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Ac    acetyl 

aq    aqueous 

Ar    aryl 

argon 

Bn    benzyl 
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DCE   1,2-dichloroethane 
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DFT   density functional theory 
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ESI   electrospray ionization 
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GPC   gel permeation chromatography 
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2-oxapiridinato 

HPLC    high performance liquid chromatography 

HRMS    high resolution mass spectrometry 

IR    infrared 

LC   liquid chromatography 

LRMS   low resolution mass spectrometry 

Me    methyl 

mer   meridional 

Mes   mesyl 

MPPIM   methyl 1-(3-phenylpropanoyl)-2-oxaimidazolidine-(4S)-carboxylate 

MS    mass spectrometry 

   molecular sieves 

nap   3-tosylpiperidinonate  

NMR    nuclear magnetic resonance 

Ns   2-nitrobenzenesulfonyl 

NTTL   N-1,2-naphthaloyl-tert-leucinate 

oct   n-octanoate 

Pc   phthalocyanine 

Ph    phenyl 

PIDA   (diacetoxyiodo)benzene 

PIFA   bis[(trifluoroacetoxy)iodo]benzene 

iPr    isopropyl 

nPr   normal propyl 

por   porphyrin 

PTAD   N-phthaloyl-adamantyl-glycinate  

PTPI    3-phthalimidopiperidinonate 
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Piv   pivaloyl 

RSM   recovered starting material 

Rf    retention factor (in chromatography) 

rt.    room temperature 

SM   starting material 

TBDPS    tert-butyldiphenylsilyl 

TBS    tert-butyldimethylsilyl 

TBSP   tert-butylsulfonylprolinate 

TBPTTL   N-tetrabromophthaloyl-tert-leucinate  

Tces   trichloroethanesulfonyl 

TCPTAD   N-tetrachlorophthaloyl-adamantyl-glycinate  

TCPTTL   N-tetrachlorophthaloyl-tert-leucinate  

TES    triethylsilyl 

temp.   temperature 

TFA    trifluoroacetic acid 

TFE   2,2,2-trifluoroethanol 



 

 
 

 

 

TFPTAD   N-tetrafluororophthaloyl-adamantyl-glycinate  

TFPTTL   N-tetraflorophthaloyl-tert-leucinate  

THF    tetrahydrofuran 

TIPS   triisopropylsilyl 

TLC    thin-layer chromatography 

TM   target material 
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tR   retention time 
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Vis   visible 
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ǝ̪ 

� ‖ñ Rh(II,II)ƊɀS9l¢�`sª�®ƐiÝĭʦµƙM>K 4 Iȩ\ŶjFǺʨi/d9
「ÑɦąɀM>K Rh-sª��n�` Rh-�n�«�n�iļȌ@e;MRÙʢi/e 

(Scheme 1)�;fcɦąɀSʹǴPĪ0ğʄƙǃi/d9C–H ȭʞ「Ñiŀe C–C ŅųļȌ
「Ñ` C–H l¢�Õ「Ñ9p-Ņųi˽@eÕų％WR˅ØPbe�w¬�¬�®Õ「Ñ`l
�©�®Õ「ÑON9ȿ̅O「ÑP̈0cfKSE�[E9Lewis ƐǺʨM>KRʕȋiø4
>9��¬-Diels–Alder 「ÑPɇˀ=fesª��ªÕų％RøȋÕ「ÑP_̈0cfKSE� 

 

� ;fc「ÑiSu¨ªʦµƙiʑʞ>E9u¨ª‖ñ¬�o£(II,II)ƊɀRť7̈0cfK
0e (Scheme 2)�u¨ªǺʨS9Rh2(OAc)4 ` Rh2(O2CCF3)4 iŐ̙M>K9u¨ªsª�®Ɛ�
u¨ªl¢�iS?^M@eǃ�Rl�r®ȋʦµƙMRʦµƙśā「ÑPbd̄¹PųȌ
iS9Œƅ[i̅�Oʕɬi˽@eǺʨRųȌ=fKSEi� 

 

 
i ‖ñ Rh(II,II)ǺʨRˎ⊥iS9ƊɀRŪȳ(a)iˀđ(b)PbV(c)ï0KđƂ@e̢RʂʋɺP̈0c
fe (Figure 1)�˦̪ːiS9ʐÀRʦµƙi˽@eȒɀʦɞRºOe‖ñĳȹǺʨ_̈0KPd9
ˀđ(d)ï0e;MRɻșOǳųR\cfE�>EReK˦ːɦPʕPɘdRO0ǳųSˀđ(d)i9
̑ɀŪȳPɨ˳@eǳųSˀđ(a)ï0KđƂ>E�ȾR‖ñĳȹƊɀPI0K_;fPǗ?E� 
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Scheme 1. Dirhodium(II,II)-catalyzed reactions.
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Figure 1.  Schematic representation of Rh-catalyst structure.
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� ʕP�l�Õų％ï0E˄Ȕ C–C ŅųļȌ「ÑS9u¨ª‖ñ Rh(II,II)ǺʨRéʫPb
d˳[8e>0ʫɾiȇ:Eˎ⊥i/e�;fcSɓOeq�®�rȊřR\OcA9Õõ
ȢɌȋȊř�µɞȢɌȋȊřONM0eE9「ÑȋȊřP_Ǐ̉O˸öiÜE>KSE� 

� Ĳʠ Davies cS9l©=ª�l�l��=� 1 Mǃ�Rlªs®ï0EµɞȢɌɺO˄
Ȕ C–H ŅųýʢĊÕ「Ñi˛Ŵ>K0e (Scheme 3)1)�Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 iǺʨ
M@e「ÑiS9ˋȉR「Ñʁi˽@elªs® 2 RµɞȢɌɺ��l��«rȢɌɺ�q
�®�rȢɌɺOɉ 2 ġ C–H ŅųRøȋÕ「ÑPbd93 Rʔcfe (Scheme 3a)1a)�[E˔
R˛ŴiS9Ǻʨi Rh2(S-TCPTAD)4 P˖ũ@eR\ilªs® 4 Rɉ 3 ġ C–H ŅųȢɌɺ
OýʢĊÕ「ÑR˻ȝ>95 Rʔcfe(Scheme 3b)1b)�=cPƀĲ9bdȈŲ0ʦµƙiȩ\
ŶjF Rh2[R-tris(p-tBuC6H4)C6H4TPCP]4 ï0eM9lªs® 4 Rɉ 1 ġ C–H ŅųȢɌɺO
ýʢĊÕ「ÑRÙʢMOeE (Scheme 3c)1c)� 

 

� ;Rb1Pu¨ªʦµƙiƓ0ˎ9eR\i9ǃ�R C–H ŅųiµɞȢɌɺ9ÕõȢɌɺ
C>Kq�®�rȢɌɺPýʢĊÕiS9u¨ª‖ñ Rh(II,II)Ǻʨï0E˄Ȕ C–H Ņųý
ʢĊÕ「ÑSȌǑ>Eˎ⊥MOdII/e�ŘǓ@eb1P�n�«�n�ï0E C–H l
¢�Õ「Ñ_9C>K˦̪ːiSǮƁPSǺfO0R�n�«�n�Rl�©�®Õ「Ñ`
Lewis ƐǺʨ「Ñ_9sª��n�R「ÑYNPSȌǑ>Eˎ⊥MSœ0șfO0_RR9ɯ
ʠPʅeKȌÜiģ:KSE� 

� >4>ORc9CR「˰9;Rb1OǷĮSɻ̈「ÑĿRˠ̫RŌ2S?^EM_œ0ā
2cfe�˩FCR「ÑéʫSǏ̉OɜµiȞ^K0e;MP˖hdSO0R9ȧȐčMʷ
ufT˛ŴȉSőǣ>KSE�;1>E）ľR「Ç=fƘ^EE^49ĲʠSǽĐë̟Ļ‖
ñĳȹǺʨRéʫRɪ>_ŌcfKPd9;f[iRu¨ª‖ñ Rh(II,II)ǺʨPSO0ʗưR
「Ñȋ`ȢɌȋRƸŒi˳ƛ>E「Ñéʫ_O=fK0e 2)� 

� 2009 ʠ Davies cS9RhBi(O2CCF3)n(O2CCH3)4–n (n = 074) ï0E�p�ª�l�l��=
� 7 M��«® 8 R�w¬�¬�®Õ「Ñ9PbV�w¬�u�® 10 R C–H ýʢĊÕ「Ñ
i˛Ŵ>9ƸŎÕõ�łƏÕõR̘˰4cäȕiŭeE (Scheme 4)2a)�0AfR「ÑPP0
K_9Rh–Bi ǺʨS Rh7Rh ǺʨMʐʊRȌȖRƸŒÙʢi/d9Ų0�l��«rȢɌȋi
ȏȌ％ 9 R9̛ŢOÕõȢɌȋi 11 Rʔcfe�>4>9RhBi(O2CCF3)3(O2CCH3)M
Rh2(O2CCF3)3(O2CCH3)ï0E�w¬�¬�®Õ「ÑRʷôƸŎPP0K9Rh7Bi ǺʨRǺʨ

Davies (2016-2018)
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Scheme 3. Site-, diastereo- and enantioselective C–H functionalization with Rh(II,II) catalysts.
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å・˃ʇR Rh–Rh ǺʨR 1600 ˎR 1 [iɵÔ>E;M4c9CR「ÑȋɵÔRƒhfe� 

 

� ;R‖ñ Rh–Bi ǺʨS>Tc7ǿɾRO4eER 2018 ʠPſVɥ˳=f9Davies cPbV
Fürstner cRxª=�Rʗ̑>KCR̍̈i˛Ŵ>E� 

  Davies cSu¨ªʦµƙiȩ\ŶjF RhBi(S-TBSP)4 iųȌ>9˄Ȕ�w¬�¬�®Õ「
ÑPP0K˽ŞOu¨ªǺʨM>KĎʢ@e;MiŌǒ>E (Scheme 5a)2b)�À˝i˄Ȕ C–C

ŅųļȌ「ÑiS9Rh2(S-TBSP)4 Mʷô>K「ÑƪąRÍɯ>9[EȏȌ％ 16 PbV 18 R
q�®�rȢɌȋRɵÔ>K0e (Scheme 5b)� 

 

� Fürstner cS9RhBi(esp)2 ï0E�l�ȂƐq�ª 19 M�w¬¬¤�® 20 MR C–H ýʢ
ĊÕ「Ñ`919 M�¬lª•® 22 R�w¬�¬�®Õ「Ñi˛Ŵ>E (Scheme 6)2c)�ɳǴ
Rh(II,II)ǺʨiS9ʄƙ˄ȷO C–Cl ŅųWRȭʞ「Ñ`9�¬lª•®RpŅųWR˅Ø「Ñ
Sǿŭ>O0E^9��¬‖ñ Rh–Bi ǺʨR˻µȋRƯ=fEŅÜi/e� 
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Scheme 4. First example of RhBi-catalyzed carbenoid reactions.
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Cl

Cl

Cl

Cl

Bi Rh
OO OO

OO O O
Rh Rh

OO OO
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RhBi(esp)2 RhBi(esp)2

Scheme 6. Unieque reactivities of Rh–Bi catalyst.
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� CRŘ Fürstner cS9u¨ªǺʨ RhBi(S-PTTL)4 iųȌ>9;fï0E˄Ȕ「Ñéʫi˛
Ŵ>E (Scheme 7)2d)�˦ Ǻʨï0E924 M��«®`l��«®˿ʑɀ 25 R˄Ȕ�w¬�
¬�®Õ�˄Ȕ�w¬�¬�®Õ「ÑiS9ɁÑ@e Rh Ǻʨbd_Ų0q�®�rȢɌȋi
26 RʔcfK0e�RhBi ǺʨiS9ɯ0 Bi–O ŅųPbdʦµƙɦR��ªn¢�ĊR「Ñ
ʁR Rh ɦǼPš4eKɫdǒ>KPd9Rh2(S-PTTL)4 bd_ź\ųeE˄ȔķąRŪɡ=f
K0e�[E Bi ŐƙRǺʨøȋiƩEO0Ri924 RɣȨ˜ǒiŀesª��n�ļȌ「Ñ
S;RĳȹŐƙǱiSǿŭ>O0R9Rh2(S-PTTL)4ɦRɁÑ@eµɞPȼƅ@eRhŐƙiS9
ȢɌȋRŌŶ^O0「ÑRǿŭ>1e�;R 2 IR̉ÂPbd9RhBi(S-PTTL)4 iSŲ0q�
®�rȢɌȋRƸŒ>EMȬɶ=fK0e� 

 

� [E9sª��n�R「Ñ³ëP_�n�«�n�R「ÑiS9ɉ 2 ǬiǮǓ>Eb1P
Du Bois cR Ru2(esp)4SbF6 PbV Ru2(hp)4Cl `9Chuang cR CoPd(OAc)4 i̍̈>EŋĠ_˛
Ŵ=fK0e (Scheme 8)3), 4)� 

 

� ɩƺRǛȹŋĠƶi_9ǽ>0ʕȋi˽@e‖ñĳȹǺʨRó̑i˳ƛ>9ǽĐu¨ª‖
ñª��o£(II,III)Ǻʨiéʫ>KSE (Scheme 9)5)�ŲŐƙ×OɦǼĳȹi˽@eu¨ª‖
ñª��o£(II,III)ǺʨiS9ČȼRu¨ª‖ñ¬�o£(II,II)Ǻʨbd_Ų0 Lewis ƐȋP
bVŲ0ƐÕǷɄPbdʗưRȢɌȋ`「ÑȋRčɃ=feM01Ƞ４R_M9îǃ˄Ȕʦ
µƙiʑʞ>Eu¨ª‖ñª��o£(II,III)ǺʨiųȌ>KSE (Scheme 9a)� 

� ˦ǺʨRɻ̈i̅�O「Ñiŉʎ>KSEŅÜ9l¢�=�Ɗɀ cis-Ru2(S-BPTPI)NTf2 ï

CO2Me

N2

catalyst (2 mol %)

RhBi(S-PTTL)4
Rh2(S-PTTL)4

up to 98% ee
up to 95% ee

Fürstner (2018)

Scheme 7. Unieque selectivities of chiral Rh–Bi catalyst.
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X
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24 25
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non-reactive site
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S S

Me

OH2N

O O
Ru2(hp)4Cl
(2.5 mol %)
PhI(OPiv)2

Me

OHN

O O
Ru Ru

ON ON

ON N O

X

a) Du Bois�(2011)

Ru2(hp)4X

Ru Ru
OO OO

OO O O

X

Ru2(esp)4X

: 68%

S S

Me

OH2N

O O
Ru2(esp)4SbF6
(0.15 mol %)
PhI(OPiv)2

Me

OHN

O O

28 : 94%
Me Me

27

b) Chuang (2014)

CoPd(OAc)4

S S

Ph

OH2N

O O
CoPd(OAc)4

(5 mol %)
PhI(OAc)2

Ph

OHN

O O

32
75%

31

Co Pd
OO OO

OO O O

Me
3029

Scheme 8. C–H amination reactions catalyzed by new bimetal catalysts.
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0E�¬u��q® 33 Mlª��� 34 R˄Ȕ��¬-Diels–Alder 「Ñi9Ųǈ２4IŲq�
®�rȢɌɺP���¬�¨�®˿ʑɀ 35 iʔe;MPȌŝ>K0e (Scheme 9b)5b)�CR
Lewis ƐȋRŲ=Mņ̌ȋ4c9ǺʨiƀǢ 0.5 ppm Pɵő>K_「ÑRüŅ>9Ǻʨå・ȉ
S Rh2(S-BPTPI)4 R˹ 40 ʧPʼɹ@e 188 ˨å・[iʌɐ>E�;RɚS˄Ȕ C–C ŅųļȌ
「ÑPP9eƀŲđ̩i/e 6)�[E9sª�u�¨=�Ɗɀ Ru2(S-TCPTTL)4BArF ï0E
§=��o£n©� 36 M��«® 8 MR˄Ȕ�w¬�¬�®Õ「Ñi_9ČȼR Rh ǺʨR
ȌȖiǱåeǈ２MȢɌȋi�w¬�¬�®˿ʑɀ 37 iʔK0e (Scheme 9c)5c)� 

 

� ɩƺS;R 2 「ÑRéʫMʐƪčP9‖ñª��o£(II,III)Ǻʨï0E�n�«�n�R
˄Ȕ C–H ýʢĊÕ「Ñiéʫ>KSE (Scheme 10)�CRǮƁi˦̪ːP[M^E� 

 

� ˦̪ːiS%ɉ 1 Ǭ ȣ»ĳȹǺʨï0E�n�«�n�R C–H ýʢĊÕ「Ñ&PP0
K9îǃȣ»ĳȹǺʨï0E C–H l¢�Õ「Ñiǭâ>E�[E9u¨ª‖ñ¬�o£(II,II)

Ǻʨï0E C–H l¢�Õ「Ñ`CR˄Ȕ「ÑéʫPP9e˵ɊʁPI0Kǭâ>9u¨ª
‖ñª��o£(II,III)Ǻʨï0E C–H l¢�Õ「Ñiéʫ@ePƣeEŀ½iǓuE� 

%ɉ 2 Ǭ u¨ª‖ñª��o£(II,III)Ǻʨï0E˄Ȕ C–H l¢�Õ「ÑRéʫ&iS9
ƸƃR「ÑRǶŇŉʎPI0KǓuE� 

%ɉ 3 Ǭ ‖ñª��o£(II,III)ƊɀRŪȳõɺäȕ&iS9ɉ 2 Ǭi̛ŢOȌȖiƯ>EǺ
ʨȒɀŪȳ�ʄƙŪȳPI0K[M^E�CRǺʨR1G 1 IȒɀŪȳR˄ˮi/eE
Ri9ɓŅǦ X ȡŪȳäȕPbdˮc4M>E�>4>ORc9˦äȕiSɦǼĳȹRʄƙ
ŪȳRʣ°iSO0ŅÜMOeEE^9ʄƙǴƮȋĨ˯��w�ªȶɶPbd×ȉRȅɶi
ŭeE�=cP9ƐÕƄï0EC–Hl¢�Õ「ÑPP9eîǺʨRƐÕɂȋiˁ×@u79
}nw©�w�ª�®¤�©=ȶɶiƸƝ>ERi9CRŅÜPI0K_[M^E� 

 

OSiEt3

MeO
+

1. cis-Ru2(S-BPTPI)4NTf2 
    (0.00005–0.01 mol %)

O

O

Ar2. TFA

up to 97%
         98% ee

H

ArO

Ru2(S-TCPTTL)4BArF

Rh2(S-TCPTTL)4

CO2MeMeO2C

I Ph

MeO2C CO2Me

Ph
+ Ph

catalyst
 (2 mol %)

95%, 95% ee
26%, 47% ee

c) Cyclopropanation reaction

Max. TON of cis-Ru2(S-BPTPI)4NTf2  : up to 1,880,000

b) Hetero-Diels–Alder reaction

mer-Ru2(S-BPTPI)4X
cis-Ru2(S-BPTPI)4X

Ru2(S-TCPTTL)4X

Scheme 9. Our previous �orks.

Max. TON of Rh2(S-BPTPI)4 : up to 48,000

33
34 35

36 8 37

a) New chiral diruthenium catalysts
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O
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Scheme 10. Chiral diruthenium(II,III)-catalyzed asymmetric C–H functionalization.
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˦̪ 

 


 1 	 ȣ»ĳȹǺʨï0E�n�«�n�R C–H ýʢĊÕ「Ñ 

 


 1 � ）ľ 

 

� ¿˺˂�。Ȧ％�ĎʢȋƆ̙ONȉȿ7R˽ĎÕų％PSɣȨŐƙRć[fe�ʉȦOR
c9;fcćɣȨÕų％iųȌ@eE^R C–N ŅųļȌ「ÑSǏ̉OŋĠɁǯi/d9ʉ̜
「Ñ�Ǻʨ「Ñ˵hA̅�Oǁ˞RŌ0F=fKSE�ȣ»ĳȹƊɀï0EǺʨɺ C–N Ņ
ųļȌ「ÑS9w¬�s��©®x「ÑM9C–H l¢�Õ「ÑR 2 IPɈ˔=fe 7)�Ȥƺ
S�¬z®Õl©=ª[ESlª•�ªÕų％Ml¢®iŐ̙M@e9Pd Ǻʨï0E
Buchwald-Hartwig l¢�Õ「ÑRCRɇˀ̢i/e�ŘƺS9ĊƷPƧȤRøȋÕĊRʑʞ
iʾ̉M>O0ŐƙŞ２P˻fE「ÑM>K9̅�OǺʨiĲʠȐjPŋĠ=fK0e�C–

H l¢�Õ「ÑS=cP91. ʦšĊï0EǺʨɺ C–H ŅųøȋÕi̍̈>E「Ñ92. p-

l©ªĳȹɦąɀi̍̈>El©ªµ C–H l¢�Õ「Ñ`9�n�«�n�R C–H ȭʞá
ɸi̍̈>E「Ñ93. ŜƐÕĄŏǺʨï0E+ʄƙ»ʏĻ「ÑR 3 IPɈ˔=fe� 

‖ñ¬�o£(II,II)ǺʨiS?^M@eǃ�RĳȹǺʨï0E C–H l¢�Õ「ÑS9ĳȹ
7�n�«�n�R C–H ȭʞáɸiŀe˖ā「ÑM>K9ȑ̝ɺPéʫRO=fKSEi� 

1982 ʠ4c 1983 ʠP49K9Breslow cR Rh2(OAc)4 PbV M(TPP)Cl (M = Fe(III), Mn(III))

ï0En¢�§=��® 38 Rˎƙʚ C–H l¢�Õ「Ñ`9�w¬�u}® (17) M
TsN=IPh (40) MRˎƙą C–H l¢�Õ「Ñi 8a), 8b)91984 ʠP Mansuy cR Mn(III)PbV
Fe(TPP)Cl Ɗɀï0E��«® 8 M 40 Rˎƙąl�©�®Õ「Ñ 8c)i˛Ŵ>K³̌9ǃ�
RǺʨï0Eĳȹ–�n�«�n�「ÑRéʫRǿ^cfKSE (Scheme 11)�>4>OR
c9ƀǚčRŋĠSlª•®WR˅Ø「Ñi/e9l�©�®Õ「ÑPǨʁRʉKcfKS
E 9�CRéʫPP0K C–H l¢�Õ「ÑRħųRʇ�óʟ=fK0eP_ĆhcA9˦「
ÑS/[dɥ˳=fK;O4eE 9c), 10)� 

 

C–H l¢�Õ「ÑRéʫR˦ðɺPȅǿ=fKSERS91997 ʠR Müller cRŋĠ³̌i
/e 11)�ʶcS¬�o£(II,II)ǺʨM p-NsN=IPh (44) i�n�«�n�ȤĵɀM>K̈0E

 
i ³ŰSʕPɘdO79�n�«�n�iɦąɀM>K̈0E C–H ŅųýʢĊÕ「Ñi9ɓP C–H l
¢�Õ「ÑMˀđ@e� 

SO
O

N
IPh

S NH
O O

Rh2(OAc)4

M(TPP)Cl

a) Inter/intra-molecular amination (Breslow, 1982–1983)

Ph
N

N

Ph

Ph

N

N
Ph M

Cl

M(TPP)Cl

b) Intermolecular adiridination (Mansuy, 1984)

NTs
M(TPP)Cl

PhI+Ph

(M = Fe, Mn)

Ts
N

Ph

Scheme 11. Initial studies of metal-nitrenoid reactions.

17 41

38 39

40 428
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Rh Rh
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OO O O
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NTsPhI (40)

NHTs
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C–H l¢�Õ「ÑRéʫiŭ09ÕõȢɌȋ`µɞȢɌȋ9=cPSq�®�rȢɌȋPĆ
@eȝĵɺOŋĠi[M^E(Scheme 12a-12c)�[E(R)-�p�ª��® 52 MR「ÑȒɀ˘
Ʃiǿŭ@e;M4c9˦ 「ÑSĩȫɺ C–H ȭʞĎŪiǿŭ@e;MRɷǠ=fE (Scheme 

12d)� 

 

˦「ÑR=cOeʫɾS9Che PbV Du Bois cPbdʗ̑>K˛Ŵ=fE9n¢�§=�
�®RĿɦʫȏ˞i̍̈>E C–H l¢�Õ「ÑRéʫP/e 12)� 

2000 ʠP Che cS Mn(III)- ª�m©®ǺʨȼƅÔR[[9�ª�®l¢� 54 MƐÕƄ
PhI(OAc)2 4cɁÑ@en¢�§=��®iĿɦʫȏ=B9;fi�n�«�n�ȤĵɀM>
K̈0eˎƙą C–H l¢�Õ「Ñi˛Ŵ>E (eq. 1)12a)� 

 

̋ʠ Du Bois cS Rh(II,II)ǺʨȼƅÔi9s=�¤=� 56 `�ª�k¡=� 58 M PhI(OAc)2

4cɁÑ@en¢�§=��®iĿɦʫȏ=Beǁ˞ió̑>E (Scheme 13)12b), 12c)�[Eˉ
ȏ@eȂƐR˙ȵƄM>KÐĊRƐÕ¡x��o£iĨȼ=Be;Mi9ǈ２išǱ=BK
0e� 

 

Ŀɦʫȏ˞S9˄ ±ɶOn¢�§=��®i C–H l¢�Õ「ÑRŐ̙M>Kɓ１@e;M
iåʸiSe�;fPbd˦「ÑRɻ̈ïɈRȅ>ǿ^cfKSE� 

  

Rh Rh

O
P

O OO

OO O O

Rh2(R-BNP)4

n
43

(n = 0–3)
n

n

+

NHp-Ns

N p-Ns

45 46

Rh2(OAc)4
(2 mol %)+ IPhp-NsN

44

Müller (1997)

n = 0–1 : amination selective
n = 2–3 : aziridination selective

Ph Me
Me

44

Rh2(OAc)4
(2 mol %)

Ph Me
Me NHp-Ns

NHp-Ns

NHp-Ns
+

Rh2(OAc)4
(2 mol %)

44
47 48 49: 71% : 5%

+

4450

Rh2(R-BNP)4
(5 mol %)

51 : 71%, 31% ee

NHp-Ns
*

O O

Scheme 12. C–H amination reaction by Müller et al.
52 53

+ IPhp-NsN

IPhp-NsN

IPhp-NsN

a) C–H amination vs. adiridination

b) 3º C–H amination vs. 2º C–H amination

c) Asymmetric C–H amination

d) Mechanism investigation

+

+

54
50

Mn(TPFPP)Cl
(5 mol %)
PhI(OAc)2

55 : 81 – 92%

NHR
*

R = Ts, p-Ns, Ms

C6F5
N

N

C6F5

C6F5

N

N
C6F5 Mn

Cl

Mn(TPFPP)Cl

RNH2

Che (2000)

(1)

R
O

56

Rh2(OAc)4 (5 mol %)
PhI(OAc)2

57 : 74 – 84%

Scheme 13. Rh–catalyzed C–H amination reaction of iminoiodinane 
generated by in situ method.

H2N
O

R
O
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O
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58

Rh2(OAc)4 or Rh2(oct)4
(5 mol %), PhI(OAc)2

59 : 75 – 90%
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R R’
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(CH2)6CH3

Rh Rh
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OO O O
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 2 � ǃ�Rȣ»ĳȹǺʨï0E C–H l¢�Õ「ÑRɇˀ̢ 

 

C–H l¢�Õ「ÑS9�n�«�n�R C–H ȭʞ「Ñiŀ≫@e_RPŔeK_9ŒƅS
̅�OǺʨR̍̈=fK0e 6)�[E9�ª�k¡=�ONRŐ̙MƐÕƄ4cĿɦʫȏ=
BEn¢�§=��®iȤĵɀM>K̈0e「ÑRƿ̓i/eR9ɓ１>En¢�§=��
®`9l�����¬u}£Ɛ˿ʑɀONºOeŐ̙ï0eǺʨ「Ñ_/e�˦țiS9
îǃŐ̙MîǃǺʨï0E C–H l¢�Õ「ÑRɇˀ̢iđƂ>E� 

 

1. M- ª�m©®Ǻʨ 

 ª�m©®ƊɀS C–H l¢�Õ「ÑR˽̈OǺʨi/d9ŋĠǚč4c̅�Oxª=�
Réʫ>KSE�Che cS9Ru(II)- ª�m©®Ɗɀï0E「Ñi˛Ŵ>K0e(eq. 2)12a), 13)�
ʕPu¨ªO Ru(II)- ª�m©®Ɗɀ 62 ï0E9�ª�k¡=� 60 Rˎƙʚ˄Ȕ C–H l
¢�Õ「ÑiS9ƀŲ 87' ee RȢɌȋil¢�Õɀ 61 iʔK0e 13)� 

 

� [E9ʶcS Fe(III)- ª�m©®Ɗɀï0E9lªs® 63 R�®�ªµ�ƢˤȺ 2 ġ
PbV 3 ġ C–H ŅųRl¢�Õ「Ñ_˛Ŵ>K0e (Scheme 14)14)�˦「ÑiS9p-NsN3 i
�n�«�n�ȤĵɀM>K̈0K0e� 

 

� White cS9Fe(III)-��¬�l�®Ɗɀ Fe(Pc)Cl ï0E�ª�k¡=� 67 PbV 70 R
C–H l¢�Õ「Ñi˛Ŵ>K0e (Scheme 15)15a)�ʕP9ÕõȢɌȋ`µɞȢɌȋPɥ˳>
E「ÑéʫRO=fK0e�l�©�®Õ「ÑM C–H l¢�Õ「ÑRħų@eĊƷ 67 ï
0K_9ü̮OȢɌȋil¢�Õ「ÑRǿŭ> 68 Rʔcfe�[Eî C–H ŅųMR「Ñȋ
PI0Kɭž>9l©ªµ9�®�ªµ9q=�ªƐȨaµ93 ġ92 ġ91 ġ C–H Rǝ̤i
「Ñ@eĺšR\cfK0e� 

 

60

Ru(II) (62) (10 mol %)
PhI(O2CtBu)2

61 : up to 87% ee

Al2O3

[Ru(por*)(CO)] (62)

Che (2002)

R
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N
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R =O
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1–2
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N
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Cl
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R R’

Fe(F20-TPP)Cl (2 mol %)
p-NsN3

R R’

NHp-Ns

Che (2010)

: up to 80%

: 71%

1–2

: 64 – 65% : 68%
Scheme 14. C–H amination using Fe(III)-porphirin catalyst.
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White (2012)
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Fe(Pc)Cl (10 mol %)
AgSbF6 (10 mol %), PhI(OPiv)2
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HN

Fe(Pc)Cl (10 mol %)
AgSbF6 (10 mol %), PhI(OPiv)2
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allylic > benzylic > ethereal>  3º > 2º >> 1º
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+
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Scheme 15. C–H amination using Fe(III)-phthalocyanine catalyst.
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[E¡®‒®(III)R��¬�l�®Ɗɀ Mn(tBuPc)Cl i_9Ų0ÕõȢɌȋ�µɞȢɌȋi
C–H l¢�Õ「ÑRǿŭ@e (Scheme 16)15b)�;RǺʨiS9�n�«�n�R「ÑPP0
KŲ0µɞȢɌȋiƸŒ@e;MRŸ〜M=feƢˤȺ 1 ġ C–H Ņų`9̄ 「ÑRǿŭ>`
@0M=fe�¬�ªvªµ C–H ŅųRl¢�Õ「Ñ_Ùʢi/d974 PbV 75 R̛ŢO
ǈ２iʔcfe� 

 

� ;RȋƷi̍̈>9n¢�§=��® TcesN=IPh il¢�Õƥ˺M@eˎƙą「ÑiS9
ˋƌOŵði˽@eĊƷ 76 ï0KýʢĊʑʞiŭeK_̛ŢOǈ２il¢�Õɀ 77 Rʔ
cfK0e (eq. 3)15c)� 

 

Zhang cS9Co(II)- ª�m©®Ǻʨï0E C–H l¢�Õ「Ñiéʫ>KSE 16)�˦Ǻ
ʨiS9�ª��ªl������©ªl����ª�k¥nªl��ON9̅�OȤĵɀ
R̍̈Ùʢi/e�ʶc_µɞȢɌȋ`ÕõȢɌȋPɥ˳>E「ÑéʫiŭeKPd 16e), 16f), 

16h), 16l)9ƢˤȺ 1 ġ C–H Ņų`9ʄƙ˄ȷOsª��ªĊP̠Ț@e C–H Ņų 16f)Rl¢�Õ
「Ñiéʫ>KSE�ĲʠiSu¨ªǺʨ 80 ï0Eˎƙʚ˄Ȕ C–H l¢�Õ「ÑRéʫ
R˛Ŵ=fKPd9ƀŲ 98% ee _RŲ0q�®�rȢɌȋiƸŒiSe (Scheme 17)16l)� 

 

R

OS
O O

H2N

R

OS
O O

HN

Mn(Pc)Cl (5–10 mol %), AgSbF6 
(5–10 mol %), PhI(OPiv)2

OS
O O

HN

Me

61%
(C–H/adiridine= >20 : 1)

OS
O O

HN

64%

OS
O O

HN

TMS 64%

Scheme 16. Highly Chemoselective C–H amination using Mn(III)-phthalocyanine catalyst.

White (2015)

N
N

N

N

N

N

N
N Mn

Cl

tBu

tBu

tBu

tBu

Mn(tBuPc)Cl

72 73

30 74 75

NH

H
Me

Mn(Pc)Cl (10 mol %)
SbF6 (10 mol %)

TcesN=IPh NH

H
Me

NHTces
Tces = Cl3CCH2OSO2

(3)

White (2018)

59% (5:1 dr)

76 77
N

N

N

N

N

N

N
N Mn

Cl

Cl

Cl

Cl

Cl

Mn(ClPc)ClCl Cl

Cl

Cl

Cl

Cl Cl Cl

Cl

Cl

Cl

N

N

N

N
Co

NH

NH

HN

HN

R1

NR2S
O O

N3

R1

NR2S
O O

HN
Co(III)-por* (81)

(2 mol %)

Zhang (2018)

: up to 98% ee

Ph

NBnS
O O

HN

: 90% ee

NBnS
O O

HN

: 93% eeTBS

NBnS
O O

HN

: 88% ee

N

O

MeMeO NBnS
O O

HN

: 95% ee
Ph

O

O

Ph

Me
O
Me

Ph

O O
Me
Ph Ph

Me

OMeMeO

MeO OMe

Co(por*) (80)

Scheme 17. Selected examples of asymmetric C–H amination of benzylic, propargylic, aliphatic 
and electron-defficient C–H position.

78 79

79a 79b

79c 79d
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[E9u¨ªǺʨR©®s=ɯMl©ªĊǱRɞāĊiɭț>EǺʨ 83-A PbV 83-B i
Ɠ0ˎ9e;Mi9˻ ȝȜɁ̑ɀʦɞR S M R RȏȌ％ 82 iƈdˎ9e;MP_Ȍŝ>K0
e (Scheme 18)16o)� 

 

 

2. M-}«®Ǻʨ 

űņcS M-}«®Ǻʨï0E9�ª��ªl��RˎƙʚPbVˎƙą C–H l¢�Õ
「Ñi˛Ŵ>K0e (Scheme 19)17)�Ir-}«®Ǻʨ (90) ï0Eˎƙʚ C–H l¢�Õ「Ñi
S9q�ªĊi˽@e�ª��ªl�� 84 iĊƷM>K̈0eM9�®�ªµ C–H l¢�
Õ「ÑPbd 5 ÁĂ�ª�£ 85 R\RŲ0q�®�rȢɌȋiʔcfe 17c)�À˝i�®�
®ĂǱP�w¬�u�ªĊ` n-�¬�ªĊi˽@eĊƷ 87 iS96 ÁĂ�ª�£ 89 RY1
R˻ȝ>Kʔcf9ƀŲ 98' ee RŲ0q�®�rȢɌȋRƸŒÙʢi/e� 

 

À˝i9�ª��ªl�� 91 iĊƷM@e「ÑiS9Ų0ȢɌȋi˳ɺ％Rʔe;MRi
SO0 (eq. 4)� 

 

� ˎƙą「ÑiS9SESN3 il¢�Õƥ˺M@e Ru-}«®Ǻʨ (95) ï0E「ÑR˽Şi
/e (eq. 5)17d)�˦「ÑiS9̅�OĊƷ 63 R�®�ªµ�l©ªµiŲq�®�rȢɌɺ
Pl¢�Õ@e;MRiSe� 

N

N

Ar

N

N
Co
Cl

NH

NH

HN

HN

83-A

Zhang (2019)

O
Ar

O
O

O

O

O

O

O
O

O

O

O

n

n

Co(por*) (83-A) : Ar = 3,5-tBu-C6H3, n = 3
Co(por*) (83-B) : Ar = 2,6-OMe-C6H3, n = 2

N NH
S

O O
R’

R

N N3
S

O O
R’

R

N NH
S

O O
R’

R

(R)-82

(S)-82

83-B

up to 98% ee

up to 92% ee

Scheme 18. Asymmetric induction and enantiodivergence C–H amination 
catalyzed by Co-porphirin complexes.

81

Ar

N N

O O
Ir
L
Ar

S
O O

N3

Me

NH
S

O O
+ NHS

O O

RR R

Ir-salen cat. (90)
(Ar = 4-TBDPS-C6H4, L = 4-Me-C6H4)

: up to 93% ee  : ND
Me

S
O O

N3

R1
NH

S
O O

+ NHS
O O

R1 = cyclohexyl : 88/89 = 1:9, 89 : 82% ee
R1 = propyl : 88/89 = 1:20, 89 : 98% ee

R1 R1 R1

Scheme 19. Ir-salen-catalyzed C–H amination reaction.

Katsuki (2011)

84

88 8987

Ir-salen (90)
(2 mol %)

Ir-salen (90)
(2 mol %)

85 86

N
S

N3

O O

Ar

Me N
S

HN

O O

Ar

Me

Ir-salen (90)
(3 mol %)

Ar = Ph (91a)
Ar = 4-MeO-C6H4 (91b)

49%, 74% ee (92a)
65%, 75% ee (92b)

(4)

91 92
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3. ‖ñ Rh(II,II)Ǻʨ 

� ‖ñ Rh ǺʨM�ª�k¡=�PbVCR̡ÎɀiĊƷM@e「ÑS9ɉ 3 ț`ɉ 4 țPđ
Ƃ>E�;;iSĲʠ˛Ŵ=fE9ǽ>0�n�«®Ȥĵɀï0E「ÑPI0KǓue� 

� Lebel cS9Rh2(tpa)4 iǺʨM@e N-�ª��ªru�-s=�¤=�RˎƙʚPbVˎƙ
ą C–H l¢�Õ「Ñi˛Ŵ>K0e 18)�N-¤�ªru�-s=�¤=� (96) iĊƷM@eˎ
ƙʚ C–H l¢�Õ「ÑiS9�®�ªµ C–H�ƢˤȺ 2 ġ C–H��¬�ªvªµ C–H Ņų
Rl¢�ÕRÙʢi/e (eq. 6)18g)� 

 

� Driver cS9Rh2(esp)2 ï0El©=ªl�� 98 Rˎƙʚ C–H l¢�Õ「ÑPbd9n®
�©®ŵði˽@eÕų％ 100 RųȌÙʢi/e;Mi˛Ŵ>K0e (eq. 7)19)� 

 

� Falck�Kürti�Ess cS9‖ñ Rh(II,II)ǺʨM�ª��ª��¬u�ªl¢®˿ʑɀï0E
ˎƙʚPbVˎƙą C–H l¢�Õ「Ñi˛Ŵ>K0e (Scheme 20)20)�˦ǁ˞S;f[iR
Rh(II,II)Ǻʨï0E「ÑMSºOd9ƥ˺ 102 ï0e;MiĊƷ 101 R˟űȺ C–H l¢
�Õ「ÑRʹǴPŲ0µɞȢɌȋiǿŭ@e 20a)�[E9ˎƙʚ「ÑiSƥ˺ 105 MRŜÍ「
ÑPbdȏ?EĊƷ 106 ï0e;Mi92 ĂȋÕų％ 107 Rʔcfe� 

 

Ar

N N

O O
Ru
L
Ar

Ru-salen cat. (95)
(M = Ru, Ar = 2,6-F2-C6H3, L = CO)

R1 R2

63
R1 = benzyl

allyl

R1 R2

NHSES
*

Ru-salen (96)
(3 mol %)

+ SESN3

(1 eq.) : up to 99% ee

Katsuki (2013)

(5)
93

94

SES =
TMS S

O O

OMsOHN

O

R

OHN

O

R

Rh2(tpa)4 (3 mol %)
sat. K2CO3 aq. (1.5 eq.)

R = aryl, alkyl
       propargyl

up to 92%

(6)
EtOAc

CPh3

Rh Rh

OO OO

OO O O
Rh2(tpa)4

Lebel (2017)

96 97

Driver (2012)
Me Me

H

Rh2(esp)2
(5 mol %)

PhMe, 120 ºC
Boc2O

98 99 100

N
H

N
Boc

Me Me Me Me

N3

: 90%

(7)

102 : 102a (R3 = Me, R4 = 4-Me); 102b (R3 = nBu, R4 = 4-Me);
102c (R3 = H, R4 = 2,4,6-Me3); 102d (R3 = tBoc, R4 = 2,4,6-Me3)

Rh2(esp)4 (2 mol %)
TFA or AcOH+

up to 89%
101

103

Falck•Kürti•Ess (2016)

Scheme 20. Arene C–H amination using hydroxamic acid derivatives.

R2 R2

H

R1, R2 = alkyl, alkoxy, 
halogen

R4
S

O O

O NHR3

R2 R2

NHR3

TFE etc.

106

R1 N R2

n

TsO Boc

Rh2(esp)4 (2 mol %)
TFA (2.0 eq.)
TFE/CH2Cl2

107

R1 N
H

R2

n

: up to 86%104

R1

R1, R2 = alkyl, alkoxy, 
halogen, CF3

HO R2

n PPh3,DIAD
+

Me

S
O O

O
NHBoc

105
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� ˦ǁ˞S9ƢˤȺ C–H ŅųRˎƙʚl¢�Õ「ÑP_ïɈ=fK0e (Scheme 21)20b)�Ċ
Ʒ 110 R�®�ªµ C–H `ƢˤȺ 2 ġ C–H ŅųRl¢�ÕPbd9�¬©�®`��©�®
˿ʑɀ 111 Rʔcfe�[E9u¨©�m=i˽@eĊƷ 112 ï0E「ÑiS9Rh2(OAc)4

M Rh2(S-tertPTTL)4 iƓ0ˎ9e;Mi˻ȝ@e�l��«r¡=113 PbV 114 iě・=B
e;M_Ùʢi/e� 

 

 

4. Cu Ǻʨ 

� 々Ǻʨï0E C–H l¢�Õ「ÑS9ŕ74cɛcfK0e�1967 ʠP Kahn�Kwart P
bd9々ˏ˧ï0eM�w¬�u�® 10 M�ª��ªl�� 115 Rl©ªµ C–H ŅųR
l¢�Õ「ÑRǿŭ@eM˛Ŵ=fK0e (eq. 8)21)� 

 

CRŘ9々ǺʨSƿM>Kl�©�®Õ「ÑP̈0cfKSE�1998 ʠPS Taylor cR
Cu(I)ǺʨMw¬¨¢®-T (117) ï0El©ªµ��®�ªµ C–H l¢�Õ「Ñi˛Ŵ>K
0e (Scheme 22)22)� 

 

ĲʠS Pérez cR Tp ʦµƙi˽@e々Ǻʨ Cu(TpBr3)3•MeCN ï0E9TsN=IPh (42) Pb
Vw¬¨¢®-T (117) il¢�Õƥ˺M@e9lªs® 63 R˟űȺ C–H��®�ªµ C–H�
ƢˤȺ 2 ġ C–H l¢�Õ「Ñi˛Ŵ>K0e (eq. 9)23)� 

 

110

N

n

TsO

Boc

Rh2(esp)4 (2 mol %)
TFA (2.0 eq.)
TFE/CH2Cl2

111 : up to 77%108
R1= alkyl, aryl

HO

n PPh3,DIAD
+

109

Falck (2017)

R1
Boc N

H
OTs R1

N
H

R1

n

Scheme 21. Aliphatic C–H amination using hydroxamic acid derivatives.

112

NTsO

Boc

Rh cat. (2 mol %)
TFA (2.0 eq.)
TFE/CH2Cl2

113

Ar

N
H

ArMe Me

114

N
H

Ar Me+

Rh2(OAc)4
Rh2(S-tertPTTL)4

113:114 = up to 5:95
113:114 = up to >95:5

H

Rh Rh
OO OO

OO O O

Rh2(S-tertPTTL)4

N
O

O

* *

*

tBu

+ N3SO2Ph
Cu powder NHSO2Ph

: 3%

+ other products (8)

10 115 116

Kahn•Kwart (1967)

+ TsNClNa

CuOTf (5 mol %)
122 (6 mol %) NHTs

: ca. 22%

+

10 117 118

Taylor (1967)

N N n-pentyl

TsN

119 : ca. 7%

122

+ TsNClNa

CuOTf (5 mol %)
122 (6 mol %)

: ca. 46%120 117 121

NHTs

Scheme 22. Copper-catalyzed C–H amination using chloramine-T.

Br
N N

N
BN

Br

Br

Br

Br

Br
N
N

Br

Br

Br

Cu
NCMe

Cu(TpBr3)3•MeCN

Cu(TpBr3)3•MeCN
(5 mol %)

up to >95%
63

Pérez (2006)

(9)

123

R1 R2 R1 R2

NHTs

R1 =  benzyl, aromatic
aliphatic 2º C–H

+
TsN=IPh (42)

or

TsNClNa (117)
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� Warren cS9Cu-�•�¢��Ɗɀï0E9ɖÕȆȨMl�¡®�ªl��Rˎƙą C–

H l¢�Õ「Ñi˛Ŵ>K0e 24)�「Ñï0K0eǺʨ 127 S9Ŀɦiøȋǃ 128 P˖Õ
>K0eMŬ2cfK0e (eq. 10)� 

 

� Stavropoulos cS々Ǻʨ 129 ï0E9�w¬�u}® 17 M PhI=NTs Rˎƙą C–H l¢�
Õ「Ñi˛Ŵ>K0e (eq. 11)25)� 

 
� Chan cS9Cu(OTf)2 M 1,10-�p�®�«®ï0E92-lªuª-1,3-�sª��ªÕų％
130 M PhI=NTs Rˎƙʚ C–H l¢�Õ「Ñi˛Ŵ>K0e (eq. 12)26)�˦「ÑiS Cu ǺʨR
Lewis ƐȋPbd9130 Rq�=ªɀ 132 4cl©ªµ C–H l¢�Õ「ÑRǿŭ>9131 Rʔ
cfe� 

 

� 々ǺʨMu¨ªʦµƙRȩ\ųhBS̅�O˄Ȕ「Ñï0cfe_RR9¸ëP_�n
�«�n�iŀ≫@e C–H l¢�Õ「ÑiRƸȖSǣO0�[EÔđPƯ@ 2 IR「ÑRb
1P9CRȢɌȋ_ǍˎMSœ2O0 (Scheme 23)27), 28)� 

 

 

5. Ru Ǻʨ�Co Ǻʨ�Fe Ǻʨ�Ag Ǻʨ 

� CRȾ9̅ �Oxª=�Rǃ�Rȣ»ĳȹǺʨï0El¢�Õ「ÑRéʫiŭeK0e�
Blakey cS9u¨ªO Ru(II)-pybox Ǻʨ (139) ï0E�ª�k¡=� 72 Rˎƙʚ˄Ȕ C–

H l¢�Õ「Ñi˛Ŵ>K0e (eq. 13)31)�˦「ÑiSƀŲ 92' ee RȢɌȋi 73 Rʔcf
e 29)� 

Cu
N

N
Cu

Ar

Ar
N

N
Ar

Ar

N
Ad

128
Ar =2,6-Cl2C6H4

Cu
N

N
Ar

Ar

benzene

127
Ar =2,6-Cl2C6H4

Warren (2008)

128 (2.5 mol %)
AdN3 (1 eq.)

H
Hor

or
Ph

124

125

17

H
R

: R =H, Me

H

O
R-NHAd

31 – 91%

(10)
126

H
H

129 (5 mol %)
(5 mol %)
PhI=NTs

: 49%

Stavropoulos (2014)

(11)
N

Cu+N

N
N

N

N

N
N N

N
PF6–

129

NHTs

17 41

R1 R2

O O

R3

Cu(OTf)2 (10 mol %)
1,10-phen (10 mol %)

PhI=NTs
R1 R2

NHTs

O O

R3

R1 R2

N

O O

R3

[Cu]

H

[Cu]Ts

via

(12)

: 40 – 95%

Chan (2012)

130 131 132

+

Cu(MeCN)4PF6 (5 mol %)
135 (6 mol %) NHTs

: 72% ee10 133 134

Clark•Roche (2005)

TsHN O

O
OtBu N

OO
N

Ph Ph135

+

Cu(MeCN)4PF6 (5 mol %)
139 (6 mol %)

: 39% ee
136 117

137

Nicholas (2010)

MeO

Me
TsNClNa

MeO

Me

NHTs
*

N ArMe
NAr Me

Ar = 2,6-(NO2)2-C6H4

138

Scheme 23. Asymmetric C–H amination using Cu-catalysts.

*
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� ŘP Blakey M MacBeth cS9ƐÕĄŏʢi˽@el�©�ʦµƙiȩ\ŶjF‖ñ{�ª
�Ǻʨ142Ml©ªl��140ï0EˎƙʚC–Hl¢�Õ「Ñi˛Ŵ>K0e (eq. 14)30)�
;RǺʨSƐȨŐƙ»ʏ「ÑiǺʨ@e;MRɛcfK0e 31)�;Ráɸil�� 140 Rø
ȋÕPɻ̈@eM�n�«�n�Rȏ?9C–H l¢�Õ「ÑRǿŭ@e� 

 
<7ƀĲ9ʕɬɺO Ru Ǻʨï0E˄Ȕ C–H l¢�Õ「ÑR9Houk�Meggers cPbd

˛Ŵ=fE (Scheme 24)32)�Meggeres cS9n¢��=ªĂR N ǱP 2-�©�ªĊi˽@e
NHC ʦµƙiȩ\ŶjF Ru-Ǻʨ 146 iéʫ>KSE�Ru ŐƙɦǼPu¨©�m=i˽@e
ʗʕRŪȳiƩG9ʁ cS;fil�� 143 Rq�®�rȢɌɺOˎƙʚ C–H l¢�Õ「Ñ
P̈0e;Mi9ƀŲ 95% ee RȢɌȋiɐȌ>E 32a)�「ÑPS 143 Rsª��ªĊPǺʨ
146 Ru«=�>E9ɦąɀ 145 RļȌRǏ̉i/eM=fK0e�[E9CRŘ 2019 ʠP
Slªuªl�� 147 ï0E「ÑP_ɻ̈=f9ƀŲ 99' ee RȢɌȋRɐȌ=fK0e
32b)�;R「ÑiS���m®iɿØƄM>K̈0KPd9ȏ?En¢����¨® 149 Rȏ
ȌiĊƴM>K�n�«�n�RȏȌPbV C–H l¢�Õ「ÑRǿŭ@e� 

 

� 、ǺʨS9 ª�m©®³ëP_˛ŴR/e�Betley33)cS9、-n¢�Ɗɀ 153 ï0E
�ªq®Ml�¡®�ªl�� 151 Rˎƙąl¢�Õ「Ñi˛Ŵ>K0e (Scheme 25)33a)�̡
ƨ@eǺʨ 156 Ml©=ªl�� 154 ï0E C–H l¢�Õ「Ñ_˛Ŵ>KPd9ɁÑ@e
l�©®˿ʑɀ 155 Rʔcfe 33c)� 

72

139 (5 mol %), AgOTf
(5 mol %), PhI(O2CtBu)2

73 : up to 92% ee

MgO
R

OSH2N

O O

R

OSHN

O O NO
N N

O

Ru
Cl

Cl

Ru(II)–pybox (139)

Blakey (2008)

(13)

Ph

N3

142 (1 mol %)
4Å MS, PhMe/DMF

110 ºC
: 80%

N
H

Ph N
N

N
Co Co

iPr

O

iPr

O

NN N iPr

OO

iPr

2–
(Et4N+)2

142

(14)

140 141

Blakey • MacBeth (2015)

N

R2

R1
O

N3

N

R2

R1
O

N

[Ru]

N2

146
(0.1 – 1 mol %)

Boc2O
N

N
NN

N
RuMes

NN
NMes

NCMe

NCMe

TMS

TMS

2+

(PF6
–)2

146

O
R1

R2 Boc
: up to 95% ee

Houk • Meggers (2018)

143
145144

Meggers (2019)

Ar

N3
146 (1 mol %)
P(4-F-C6H4)3

Boc2O N
Ar Boc

up to 99% ee

147
148

Ar

N
PAr’3

149
(Ar’ = 4-F-C6H4)

Scheme 24. Asymmetric amination using chiral-at-metal ruthenium catalyst.
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Ru(II)- ª�m©®Ǻʨiéʫ>E Che cS97 ʦµ、Ɗɀ[Fe(qpy)-(MeCN)2](ClO4)2 (qpy = 

2,2’:6’,2’’:6’’,2’’’:6’’’,2’’’’-quinquepyridine)ï0E9�ª�k¡=� 157 Rˎƙʚl¢�Õ「Ñ
`9lªs® 63 Mîǃƥ˺MRˎƙą C–H l¢�Õ「Ñ_˛Ŵ>K0e (Scheme 26)34)� 

 
  Driver cS9ʞǁ̄¹O、�¬z®Õ％ FeBr2 iǺʨM@e9l�� 160 Rˎƙʚ C–H l
¢�Õ「ÑPbd92 ɞān®�=ª˿ʑɀ 162 RųȌi˛Ŵ>K0e (eq. 15)35)�「Ñiȏ
?Eɦąɀ 161 RlªuªĊR・µ「ÑPbd 162 Rʔcfe� 

 

� ĴǺʨR C–H l¢�Õ「Ñ 36 WRɻ̈S92004 ʠP He cRǚ^K˛Ŵ>E 37a)�ʁ cS9
ǪƐĴM tBu3tpy (4’,4’’-tri-tert-butyl-2,2’:6’,2’’terpyridine)4cĿɦiȏ?E 163 iǺʨM@e9
s=�¤=�56`�ª�k¡=�72RˎƙʚC–Hl¢�Õ「Ñi˛Ŵ>K0e (Scheme 27)�
CRŘǺʨ 164 ï0E「Ñ_˛Ŵ>KPd9ˎƙą「ÑP_ɻ̈ïɈ=fE 37b)� 

 

Ph
H

H
H + N3Ad

solvent amount

N
Mes

N

Ad

Ad

Fe
OEt2

Cl

Fe-cat. (153)

153
(5 mol %)

Ph N
H

Ad

Betley

TON = 10 –12

+
N3 N

Ar
N

tBu

tBu

Fe
Cl

Cl

Fe-cat. 156
(Ar = 2,6-Cl2-C6H3)

156
(10 mol %)

R N
H

or

n
CF3

CF3

CF3

CF3
neat

2155 : 21 – 85%

150 151 152

44

150

154

Scheme 25. Fe-catalyzed C–H amination.

N
N

NN

N Fe

MeCN

NCMe

2+

(ClO4
–)2

[Fe(qpy)•2MeCN](ClO4)2

O
S

H2N

O O

R

O
S

HN

O O

R

[Fe(qpy)•2MeCN](ClO4)2
(5 mol %)

n n

R = aryl, allyl,
2º-alkyl, 3º-alkyl

16 examples
up to 92%

Che (2013)

R1 R2

[Fe(qpy)•2MeCN](ClO4)2
(5 mol %)

R1 R2

R1 = Ar, R2 = Ar; R1= Ar, R2 = alkyl; 
R1 = alkyl, R2 = alkyl

NHR3

19 examples
up to 86%

157 158

63 159

PhI=NTs, PhI=NNs
or PhI(OAc)2/TsNH2

+

Scheme 26. Fe-catalyzed intra/inter-molecular C–H amination.

Driver (2013)
R1 R2

OR3

N3

FeBr2 (20 mol %)

N
H

R1 R2

OR3

N
H

Rn

Rn

up to 95%
(n = 1 or 2)

(15)

160 161 162 :

N

N

Ph

Ph

Ag OTf
OTfN

N
NN

N

N

tButBu

tBu

tBu

tBu
tBu

Ag

Ag

N
O

O O

+

NO3–

N

N

Ph

Ph

Ag OH2

164
[Ag2(tBu3tpy)2(NO3)]NO3 (163)

HN O

O

R

H2N O

O

R AgNO3 (4 mol %)
tBu3tpy (4 mol %)

PhI(OAc)2

SH2N O

O O

R

SHN O

O O

R

or or

HN O

O

R

H2N O

O

R

157 (2 mol %)
PhI(OAc)2

R R’
157 (2 mol %)

PhI=NNs R R’

NHNs

Scheme 27. Ag-catalyzed C–H amination by He et al.
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72 73

56 57
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� [E9Cu(TpBr3)3•MeCN iéʫ>E Pérez S Díaz-Requejo MM_P9Tp ʦµƙi˽@eĴ
Ǻʨ Ag(TpBr3)3 _éʫ>K0e (Scheme 28)�˦ 「ÑiSƢˤȺ C–H ŅųRˎƙąl¢�Õ「
ÑRÙʢi/e 38� 

 

� ĴǺʨi_ÕõȢɌɺO C–H l¢�Õ「ÑPɥ˳=fK0e�Schomaker39)cS9l«®
i˽@es=�¤=� 166 ï0E「Ñi9AgOTf M 1,10-�p�®�«® (1,10-phen) ʦµ
ƙRʷ２iɭȍ@eF9i9l�©�®Õ「ÑM C–H l¢�Õ「ÑR˻ȝȋiě・=Be;
MPȌŝ>E (Scheme 29)39b)�;R「ÑiS92 IRǺʨøȋǃRȼƅ@eMŬ2cfKPd9
AgOTf M 1,10-phen Rʷ２Pbd9CRȼƅʷR˖Õ>K0eMŬ2cfe�1,10-phen Rǣ
O0MSS「ÑʁRķąɺPķ0Eɓ̜ɀRǺʨRƿM>Kȼƅ>9l�©�®Õ「ÑR˻
ȝ@e�[EʦµƙRáǲi/eǳųSź\ųeE 2 ̜ɀRǺʨRƿM>Kȼƅ@eE^9
C–H l¢�Õ「ÑR˻ȝ@eMŬ2cfK0e�ʐÀRǺʨ4c;Rb1OÙ˖ȋiȏ\ǒ
@;MSȾRǺʨiS˛Ŵ=fK0O0E^9ĴǺʨR˻µȋRƯ=fEŅÜi/e� 

 

  

Pérez • Díaz-Requejo (2008)

R R’
Ag(TpBr3)3 (2 mol %)

PhI=NTs R R’

NHTs

63 64
Br

N N
N

BN
Br

Br

Br

Br

Br
N
N

Br

Br

Br

(TpBr3)3
: 90% : 75%41 165

Scheme 28. Ag-catalyzed aliphatic C–H amination.

OH2N

O
OHN

O
cat. (AgOTf:1,10-phen,

5 mol %)

Schomaker  (2013)

168
• •

H H

N O

O

+
H

1:1.25
1:3

Me

Me

Me

Me
Me

Me166 167

167:168 = 20:1
167:168 = 1:100

AgOTf:1,10-phen

N

N
Ag+
–OTf N

N
Ag+

N

N

1,10-phen

less hindered
: aziridination

more hindered
: C–H amination

Scheme 29. Tunable chemoselective C–H nitrenoid reaction using Ag catalyst.
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 3 � ‖ñ Rh(II,II)Ǻʨï0E C–H l¢�Õ「ÑMƐÕǶŇiRǺʨȋʢɵÔ 

 

� ‖ñ Rh(II,II)Ǻʨï0E C–H l¢�Õ「ÑS9「Ñéʫǚč4c�ª�k¡=�`s=
�¤=�PbVCR̡ÎɀMƐÕƄPbd9Ŀɦiȏ?En¢�§=��®i�n�«�n
�ȤĵɀM@eǁ˞ï0Kéʫ=fKSE�;fPbd9ÔđPƯ@̅�OĊƷï0E
C–H l¢�Õ「ÑRÙʢPOeEM=fe (Figure 2)40)� 

 

;fcĊƷRɻ̈ïɈ4c9Du Bois cS C–H l¢�Õ「ÑiȧųȌR̰「ÑWMɾé>
K0e (Scheme 30)41)�(–)-¡®~��® A RųȌS9Rh Ǻʨï0E�ª�k¡=�R C–

H l¢�Õ「ÑR˽̈OųȌ˖ā「Ñi/e;MRƯ=fEǚR̢i/e 41a)�[E9(–)-�
�¬��u�®RųȌiS9s=�¤=� 171 iĊƷM>K C–H l¢�Õ「ÑR̍̈=fK
0e 41b)�(+)-}u��u�®RųȌiS9l��=ªŪȳi˽@e�ª�k¡=� 173 R C–

H l¢�Õ「ÑPȻS9¯Ïƥ˺iƈ̈=BeM 174 Rʔcfe 41c)�˦「ÑiSl¢�Õ「
ÑPbd 175 RȏȌ>9;fPɁ>K Lewis ƐǺʨȼƅÔiȏ?En¢�o£ɦąɀ 176 P
ğñƥ˺Rƈ̈@e;Mi 174 RʔcfK0e� 

 

� [E9C–H l¢�Õ「ÑiSO0_RR9xl��® 177 Rˎƙʚl�©�®Õ「ÑPȻ
7 178 RéĂ「ÑPbdʔcfE 179 iǃ�˖ā@e;Mi9(+)-|�r�u�® 3 RȧųȌ
RɐȌ=fK0e (Scheme 31)41d)�˦「ÑiS9ɮŐƙ×§oȨƥ˺4cȏ?EȂƐnr®
R 178 Pƈ̈@e;Mi9179 Rʔcfe� 

H2N O

O

R

H2N NH

O

R

carbamate urea

H2N NH

NH

R

guanidine sulfonamide

H2N S

R

O O

H2N OS

R

O O

H2N NHS

R

O O

H2N
O
NHS

R

O O

H2N O
P

R

O Ar

sulfamate sulfamide sulfohydroxamate sulfonamide

Figure 2. available substrates for in situ method.

OH

Du Bois

O
O O

Me
Me

O O
Me Me

Cl

O

NH2

O
O

O
O O

Me
Me

O O
Me Me

Cl

O

N

O
O

H

Rh2(CONHCF3)4
 (10 mol %), PhI(OAc)2

(–)-tetrodotoxin
: 77%

OS
O O

H2N
TBDPSO

Me CO2Et

OS
O O

HN
TBDPSO

Me CO2Et

Rh2(OAc)4 (2 mol %)
PhI(OAc)2, MgO
CH2Cl2, 40 ºC

(–)-manzacidin A

O

OH

O–

NHHN
HO

H2N+

OHHO

HN N

CO2HO

O
N
H

Br

Me

HN OSH2N OS Rh2(esp)2 (0.3 mol %)
PhI(OAc)2, MgO

O
O

Me
Me OH

O OO O
1.

2. ZnCl

OTs
BF3•Et2O

OTs

N NH

NH
N

+NH2

HO
HO

O NH2

O
H2N+

H

(+)-saxitoxin

Scheme 30. Total synthesis of natural products via C–H amination reaction.

169 170 : 85%

171 172
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� ųȌÑ̈「ÑPɻ̈ÙʢOYNP[iʫɾ>K0e_RR9éʫǚč4c̍̈ÙʢOǺʨ
PSȊŔR/e;MRh4eK0E�Rh(II,II)ǺʨRƐÕPƾ0ȋƷiƩG9ƐÕƄĨȼÔi
SǺʨƵøRȉȿ7ŌcfKSERRCR０≫i/e�Œƅi_;fi̊Ȋ@eE^R̅�
Oǁ˞RéʫRƥ\cfK0e� 

� Du Bois cS9Rh(II,II)ǺʨRƵøĎŪPɥ˳>E「ÑéʫP_ǀdȩjiSE�ʶcS9
13C iʿƳ>E‖ñ Rh Ǻʨ Rh2(O2

13CMe)4 MɮŐƙ×§oȨƥ˺ PhI(OAc)2 ` PhI(OPiv)2 RĨ
ȼ@eM9ʦµƙR Me13CO2H RĿɦP˜ǒ=fe;M4c9ʦµƙśā「ÑRē;eK0
e;MiʙSƞ^E (Scheme 32a)40)�;fi̊Ȋ@u79�sª�®Ɛʦµƙ esp–H2 (esp = 

a, a, a’,a’-tetramethyl-1,3-benzenedipropionate) iȩ\ŶjF Rh2(esp)2 iéʫ>E  (Scheme 

32b)42)�˦Ǻʨï0E C–H l¢�Õ「ÑiS9¥�sª�®Ɛʦµƙi˽@e Rh2(OPiv)4

bd_˻fEǺʨøȋiƯ@� 

 
� ;RǺʨéʫRRG9ʶcS�®�ªµ C–H ŅųRˎƙą C–H l¢�Õ「ÑRÀʲɺǁ
˞ió̑>E(eq. 16)43)�Rh Ǻʨï0E C–H l¢�Õ「ÑR˽̈ȋR9æ^KƯ=fE̢
i/eM02e� 

 

À˝iŘRʶcRŋĠPbd9ƸƃRˎäPSɦǼĳȹR Rh ŐƙCR_RRƐÕ_Ć̂>
K0e;MRƯ=fE (Scheme 33) 44)�>4>ORc9Rh2(esp)2 MCRʷôM>K̈0E
Rh2(O2CnPr)4 RƐÕĄŏʄµSCfYNŽºRO0;M4c9ƐÕ=fEǺʨRȸʇ̪ɺ±ɶ
ȋ_Ǐ̉i/eMŬ2cfK0e (Scheme 33a)�@OhG9Rh(II,II)Ɗɀ Rh2(O2CR)4 RƐÕɂ
ȋR\OcA9Rh(II,III)Ɗɀ[Rh2(O2CR)4]

+M>KR±ɶȋ_Ǐ̉i/d9[Rh2(esp)2]
+iSCR

ˎäRɠ0;MiƯż@eŅÜiơëÙƤĝǈ��w�ªȶɶ4cʔK0e�[E9ʶcS
;R˛ŴiǽĐɮŐƙ×§oȨƥ˺ PhI(O2CCMe2Ph)2 Réʫ_ˑBKŭeKPd9;fï
0eM̛ŢOǈ２iq�ª�®�® 182 M TcesNH2 Rˎƙąl¢�Õ「ÑRǿŭ@e;Mi
˛Ŵ>E (Scheme 33b)�「Ñiˉȏ@esª�®Ɛ RCO2H (184, R = CMe2Ph)R9ƐÕ=fE
RhǺʨ[Rh2(esp)2]

+RĄŏƄM>KĎʢ@e;Mi±ɶORh(II,II)ƊɀRh2(esp)2WMåȏ=B9

N NH

NCOCCl3

NHH2N

NTces

OTBDPS

N NH

NCOCCl3

NHHN

NTces
OTBDPSRh2(esp)2 (5 mol %)

PhI(OAc)2, MgO

N NH

NH2

NHN

H2N

HO O NH2

O

HO

–O3SO

H

(+)-gonyautoxin 3
177

179 : 61%

N NH

NCOCCl3

NHN

TcesN

OR

AcOAcO–

Scheme 31. Total synthesis of natural products via adiridination reaction.
178

Rh Rh
OO OO

OO O O

catalyst (0.15 mol %)
PhI(OAc)2, MgO

Rh2(esp)2

Rh Rh

OO OO

OO O O
Rh2(OPiv)4

Rh2(esp)2
Rh2(OPiv)4

27

Me

OSH2N

O O

28

Me

OSHN

O O

Me Me

92%
20%

a) Catalyst degradation by ligand exchange reaction

b) Rh2(esp)2 : A high turnover number catalyst

Rh2(O2
13CMe)4

PhI(O2CMe)2 Rh2(O2CMe)4 + Me13CO2H

Scheme 32. Rh2(esp)2-catalyzed C–H amination reaction.

R
Rh2(esp)2 (2 mol %)
TcesNH2 (1.0 eq.) R

Tces = Cl3CCH2OSO2

NHTces

(16)

Du Bois (2007)

: 50 – 74%180 181
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��«® (186, R’ = Ph) MOe�ÀʲɺP̈0cfeɮŐƙ×§oȨƥ˺ PhI(OAc)2 `
PhI(O2CtBu)2 4cȏ?Esª�®Ɛ (184, R = Me, tBu) iS9;RĎŪRĆ̂R˄ǍˎOE^
PǺʨˎäRōɩPŒf9ǈ２RɵÔ@eMŬ2cfe�  

 

� ŘPʶcS9�ª�k¡=� DfsNH2 ï0E 3 ġ C–H ŅųȢɌɺOl¢�Õ「Ñi˛Ŵ
>K0e (eq. 17)45)�;R「ÑiS9ĄŏƄM>KȝRsª�®Ɛ PhMe2CCO2H CR_RR
̍̈R˽Şi/e;M_Ư=fE� 

 
� Berry cS Rh(II,III)ƊɀR±ɶÕPɥ˳>9ǽĐl¢�=�Ɗɀ Rh2(espn)2Cl (espn = 

a, a, a’,a’-tetramethyl-1,3-benzenedipropamidate) i é ʫ > E  (eq. 18)46) � Rh2(espn)2Cl S
Rh2(esp)2 bd_Ų0Ǻʨå・ȉiƯ@;MRŌǒ=f931 iĊƷM@e「ÑiǺʨi 0.05 

mol %Pɵő>K_̛ŢOǈ２i 32 î2e�sĦ̂ȋl¢�ʦµƙPbdƐÕ=fEƊɀ
[Rh2(espn)2]

+R±ɶMOd9;fRǺʨøȋRšǱPċ̂>EMŬ2cfK0e� 

 

� Du Bois�Zare cS9Desorption ESI-MS ï0E9C–H l¢�Õ「ÑRɦąɀäȕ_ŭe
K0e (Scheme 34)47)�˦ äȕiSɗǅ˭ɦąɀR¡���w�ªiăȶ@e;MRÙʢi/
d9Rh(II,II)Ɗɀ (190a)PbV Rh(II,III)Ɗɀ (190b)9[ECfc4cȏ?E Rh(II,II)-�n�
«�n�PbV Rh(II,III)-�n�«�n� (191a PbV 191b)9=cṖʨR�w¬¬¤�®
PbdƐÕ=fEMŬ2cfe Rh(III,III)-n¢�Ɗɀ (194b) Răȶ=fK0e� 

Rh2(esp)2 (1 mol %)
PhI(O2CR)2

nPr

Rh Rh

OO OO

OO O O

Rh2(O2CnPr)4

Me
tBu
CMe2Ph

182 183
12%
27%
62%

Scheme 33. Rh2(esp)2-catalyzed C–H amination reaction.

TcesNH2
PhI(O2CnPr)

[Rh2(O2CnPr)4]+

E1/2 =1.15 V vs. SCE

fast
degradation

R =

Ph Me + TcesNH2
Ph Me

NHTces R = tBu, CMe2Ph

RCO2H RCO2
[Rh2(O2CR)4]+

Rh2(O2CR)4

Me

’R

R’ = Me, Ph

Rh Rh
OO OO

OO O O

Rh2(esp)2
E1/2 =1.13 V vs. SCE

TcesNH2
PhI(O2CnPr)

[Rh2(esp)2]+ slow
degradation

184 185 186

a)�Calalyst oxidation of Rh2(esp)2 and Rh2(O2CnPr)4

b) Develpoment of new I(III) reagent

–CO2

Rh2(esp)2 (2 mol %)
DfsNH2 (1.0 eq.)

Dfs = 2,6-F-C6H4

(17)

Du Bois (2013)

: 45 – 70%

H

R2R1 R3

NHDfs

R2R1 R3PhI(OAc)2
PhMe2CCO2H

187 188

Rh Rh
OO OO

OO O O

catalyst (0.05 mol %)
PhI(OAc)2, MgO

Rh2(esp)2

Rh2(esp)2
Rh2(espn)2Cl

31
Ph

OSH2N

O O

32
Ph

OSHN

O O

25% (TON : 490)
72% (TON : 1450)

Rh Rh
NO NO

ON N O

Rh2(espn)2Cl

Cl

Berry (2012)

(18)



˦̪ ɉ 1 Ǭ 

 
 

21 

 

� ǱđRb1P9̇ʨ_ǺʨøȋRšǱPǏ̉i/e;MRƯż=fK0e�³Ȥbḋʨ
PS�®�®Rb1OƐÕPĪ0_RR̈0cfeĺšR/eE�[EȂƐn��¬�ª_
Ǻʨå・ȉišǱ=Be˽ŞȮʨi/e;M_ɛcfK0E�>4>ORcCfciǶŇ
M>Eǳųi_9ĊƷPbeKS˄Ǎˎi/e;MRƯ=fK0e (eq. 19, condition A)�ƀ
Ĳ Du Bois cS9「Ñ̇ʨM>K��¬��©ªï0e;MiǺʨå・ȉRšǱ@e;M
iŌǒ>9ȿȉR C–H Ņųi˽@eĊƷR 3 ġ C–H ŅųȢɌɺl¢�Õ「ÑiɐȌ>E (eq. 

19, condition B) 48)�sĦ̂ȋ��©ªĿ̇ʨR Rh ǺʨPʦµ@e;Mi Rh(II,III)ǺʨR±ɶ
MOd9Ǻʨå・ȉRšǱ>EMŬ2cfK0e� 

 

ʐ̅RsĦ̂ȋR��©ªĿ̇ʨl����©ªiS9ȝRæȥRŌcfO0;M_h4e
K0e��¬�®Õ=fE CH3CN MǏȆȨÕ=fE CD3CN iCfDḟʨM>K̈0K「
Ñiŭ1M9CD3CN ï0EǳųPǺʨå・ȉRšǱ@eŅÜMOeE (eq. 20)�;R;M
4c Scheme34 Rb1P9̇ʨPbeƐÕRĆ̂>K0eMŬ2cfe� 

 
[E esp ʦµƙP��ȨŐƙiȩ\ŶjFǺʨ Rh2(F-esp)2 ï0E「ÑPP0Kɶ̜ 19F 

NMR äȕiŭ09ǺʨRǅ˭RÍɯ>E;MiƯż@eŅÜiʔK0e (Table 1)�「ÑÀɶ
ƪąŀáŘ9ĳȹ¯ÏiǙ０>Ŀɦiȏ?E Rh(II,III)Ǻʨi Rh(II,II)ǺʨWĄŏ>919F NMR

äȕPbdƑȼǺʨ̜iɶ̜>K0e�ÔđPƯ@b1P9��¬��©ªï0eM「Ñ
1 ƪąŀáŘ_ 17'RǺʨRƑȼ@eR9l����©ª`�w¬¬¤�®iSʷô>KƑ
ȼ̜RǣO79CfDf 3%PbV 7'P̔[eK0e� 

H

Rh Rh
OO OO

OO O O

Rh(II,II)  (190a)
[Rh(II,III)]+ (190b)

ROSO2NH2 + PhI(OAc)2

ROSO2N=IPh

Rh Rh
OO OO

N
PhI

RO(O)2S
Rh Rh

OO OO
N

PhI

RO(O)2S
N

S(O)2OR

IPh
Rh(II,II) (192)Rh(II,II) (191a)

[Rh(II,III)]+ (191b)

Rh

Rh Rh
OO OO

N
RO(O)2S

Rh Rh
OO OO

N
H

RO(O)2S

CH2Cl2
[ox.]

[Rh(II,III)]+ (194a)
[Rh(III,III)]2+ (194b)

Rh(II,II)  (193a)
[Rh(II,III)]+ (193b)

NHS(O)2OR

Scheme 34. Proposed mechanism of C–H amination based on desorption ESI-MS.

47

189

Du Bois • Zare (2012)

Me

iPr
OTroc

Rh2(esp)2 (1 mol %)
sulfamate

oxidant, additive
solvent

Me

iPr
OTroc

NHSO2OPh

condition A 
(prior method)

condition B
(new method)

47%, 13% RSM

80%, 10% RSM

condition A
DfsNH2 (1.3 eq.), PhI(OAc)2 (2.0 eq.),
PhMe2CCO2H (0.5 eq.), MgO (3.0 eq.)
5Å MS, iPrOAc

condition B
PhsNH2 (1.3 eq.), PhI(OPiv)2 (1.5 eq.),
Al2O3 (4.0 eq.), tBuCN
(Phs = PhOSO2)

(19)

195 196

Me

iPr
OTroc

Rh2(esp)2 (1 mol %)
PhsNH2, PhI(OPiv)2

Al2O3, solvent

Me

iPr
OTroc

NHSO2OPh

CH3CN

CD3CN

TON : 37

TON : 55

(20)

195 196
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� ˦ți[M^eM9‖ñ Rh(II,II)ǺʨSųȌÑ̈「ÑP_̍̈ÙʢO˽̈OǺʨi/e�>
4>ORc9Ǻʨøȋi¼Ʃ@e;MPSàɊRƑ=fK0e�CRǺʨƵøĎŪR０äS
Ǟ�PǿjiPd91. ǺʨMɮŐƙ×§oȨƥ˺MRʦµƙśā「Ñ92. ĿɦiƐÕ>E
Rh(II,III)ǺʨR±ɶȋ93. ̇ʨRĆ̂@eƐÕĎŪRĆ̂>K0e;MRh4eK0e�;
RǺʨƵøiÃSē;@ŀ̦Rˋƌ=R9‖ñ Rh(II,II)Ǻʨï0E C–H l¢�Õ「ÑR˽
̈ȋiˢ:e91 IRɈSỎÂPOeK0eMŬ2cfe� 

  

197 198

Rh2(F-esp)2 (1 mol %)
PhsNH2, PhI(OPiv)2

Al2O3, solvent 
then Zn

Rh Rh
OO OO

OO O O

Rh2(F-esp)2

FMe

Me OBz Me
Me OBz

NHPhs

Intact catalyst
remaining (%) at 1h

MeCN
tBuCN
CH2Cl2

3
17
7

solvent

Table 1. Assay of intact Rh2(F-esp)2 using quantitive 19F NMR.
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 4 � Rh(II,II)Ǻʨï0E˄Ȕ C–H l¢�Õ「Ñ 

 

� ȝPǓuEb1P9‖ñ Rh(II,II)Ǻʨï0E C–H l¢�Õ「ÑiS9ǺʨƵøR˵ɊƤ
=fKSE�Cfa2lu¨ªO「Ñi/eK_9̍̈ÙʢOʦµƙS˩FŔcfK0e�
;RE^CR˄ȔÕiƸŒ@ePS9˽ ŞO˄Ȕ「ÑǳiŪɡ@eu¨ªʦµƙR\OcA9
ƐÕɂȋ_Ŭ̖PʞfE�~n®Rʾ̉MOeMŬ2cfe�u¨ª‖ñ Rh(II,II)Ǻʨï0
E˄Ȕ C–H l¢�Õ「ÑPP0K_9ǺʨƵøRCRʫɾiˢ:eŐÂMOeK0eMŬ2
cfe�ƸƃPɯʠRŋĠ4c9q�®�rȢɌɺO「ÑéʫRǿ^cfKSKS0e_R
R990% ee ³ǱRŲ0ȢɌȋiƸŒ>E̢SCfYNȿ7SO0� 

� 2004 ʠ Fruit�Müller S9Rh2(S-NTTL)4 iǺʨM@e�ª�®l¢� 199 PbV�ª�k¡
=� 201 Rˎƙʚ˄Ȕ C–H l¢�Õ「ÑiI˛PhEeK˛Ŵ>K0e (Scheme 35)49)�0
AfR「ÑPP0K_9CRq�®�rȢɌȋSɦɸʇPMN[eK0e� 

 

2006 ʠ Davies cS Rh2(S-TCPTAD)4 iǺʨM@e˄Ȕ C–H l¢�Õ「Ñi˛Ŵ>E (Scheme 

36)50)�ʶcS9�ª�®l¢� NsNH2 ï0En®�®MRˎƙą˄Ȕ C–H l¢�Õ「Ñ
i994% ee Rq�®�rȢɌȋiɐȌ>E�>4>ORc9ȢɌȋR 90'iɮ2ERSn®
�®ï0E「ÑPP9e 64a R 1 ̢R\i/d9n®��®`q�ª�®�®iĊƷM>
K̈0Eˎƙą「Ñ`9N-��ªru�-s=�¤=� 203 ï0Eˎƙʚ「ÑiS9ȢɌȋ
RɵÔ@eŅÜMOeK0e (64b–64c, 204a–204c)� 

 

CR̋ʠ9Lebel cS N-��ªru�-s=�¤=� TrocNHOTs ï0Eˎƙąl¢�Õ「
ÑR˛ŴRɦi9˄Ȕ「ÑRŉʎiƥ\K0e 18b)�>4>ORc9u¨ªǺʨ Rh2(S-NTTL)4

ï0En®�® 50 Rl¢�Õ「ÑiS9q�®�rȢɌȋRƀɈɚS 44% ee MOeK0
e (eq. 21)� 

 

Müller•Fruit (2004)

Cl

S
O

NH2

O

Ph

Rh2(S-NTTL)4 (3.5 mol %)
PhI(OAc)2, MgO

Cl
199 200 H

Rh Rh

OO OO

OO O O

Rh2(S-NTTL)4

* *

*

N

O

O

CH2Cl2, –78 ºC, 8 h

52% ee

NH
S

O O

Ph*

Me

OS
O O

H2N

Rh2(S-NTTL)4 (3.5 mol %)
PhI(OAc)2, MgO

201 202

CH2Cl2, –20 ºC, 8 h

66% ee

Me

OS
O O

HN

Scheme 35. Selected examples of asymmetric C–H amination by Müller • Fruit et al.

Rh Rh

OO OO

OO O O

N
H O

O Cl Cl
Cl

Cl

Rh2(S-TCPTAD)4

Rh2(S-TCPTAD)4
PhI(OAc)2

Davies (2006)

NsNH2+R1 R2
R1 R2

NHNs

NHNs

64a : 94% ee

Me

64b : 74% ee 64c : 74% ee

NHNs

O

62–94% ee
NHNs

R1
O

HN
OTsO Rh2(S-TCPTAD)4

K2CO3

R1
O

HN
O

43 – 82% ee

R :

204a: 82% ee 204b : 78% ee

R2 R2

204c : 43% ee

Scheme 36. Selected examples of asymmetric C–H amination by Davies et al.

63 64 203 204

Rh2(S-NTTL)4 (5 mol %)
TrocNHOTs, K2CO3

–20 ºC

NHTroc
*

Troc = 2,2,2-trichloroethoxycarbonyl 57%, 44% ee
50 205

(21)

Lebel (2007)
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2008 ʠ Du Bois cS9Rh2(S-nap)4 iu¨ªǺʨM>K̈0E�ª�k¡=�Rˎƙʚ˄Ȕ
C–H l¢�Õ「Ñi˛Ŵ>E (Scheme 37)51)�˦˛ŴiS9ˋȉRĊƷi 90'³ǱRȢɌȋ
RɐȌ=fKPd9‖ñ Rh(II,II)ǺʨR˄Ȕ C–H l¢�Õ「ÑiSʷô>KĊƷÀʲȋP˻
fEǺʨi/e (Scheme 37a)�øȋ�¬�®i˽@e(S)-nap ʦµƙiȩ\ŶjF;RǺʨS9
ȾRl¢�ʦµƙiȩ\ŶjF Rh2[(S)-N-Me-nap)]49Rh2(S-PTPI)4 bd_Ų0 1 ʄƙƐÕʄµ
i˽@e;MR CV ȶɶPbdƯ=fK0e  (Scheme 37b)�ƐÕĄŏʄµRɵ0
Rh2[(S)-N-Me-nap)]4 PbV Rh2(S-PTPI)4 iS9ǈ２`ȢɌȋRɵÔ@e� 

 

� Bach cS9u¨ª Rh(II,II)Ǻʨ 210 iéʫ>9;fï0Eu�¬®˿ʑɀ 208 Rˎƙą
C–H l¢�Õ「Ñi˛Ŵ>K0e (eq. 22)52)�l¢�i˽@eǺʨ 210 RȆȨŐƙŅųʢPb
d9ĊƷiµɞŖɶ@e;MR「ÑPǏ̉i/eMŬ2cfK0e_RR9ȏȌ％ 209 Rq
�®�rȢɌȋSƀɈ 74% ee P̔[eK0e� 

 

<7ƀĲ Dauban cPbd9Rh2(S-TFPTAD)4 ï0Eˎƙą˄Ȕ C–H l¢�Õ「ÑR˛Ŵ
=fE (eq. 23)53)�20 ǃ̡³ǱRĊƷ 211 M�ª�k¡=� 212 ï0E「ÑR˛Ŵ=fKP
d9ˎƙą˄Ȕ C–H l¢�Õ「ÑRÀʲɺǁ˞Ró̑=fE̢M02eR9CRȏȌ％ 213

Rq�®�rȢɌȋSƀŲ 89' ee PMN[eK0e 53a)� 

 

� q�®�rȢɌɺO「ÑR˽ŞiSO0E^49u¨©�m=i˽@eƥ˺ï0E�l
��«rȢɌɺO「Ñéʫ_Ō0F=fK0e 18c), 18d), 18f), 54)� 

� Müller�Dodd�Dauban cS9̕ÒŐƙǱPu¨©�m=i˽@e�ª�m¢® 215 il¢
�Õƥ˺M>K̈0Eˎƙą C–H l¢�Õ「Ñi˛Ŵ>K0e(eq. 24)54a)�˦「ÑiS
Rh2(S-NTTL)4 ï0e;Mi9Ų0�l��«rȢɌȋRƸŒÙʢi/e� 

R

OS
O O

H2N
Rh2(S-nap)4

PhI=O

R

OS
O O

HN

: 56%–99% ee

Du Bois (2008)

R :

32 : 92% ee

N
Boc

206 : 92% ee

O
MeO2C

OMe
207 : 99% ee

Scheme 37. Selected examples of asymmetric C–H amination by Du Bois et al.

ON
H

Rh Rh
ON

NO O N

Ts
N

Rh2(S-nap)4

ON
H

Rh Rh
ON

NO O N

Ts
N

Rh2[S-(N-Me-nap)]4

ON
H

Rh Rh
ON

NO O N

Rh2(S-PTPI)4
E1/2 = 0.33V E1/2 = 0.24V E1/2 = 0.12V

H Me N
O

O

Ph

OS
O O

H2N

cat.
PhI=O

Ph

OS
O O

HN

72 73

Rh2(S-nap)4
Rh2[S-(N-Me-nap)]4

Rh2(S-PTPI)4

85%, 92% ee
<5%

22%, 54% ee

31 32

a) Asymmetric C–H amination

b) Catalyst performance and redox potential

Rh

RhO

O

O

O O

O
O

O

209

NH
O

H
N
H

O

Ar 210 (2 mol %)
PhI(OAc)2, TcesNH2

N
H

O

Ar

208

(22)

Bach (2013)

up to 74% ee 210

NHTces

Ar R +
C6F5OS

O O

H2N

Rh2(S-TFPTAD)4
(0.1 mol %), PhI(OPiv)2

Rh Rh

OO OO

OO O O

N
H O

O F F
F

F

Rh2(S-TFPTAD)4

Ar R

HN S
O O

O C6F5

>20 examples
62 – 89% ee

Dauban (2019)

211 212
213 :

(23)
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� [E9Lebel cSu¨ªOs=�¤=� 218 M Rh2[(S)-Br-NTTL]4 ï0Eˎƙąl¢�Õ
「ÑPbd9�®�ªµ`l©ªµ C–H Ņųi˽@eĊƷ 217 PbV 220 R�l��«rȢ
Ɍɺ C–H l¢�Õ「ÑiɐȌ>K0e (Scheme 38)18d), 18f)�˦ 「Ñi_̛ŢO�l��«rʷ
RƸŒRÙʢi/e (ƀɈ>99:1 dr)� 

 

� ɩƺRǛȹŋĠƶi_9‖ñ Rh(II,II)Ǻʨï0E�n�«�n�「ÑRéʫRǿ^cfK
SE (Scheme 39)55)�>4>ORc9˄Ȕ C–H l¢�Õ「ÑPP9eq�®�rȢɌȋRƀ
ɈɚS9��¨��¬���«®˿ʑɀ 222 Mn¢�§=��® 44 Rˎƙą C–H l¢�Õ
「ÑR 84% ee P̔[eK0e 55a)�[E9éʫ=fE「ÑR 1 IP9q�=ª�©ªq=�
ª 224 iŐ̙M@eˎƙą C–H l¢�Õ「Ñi˛Ŵ>KPd999' ee Rq�®�rȢɌȋ
i 226 Rʔcfe 55c)�˦「ÑiS9224 Rˎƙąl�©�®Õ「Ñiȏ?E 225 Rɑ�©ª
Õ「Ñiŀe;Mi9sª��ªaµRļƲɺPl¢�Õ=fEȏȌ％ 226 RʔcfK0e� 

 
� ³ǱRb1P9ɱȚɺO˄Ȕ C–H l¢�Õ「Ñiq�®�rȢɌȋR 90'iɮ2E̢Sh
A4 2 ˛PMN[eK0eRRŒǷi/eE 55i)� 

� M;gi9ɩƺRŉʎPȝ̑G9Du Bois cSƐÕǶŇPĪ0ǺʨȪȒi˳ƛ>9‖ñª�
�o£(II,III)Ǻʨ Ru2(esp)2X PbV Ru2(hp)4X RųȌ>K0e (eq. 25)4)�˦ǺʨSˎƙʚ C–

H l¢�Õ「ÑPɻ̈=f9CRȋʢRˁ×=fK0e�ʶcRéʫ>Esª�u�¨=�
Ɗɀ Ru2(esp)2X (X = SbF6) ï0Eˎƙʚl¢�Õ「ÑiS9CRǺʨ̜i 0.15 mol %Pɵ
ő>K_ 28 i 94'Rǈ２î2e� 

 

Rh2(S-NTTL)4
(2 mol %)
PhI(OPiv)2

214

(24)

Müller•Dauban•Dodd (2006)

X S
TsN

4-MeC6H4 O

NH2
+

215
216

X

S
TsN

4-MeC6H4 O

NH

: up to >99% de

Ar

218 (1.2 eq.)

Ph

CCl3
MsO

H

O

N

Rh2[(S)-Br-NTTL]4
(2 mol %)

KOAc (3 eq.)O
EtOAc

+

Ar

HN O

O

CCl3

Ph

up to 93% yield
         >99:1 dr

217

219 :

Lebel

H

Rh Rh

OO OO

OO O O

Rh2[(S)-Br-NTTL]4
* *

*

N

O

O

Br

Ar 218 (1.2 eq.)

Ph

CCl3
MsO

H

O

N

Rh2[(S)-Br-NTTL]4
(2 mol %)

KOAc (3 eq.)O
EtOAc

+

up to 69% yield
         >50:1 dr

220
221 :

Ph N
H

O

O

CCl3

Ph

Scheme 38. Diastereoselective intermolecular C–H amination using chiral carbamate and chiral Rh(II,II) catalyst.

Me Me

Ru2(S-TCPTTL)4
(2 mol %)

Me Me

NHp-Ns

84% ee

Hashimoto (2002, 2007)

222 223 :

OSiEt3
Ph Me

+ p-NsN=IPh

Rh2(S-TCPTTL)4
(3 mol %) Ph

OSiEt3

MeN
p-Ns

aq. TFA
rt

O
Ph Me

NHp-Ns
: 99% ee

Scheme 39. Our previous examples for asymmetric nitrenoid reactions.
224 44 225

226

+ p-NsN=IPh
44

Du Bois (2011)

Ru Ru
OO OO

OO O O

X

Ru2(esp)4X

S S

Me

OH2N

O O
Ru2(esp)4SbF6
(0.15 mol %)
PhI(OPiv)2

Me

OHN

O O

28 : 94%

Me Me

27

(25)
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[El¢�=�Ɗɀ Ru2(hp)4X (X = Cl) iS9�ª�k¡=� 29 ï0EÕõȢɌɺO「
ÑRÙʢi/e (eq. 26)�;RǺʨï0E「ÑiS˻ȝɺPl¢�Õɀ 30 Rʔcf9ȝR
ª��o£Ǻʨ Ru2(esp)2X R\OcA9¬�o£Ǻʨ Rh2(esp)2 PbV Rh2(hp)4 bd_Ų0Õ
õȢɌȋiƯ@� 

 

˦˛ŴiS DFT łƏï0Eɦąɀäȕ_ŭhfKPd9Ru(II,III)ǺʨiSəêɺO C–H

ýʢĊÕR˽̍i/eMŅ̪˅9cfK0e�˦「ÑiS9�n�«�n� 229 R¨�sª
ɺ C–H ÃSʬSPbd�¨�sª 230 Rȏ?9230 4cŅųRſŪɡ=fe;Mi 73 Rʔc
fe(Scheme 40)i� 

 

>4>ORc9;Rb1OǽĐǺʨï0E C–H l¢�Õ「ÑRéʫ=fEP_44hc
A9˦「ÑRȻ˛S¨�¢「Ñ�˄Ȕ「Ñi˵hAȼƅ>K0O0�‖ñ Ru(II,III)Ɗɀiȣ
»ĳȹǺʨ「ÑWÑ̈@eE^RǍˎOĊʴRó̑=fK0O0;MR9CRŐÂR 1 IM
>KȅƋ=fe�ʕP˄Ȕʦµƙi˽@eu¨ª‖ñ Ru(II,III)ƊɀRųȌS9ɩƺRǛȹŋ
Ġƶ³ëPSÔđPƯ@ 1 ̢R\>4˛Ŵ=fK0O0 (Figure 3a)56)�Ø2K;RƊɀSC
RųȌR\P̔[eKPd9ǺʨM>K̍̈=fEƸȖSO0� 

 
i Rh(II,II)ǺʨiS9ɉ 1 țR Müller cRǚčŋĠP/eɳd9ĩȫɺ C–H ȭʞĎŪiŀel¢�Õ「
ÑRƜƩ=fKSE (Scheme 41)43), 57)–58)�>4>ORc9ƀĲR Rh(II,II)Ǻʨï0E「ÑäȕiSə
êɺĎŪR˽̍M01˛Ŵ_/e 45), 59)� 

 

S S

Me

OH2N

O O cat. (2.5 mol %)
PhI(OPiv)2

Me

OHN

O O

Ru Ru
ON ON

OO N O

X

Ru2(hp)4X

+ OSN

O O

Me

H
30 227

Ru2(hp)4Cl
Rh2(esp)2SbF6

Rh2(hp)4
Rh2(esp)2

30:227 = 8:1 (yield of 30 : 68%)
30:227 = 1:5
30:227 = 3:1 (conversion of 30 : <20%)
30:227 = 1:1

(26)

29

S
S

R

OH2N

O O Ru2L4X (2.5 mol %)
PhI(OPiv)2

R

OHN

O O

S S

R

ON

O O

R

ON

O O
PhI

PhI(OPiv)2

[Ru]

radical
rebound

[Ru] S

R

ON

O O

[Ru]H H

H

H

radical
C–H

abstraction
228 229 : Ru-nitrenoid

–[Ru]

short-lifetime
biradical

72 73

230 :

Scheme 40. Plausible mechanism of diruthenium-catalyzed 
C–H amination.

S S

R

OH2N

O O

R

OHN

O O
S S

R

ON

O O

R

ON

O O
PhIPhI(O2CR)2 [M]

radical
rebound

[M]

S

R

ON

O O

[M]

H H

H

H

228 231 : M-nitrenoid

–[M]

72 73

Scheme 41. Possible mechanism of C–H amination.

S

R

ON

O O
[M]
H H

C–H insertion

C–H abstraction

232

233

concerted

stepwise
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� ³ǱR）ľ4c9˄Ȕ C–H l¢�Õ「ÑPP0K9u¨ª‖ñ Ru(II,III)ǺʨRu¨ª‖ñ
Rh(II,II)ǺʨPɅhe˽ŞO˄ȔǺʨi/e;MiƯ@u79˦ŋĠSu¨ª‖ñ Ru(II,III)

ǺʨR」̈ɺųȌ˞Ró̑4céƘ>9CRŘPîǃǶŇŉʎWMɾé@e;MM>E� 

 

Ru Ru
OO OO

OO O O

Cl

Ru2{(-)-endo-µ-O2CC7H9}4Cl

a) McCann

* *

*

b) Our Laboratory (unpublished)

ON

N

O

O

H

cis-Ru2(S-BPTPI)4Cl

Ru Ru
ON

NO O N

Cl

* *

*
ON

N

O

O

H

mer-Ru2(S-BPTPI)4Cl

Ru Ru
ON

ON O N

Cl

* *

*H

Ru Ru
OO OO

OO O O

Cl

Ru2(S-TCPTTL)4Cl

N
O

O Cl Cl
Cl

Cl

* *

*

Figure 3. Chiral diruthenium complexes.



˦̪ ɉ 2 Ǭ 

28 
 


 2 	 u¨ª‖ñª��o£(II,III)Ǻʨï0Eˎƙʚ˄Ȕ C–H 「ÑRéʫ 

 


 1 � ǃ�Ru¨ªʦµƙiʑʞ>Eu¨ª‖ñª��o£(II,III)ǺʨRųȌ 

 

� ȤǓRɳd9ǛȹŋĠƶiS9u¨ª‖ñª��o£(II,III)ǺʨR˽̈ȋRƯ=fS?^K
SE�;RE^ŷŘRŋĠéʫiÌúPȅǿ@u79˦ŋĠSu¨ª‖ñª��o£ǺʨR
ÀʲɺOųȌ˞Ró̑4cƘ^e;MM>E� 

� ˦ǺʨųȌiS Rh(II,II)ǺʨRųȌ˞P˚09Ru2(OAc)4Cl iŐ̙M>Ku¨ªsª�®Ɛ
[ESu¨ªl¢�ĨȼÔ9PhCl ɦiɑ１>EȂƐiǟĢ>ORcŭeE (Scheme 42)�
Rh(II,II)ǺʨRųȌiS9Ǹ̔Ȱɞï0EųȌ˞ (Method A)9[ESɖƐ��©o£iØ2
E��w�«=ɧǒĉï0EųȌ˞ (Method B) Rť7̈0cfKPd9ª��o£ǺʨR
ųȌi_;fcS˽̈Oǁ˞i/eE�Method A iSʦµƙśāPʭ09ɑ１>EȂƐi̇
ʨR PhCl MM_PĨˌǟĢ@e;Mi9˒ŮRȏȌĿP˕eK07�>4>9̇ʨǟĢPb
dCRŗùRē;d`@79ɗƪąiʦµƙśāRÙʢOsª�u�¨=�ƊɀRųȌPŔ
eK̈0E�l¢�iʦµƙM@eǳųSʦµƙśāRɠ79u¨ªʦµƙS 16 4c 20 ʉ
̜_Ráǲ̜Rʾ̉i/d「Ñ_ɯƪąMOeE�;RE^̇ʨR PhCl Rŗù>O0b19
;RųȌPS Method B ï0E�;Rǁ˞iSĨˌźų％MOeEȂƐMw¬¬�®�®R
��w�«=ɧǒĉPʌɐ@eM9ȂƐR�mª�=ɦPɔƩ>EɖƐ��©o£P˙ȵ=
f9w¬¬�®�®R\R「Ñ̄ĉWM˴eK07RiĿʚṘʨ̜R˖Õ>O0�Method B

Sl¢�=�ƊɀRųȌR\OcA9sª�u�¨=�ƊɀRųȌP_ɻ̈Ùʢi/eE� 

 

� ˦ƊɀSǴƮȋi/e;M4c 1H NMR ï0EŪȳäȕRiSA9[Eȿ7RƊɀR�
©szªɦiĪ7�=©®x@eON9」̈ɺOˎȕǁ˞S˽ŞiSO4eE�;RE^ʦ
µƙśā「ÑRɲȘ`9ȑȒ>EǺʨRǘʇiɭž@eǳųPS9LC/MS ˎȕPbV GPC

ˎȕï0E�0AfRƊɀ_ƀǋȑȒ％S LC/MS [ES GPC PKɓÀ�=wi/e;M
ióʟ>K0ei� 

� [E9ųȌ>EÐȨƊɀ 234 S90Af_l�sªµPȼƅ@eÐȨŐƙi AgSbF6 `
AgNTf2 ONRĴÐ` NaBArF ï0e;Miɑ１=Be;MRiS9nr®�lƊɀ 235 W
M˖āÙʢi/eE (Scheme 43)� 

Ru2(OAc)4Cl

 (4 eq.)

AcOH

PhCl, reflux
~1 d

Scheme 42. Synthesis of chiral diruthenium catalysts.

a) Carboxylate Complex

 (16–20 eq.)

AcOH

PhCl, reflux
3 d~ 5 d

b) Amidate Complex
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*
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*
*
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*

*
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O
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� ³ǱRųȌ˞ï0e;Mi9ÔđPƯ>EˋȉRsª�u�¨=�ƊɀPbVl¢�=
�ƊɀiųȌ>E (Figure 4)�cis-Ru2(S-BPTPI)4Cl PbV mer-Ru2(S-BPTPI)4Cl SǛȹŋĠƶi
@iPųȌ˞�ȑȒ˞Ró̑=fKPd9[ECȒɀŪȳ_ X ȡŅǦŪȳäȕPbdˮc
4MOeK0e 5a)�[Eɉ 3 ǬiŘǓ@eMPd9Ru2(S-TCPTTL)4Cl _ X ȡŅǦŪȳäȕP
bdCȒɀŪȳRˮc4MOeE�Cf³ëRƊɀPI0KS9̑ɀŪȳR˩Ńɶi/eii, 

iii� 

 

 

 

 

 

 

 

X’ =

NaX or AgX

NTf2, BArF, SbF6, etc. X’ =
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*
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*
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Scheme 43. Transformation to ion pair catalysts.
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Figure 4. Diruthenium catalyst.
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i ‖ñĳȹƊɀiS9u¨ªʦµƙi 1 ǃ̡>4̈0K0O7K_ʑʞ>E 4 IRʦµƙRšSPÑ?
K9C1 Ɂǫ, C2 Ɂǫ, C4 ɁǫPbV D2 Ɂǫƴi˽@eł 4 ǃȒɀºȋɀRųȌ=f1e (Figure 5)�
;fcºOȇɀŪȳN1>R9GPC ` LC/MS iüȧˎ１@e;MRiSe4S˄ˮi/e�>ER
eK9ƀǋɺȎɀŪȳS̛ŢOȌȖiƯ>EǺʨPŔd9X ȡŅǦŪȳäȕPbdŃɶ>E� 

 
ii ƎŬRE^9ŪȳRʮˮ>K0eu¨ª‖ñ Rh(II,II)ǺʨRɁǫƴPI0KđƂ@e�Rh2(S-PTTL)4

60a), 

Rh2(S-TFPTTL)4
60b), Rh2(S-TCPTTL)4

60c), Rh2(S-TBPTTL)4
60d), Rh2(S-BPTTL)4

60e), Rh2(S-TCPTAD)4
60f), 

Rh2(S-NTTL)4
60g)S@uK C4 Ɂǫƴi˽@eƊɀi/e(̠dųeEʦµƙąRĺSĶųiŬ̖>K C2

ɁǫMˀđ>K0eːŊ_/e 60a)�[E�¬z®ŐƙiƩEO0 Rh2(S-PTTL)4 ṠÊɦi C1 MOe
;MR NMR äȕPbdƯż=fK0e 60c))�Rh2(S-DOSP)4 S X ȡŅǦŪȳäȕPI0KS˄ˮFR9
̇ÊɦiS D2 Ɂǫƴi˽>K0eMȬɶ=fK0e 61)�Rh2(S-BPTPI)4 S C2 ɁǫƴiƩIƊɀM>K
X ȡäȕ=fK0e 5a)�Rh2(S-BPTPI)4 R̡Îʦµƙi˽@e Rh2(S-nap)4 S X ȡŅǦŪȳäȕRŭhf
K0O0R9DFT łƏiS C2 Ɂǫƴi˽@eƊɀi/eM̀ȶ=fK0e 59)�Rh2(4S-MPPIM)4 Sʦ
µƙśā「ÑŘ C1, C2, C4 Ɂǫƴi˽@eƊɀRźų％M>KʔcfeR9ěȮ HPLC iˎ１@eM
C2 Ɂǫƴi˽@eƊɀR 62%Rǈ２iʔcfe 62)� 
iii u¨ª‖ñ Rh(II,II)ǺʨiS9�w¬�¬�®sª�®Ɛ R-BPCP–H63), ©®Ɛ S-BNP–H64)PbVb-

¨w�£ 2S-BNAZ–H65)_ʦµƙM>K̍̈ÙʢiS/eR9Ru(II,III)ǺʨRʦµƙM>KS̍̈iS
O4eE�S-BNP–H iSȧ7「ÑRǿŭBA9R-BPCP–H PbV 2S-BNAZ–H iS「ÑɦPʦµƙC
R_RRˎä>E̅ƙR GPC PbV 1H NMR äȕPKóʟ=fE� 
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Figure 5. Possible catalyst stracture.
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 2 � ˎƙʚ˄Ȕ C–H l¢�Õ「Ñ 

 

1. ǚčŉʎPbVu¨ªǺʨ�ɮŐƙ×§oȨƥ˺RȢɌ 

 

� ųȌ>Eu¨ªƊɀï0K9�ª�k¡=� 31 iĊƷM@eˎƙʚ C–H l¢�Õ「Ñ
RŉʎiŭeE�ǚčŉʎiS Du Bois cR˛Ŵ>EǶŇ 4)Pǎ09ƐÕƄP PhI(O2CtBu)2

i9Óʇi 40 ºC M>EǶŇï0KƸƝ>E (Table 2)�>4>ORc9lu¨ªOǺʨ
Ru2(esp)2SbF6 ï0eMɶ̜ɺP˳ɺ％ 32 RʔcfeRPɁ>K9u¨ªǺʨ
Ru2(S-TCPTTL)4SbF6 ï0eM 32 Sȧ7ʔcfO4eE� 

 

� ̇ʨi DCE P˖ũ>KÓʇi 80 ºC [iǥÓ@eM 32 Rʔcf9ȢɌȋ_ʫŒ@e;MR
h4eE�>4>ORc9;RǶŇisª�u�¨=�Ɗɀï0eM 32 Sɵǈ２P̔[e
E (Table 3, entries 1–2)�l¢�=�Ɗɀï0eMʷôɺ̛ŢOǈ２i 32 î2e;MRh
4eER9;fciǺʨM>Eǳųi_ǍˎOȢɌȋSŌŶ[fO4eE (entries 3–5)�[E
ƶÓǶŇi cis-Ru2(S-BPTPI)4Cl ï0Kŉʎ>EM;g9ǈ２S¶ȦŲ0ɚi˘eERȢɌ
ȋSæȥ>O4eE (entry 6)� 

 

� rM[Aƀ_Ų0ȢɌȋiƯ>E9Ru2(S-TCPTTL)4Cl ï0Kǈ２MȢɌȋRšǱi˳ƛ
>E(Table 4)�ƐÕƄRʉ̜iȱő=BeM9ȢɌȋRőǣ@e;MRh4eE (entry 1 vs. 

entries 2–3)�ƐÕƄi PhI(OAc)2 ` PhI=O M@eMǈ２PSÆİRO0_RR9;fci_Ȣ
ɌȋRɵÔ>E (entries 4–5)�bdĪ̝OƐÕƄ PhI(O2CCF3)2 (PIFA)ï0eMǈ２RšǱ@
eF9iO79¸ëP_ȢɌȋ[iæȥ@e;MRh4eE (entry 6)�Ru2(S-TCPTTL)4Cl i
ǺʨM@eǶŇiS9ÓʇiƶÓ[iɵÔ=BK_ȢɌȋRǍˎPæȥ>O0ŅÜMOeE
E^ (entry 7)9ȢɌȋP̛0Æİî2E PIFA MȾRǺʨMRȩ\ųhBiɕƉ@e;MM
>E� 

Ru2L4SbF6 (2.5 mol %)
PhI(O2CtBu)2 (1.4 eq.)

Ph

OS
H2N

OO

Ph

OSHN

OO

5Å MS (35 mg / 0.1 mmol)
DCM (0.05 M), 40 ºC, 24-27 h

Ru2L4

Ru2(esp)2

Ru2(S-TCPTTL)4

yield (%)a ee (%)

rac.

–

SM rec. (%)a

<5

>95

96

<5

Table 2. Initial Screening.

aDetermined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard.

31 32

Ru2L4Cl (2.5 mol %)
PhI(O2CtBu)2 (1.4 eq.)

Ph

OS
H2N

OO

Ph

OSHN

OO

5Å MS, DCE (0.05 M)
temp., 24–27 h

Ru2L4

Ru2(S-TCPTTL)4

Ru2(S-DOSP)4

Ru2(4S-MPPIM)4

mer-Ru2(S-BPTPI)4

cis-Ru2(S-BPTPI)4

cis-Ru2(S-BPTPI)4

yield (%) ee (%)

–29

4

14

–3

15

4

SM rec. (%)

45

49

39

3

13

–

29

19

46

82

78

>99

temp. (ºC)

80

80

80

80

80

rt

entry

1

2

3

4

5

6
aDetermined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as an 
internal standard. bDetermined by chiral HPLC analysis.

a ba

Table 3. Catalyst screening.

31 32
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� ƐÕƄi PhI(O2CtBu)2 4c PIFA P˖ũ>9ſʇǺʨ�w©=�®xiŭeEŅÜi Table 5

PƯ>E�Ru2(S-TCPTTL)4Cl R̡ÎƊɀi/e Ru2(S-TFPTTL)4Cl PbV Ru2(S-NTTL)4Cl i
Sɦɸʇ4c̛ŢOǈ２i˳ɺ％RʔcfER9ǍˎOq�®�rȢɌȋiƯBO0ŅÜM
OeE (entries 2, 4)�Ru2(S-TCPTTL)4Cl R ��¨w¬¬��¬nªĊR9��¨�¬¥��
¬nªĊMOeE Ru2(S-TBPTTL)4Cl iS9「ÑRȧ7ǿŭ>O0ŅÜMOeE (entry 3)�
Ru2(S-DOSP)4Cl iSƐÕƄi PIFA P˖ũ>K_9PhI(O2CtBu)2 RǳųMʷô>KȢɌȋSæ
ȥ > O 0 Ņ Ü M O e E  (entry 5 vs. Table 3, entry 2) � l ¢ � = � Ɗ ɀ i / e
mer-Ru2(S-BPTPI)4Cl PbV cis-Ru2(S-BPTPI)4Cl iS9PIFA iƐÕƄM@eMɈˊOȢɌȋæ
ȥRŌcf9CfDf 69' ee PbV 50' ee RȢɌȋRʔcfE (entries 6–7)�BPTPI ʦµ
ƙP̡ƨ>Eʦµƙi˽@e Ru2(S-nap)4Cl iS9ȢɌȋRɵÔ>E (entry 8)�[E9
Ru2(4S-MPPIM)4Cl i_9PhI(O2CtBu)2 ï0EǳųMʷô>K9ǈ２ĜVȢɌȋSæȥ>O
0ŅÜMOeE (entry 9 vs. Table 3, entry 3)� 

 

� PIFA ï0E「ÑPP0K̛ŢOȢɌȋiƯ>E9mer-Ru2(S-BPTPI)4Cl PbV
cis-Ru2(S-BPTPI)4Cl PI0K9bdǮƁPŉʎiŭeE (Table 6 PbV 7)�「ÑÓʇiƶÓ
[iɵÔ=BeM9ȢɌȋS cis-Ru2(S-BPTPI)4ClRY1R̛0ȌȖiƯ>E(Table 6, entry 1 vs. 

Table 7, entry 1)�mer-ƊɀiS9ÐȨƊɀ4c NTf2 ƊɀM@eM9ȢɌȋRɵÔRŌcfE 

Ru2(S-TCPTTL)4Cl
(2.5 mol %)

I(III) reagent (X eq.)
 MgO (3.0 eq.)

I(III) reagent (eq.)
–29

–19

–8

–10

–20

–40

–43

45

51

0

69

43

14

–

29

25

19

29

30

76

>99

PhI(O2CtBu)2 (1.4)

PhI(O2CtBu)2 (1.1)

PhI(O2CtBu)2 (3.0)

PhI(O2CCH3)2 (1.4)

PhI=O (1.4)

PhI(O2CCF3)2 (1.4)

PhI(O2CCF3)2 (1.4)

yield (%) SM rec. (%)

5Å MS, DCE (0.05 M)
80 ºC, 24-26 h

ee (%)

Ph

OS
O O

H2N

Ph

OS
O O

HN

c

1

2

3

4

5

6

7

entry

Table 4. Catalyst screening.

aDetermined by 1H NMR analysis using 1,1,2,2-tetrachloroethane 
as an internal standard. bDetermined by chiral HPLC analysis. 
cThe reaction was performed at room temperature.

31 32
a ba

aDetermined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as 
an internal standard.    bDetermined by chiral HPLC analysis.

Ru2L4Cl (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

yield (%)a ee (%)b

–40
–28

-
–5
–3
69
50
25
10

SM rec. (%)a

–
23
55
–

42
-–
10
27
50

67
44
0

85
33
97
69
63
22

Ru2(S-TCPTTL)4Cl
Ru2(S-TFPTTL)4Cl
Ru2(S-TBPTTL)4Cl

Ru2(S-NTTL)4Cl
Ru2(S-DOSP)4Cl

mer-Ru2(S-BPTPI)4Cl
cis-Ru2(S-BPTPI)4Cl

Ru2(S-nap)4Cl
Ru2(4S-MPPIM)4Cl

Ru2L4Cl

1

2

3

4

5

6

7

8

9

entry

Table 5. Ligand effects using PhI(O2CCF3)2

Ph

OS
O O

H2N

Ph

OS
O O

HN
5Å MS, DCE (0.05 M)

80 ºC, 24-26 h
31 32
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(Table 6, entry 1 vs. entry 2)�cis-ƊɀiS9ÐȨƊɀ4c NTf2 ƊɀM>K_ȢɌȋPÆİŜ
2O0R9ǈ２RšǱRŌcfE (Table 7, entry 1 vs. entry 2)�NTf2 ƊɀiS9mer-, cis-Ɗɀ
M_Pǈ２iɈˊPȽO1;MO7Óʇi 0 ºC [iɵÔ=Be;MRÙʢi/d9cis-Ɗɀi
S 89'RȢɌȋi 32 iʔE (Table 6, entry 3 PbV Table 7, entry 3)�0AfRǺʨi_–20 ºC

[iÓʇiÔ:eMɵǈ２MOd9ȢɌȋ_CfYNæȥ>O0ŅÜMOeE (Table 6, entry 

4 PbV Table 7, entry 4)�³Ǳ4c9cis-ƊɀRƀ_̛ŢOȢɌȋî2EE^9Table 7 R entry 

3 iĊǗǶŇP˖ũ>K=cPŉʎiŭ1;MM>E� 

 

� q�®�rȢɌȋP̛0Æİî2EƐÕƄPI0KǮƁP０ä@u79–20 ºC RǶŇÔ9
ʞǁ̄¹O_Rï0K=cPŉʎiƸƝ>E (Table 8)�˦ŉʎiS9ɮŐƙ×§oȨƥ˺
Rɑ１ĊRǃ̡R9ȢɌȋPƀ_Ǐ̉i/e;MiƯż@eŅÜRʔcfE��©�ªr¬
l��ªĊi˽@eƐÕƄ 236a9236e9PbV��ªru�ĊMȆƐĊi˽@e Koser ƥ˺
236f iS̛ŢOȢɌȋi˳ɺ％RʔcfeRPɁ>K9l��ªĊ`�®�nªĊi˽@e
ƐÕƄ 236b9236c iSȢɌȋRɵÔ>E�[E¤��ªĊi˽@eƐÕƄ 236d i_9ȢɌ
ȋR/eɸʇæȥ@e;MRh4eE���p�ª§=��o£Ð 236g iS9「ÑRǿŭ>
O0ŅÜMOeE�ǈ２PbVȢɌȋR̘˰4cʮɘ@eM9;f[ï0KSE 236a Rƀ
ɻOƐÕƄi/e;MRh4eE� 

 

ƐÕƄRq�®�rȢɌȋP̂2eĎŪPI0KS9ŒƪʁiS˄ˮi/e�˦「Ñ_ Du 

Bois cRɷǠ>E「ÑĎŪ 4)Pǎ1M@fT9CRɦąɀS�ª�k¡=�MƐÕƄ4cȏ
?En¢�§=��® 237�Ru–�n�«�n� 231a�¨�sªɺ C–H ÃSʬSPbdȏ?
E�¨�sª 232 i/eMŬ2cfe (Scheme 44)�q�®�rŃɶəêPS Ru–�n�«�
n� 231a M�¨�sª 232 RIIRĆ̂@eMŬ2cfeR9;R 2 IRɦąɀPSƐÕƄ

Ru2L4X (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

77
72
84
89

aDetermined by 1H NMR analysis using 1,1,2,2-tetrachloroethane 
as an internal standard.    bDetermined by chiral HPLC analysis.

>99
>99
80
34

mer-Ru2(S-BPTPI)4Cl
mer-Ru2(S-BPTPI)4NTf2
mer-Ru2(S-BPTPI)4NTf2
mer-Ru2(S-BPTPI)4NTf2

Ru2L4X yield (%) ee (%)temp. (ºC)

rt
rt
0

–20

1
2
3
4

entry

Table 6. Reaction optimization using mer-Ru2(S-BPTPI)4X.

Ph

OS
O O

H2N

Ph

OS
O O

HN
5Å MS, DCE (0.05 M)

temp., 21-24 h
a b

Ru2L4X (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

84
85
89
90

aDetermined by 1H NMR analysis using 1,1,2,2-tetrachloroethane 
as an internal standard.    bDetermined by chiral HPLC analysis.

75
87
89
45

cis-Ru2(S-BPTPI)4Cl
cis-Ru2(S-BPTPI)4NTf2
cis-Ru2(S-BPTPI)4NTf2
cis-Ru2(S-BPTPI)4NTf2

Ru2L4X yield (%) ee (%)temp. (ºC)

rt
rt
0

–20

1
2
3
4

entry

Ph

OS
O O

H2N

Ph

OS
O O

HN
5Å MS, DCE (0.05 M)

temp., 21-24 h
a b

Table 7. Reaction optimization using cis-Ru2(S-BPTPI)4X.

31 32 31 32

cis-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
I(III) reagent (1.4 eq.)

MgO  (3.0 eq.)

5Å MS, DCE (0.05 M)
–20 ºC, 24–26 h

Ph

OS
O O

H2N

Ph

OS
O O

HN

I(III) reagent

I
O2CR

O2CR

R = CF3 (236a)
 : 45%, 90% ee
CH3 (236b)
 : 44%, 47% ee
Ph (236c)
 : 41%, 47% ee

I
O2CCH3

O2CCH3

Me

Me

Me

44%, 66% ee

I
O2CCF3

O2CCF3

F

F

F

F

F

51%, 87% ee

I
OTs

OH

12%, 92% ee

I
Ph

I

ND

Table 8. I(III) reagent effects by using cis-Ru2(S-BPTPI)4X.

31 32

236d 236e

236f 236g

Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. Enantioselectivities were 
determined by chiral HPLC analysis.
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RŪȳS「Ç=fO0�>EReK「ÑĎŪMS˫ĆĹOÞǛiȢɌȋPÆİRȏ?K0e
49;R「ÑĎŪPSƯ=fK0O0˔RɦąɀRĆ̂>K0eÙʢȋR/e� 

 

� ³Ǳ4cƫR 2 IRÙʢȋiȬɶ>K0e�1 IPS9ƐÕƄRsª�u�¨=�MǺʨ
RʦµƙśāPbdu¨ªʦµƙRɞSāheEǺʨRȏ?9CfPbdȢɌȋRɵÔ>E
MŬ2cfe (Scheme 45a)�;RŒǯS9ɉ 1 ǬiƯ>EMPdÀˈR Rh(II,II)Ǻʨi_óʟ
=fK0e 42)�;fiɭž@eE^9l¢�=�Ɗɀ cis-Ru2(S-BPTPI)4BArF PbVsª�u
�¨=�Ɗɀ Ru2(S-TCPTTL)4BArF CfDfPɁ>K9áǲ̜R PhI(O2CCF3)2 [ES
PhI(O2CtBu)2 iĨȼ=B9LC/MS äȕiŭeE  (Scheme 45b)�̛ŢOȢɌȋî2E
PhI(O2CCF3)2 ï0EǳųPS9u¨ªʦµƙ 4 Ii˘Ʃ>EǺʨ Ru2L

*
4X R m/z Răȶ=f

E�À˝i9ɵ0ȢɌȋî2E PhI(O2CtBu)2 ï0eM9CfRăȶ=fO4eE� 

� [E9¤��ªĊi˽@eƐÕƄ 236d R9�p�ªĊi˽@eƐÕƄ 236b Mʷô>KȢ
Ɍȋiæȥ=BE�̈0eƐÕƄRl©=ªĊPbdȢɌȋR˖Õ@eMŬ2fT9II^
RÙʢȋM>K˔RɦąɀiȬɶ@e;M_iSe�łƏÕõɺOäȕP̔[eKS0eR9
˦Ǻʨbd_×ȉRǢ=0 Ru(II,II)Ǻʨï0El¢�Õ「ÑiȬɶ@eM9Ru-�n�«�
n�bd_ Ru-n¢�RɦąɀM>KŢ[>0M01ŅÜR˛Ŵ=fK0e 66)�Scheme 45c

PƯ@b1P9Ru-n¢�ɦąɀP̡ƨ@e Ru-l©=ª§=��® (231b) RɦąɀM>K
ȼƅ@fT9ƐÕƄRl©=ªĊRɦąɀŪȳP「Ç=feE^9CRŘRq�®�rȢɌ
ɺO C–H ÃSʬSPÆİiĜZ@ÙʢȋiȬɶiSei� 

 

 
i ¤��ªĊi˽@eƐÕƄ 236d iȢɌȋRæȥ>E０≫PS9CȒɀǰìPbdǺʨMRʦµƙ
śā「ÑRǿŭ>gc0ǷĮMOeEÙʢȋ`9¤��ªĊi˽@en¢�§=��® 237 R±ɶȋ
RšǱ>E;Miu¨ªǺʨRĆ̂>O0��wx¨o®�「ÑR̊Ȋ=fEÙʢȋON9ȾP_
̅�O_RRȬɶ=fe� 

Ru2L*4X (2.5 mol %)
ArI(O2CR)2 (1.4 eq.)

R

OS
O O

H2N

R

OS
O O

HN

OS
O O

N
ArI

–2RCO2H

Ru2L*4X

radical
rebound

S

R

ON

O O

[Ru]
H

H

–[Ru]

R

S ON

O O
[Ru]

R

radical C–H
abstraction

Scheme 44. Proposed reaction mechanism based on Du Bois report.

72 73

ArI(O2CR)2

: iminoiodinane : biradical: Ru-nitrenoid237 232231a

Ru2(O2CR)nL*4–nX

low selectivity?2RCO2H

a) Ligand exchange in reaction

or
Ru2L*4X

Ru2L*4X PhI(O2CtBu)2
(excess)

rt, CH2Cl2

PhI(O2CCF3)2
(excess)

rt, CH2Cl2
Ru2L*4X

b) ESI-MS analysis

Ru2L*4X

Scheme 45. ESI-MS analysis of ligand exchange reaction and possibility of another reaction intermediate.

L* = (S)-BPTPI 
or (S)-TCPTTL

Ru2L*4X (2.5 mol %)
ArI(O2CR)2 (1.4 eq.)

R

OS
O O

H2N

R

OS
O O

HN

OS
O O

N
ArI

–2RCO2H

Ru2L*4X

: iminoiodinane

S ON

O O

[Ru]

radical
rebound

S

R

ON

O O

[Ru]
H

H

: Ru-aryliodinane

–[Ru]

: biradical

ArI

R
H
HR

S ON

O O

: Ru-nitrenoid

[Ru]

R

ArI

radical C–H
abstraction

72 73

237
231b 232

ArI(O2CR)2

ArI(O2CR)2 231a

c) Proposed reaction mechanism

detected

X = BArF
ND
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2. ɿØƄPbV̇ʨRȢɌ 

� 「Ñɦiȏ?esª�®ƐR˙ȵƄi/e9ƐÕ¡x��o£R˽˫PI0Kŉʎ>E_
RR9Scheme 46 i/e�CR˽˫SȢɌȋPÀșÆİî2O4eER9ƐÕ¡x��o£
ʹȼƅÔiSǈ２RɵÔRŌcfE� 

 

� ̇ʨŉʎRŅÜi Table 9 PƯ>E�ÐÕ¤�«®i̇ʨM@eM9ǈ２RɵÔRŌcfE 

(entry 2)��©�ªr¬�ªq®ï0eM9DCE MʐɸʇRȌȖi˳ɺ％î2E (entry 3)�
>4>9�ªq®iSǈ２RɵÔ>E (entry 4)�˦ǺʨSŲ0 Lewis Ɛȋi˽@eRiʦµ
ȋ̇ʨR˄ɻi/d9THF�IPA ï0EǳųPSǈ２RɵÔRŌcfE (entries 5 and 6)�[
E9THF iṠʨMRˎƙą「ÑRħų>9THF RƐȨŐƙP̠Ț@eaɖȨǱR C–H Ņų
M「Ñ>EˉȏȌ％ 238 Róʟ=fE (entry 5)� 

 

� ɿØƄM>K̈0E¥«u¦¨=�=��_9ȢɌȋ`ǈ２PÆİî2E (Table 10)�¥
«u¦¨=�=��ï0O0MȾMʷô>Kɵǈ２MOeE (entry 1)�3Å MS, 4Å MS, 5Å 

MS, 13X MS PI0Kŉʎ>EM;g93Å MS PbV 13X MS ï0E「ÑiS9hA4OR
cȢɌȋRæȥ@e;MRh4eE (entry 2 and entry 5)� 

 

cis-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)
MgO (none or 3.0 eq.)

Ph

OS
O O

H2N

Ph

OS
O O

HN
5Å MS, DCE (0.05 M)

0 ºC, 21-24 h

MgO (3.0 eq.)
MgO (none)

>99%, 89% ee
74%, 89% ee

Scheme 46. MgO effects. Yields were determined by 1H NMR 
analysis using 1,1,2,2-tetrachloroethane as an internal standard. 
Enantioselectivities  were determined by chiral HPLC analysis.

31 32

88
88
88
92
–
–

89
78
86
51

0 (25)
0

yield (%) ee (%)

aYields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard (the value in 
parenthesis showed the yield of reaction with solvent).  
bEnantioselectivities were determined by chiral HPLC analysis.

entry

cis-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

3231
5Å MS, solvent (0.05 M)

0 ºC, 21-24 hPh

OS
O O

H2N

Ph

OS
O O

HN

DCE
DCM

PhCF3

PhMe
THF
IPA

solvent

1
2
3
4
5
6

a b

Ph

OS
O O

N
H

R

O
R =

Table 9. Solvent effects using cis-cat.

238

88
90
89
88
90

62
71
82
89
77

yield (%) ee (%)

a Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. bEnantioselectivities 
were determined by chiral HPLC analysis.

entry

cis-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

3231

additive,  DCE (0.05 M)
0 ºC, 21-24 hPh

OS
O O

H2N

Ph

OS
O O

HN

none
3Å MS
4Å MS
5Å MS

13X MS

additive

1

2

3

4

5

a b

Table 10. Solvent effects using cis-cat.



˦̪ ɉ 2 Ǭ 

36 
 

� ³ǱbḋʨP DCE i9ɿØƄP MgO M 3Å MS ï0EǶŇi9ſʇ「ÑiƸƝ>EM
;g989'ǈ２�89% ee RȢɌȋi˳ɺ％RʔcfE (Table 11, entry 1)�ʐǶŇR Table 10

R entry 2 Mʷô@eM9ǈ２MȢɌȋRƽÿſŒ>O0ŅÜMOeEE^9ũPʺɭȍiŭ
eE�̈0eƊɀi NTf2 Ɗɀ4c BArF ƊɀM@eM9±ɶ>K 90'³ǱRǈ２iʔcfE 

(entry 2)�=cṖʨi PhCF3 M@eM995'ǈ２�92'Rq�®�rȢɌȋi˳ɺ％Rʔc
fe;MRh4eE (entry 3)ii� 

 

 

3. ĊƷɻ̈ʳ·Rŉʎ 

� ĊƷɻ̈ʳ·RŉʎŅÜi Table 12 PƯ@�p-µPbV m-µR¤�ªĊPSĤ̄i/d9
ĊƷ 239b PbV 239c R0AfPP0K_̛ŢOǈ２MȢɌȋi 240b PbV 240c iʔE�
À˝i9o-µP¤�ªĊi˽@eĊƷ 239d iS9˳ɺ％ 240d Rǈ２MȢɌȋRɈˊOɵÔ
RŌcfE�[E「ÑʁĲˡP o-¤�ªĊRȚĲ@eE^49ˉȏȌ％ 240d'_óʟ=fE�
p-µP¤�u�Ċ`ÐȨŐƙi˽@eĊƷiS9ȢɌȋRɵÔRŌcfE (240e, 240f)�
cis-Ru2(S-BPTPI)4BArF iʔcfEȏȌ％R˻ȝȜɁ̑ɀʦɞS9�p�ªĊi˽@eȏȌ％
32 R HPLC R˘ƩƪąM9CRːŊɚR˘ƩƪąMRʷô4cŃɶ>E 67)�˦ ǺʨiS9(R)-

ʦɞRȏȌ％RʔcfK0e;MRh4eE� 

 

 
iiǶŇŉʎR07I4Rƪʁiso®�=l�r®Rŉʎ_ŭeER9ȢɌȋPÆİî2e;MSO
4eE�ÐȨƊɀMnr®�lƊɀiʷô@eM9nr®�lƊɀRY1RŲ0ǈ２i˳ɺ％î2
e;MRȿ0� 

3Å MS, DCE (0.05 M)
0 ºC, 21-24 h

31 32

89

>99

95

% yieldcounter ion X

NTf2
BArF

BArF

entry

1

2

3

solvent

DCE

DCE

PhCF3

Table 11. Re-optimization reaction condition.

89

89

92

% ee

Ph

OS
O O

H2N

Ph

OS
O O

HN

cis-Ru2(S-BPTPI)4X (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

a Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. bEnantioselectivities 
were determined by chiral HPLC analysis.

a b

cis-Ru2(S-BPTPI)4BArF

(2.5 mol %), PhI(O2CCF3)2
(1.4 eq.), MgO (3.0 eq.)

3Å MS, PhCF3 (0.05 M)
0 ºC, 24 h

Ar

OS
O O

H2N

Ar

OS
O O

HN

Me

Me
81%, 91% ee82%, 91% ee84%, 91% ee 18%, 20% ee

OS
O O

N
H

Me

ca. 6%a80%, 62% ee

MeO

86%, 87% ee

Cl

Enantioselectivities were determined by chiral HPLC analysis. aEstimated from the mixture of 240d and 240d'.

Table 12. Scope and limitation of cis-Ru2(S-BPTPI)4BArF.

Ph

OS
O O

HN

chiral HPLC analysis

tR (minor) = 27.0 min; tR (major) = 33.6 min.
lit.67): 
tR (major) = 27.9 min.; tR (minor) = 33.9 min. 
fo r (S ) -32 ( co lumn: OD–H, e luen t : 
hexane/IPA = 92:8).

(R)

32 (240a)
240b 240c 240d

240d'
240e 240f

32
239 240
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� [EŉʎRŅÜ9ÀˈRĊƷiS cis-Ru2(S-BPTPI)4BArF bd_ Ru2(S-TCPTTL)4BArF RY1
R̛ŢOȌȖiƯ@;MRh4eEiii (Table 13)�1-���ªĊi˽@eĊƷï0E「Ñi
S9;f[iiƀ_Ų0 95%RȢɌȋi˳ɺ％ 242a iʔE�(Z)-��©ªĊi˽@eĊƷi
_̛ŢOǈ２MȢɌȋi˳ɺ％ 242b PbV 242c iʔE�;fcĊƷï0E「ÑiS9r
«�m®ˈµRºȋÕRhA4ORcóʟ=fE�;R;M4c9˦「Ñi_ Du Bois cR
ɷǠ@e�¨�sªɦąɀ 230'RȼƅiƯż@eŅÜRʔcfEM02e 9)�(E)-��©ªĊ
i˽@eĊƷ 241d `ƍɞār«�m®i˽@eĊƷ 241e iS9̛ŢOǈ２i˳ɺ％Rʔc
fe_RRȢɌȋRɵÔ>Eiv�[E��©ªĊi˽@eĊƷ 241b9241c PbV 241e iSr
«�m®RˎäRŌcfER9PIFA i 1.4 ʉ̜4c 1.1 ʉ̜Pɵő@eMǈ２Ræȥ>E�
Ru2(S-TCPTTL)4BArF ï0E「ÑiS91-���ªĊi˽@e 242a R X ȡŅǦŪȳäȕR
ŅÜ9(S)-ʦɞRȏȌ％RʔcfK0e;MRh4eE� 

  

  

 
iiiƎŬRE^9Table 13 PP9eÀˈRĊƷM cis-Ru2(S-BPTPI)4NTf2 ï0EŉʎŅÜi Table 14 Pđ
Ƃ>E�ǶŇƀɻÕɦR�=�i/eE^9NTf2 Ɗɀ9DCE ̇ʨï0K0e�0Af_ 60% ee ³
ÔRȢɌȋMOeE� 

 
iv 241d ï0E「Ñiɓ１�•=ªiŭ1M9ƥ˺Rʉ̜�̈0ėʨi˖ũ>K_r«�m®ˈµ
RˎäR\cf9ſŒiSO0ŅÜMOeE�ſŒ˄ʢMOeEŐÂS˄ˮFR9ȢɌȋR 76' ee

MɦɸʇP̔[eK0eE^9Cf³ǱRŉʎSƸƝ>K0O0� 

Ru2(S-TCPTTL)4BArF

(2.5 mol %), PhI(O2CCF3)2
(1.4 eq.), MgO (3.0 eq.)

3Å MS, PhCF3 (0.05 M)
0 ºC, 24 h

R

OS
O O

H2N

R

OS
O O

HN

82%
95% ee

77% (E/Z = 3:97)
93% eea

72% (E/Z = 7:93)
92% eea

F

67% (E only)
72% eeb, c

65%
76% eea

Ar
OS

O O
N
H

[Ru]

230' : biradical

E/Z
isomerization

Table 13. Scope and limitation of Ru2(S-TCPTTL)4BArF.

X-ray analysis (242a)

(S)

R1 = 2.48%, wR2 = 6.63%
Flack = .0011(11)

242a 242b 242c

242d
242e

Enantioselectivities were determined by chiral HPLC analysis. aReaction using PhI(O2CCF3)2 (1.1 eq.) and MgO (2.3 eq).�
bDCE solvent. cYields were determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.

241 242

cis-Ru2(S-BPTPI)4NTf2
(2.5 mol %), PhI(O2CCF3)2

(1.4 eq.), MgO (3.0 eq.)

3Å MS, DCE (0.05 M)
0 ºC, 21–24 h

R

OS
O O

H2N

R

OS
O O

HN

30%
–14% ee

32% (E/Z = 5:95)
–29% eea

64% (E only)
–57% ee

Table 14. Unsucessful results of cis-Ru2(S-BPTPI)4NTf2.

242a 242b 242d

Enantioselectivities were determined by chiral HPLC analysis. Yields 
were determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as 
an internal standard. aE/Z = 5:95 mixture of SM was used.

241 242
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���mer-Ru2(S-BPTPI)4X�������
 

 

� Table 6 R entry 3 iS9mer-Ru2(S-BPTPI)NTf2 _ 84% ee MŲ0ȢɌȋiƸŒ>KPd9;R
əêiS mer-ƊɀM cis-ƊɀRNGcRƀɻi/e4ˮóPSʮ˔iSO4eE�CRE^
ƸƃRƀɻÕiS mer-Ɗɀ_˓ŭ>KŭeK0ERi9CRŅÜi³ÔPđƂ>E� 

ƐÕƄRŉʎiS9ȢɌȋRĺšS cis-ƊɀM̡ƨ>K0E (Table 15)�ɑ１ĊR�©�ª
r¬l��ªĊi˽@eƐÕƄ 236a PbV 236e9Koser ƥ˺ 236f i̛ŢOȢɌȋRʔcfE�
¤��ªĊi˽@eƐÕƄ 236d iS9cis-ƊɀMSºOdȢɌȋRæȥ>O4eE�[E 236e

ï0eM9mer-ƊɀiS–20 ºC i_̛ŢOǈ２i˳ɺ％î2E;MR cis-ƊɀMRȮ¾ʁ
i/eR9ȢɌȋiæȥ@ePSƣcO4eE� 

̇ʨ_ cis-ƊɀiŌcfEMPd9DCM�PhCH3�THF�IPA iSǈ２RɵÔ>E (Table 16, 

entries 2, 4, 5 and 6)�PhCH3 PbV THF iS9̇ʨMRˎƙą「ÑP≫̌@eˉȏȌ％Róʟ
=fE (entries 4 and 5)�mer-ƊɀiS PhCF3 ï0eMȢɌȋRæȥ>KPd9q�®�r
ȢɌȋPɁ@ėʨŞÜRʷôɺŒfEMŬ2cfe (entry 3)� 

¥«u¦¨=�=��RŞÜ_ cis-Ɗɀʐ̅9ʹȼƅÔiSǈ２ɵÔRŌcf (Table 17, 

entry 1)93Å MS ï0eMhA4ORcȢɌȋRšǱ>E (entry 2 vs. entries 3–5)� 

ƐÕ¡x��o£S cis-ƊɀMSºOd9mer-ƊɀiS]>g̈0O0Y1R̛0ŅÜMO
eE (Scheme 47)�ʹȼƅÔi_ǈ２iȽOhO0F9iO79ȢɌȋRæȥ>E� 

 

mer-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
I(III) reagent (1.4 eq.)

MgO  (3.0 eq.)
5Å MS, DCE (0.05 M)

–20 ºC, 24–26 h
Ph

OS
O O

H2N

Ph

OS
O O

HN

I(III) reagent

I
O2CR

O2CR

R = CF3 (236a)
: 34%, 89% ee
CH3 (236b)
 : 10%, –6% ee
Ph (236c) 
 : 22%, 27% ee

I
O2CCH3

O2CCH3

Me

Me

Me

50%, 13% ee

I
O2CCF3

O2CCF3

F

F

F

F

F

78%, 89% ee

I
OTs

OH

8%, 84% ee

I
Ph

I

ND

Table 15. I(III) reagent effects by using mer-Ru2(S-BPTPI)4X.

mer-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)
MgO (none or 3.0 eq.)

Ph

OS
O O

H2N

Ph

OS
O O

HN
5Å MS, DCE (0.05 M)

0 ºC, 21-24 h

MgO (3.0 eq.)
MgO (none)

91%, 82% ee
97%, 86% ee

Scheme 47. MgO effects��Yields were determined by 1H NMR 
analysis using 1,1,2,2-tetrachloroethane as an internal standard.  
Enantioselectivities were determined by chiral HPLC analysis.

84
85
89
77
–

>99

80
63
99

63 (12)
0 (24)

9

DCE
DCM

PhCF3

PhMe
THF
IPA

solvent yield (%) ee (%)

mer-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

a Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard (values in parenthesis 
showed yields of reaction with solvent).  bEnantioselectivities 
were determined by chiral HPLC analysis.

entry

1
2
3
4
5
6

Table 16. Solvent effects using mer-cat.

3231

5Å MS, solvent (0.05 M)
0 ºC, 21-24 hPh

OS
O O

H2N

Ph

OS
O O

HN

a b

Ph

OS
O O

N
H

R

Ph
or

O

R =

87
89
87
86
87

70
92
89
80
93

none
3Å MS
4Å MS
5Å MS

13X MS

additive yield (%) ee (%)

mer-Ru2(S-BPTPI)4NTf2 (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

a Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. bEnantioselectivities 
were determined by chiral HPLC analysis.

entry

1
2
3
4
5

Table 17. Solvent effects using mer-cat.

3231

additive, solvent (0.05 M)
0 ºC, 21-24 hPh

OS
O O

H2N

Ph

OS
O O

HN

a b

a Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. bEnantioselectivities were 
determined by chiral HPLC analysis.

31 32

31 32

239
236d 236e

236f 236g
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� ³Ǳbd9mer-ƊɀiSƐÕƄP PIFA9̇ʨP PhCF39ɿØƄM>K 3Å MS9ÐĊR MgO

ï0O0ǶŇRƀɻi/eMŬ2cf9;fciȩ\ųhBeM 99'ǈ２�90'RȢɌȋ
i˳ɺ％iʔE (Scheme 48)�=cP mer-ƊɀiS9NTf2 Ɗɀbd_ÐȨƊɀï0eMȢ
ɌȋRšǱRŌcf997'ǈ２�93'Rq�®�rȢɌȋi˳ɺ％iʔE� 

 
� mer-ƊɀiS9ķąɺPķ0E Ru ŐƙPSÐȨŐƙRŅų>K0e;MR X ȡŅǦŪȳ
äȕbdˮc4MOeK0e (Scheme 49)�;RE^nr®�lƊɀM@eM9;R Ru Őƙ
i_「ÑRǿŭ>9ȢɌȋRɵÔ@eŅÜiǤ0K0eMŬ2cfe� 

 
� mer-Ɗɀï0E「ÑPP0K9ǍˎOĊƷɻ̈ʳ·SɭžiSK0O0�[E mer-Ūȳ
i˽@e¬�o£Ǻʨ Rh2(S-BPTPI)4 RȏȌSóʟ=fK0O0�>EReK˦Ǻʨiʕɬɺ
OȌȖiƯ@;MRiSfT9‖ñ Ru(II,III)ǺʨM>KR=cOe˻µȋiƯ@;MRiS
eMčɃ=fe� 

 

99%, 90% ee
97%, 93% ee

mer-Ru2(S-BPTPI)4X (2.5 mol %)
PhI(O2CCF3)2 (1.4 eq.)

3Å MS, PhCF3 (0.05 M)
0 ºC, 24 h

Ph

OS
O O

H2N

Ph

OS
O O

HN

X = NTf2
X = Cl

Scheme 48. Optimized reaction condition of mer-Ru2(S-BPTPI)4X. Yields were 
determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as an internal 
standard. Enantioselectivities were determined by chiral HPLC analysis.

31 32
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Ru

Ru
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Ru
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O

N

N
O

O

OONO

O
N

O
O

N

N

ONO
O

substrate
(higher selectivity)

substrate

AgNTf2

+

–NTf2

substrate
(higher selectivity)

substrate
(lower selectivity)

Scheme 49. Plausible Mechanism of mer-cat. with lower selectivity.
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 3 � ˎƙą˄Ȕ C–H l¢�Õ「Ñ 

 

� ˎƙą C–H l¢�Õ「ÑSƧȤPĊƷi�ª�k¡=�W˖ā@eʾ̉RO0Ri9ˎ ƙ
ʚ「ÑMʷô>Kbd」̈ȋRŲ0「Ñi/e�ɉ+ǬiƯ>EMPd9Dauban cPbd
Rh2(S-TFPTAD)4 ï0Eˎƙą˄Ȕ C–H l¢�Õ「ÑR˛Ŵ=fK0e_RR9CRȢɌȋ
SƀŲ 89% ee P̔[eKPd 53a)9éɍŔɜRƑ=fK0e� 

� Dauban cRǶŇiƎŬP9ĊƷPq�ª�®�® 1829l¢�Õƥ˺M>K 243a ï0K
ǺʨŉʎiŭeE (Scheme 50a)�>4>9Ru2(S-PTTL)4SbF6 ï0EǳųPƀɈɚR 44% ee

i 244a iʔeR\i/d9ˎƙʚ「Ñi˽ŞOǺʨi/eE Ru2(S-TCPTTL)4BArF iSɵȢ
Ɍȋ9cis-Ru2(S-BPTPI)4BArF iS 244a Rȧ7ʔcfO0ŅÜMOeE� 

� ĊƷiǃ�˖ũ>KŉʎiȻ9EM;g9ĊƷP 1-q�ª���«® 2459ǺʨP
Ru2(S-TCPTTL)4BArF9l¢�Õƥ˺P 243a ï0EǳųP988% ee RȢɌȋil¢�Õɀ
246a Rʔcfe;MRh4eE (Scheme 50b)� 

 

� ˎƙą「ÑiSǈ２RɦɸʇPMN[eŅÜMOeEE^9CRšǱi˳ƛ>Kŉʎiŭ
eE�l¢�Õƥ˺M>K̈0e�ª�k¡=�RŞÜPI0K³ÔPƯ>E (Table 18)��
ª�k¡=� 243a R Ar ĊǱRȆȨŐƙi�¬z®ŐƙPɞā>E 243b-243d iS9ǈ２M
ȢɌȋRɵÔRŌcfE�ƢˤȺlªuªĊi˽@e 243e PbV�¬lªuªĊi˽@e
243f-243h iS9íQ̛ŢOǈ２i˳ɺ％ 246e–246h î2ER9ȢɌȋRƀɈ 20' ee ɵÔ
@eŅÜMOeE��ª�k¥nªĊP̠Ț@e¤�«®iɗǐ>E 243i iS9YMjN˳
ɺ％ 246i î2O0ŅÜMOeE� 

 

+
243a (1.2 eq.)

182

cat. (2 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)
3Å MS (350 mg / mol)

PhCF3 (0.1 M), 0 ºC, 24 h

Me S
O O

H2N O Ph
S

O O

HN O Ph

Me
244a

45%, 44% ee
25%, ca. 5% ee

ND

H2N

O O
S O

243a (1.2 eq.)245

Ru2(S-TCPTTL)4BArF (2 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

3Å MS (350 mg / mol)
PhCF3 (0.1 M), 0 ºC, 2 d

Me

HN

O O
S O

Me

: 46%, 88% ee

+ Ph

Ph

Scheme 50. Initial screening. Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. Enantioselectivities were determined by chiral HPLC analysis.

246a

*

*

Ru2(S-PTTL)4SbF6
Ru2(S-TCPTTL)4BArF

cis-Ru2(S-BPTPI)4BArF

a) Reaction using ethylbenzene

b) Reaction using 1-ethylnaphthalene

H2N

O O
S

OR2
+

243a–i (1.2 eq.)

Ru2(S-TCPTTL)4BArF (2 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

3Å MS (350 mg / mol)
PhCF3 (0.1 M), 0 ºC, ~24 h

OR2S
OO

HN

Me

a b Cl

Cl

c F

F

d F F

F

F

FR2 =

46%, 88% ee 26%, 82% ee 20%, 83% ee 34%, 82% ee

73%, 68% ee

CF3

CF3

CCl3 CF3 CF2CF3

63%, 80% ee

Me

Me
41%, 81% ee 5%, 81% ee58%, 76% ee

f g h ie

Table 18. Screening of aminating reagents.

246a–i

*
245

Me

Yields were determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane as an 
internal standard. Enantioselectivities were determined by chiral HPLC analysis.
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[E9tBu Ċi˽@eʦµƙiȩ\ŶjF Ru2(S-TCPTTL)4BArF 4c9=cPȈŲ0 1-Ad

Ċi˽@e Ru2(S-TCPTAD)4BArF ï0eM9ƽÿRȢɌȋɵÔRŌcfe_RR̛ŢOǈ２
i˳ɺ％î2e;MRh4eE (Scheme 51)�Ru2(S-TCPTTL)4X M Ru2(S-TCPTAD)4X Rʷ
ô4c9ʦµƙRȈŲ=RǺʨøȋšǱPĆ̂>K0eMŬ2e;MRiSeR9CRŐÂ
S˩äˮi/e� 

 

� ˎƙą˄Ȕ C–H l¢�Õ「ÑiS9Ǻʨ̜RȱØ9l¢�Õƥ˺Rʉ̜RȱØ9「Ñʡʇ
RȱØPbV「ÑƪąRÍɯS90Af_ǈ２PSYMjNÆİî2O0ŅÜMOeE�
;RE^9Öc4RǺʨĎʢɵÔR「ÑPĆ̂>K0eMĖhfe�[E Ru(II,III)Ǻʨï
0E「ÑiS9̇ʨP iPrOAc ` PhCN ï0K_ǈ２S]>gɵÔ@eŅÜMOeE (;f
ċʨRŞÜPI0KSɉ 1 Ǭ� ɉ 3 țƎǩ)�s Ħ̂ȋ̇ʨɦiS9Ru(II,III)ǺʨR Lewis

ƐȋRŲ=PbḋʨRʦµR˻ȝ>9ǺʨøȋRɵÔ>K0eMŬ2cfe� 

� ³ǱRŉʎ4c9Ru(II,III)Ǻʨï0EŲǈ２4IŲq�®�rȢɌɺOˎƙą˄Ȕ C–H

l¢�Õ「ÑRƸŒPS9ƀɻOl¢�Õƥ˺PbVƀɻǺʨRɕƉRǏ̉i/eMŬ2c
fe� 

 

H2N

O O
S O

243a (1.2 eq.)245

cat. (2 mol %)
PhI(O2CCF3)2 (1.4 eq.)

MgO (3.0 eq.)

3Å MS, PhCF3 (0.1 M)
0 ºC, 2 d

Me

HN

O O
S O

Me

46%, 88% ee
(58%, 88% ee)a

78%, 84% ee

+
Ph

Ph

(28)

H

Ru Ru

OO OO

OO O O

X

N
O

O Cl Cl
Cl

Cl

* *

*

Ru2(S-TCPTAD)4X

H

Ru Ru
OO OO

OO O O

X

Ru2(S-TCPTTL)4X

N
O

O Cl Cl
Cl

Cl

* *

*

246a

Ru2(S-TCPTTL)4BArF

Ru2(S-TCPTAD)4BArF

Scheme 51. Improvement of product yield by changing the chiral catalyst. Yields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. Enantioselectivities were determined by chiral HPLC analysis. aIsolated yield.

*
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 3 	 ‖ñª��o£(II,III)ƊɀRŪȳõɺäȕ 

 

� C–H l¢�Õ「ÑPP0K9cis-Ru2(S-BPTPI)4X PbV Ru2(S-TCPTTL)4X R9˽ŞOu¨
ª‖ñ Ru(II,III)Ǻʨi/eERi9CRŪȳɺäȕiŭeE�OPɉ 1 țiS9
Ru2(S-TCPTTL)4Cl R X ȡŅǦŪȳäȕRŅÜi_MP9CȒɀŪȳiŬƋ>E�>4>O
Rc9ɉ 2 țiŘǓ@eb1P9Ru ĳȹǉ˗RʄƙŪȳPI0KSĘ̪iSO0ŅÜMOe
K0e� 

 


 1 � X ȡŅǦŪȳäȕ 

 

� cis-Ru2(S-BPTPI)4X S9ºOȇɀʦɞi˽@e mer-Ru2(S-BPTPI)4X MM_P9@iP̑ɀ
ŪȳR X ȡŅǦŪȳäȕPbdˮc4MOeK0e 5a)�³ÔPCRí̉iƯ>E� 

� cis-ƊɀS9nr®�lƊɀi/e[cis-Ru2(S-BPTPI)4]
+ClO4

–R 2DMF ˅ØɀM>Käȕ=f
K0e (Figure 6-1)�mer-ƊɀS9ÐȨƊɀi/e mer-Ru2(S-BPTPI)4Cl R DMF ˅Øɀï0
Käȕ=fK0e (Figure 6-2)�0AfRƊɀP_94 IRl�r®ȋʦµƙM+IRso®
�=l�r®[ESÐȨŐƙRʦµ>KPd92 IRª��o£ŐƙRųł 5 ×[ESCf
DfR 2 ×�3 ×i/e;MR9X ȡŅǦŪȳäȕ4c_ˮʪi/e� 

 
� cis-Ru2(S-BPTPI)4X Mʐ̅ȒɀŪȳi˽@e9Rh2(S-BPTPI)4 MRŪȳRʷôi Figure 7 P
Ư>E�̘ƺS C2 Ɂǫƴi˽@eƊɀi/d9CRȧɀŪȳSb7Àɟ>K0e�CRÀ˝
i9̑ɀȢɌȋRʫŒPǏ̉MŬ2cfe��ªn¢�ĊRĺSPS¾0R/e�
cis-Ru2(S-BPTPI)4X iS��ªn¢�ĊRĺSRǢ=79Rh2(S-BPTPI)4 iSCfRɈS7ĺ0
K0eE^9cis-Ru2(S-BPTPI)4X RY1Rbdį0˄Ȕķąi˽>K0e�[EŅǦɦR Ru–

Figure 6. X-Ray Analysis of Ru2(S-BPTPI)4X.

DMF

R1 = 7.50%
wR2 = 17.2%

1 . [cis-Ru2(S-BPTPI)4]+ClO4
–•2DMF

–ClO4
(disorder)

2. mer-Ru2(S-BPTPI)4Cl•DMF

R1 = 9.07%
wR2 = 23.8%

DMF

Cl

DMF
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Ru ŅųS 2.270 Å i/d9Rh–Rh ŅųR 2.393 Å bd_ɗ7OeK0ei�Ru–Ru ŅųR‖Ǐ
ŅųMƍǏŅųRɦąi/e;M9Rh–Rh ŅųRɓŅųi/e;MP̛0ÀɟiƯ>K0e� 

 

� Figure 8 PS9îǺʨR M–M ŅųiȄɱPșɘ@e˒˰4cŌEŪȳiƯ>E�
cis-Ru2(S-BPTPI)4X iS9Ru–Ru ŅųPɁ>KYMjNȆ˒PʦµƙRŅų>K0eE^9ʦ
µƙRĺSRǢ=7OeK0e�À˝i Rh2(S-BPTPI)4 iS92 IR Rh ŐƙPɁ>Kʦµƙ
RQ?fKŅų>K0eE^9��ªn¢�ĊRɈS7ĺ0K0e;MRʘ\ǀfeii� 

 

 
i Rh2(S-BPTPI)4 R X ȡäȕiS93 ˎƙR Rh2(S-BPTPI)4 Rȼƅ>K0eR9Figure 79Figure 8 PbV
Figure 9 PSCR1GR 1 ˎƙiˀƯ>K0e�3 IR Rh–Rh ŅųSCfDf92.385 Å, 2.393 Å, 2.399 

Å i/e� 
ii ʦµƙRĺSRŽºS9M–M ŅųRɯ=`ɦǼĳȹRʄƙ˪ʇR¾0PēÂ@e_RMŬ2cfe
R9ˮóO０≫Sh4eK0O0� 

Figure 7. Comparison of M2(S-BPTPI)4. DMF and ClO4
– were omitted for clarity.

1. [cis-Ru2(S-BPTPI)4]+ClO4
–•2DMF 2. Rh2(S-BPTPI)4•2DMF

Rh–Rh : 2.393 Å

C2
C2

Ru Ru : 2.270 Å

Figure 8. Comparison of M2(S-BPTPI)4 (top view). DMF and ClO4
– were omitted for clarity.

3

1. [cis-Ru2(S-BPTPI)4]+ClO4–•2DMF 2. Rh2(S-BPTPI)4•2DMF

up
up

up
up

down

down

down

down
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� 2 IRƊɀiǏQųhBEȃi9Figure 9 PƯ>E� 

 

� _1 1 IR˽ŞO˄ȔǺʨ Ru2(S-TCPTTL)4X S9;f[ȋɀŪȳRäˮRˮóPSŭh
fK0O4eE�;RE^9Ru2(S-TCPTTL)4Cl R X ȡŅǦŪȳäȕiƸƝ>E�;Gc_Ɂ
Ñ@e¬�o£Ǻʨ Rh2(S-TCPTTL)4 P̡ƨ@ȇɀŪȳ 60c)i˽>K0e;MRh4eE 

(Figure 10)�;fcƊɀiS9-IR��¨w¬¬��¬nªĊRÀ˝RĳȹŐƙPɁ>Kɫ
dǒ@b1P9ź\ųeE˄ȔķąiŪɡ>K0e�[E˽ŞO˄Ȕķąi˽>K0O0_
1À˝RĳȹŐƙPS9ȈŲ0 tBu ĊRCRǉ˗iƼ̯@eb1Pʦɞ>KPd9;Rĳȹ
ŐƙǱiS「ÑRǿŭ>P70Ūȳi/eMȅȶ=fe� 

 

� [ECharettecRRh2(S-TCPTTL)4RXȡŅǦŪȳäȕiɷǠ>Eb1P9Ru2(S-TCPTTL)4Cl

i_̠dųeEʦµƙR��¨w¬¬��¬nªĊS9�¬z®ŅųPbdĪŖO˄Ȕķą
iŪɡ>K0eMŬ2cfe 60c)�Ru2(S-TCPTTL)4Cl iS9̠ dųeE��¨w¬¬��¬n
ªĊɦRƐȨŐƙ–ÐȨŐƙąĥ１R̫R07I4S9CfcR�k®�ª­=ª�ʯĽR̫
3.27Å bdǢ=7OeK0e (Figure 11)�;Rʦµƙʕ˽RŞÜRE^49Ru2(S-TCPTTL)4X

SɁÑ@e Rh ǺʨMʷô>K˄ȔķąPɈSOŽºRO0b1PŌǄ9cfE� 

Figure 9. Overlay structure of M2(S-BPTPI)4.

4

1. Side view 2. Top view

[cis-Ru2(S-BPTPI)4]+X– (red)

Rh2(S-BPTPI)4
(green)

[cis-Ru2(S-BPTPI)4]+X– (red)

Rh2(S-BPTPI)4
(green)

Figure 10. X-ray analysis of Ru2(S-TCPTTL)4Cl and comparison of Rh2(S-TCPTTL)4.

5

1. Ru2(S-TCPTTL)4Cl•NaCl 2. Rh2(S-TCPTTL)4•2H2O

J. Am. Chem. Soc. 2009, 131, 16383.
Rh–Rh : 2.379 Å: 2.297 Å

C4C4

Ru Ru
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2 IRƊɀiǏQųhBEȃi9Figure 12 PƯ>E� 

 

  

Figure 11. Comparison of M2(S-TCPTTL)4 (top view).

6

1. Ru2(S-TCPTTL)4Cl•NaCl 2. Rh2(S-TCPTTL)4•2H2O

J. Am. Chem. Soc. 2009, 131, 16383.

3.16

3.45

3.57

3.12

Part of O•••Cl length
< sum of van der Waals radii (3.27Å)

Figure 12. Overlay structure of M2(S-TCPTTL)4.

7

1. Side view 2. Top view
Rh2(S-TCPTTL)4 (green)

Ru2(S-TCPTTL)4Cl
(red)

Rh2(S-TCPTTL)4
(green)

Ru2(S-TCPTTL)4Cl
(red)
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 2 � ʄƙǴƮȋĨ˯(EPR)ï0E‖ñª��o£(II,III)ƊɀR×ȉPĆ@eäȕ 

 

� ȝR Ru2(S-TCPTTL)4X R X ȡäȕPP0K9̑ɀŪȳPI0KS˵ɊO7äȕiSER9
ɦǼĳȹR×ȉPSĘ̪ŔɜRƑeŅÜPOeE�ƊɀRIIRª��o£ŐƙPɥ˳@
eM9NGcRŐƙP_l�sªµPÖc4RŐƙ+IˎRʄƙ˪ʇRăȶ=fER9CR
ŏȨiʕɶ@e;MRŸ〜i/eE (Figure 13)�;Rb1PɓŅǦ X ȡäȕRȑʇiS9ʄ
ƙ˪ʇ�=�4cCRŐƙiÀėɺPŃɶ@e;MRŸ〜Oǳų_/e�>EReKːŊČ
ɛR Ru(II,III)Ɗɀ Ru2(OAc)4Cl iŐ̙M>K9l�sªµPÖc4RŪȳ A Rʦµ>E
Ru(II,III)Ɗɀ Ru2(S-TCPTTL)4Cl8A iʔK0e9Ru(II,III)Rl=�Ɗɀ[Ru2(S-TCPTTL)4Cl2]

–8
Na+iʔK0e9_>7SbdŲŐƙ×ORu(III,III)Ɗɀi/eRu2(S-TCPTTL)4Cl2iʔK0e9
RNfM_Ǆ9ǀfeŅÜMOeE� 

� ³ǱRŀ½4c9X ȡäȕiSƊɀȒɀŪȳäȕP̔^9˦ƊɀR×ȉRȅɶPS EPR

ȶɶï0E�OP X ȡŅǦŪȳiS 2 ˎƙR Ru2(S-TCPTTL)4X2 R\cfKPd9+Ii
Ru(II,III)ƊɀR H2O ˅Ø％ Ru2(S-TCPTTL)4Cl8H2O9_1 1 Ii Ru(II,III)l=�Ɗɀ
[Ru2(S-TCPTTL)4Cl2]

–•Na+M@e92 ˎƙźų％[Ru2(S-TCPTTL)4]2Cl28H2O•Na M>Käȕ>Ei� 

 

� 1966 ʠP Wilkinson�Stephenson cRxª=�R Ru2(OAc)4Cl iųȌ>K³̌ 68)9ŁȻɺP
ǽĐ‖ñª��o£ƊɀR˛Ŵ=fKSE 69)�ĲʠSʕPCRɨ˳Rǌ[eKPd9ºOe
×ȉi˽@e‖ñª��o£ƊɀRųȌ_˛Ŵ=fK0e  (Figure 14)�ȿ7RƊɀR
Ru(II,III)ƊɀMCfbd×ȉRǢ=0 Ru(II,II)Ɗɀi/d9ʦµƙM>Ksª�u�¨=��
l¢�=�`ru}�©����l¢���ON̅�O_RRȩ\Ŷ[fK0e� 

bdŲŐƙ×O Ru(III,III)ƊɀRųȌR07I4Ư=fK0e_RR 70)9ʦµƙM>Ksª
�u�¨=�`l¢�=�R̈0cfE̢Sȧ7ȼƅ>O0�Ru(III,III)ƊɀiųȌ@ePS9
l¢����l¢��©�����ª�p=�ON9ʦµ@e O Őƙ` N ŐƙǱPĪ7ˎı
>Eˆʄßi_IʦµƙRʾ̉i/e�ʦµƙPbeKSCfi_ʄƙĦ̂ȋR˄Ǎˎi/
eE^49Ru ŐƙRl�sªµPSl��©�`�l®Õ％nr®R˅Ø>EƊɀRųȌR
˛Ŵ=fK0e�>EReKáĢRɛŌPĊg7M9ɦǼĳȹR Ru(III,III)Rsª�u�¨=

 
i ɉ+țȒɀŪȳäȕiS9Ru2(S-TCPTTL)4Cl2•Na Rˈˎï0KŭeK0e�;R Ru–Ru ŅųS
2.297 Å i/d9Ru2(S-TCPTTL)4Cl2•H2O ˈˎR Ru–Ru ŅųS 2.298 Å i/e� 

Figure 13. Possibility of higher valent Ru(III,III) complex.

8

Ru(II,III) : Ru2(S-TCPTTL)4Cl?
or

Ru(II,III) ate complex : Ru2(S-TCPTTL)4Cl2•Na?
or

Ru(III,III) : Ru2(S-TCPTTL)4Cl2?

Cl?
another atom?

Ru(II,III) : [Ru2(S-TCPTTL)4]2Cl2•Na• H2O

Na : disorder

R1 = 9.26%
wR2 = 27.1% H2O

0.7Na

Cl

Cl

0.3Na

Cl
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�ƊɀiųȌ@e;MưɀRŸ〜i/eMŬ2cfe� 

 

� ÀʲPĳȹ7ĳȹŅųi˽@e‖ñƊɀiS9IIRĳȹŐƙR.ĔʒźȌ4c9s, pPb
Vdiˀđ=feł 4 IRŅųȋĔʒM9s*, p*PbVd*iˀđ=feł 4 IR「ŅųȋĔʒi
ļȌ>K0e�î×ȉR‖ñ Ru ƊɀS Figure 15 PƯ>Eʄƙʦɞi˽>KPd9ʕP
Ru(II,III)ƊɀS 3 IR˄Ɂʄƙi˽@eʕɬɺOʄƙʦɞi˽>K0e� 

1970 ʠP Norman cS9ǚčɺO０̪łƏiS/eR SCF-Sa-SW ï0Eǁ˞Pbd9
Ru(II,III)ƊɀRÀʲɺO‖ñƊɀRʄƙʦɞPǗ?Es2 p4 d2 p*2d*iSO79s2 p4 d2 (p*d*)3 i
/eM˛Ŵ>E 71)�IIRp*ĔʒM+IRd*ĔʒSĕǐɆ>KPd9;fcSq�ªv=Ǘ
µRƨE 3 IRĔʒiļȌ>K0e�;R 3 ĔʒiʯȞ@eb1˄ɁʄƙR 3 Iʦɞ@e;
Mi9‖ñ Ru(II,III)ƊɀSȾR×ȉRƊɀMʷô>K±ɶPOeMŬ2cfK0e� 

� ʄƙʦɞRŃɶPS9ǱđR０̪łƏ³ëP_9ƮÕ２ȶɶ` EPR ȶɶ_̈0cfKSE�
EPR S˄Ɂʄƙiŉǒ@eˎȕǁ˞i/eE^9Ő０ɺPS0AfRʄƙʦɞi˽@e‖ñ
Ru ƊɀPP0K_ăȶÙʢi/e�>4>ORcCRăȶRÙ�˄ÙS9˄ɁʄƙRȼƅR
\OcA9ʄƙʦɞ�ʄƙĔʒ�ʦµƙǳON̅�ỎÂP¶ȼ@e;MRɛcfK0e�
‖ñª��o£ƊɀPP0K9��®ǷɄ S = 3/2 R Ru(II,III)ƊɀiS�x�ªŉǒRȉ̢˛
Ŵ=fK0e 72)�S = 1 R Ru(II,II)ƊɀiS EPR ȶɶR˛ŴRO0R9ʐ?7 S = 1 R Ru(III,III)

ƊɀiS EPR ȶɶR 1 ̢˛Ŵ=fKPd9�x�ªRăȶ=fO0;MRh4eK0e (	 � 
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� ³Ǳ4c9EPR ȶɶiSCR�x�ªRăȶRÙ�˄ÙPbd9Ru ƊɀR×ȉPĆ@e˽
̈Oǵ˛iʔe;MRÙʢi/eMŬ2cfE�S?^P Ru(II,III)ƊɀRʿ˂M>K
Ru2(OAc)4Cl i9Ru(III,III)ƊɀRʿ˂M>K Ru2(DMBA)4Cl2 ï0K EPR ȶɶiŭeE 

(Figure 16)�̀Ȭɳd Ru2(OAc)4Cl iS�x�ªRŉǒ=feRPɁ>K9Ru2(DMBA)4Cl2 i
S�x�ªRŉǒ=fO4eE (Figure 16a and 16b)� 

� Ȼ0K Ru(III,III)ƊɀRÙʢȋRĖhfK0E Ru2(S-TCPTTL)4Cl iȶɶ>EM;g9
Ru2(OAc)4Cl Mʐ̅P�x�ªRŉǒ=fE  (Figure 16c) �[Enr®�lƊɀ
Ru2(S-TCPTTL)4BArF i_ʐ̅P�x�ªRăȶ=fE (Figure 16d)� 

� l¢�=�Ɗɀ cis-Ru2(S-BPTPI)4X S9CR X ȡŪȳäȕ4c×ȉR Ru(II,III)i/e;M
Rˮc4FR9EPR ȶɶi_CRóʟiŭeE (Figure 16e and 16f)�;fc_ÐȨƊɀPb
V BArF ƊɀRNGci_9�x�ªRóʟ=fE� 

 

� [E9EPR iSCfDfR�x�ª4c g ɚiƏǒiSe�ıɵÓǶŇR ,/� ȶɶPP0
K9ː ŊČɛR Ru(II,III)Ɗɀi/e Ru2(OAc)4Cl M9ųȌ>E-ǃ̡RƊɀ Ru2(S-TCPTTL)4Cl9
Ru2(S-TCPTTL)4BArF9cis-Ru2(S-BPTPI)4Cl PbV cis-Ru2(S-BPTPI)4BArF S9gE� ��	�)(7
�
	9
3"�����
�7��

 MOeE� ��43��2��( �;RIIRɚS9��®ǷɄ 1���	�� RÕų％RƴɁ
ǫȋi˽>9[EɈSO�¬Ʈǳˎ̥ (DFhn) i_IƃPŒf907I4R‖ñ ���..�... 
Ɗɀi_ʐ̅RɚRƏǒ=fK0e 72)� 

� ³Ǳbd9×ȉPĘ̪ŔɜR/eERu2(S-TCPTTL)4Clić^9ųȌ>E-ǃ̡RƊɀS9
‖ñª��o£(II,III)ƊɀR EPR ��w�ªM̛0ÀɟiƯ@;MRh4eE��
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Figure 16. X-band EPR (9.44 GHz) spectrum of diruthenium complexes at 5K. 
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 3 � }nw©�w�ª�®¤�©=(CV)ï0EƐÕĄŏPĆ@eäȕ 

 

ųȌ>E 4 IRƊɀSȧK Ru(II,III)Ɗɀi/eMȅɶ=fER9C–H l¢�Õ「ÑPP0
K Ru(III,III)ƊɀW̄¹PƐÕ=feÙʢȋSʵɶiSO0�;RE^ƐÕĄŏPɁ@eʏɺ
ģʏióʟ@u79CV ȶɶiƸƝ>E� 

sª�u�¨=�Ɗɀ Ru2(S-TCPTTL)4BArF M9ɁÑ@e¬�o£Ǻʨ Rh2(S-TCPTTL)4 R
�ª�¥x¨£i Figure 18 PƯ>E�‖ñª��o£(II,III)ƊɀPS9ȶɶ̇ʨ`ƜƩʄä
ƷRʦµ@eE^9CR�ª�¥x¨£SǗÙěɺȋƷRŒf9ˋƌMOe (Figure 19)�Å
ıȴiS9ʄµ*.22 V vs. SCE ˅ĲPƐÕĄŏ（R\cf9;fSs�r®ȋ Ru(II,III)Ɗɀ
[Ru2L4]

+M9Ąŏ=fE Ru(II,II)Ɗɀ Ru2L4 R_Ri/e (Figure 18a, Figure 19) 74�À˝i9ʄ
µ–0.3 V vs. SCE ˅ĲP_˄ˮ̚iS/eRƐÕĄŏ（R\cfE�;fṠʨ`ƜƩʄäƷ
ɦRl�r®Rʦµ>E Ru(II,III)Ɗɀi/e[Ru2L4X2] (X : solvent, ;;iS MeCN)9[ES
Ru(II,III)Rl=�Ɗɀ[Ru2L4X2]

– (X : anionic ligand, ;;iS ClO4
–)P≫̌@eƐÕĄŏ（i

/eMŬ2cfK0e (Figure 18a, Figure 19)74� 

[EČ˛R‖ñ Ru(II,III)Ɗɀʐ̅P9ȎıȴR�ª�¥x¨£PSƐÕĄŏ（Răȶ=f
O4eE (Figure 18a)�˦ ȶɶiS9Ru(II,III)M Ru(III,III)RƐÕĄŏʄµS E1/2>1.66 V vs. SCE

M̀Ȭ=fe�À˝i Rh2(S-TCPTTL)4 iS9Rh(II,II)4c Rh(II,III)WRʄµS9E1/2 = 0.89 V vs. 

SCE i/eE (Figure 18b)�³Ǳ4c9Ru2(S-TCPTTL)4BArF S Rh2(S-TCPTTL)4 bd_Ų0Ɛ
ÕĄŏʄµi˽>KPd9ƐÕǶŇPŲ0ɂȋi˽@eƊɀi/eMȬɶ=fe� 

 

-0.8-0.400.40.81.21.6
[V] vs. SCE

-0.8-0.400.40.81.21.6
[V] vs. SCE

Figure 18. Voltammograms of  Ru2(S-TCPTTL)4BArF vs. Rh2(S-TCPTTL)4, scan rate : 0.1 V/s, electrolyte : 0.1 
M nBu4NClO4 in MeCN.

10

Ru(III,III)⇔Ru(II,III) : E1/2 > 1.66 V

Ru(II,III)⇔Ru(II,II)
: E1/2 = 0.22 V Ru(II,III)⇔Ru(II,II)

a) Ru2(S-TCPTTL)4BArF

b) Rh2(S-TCPTTL)4

Rh(III,II)⇔ Rh(II,II) : E1/2 = 1.27 V
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[El¢�=�Ɗɀ cis-Ru2(S-BPTPI)4BArFMɁÑ@e¬�o£Ǻʨ Rh2(S-BPTPI)4R�ª�
¥x¨£i Figure 20 PƯ>E�cis-Ru2(S-BPTPI)4BArF iS Ru(II,III)M Ru(III,III)Rʄµ E1/2 = 

1.00 V vs. SCE RóʟiS9Rh2(S-BPTPI)4 iS E1/2 = 0.12 V vs. SCE RʹǴPǢ=0ʄµRă
ȶ=fE�l¢�=�Ɗɀi_9ª��o£Ǻʨ cis-Ru2(S-BPTPI)4BArF RY1RŲ0ƐÕĄ
ŏʄµi˽>K0e;MRh4eEi, ii� 

 

³Ǳbd9u¨ª‖ñ Ru(II,III)sª�u�¨=�Ɗɀ Ru2(S-TCPTTL)4X PbVl¢�=�
Ɗɀ cis-Ru2(S-BPTPI)4X S9ɁÑ@eʦµƙi˽@e Rh(II,II)Ǻʨbd_ƐÕPĪ0Ǻʨi/
eMŬ2cfe� 
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Figure 19. Quasi-reversible properties of diruthenium complexes in cyclic voltammetry.

X
slow

-0.200.20.40.60.811.21.41.6
[V] vs. SCE

-0.200.20.40.60.811.21.41.6
[V] vs. SCE

Figure 20. Voltammograms of cis-Ru2(S-BPTPI)4BArF vs. Rh2(S-BPTPI)4, scan rate : 0.1 V/s, electrolyte : 0.1 
M nBu4NClO4 in MeCN.

11

a) cis-Ru2(S-BPTPI)4BArF

b) Rh2(S-BPTPI)4 Rh(II,III)⇔Rh(II,II) : E1/2 = 0.12V

Ru(III,III)⇔Ru(II,III) : E1/2 = 1.00 V

.
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i ÀʲɺP‖ñ Ru(II,III)ƊɀųȌiS9l��l¢�Rb1Oɉ 1 ġl¢�`9ru}�©�®Rb1
OʕǂOɉ 2 ġl¢�RʦµƙM>K̈0cf9CfcƊɀiS Ru(III,III)M Ru(II,III)P≫̌@eƐÕ
ĄŏʄµR 0.5–1 V vs. SCE Păȶ=fe;MRɛcfK0e 75�;f[iP˛Ŵ=fE‖ñ Ru(II,III)

ƊɀiS9(S)-BPTPI–H Rb1PɓǘOɉ 2 ġl¢�RʦµƙM>Kȩ\Ŷ[fE̢Sȼƅ>O0R9
ȎıȴR�ª�¥x¨£4cʔcfEƐÕĄŏʄµSČ˛R_RMb7Àɟ>K0e 75�>4>OR
c9ːŊČɛRl¢�=�ƊɀiS9Åıȴi70.3~–0.5 V vs. SCE ˅ĲP Ru(II,III)M Ru(II,II)RƐÕĄ
ŏ（Răȶ=feRPɁ>9cis-Ru2(S-BPTPI)4BArF iSÅıȴR�ª�¥x¨£PP9e（SˮóPS
ŒfO4eE�ŐÂS˄ˮiS/eR9bdʄƙĦ̂ȋRɈS0 2 ġl¢�ʦµƙï0E;Mi9
Ąŏ=fE Ru(II,II)ƊɀR˄±ɶiˎäRē;d9˄ ˮ̚O�ª�¥x¨£POeERiSO04MŬ
Ƌ>K0e� 
ii cis-Ru2(S-BPTPI)4BArF RƐÕĄŏʄµS 1.00 V vs. SCE i/d9Rh(II,II)sª�u�¨=�ƊɀRƐÕ
Ąŏʄµ 0.89 V vs. SCE PʹǴPĲ0ɚiƯ>K0e�Rh(II,II)sª�u�¨=�ƊɀR C–H l¢�Õ
「ÑPP0KƐÕ=fE Rh(II,III)ƊɀM>KĎʢ>K0eRi/fT9cis-Ru2(S-BPTPI)4BArF _「Ñɦ
i Ru(III,III)ƊɀM>KĎʢ>K0eÙʢȋRŬ2cfe�ƸŎɺäȕSŭeK0O0R
cis-Ru2(S-BPTPI)4BArF ï0E「ÑiS9「ÑéƘƪMCRʆɦiSɈS7̇ÊǹRºOeK0e�é
ƘɱŘṠÊRɤ!r«®�ǹi/eR9ʆɦ4c²ȗǹP˖Õ@e�「Ñǋ̗ŘPŘǙ０iŭ0>
Tc7˜ɞ@eM9̇ÊS_MRɤ!r«®�ǹP˴eK07� 
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ŅŚ 

 

� ³Ǳbd9ɩƺSë̟Ļ‖ñª��o£(II,III)Ɗɀï0E˄Ȕ C–H l¢�Õ「ÑRéʫ
ŋĠPǀdȩjF�˦ŋĠRȌÜiȯ÷@eMƫRb1POe� 

 

 

1. ˎƙʚ˄Ȕ C–H l¢�Õ「ÑRŉʎiŭ09ƀŲ 95' ee Rq�®�rȢɌȋiɐȌ@
e;MPȌŝ>E�˦「ÑiS9u¨ª‖ñª��o£(II,III)sª�u�¨=�Ɗɀ
Ru2(S-TCPTTL)4BArF PbVl¢�=�Ɗɀ cis-Ru2(S-BPTPI)4BArF R˽̈OǺʨi/e;
MiŌǒ>E�[E˦「ÑRq�®�rȢɌȋPS9ƐÕƄ[��(�©�ªr¬l��u
�)§=�]�®�®RǏ̉O˸öiÜE@;MiŌǒ>E� 

 

2. ˎƙą C–H l¢�Õ「ÑRŉʎiŭ09ɦɸʇRǈ２P̔[e_RRƀŲ 88' ee Rq
�®�rȢɌȋiɐȌ@e;MPȌŝ>E�˦ 「ÑiS9ȢɌȋɵÔRŌcfe_RRl
¢�Õƥ˺RɞāĊR9ǈ２šǱPċ̂>1e;MiŌǒ>E�[E9ª��o£Ǻʨ
Ru2(S-TCPTTL)4BArF R tBu Ċi 1-l�¡®�ªĊPɞā>E9Ru2(S-TCPTAD)4BArF ï
0EǳųPS9ƽÿRq�®�rȢɌȋRɵÔRŌcfe_RRǈ２šǱRŌŶ[fe;
MRh4eE� 

 

3. ̑ɀŪȳR˩Ńɶi/eE Ru2(S-TCPTTL)4X R X ȡŅǦŪȳäȕiŭ09ɁÑ@e¬�
o£Ǻʨ Rh2(S-TCPTTL)4 MʐʊR C4 ɁǫŪȳi˽>K0e;Miˮc4M>E�[E
EPR äȕRŅÜ9˦ ƊɀS×ȉ Ru(II,III)RɦǼĳȹi˽@eƊɀi/eMȅɶ=feŅÜ
iʔE�[E CV ȶɶRäȕ4c9Ru2(S-TCPTTL)4BArF PbV cis-Ru2(S-BPTPI)4BArF S9
ɁÑ@e¬�o£Ǻʨbd_Ų0ƐÕĄŏʄµi˽@e;Miˮc4M>E� 

 

� ³ǱRŅÜ4c9‖ñª��o£(II,III)ǺʨRČȼR‖ñ Rh(II,II)ǺʨPʼɹ@eǺʨi/
e;MiƯ@9ȝĵɺOŋĠiɐȌ>EM02e�ŷŘS9�ª�k¡=�ï0E C–H l
¢�Õ「ÑiRĊƷÀʲȋRòʔ`9ºOe�n�«�n�Ȥĵɀï0E C–H l¢�Õ「
Ñ9PbVl�©�®Õ「ÑWRɾéON9CR˽̈ȋR=cOeʫɾRčɃ=fe�[E
ǡ̌ɺPS9ČȼRu¨ª‖ñ Rh(II,II)ǺʨiɇɅ@eP̔[cA9u¨ª‖ñ Ru(II,III)Ǻʨ
Rʗưȋiȏ4>E「ÑéʫRğ^cfe�;fiƸŒ@eÀ̢M>K9u¨ª‖ñ Ru(II,II)

ǺʨPSO0̑ɀŪȳi˽@e mer-Ru2(S-BPTPI)4X iȏ4>E「ÑéʫRˣ[fe� 
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Experimental Section 

 

General 

  IR spectra were recorded on a JASCO FT/IR-4100 spectrometer and absorbance bands are reported 

in cm–1. 1H NMR spectra were recorded on JEOL JNM-ECX400P spectrometer, JEOL JNM-ECS400 

spectrometer, or JEOL JNM-ECA500 spectrometer with tetramethylsilane (dH 0.00), CDCl3 (dH 7.26) 

as an internal standard. 13C NMR spectra were recorded on JEOL JNM-ECX400P spectrometer, JEOL 

JNM-ECS400 spectrometer, or JEOL JNM-ECA500 spectrometer with CDCl3 (dC 77.0) as an internal 

standard. 19F NMR spectra were recorded on JEOL JNM-ECX400P spectrometer, JEOL JNM-ECS400 

spectrometer, or JEOL JNM-ECA500 spectrometer with PhCF3 (d–63.72) as an internal standard. 

Coupling constants (J) are reported in hertz (Hz). Abbreviations of multiplicity are as follows: s, 

singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. Data are presented as follows: chemical 

shift, multiplicity, coupling constants, integration and assignment. Optical rotations were measured on 

a JASCO P-1030 digital polarimeter at the sodium D line (589 nm). ESI-MS and APCI-MS spectra 

were obtained on a Thermo Scientific Exactive spectrometer.  

  Column chromatography was carried out on Kanto silica gel 60 N (40–50 µm) or Yamazan YFLC 

AI-580 using Universal Column SiOH. Analytical and preparative thin layer chromatography (TLC) 

was carried out on 0.25-mm Merck Kieselgel 60 F254 plates or Wako Silicagel 70 F254 TLC 

Plate-Wako. Visualization was accomplished with ultraviolet light and anisaldehyde or 

phosphomolybdic acid stain, followed by heating. Analytical high performance liquid chromatography 

(HPLC) was performed on a JASCO PU-1580 intelligent HPLC pump with JASCO MD-4017 PDA 

detector. Detection was performed at 210 nm or 254 nm. Chiralpak (0.46 cm × 25 cm) or Chiralcel 

(0.46 cm × 25 cm) chiral columns from Daicel were used. Retention times (tR) and peak ratios were 

determined with JASCO-ChromNAV analysis system.  

  All non-aqueous reactions were carried out in flame-dried glassware under an argon atmosphere 

unless otherwise noted. Reagents and solvents were purified by standard means. Dehydrated 

stabilizer-free CH2Cl2, toluene, ether and THF were purchased from Kanto Chemical Co., Inc and 

purified by a solvent dispensing system supplied by Glass Contour (Nikko Hansen & Co., Ltd.,). 
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Chapter 2 

Section 1 

Tetrakis[N-tetrachlorophthaloyl-(S)-tert-leucinate]diruthenium(II,III) chloride    [Ru2(S- 

TCPTTL)4Cl] 

  A mixture of Ru2(OAc)4Cl (379 mg, 0.80 mmol) and (S)-TCPTTL–H (1.28 g, 

3.20 mmol) in chlorobenzene (30 mL), contained in a round-bottom flask fitted 

with a Soxhlet extraction apparatus and was heated at reflux with vigorous stirring. 

The thimble in the Soxhlet extraction apparatus was charged with an oven dried 

Na2CO3/sea sand (1:1). After completion of the reaction (monitored by LC-MS or 

GPC), the mixture was cooled to room temperature and then evaporated in vacuo. The purification by 

silica gel chromatography (toluene/acetone = 20:1 to 10:1) afforded Ru2(S-TCPTTL)4Cl (1.40 g, 95%) 

as a brown solid.; ESI-HRMS m/z calcd for C56H40Cl16N4O16Ru2 (M–Cl)+ 1793.54542, found 

1793.54617. Isotopic peaks indicate bimetallic ruthenium-ruthenium core. The structure was 

determined by X-ray single crystal analysis. 

Tetrakis[N-tetrachlorophthaloyl-(S)-tert-leucinate]diruthenium(II,III) 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate   [Ru2(S-TCPTTL)4BArF] 

  Ru2(S-TCPTTL)4Cl (183 mg, 0.10 mmol) and NaBArF (88.6 mg, 

0.10 mmol) in CH2Cl2 (2.6 mL) was stirred at room temperature for 

24 h. A precipitate was removed by passing through a silica gel short 

column (eluent: CH2Cl2/AcOEt = 2:1) and the filtrate was evaporated. 

Desired complexes were obtained as an orange solid (247 mg, 93%).  

Tetrakis[(S)-3-(1,3-dioxobenzo[f]isoindol-2-yl)-2-piperidonate]diruthenium(II,III) chloride 

[Ru2(S-BPTPI)4Cl] 

  Each configuration of Ru2(S-BPTPI)4Cl was prepared by 

following the our laboratory’s procedure.5a A mixture of 

Ru2(OAc)4Cl (237 mg, 0.50 mmol) and (S)-BPTPI–H (2.35 g, 

8.00 mmol) in chlorobenzene (100 mL), contained in a 

round-bottom flask fitted with a Soxhlet extraction apparatus 

and was heated at reflux with vigorous stirring. The thimble in the Soxhlet extraction apparatus was 

charged with an oven dried Na2CO3/sea sand (1:1). After completion of the reaction (monitored by 

LC-MS or GPC), the mixture was cooled to room temperature and then evaporated in vacuo. 

Purification by silica gel chromatography (MeCN only followed by CHCl3/MeOH = 20:1 to 5:1) 

afforded cis-Ru2(S-BPTPI)4Cl (136 mg, 19%, more polar) and mer-Ru2(S-BPTPI)4Cl (250 mg, 35%, 

less polar) as a brown solid. 
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Tetrakis[(S)-3-(1,3-dioxobenzo[f]isoindol-2-yl)-2-piperidonate]diruthenium(II,III) 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate   [Ru2(S-BPTPI)4BArF] 

  cis-Ru2(S-BPTPI)4Cl (80.7 mg, 0.057 mmol) and NaBArF (55.8 

mg, 0.063 mmol) in CH2Cl2 (2.6 mL) was stirred at room 

temperature for 24 h. A precipitate was removed by passing 

through a silica gel short column (eluent: CHCl3/MeOH = 5:1) and 

the filtrate was evaporated. Desired complexes were obtained as an 

orange solid (111 mg, 87%).  

 

Section 2 

Preparation of sulfamate (general procedure A) 

 
All sulfamates were prepared from corresponding alcohols by following the literature procedure.4 

Formic acid (1.5 equiv.) was added dropwise to neat chlorosulfonyl isocyanate (1.5 equiv.) at 0 ºC (gas 

evolution occurred). To the resulting white solid was added MeCN and the solution was stirred at 

room temperature over 2 h. A solution of alcohol (1.0 equiv.) and pyridine (1.5 equiv.) in MeCN was 

added dropwise to the solution at 0 ºC, and the mixture was stirred at room temperature for 5–12 h. 

The reaction mixture was quenched by H2O, and the whole was extracted with EtOAc (twice). The 

combined organic layers were washed successively H2O (twice), brine (once), and dried over Na2SO4. 

Filtration and evaporation gave the crude product, which was purified by silica gel column 

chromatography. 

Preparation of arylpropyl sulfamate (general procedure B) 

 
Triethyl phosphonoacetate (3.36 g, 15.0 mmol) was added dropwise to a suspension of sodium 

hydrate (60% in mineral oil, 600 mg, 15.0 mmol) in THF (8 mL) at 0 ºC and the mixture was stirred 

for 15 min. A solution of aldehyde (1.20 g, 10.0 mmol) in THF (2 mL) was added to the solution, and 

the mixture was stirred at room temperature for 5–8 h. The reaction mixture was quenched by water 

(10 mL), and the whole was extracted with EtOAc (2 x 100 mL). The combined organic layers were 

washed successively with water (2 x 50 mL) and brine (50 mL), dried over Na2SO4. Filtration and 

evaporation gave crude product of a,b-unsaturated ester, which was taken up in EtOAc (25 mL).  

10% Pd/C (10% w/w, 228 mg) was added to the solution, and the mixture was stirred under 

hydrogen at atmospheric pressure at room temperature for 5–24 h. The reaction mixture was then 

filtered through a plug of Celite, and the filtercake was washed with EtOAc. The filtrate was 

concentrated in vacuo to afford the crude product of ethyl ester, which was taken up in THF (3 mL).  

The solution was added dropwise to a suspension of LiAlH4 (418 mg, 11.0 mmol) in THF (30 mL) 
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at 0 ºC. After stirring at room temperature for 12 h, the reaction mixture was quenched successively 

with H2O (0.4 mL), 10% aqueous NaOH (0.4 mL) and H2O (1.2 mL). The resulting suspension was 

filtered through a Celite pad, and the residue was washed with THF. The combined filtrates were 

concentrated under reduced pressure to give the crude product of alcohol.  

According to the general procedure A, each of crude alcohol was treated with chlorosulfonyl 

isocyanate (2.12 g, 15.0 mmol), formic acid (690 mg, 15.0 mmol) and pyridine (1.19 g, 15.0 mmol) in 

acetonitrile (15 mL). 

3-phenylpropyl sulfamate (31, 239a) 

  Prepared from 3-phenylpropan-1-ol (953 mg, 7.00 mmol) according to the general 

procedure A. Purified by silica gel column chromatography (hexane/EtOAc = 3:1); white 

solid (1.38 g, 92%); TLC Rf = 0.54 (hexane/EtOAc = 1:1); 1H NMR (CDCl3, 400 MHz) 

d2.04–2.13 (m, 2H), 2.76 (t, J = 7.6 Hz, 2H), 4.22 (t, J = 6.4 Hz, 2H), 4.69 (s, 2H), 7.18–7.24 (m, 3H), 

7.33-7.28 (m, 2H). The obtained spectra were in accordance with the reported one.12c) 

3-(4-methylphenyl)propyl sulfamate (239b) 

  Prepared from p-tolaldehyde (1.20 g, 10.0 mmol) according to the general 

procedure B. Purified by silica gel column chromatography (hexane/EtOAc = 4:1); 

white solid (2.04 g, 89% from 4 steps transformation); TLC Rf = 0.32 (hexane/EtOAc 

= 2:1); IR (KBr) 3382, 3280, 1358, 1181, 1011, 928, 797 cm–1; 1H NMR (CDCl3, 400 MHz) d2.06 (tt, 
J = 7.5, 6.2 Hz, 2H), 2.32 (s, 3H), 2.72 (t, J = 7.5 Hz, 2H), 4.21 (t, J = 6.2 Hz, 2H), 4.66 (s, 2H), 7.06–

7.13 (m, 4H); 13C NMR (CDCl3, 100 MHz) d20.8, 30.2, 30.9, 70.5, 128.2, 129.1, 135.5, 137.3.; 

ESI-HRMS m/z calcd for C10H15O3NSNa (M+Na+) 252.0665, found 252.0667. 

3-(3-methylphenyl)propyl sulfamate (239c) 

  Prepared from m-tolaldehyde (1.20 g, 10.0 mmol) according to the general 

procedure B. Purified by silica gel column chromatography (hexane/EtOAc = 4:1); 

white solid (2.04 g, 89% from 4 steps transformation); TLC Rf = 0.31 (hexane/EtOAc 

= 2:1); IR (KBr) 3363, 3281, 1352, 1191, 1164, 937 cm–1; 1H NMR (CDCl3, 400 MHz) d2.02–2.11 (m, 

2H), 2.33 (s, 3H), 2.71 (t, J = 7.5 Hz, 2H), 4.22 (t, J = 6.4 Hz, 2H), 4.70 (s, 2H), 6.97–7.04 (m, 3H), 

7.16–7.21 (m, 1H); 13C NMR (CDCl3, 100 MHz) d21.2, 30.1, 31.3, 70.5, 125.3, 126.8, 128.3, 129.1, 

138.0, 140.4.; ESI-HRMS m/z calcd for C10H15O3NSNa (M+Na+) 252.0665, found 252.0669. 

3-(2-methylphenyl)propyl sulfamate (239d) 

  Prepared from o-tolaldehyde (1.20 g, 10.0 mmol) according to the general procedure B. 

Purified by silica gel column chromatography (hexane/EtOAc = 4:1); white solid (1.92 g, 

84% from 4 steps transformation); TLC Rf = 0.31 (hexane/EtOAc = 2:1); IR (KBr) 3267, 

1347, 1164, 937, 829, 753 cm–1; 1H NMR (CDCl3, 400 MHz) d1.99–2.08 (m, 2H), 2.31 (s, 3H), 2.71–

2.77 (m, 2H), 4.25 (t, J = 6.3 Hz, 2H), 4.65–4.90 (br d, 2H), 7.09–7.18 (m, 4H); 13C NMR (CDCl3, 

100 MHz) d19.2, 28.9, 29.0, 70.8, 126.0, 126.3, 128.8, 130.3, 135.9, 138.6.; ESI-HRMS m/z calcd for 

C10H15O3NSNa (M+Na+) 252.0665, found 252.0672. 
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3-(4-methoxyphenyl)propyl sulfamate (239e) 

  Prepared from 3-(4-methoxyphenyl)propan-1-ol (416 mg, 2.50 mmol) according 

to the general procedure A. Purified by silica gel column chromatography 

(hexane/EtOAc = 4:1); white solid (548 mg, 89%); TLC Rf = 0.56 (hexane/EtOAc = 

1:1); IR (KBr) 3323, 3240, 1513, 1358, 1236, 1170, 933 cm–1; 1H NMR (CDCl3, 400 MHz) d2.01–

2.08 (m, 2H), 2.70 (t, J = 7.5 Hz, 2H), 3.79 (s, 3H), 4.21 (t, J = 6.3 Hz, 2H), 4.62 (br s, 2H), 6.82–6.86 

(m, 2H), 7.09–7.13 (m, 2H); 13C NMR (CDCl3, 100 MHz) d30.4, 30.5, 55.2, 70.5, 113.9, 129.4, 157.9. 

The obtained spectra were in accordance with the reported one.76) 

3-(4-chlorophenyl)propyl sulfamate (239f) 

  Prepared from 3-(4-chlorophenyl)propan-1-ol (427 mg, 2.50 mmol) according to 

the general procedure A. Purified by silica gel column chromatography 

(hexane/EtOAc = 4:1); white solid (507 mg, 81%); TLC Rf = 0.58 (hexane/EtOAc = 

1:1); IR (KBr) 3252, 1421, 1176, 1023, 797 cm–1; 1H NMR (CDCl3, 400 MHz) d2.01–2.10 (m, 2H), 

2.73 (t, J = 7.6 Hz, 2H), 4.21 (t, J = 6.3 Hz, 2H), 4.64 (br s, 2H), 7.10–7.18 (m, 2H), 7.26–7.29 (m, 

2H); 13C NMR (CDCl3, 100 MHz) d30.2, 30.8, 70.3, 128.6, 129.8, 132.0, 138.8.; ESI-HRMS m/z calcd 

for C9H12O3NClSNa (M+Na+) 272.0112, found 272.0128. 

3-(naphthalen-1-yl)propyl sulfamate (241a) 

  Prepared from 1-naphthaldehyde (1.56 g, 10.0 mmol) according to the general 

procedure B. Purified by silica gel column chromatography (hexane/EtOAc = 4:1); 

white solid (1.53 g, 58% from 4 steps transformation); TLC Rf = 0.56 (hexane/EtOAc = 

1:1); IR (KBr) 3394, 3357, 1339, 1185, 952, 776 cm–1; 1H NMR (CDCl3, 400 MHz) d2.17–2.25 (m, 

2H), 3.22 (t, J = 7.7 Hz, 2H), 4.26 (t, J = 6.1 Hz, 2H), 4.68 (s, 2H), 7.32–7.36 (m, 1H), 7.38–7.44 (m, 

1H), 7.46–7.56 (m, 2H), 7.72–7.76 (m, 1H), 7.84–7.89 (m, 1H), 7.99–8.04 (m, 1H); 13C NMR (CDCl3, 

100 MHz) d28.5, 29.4, 70.7, 123.4, 125.46, 125.51, 125.9, 126.2, 126.9, 128.8, 131.5, 133.8, 136.4.; 

ESI-HRMS m/z calcd for C13H15O3NSNa (M+Na+) 288.0665, found 288.0670. 

(Z)-5-phenylpent-4-en-1-yl sulfamate (241b) 

  Prepared from (Z)-5-phenylpent-4-en-1-ol (1.35 g, 8.30 mmol, E/Z = 5:95, prepared by 

the literature procedure77) accrording to the general procedure A. Purification by silica 

gel column chromatography (hexane/EtOAc = 2:1) gave white solid (1.72 g, 86%). To 

obtain pure (Z)-isomer, further purification was conducted by HPLC using Chiralpak ID column (ø 20 

mm x 250 mm; eluent: hexane/2-propanol = 90:10; flowrate: 9.4 mL/min); TLC Rf = 0.38 

(hexane/EtOAc = 2:1); 1H NMR (CDCl3, 400 MHz) d1.88 (tt, J = 6.8, 6.5 Hz, 2H), 2.47 (dtd, J = 7.6, 

7.4, 1.8 Hz, 2H), 4.18 (t, J = 6.5 Hz, 2H), 4.68 (s, 2H), 5.62 (dt, J = 11.8, 7.6 Hz, 1H), 6.50 (d, J = 11.8 

Hz, 1H), 7.18–7.41 (m, 5H).; 13C NMR(CDCl3, 125 MHz) d24.2, 28.7, 70.5, 126.6, 128.1, 128.6, 

130.0, 130.5, 137.0. The obtained spectra were in accordance with the reported one. 51) 
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(Z)-5-(4-fluorophenyl)pent-4-en-1-yl sulfamate (241c) 

 
  The (Z)-alcohol was prepared according to the literature procedure.77 To a mixture of Ni(cod)2 (138 

mg, 0.50 mmol), SIPr•HCl (214 mg, 0.50 mmol), LiCl (212 mg, 5.0 mmol) and 3,4-dihydro-2H-pyran 

(421 mg, 5.0 mmol) in THF (10 mL), 4-fluorophenyl magnesium bromide (1.0 M in THF, 10 mL, 10.0 

mmol) was added at −30 °C. After stirring at the same temperature for 24 h, the mixture was diluted 

with EtOAc and an aqueous solution of NH4Cl. The organic material was extracted with EtOAc and 

the organic layer was dried with Na2SO4 and was concentration under reduced pressure. The crude was 

roughly purified by filtration through a silica gel pad with hexane/EtOAc. The filtrate was 

concentrated to afford crude (Z)-5-(4-fluorophenyl)pent-4-en-1-ol (600 mg), which was used for the 

next transformation without further purification. 

  According to the general procedure A, the crude (Z)-5-(4-fluorophenyl)pent-4-en-1-ol (600 mg, ca. 
3.33 mmol, E/Z = 8:92) was treated with chrolosulfonyl isocyanate (707 mg, 5.00 mmol), formic acid 

(230 mg, 5.00 mmol), pyridine (396 mg, 5.00 mmol) and acetonitrile (5 mL). Purification by silica gel 

column chromatography (hexane/EtOAc = 2:1) gave white solid (705 mg, 55% for 2 steps). To obtain 

pure (Z)-isomer, further purification was conducted by HPLC using Chiralpak ID column (ø20 mm x 

250 mm; eluent: hexane/2-propanol = 90:10; flowrate: 9.4 mL/min); TLC Rf = 0.53 (hexane/EtOAc = 

1:1); IR (KBr) 3399, 3300, 1508, 1347, 1191, 847 cm–1;1H NMR (CDCl3, 400 MHz) d1.90 (tt, J = 6.4, 

6.4 Hz, 2H), 2.44 (dtd, J = 7.3, 6.4, 1.7 Hz, 2H), 4.22 (t, J = 6.4 Hz, 2H), 4.59 (s, 2H), 5.61 (dt, J = 

11.6, 7.3 Hz, 1H), 6.45 (d, J = 11.6 Hz, 1H), 6.99–7.06 (m, 2H), 7.19–7.25 (m, 2H); 13C NMR (CDCl3, 

100 MHz) d24.3, 28.8, 70.7, 115.1 (2JC–F = 22.0 Hz), 129.1, 130.2 (4JC–F = 7.6 Hz), 130.4 (5JC–F = 1.9 

Hz), 133.1 (3JC–F = 3.8 Hz), 161.5 (1JC–F = 246.2 Hz).; 19F NMR (CDCl3, 471 MHz) d–116.1 (d, J = 

10.8 Hz); ESI-HRMS m/z calcd for C11H14O3NFSNa (M+Na+) 282.0571, found 282.0575. 

5,5-diphenylpent-4-en-1-yl sulfamate (241e) 

  Prepared from 5,5-diphenylpent-4-en-1-ol (1.26 g, 5.30 mmol, prepared by the 

literature procedure78) accrording to the general procedure A. Purification by silica 

gel column chromatography (hexane/EtOAc = 2:1 to 1:1) gave white solid (1.41 g, 

84%); TLC Rf = 0.24 (hexane/EtOAc = 2:1); IR (KBr) 3390, 3352, 1546, 1338, 1185, 

944, 699 cm–1; 1H NMR (CDCl3, 400 MHz) d1.89 (tt, J = 7.4, 6.5 Hz, 2H), 2.26 (dt, J = 7.5, 7.4 Hz, 

2H), 4.19 (t, J = 6.5 Hz, 2H), 4.19 (t, J = 6.5 Hz, 2H), 4.55 (br s, 2H), 6.04 (t, J = 7.5 Hz, 2H), 7.11–

7.26 (m, 6H), 7.26–7.41 (m, 4H).; 13C NMR(CDCl3, 125 MHz) d25.6, 28.9, 70.7, 127.09, 127.10, 

127.2, 127.5, 128.1, 128.3, 129.7, 139.7, 142.3, 143. ESI-HRMS m/z calcd for C17H19O3NSNa 

(M+Na+) 340.0978, found 340.0988. 
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General procedure for intramolecular C–H amination reaction catalyzed by 

diruthenium(II,III)-BArF catalysts 

  To a suspension of sulfamate (0.20 mmol), catalyst (0.005 mmol, 2.5 mol %), 3Å molecular sieves 

(70 mg, powder) and MgO (24 mg or 18 mg, 0.60 mmol or 0.46 mmol) in PhCF3 (4 mL), 

PhI(O2CCF3)2 (120 mg or 94.6 mg, 0.28 mmol or 0.22 mmol) was added in one portion at 0 ºC. The 

mixture was stirred at the same degree for 12 h-24 h. The suspension was filtered through a short 

column containing basic Al2O3 on top of Celite, eluting with EtOAc. The filtrate was concentrated in 
vacuo and purified with silica gel column chromatography (conditions given below). 

 

Ru2(S-BPTPI)4BArF-catalyzed reaction 

(R)-4-phenyl-1,2,3-oxathiazinane 2,2-dioxide (32, 240a) 

  Prepared from sulfamate (43.1 mg, 0.20 mmol), cis-Ru2(S-BPTPI)4BArF (11.2 mg, 

0.005 mmol), MgO (24 mg, 0.60 mmol) and PhI(O2CCF3)2 (120 mg, 0.28 mmol). 

Purified by silica gel column chromatography (hexane/EtOAc = 5:1); white solid (36.7 

mg, 86%); TLC Rf = 0.68 (hexane/EtOAc = 1:1); [a]
D
21

= +4.3 (c 1.05, CHCl3); 1H NMR (CDCl3, 400 

MHz) d2.01–2.06 (m, 1H), 2.19–2.32 (m, 1H), 4.31 (br d, J = 9.4 Hz, 1H), 4.66 (ddd, J = 11.7, 4.9, 1.6 

Hz, 1H), 4.91–4.84 (m, 2H), 7.34-7.44 (m, 5H); 13C NMR (CDCl3, 100 MHz) d30.1, 58.9, 71.9, 126.2, 

128.9, 129.1, 137.9. The obtained spectra were in accordance with the reported one.51) Enantiomeric 

excess of 31(240a) was determined to be 91% by HPLC with a Chiralpak IE column (eluent: 90:10 

hexane/2-propanol; flow: 1.0 mL/min; detection (210 nm): tR (minor) = 31.8 min; tR (major) = 36.6 

min. The preferred absolute configuration was determined to be (R)-enantiomer by comparing the 

retention time in chral HPLC analysis with the literature data {column: Chiralcel OD–H, eluent: 92:8 

hexane/2-propanol; flow: 1.0 mL/min; detection (210 nm): tR (minor) = 27.0 min; tR (major) = 33.6 

min.}; lit.67) {same condition as above: tR (major) = 27.9 min; tR (minor) = 33.9 min. for 

(S)-enantiomer. 

(R)-4-(p-tolyl)-1,2,3-oxathiazinane 2,2-dioxide (240b) 

  Prepared from sulfamate (45.9 mg, 0.20 mmol), cis-Ru2(S-BPTPI)4BArF (11.2 mg, 

0.005 mmol), MgO (24 mg, 0.60 mmol) and PhI(O2CCF3)2 (120 mg, 0.28 mmol). 

Purified by silica gel column chromatography (hexane/EtOAc = 4:1); white solid 

(36.9 mg, 81%); TLC Rf = 0.46 (hexane/EtOAc = 1:1); [a]
D
23

= +6.0 (c 1.32, CHCl3); IR (KBr) 3254, 

3231, 1353, 1176, 806, 789 cm–1; 1H NMR (CDCl3, 400 MHz) d2.00 (dddd, J = 14.5, 4.7, 2.2, 2.2 Hz, 

1H), 2.17–2.30 (m, 1H), 2.36 (s, 3H), 4.21–4.35 (m, 1H), 4.65 (dddd, J = 11.6, 3.2, 3.2, 1.6 Hz, 1H), 

4.90–4.79 (m, 2H), 7.19–7.25 (m, 5H); 13C NMR (CDCl3, 100 MHz) d21.1, 30.1, 58.7, 71.9, 126.1, 

129.7, 135.0, 138.7; ESI-HRMS m/z calcd for C10H13O3NSNa (M+Na+) 250.0508, found 250.0512. 

Enantiomeric excess of 240b was determined to be 91% by HPLC with a Chiralpak IB column 

(eluent: 90:10 hexane/2-propanol; flow: 1.0 mL/min; detection (210 nm): tR (minor) = 14.0 min; tR 

(major) = 17.4 min. The absolute configuration was not determined. 
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(R)-4-(m-tolyl)-1,2,3-oxathiazinane 2,2-dioxide (240c) 

  Prepared from sulfamate (45.9 mg, 0.20 mmol), cis-Ru2(S-BPTPI)4BArF (11.2 mg, 

0.005 mmol), MgO (24 mg, 0.60 mmol) and PhI(O2CCF3)2 (120 mg, 0.28 mmol). 

Purified by silica gel column chromatography (hexane/EtOAc = 4:1); white solid 

(37.2 mg, 82%); TLC Rf = 0.46 (hexane/EtOAc = 1:1); [a]
D
22

= +7.5 (c 1.01, CHCl3); IR (KBr) 3255, 

1447, 1358, 1174, 1020, 783 cm–1; 1H NMR (CDCl3, 400 MHz) d2.01 (ddd, J = 14.4, 4.5, 2.2 Hz, 1H), 

2.18–2.31 (m, 1H), 2.37 (s, 3H), 4.32 (br d, J = 9.4 Hz, 1H), 4.65 (ddd, J = 11.6, 5.0, 1.5 Hz, 1H), 

4.90–4.79 (m, 2H), 7.12–7.19 (m, 3H), 7.27-7.32 (m, 2H); 13C NMR (CDCl3, 100 MHz) d21.4, 30.2, 

58.9, 71.9, 123.2, 127.0, 129.0, 129.6, 137.9, 139.0; ESI-HRMS m/z calcd for C10H13O3NSNa 

(M+Na+) 250.0508, found 250.0512. Enantiomeric excess of 240c was determined to be 91% by 

HPLC with a Chiralpak IB column (eluent: 90:10 hexane/2-propanol; flow: 1.0 mL/min; detection 

(210 nm): tR (minor) = 12.8 min; tR (major) = 14.7 min. The absolute configuration was not 

determined. 

(R)-4-(o-tolyl)-1,2,3-oxathiazinane 2,2-dioxide (240d) 

  Prepared from sulfamate (45.9 mg, 0.20 mmol), cis-Ru2(S-BPTPI)4BArF (11.2 mg, 

0.005 mmol), MgO (24 mg, 0.60 mmol) and PhI(O2CCF3)2 (120 mg, 0.28 mmol). 

Purified by silica gel column chromatography (toluene/EtOAc = 10:1); white solid (7.7 

mg, 18%); TLC Rf = 0.78 (hexane/EtOAc = 1:1); [a]
D
22

= +4.2 (c 0.77, CHCl3); IR (KBr) 3260, 1417, 

1356, 1189, 1011, 794 cm–1; 1H NMR (CDCl3, 400 MHz) d1.93 (ddd, J = 14.4, 4.5, 2.2 Hz, 1H), 2.34–

2.45 (m, 1H), 2.45 (s, 3H), 4.10 (br d, J = 9.9 Hz, 1H), 4.68 (ddd, J = 11.7, 4.9, 1.3 Hz, 1H), 4.89 (ddd, 

J = 13.0, 11.7, 2.2 Hz, 1H), 5.05 (ddd, J = 12.1, 9.4, 2.7 Hz, 1H), 7.23–7.26 (m, 3H), 7.27-7.31 (m, 

1H); 13C NMR (CDCl3, 100 MHz) d19.0, 28.9, 55.2, 71.9, 124.6, 126.6, 128.9, 131.3, 135.6, 136.8; 

ESI-HRMS m/z calcd for C10H13O3NSNa (M+Na+) 250.0508, found 250.0515. Enantiomeric excess of 

240d was determined to be 20% by HPLC with a Chiralpak IB column (eluent: 90:10 

hexane/2-propanol; flow: 1.0 mL/min; detection (210 nm): tR (major) = 13.0 min; tR (minor) = 15.1 

min. The absolute configuration was not determined. 

(R)-4-(4-methoxyphenyl)-1,2,3-oxathiazinane 2,2-dioxide (240e) 

  Prepared from sulfamate (49.0 mg, 0.20 mmol), cis-Ru2(S-BPTPI)4BArF (11.2 mg, 

0.005 mmol), MgO (24 mg, 0.60 mmol) and PhI(O2CCF3)2 (120 mg, 0.28 mmol). 

Purified by silica gel column chromatography (hexane/EtOAc = 2:1 to 1:1); white 

solid (39.0 mg, 80%); TLC Rf = 0.54 (hexane/EtOAc = 1:1); [a]
D
22

= +1.8 (c 1.00, CHCl3); IR (KBr) 

3259, 1515, 1355, 1253, 1174, 1020, 792 cm–1; 1H NMR (CDCl3, 400 MHz) d2.00 (ddd, J = 14.6, 4.3, 

2.4 Hz, 1H), 2.24 (dddd, J = 22.2, 21.4, 12.7, 5.0 Hz, 1H), 3.82 (s, 3H), 4.17 (br d, J = 9.3 Hz, 1H), 

4.65 (ddd, J = 11.6, 5.0, 1.5 Hz, 1H), 4.89–4.78 (m, 2H), 6.90–6.95 (m, 2H), 7.25-7.30 (m, 2H); 13C 

NMR (CDCl3, 100 MHz) d30.0, 55.3, 71.9, 114.3, 127.6, 130.1, 159.8. The obtained spectra were in 

accordance with the reported one.76)  Enantiomeric excess of 240e was determined to be 62% by 

HPLC with a Chiralpak IB column (eluent: 90:10 hexane/2-propanol; flow: 1.0 mL/min; detection 

(210 nm): tR (minor) = 22.0 min; tR (major) = 27.5 min. The absolute configuration was not 

determined. 
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(R)-4-(4-chlorophenyl)-1,2,3-oxathiazinane 2,2-dioxide (240f) 

  Prepared from sulfamate (49.9 mg, 0.20 mmol), cis-Ru2(S-BPTPI)4BArF (11.2 mg, 

0.005 mmol), MgO (24 mg, 0.60 mmol) and PhI(O2CCF3)2 (120 mg, 0.28 mmol). 

Purified by silica gel column chromatography (hexane/EtOAc = 2:1 to 1:1); white 

solid (42.8 mg, 86%); TLC Rf = 0.60 (hexane/EtOAc = 1:1); [a]
D
22

= +3.1 (c 1.00, CHCl3); IR (KBr) 

3351, 3272, 1493, 1351, 1168, 971, 837 cm–1; 1H NMR (CDCl3, 400 MHz) d2.04 (ddd, J = 14.6, 4.5, 

2.5 Hz), 2.22 (dddd, J = 20.6, 12.7, 12.5, 4.8 Hz, 1H), 4.21 (br d, J = 9.7 Hz, 1H), 4.67 (ddd, J = 11.7, 

5.0, 1.5 Hz, 1H), 4.81–4.92 (m, 2H), 7.28–7.33 (m, 2H), 7.37-7.41 (m, 2H); 13C NMR (CDCl3, 100 

MHz) d29.9, 58.3, 71.8, 127.7, 129.3, 134.7, 136.3.; ESI-HRMS m/z calcd for C9H10O3NClSNa 

(M+Na+) 269.9962, found 269.9971. Enantiomeric excess of 240f was determined to be 87% by 

HPLC with a Chiralpak IB column (eluent: 90:10 hexane/2-propanol; flow: 1.0 mL/min; detection 

(210 nm): tR (minor) = 17.7 min; tR (major) = 22.1 min. The absolute configuration was not 

determined. 

 

Ru2(S-TCPTTL)4BArF-catalyzed reaction 

(S)-4-(naphthalen-1-yl)-1,2,3-oxathiazinane 2,2-dioxide (242a) 

  Prepared from sulfamate (53.1 mg, 0.20 mmol), Ru2(S-TCPTTL)4BArF (13.3 mg, 

0.005 mmol), PhI(O2CCF3)2 (120 mg, 0.28 mmol). Purified by silica gel column 

chromatography (hexane/EtOAc = 4:1); white solid (43.3 mg, 82%); TLC Rf = 0.48 

(hexane/EtOAc = 2:1); [a]
D
22

= +53.7 (c 0.99, CHCl3); IR (KBr) 3259, 1419, 1356, 1170, 1023, 806, 

789, 777 cm–1; 1H NMR (CDCl3, 400 MHz) d2.01–2.06 (m, 1H), 2.19–2.32 (m, 1H), 4.31 (br d, J = 

9.4 Hz, 1H), 4.66 (ddd, J = 11.7, 4.9, 1.6 Hz, 1H), 4.91–4.84 (m, 2H), 7.34-7.44 (m, 5H); 13C NMR 

(acetone-d6, 100 MHz) d55.8, 55.9, 72.9, 124.3, 124.4, 126.0, 126.8, 127.4, 129.6, 129.8, 131.8, 134.8, 

134.9; ESI-HRMS m/z calcd for C13H13O3NSNa (M+Na+) 286.0508, found 286.0513. Enantiomeric 

excess of 242a was determined to be 91% by HPLC with a Chiralpak IF column (eluent: 90:10 

hexane/2-propanol; flow: 1.0 mL/min; detection (254 nm): tR (major) = 18.4 min; tR (minor) = 22.0 

min. The preferred absolute configuration was determined by X-ray single crystal analysis. 

(S, Z)-4-styryl-1,2,3-oxathiazinane 2,2-dioxide (242b) 

  Prepared from sulfamate (48.3 mg, 0.20 mmol), Ru2(S-TCPTTL)4BArF (13.3 mg, 

0.005 mmol), PhI(O2CCF3)2 (94.6 mg, 0.22 mmol). Purified by silica gel column 

chromatography (hexane/EtOAc = 3:1); white solid [37.0 mg (E/Z = 3:97), 77%]; TLC Rf 

= 0.54 (hexane/EtOAc = 1:1); [a]
D
24

= +129.8 (c 1.02, CHCl3); 1H NMR (CDCl3, 400 MHz) d1.77 

(ddd, J = 14.6, 4.5, 2.2 Hz, 1H), 1.90–2.03 (m, 1H), 4.25 (br d, J = 10.1 Hz, 1H), 4.54 (ddd, J = 11.7, 

4.9, 1.8 Hz, 1H), 4.67–4.85 (m, 2H), 5.48 (dd, J = 11.4, 9.0 Hz, 1H), 6.70 (dd, J = 11.4 Hz, 1H), 

7.29-7.42 (m, 5H); 13C NMR (CDCl3, 100 MHz) d30.2, 53.6, 71.6, 126.9, 128.2, 128.67, 128.70, 134.9, 

135.3; The obtained spectra were in accordance with the reported one.51) Enantiomeric excess of 242b 

was determined to be 91% by HPLC with a Chiralpak IB column (eluent: 90:10 hexane/2-propanol; 

flow: 1.0 mL/min; detection (254 nm): tR (major) = 11.9 min; tR (minor) = 15.4 min. The absolute 

configuration was not determined.  
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(S, Z)-4-(4-fluorostyryl)-1,2,3-oxathiazinane 2,2-dioxide (242c) 

  Prepared from sulfamate (51.9 mg, 0.20 mmol), Ru2(S-TCPTTL)4BArF (13.3 mg, 

0.005 mmol), PhI(O2CCF3)2 (94.6 mg, 0.22 mmol). Purified by silica gel column 

chromatography (toluene/EtOAc = 20:1); white solid [37.0 mg (E/Z = 7:93, 72%)]; TLC 

Rf = 0.26 (toluene/EtOAc = 8:1); [a]
D
23

= +180.9 (c 1.11, CHCl3); IR (KBr) 3249, 1508, 1362, 1179, 

798 cm–1; 1H NMR (CDCl3, 400 MHz) d1.73–1.81 (m, 1H), 1.90–2.03 (m, 1H), 4.20 (br s, 1H), 4.55 

(ddd, J = 11.7, 4.9, 1.8 Hz, 1H), 4.66–4.76 (m, 2H), 5.46 (dd, J = 11.3, 9.0 Hz, 1H), 6.66 (d, J = 11.3 

Hz, 1H), 6.99–7.12 (m, 2H), 7.33–7.41 (m, 2H); 13C NMR (CDCl3, 100 MHz) d30.1, 53.5, 71.7, 115.6 

(2JC–F = 21.6 Hz), 126.8 (5JC–F = 1.4 Hz),130.6 (3JC–F = 8.0 Hz), 131.4 (4JC–F = 3.8 Hz), 133.9, 162.4 

(1JC–F = 248.5 Hz); 19F NMR (CDCl3, 372 MHz) d–113.8 (tt, J = 8.5, 5.7 Hz). ESI-HRMS m/z calcd 

for C11H12O3NFSNa (M+Na+) 280.0414, found 280.0416. Enantiomeric excess of 242c was 

determined to be 91% by HPLC with a Chiralpak ID column (eluent: 90:10 hexane/2-propanol; flow: 

1.0 mL/min; detection (254 nm): tR (major) = 10.7 min; tR (minor) = 13.3 min. The absolute 

configuration was not determined. 

(S)-4-(2,2-diphenylvinyl)-1,2,3-oxathiazinane 2,2-dioxide (242e) 

  Prepared from sulfamate (51.9 mg, 0.20 mmol), Ru2(S-TCPTTL)4BArF (13.3 mg, 

0.005 mmol), PhI(O2CCF3)2 (94.6 mg, 0.22 mmol). Purified by silica gel column 

chromatography (hexane/EtOAc = 2:1 to 1:1); white solid (41.1 mg, 65%); TLC Rf = 

0.46 (hexane/EtOAc = 3:2); [a]
D
23

= +58.6 (c 1.11, CHCl3); IR (KBr) 3270, 1419, 

1355, 1182, 1007, 790, 705 cm–1; 1H NMR (CDCl3, 400 MHz) d1.76 (ddd, J = 14.6, 4.5, 2.5 Hz, 1H), 

1.91–2.05 (m, 1H), 4.09 (br d, J = 9.5 Hz, 1H), 4.38–4.55 (m, 2H), 4.63 (ddd, J = 12.2, 11.9, 2.5 Hz, 

1H), 5.79 (d, J = 9.2, 1H), 7.20–7.26 (m, 4H), 7.28–7.32 (m, 3H), 7.37–7.45 (m, 3H); 13C NMR 

(CDCl3, 100 MHz) d30.2, 55.2, 71.5, 124.0, 127.7, 128.28, 128.30, 128.32, 128.6, 129.3, 138.2, 140.9, 

147.2.; ESI-HRMS m/z calcd for C17H17O3NSNa (M+Na+) 338.0821, found 338.0830. Enantiomeric 

excess of 242e was determined to be 76% by HPLC with a Chiralpak ID column (eluent: 90:10 

hexane/2-propanol; flow: 1.0 mL/min; detection (254 nm): tR (major) = 11.7 min; tR (minor) = 13.6 

min. The absolute configuration was not determined. 

 

Section 3 

benzyl (1-(naphthalen-1-yl)ethyl)sulfamate (246a) 

  To a suspension of 1-ethylnapthalene (31.2 mg, 0.20 mmol), benzyl sulfamate 

(44.9 mg, 0.22 mmol), Ru2(S-TCPTTL)4BArF (10.6 mg, 0.004 mmol, 2 mol %), 3Å 

molecular sieves (70 mg, powder) and MgO (24 mg, 0.60 mmol) in PhCF3 (2 mL), 

PhI(O2CCF3)2 (120 mg, 0.28 mmol) was added in one portion at 0 ºC. The mixture was stirred at the 

same degree for 24 h. The suspension was filtered through a short column containing basic Al2O3 on 

top of Celite, eluting with EtOAc. The filtrate was concentrated in vacuo and purified with silica gel 

column chromatography (hexane/EtOAc = 3:1 to 2:1) gave the product as a light brown oil (39.7 mg, 

58%).; TLC Rf = 0.33 (hexane/EtOAc = 3:1); [a]
D
23

= +11.4 (c 1.17, CHCl3); IR (KBr) 3300, 1349, 

1170, 944, 778, 742, 696 cm–1; 1H NMR (CDCl3, 500 MHz) d1.71 (d, J = 6.9 Hz, 3H), 4.75 (br d, J = 
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6.4 Hz, 1H), 4.94 (d, J = 11.0 Hz, 1H), 5.03 (d, J = 11.0 Hz, 1H), 5.44 (dq, J = 6.9, 6.4 Hz, 1H), 7.11–

7.15 (m, 2H), 7.23–7.32 (m, 3H), 7.43–7.47 (m, 1H), 7.49–7.55 (m, 3H), 7.81 (d, J = 8.0 Hz, 1H), 

7.86–7.90 (m, 1H), 8.09–8.15 (m, 1H); 13C NMR (CDCl3, 100 MHz) d22.6, 50.3, 72.2, 122.7, 123.1, 

125.3, 125.9, 126.7, 128.48, 128.51, 128.6, 128.9, 129.0, 130.2, 133.3, 133.9, 137.5.; ESI-HRMS m/z 

calcd for C19H19O3NSNa (M+Na+) 364.0978, found 364.0989. Enantiomeric excess of 246a was 

determined to be 88% by HPLC with a Chiralpak IB column (eluent: 95:5 hexane/2-propanol; flow: 

1.0 mL/min; detection (254 nm): tR (minor) = 19.1 min; tR (major) = 20.4 min. The absolute 

configuration was not determined.  

 

X-ray single crystal analysis: Determination of the absolute configuration (242a) 

Single crystal X-ray analysis of 242a was performed on a Rigaku R-AXIS RAPID/S diffractometer 

equipped with an imaging plate area detector, a graphite-monochromated Mo-Kα radiation source (λ = 

0.71075 Å), and a low temperature system using cold nitrogen stream (133 K). 

A single crystal of 242a suitable for X-ray crystallography was grown by slow vapor diffusion of 

pentane to a solution of 242a in CH2Cl2. Based on the results, the absolute configuration of 242a was 

determined to be (S)-enantiomer.  

 

Figure S 1. X-ray structure of 242a. 

Table S1. Crystal data and structure refinement for shelx_trans_modified. 

Identification code shelx_trans_modified 

Empirical formula C13H13NO3S 

Formula weight 263.30 

Temperature/K 133(2) 

Crystal system orthorhombic 

Space group P212121 

a/Å 5.2278(2) 
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b/Å 11.7427(4) 

c/Å 19.2610(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1182.40(7) 

Z 4 

ρcalcg/cm3 1.479 

μ/mm-1 0.273 

F(000) 552.0 

Crystal size/mm3 0.352 × 0.269 × 0.130 

Radiation MoKα (λ = 0.71075) 

2Θ range for data collection/° 4.062 to 50.694 

Index ranges -6 ≤ h ≤ 6, -14 ≤ k ≤ 14, -23 ≤ l ≤ 23 

Reflections collected 9507 

Independent reflections 2165 [Rint = 0.0153, Rsigma = 0.0120] 

Data/restraints/parameters 2165/0/215 

Goodness-of-fit on F2 1.030 

Final R indexes [I>=2σ (I)] R1 = 0.0248, wR2 = 0.0650 

Final R indexes [all data] R1 = 0.0253, wR2 = 0.0663 

Largest diff. peak/hole / e Å-3 0.18/-0.38 

Flack parameter 0.011(11) 

 

Chapter 3 

Section 1 

X-ray single crystal analysis: Determination of configration [Ru2(S-TCPTTL)4Cl] 

Single crystal X-ray analysis of Ru2(S-TCPTTL)4Cl was performed on a Rigaku XtaLAB Synergy-S 

diffractometer equipped with a HPC area detector, a micro-focus Cu-Kα radiation source (λ = 1.5418 

Å), and a low temperature system using cold nitrogen stream (100 K). 

A single crystal of Ru2(S-TCPTTL)4Cl suitable for X-ray crystallography was grown by slow vapor 

diffusion of pentane to a solution of Ru2(S-TCPTTL)4Cl in bromobenzene. 
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Figure S 2. X-ray structure of Ru2(S-TCPTTL)4Cl. 

Table S2. Crystal data and structure refinement for RuTC-fin. 

Identification code RuTC-fin 

Empirical formula C112H82Cl35N8NaO33Ru4 

Formula weight 3735.87 

Temperature/K 100.00(10) 

Crystal system cubic 

Space group P23 

a/Å 37.6289(2) 

b/Å 37.6289(2) 

c/Å 37.6289(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 53280.0(8) 

Z 12 

ρcalcg/cm3 1.397 

μ/mm-1 8.087 

F(000) 22272.0 

Crystal size/mm3 0.09 × 0.072 × 0.05 
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Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 4.068 to 154.344 

Index ranges -46 ≤ h ≤ 32, -43 ≤ k ≤ 32, -47 ≤ l ≤ 28 

Reflections collected 144588 

Independent reflections 36678 [Rint = 0.1056, Rsigma = 0.0824] 

Data/restraints/parameters 36678/446/1684 

Goodness-of-fit on F2 1.057 

Final R indexes [I>=2σ (I)] R1 = 0.0926, wR2 = 0.2413 

Final R indexes [all data] R1 = 0.1149, wR2 = 0.2714 

Largest diff. peak/hole / e Å-3 1.24/-1.91 

Flack parameter 0.025(7) 

 

Section 2 

Electron Paramagnetic Resournance 

EPR spectroscopic measurements were performed with an EMXmicro spectrometer (Bruker) at the 

Xband (9.44 GHz) microwave frequency. Processing and simulation were conducted with WinEPR 

software package (Bruker). 

A solution of Ru2(S-TCPTTL)4BarF, cis-Ru2(S-BPTPI)4Cl or cis-Ru2(S-BPTPI)4BarF (2.5 mM) was 

prepared in CH2Cl2 and its EPR spectrum was recorded with 0.20 mW microwave power and 2.0 G 

modulation amplitude at 5.0 K using liquid N2 vapor (conversion time: 30 msec). A solution of 

Ru2(S-TCPTTL)4Cl (2.5 mM) was prepared in CH2Cl2 and its EPR spectrum was measured with 5.02 

mW microwave power and 2.0 G of modulation amplitude at 5.0 K using liquid N2 vapor (conversion 

time: 120 msec). As for comparison, EPR spectrum of Ru2(OAc)4Cl [Ru(II,III) complex] and 

Ru2(DMBA)4Cl2 [Ru(III,III) complex] were recorded with 0.20 mW microwave power and 2.0 G 

modulation amplitude at 5.0 K using liquid N2 vapor (conversion time: 30 msec). The prepared sample 

was quickly frozen in a cold pentane bath chilled with liquid N2.  
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Figure S 3. X-band EPR (9.44 GHz) spectrum of diruthenium complexes at 5K. 

 

Section 3 

Cyclic Voltammetry 

Cyclic voltammetry was measured in MeCN (0.1 M tetrabutylammonium perchlorate) with BAS 

ALS/DY2325 with model2325 software. The analyte concentration was 0.13 mM and the experiments 

were conducted under argon atmosphere with a standard three electrode setup (working: platinum, 

reference: Ag/AgNO3, counter: platinum). Cp2Fe was used as an internal standard. Data was 

referenced to saturated caromel electrode. 
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Figure S 4. Voltamograms of diruthenium(II,III) and dirhodium(II,II) complexes. (a) 

Ru2(S-TCPTTL)4BArF. Ru(III,II)/Ru(II,II): Ea = +0.26 V, Ec = +0.19 V, E1/2 = +0.22 V, D E1/2 = 68 mV. (b) 

[Rh2(S-TCPTTL)4. Rh(III,II)/Rh(II,II): Ea = +1.31 V, Ec = +1.22 V, E1/2 = +1.27 V, D E1/2 = 88 mV. (c) 

cis-Ru2(S-BPTPI)4BArF. Ru(III,III)/Ru(II,III): Ea = +1.03 V, Ec = +0.96 V, E1/2 = +1.00 V, D E1/2 = 66 mV. 

(d) Rh2(S-BPTPI)4. Rh(III,II)/Rh(II,II): Ea = +0.16 V, Ec = +0.09 V, E1/2 = +0.12 V, D E1/2 = 64 mV. 
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a) Ru2(S-TCPTTL)4BArF

b) Rh2(S-TCPTTL)4

-0.8-0.400.40.81.21.6
[V] vs. SCE

c) cis-Ru2(S-BPTPI)4BArF

d) Rh2(S-BPTPI)4
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(S)-4-(naphthalen-1-yl)-1,2,3-oxathiazinane 2,2-dioxide (242a) 

Table 1 Crystal data and structure refinement for shelx_trans_modified. 

Identification code shelx_trans_modified 

Empirical formula C13H13NO3S 

Formula weight 263.30 

Temperature/K 133(2) 

Crystal system orthorhombic 

Space group P212121 

a/Å 5.2278(2) 

b/Å 11.7427(4) 

c/Å 19.2610(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1182.40(7) 

Z 4 

ρcalcg/cm3 1.479 

μ/mm-1 0.273 

F(000) 552.0 

Crystal size/mm3 0.352 × 0.269 × 0.130 

Radiation MoKα (λ = 0.71075) 

2Θ range for data collection/° 4.062 to 50.694 

Index ranges -6 ≤ h ≤ 6, -14 ≤ k ≤ 14, -23 ≤ l ≤ 23 

Reflections collected 9507 

Independent reflections 2165 [Rint = 0.0153, Rsigma = 0.0120] 

Data/restraints/parameters 2165/0/215 

Goodness-of-fit on F2 1.030 

Final R indexes [I>=2σ (I)] R1 = 0.0248, wR2 = 0.0650 

Final R indexes [all data] R1 = 0.0253, wR2 = 0.0663 

Largest diff. peak/hole / e Å-3 0.18/-0.38 

Flack parameter 0.011(11) 

 

 Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for shelx_trans_modified. Ueq is defined as 1/3 

of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

S(001) 2202.7(9) 5983.3(4) 8209.6(2) 19.61(15) 

O(002) 3201(3) 5334.0(13) 8765.9(7) 27.8(3) 

O(003) -260(3) 5711.2(13) 7925.8(8) 26.2(3) 

O(004) 2143(3) 7256.7(12) 8469.4(7) 27.2(3) 

N(005) 4216(3) 5975.7(14) 7570.7(8) 17.7(3) 

C(006) 5517(4) 6656.6(16) 6424.9(10) 19.6(4) 

C(007) 3657(4) 6834.1(16) 7016.2(10) 19.2(4) 

C(008) 3515(4) 4762.8(16) 6168.2(10) 20.2(4) 

C(009) 8986(4) 6284(2) 5328.8(11) 28.0(5) 

C(00A) 7144(4) 5437.2(17) 5480.1(9) 23.3(4) 

C(00B) 9038(4) 7274(2) 5693.4(12) 29.7(5) 

C(00C) 3594(4) 8029.3(17) 7337.2(12) 25.0(4) 

C(00D) 5160(5) 3622.0(19) 5224.3(11) 29.2(5) 

C(00E) 3410(4) 3791.7(17) 5774.1(10) 23.8(4) 

C(00F) 7297(4) 7460.5(16) 6244.8(11) 25.4(4) 

C(00G) 5374(4) 5615.6(17) 6036.7(9) 18.9(4) 

C(00H) 1647(4) 8108.2(18) 7916.7(12) 28.4(5) 

C(00I) 6981(4) 4416.0(19) 5085.6(10) 28.6(5) 

  

Table 3 Anisotropic Displacement Parameters (Å2×103) for shelx_trans_modified. 

The Anisotropic displacement factor exponent takes the form: 

-2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

S(001) 15.6(2) 22.4(2) 20.8(2) -3.93(17) 0.60(17) 0.49(18) 

O(002) 28.4(8) 34.1(7) 20.9(6) 0.6(6) 1.4(6) 2.9(6) 

O(003) 15.9(7) 30.3(8) 32.3(7) -4.3(6) 0.4(6) -3.0(6) 

O(004) 25.9(8) 27.2(7) 28.5(7) -10.5(6) 0.6(7) 3.2(6) 

N(005) 13.6(8) 19.3(8) 20.2(7) -1.0(7) -0.3(6) 2.4(7) 

C(006) 14.9(9) 21.8(9) 22.2(9) 5.7(8) -4.8(8) 1.4(7) 

C(007) 15.4(9) 18.3(9) 23.8(10) 0.8(7) -3.3(8) 0.4(7) 

C(008) 17.7(9) 25.3(9) 17.6(8) 0.8(7) -0.5(8) 2.0(8) 

C(009) 19.2(10) 42.1(12) 22.6(9) 13.9(9) 1.5(8) 4.5(9) 

C(00A) 18.7(10) 32.9(10) 18.4(8) 7.3(8) -0.4(8) 6.8(9) 

C(00B) 18.2(10) 37.6(12) 33.2(11) 19.4(10) -1.7(9) -4.5(9) 

C(00C) 21.5(10) 17.0(9) 36.5(11) -1.0(8) -5.2(9) 1.6(8) 

C(00D) 32.4(12) 32.6(11) 22.8(9) -5.8(9) -1.8(9) 6.7(10) 

C(00E) 22.8(10) 25.7(10) 23.0(9) -2.5(8) -2.2(8) 0.1(8) 

C(00F) 23.0(11) 24.8(9) 28.5(9) 8.8(8) -5.3(9) -1.4(9) 

C(00G) 15.2(9) 24.0(9) 17.4(8) 3.6(7) -2.1(7) 4.5(8) 

C(00H) 24.0(11) 20.2(9) 40.9(12) -5.8(9) -1.9(10) 4.9(9) 

C(00I) 26.9(11) 40.1(11) 18.7(9) 1.1(9) 3.6(9) 10.0(9) 

  

Table 4 Bond Lengths for shelx_trans_modified. 

Atom Atom Length/Å   Atom Atom Length/Å 

S(001) O(002) 1.4148(15)   C(008) C(00E) 1.371(3) 

S(001) O(003) 1.4345(16)   C(008) C(00G) 1.418(3) 

S(001) O(004) 1.5772(14)   C(009) C(00A) 1.414(3) 

S(001) N(005) 1.6192(16)   C(009) C(00B) 1.358(3) 

O(004) C(00H) 1.483(3)   C(00A) C(00G) 1.432(3) 

N(005) C(007) 1.497(2)   C(00A) C(00I) 1.422(3) 

C(006) C(007) 1.512(3)   C(00B) C(00F) 1.416(3) 

C(006) C(00F) 1.370(3)   C(00C) C(00H) 1.514(3) 

C(006) C(00G) 1.435(3)   C(00D) C(00E) 1.413(3) 

C(007) C(00C) 1.534(3)   C(00D) C(00I) 1.359(3) 

  

Table 5 Bond Angles for shelx_trans_modified. 

Atom Atom Atom Angle/̊    Atom Atom Atom Angle/̊  

O(002) S(001) O(003) 119.97(10)   C(00B) C(009) C(00A) 120.6(2) 

O(002) S(001) O(004) 106.14(8)   C(009) C(00A) C(00G) 119.43(19) 

O(002) S(001) N(005) 109.45(9)   C(009) C(00A) C(00I) 121.57(19) 

O(003) S(001) O(004) 108.31(9)   C(00I) C(00A) C(00G) 118.99(19) 

O(003) S(001) N(005) 107.00(9)   C(009) C(00B) C(00F) 120.5(2) 

O(004) S(001) N(005) 105.03(8)   C(00H) C(00C) C(007) 111.57(17) 

C(00H) O(004) S(001) 114.51(12)   C(00I) C(00D) C(00E) 120.26(19) 

C(007) N(005) S(001) 114.30(12)   C(008) C(00E) C(00D) 120.4(2) 

C(00F) C(006) C(007) 122.18(18)   C(006) C(00F) C(00B) 121.32(19) 

C(00F) C(006) C(00G) 119.37(18)   C(006) C(00G) C(00A) 118.75(18) 

C(00G) C(006) C(007) 118.44(17)   C(008) C(00G) C(006) 122.98(17) 

N(005) C(007) C(006) 108.59(15)   C(008) C(00G) C(00A) 118.25(18) 

N(005) C(007) C(00C) 109.44(15)   O(004) C(00H) C(00C) 111.75(16) 

C(006) C(007) C(00C) 116.32(17)   C(00D) C(00I) C(00A) 121.02(19) 

C(00E) C(008) C(00G) 121.06(18)           

  

Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 

Parameters (Å2×103) for shelx_trans_modified. 

Atom x y z U(eq) 

H(009) 10140(60) 6180(20) 4974(13) 32(7) 

H(007) 2000(50) 6665(18) 6834(11) 16(5) 

H(008) 2260(50) 4877(19) 6546(11) 22(5) 

H(00G) 1830(50) 8850(20) 8166(12) 28(6) 

H(00H) -40(50) 8010(20) 7713(11) 15(5) 

H(00F) 7390(60) 8170(20) 6445(13) 38(7) 

H(005) 5910(50) 5970(20) 7734(12) 26(6) 

H(00E) 2170(60) 3220(20) 5860(12) 32(6) 

H(00D) 5160(60) 2940(20) 4928(14) 38(7) 

H(00A) 5270(60) 8250(20) 7502(13) 33(7) 

H(00C) 3120(50) 8610(20) 6971(12) 30(6) 

H(00B) 10230(60) 7810(20) 5628(14) 37(7) 

H(00I) 8170(60) 4360(20) 4737(13) 37(7) 

Experimental 

Single crystals of C13H13NO3S [shelx_trans_modified] were []. A 

suitable crystal was selected and [] on a diffractometer. The crystal was kept at 133(2) 

K during data collection. Using Olex2 [1], the structure was solved with the Unknown 

[2] structure solution program using Unknown and refined with the Unknown [3] 

refinement package using Unknown minimisation. 

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. 

(2009), J. Appl. Cryst. 42, 339-341. 

2.  

3.  

Crystal structure determination of [shelx_trans_modified] 

Crystal Data for C13H13NO3S (M =263.30 g/mol): orthorhombic, 

space group P212121 (no. 19), a = 5.2278(2) Å, b = 11.7427(4) Å, c = 

19.2610(6) Å, V = 1182.40(7) Å3, Z = 4, T = 133(2) K, μ(MoKα) = 0.273 

mm-1, Dcalc = 1.479 g/cm3, 9507 reflections measured (4.062° ≤ 2Θ ≤ 50.694°), 

2165 unique (Rint = 0.0153, Rsigma = 0.0120) which were used in all calculations. The 

final R1 was 0.0248 (I > 2σ(I)) and wR2 was 0.0663 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

This report has been created with Olex2, compiled on May 18 2018 14:05:52 for 

OlexSys. Please let us know if there are any errors or if you would like to have 

additional features. 
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Ru2(S-TCPTTL)4Cl: [Ru2(S-TCPTTL)4]2Cl2•H2O•Na 

Table 1 Crystal data and structure refinement for RuTC-fin. 

Identification code RuTC-fin 

Empirical formula C112H82Cl35N8NaO33Ru4 

Formula weight 3735.87 

Temperature/K 100.00(10) 

Crystal system cubic 

Space group P23 

a/Å 37.6289(2) 

b/Å 37.6289(2) 

c/Å 37.6289(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 53280.0(8) 

Z 12 

ρcalcg/cm3 1.397 

μ/mm-1 8.087 

F(000) 22272.0 

Crystal size/mm3 0.09 × 0.072 × 0.05 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 4.068 to 154.344 

Index ranges -46 ≤ h ≤ 32, -43 ≤ k ≤ 32, -47 ≤ l ≤ 28 

Reflections collected 144588 

Independent reflections 36678 [Rint = 0.1056, Rsigma = 0.0824] 

Data/restraints/parameters 36678/446/1684 

Goodness-of-fit on F2 1.057 

Final R indexes [I>=2σ (I)] R1 = 0.0926, wR2 = 0.2413 

Final R indexes [all data] R1 = 0.1149, wR2 = 0.2714 

Largest diff. peak/hole / e Å-3 1.24/-1.91 

Flack parameter 0.025(7) 

 

 Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for RuTC-fin. Ueq is defined as 1/3 of of the 

trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Ru(1) 5596.2(3) 7691.1(4) 2686.4(4) 40.5(3) 

Ru(2) 4991.8(4) 7754.9(3) 2744.7(3) 40.1(2) 

Ru(4) 7286.2(6) 7713.1(6) 570.7(5) 67.6(4) 

O(58) 7288(9) 7619(8) 1170.3(14) 130(12) 

Ru(3) 7250.7(6) 7796.0(5) -33.3(5) 65.4(4) 

Cl(19) 4535.3(14) 6836.4(17) 4891.8(14) 59.4(12) 

Cl(17) 4515.0(16) 8272.2(18) 4902.4(15) 65.8(14) 

Cl(20) 5019.7(17) 6841.6(13) 4222.7(13) 57.8(11) 

Cl(24) 4555.6(17) 6373.0(18) 1870.7(15) 66.8(14) 

Cl(18) 4281.6(14) 7548.4(19) 5230.9(14) 63.6(14) 

Cl(21) 3965.3(15) 5910.7(15) 3347.9(16) 60.9(13) 

Cl(22) 3587.0(15) 5666.9(17) 2653(2) 70.1(15) 

Cl(16) 5010(3) 9192.4(18) 3632.6(18) 85(2) 

Cl(14) 4266.8(18) 10235.4(16) 2981(3) 93(3) 

Cl(23) 3881.1(18) 5893.3(19) 1916.4(19) 73.1(16) 

Cl(7) 6254(2) 7622(2) 2624(2) 88(2) 

Cl(12) 4637(2) 8650.2(18) 1467.2(18) 77.4(18) 

Cl(13) 4483(2) 9931.8(17) 2247(3) 90(2) 

Cl(15) 4521(3) 9861(2) 3677(3) 96(2) 

Cl(41) 7819(2) 6331(2) -533(2) 93(2) 

Cl(39) 6901(3) 5656(3) -1404(2) 118(4) 

Cl(11) 3946(3) 8714(3) 1021(4) 126(4) 

Cl(8) 4360(3) 7800(3) 2777(3) 106(3) 

O(53) 5350(4) 7444(3) 3738(3) 42(3) 

Cl(9) 3873(5) 7304(4) 894(4) 164(7) 

Cl(40) 7680(3) 5829(3) -1171(2) 106(3) 

Cl(38) 6263(3) 6021(4) -994(2) 122(4) 

O(43) 4927(3) 7507(4) 2261(3) 47(3) 

Cl(26) 9055(3) 6984(3) -1066(3) 117(3) 

Cl(29) 8679(4) 8415(3) -297(3) 123(4) 

Cl(33) 6644(3) 9288(3) -64(3) 111(3) 

O(57) 5077(3) 6704(3) 2434(4) 45(3) 

O(52) 4970(4) 8498(4) 4236(4) 54(3) 

Cl(10) 3587(3) 8033(5) 718(4) 148(5) 

Cl(25) 7236(3) 7862(2) -677(2) 100(3) 

O(46) 5610(4) 8171(3) 2440(4) 46(3) 

C(127) 4134(5) 6024(5) 2946(6) 49(4) 

C(118) 5198(5) 7655(5) 3953(5) 39(3) 

C(131) 4566(5) 6334(5) 2584(6) 47(4) 

O(47) 5024(4) 8249(3) 2494(4) 46(3) 

Cl(31) 7478(5) 10266(3) -720(4) 162(7) 

O(62) 8318(6) 7846(5) 146(5) 75(5) 

O(51) 5065(3) 7995(3) 3226(3) 38(2) 

C(133) 5252(5) 7102(5) 3024(4) 38(3) 

C(98) 4833(4) 9431(3) 2610(3) 56(4) 

C(103) 4955(4) 9268(3) 2918(3) 51(4) 

C(102) 4860(5) 9404(4) 3249(3) 64(5) 

C(101) 4644(5) 9703(4) 3270(4) 70(5) 

C(100) 4522(4) 9865(3) 2962(5) 71(5) 

C(99) 4617(4) 9730(3) 2632(4) 60(4) 

C(138) 5774(6) 6445(5) 2895(5) 48(4) 

C(194) 6861(7) 6535(7) 743(7) 66(6) 

O(56) 4663(3) 6334(3) 3506(3) 43(3) 

O(74) 7350(5) 6710(4) 48(6) 74(5) 

C(146) 8422(10) 7610(9) -79(9) 89(9) 

C(94) 5706(7) 6876(7) 1773(7) 66(6) 

C(90) 4902(6) 7831(6) 1559(6) 51(5) 

O(71) 6909(5) 7375(5) -73(4) 62(4) 

N(77) 5234(4) 8013(4) 3946(3) 35(3) 

N(78) 4965(4) 6541(3) 3019(3) 36(3) 

C(112) 4851(4) 7878(3) 4405(4) 56(5) 

C(117) 4970(3) 7563(3) 4253(3) 50(4) 

C(116) 4873(3) 7239(3) 4399(3) 44(4) 

C(115) 4657(4) 7228(3) 4699(3) 58(5) 

C(114) 4538(3) 7543(4) 4852(3) 62(6) 

C(113) 4635(4) 7868(3) 4705(4) 56(5) 

N(76) 5164(5) 8962(4) 2441(5) 52(4) 

O(54) 5560(3) 7218(3) 2941(3) 41(3) 

O(72) 6948(5) 7316(5) 530(4) 71(5) 

Cl(32) 6715(5) 9957(3) -540(3) 168(7) 

C(106) 5358(7) 8693(6) 2236(5) 54(5) 

C(128) 3969(6) 5930(6) 2635(6) 55(5) 

C(135) 5587(5) 6531(5) 3247(5) 45(4) 

C(177) 6308(8) 8508(7) 810(7) 68(6) 

C(124) 6034(5) 7924(6) 3852(6) 52(4) 

C(136) 5511(5) 6178(4) 3434(6) 49(4) 

C(175) 6726(10) 8181(9) 353(8) 85(8) 

O(68) 6891(6) 8053(5) 649(4) 73(5) 

C(97) 4949(7) 9210(5) 2297(6) 59(5) 

O(45) 5119(4) 8011(4) 1703(4) 52(3) 

C(122) 6024(5) 8511(5) 3542(6) 53(4) 

N(80) 7772(7) 8925(6) 177(8) 78(6) 

Cl(27) 9329(4) 7712(5) -1361(3) 142(5) 

C(126) 4439(4) 6227(4) 2920(5) 35(3) 

O(67) 6840(5) 8134(5) 47(5) 72(4) 

C(84) 4400(5) 7642(4) 1234(5) 72(7) 

C(85) 4084(6) 7671(5) 1044(6) 100(10) 

C(86) 3937(5) 8003(6) 980(6) 123(13) 
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C(87) 4105(6) 8307(5) 1106(5) 84(8) 

C(88) 4420(5) 8278(4) 1297(5) 78(7) 

C(89) 4567(4) 7945(4) 1361(4) 60(5) 

Cl(28) 9109(4) 8406(4) -1016(4) 152(6) 

C(107) 5736(7) 8822(5) 2119(6) 57(5) 

C(92) 5139(5) 7244(5) 1749(6) 48(4) 

O(59) 7674(5) 7454(5) -90(5) 72(5) 

C(91) 5203(5) 7410(4) 2090(5) 42(4) 

C(163) 8067(7) 8723(6) 711(10) 89(9) 

C(178) 6197(7) 8161(8) 1005(8) 74(7) 

N(81) 6146(7) 8309(7) 194(7) 83(6) 

C(132) 4895(4) 6558(5) 2654(4) 38(4) 

O(49) 5352(4) 8757(4) 2997(4) 50(3) 

Na(6) 5498(6) 5395(6) 3984(5) 47(5) 

C(125) 4685(5) 6361(4) 3199(5) 43(4) 

C(190) 6586(8) 6887(6) 204(6) 66(6) 

C(93) 5491(8) 7122(7) 1537(6) 65(6) 

C(110) 5989(7) 8871(6) 2445(6) 61(6) 

O(73) 6197(6) 6540(6) -378(7) 88(6) 

O(42) 5512(3) 7439(3) 2204(4) 44(3) 

N(75) 4907(5) 7468(5) 1545(5) 54(4) 

C(123) 5830(7) 8474(6) 4165(5) 57(5) 

C(152) 8009(10) 6713(12) 651(16) 150(20) 

C(164) 8336(12) 9018(12) 661(10) 122(16) 

C(129) 4099(6) 6017(7) 2301(8) 66(6) 

C(109) 5690(7) 9161(6) 1898(8) 70(7) 

C(154) 7718(6) 9409(6) -171(6) 101(10) 

C(155) 7741(6) 9721(6) -368(7) 130(13) 

C(156) 7434(8) 9902(5) -463(7) 103(11) 

C(157) 7103(7) 9772(6) -362(7) 124(13) 

C(158) 7080(6) 9460(6) -165(7) 116(12) 

C(159) 7387(7) 9279(5) -70(6) 94(9) 

C(162) 7949(9) 8622(8) 350(8) 86(9) 

C(139) 8521(9) 7096(8) -392(9) 82(8) 

O(44) 4518(6) 7021(6) 1353(5) 81(6) 

C(193) 6276(7) 6373(7) 474(8) 70(7) 

Cl(30) 8149(4) 9884(3) -458(5) 158(6) 

C(95) 5370(9) 6907(8) 1227(10) 91(10) 

C(153) 7947(11) 9136(9) -34(12) 102(9) 

C(148) 8139(9) 7070(9) 122(10) 106(10) 

C(179) 6005(10) 8799(9) 797(7) 89(9) 

C(165) 7786(9) 8804(8) 988(8) 88(9) 

C(151) 8413(8) 7195(7) 704(9) 84(8) 

N(79) 8362(7) 7262(6) -97(8) 87(7) 

C(147) 7819(8) 7316(8) 202(9) 81(8) 

O(65) 8278(8) 9146(7) -119(12) 152(16) 

C(161) 7709(7) 8297(7) 312(7) 67(6) 

Na(5) 5617(4) 5559(6) 497(4) 84(5) 

C(166) 8277(11) 8422(9) 872(14) 140(20) 

O(64) 7626(6) 8104(6) 607(6) 82(5) 

C(181) 6531(8) 6519(6) -356(6) 62(6) 

O(61) 8491(8) 6784(7) -482(8) 113(9) 

O(55) 4965(3) 7271(3) 2992(3) 38(2) 

C(111) 5013(6) 8174(4) 4201(6) 49(4) 

O(50) 5666(3) 7942(3) 3164(3) 37(2) 

C(119) 5393(5) 8041(5) 3333(5) 40(4) 

C(96) 5686(6) 7446(7) 1394(6) 62(6) 

C(120) 5439(5) 8210(5) 3690(5) 45(4) 

C(121) 5829(5) 8270(5) 3817(5) 41(4) 

O(48) 4894(6) 9259(5) 1985(4) 75(5) 

C(104) 5186(5) 8961(6) 2814(5) 46(4) 

C(134) 5243(4) 6742(4) 3192(5) 36(3) 

C(130) 4408(6) 6240(6) 2269(6) 54(4) 

C(83) 4591(7) 7326(7) 1367(6) 61(5) 

C(108) 5890(8) 8538(8) 1831(8) 75(7) 

O(63) 7590(5) 8199(6) 15(6) 80(5) 

C(137) 5838(5) 6747(5) 3475(5) 43(4) 

C(105) 5330(6) 8325(6) 2395(4) 49(4) 

C(189) 6822(8) 7211(7) 228(6) 71(7) 

C(187) 7111(6) 6375(4) -466(4) 77(7) 

C(186) 7389(4) 6226(5) -658(4) 73(7) 

C(185) 7318(5) 6012(5) -950(4) 92(9) 

C(184) 6969(6) 5946(5) -1050(4) 83(8) 

C(183) 6690(5) 6095(5) -858(5) 81(8) 

C(182) 6762(5) 6309(5) -566(4) 93(10) 

N(82) 6722(6) 6674(6) -104(6) 71(6) 

C(188) 7076(7) 6601(7) -145(8) 67(6) 

C(176) 6423(8) 8420(7) 427(7) 68(6) 

C(180) 6640(9) 8660(8) 1012(7) 81(9) 

Cl(34) 5234(4) 8804(6) -453(4) 178(8) 

Cl(35) 4774(4) 8140(6) -712(3) 177(8) 

Cl(37) 5630(4) 7214(4) -56(7) 202(10) 

Cl(36) 4969(5) 7443(8) -569(5) 236(12) 

O(69) 5955(8) 8855(8) -53(11) 136(12) 

C(168) 5646(6) 8304(7) -156(6) 100(10) 

C(169) 5339(7) 8368(8) -351(6) 117(12) 

C(170) 5133(5) 8085(10) -471(6) 110(11) 

C(171) 5235(7) 7738(9) -396(7) 141(14) 

C(172) 5543(8) 7674(7) -201(7) 143(14) 

C(173) 5748(6) 7957(8) -81(6) 111(11) 

O(70) 6222(6) 7685(5) 301(5) 81(5) 

C(174) 6044(9) 7935(8) 167(9) 83(8) 

C(191) 6520(7) 6691(7) 541(8) 69(6) 

C(192) 6326(10) 6936(7) 804(10) 93(11) 

C(167) 5932(11) 8493(14) -9(11) 114(11) 

O(66) 7200(5) 8815(5) 334(5) 72(5) 

C(160) 7438(11) 8975(9) 171(8) 90(9) 

O(60) 7699(6) 7371(5) 503(5) 79(5) 

C(140) 8723(6) 7386(5) -561(6) 85(8) 

C(141) 8929(7) 7383(6) -868(6) 109(11) 

C(142) 9056(8) 7700(8) -1008(6) 129(13) 

C(143) 8977(8) 8020(6) -842(8) 136(14) 

C(144) 8772(7) 8023(5) -535(7) 96(9) 

C(145) 8645(6) 7706(5) -394(5) 84(7) 

C(149) 8274(7) 6922(6) 484(9) 89(9) 

C(150) 8560(11) 6684(10) 411(13) 120(14) 

  

Table 3 Anisotropic Displacement Parameters (Å2×103) for RuTC-fin. The 

Anisotropic displacement factor exponent takes the form: 

-2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Ru(1) 39.7(6) 37.4(6) 44.5(7) 1.2(5) 3.7(5) 2.6(5) 

Ru(2) 37.8(6) 39.2(6) 43.2(6) -1.7(5) -1.2(5) 4.9(5) 

Ru(4) 83.3(13) 61.0(10) 58.4(9) 6.5(8) 7.4(9) -1.6(10) 

O(58) 180(30) 150(20) 58(11) 43(14) 41(16) 60(20) 

Ru(3) 80.4(12) 58.8(9) 57.1(9) 5.5(8) 12.7(9) 0.5(8) 

Cl(19) 53(3) 77(3) 48(2) 11(2) 3.8(19) -20(2) 

Cl(17) 60(3) 77(3) 61(3) -13(2) 10(2) 7(3) 

Cl(20) 75(3) 50(2) 49(2) -0.6(18) 7(2) -14(2) 

Cl(24) 73(3) 74(3) 53(3) 4(2) -17(2) -16(3) 

Cl(18) 48(3) 100(4) 43(2) -5(2) 6(2) -14(3) 

Cl(21) 56(3) 55(3) 72(3) -7(2) 14(2) -18(2) 

Cl(22) 47(3) 64(3) 99(5) -9(3) -11(3) -10(2) 

Cl(16) 117(5) 71(4) 68(3) -9(3) 9(4) 41(4) 
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Cl(14) 61(3) 43(3) 175(9) -7(4) 4(4) 13(2) 

Cl(23) 70(4) 73(4) 75(4) -16(3) -27(3) -11(3) 

Cl(7) 71(4) 91(5) 104(6) -2(4) 20(4) -2(3) 

Cl(12) 97(5) 66(3) 69(4) -2(3) -17(3) 29(3) 

Cl(13) 90(4) 52(3) 129(6) 13(3) -34(4) 16(3) 

Cl(15) 109(6) 74(4) 105(6) -22(4) 20(5) 35(4) 

Cl(41) 88(5) 96(5) 94(5) -3(4) 37(4) 15(4) 

Cl(39) 159(9) 138(8) 56(4) -21(4) -12(5) 62(7) 

Cl(11) 109(7) 130(8) 140(9) 11(7) -55(6) 41(6) 

Cl(8) 98(5) 105(6) 116(7) 0(5) -20(5) 16(5) 

O(53) 48(7) 38(6) 41(6) -3(5) 12(5) -8(5) 

Cl(9) 190(13) 133(9) 169(12) 17(9) -117(11) -51(9) 

Cl(40) 134(8) 105(6) 79(5) 1(4) 41(5) 43(6) 

Cl(38) 129(8) 165(10) 72(5) -36(5) -26(5) 46(7) 

O(43) 42(7) 60(8) 40(6) -1(6) -3(5) 5(5) 

Cl(26) 110(7) 114(7) 128(8) -37(6) 40(6) 12(5) 

Cl(29) 147(9) 89(6) 131(8) 38(6) 58(7) 19(6) 

Cl(33) 122(7) 111(6) 101(6) 47(5) 17(5) 26(5) 

O(57) 42(7) 43(6) 49(7) 3(5) -4(5) -5(5) 

O(52) 53(8) 51(7) 59(8) -4(6) -2(7) -4(6) 

Cl(10) 111(8) 211(14) 122(9) -4(9) -72(7) 6(8) 

Cl(25) 123(7) 89(5) 87(5) 28(4) 21(5) 26(5) 

O(46) 60(8) 30(6) 49(7) 13(5) 10(6) -11(5) 

C(127) 35(9) 37(9) 74(13) -1(8) 12(8) 5(7) 

C(118) 43(9) 34(8) 41(8) 1(7) 6(7) 2(7) 

C(131) 40(9) 38(9) 62(11) -14(8) -23(8) -6(7) 

O(47) 42(6) 34(6) 61(7) 19(5) -7(6) 0(5) 

Cl(31) 286(19) 74(5) 127(9) 39(6) 72(10) 7(8) 

O(62) 83(12) 67(10) 75(11) -2(9) 24(9) -2(9) 

O(51) 37(6) 40(6) 37(6) -11(4) 6(4) 1(4) 

C(133) 47(9) 42(9) 25(7) -3(6) 2(6) 9(7) 

C(98) 63(11) 33(8) 72(10) 3(7) -10(9) 15(8) 

C(103) 68(12) 26(7) 58(8) -9(6) 0(8) 23(8) 

C(102) 72(13) 50(10) 70(10) -18(9) 9(10) 14(9) 

C(101) 66(13) 51(11) 95(12) -22(9) 14(10) 16(9) 

C(100) 72(13) 33(9) 108(13) -3(8) 2(11) -6(8) 

C(99) 51(10) 31(8) 100(12) 4(8) -13(9) -1(6) 

C(138) 58(11) 37(9) 49(10) 3(7) -4(8) 4(8) 

C(194) 68(14) 61(13) 68(14) 15(11) 26(12) 4(11) 

O(56) 36(6) 45(7) 47(7) 2(5) 9(5) -6(5) 

O(74) 79(11) 53(8) 91(13) 5(8) 24(10) 0(8) 

C(146) 110(20) 70(15) 88(19) 2(13) 20(16) 40(15) 

C(94) 72(14) 54(12) 70(15) -10(11) 13(11) 18(10) 

C(90) 50(11) 54(11) 49(10) -14(9) 7(8) 5(8) 

O(71) 69(9) 65(9) 52(9) 8(7) 2(7) 11(7) 

N(77) 40(7) 40(7) 26(6) -6(5) -5(5) -4(5) 

N(78) 40(7) 35(6) 33(6) -7(5) -4(6) -12(6) 

C(112) 39(9) 84(15) 47(10) -1(10) 0(8) -3(9) 

C(117) 51(10) 57(10) 41(9) -3(8) 16(8) -18(9) 

C(116) 45(8) 64(11) 24(7) -5(7) 2(6) -7(8) 

C(115) 49(11) 81(15) 45(10) 8(10) 6(8) -30(10) 

C(114) 31(9) 97(18) 57(12) -21(12) -4(8) -11(10) 

C(113) 40(10) 64(12) 64(12) -2(10) 15(9) -11(9) 

N(76) 60(10) 42(8) 54(9) 20(7) 24(8) 5(7) 

O(54) 42(6) 28(5) 53(7) 6(5) -5(5) 8(4) 

O(72) 82(11) 84(12) 47(9) 22(8) 10(8) -1(9) 

Cl(32) 300(20) 96(7) 111(7) 51(6) 33(10) 69(10) 

C(106) 73(13) 50(11) 40(10) 11(8) 3(9) -9(9) 

C(128) 43(10) 57(12) 66(13) -11(10) -4(9) -1(8) 

C(135) 48(10) 44(9) 43(9) -8(7) -4(8) -9(8) 

C(177) 84(17) 65(14) 56(13) 0(10) 19(12) -12(12) 

C(124) 49(10) 49(10) 57(11) 15(8) 6(8) -4(8) 

C(136) 47(10) 27(8) 73(13) 6(8) -6(9) 11(7) 

C(175) 100(20) 85(19) 64(16) 8(14) 3(15) 7(17) 

O(68) 103(14) 66(10) 51(8) -1(7) -4(9) -23(9) 

C(97) 82(15) 40(9) 55(11) 6(8) -22(11) 5(9) 

O(45) 58(8) 54(8) 45(7) -8(6) -1(6) 6(6) 

C(122) 48(10) 40(10) 72(13) 14(9) 8(9) -10(8) 

N(80) 70(13) 60(12) 105(16) 17(11) 9(12) 3(10) 

Cl(27) 151(10) 179(12) 98(7) 9(8) 53(7) 26(9) 

C(126) 29(7) 30(7) 45(9) -2(6) -1(6) -7(6) 

O(67) 86(12) 70(10) 59(9) -3(8) 27(9) -2(8) 

C(84) 64(13) 95(17) 57(12) 19(12) -27(11) -12(13) 

C(85) 150(30) 85(18) 67(16) -11(14) -33(17) -20(18) 

C(86) 160(30) 140(30) 73(18) 32(19) -40(20) 20(20) 

C(87) 100(20) 91(18) 58(14) 2(13) -17(13) 19(16) 

C(88) 87(17) 99(18) 48(12) 12(12) -27(12) 23(14) 

C(89) 74(13) 67(13) 38(10) 6(9) -25(9) 3(11) 

Cl(28) 186(12) 127(8) 144(10) 62(8) 93(10) 41(8) 

C(107) 79(14) 24(8) 69(13) 12(8) 6(11) 2(8) 

C(92) 42(9) 36(9) 67(12) -6(8) -8(8) -1(7) 

O(59) 68(10) 59(9) 89(13) 7(8) 4(9) -1(8) 

C(91) 48(10) 25(7) 53(10) 0(7) 3(7) -2(6) 

C(163) 90(20) 57(15) 120(30) 10(15) -6(19) -19(14) 

C(178) 61(14) 75(16) 85(17) 13(13) 21(12) -14(12) 

N(81) 82(15) 85(15) 82(14) -17(12) -10(12) 3(12) 

C(132) 27(7) 56(10) 30(8) 2(7) -1(6) -7(6) 

O(49) 52(7) 54(8) 45(7) 6(6) -6(6) 12(6) 

Na(6) 49(11) 58(12) 34(10) -9(9) 13(8) -15(10) 

C(125) 39(9) 32(8) 58(11) 7(7) 15(8) -4(6) 

C(190) 93(18) 49(12) 55(13) -2(9) 14(12) 16(11) 

C(93) 94(18) 53(12) 48(11) 4(9) 7(11) 4(12) 

C(110) 82(15) 38(9) 63(12) 0(8) 20(11) -9(9) 

O(73) 83(14) 78(13) 104(16) 9(11) -18(12) 21(10) 

O(42) 46(7) 37(6) 48(7) -3(5) 8(5) 4(5) 

N(75) 59(11) 62(10) 43(8) -8(7) 5(7) 1(8) 

C(123) 70(13) 59(12) 41(10) -20(9) 0(9) -2(10) 

C(152) 80(20) 120(30) 270(60) 70(40) 60(30) 20(20) 

C(164) 130(30) 160(40) 80(20) 20(20) -20(20) -40(30) 

C(129) 37(10) 69(14) 91(18) 0(13) -28(11) -6(9) 

C(109) 78(16) 49(12) 82(16) 19(11) 22(13) 6(11) 

C(154) 130(20) 81(17) 90(17) -2(14) 52(17) -26(17) 

C(155) 190(30) 80(20) 120(20) 41(18) 60(20) -20(20) 

C(156) 150(30) 68(17) 88(18) 43(14) 11(19) -11(17) 

C(157) 180(30) 80(20) 110(20) 10(19) -10(20) 30(20) 

C(158) 180(30) 77(18) 86(19) 35(16) 40(20) 0(20) 

C(159) 150(20) 60(14) 70(16) 5(12) 7(17) -19(16) 

C(162) 100(20) 67(16) 90(20) -3(14) 26(17) -19(15) 

C(139) 92(18) 58(14) 96(18) -14(13) 26(15) -10(13) 

O(44) 108(16) 73(12) 61(10) -12(9) -27(10) -10(11) 

C(193) 70(15) 60(13) 80(17) 14(12) 34(13) 0(11) 

Cl(30) 157(11) 80(6) 238(16) 47(8) 76(11) -12(6) 

C(95) 90(20) 72(17) 110(20) -45(17) 32(18) 3(15) 

C(153) 110(20) 75(16) 130(20) 3(18) 30(20) 10(16) 

C(148) 87(19) 83(18) 150(30) 8(18) 15(19) 36(16) 

C(179) 110(20) 100(20) 53(14) -7(14) 25(14) -19(18) 

C(165) 110(20) 62(15) 90(20) -5(14) -25(18) 22(16) 

C(151) 69(16) 65(15) 120(20) -7(15) 6(15) 24(13) 

N(79) 77(13) 64(12) 119(18) -11(12) 28(13) 5(11) 

C(147) 75(16) 81(18) 88(19) 20(15) -11(14) 29(14) 

O(65) 120(20) 90(17) 250(40) -50(20) 100(20) -29(15) 

C(161) 71(15) 76(15) 55(13) 12(11) 17(11) 2(12) 

Na(5) 61(8) 122(14) 71(9) -21(9) 13(7) 16(9) 

C(166) 90(20) 80(20) 250(60) -20(30) -40(30) 28(19) 
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O(64) 90(14) 85(13) 71(12) 3(10) 4(10) 10(11) 

C(181) 84(17) 55(12) 45(11) 10(9) -7(10) 2(11) 

O(61) 111(19) 95(17) 130(20) -18(15) 48(17) 8(14) 

O(55) 30(5) 36(5) 48(6) 1(5) -2(5) 0(5) 

C(111) 47(9) 28(7) 71(12) 2(7) -3(9) 1(8) 

O(50) 33(5) 43(6) 36(6) -2(5) -2(4) -2(4) 

C(119) 43(9) 36(8) 42(9) 4(7) -6(7) 9(7) 

C(96) 54(12) 78(15) 54(12) 2(10) 24(9) 4(10) 

C(120) 47(10) 41(9) 47(10) 6(7) 2(7) -1(7) 

C(121) 48(9) 38(8) 36(8) 7(6) -1(7) 8(7) 

O(48) 111(15) 60(9) 53(9) 8(7) -21(9) 28(9) 

C(104) 44(9) 59(11) 34(8) -1(8) 12(7) -1(8) 

C(134) 33(7) 30(7) 44(8) -8(6) -13(6) -8(6) 

C(130) 56(11) 51(10) 54(11) -9(9) -8(9) 2(9) 

C(83) 82(15) 60(13) 42(10) -15(9) -14(10) -13(11) 

C(108) 82(18) 73(16) 69(16) 4(13) 19(13) 9(13) 

O(63) 84(12) 86(12) 69(11) 13(10) 23(10) 24(10) 

C(137) 45(9) 45(9) 40(9) 3(7) -4(7) -1(7) 

C(105) 62(12) 61(11) 24(8) -13(7) 0(7) 5(9) 

C(189) 93(18) 72(15) 48(12) 16(11) 15(12) 21(13) 

C(187) 120(20) 58(13) 51(12) -1(10) 30(13) 16(14) 

C(186) 110(19) 58(12) 52(12) 18(10) 30(12) -3(12) 

C(185) 140(20) 91(18) 43(12) 2(12) 23(15) 4(18) 

C(184) 130(20) 69(15) 55(13) 8(11) -20(14) 14(15) 

C(183) 120(20) 66(15) 55(13) -13(11) -16(14) 16(15) 

C(182) 140(20) 99(19) 39(11) 12(12) 11(14) 62(18) 

N(82) 63(12) 63(11) 86(15) -16(10) 19(10) 1(9) 

C(188) 56(13) 64(14) 80(16) 12(12) 9(11) 2(11) 

C(176) 83(17) 67(14) 54(13) -8(10) 11(11) -2(12) 

C(180) 120(20) 71(16) 52(13) -2(11) 29(14) -40(16) 

Cl(34) 159(12) 280(20) 92(7) -8(10) -19(7) 95(14) 

Cl(35) 101(8) 350(30) 81(6) -44(10) -11(5) 16(11) 

Cl(37) 137(10) 137(11) 330(30) -116(14) -77(14) -2(8) 

Cl(36) 118(10) 410(30) 179(14) -163(19) -31(10) -33(15) 

O(69) 104(18) 96(17) 210(30) 30(20) 40(20) 40(15) 

C(168) 89(18) 160(30) 50(13) -31(16) -1(13) 25(19) 

C(169) 120(20) 180(30) 53(15) 10(18) 5(16) 50(20) 

C(170) 90(20) 180(30) 61(15) -20(20) 4(14) 20(20) 

C(171) 110(20) 240(40) 69(17) -80(20) -21(17) -10(30) 

C(172) 110(20) 230(40) 90(20) -80(30) -10(20) 10(30) 

C(173) 110(20) 140(30) 75(18) -30(18) -4(17) 0(20) 

O(70) 101(14) 66(11) 77(12) -15(9) 3(10) -7(10) 

C(174) 90(18) 71(16) 87(17) -34(14) -3(14) 8(14) 

C(191) 57(13) 56(13) 95(18) -5(12) 13(12) -10(10) 

C(192) 120(30) 40(11) 110(20) 11(13) 60(20) 5(14) 

C(167) 110(20) 160(30) 72(16) 20(20) -29(18) 30(20) 

O(66) 81(12) 62(9) 73(11) 7(8) -4(9) -8(8) 

C(160) 130(20) 82(17) 63(14) 8(13) 5(15) -43(17) 

O(60) 97(13) 75(11) 65(10) 22(9) 12(10) 7(10) 

C(140) 74(15) 101(19) 80(16) -30(14) 26(13) 19(14) 

C(141) 86(19) 150(30) 90(20) -60(20) 4(17) 20(20) 

C(142) 140(30) 130(30) 110(30) 0(20) 0(20) 40(30) 

C(143) 150(30) 140(30) 120(30) -10(20) 50(20) 50(20) 

C(144) 90(20) 82(18) 120(20) 13(17) 28(17) 9(15) 

C(145) 90(17) 68(14) 95(18) -13(14) 13(14) 19(14) 

C(149) 85(17) 59(13) 120(20) 33(15) -16(16) 11(12) 

C(150) 120(20) 90(20) 150(40) -20(20) -50(20) 32(19) 

  

Table 4 Bond Lengths for RuTC-fin. 

Atom Atom Length/Å   Atom Atom Length/Å 

Ru(1) Ru(2) 2.2973(18)   C(177) C(179) 1.58(5) 

Ru(1) Cl(7) 2.500(7)   C(177) C(176) 1.54(3) 

Ru(1) O(46) 2.031(11)   C(177) C(180) 1.57(4) 

Ru(1) O(54) 2.028(11)   C(124) C(121) 1.52(3) 

Ru(1) O(42) 2.072(13)   C(175) O(68) 1.36(4) 

Ru(1) O(50) 2.048(12)   C(175) O(67) 1.24(4) 

Ru(2) Cl(8) 2.387(10)   C(175) C(176) 1.48(4) 

Ru(2) O(43) 2.060(13)   C(97) O(48) 1.21(3) 

Ru(2) O(47) 2.090(11)   C(122) C(121) 1.56(3) 

Ru(2) O(51) 2.042(11)   N(80) C(162) 1.47(4) 

Ru(2) O(55) 2.048(11)   N(80) C(153) 1.30(4) 

Ru(4) O(58) 2.2837   N(80) C(160) 1.27(5) 

Ru(4) Ru(3) 2.298(3)   Cl(27) C(142) 1.681(18) 

Ru(4) O(72) 1.97(2)   C(126) C(125) 1.49(3) 

Ru(4) O(68) 1.98(2)   C(84) C(85) 1.3900 

Ru(4) O(64) 1.95(2)   C(84) C(89) 1.3900 

Ru(4) O(60) 2.03(2)   C(84) C(83) 1.48(3) 

Ru(3) Cl(25) 2.436(9)   C(85) C(86) 1.3900 

Ru(3) O(71) 2.045(18)   C(86) C(87) 1.3900 

Ru(3) O(67) 2.025(18)   C(87) C(88) 1.3900 

Ru(3) O(59) 2.059(19)   C(88) C(89) 1.3900 

Ru(3) O(63) 1.99(2)   Cl(28) C(143) 1.67(2) 

Cl(19) C(115) 1.707(11)   C(107) C(110) 1.56(4) 

Cl(17) C(113) 1.752(11)   C(107) C(109) 1.53(3) 

Cl(20) C(116) 1.726(11)   C(107) C(108) 1.63(3) 

Cl(24) C(130) 1.68(2)   C(92) C(91) 1.45(3) 

Cl(18) C(114) 1.723(10)   C(92) C(93) 1.61(3) 

Cl(21) C(127) 1.70(2)   C(92) N(75) 1.44(3) 

Cl(22) C(128) 1.75(2)   O(59) C(147) 1.33(3) 

Cl(16) C(102) 1.743(13)   C(91) O(42) 1.25(2) 

Cl(14) C(100) 1.693(10)   C(163) C(164) 1.52(3) 

Cl(23) C(129) 1.73(2)   C(163) C(162) 1.48(5) 

Cl(12) C(88) 1.744(16)   C(163) C(165) 1.52(3) 

Cl(13) C(99) 1.710(14)   C(163) C(166) 1.51(3) 

Cl(15) C(101) 1.707(13)   N(81) C(176) 1.42(4) 

Cl(41) C(186) 1.730(19)   N(81) C(174) 1.47(4) 

Cl(39) C(184) 1.739(15)   N(81) C(167) 1.31(4) 

Cl(11) C(87) 1.675(17)   O(49) C(104) 1.21(2) 

O(53) C(118) 1.27(2)   C(190) C(189) 1.51(4) 

Cl(9) C(85) 1.690(18)   C(190) N(82) 1.50(3) 

Cl(40) C(185) 1.737(16)   C(190) C(191) 1.49(4) 

Cl(38) C(183) 1.71(2)   C(93) C(95) 1.49(4) 

O(43) C(91) 1.28(2)   C(93) C(96) 1.52(3) 

Cl(26) C(141) 1.740(19)   O(73) C(181) 1.27(4) 

Cl(29) C(144) 1.76(2)   N(75) C(83) 1.47(3) 

Cl(33) C(158) 1.80(2)   C(123) C(121) 1.52(3) 

O(57) C(132) 1.21(2)   C(152) C(149) 1.42(3) 

O(52) C(111) 1.24(2)   C(129) C(130) 1.44(3) 

Cl(10) C(86) 1.648(14)   C(154) C(155) 1.3900 

O(46) C(105) 1.21(3)   C(154) C(159) 1.3900 

C(127) C(128) 1.37(3)   C(154) C(153) 1.44(4) 

C(127) C(126) 1.38(2)   C(155) C(156) 1.3900 

C(118) N(77) 1.35(2)   C(155) Cl(30) 1.69(2) 

C(118) C(117) 1.458(19)   C(156) C(157) 1.3900 

C(131) C(126) 1.41(3)   C(157) C(158) 1.3900 

C(131) C(132) 1.52(2)   C(158) C(159) 1.3900 

C(131) C(130) 1.37(3)   C(159) C(160) 1.47(4) 

O(47) C(105) 1.24(3)   C(162) C(161) 1.53(4) 

Cl(31) C(156) 1.684(16)   C(139) N(79) 1.41(4) 

O(62) C(146) 1.29(4)   C(139) O(61) 1.22(4) 

O(51) C(119) 1.31(2)   C(139) C(140) 1.47(3) 

C(133) O(54) 1.28(2)   O(44) C(83) 1.18(3) 

C(133) O(55) 1.26(2)   C(193) C(191) 1.53(4) 

C(133) C(134) 1.50(2)   C(153) O(65) 1.29(5) 
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C(98) C(103) 1.3900   C(148) N(79) 1.38(4) 

C(98) C(99) 1.3900   C(148) C(147) 1.55(4) 

C(98) C(97) 1.51(3)   C(148) C(149) 1.56(4) 

C(103) C(102) 1.3900   C(151) C(149) 1.42(3) 

C(103) C(104) 1.50(2)   C(147) O(60) 1.24(4) 

C(102) C(101) 1.3900   C(161) O(64) 1.36(3) 

C(101) C(100) 1.3900   C(161) O(63) 1.26(4) 

C(100) C(99) 1.3900   C(181) C(182) 1.41(3) 

C(138) C(135) 1.53(3)   C(181) N(82) 1.32(3) 

C(194) C(191) 1.60(4)   O(50) C(119) 1.26(2) 

O(56) C(125) 1.16(2)   C(119) C(120) 1.50(3) 

O(74) C(188) 1.33(4)   C(120) C(121) 1.56(3) 

C(146) N(79) 1.33(4)   C(187) C(186) 1.3900 

C(146) C(145) 1.50(4)   C(187) C(182) 1.3900 

C(94) C(93) 1.52(4)   C(187) C(188) 1.48(3) 

C(90) O(45) 1.19(3)   C(186) C(185) 1.3900 

C(90) C(89) 1.53(2)   C(185) C(184) 1.3900 

C(90) N(75) 1.37(3)   C(184) C(183) 1.3900 

O(71) C(189) 1.33(3)   C(183) C(182) 1.3900 

N(77) C(111) 1.41(3)   N(82) C(188) 1.37(3) 

N(77) C(120) 1.44(2)   Cl(34) C(169) 1.73(3) 

N(78) C(132) 1.40(2)   Cl(35) C(170) 1.64(2) 

N(78) C(125) 1.42(2)   Cl(37) C(172) 1.85(3) 

N(78) C(134) 1.444(19)   Cl(36) C(171) 1.63(3) 

C(112) C(117) 1.3900   O(69) C(167) 1.37(6) 

C(112) C(113) 1.3900   C(168) C(169) 1.3900 

C(112) C(111) 1.48(2)   C(168) C(173) 1.3900 

C(117) C(116) 1.3900   C(168) C(167) 1.40(5) 

C(116) C(115) 1.3900   C(169) C(170) 1.3900 

C(115) C(114) 1.3900   C(170) C(171) 1.3900 

C(114) C(113) 1.3900   C(171) C(172) 1.3900 

N(76) C(106) 1.46(3)   C(172) C(173) 1.3900 

N(76) C(97) 1.35(3)   C(173) C(174) 1.46(4) 

N(76) C(104) 1.41(3)   O(70) C(174) 1.26(4) 

O(72) C(189) 1.29(3)   C(191) C(192) 1.53(4) 

Cl(32) C(157) 1.75(3)   O(66) C(160) 1.24(4) 

C(106) C(107) 1.57(3)   C(140) C(141) 1.3900 

C(106) C(105) 1.51(3)   C(140) C(145) 1.3900 

C(128) C(129) 1.39(4)   C(141) C(142) 1.3900 

C(135) C(136) 1.53(3)   C(142) C(143) 1.3900 

C(135) C(134) 1.53(3)   C(143) C(144) 1.3900 

C(135) C(137) 1.51(2)   C(144) C(145) 1.3900 

C(177) C(178) 1.55(3)   C(149) C(150) 1.42(3) 

  

Table 5 Bond Angles for RuTC-fin. 

Atom Atom Atom Angle/̊    Atom Atom Atom Angle/̊  

Ru(2) Ru(1) Cl(7) 179.9(3)   C(162) C(163) C(165) 118(3) 

O(46) Ru(1) Ru(2) 88.6(4)   C(162) C(163) C(166) 110(3) 

O(46) Ru(1) Cl(7) 91.3(5)   C(165) C(163) C(164) 114(3) 

O(46) Ru(1) O(42) 90.6(5)   C(166) C(163) C(164) 104(3) 

O(46) Ru(1) O(50) 89.3(5)   C(166) C(163) C(165) 104(3) 

O(54) Ru(1) Ru(2) 88.9(4)   C(176) N(81) C(174) 121(3) 

O(54) Ru(1) Cl(7) 91.2(4)   C(167) N(81) C(176) 131(3) 

O(54) Ru(1) O(46) 177.4(5)   C(167) N(81) C(174) 108(3) 

O(54) Ru(1) O(42) 90.1(5)   O(57) C(132) C(131) 126.5(16) 

O(54) Ru(1) O(50) 90.0(5)   O(57) C(132) N(78) 125.9(15) 

O(42) Ru(1) Ru(2) 88.9(4)   N(78) C(132) C(131) 107.4(15) 

O(42) Ru(1) Cl(7) 91.2(4)   O(56) C(125) N(78) 124.6(18) 

O(50) Ru(1) Ru(2) 89.7(3)   O(56) C(125) C(126) 128.8(16) 

O(50) Ru(1) Cl(7) 90.3(4)   N(78) C(125) C(126) 106.6(15) 

O(50) Ru(1) O(42) 178.5(5)   N(82) C(190) C(189) 106(2) 

Ru(1) Ru(2) Cl(8) 176.8(3)   C(191) C(190) C(189) 116(2) 

O(43) Ru(2) Ru(1) 89.2(4)   C(191) C(190) N(82) 117(2) 

O(43) Ru(2) Cl(8) 87.7(4)   C(94) C(93) C(92) 108.7(19) 

O(43) Ru(2) O(47) 90.6(6)   C(94) C(93) C(96) 116(2) 

O(47) Ru(2) Ru(1) 89.5(4)   C(95) C(93) C(94) 107(2) 

O(47) Ru(2) Cl(8) 91.0(5)   C(95) C(93) C(92) 107(2) 

O(51) Ru(2) Ru(1) 89.9(3)   C(95) C(93) C(96) 108(2) 

O(51) Ru(2) Cl(8) 93.3(4)   C(96) C(93) C(92) 110.1(19) 

O(51) Ru(2) O(43) 178.9(5)   C(91) O(42) Ru(1) 119.1(12) 

O(51) Ru(2) O(47) 89.9(5)   C(90) N(75) C(92) 125.1(18) 

O(51) Ru(2) O(55) 89.9(5)   C(90) N(75) C(83) 111.8(19) 

O(55) Ru(2) Ru(1) 90.0(3)   C(92) N(75) C(83) 121.5(18) 

O(55) Ru(2) Cl(8) 89.5(4)   C(128) C(129) Cl(23) 122.0(17) 

O(55) Ru(2) O(43) 89.6(5)   C(128) C(129) C(130) 120(2) 

O(55) Ru(2) O(47) 179.5(5)   C(130) C(129) Cl(23) 118(2) 

O(58) Ru(4) Ru(3) 176.6(9)   C(155) C(154) C(159) 120.0 

O(72) Ru(4) O(58) 87.7(10)   C(155) C(154) C(153) 139(2) 

O(72) Ru(4) Ru(3) 89.4(5)   C(159) C(154) C(153) 101(2) 

O(72) Ru(4) O(68) 90.9(8)   C(154) C(155) Cl(30) 118.1(16) 

O(72) Ru(4) O(60) 90.3(9)   C(156) C(155) C(154) 120.0 

O(68) Ru(4) O(58) 87.5(9)   C(156) C(155) Cl(30) 121.8(16) 

O(68) Ru(4) Ru(3) 90.9(5)   C(155) C(156) Cl(31) 117.8(18) 

O(68) Ru(4) O(60) 178.3(9)   C(157) C(156) Cl(31) 122.2(18) 

O(64) Ru(4) O(58) 92.6(11)   C(157) C(156) C(155) 120.0 

O(64) Ru(4) Ru(3) 90.3(6)   C(156) C(157) Cl(32) 120.0(16) 

O(64) Ru(4) O(72) 179.3(9)   C(156) C(157) C(158) 120.0 

O(64) Ru(4) O(68) 89.7(8)   C(158) C(157) Cl(32) 119.2(16) 

O(64) Ru(4) O(60) 89.1(9)   C(157) C(158) Cl(33) 118.2(14) 

O(60) Ru(4) O(58) 91.4(9)   C(159) C(158) Cl(33) 121.7(14) 

O(60) Ru(4) Ru(3) 90.3(5)   C(159) C(158) C(157) 120.0 

Ru(4) Ru(3) Cl(25) 177.2(2)   C(154) C(159) C(160) 109(2) 

O(71) Ru(3) Ru(4) 90.2(4)   C(158) C(159) C(154) 120.0 

O(71) Ru(3) Cl(25) 89.5(5)   C(158) C(159) C(160) 130(2) 

O(71) Ru(3) O(59) 89.6(7)   N(80) C(162) C(163) 110(2) 

O(67) Ru(3) Ru(4) 89.0(5)   N(80) C(162) C(161) 108(3) 

O(67) Ru(3) Cl(25) 93.8(5)   C(163) C(162) C(161) 118(2) 

O(67) Ru(3) O(71) 91.0(7)   N(79) C(139) C(140) 103(2) 

O(67) Ru(3) O(59) 177.4(8)   O(61) C(139) N(79) 127(3) 

O(59) Ru(3) Ru(4) 88.4(6)   O(61) C(139) C(140) 130(3) 

O(59) Ru(3) Cl(25) 88.7(6)   N(80) C(153) C(154) 111(3) 

O(63) Ru(3) Ru(4) 88.6(6)   O(65) C(153) N(80) 131(4) 

O(63) Ru(3) Cl(25) 91.6(7)   O(65) C(153) C(154) 118(3) 

O(63) Ru(3) O(71) 178.6(8)   N(79) C(148) C(147) 106(3) 

O(63) Ru(3) O(67) 89.9(8)   N(79) C(148) C(149) 121(3) 

O(63) Ru(3) O(59) 89.5(7)   C(147) C(148) C(149) 107(3) 

C(91) O(43) Ru(2) 118.7(12)   C(146) N(79) C(139) 114(3) 

C(105) O(46) Ru(1) 117.7(13)   C(146) N(79) C(148) 126(3) 

C(128) C(127) Cl(21) 121.9(16)   C(148) N(79) C(139) 120(3) 

C(128) C(127) C(126) 117(2)   O(59) C(147) C(148) 113(3) 

C(126) C(127) Cl(21) 120.8(17)   O(60) C(147) O(59) 123(2) 

O(53) C(118) N(77) 124.4(16)   O(60) C(147) C(148) 124(2) 

O(53) C(118) C(117) 127.5(15)   O(64) C(161) C(162) 119(2) 

N(77) C(118) C(117) 108.1(14)   O(63) C(161) C(162) 122(2) 

C(126) C(131) C(132) 106.2(14)   O(63) C(161) O(64) 119(3) 

C(130) C(131) C(126) 123.6(18)   C(161) O(64) Ru(4) 119.7(19) 

C(130) C(131) C(132) 130(2)   O(73) C(181) C(182) 127(2) 

C(105) O(47) Ru(2) 113.1(13)   O(73) C(181) N(82) 124(3) 

C(119) O(51) Ru(2) 117.2(11)   N(82) C(181) C(182) 108(2) 

O(54) C(133) C(134) 115.5(14)   C(133) O(55) Ru(2) 116.7(11) 

O(55) C(133) O(54) 125.7(16)   O(52) C(111) N(77) 124.9(18) 

O(55) C(133) C(134) 118.6(16)   O(52) C(111) C(112) 129.2(19) 

C(103) C(98) C(99) 120.0   N(77) C(111) C(112) 105.9(13) 

C(103) C(98) C(97) 108.3(11)   C(119) O(50) Ru(1) 118.2(11) 
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C(99) C(98) C(97) 131.5(11)   O(51) C(119) C(120) 116.2(16) 

C(98) C(103) C(104) 108.2(11)   O(50) C(119) O(51) 125.0(16) 

C(102) C(103) C(98) 120.0   O(50) C(119) C(120) 118.8(16) 

C(102) C(103) C(104) 131.8(11)   N(77) C(120) C(119) 108.7(15) 

C(103) C(102) Cl(16) 119.4(8)   N(77) C(120) C(121) 111.9(15) 

C(103) C(102) C(101) 120.0   C(119) C(120) C(121) 116.4(16) 

C(101) C(102) Cl(16) 120.6(8)   C(124) C(121) C(122) 108.6(16) 

C(102) C(101) Cl(15) 119.7(9)   C(124) C(121) C(123) 111.0(17) 

C(100) C(101) Cl(15) 120.3(9)   C(124) C(121) C(120) 112.4(16) 

C(100) C(101) C(102) 120.0   C(122) C(121) C(120) 108.9(15) 

C(101) C(100) Cl(14) 121.0(10)   C(123) C(121) C(122) 105.9(17) 

C(101) C(100) C(99) 120.0   C(123) C(121) C(120) 109.8(16) 

C(99) C(100) Cl(14) 119.0(10)   N(76) C(104) C(103) 103.1(16) 

C(98) C(99) Cl(13) 118.8(9)   O(49) C(104) C(103) 130.0(16) 

C(100) C(99) Cl(13) 121.2(9)   O(49) C(104) N(76) 126.9(18) 

C(100) C(99) C(98) 120.0   C(133) C(134) C(135) 120.5(15) 

O(62) C(146) N(79) 131(3)   N(78) C(134) C(133) 107.3(13) 

O(62) C(146) C(145) 122(3)   N(78) C(134) C(135) 113.7(13) 

N(79) C(146) C(145) 107(2)   C(131) C(130) Cl(24) 123.5(18) 

O(45) C(90) C(89) 128.8(19)   C(131) C(130) C(129) 115(2) 

O(45) C(90) N(75) 125(2)   C(129) C(130) Cl(24) 121.1(18) 

N(75) C(90) C(89) 105.9(17)   N(75) C(83) C(84) 104.8(18) 

C(189) O(71) Ru(3) 116.8(18)   O(44) C(83) C(84) 131(2) 

C(118) N(77) C(111) 110.8(14)   O(44) C(83) N(75) 124(2) 

C(118) N(77) C(120) 125.5(15)   C(161) O(63) Ru(3) 122.0(18) 

C(111) N(77) C(120) 123.4(15)   O(46) C(105) O(47) 131(2) 

C(132) N(78) C(125) 110.3(14)   O(46) C(105) C(106) 116(2) 

C(132) N(78) C(134) 123.8(14)   O(47) C(105) C(106) 113.0(18) 

C(125) N(78) C(134) 124.8(15)   O(71) C(189) C(190) 118(2) 

C(117) C(112) C(113) 120.0   O(72) C(189) O(71) 121(3) 

C(117) C(112) C(111) 107.0(11)   O(72) C(189) C(190) 121(2) 

C(113) C(112) C(111) 132.9(11)   C(186) C(187) C(182) 120.0 

C(112) C(117) C(118) 107.9(10)   C(186) C(187) C(188) 136.3(16) 

C(116) C(117) C(118) 132.1(10)   C(182) C(187) C(188) 103.7(16) 

C(116) C(117) C(112) 120.0   C(187) C(186) Cl(41) 118.1(11) 

C(117) C(116) Cl(20) 121.6(7)   C(187) C(186) C(185) 120.0 

C(117) C(116) C(115) 120.0   C(185) C(186) Cl(41) 121.9(11) 

C(115) C(116) Cl(20) 118.4(7)   C(186) C(185) Cl(40) 117.2(12) 

C(116) C(115) Cl(19) 121.7(8)   C(184) C(185) Cl(40) 122.8(12) 

C(116) C(115) C(114) 120.0   C(184) C(185) C(186) 120.0 

C(114) C(115) Cl(19) 118.3(8)   C(185) C(184) Cl(39) 117.3(13) 

C(115) C(114) Cl(18) 122.2(8)   C(185) C(184) C(183) 120.0 

C(115) C(114) C(113) 120.0   C(183) C(184) Cl(39) 122.7(13) 

C(113) C(114) Cl(18) 117.8(8)   C(184) C(183) Cl(38) 119.2(12) 

C(112) C(113) Cl(17) 118.1(8)   C(182) C(183) Cl(38) 120.8(12) 

C(114) C(113) Cl(17) 121.8(8)   C(182) C(183) C(184) 120.0 

C(114) C(113) C(112) 120.0   C(187) C(182) C(181) 109.2(17) 

C(97) N(76) C(106) 124.4(19)   C(183) C(182) C(181) 130.4(17) 

C(97) N(76) C(104) 115.9(18)   C(183) C(182) C(187) 120.0 

C(104) N(76) C(106) 119.7(17)   C(181) N(82) C(190) 127(2) 

C(133) O(54) Ru(1) 118.4(10)   C(181) N(82) C(188) 111(2) 

C(189) O(72) Ru(4) 122.4(16)   C(188) N(82) C(190) 122(2) 

N(76) C(106) C(107) 112.8(17)   O(74) C(188) C(187) 124(2) 

N(76) C(106) C(105) 113.0(16)   O(74) C(188) N(82) 129(3) 

C(105) C(106) C(107) 117.1(19)   N(82) C(188) C(187) 107(2) 

C(127) C(128) Cl(22) 118.9(18)   C(175) C(176) C(177) 122(3) 

C(127) C(128) C(129) 123.7(19)   N(81) C(176) C(177) 116(2) 

C(129) C(128) Cl(22) 117.3(16)   N(81) C(176) C(175) 106(2) 

C(136) C(135) C(138) 107.4(16)   C(169) C(168) C(173) 120.0 

C(136) C(135) C(134) 110.7(15)   C(169) C(168) C(167) 139(3) 

C(134) C(135) C(138) 112.4(16)   C(173) C(168) C(167) 101(3) 

C(137) C(135) C(138) 108.4(16)   C(168) C(169) Cl(34) 118(2) 

C(137) C(135) C(136) 108.8(16)   C(170) C(169) Cl(34) 122(2) 

C(137) C(135) C(134) 109.0(15)   C(170) C(169) C(168) 120.0 

C(178) C(177) C(179) 114(2)   C(169) C(170) Cl(35) 123(2) 

C(178) C(177) C(180) 107(2)   C(171) C(170) Cl(35) 117(2) 

C(176) C(177) C(178) 110(2)   C(171) C(170) C(169) 120.0 

C(176) C(177) C(179) 109(2)   C(170) C(171) Cl(36) 113(2) 

C(176) C(177) C(180) 108(2)   C(170) C(171) C(172) 120.0 

C(180) C(177) C(179) 110(2)   C(172) C(171) Cl(36) 127(2) 

O(68) C(175) C(176) 114(3)   C(171) C(172) Cl(37) 117.9(18) 

O(67) C(175) O(68) 123(3)   C(171) C(172) C(173) 120.0 

O(67) C(175) C(176) 122(3)   C(173) C(172) Cl(37) 121.5(17) 

C(175) O(68) Ru(4) 116.6(18)   C(168) C(173) C(174) 113(2) 

N(76) C(97) C(98) 104.0(17)   C(172) C(173) C(168) 120.0 

O(48) C(97) C(98) 128.7(19)   C(172) C(173) C(174) 126(2) 

O(48) C(97) N(76) 127(2)   C(173) C(174) N(81) 101(3) 

C(153) N(80) C(162) 121(3)   O(70) C(174) N(81) 123(3) 

C(160) N(80) C(162) 125(3)   O(70) C(174) C(173) 135(3) 

C(160) N(80) C(153) 113(3)   C(190) C(191) C(194) 117(2) 

C(127) C(126) C(131) 120.2(17)   C(190) C(191) C(193) 110(2) 

C(127) C(126) C(125) 130.9(17)   C(190) C(191) C(192) 109(2) 

C(131) C(126) C(125) 109.0(13)   C(193) C(191) C(194) 106(2) 

C(175) O(67) Ru(3) 119(2)   C(193) C(191) C(192) 107(2) 

C(85) C(84) C(89) 120.0   C(192) C(191) C(194) 107(3) 

C(85) C(84) C(83) 130.8(13)   N(81) C(167) O(69) 124(4) 

C(89) C(84) C(83) 108.9(13)   N(81) C(167) C(168) 116(4) 

C(84) C(85) Cl(9) 120.6(12)   O(69) C(167) C(168) 120(3) 

C(86) C(85) Cl(9) 119.4(12)   N(80) C(160) C(159) 105(2) 

C(86) C(85) C(84) 120.0   O(66) C(160) N(80) 129(3) 

C(85) C(86) Cl(10) 118.9(14)   O(66) C(160) C(159) 126(4) 

C(85) C(86) C(87) 120.0   C(147) O(60) Ru(4) 120.0(17) 

C(87) C(86) Cl(10) 120.8(14)   C(141) C(140) C(139) 129.7(17) 

C(86) C(87) Cl(11) 121.6(12)   C(141) C(140) C(145) 120.0 

C(88) C(87) Cl(11) 118.3(12)   C(145) C(140) C(139) 109.8(17) 

C(88) C(87) C(86) 120.0   C(140) C(141) Cl(26) 121.0(15) 

C(87) C(88) Cl(12) 121.8(10)   C(142) C(141) Cl(26) 118.9(15) 

C(87) C(88) C(89) 120.0   C(142) C(141) C(140) 120.0 

C(89) C(88) Cl(12) 118.2(10)   C(141) C(142) Cl(27) 122.2(18) 

C(84) C(89) C(90) 108.1(13)   C(141) C(142) C(143) 120.0 

C(88) C(89) C(90) 131.9(13)   C(143) C(142) Cl(27) 117.6(18) 

C(88) C(89) C(84) 120.0   C(142) C(143) Cl(28) 121.0(16) 

C(106) C(107) C(108) 107.9(19)   C(142) C(143) C(144) 120.0 

C(110) C(107) C(106) 111.7(18)   C(144) C(143) Cl(28) 119.0(16) 

C(110) C(107) C(108) 113(2)   C(143) C(144) Cl(29) 122.7(14) 

C(109) C(107) C(106) 108(2)   C(145) C(144) Cl(29) 117.2(14) 

C(109) C(107) C(110) 113.3(19)   C(145) C(144) C(143) 120.0 

C(109) C(107) C(108) 103(2)   C(140) C(145) C(146) 105.5(17) 

C(91) C(92) C(93) 115.1(17)   C(144) C(145) C(146) 134.5(17) 

N(75) C(92) C(91) 108.7(16)   C(144) C(145) C(140) 120.0 

N(75) C(92) C(93) 113.7(18)   C(152) C(149) C(148) 111(3) 

C(147) O(59) Ru(3) 118.4(18)   C(152) C(149) C(151) 114(4) 

O(43) C(91) C(92) 115.9(17)   C(152) C(149) C(150) 106(3) 

O(42) C(91) O(43) 124.0(18)   C(151) C(149) C(148) 112(2) 

O(42) C(91) C(92) 120.0(17)   C(151) C(149) C(150) 107(3) 

C(162) C(163) C(164) 106(2)   C(150) C(149) C(148) 108(3) 

  

Table 6 Torsion Angles for RuTC-fin. 

A B C D Angle/̊    A B C D Angle/̊  

Ru(1) O(46) C(105) O(47) 5(3)   O(73) C(181) C(182) C(183) 5(3) 

Ru(1) O(46) C(105) C(106) 175.4(12)   O(73) C(181) N(82) C(190) 2(4) 

Ru(1) O(50) C(119) O(51) 0(2)   O(73) C(181) N(82) C(188) 179(2) 

Ru(1) O(50) C(119) C(120) 177.2(12)   N(75) C(90) C(89) C(84) -1.4(19) 

Ru(2) O(43) C(91) C(92) -178.8(12)   N(75) C(90) C(89) C(88) 178.2(15) 
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Ru(2) O(43) C(91) O(42) 4(2)   N(75) C(92) C(91) O(43) 51(2) 

Ru(2) O(47) C(105) O(46) -5(3)   N(75) C(92) C(91) O(42) -131.2(18) 

Ru(2) O(47) C(105) C(106) -176.0(12)   N(75) C(92) C(93) C(94) -177.8(19) 

Ru(2) O(51) C(119) O(50) -1(2)   N(75) C(92) C(93) C(95) -63(3) 

Ru(2) O(51) C(119) C(120) -178.6(11)   N(75) C(92) C(93) C(96) 54(3) 

Ru(4) O(72) C(189) O(71) -2(3)   C(164) C(163) C(162) N(80) -63(3) 

Ru(4) O(72) C(189) C(190) 175.1(17)   C(164) C(163) C(162) C(161) 173(3) 

Ru(3) O(71) C(189) O(72) 0(3)   C(154) C(155) C(156) Cl(31) -177(2) 

Ru(3) O(71) C(189) C(190) -176.8(17)   C(154) C(155) C(156) C(157) 0.0 

Ru(3) O(59) C(147) C(148) -179(2)   C(154) C(159) C(160) N(80) -5(3) 

Ru(3) O(59) C(147) O(60) 4(4)   C(154) C(159) C(160) O(66) 173(3) 

Cl(19) C(115) C(114) Cl(18) 1.3(11)   C(155) C(154) C(159) C(158) 0.0 

Cl(19) C(115) C(114) C(113) 179.2(11)   C(155) C(154) C(159) C(160) -173(2) 

Cl(20) C(116) C(115) Cl(19) -0.2(11)   C(155) C(154) C(153) N(80) 172(2) 

Cl(20) C(116) C(115) C(114) 179.0(10)   C(155) C(154) C(153) O(65) -5(6) 

Cl(18) C(114) C(113) Cl(17) 2.0(11)   C(155) C(156) C(157) Cl(32) -170(2) 

Cl(18) C(114) C(113) C(112) 178.0(11)   C(155) C(156) C(157) C(158) 0.0 

Cl(21) C(127) C(128) Cl(22) -4(3)   C(156) C(157) C(158) Cl(33) -176(2) 

Cl(21) C(127) C(128) C(129) -179.9(19)   C(156) C(157) C(158) C(159) 0.0 

Cl(21) C(127) C(126) C(131) -176.7(14)   C(157) C(158) C(159) C(154) 0.0 

Cl(21) C(127) C(126) C(125) 5(3)   C(157) C(158) C(159) C(160) 171(3) 

Cl(22) C(128) C(129) Cl(23) 4(3)   C(158) C(159) C(160) N(80) -177(2) 

Cl(22) C(128) C(129) C(130) 178.6(17)   C(158) C(159) C(160) O(66) 1(5) 

Cl(16) C(102) C(101) Cl(15) -0.5(13)   C(159) C(154) C(155) C(156) 0.0 

Cl(16) C(102) C(101) C(100) -178.9(14)   C(159) C(154) C(155) Cl(30) 176(2) 

Cl(14) C(100) C(99) Cl(13) 0.7(13)   C(159) C(154) C(153) N(80) -12(4) 

Cl(14) C(100) C(99) C(98) 178.4(13)   C(159) C(154) C(153) O(65) 171(4) 

Cl(23) C(129) C(130) Cl(24) -1(3)   C(162) N(80) C(153) C(154) 180(3) 

Cl(23) C(129) C(130) C(131) 179.0(17)   C(162) N(80) C(153) O(65) -4(7) 

Cl(12) C(88) C(89) C(90) -1(2)   C(162) N(80) C(160) C(159) -173(3) 

Cl(12) C(88) C(89) C(84) 179.0(16)   C(162) N(80) C(160) O(66) 9(6) 

Cl(15) C(101) C(100) Cl(14) 3.2(13)   C(162) C(161) O(64) Ru(4) 175(2) 

Cl(15) C(101) C(100) C(99) -178.4(14)   C(162) C(161) O(63) Ru(3) -176(2) 

Cl(41) C(186) C(185) Cl(40) 3.8(14)   C(139) C(140) C(141) Cl(26) -14(3) 

Cl(41) C(186) C(185) C(184) -177.4(14)   C(139) C(140) C(141) C(142) 171(3) 

Cl(39) C(184) C(183) Cl(38) -5.4(16)   C(139) C(140) C(145) C(146) 7(3) 

Cl(39) C(184) C(183) C(182) 176.5(16)   C(139) C(140) C(145) C(144) -172(3) 

Cl(11) C(87) C(88) Cl(12) 3.6(18)   Cl(30) C(155) C(156) Cl(31) 8(2) 

Cl(11) C(87) C(88) C(89) -177.4(18)   Cl(30) C(155) C(156) C(157) -175(2) 

O(53) C(118) N(77) C(111) 175.6(18)   C(153) N(80) C(162) C(163) 96(4) 

O(53) C(118) N(77) C(120) 2(3)   C(153) N(80) C(162) C(161) -134(3) 

O(53) C(118) C(117) C(112) -177.6(17)   C(153) N(80) C(160) C(159) -3(4) 

O(53) C(118) C(117) C(116) 5(3)   C(153) N(80) C(160) O(66) 179(4) 

Cl(9) C(85) C(86) Cl(10) -7.4(19)   C(153) C(154) C(155) C(156) 176(4) 

Cl(9) C(85) C(86) C(87) 179(2)   C(153) C(154) C(155) Cl(30) -9(4) 

Cl(40) C(185) C(184) Cl(39) 2.1(15)   C(153) C(154) C(159) C(158) -177(3) 

Cl(40) C(185) C(184) C(183) 178.7(15)   C(153) C(154) C(159) C(160) 10(3) 

Cl(38) C(183) C(182) C(181) -6(2)   C(148) C(147) O(60) Ru(4) 178(3) 

Cl(38) C(183) C(182) C(187) -178.0(16)   C(179) C(177) C(176) C(175) 174(3) 

O(43) C(91) O(42) Ru(1) -4(2)   C(179) C(177) C(176) N(81) -56(3) 

Cl(26) C(141) C(142) Cl(27) 0(2)   C(165) C(163) C(162) N(80) 66(3) 

Cl(26) C(141) C(142) C(143) -176(2)   C(165) C(163) C(162) C(161) -58(4) 

Cl(29) C(144) C(145) C(146) 3(4)   N(79) C(146) C(145) C(140) -5(3) 

Cl(29) C(144) C(145) C(140) -177(2)   N(79) C(146) C(145) C(144) 175(2) 

Cl(33) C(158) C(159) C(154) 176(2)   N(79) C(139) C(140) C(141) -179(2) 

Cl(33) C(158) C(159) C(160) -12(3)   N(79) C(139) C(140) C(145) -7(3) 

Cl(10) C(86) C(87) Cl(11) 3.8(19)   N(79) C(148) C(147) O(59) 51(4) 

Cl(10) C(86) C(87) C(88) -174(2)   N(79) C(148) C(147) O(60) -131(4) 

C(127) C(128) C(129) Cl(23) 180.0(18)   N(79) C(148) C(149) C(152) -176(3) 

C(127) C(128) C(129) C(130) -5(4)   N(79) C(148) C(149) C(151) 56(4) 

C(127) C(126) C(125) O(56) -4(3)   N(79) C(148) C(149) C(150) -61(4) 

C(127) C(126) C(125) N(78) 177.1(17)   C(147) C(148) N(79) C(146) 36(5) 

C(118) N(77) C(111) O(52) -174(2)   C(147) C(148) N(79) C(139) -137(3) 

C(118) N(77) C(111) C(112) 6(2)   C(147) C(148) C(149) C(152) 63(4) 

C(118) N(77) C(120) C(119) 39(2)   C(147) C(148) C(149) C(151) -65(3) 

C(118) N(77) C(120) C(121) -91(2)   C(147) C(148) C(149) C(150) 178(3) 

C(118) C(117) C(116) Cl(20) -1.4(17)   C(166) C(163) C(162) N(80) -175(3) 

C(118) C(117) C(116) C(115) 177.6(17)   C(166) C(163) C(162) C(161) 60(4) 

C(131) C(126) C(125) O(56) 177.7(19)   O(64) C(161) O(63) Ru(3) 5(3) 

C(131) C(126) C(125) N(78) -1.6(19)   C(181) N(82) C(188) O(74) 179(3) 

Cl(31) C(156) C(157) Cl(32) 7(2)   C(181) N(82) C(188) C(187) 1(3) 

Cl(31) C(156) C(157) C(158) 177(2)   O(61) C(139) N(79) C(146) -176(4) 

O(62) C(146) N(79) C(139) 179(4)   O(61) C(139) N(79) C(148) -1(6) 

O(62) C(146) N(79) C(148) 5(7)   O(61) C(139) C(140) C(141) 1(6) 

O(62) C(146) C(145) C(140) 176(3)   O(61) C(139) C(140) C(145) 172(4) 

O(62) C(146) C(145) C(144) -4(5)   O(55) C(133) O(54) Ru(1) -7(2) 

O(51) C(119) C(120) N(77) 53(2)   O(55) C(133) C(134) N(78) 50(2) 

O(51) C(119) C(120) C(121) -179.3(14)   O(55) C(133) C(134) C(135) -178.1(15) 

C(98) C(103) C(102) Cl(16) 179.0(14)   C(111) N(77) C(120) C(119) -134.1(17) 

C(98) C(103) C(102) C(101) 0.0   C(111) N(77) C(120) C(121) 96(2) 

C(98) C(103) C(104) N(76) -2.8(17)   C(111) C(112) C(117) C(118) -0.9(14) 

C(98) C(103) C(104) O(49) 177.6(19)   C(111) C(112) C(117) C(116) 177.2(14) 

C(103) C(98) C(99) Cl(13) 177.8(12)   C(111) C(112) C(113) Cl(17) -0.2(17) 

C(103) C(98) C(99) C(100) 0.0   C(111) C(112) C(113) C(114) -176.4(18) 

C(103) C(98) C(97) N(76) -7(2)   O(50) C(119) C(120) N(77) -124.0(17) 

C(103) C(98) C(97) O(48) 179(3)   O(50) C(119) C(120) C(121) 3(2) 

C(103) C(102) C(101) Cl(15) 178.4(14)   C(119) C(120) C(121) C(124) -61(2) 

C(103) C(102) C(101) C(100) 0.0   C(119) C(120) C(121) C(122) 59(2) 

C(102) C(103) C(104) N(76) 178.6(13)   C(119) C(120) C(121) C(123) 174.5(16) 

C(102) C(103) C(104) O(49) -1(3)   C(120) N(77) C(111) O(52) 0(3) 

C(102) C(101) C(100) Cl(14) -178.4(13)   C(120) N(77) C(111) C(112) 179.4(15) 

C(102) C(101) C(100) C(99) 0.0   C(104) C(103) C(102) Cl(16) -2.6(19) 

C(101) C(100) C(99) Cl(13) -177.8(13)   C(104) C(103) C(102) C(101) 178.5(18) 

C(101) C(100) C(99) C(98) 0.0   C(104) N(76) C(106) C(107) -93(2) 

C(99) C(98) C(103) C(102) 0.0   C(104) N(76) C(106) C(105) 43(3) 

C(99) C(98) C(103) C(104) -178.8(14)   C(104) N(76) C(97) C(98) 6(3) 

C(99) C(98) C(97) N(76) 178.5(13)   C(104) N(76) C(97) O(48) 179(2) 

C(99) C(98) C(97) O(48) 5(4)   C(134) C(133) O(54) Ru(1) 176.7(10) 

C(138) C(135) C(134) C(133) -62(2)   C(134) C(133) O(55) Ru(2) -178.1(11) 

C(138) C(135) C(134) N(78) 68(2)   C(134) N(78) C(132) O(57) 9(3) 

C(90) N(75) C(83) C(84) 6(2)   C(134) N(78) C(132) C(131) -175.3(15) 

C(90) N(75) C(83) O(44) -172(2)   C(134) N(78) C(125) O(56) -6(3) 

N(77) C(118) C(117) C(112) 4.3(16)   C(134) N(78) C(125) C(126) 173.6(15) 

N(77) C(118) C(117) C(116) -173.5(11)   C(130) C(131) C(126) C(127) -2(3) 

N(77) C(120) C(121) C(124) 64(2)   C(130) C(131) C(126) C(125) 176.9(18) 

N(77) C(120) C(121) C(122) -175.2(15)   C(130) C(131) C(132) O(57) 2(3) 

N(77) C(120) C(121) C(123) -60(2)   C(130) C(131) C(132) N(78) -174(2) 

C(112) C(117) C(116) Cl(20) -179.0(11)   C(83) C(84) C(85) Cl(9) -6(2) 

C(112) C(117) C(116) C(115) 0.0   C(83) C(84) C(85) C(86) 173(2) 

C(117) C(118) N(77) C(111) -6(2)   C(83) C(84) C(89) C(90) 4.9(18) 

C(117) C(118) N(77) C(120) -179.9(15)   C(83) C(84) C(89) C(88) -174.7(19) 

C(117) C(112) C(113) Cl(17) 176.2(11)   O(63) C(161) O(64) Ru(4) -6(3) 

C(117) C(112) C(113) C(114) 0.0   C(137) C(135) C(134) C(133) 59(2) 

C(117) C(112) C(111) O(52) 177(2)   C(137) C(135) C(134) N(78) -172.0(15) 

C(117) C(112) C(111) N(77) -2.7(16)   C(105) C(106) C(107) C(110) -67(2) 

C(117) C(116) C(115) Cl(19) -179.2(11)   C(105) C(106) C(107) C(109) 168.2(19) 

C(117) C(116) C(115) C(114) 0.0   C(105) C(106) C(107) C(108) 58(2) 

C(116) C(115) C(114) Cl(18) -178.0(11)   C(189) C(190) N(82) C(181) -136(3) 

C(116) C(115) C(114) C(113) 0.0   C(189) C(190) N(82) C(188) 48(3) 

C(115) C(114) C(113) Cl(17) -176.1(11)   C(189) C(190) C(191) C(194) -59(3) 

C(115) C(114) C(113) C(112) 0.0   C(189) C(190) C(191) C(193) 180(2) 

C(113) C(112) C(117) C(118) -178.1(13)   C(189) C(190) C(191) C(192) 62(3) 

C(113) C(112) C(117) C(116) 0.0   C(187) C(186) C(185) Cl(40) -178.8(14) 

C(113) C(112) C(111) O(52) -6(3)   C(187) C(186) C(185) C(184) 0.0 
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C(113) C(112) C(111) N(77) 174.0(11)   C(186) C(187) C(182) C(181) -173.6(17) 

N(76) C(106) C(107) C(110) 67(2)   C(186) C(187) C(182) C(183) 0.0 

N(76) C(106) C(107) C(109) -58(2)   C(186) C(187) C(188) O(74) -2(4) 

N(76) C(106) C(107) C(108) -168.6(18)   C(186) C(187) C(188) N(82) 176.4(17) 

N(76) C(106) C(105) O(46) -129(2)   C(186) C(185) C(184) Cl(39) -176.7(15) 

N(76) C(106) C(105) O(47) 44(2)   C(186) C(185) C(184) C(183) 0.0 

O(54) C(133) O(55) Ru(2) 6(2)   C(185) C(184) C(183) Cl(38) 178.1(16) 

O(54) C(133) C(134) N(78) -133.9(15)   C(185) C(184) C(183) C(182) 0.0 

O(54) C(133) C(134) C(135) -2(2)   C(184) C(183) C(182) C(181) 172(2) 

Cl(32) C(157) C(158) Cl(33) -6.5(19)   C(184) C(183) C(182) C(187) 0.0 

Cl(32) C(157) C(158) C(159) 170(2)   C(182) C(181) N(82) C(190) -173(2) 

C(106) N(76) C(97) C(98) -176.9(18)   C(182) C(181) N(82) C(188) 4(3) 

C(106) N(76) C(97) O(48) -3(4)   C(182) C(187) C(186) Cl(41) 177.5(14) 

C(106) N(76) C(104) C(103) -179.7(17)   C(182) C(187) C(186) C(185) 0.0 

C(106) N(76) C(104) O(49) 0(3)   C(182) C(187) C(188) O(74) 176(2) 

C(128) C(127) C(126) C(131) 1(3)   C(182) C(187) C(188) N(82) -5(2) 

C(128) C(127) C(126) C(125) -177.7(18)   N(82) C(190) C(189) O(71) 43(3) 

C(128) C(129) C(130) Cl(24) -175.8(18)   N(82) C(190) C(189) O(72) -134(3) 

C(128) C(129) C(130) C(131) 4(3)   N(82) C(190) C(191) C(194) 67(3) 

C(136) C(135) C(134) C(133) 178.2(15)   N(82) C(190) C(191) C(193) -53(3) 

C(136) C(135) C(134) N(78) -52(2)   N(82) C(190) C(191) C(192) -171(3) 

O(68) C(175) O(67) Ru(3) 9(4)   N(82) C(181) C(182) C(187) -8(2) 

O(68) C(175) C(176) C(177) -1(4)   N(82) C(181) C(182) C(183) 179.5(16) 

O(68) C(175) C(176) N(81) -135(3)   C(188) C(187) C(186) Cl(41) -4(2) 

C(97) C(98) C(103) C(102) -175.1(16)   C(188) C(187) C(186) C(185) 178(2) 

C(97) C(98) C(103) C(104) 6.1(16)   C(188) C(187) C(182) C(181) 7.7(17) 

C(97) C(98) C(99) Cl(13) -8(2)   C(188) C(187) C(182) C(183) -178.7(17) 

C(97) C(98) C(99) C(100) 174(2)   C(176) C(175) O(68) Ru(4) 177(2) 

C(97) N(76) C(106) C(107) 90(3)   C(176) C(175) O(67) Ru(3) -179(2) 

C(97) N(76) C(106) C(105) -134(2)   C(176) N(81) C(174) C(173) 177(2) 

C(97) N(76) C(104) C(103) -2(2)   C(176) N(81) C(174) O(70) -11(5) 

C(97) N(76) C(104) O(49) 178(2)   C(176) N(81) C(167) O(69) 5(7) 

O(45) C(90) C(89) C(84) 179(2)   C(176) N(81) C(167) C(168) -169(3) 

O(45) C(90) C(89) C(88) -1(3)   C(180) C(177) C(176) C(175) 55(4) 

O(45) C(90) N(75) C(92) 11(3)   C(180) C(177) C(176) N(81) -175(2) 

O(45) C(90) N(75) C(83) 177(2)   Cl(34) C(169) C(170) Cl(35) -1(2) 

N(80) C(162) C(161) O(64) -129(3)   Cl(34) C(169) C(170) C(171) 177(2) 

N(80) C(162) C(161) O(63) 52(4)   Cl(35) C(170) C(171) Cl(36) 0.1(19) 

Cl(27) C(142) C(143) Cl(28) 7(2)   Cl(35) C(170) C(171) C(172) 178.3(19) 

Cl(27) C(142) C(143) C(144) -176(2)   Cl(37) C(172) C(173) C(168) -171(2) 

C(126) C(127) C(128) Cl(22) 178.9(14)   Cl(37) C(172) C(173) C(174) -1(3) 

C(126) C(127) C(128) C(129) 3(3)   Cl(36) C(171) C(172) Cl(37) -11(2) 

C(126) C(131) C(132) O(57) -178.6(18)   Cl(36) C(171) C(172) C(173) 178(2) 

C(126) C(131) C(132) N(78) 6(2)   C(168) C(169) C(170) Cl(35) -178(2) 

C(126) C(131) C(130) Cl(24) 179.0(15)   C(168) C(169) C(170) C(171) 0.0 

C(126) C(131) C(130) C(129) 0(3)   C(168) C(173) C(174) N(81) -8(3) 

O(67) C(175) O(68) Ru(4) -10(4)   C(168) C(173) C(174) O(70) -179(3) 

O(67) C(175) C(176) C(177) -174(3)   C(169) C(168) C(173) C(172) 0.0 

O(67) C(175) C(176) N(81) 52(4)   C(169) C(168) C(173) C(174) -172(2) 

C(84) C(85) C(86) Cl(10) 174(2)   C(169) C(168) C(167) N(81) 173(2) 

C(84) C(85) C(86) C(87) 0.0   C(169) C(168) C(167) O(69) -1(6) 

C(85) C(84) C(89) C(90) 179.6(17)   C(169) C(170) C(171) Cl(36) -178(2) 

C(85) C(84) C(89) C(88) 0.0   C(169) C(170) C(171) C(172) 0.0 

C(85) C(84) C(83) N(75) 179.6(14)   C(170) C(171) C(172) Cl(37) 172(2) 

C(85) C(84) C(83) O(44) -3(4)   C(170) C(171) C(172) C(173) 0.0 

C(85) C(86) C(87) Cl(11) 177.3(19)   C(171) C(172) C(173) C(168) 0.0 

C(85) C(86) C(87) C(88) 0.0   C(171) C(172) C(173) C(174) 170(3) 

C(86) C(87) C(88) Cl(12) -179.0(17)   C(172) C(173) C(174) N(81) -179.2(18) 

C(86) C(87) C(88) C(89) 0.0   C(172) C(173) C(174) O(70) 10(5) 

C(87) C(88) C(89) C(90) -180(2)   C(173) C(168) C(169) Cl(34) -177.3(19) 

C(87) C(88) C(89) C(84) 0.0   C(173) C(168) C(169) C(170) 0.0 

C(89) C(90) N(75) C(92) -168.5(18)   C(173) C(168) C(167) N(81) -12(4) 

C(89) C(90) N(75) C(83) -3(2)   C(173) C(168) C(167) O(69) 174(4) 

C(89) C(84) C(85) Cl(9) -179(2)   C(174) N(81) C(176) C(177) -88(3) 

C(89) C(84) C(85) C(86) 0.0   C(174) N(81) C(176) C(175) 50(4) 

C(89) C(84) C(83) N(75) -6(2)   C(174) N(81) C(167) O(69) -179(4) 

C(89) C(84) C(83) O(44) 171(3)   C(174) N(81) C(167) C(168) 8(5) 

Cl(28) C(143) C(144) Cl(29) -6(2)   C(191) C(190) C(189) O(71) 175(2) 

Cl(28) C(143) C(144) C(145) 177(3)   C(191) C(190) C(189) O(72) -2(4) 

C(107) C(106) C(105) O(46) 5(3)   C(191) C(190) N(82) C(181) 92(3) 

C(107) C(106) C(105) O(47) 177.3(18)   C(191) C(190) N(82) C(188) -84(3) 

C(92) C(91) O(42) Ru(1) 178.2(13)   C(167) N(81) C(176) C(177) 88(5) 

C(92) N(75) C(83) C(84) 172.0(18)   C(167) N(81) C(176) C(175) -135(4) 

C(92) N(75) C(83) O(44) -6(4)   C(167) N(81) C(174) C(173) 0(4) 

O(59) C(147) O(60) Ru(4) -5(4)   C(167) N(81) C(174) O(70) 172(4) 

C(91) C(92) C(93) C(94) 56(3)   C(167) C(168) C(169) Cl(34) -3(4) 

C(91) C(92) C(93) C(95) 171(2)   C(167) C(168) C(169) C(170) 175(4) 

C(91) C(92) C(93) C(96) -72(2)   C(167) C(168) C(173) C(172) -176(3) 

C(91) C(92) N(75) C(90) 33(3)   C(167) C(168) C(173) C(174) 12(3) 

C(91) C(92) N(75) C(83) -131.1(19)   C(160) N(80) C(162) C(163) -96(4) 

C(163) C(162) C(161) O(64) -3(4)   C(160) N(80) C(162) C(161) 34(4) 

C(163) C(162) C(161) O(63) 178(3)   C(160) N(80) C(153) C(154) 10(5) 

C(178) C(177) C(176) C(175) -61(4)   C(160) N(80) C(153) O(65) -174(5) 

C(178) C(177) C(176) N(81) 70(3)   C(140) C(139) N(79) C(146) 4(4) 

C(132) C(131) C(126) C(127) 178.6(16)   C(140) C(139) N(79) C(148) 178(3) 

C(132) C(131) C(126) C(125) -2.5(19)   C(140) C(141) C(142) Cl(27) 175(2) 

C(132) C(131) C(130) Cl(24) -2(3)   C(140) C(141) C(142) C(143) 0.0 

C(132) C(131) C(130) C(129) 179(2)   C(141) C(140) C(145) C(146) 180(3) 

C(132) N(78) C(125) O(56) -173.8(18)   C(141) C(140) C(145) C(144) 0.0 

C(132) N(78) C(125) C(126) 5.5(19)   C(141) C(142) C(143) Cl(28) -177(3) 

C(132) N(78) C(134) C(133) 39(2)   C(141) C(142) C(143) C(144) 0.0 

C(132) N(78) C(134) C(135) -97(2)   C(142) C(143) C(144) Cl(29) 177(2) 

C(125) N(78) C(132) O(57) 177.4(18)   C(142) C(143) C(144) C(145) 0.0 

C(125) N(78) C(132) C(131) -7(2)   C(143) C(144) C(145) C(146) -180(3) 

C(125) N(78) C(134) C(133) -127.6(17)   C(143) C(144) C(145) C(140) 0.0 

C(125) N(78) C(134) C(135) 97(2)   C(145) C(146) N(79) C(139) 0(4) 

C(190) N(82) C(188) O(74) -4(4)   C(145) C(146) N(79) C(148) -173(3) 

C(190) N(82) C(188) C(187) 178(2)   C(145) C(140) C(141) Cl(26) 176(2) 

C(93) C(92) C(91) O(43) -179.9(16)   C(145) C(140) C(141) C(142) 0.0 

C(93) C(92) C(91) O(42) -2(3)   C(149) C(148) N(79) C(146) -86(4) 

C(93) C(92) N(75) C(90) -96(2)   C(149) C(148) N(79) C(139) 100(4) 

C(93) C(92) N(75) C(83) 99(2)   C(149) C(148) C(147) O(59) -179(3) 

O(73) C(181) C(182) C(187) 177(2)   C(149) C(148) C(147) O(60) -1(5) 

  

Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 

Parameters (Å2×103) for RuTC-fin. 

Atom x y z U(eq) 

H(58A) 7325.59 7773.98 1337.69 195 

H(58B) 7250.87 7420.46 1282.37 195 

H(13A) 5885.13 6210.34 2910.26 72 

H(13B) 5957.01 6624.81 2847.59 72 

H(13C) 5599.77 6446.42 2701.17 72 

H(19A) 6932.83 6311.06 631.26 99 

H(19B) 6803.13 6493.37 992.94 99 

H(19C) 7057.24 6706.41 726.63 99 

H(94A) 5796.08 7009.75 1978.17 98 

H(94B) 5906 6778.88 1638.33 98 

H(94C) 5554.19 6681.73 1856.65 98 

H(106) 5222.29 8675.76 2008.59 65 

H(12A) 6016.41 7789.89 3629.2 77 

H(12B) 5934.06 7783.23 4046.39 77 

H(12C) 6284.33 7976.33 3901.84 77 

H(13D) 5352.93 6033.56 3285.33 74 

H(13E) 5396.93 6223.91 3663.09 74 
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H(13F) 5734.75 6050.15 3471.9 74 

H(12D) 6277.11 8525.24 3602.93 80 

H(12E) 5920.36 8750.11 3547.8 80 

H(12F) 5997.62 8410.63 3303.55 80 

H(92) 5002.15 7021.73 1798.81 58 

H(17A) 6187.75 8204.38 1261.25 111 

H(17B) 6371.82 7974.12 954.7 111 

H(17C) 5962.65 8085.05 920.72 111 

H(190) 6348.3 6978.83 127.61 79 

H(11A) 5871.7 9018.31 2624.44 92 

H(11B) 6208.77 8988.16 2366.86 92 

H(11C) 6046.42 8638.49 2546.44 92 

H(12G) 5697.1 8340.03 4344.02 85 

H(12H) 5718.48 8706.28 4128.9 85 

H(12I) 6075.64 8506.81 4245.17 85 

H(15A) 7924.2 6530.79 485.69 231 

H(15B) 8108.75 6599.06 862.73 231 

H(15C) 7809.66 6866.1 720.9 231 

H(16A) 8515.25 8943.9 486.38 182 

H(16B) 8452.8 9069.2 887.97 182 

H(16C) 8215.66 9232.47 574.95 182 

H(10A) 5599.01 9098.67 1662.06 105 

H(10B) 5919.9 9280.59 1873.75 105 

H(10C) 5521.39 9319.6 2017.08 105 

H(162) 8168.96 8572.04 209.71 103 

H(19D) 6393.99 6205.74 313.55 105 

H(19E) 6053.67 6455.31 366.2 105 

H(19F) 6223.87 6254.56 700.27 105 

H(95A) 5576.71 6800.21 1109.54 137 

H(95B) 5244.96 7061.26 1057.9 137 

H(95C) 5209.61 6719.49 1308.52 137 

H(148) 8047.17 6864.02 -18.34 127 

H(17D) 5929.13 8856.55 1039.3 133 

H(17E) 6095.61 9013.53 680.81 133 

H(17F) 5801.7 8706.69 662.24 133 

H(16D) 7897.37 8820.69 1222.42 132 

H(16E) 7608.21 8613.17 989.62 132 

H(16F) 7669.77 9029.78 930.27 132 

H(15D) 8217.22 7328.64 810.37 126 

H(15E) 8560.56 7354.86 560.76 126 

H(15F) 8558.5 7088.44 892.26 126 

H(16G) 8355.2 8488.93 1111.53 205 

H(16H) 8127.95 8208.97 886.04 205 

H(16I) 8485.59 8372.28 723.89 205 

H(96A) 5737.71 7609.78 1590.33 93 

H(96B) 5537.45 7566.42 1217.65 93 

H(96C) 5909.47 7371.01 1283.14 93 

H(120) 5327.36 8450.71 3674.14 54 

H(134) 5151.48 6784.94 3437.91 43 

H(10D) 5995.94 8336.02 1955.55 112 

H(10E) 6070.18 8653.8 1682.83 112 

H(10F) 5694.67 8454.15 1679.59 112 

H(13G) 6056.05 6610.82 3516.42 65 

H(13H) 5723.92 6800.15 3702.76 65 

H(13I) 5896.37 6969.44 3352.79 65 

H(176) 6500.55 8654.63 327.98 82 

H(18A) 6682.95 8519.04 1227.32 121 

H(18B) 6596.38 8907.79 1078.14 121 

H(18C) 6849.4 8646.78 857.38 121 

H(19G) 6081.67 6851.87 836.13 139 

H(19H) 6322.84 7178.64 709.88 139 

H(19I) 6450.03 6932.73 1032.73 139 

H(15G) 8753.09 6814.31 293.64 180 

H(15H) 8647.07 6581.9 633.67 180 

H(15I) 8476.79 6493.42 254.12 180 

  

Table 8 Atomic Occupancy for RuTC-fin. 

Atom Occupancy   Atom Occupancy   Atom Occupancy 

Na(6) 0.3333   Na(5) 0.6667       

Experimental 

Single crystals of C112H82Cl35N8NaO33Ru4 [RuTC-fin] were []. A suitable 

crystal was selected and [] on a diffractometer. The crystal was kept at 100.00(10) K 

during data collection. Using Olex2 [1], the structure was solved with the Unknown [2] 

structure solution program using Unknown and refined with the Unknown [3] 

refinement package using Unknown minimisation. 

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & 

Puschmann, H. (2009), J. Appl. Cryst. 42, 339-341. 

2.  

3.  

Crystal structure determination of [RuTC-fin] 

Crystal Data for C112H82Cl35N8NaO33Ru4 (M =3735.87 g/mol): cubic, 

space group P23 (no. 195), a = 37.6289(2) Å, V = 53280.0(8) Å3, Z = 12, T = 

100.00(10) K, μ(CuKα) = 8.087 mm-1, Dcalc = 1.397 g/cm3, 144588 reflections 

measured (4.068° ≤ 2Θ ≤ 154.344°), 36678 unique (Rint = 0.1056, Rsigma = 0.0824) which 

were used in all calculations. The final R1 was 0.0926 (I > 2σ(I)) and wR2 was 0.2714 (all 

data). 

Refinement model description 

Number of restraints - 446, number of constraints - unknown. 

Details: 

1. Twinned data refinement 

 Scales: 0.5704(19) 

 0.4296(19) 

2. Fixed Uiso 

 At 1.2 times of: 

  All C(H) groups 

 At 1.5 times of: 

  All C(H,H,H) groups, All O(H,H) groups 

3. Restrained distances 

 C162-C164 

 2.52 with sigma of 0.04 

 C162-C166 

 2.52 with sigma of 0.04 

 C148-C152 

 2.52 with sigma of 0.04 

 C148-C151 

 2.52 with sigma of 0.04 

 C148-C150 

 2.52 with sigma of 0.04 

 C166-C163 ≈ C165-C163 ≈ C164-C163 

 with sigma of 0.02 

 C149-C151 ≈ C149-C152 

 with sigma of 0.02 

 C149-C152 ≈ C149-C151 ≈ C149-C150 

 with sigma of 0.02 

4. Uiso/Uaniso restraints and constraints 

N81 ≈ Cl34 ≈ Cl35 ≈ Cl37 ≈ Cl36 ≈ C168 ≈ C169 ≈ 

C170 ≈ C171 ≈ C172 ≈ C173 ≈ O70 ≈ C174 ≈ C167 ≈ 

O69: within 1.7A with sigma of 0.04 and sigma for terminal atoms of 0.08 within 

1.7A 

Cl33 ≈ Cl31 ≈ Cl32 ≈ N80 ≈ C154 ≈ C155 ≈ C156 ≈ 

C157 ≈ C158 ≈ C159 ≈ Cl30 ≈ C153 ≈ O65 ≈ O66 ≈ 

C160: within 1.7A with sigma of 0.04 and sigma for terminal atoms of 0.08 

within 1.7A 

C84 ≈ C89 ≈ C88 ≈ C87 ≈ C86 ≈ C85: within 1.7A with sigma 

of 0.04 and sigma for terminal atoms of 0.08 within 1.7A 

C191 ≈ C192: within 1.7A with sigma of 0.04 and sigma for terminal atoms of 
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0.08 within 1.7A 

C149 ≈ C150: within 1.7A with sigma of 0.04 and sigma for terminal atoms of 

0.08 within 1.7A 

Cl26 ≈ Cl29 ≈ O62 ≈ C146 ≈ Cl27 ≈ Cl28 ≈ C152 ≈ 

C139 ≈ C148 ≈ C151 ≈ N79 ≈ O61 ≈ C140 ≈ C141 ≈ C142 

≈ C143 ≈ C144 ≈ C145 ≈ C149: within 1.7A with sigma of 0.04 and 

sigma for terminal atoms of 0.08 within 1.7A 

C98 ≈ C103 ≈ C101 ≈ C100 ≈ C102 ≈ C99: within 1.7A with 

sigma of 0.04 and sigma for terminal atoms of 0.08 within 1.7A 

C182 ≈ C187 ≈ C186 ≈ C185 ≈ C184 ≈ C183: within 1.7A with 

sigma of 0.04 and sigma for terminal atoms of 0.08 within 1.7A 

5. Rigid body (RIGU) restrains 

 C149, C150 

 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 

 C103, C98, C99, C100, C101, C102 

 with sigma for 1-2 distances of 0.004 and sigma for 1-3 distances of 0.004 

6. Others 

 Fixed Sof: Na6(0.33333) Na5(0.66667) 

7.a Free rotating group: 

 Ru4(O58,H58A,H58B) 

7.b Ternary CH refined with riding coordinates: 

 C106(H106), C92(H92), C190(H190), C162(H162), C148(H148), C120(H120), 

 C134(H134), C176(H176) 

7.c Me refined with riding coordinates: 

 C152(H15A,H15B,H15C), C179(H17D,H17E,H17F), C166(H16G,H16H,H16I), 

C150(H15G, 

 H15H,H15I) 

7.d Fitted hexagon refined as free rotating group: 

 C98(C103,C102,C101,C100,C99), C112(C117,C116,C115,C114,C113), 

C84(C85,C86,C87, 

 C88,C89), C154(C155,C156,C157,C158,C159), 

C187(C186,C185,C184,C183,C182), 

 C168(C169,C170,C171,C172,C173), C140(C141,C142,C143,C144,C145) 

7.e Idealised Me refined as rotating group: 

 C138(H13A,H13B,H13C), C194(H19A,H19B,H19C), C94(H94A,H94B,H94C), 

C124(H12A, 

 H12B,H12C), C136(H13D,H13E,H13F), C122(H12D,H12E,H12F), 

C178(H17A,H17B,H17C), 

 C110(H11A,H11B,H11C), C123(H12G,H12H,H12I), C164(H16A,H16B,H16C), 

C109(H10A, 

 H10B,H10C), C193(H19D,H19E,H19F), C95(H95A,H95B,H95C), 

C165(H16D,H16E,H16F), 

 C151(H15D,H15E,H15F), C96(H96A,H96B,H96C), C108(H10D,H10E,H10F), 

C137(H13G, 

 H13H,H13I), C180(H18A,H18B,H18C), C192(H19G,H19H,H19I) 

This report has been created with Olex2, compiled on May 18 2018 14:05:52 for 

OlexSys. Please let us know if there are any errors or if you would like to have additional 

features. 
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