 min, tR (minor) = 9.6 min). 

 

Methyl 1-(5-methylpyridin-2-yl)-2-(4-oxohexan-2-yl)-1H-indole-6-carboxylate (167) (SS09124)  

Following the general procedure, applicable indole derivative (26.6 mg, 0.10 

mmol), 124 (17.2 µL, 0.15 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE 

(1 mL) were stirred at 40 ºC for 6 h, and the crude mixture was purified by 

silica gel column chromatography (hexane/AcOEt = 7:1 to 3:2) to afford 167 

(32.7 mg, 90% yield, 84:16 er). Yellow oil. TLC: Rf = 0.33 (hexane/AcOEt = 

3:1). 1H NMR (500 MHz, CDCl3): δ 0.99 (t, J = 7.4 Hz, 3H), 1.23 (d, J = 6.9 Hz, 3H), 2.35 (q, J = 7.4 Hz, 

2H), 2.45 (s, 3H), 2.60 (dd, J = 16.9, 8.3 Hz, 1H), 2.96 (dd, J = 16.9, 5.4 Hz, 1H), 3.58-3.68 (m, 1H), 3.87 (s, 

3H), 6.46 (s, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.75 (dd, J = 8.0, 1.7 Hz, 1H), 7.81 (dd, 

J = 8.0, 1.7 Hz, 1H), 7.90 (s, 1H), 8.48 (d, J = 2.3 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 7.8, 18.3, 20.8, 

27.2, 36.4, 49.4, 52.0, 99.9, 112.6, 119.6, 121.6, 121.8, 123.4, 132.1, 133.0, 137.0, 139.4, 148.3, 149.7, 150.3, 

168.2, 209.8. HRMS (ESI): m/z calcd for C22H25O3N2
+ [M+H+]: 365.1860, found: 365.1858. [α]D

20 = 0.2 (c 

= 1.92, CHCl3). HPLC: 84:16 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tR (major) = 

22.1 min, tR (minor) = 24.6 min). 

 

5-(1-(5-methylpyridin-2-yl)-1H-pyrrol-2-yl)hexan-3-one (168) (SS09122)  

Following the general procedure, applicable indole derivative (15.8 mg, 0.10 mmol), 124 

(11.5 µL, 0.10 mmol), 117a (3.1 mg, 5 µmol, 5 mol %), and DCE (1 mL) were stirred at 40 

ºC for 6 h, and the crude mixture was purified by silica gel column chromatography 

(hexane/AcOEt = 9:1 to 7:3) to afford 168 (15.5 mg, 60% yield, 85:15 er). Yellow oil. 

TLC: Rf = 0.43 (hexane/AcOEt = 3:1). 1H NMR (400 MHz, CDCl3): δ 0.99 (t, J = 7.3 Hz, 3H), 1.17 (d, J = 

6.7 Hz, 3H), 2.33 (q, J = 7.3 Hz, 2H), 2.37 (s, 3H), 2.49 (dd, J = 16.3, 8.8 Hz, 1H), 2.85 (dd, J = 16.3, 4.9 Hz, 

1H), 3.71-3.82 (m, 1H), 6.08 (dd, J = 3.6, 1.8 Hz, 1H), 6.21 (dd, J = 3.6, 3.1 Hz, 1H), 6.88 (dd, J = 3.1, 1.8 

Hz, 1H), 7.23 (d, J = 8.1 Hz, 1H), 7.60 (dd, J = 8.1, 1.8 Hz, 1H), 8.32 (d, J = 1.8 Hz, 1H). 13C NMR (125 

MHz, CDCl3): δ 7.8, 18.2, 20.9, 27.0, 36.5, 49.4, 99.7, 113.3, 115.3, 121.2, 121.4, 123.8, 127.2, 132.9, 138.4, 

139.4, 146.8, 148.4, 150.3, 209.9. HRMS (ESI): m/z calcd for C16H20ON2
+ [M+H+]: 257.1648, found: 

257.1649. [α]D
20 = –6.0 (c = 1.14, CHCl3). HPLC: 85:15 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 
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mL/min, 254 nm, tR (minor) = 6.1 min, tR (major) = 6.7 min). 

 

Asymmetric C–H conjugate addition of 157 with 124 catalyzed by 117a (0.5 mol %). (eq. 36) (SS09141) 

 

 
 

To a dried screw-capped vial were added 157 (20.8 mg, 0.10 mmol), and DCE (950 µL) under argon 

atmosphere in a glovebox. To the resulting mixture were successively added enone 124 (17.2 µL, 0.15 

mmol) and 1 M DCE solution of 117a (0.5 µmol, 50 µL). The vial was capped, taken out of the glovebox, 

and the mixture was heated at 40 ºC with stirring under argon atmosphere for 96 h. The reaction mixture was 

filtered through a short silica gel pad and washed with AcOEt to afford 158 (30.2 mg, 98% yield, 85:15 er). 

 

 

 

 

 

 

 

 

DCE (0.1 M), 40 ºC, 96 h

[Cp*RhLN][(S)-BINSate]
117a (0.5 mol %)N H +

Me Et

O
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N N

Me Me
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(1.5 equiv.)157 15898% yield

85:15 e.r.

(36)
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Chapter 4 Section 1: Experiments for mechanistic study 

 

Evaluation of Other Chiral Organic Anions (Table 22) 

Preparation of Ag salts 

Ag-BINSate 116a was prepared as described above, and used without further purification. 

173, 101, 174: To a stirred solution of the corresponding chiral acid (0.10 mmol) in CH2Cl2/CH3CN (1:1, 2 

mL) was added Ag2CO3 (0.10 or 0.20 mmol), and the mixture was stirred at 40 °C for 12 h in dark. The 

reaction mixture was filtered through a Celite pad, and washed with CH2Cl2/CH3CN (1:1). The filtrate was 

evaporated in vacuo, and the obtained Ag salts were used without further purification. 

Ag-TRIP 86 was prepared according to the literature.43 

 

General procedure (SS06099, 06101, 06102, 06106, 07180) 

To dried screw-capped vial were added [Cp*RhCl2]2 (0.77 mg, 1.25 µmol), Ag salt (2.5 or 5.0 µmol), MS3A 

(2 mg), and DCE (0.25 mL) under argon atmosphere in glovebox. To the mixture were successively added 

2-phenylpyridine 1 (7.2 µL, 50 µmol) and enone 124 (7.5 µL, 65 µmol). The vial was capped, taken out of 

the glovebox, and the mixture was heated at 35 ºC with stirring under argon atmosphere for 36 h. The 

reaction mixture was filtered through a short silica gel pad, and washed with AcOEt. The filtrate was 

concentrated to afford the crude mixture. Dibenzyl ether (internal standard, ca. 10 mg, precisely weighted in 

each reaction) and CDCl3 were added to the crude mixture, and the yield of 135 was determined by 1H NMR 

analysis. An aliquot of the crude mixture was purified by preparative TLC, and the enantiomeric ratio of 135 

was determined by HPLC analysis (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). The results 

are summarized in Table 22. 

  

Nonlinear effect study (Figure 9) (SS07137) 

Six parallel independent reactions of 1 (14.2 µL, 0.1 mmol), 124 (15.0 µL, 0.65 mmol), [Cp*RhCl2]2 (1.5 mg, 

2.5 µmol), MS3A (4.0 mg) and Ag2-(S)/(R)-BINSate 116a (10-100% ee, 3.2 mg, 5.0 µmol) were heated at 

35 °C in DCE (0.50 mL) for 48 h. The filtrate was concentrated to afford the crude mixture. Dibenzyl ether 

(internal standard, ca. 10 mg, precisely weighted in each reaction) and CDCl3 were added to the crude 

mixture, and the yield of 135 was determined by 1H NMR analysis. An aliquot of the crude mixture was 

purified by preparative TLC, and the enantiomeric ratio of 135 was determined by HPLC analysis (Chiralpak 

ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). The results are summarized in Figure 9 and Table S1. 
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H/D-exchange for the asymmetric C–H conjugate addition (eq. 37) (SS09014) 

 

 

 

To a dried screw-capped vial were added 117a (5.0 µmol, 5 mol %), DCE (0.4 mL) and MeOH (0.1 mL) 

under argon atmosphere in a glovebox. To the resulting mixture were successively [D]5-1 (13.5 µL, 0.12 

mmol), 146 (2.7 µL, 0.02 mmol), and enone 124 (11.5 µL, 0.10 mmol). The vial was capped, taken out of 

the glovebox, and the mixture was stirring at room temperature under argon atmosphere for 16-18 h. The 

resulting mixture was filtered through a short silica gel pad, and washed with hexane/AcOEt (1:1). The 

filtrate was concentrated to afford the crude mixture. 1,1,2,2-Tetrachloroethane (internal standard, ca. 10 mg, 

precisely weighted in each reaction) and CDCl3 were added to the crude mixture, and the yields of 135 and 

recovered 1 were determined by 1H NMR analysis. The 1H NMR spectra of [D]5-1 and recovered 1 were 

summarized in Figure S1. 

[Cp*RhCl2]2 (2.5 mol%)
Ag2-(S)-/(R)-BINSate 116a(5 mol %)

DCE (0.2 M), 35 ºC, 36 h
+1

(0.1 mmol)
124

(1.3 equiv.) 135

entry

1
2
3
4
5
6

% ee of 116a % ee of 135

10
20
30
40
80

100

7.6
14.9
16.5
29.0
71.0
80.7

Table S1. Nonlinear effect study.
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KIE for asymmetric C–H conjugate addition (eq. 38) (SS09131) 

 

To a dried screw-capped vial were added 117a (5.0 µmol, 5 mol %), DCE (2.5 mL) and n-dodecane as 

internal standard (45.4 µL, 0.2 mmol) under argon atmosphere in a glovebox. To the resulting mixture were 

successively 1 or [D]5-1 (0.5 mmol), 146 (13.5 µL, 0.1 mmol), and enone 124 (63.1 µL, 0.55 mmol). The 

vial was capped, taken out of the glovebox, and the mixture was heated at 35 °C. An aliquot of the reaction 

mixture (ca. 250 µL) was taken after each time (30 min, 1 h, 2 h), and filtered through a short pad of silica 

gel washed with AcOEt. The obtained crude mixture was analyzed by GC/MS using n-dodecane as an 

internal standard. The results are summarized in Figure 10. 
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Figure S1. 1H NMR spectra of [D]5-1 and  recovered 1.�
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KIE for racemic C–H conjugate addition (eq. 39) (SS09135) 

 

To a dried screw-capped vial were added [Cp*Rh(CH3CN)3][SbF6]2 (5.0 µmol, 5 mol %), DCE (2.5 mL) and 

n-dodecane as internal standard (45.4 µL, 0.2 mmol) under argon atmosphere in a glovebox. To the resulting 

mixture were successively 1 or [D]5-1 (0.5 mmol) and enone 124 (63.1 µL, 0.55 mmol). The vial was capped, 

taken out of the glovebox, and the mixture was heated at 60 °C. An aliquot of the reaction mixture (ca. 250 

µL) was taken after each time (6 h, 24 h, 48 h), and filtered through a short pad of silica gel washed with 

AcOEt. The obtained crude mixture was analyzed by GC/MS using n-dodecane as an internal standard. The 

results are summarized in Figure 10. 

 

C–H conjugate addition of isotopecally labeled substrates (eq. 41, 42) (SS09131, 09135) 

 

(eq. 41) To a dried screw-capped vial were added 117a (5.0 µmol, 5 mol %), DCE (2.5 mL) and n-dodecane 

as internal standard (45.4 µL, 0.2 mmol) under argon atmosphere in a glovebox. To the resulting mixture 

were successively [D]5-1 (0.5 mmol), 146 (13.5 µL, 0.1 mmol), and enone 124 (63.1 µL, 0.55 mmol). The 

vial was capped, taken out of the glovebox, and the mixture was heated at 35 °C. An aliquot of the reaction 

mixture (ca. 250 µL) was taken after 24 h, and filtered through a short pad of silica gel washed with AcOEt. 

The obtained crude mixture was analyzed by GC/MS using n-dodecane as an internal standard. An aliquot of 

the crude mixture was purified by preparative TLC, and 1H NMR analysis was performed. 

 

(eq. 42) To a dried screw-capped vial were added [Cp*Rh(CH3CN)3][SbF6]2 (5.0 µmol, 5 mol %), DCE (2.5 

mL) and n-dodecane as internal standard (45.4 µL, 0.2 mmol) under argon atmosphere in a glovebox. To the 

resulting mixture were successively [D]5-1 (0.5 mmol) and enone 124 (63.1 µL, 0.55 mmol). The vial was 
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capped, taken out of the glovebox, and the mixture was heated at 60 °C. An aliquot of the reaction mixture 

(ca. 250 µL) was taken after 48 h, and filtered through a short pad of silica gel washed with AcOEt. The 

obtained crude mixture was analyzed by GC/MS using n-dodecane as an internal standard. An aliquot of the 

crude mixture was purified by preparative TLC, and 1H NMR analysis was performed. 
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