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FLIE FR
£ 18 F-RANEBEROME

BERSRIIABEECE IO Wo T EHERME A AT L ETHY, INHOWEE
FACEET D 2 L, FiH R FABBSRE M B O BRI ) R A 52 5 Z &I
DN D, EBBEBIIAMED 3 KD 11 BRICNE L, FORNHO d HuEORERIZ K
D EERAR (3d). B AMERSR (4d). BLOE AMEERER (5d) oS
NTW5, HAIEHE L EERIC, BEERE bR ICROMWEITITEUMER A LN TV LR,
—FEHEBARIL. B, B AYERSR S IIEESRASEA BRI T, Y

ERB e O F % Figure 1-1
T, B AERSE O R TR
L B BEANERSR &L
THK 01A NS o T D, 20
BRIT, FHJAHER SR O R
INT B A RIUHEF & Ot 2h 3
&0, B, FEAYEBRSEND
FE I HHIME 2 B AN D T2
ThHEHEMIN TS, LR
5. F—EHEREREOR TN
RN /NEL 72D DX, 3d #aE o2
MR/ NS &2 TR, NEEFD Figure 1-1. B4 JE O -4
D7 SRR DA A O ¥R
HERLTW Db D EHEHISND,

JEA- DY A RIISARB 2 MEE 720 T L BB B 8% KIET, Allred B X
Rochow 1XZEREME W) IXREFREDOELEORSICHAITE E L, JFAEE ) BLIOAH
BT (Ze)) & W THILEOEBEBXENEEE eq. 1-1 O X H TS L7=, Allred-Rochow @
EFRIC L 2 EBEBOBEBSIENE % Figure 1-2 (ORT, R HEMNNESL, AOIEEMD K
TVWE-FAUEBRCROBEXRRMEIREL, B, FAYEBEBCRIVETFZMRIIE
FHFMWEN DB R D, —FH, F, FEEANEBRER CIIRFERICKRERETRND
DO, FH-JAERSROAIEEMPBOPCRE WD, BEREEETE ZENERSRE
e L CREL RAHANEHEIND, L, TOETHE . F AHERERIMOE L
g2 E/h &,

—&— 1strow

Atomic radius/A

Group

! Mingos, D. M. P. Essential Trends in Inorganic Chemistry; Oxford University Press, New York, 1997.
2 Atkins, P.; Overton, T.; Rourke, J.; Weller, M.; Armstrong, F. Inotganic Chemistry, 4th edition; Oxford
University Press, 2006.
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1.1 1.22 1.22 1.30 1.36 142 145 1.35 1.42

fﬁ{z!:ﬂ::e AR TOBLEN G, B AR O A B OE AN BEIR DM R AlEE M
HRBEMEST H2D, TIVE TIZHERB LR O MG iofﬁfﬂ#éhfé‘f:o
noo—fFlE LT, 6 B’ﬁ%ﬁ@@«ﬂe%ﬁ»nﬁ:wé&m M(CO)s (M = Cr, Mo, W) ® M-C #E&
IZOWTHEET % (Table 1-1), 2 FRAMIIL 2227 R TlE, C-O M#EIES) (v(CO)) DIEIEV
TNDOEBETHIELAELE(L LRV, ZOFREIT, @BET LD VR = VBN A~ ik
HiX, 2 TO&BCTHRBRETHDL Z LEERT D, —F T M-C #EAHEEREX, Cr 84K TH
<L Mo, W ${ATIZZDAEITIEE A ER, Cr $5AN R BEL /o> TWAIRAIX, Cr @ 3d
BB LN 4s HUEA Mo, W DOFAMED nd, (n+1)s HLE L D /S W= TH S, Mo $Eik
& W SERTIXFREE D M-C fEA MEEREZ R 23, 2V —AIER SR O W CIIMExt
RN LV NFRE . FFIZ s BUBEDOIHER SV | BV AR = VEL - & N 1 & O KD
KN NENWTZDTh D EHfE STV D, FERAVIC, M-C HIOMEBETR -/ & AT 5

e,

& B OFEEEIZ Lo TR ZNBIN S DI, M-C MO LF—Tho, 2
BROEEN EIZW I LRV E L RDMEMA A LN TN D, d BBl s Bl & 13872
D RFEZ BICETE S OTe o MR OEER DI, 20720, d BB rmax(nd) X W
(5d) > Mo (4d) > Cr (3d) DIEFET/HEL 725, d HLE & B VR = VEUL 1 & OFEDEZR Y )3
/INEUN Cr SERTIEEUL 7 & OFEEGRTH < BUEOER D BARKE DI, T2Rbb/E
HEDOTIZNWITLTER > T, M-C MOFEEITL Y REIC22EmABE SN TND

Table 1-1. M(CO)s (M = Cr, Mo, W) O Lt

M v(CO) M-C bond length M-C bond energy
[cm™] [A] [kcal mol™]

Cr 2000 1.91~1.92 37.0

Mo 2004 2.05~2.06 39.9

W 1998 2.03~2.06 45.9

® (a) Frenking, G.; Fréhlich, N. Chem. Rev. 2000, 100, 717. (b) Ziegler, T.; Tschinke, V.; Ursenbach, C. J.
Am. Chem. Soc. 1987, 109, 4825. (c) = {H#&ER, #ARTEIR, INESCE, KA, KEBHER, AHeRE
{LF DRI, HA{EFFRA (2011).



Armentrout &%, FH—JAMERERE L FH _AMERERE OSSR KERKE (M-H ZHET
W)@FA:y5wt~%4ﬁ/t~AE§%ﬁ&:i@&mtfwéammLa4::f
b, BhRE-EAMEESRO M-H &3S AMEBRGR LY /NS R LR En
TW5, 52, ZALOBEMITEHRHIENS bHFSh TS, 3

Table 1-2. M-H R DA = % /LF— [kI mol™]

3 4 5 6 7 8 9 10
Sc Ti \V Cr Mn Fe Co Ni
1st row
202 +8 197 172 + 17 172 +13 126 +17 191 +13 190 +10 243 £13
Mo Ru Rh Pd
2nd row
208 £15 234 +21 247 £21 234 £25

F—EAIER SR OB RN FHREG 2399 < R DML, VR VEEERSE Y NEEA
TR TAREER T REEK, %iU?»n%V%W&k@ﬁ@@Wﬁ%ﬁﬁ
NTEY, P WPNOBHELE—AMEBSRDO d BUHDOLEB I NNENZDTHD LEER
LTV D,

EIE-BNF R OGN 72D 2 & TR OEIFRENC BB Z LA Jones B
IZ& > THE SN TS, ® Scheme 1-1 (ZRT XL 912 Co BL Rh @ KB 7 = = L4k
T, E7 2= AR FIZX LT o fiaT 00l e o fiaT 5eBn AnEb 5B ZHE)
PBEZE SN TS, TOBFEEOIEM(L =R LF—T Co $ifkE L Rh $ik T
AGso)’ = 11.4 kcal mol ™, AG g = 16.8 kcal mol™* T v | Co #7725 Rh $A LV &L
ZEDNRENTN D,

# A RN K
&b T

M = Co, Rh

Scheme 1-1. Co B X' Rh @B 7 = = VS AROEIRZEH)

ﬁ%k%ﬁ%&®%%®iﬁ@ﬁ¢é<@é& ZHUTKHE U TR 735 e kL ¥ —
bANEL D (Table 1:3), ' 2072, H— R EIEG AR OB NH T X —135
F= ﬂﬂ;ﬁ B eE &t L T/ha< foé D, LIELIEmAEARIEIZRD ZEBMmbN TV D,
Bz X, —#HD 8 BEE&RD Y AT EF /T - FEEKR M(acac); (M = Fe, Ru, Os; acac =

4 (&) Armentrout, P. B.; Kickel, B. L. In Organometallic lon Chemistry; Freiser, B. S., Ed.; Kluwer
Academic Publishers: Boston, 1996. (b) Georgiadis, R.; Fisher, E. R.; Armentrount, P. B. J. Am. Chem. Soc.
1989, 111, 4251. (c) Kant, A.; Moon. K. A. High Temp. Sci. 1981, 14, 23. (d) Kant, A.; Moon. K. A. High
Temp. Sci. 1979, 11, 52. (d) Simdes, J. A. M.; Beauchamp, J. L. Chem. Rev. 1990, 90, 629.

® (a) Uddin, J.; Morales, C. M.; Maynard, J. H.; Landis, C. R. Organometallics 2006, 25, 5566. (b) Musaev,
D.; Morokuma, K. J. Phys. Chem. 1996, 100, 6509.

® Perthuisot, C.; Edelbach, B. L.; Zubris, D. L.; Jones, W. D. Organometallics 1997, 16, 2016.



acetylacetonato) ™45, Ru, Os A TIL S =2 DIRA LU AL 72D DIk LT, Fe $51K
TiX S=6 O/mAL AL 2D,

Table 1-3. B Ede /L ¥ —

A [kJ mol™] A [kJ mol™] A [kJ mol™]
[MnFg]* 261 [Co(en)a]* 287 [Ni(PF3)]" 102
[TcFs]* 340 [Rh(en)s]** 419 [PA(PF3).]" 222
[ReFe]* 392 [Ir(en)s]*" 490 [Pt(PF3)]" 252

en = ethylenediamine

FEHARD A B LRIEDEWL, EORNEIC KR E B L KFTZ L b LRI TN D,
Bergman 35 J:O% Graham 5{& Cp*M(CO), (Cp* = 7°-CsMes; M = Rh, Ir) 23 6HRET F T, 74 %
>® C-H #a%EEK L, Co*MCO)H)R) #5252 L 2HEL TS (eq.1-2), ' ZDK
JGIZOUVNT Bergman (& Rh $ERE > ma® Y L ORILERER Kr HTITV, OSHERE
DFMAEH S E L=, ™ Scheme 1-2 2% DSk 2759, Cp*Rh(CO), DIEMEIZ LY
1 DOANVKR=VENLFDFEREST 2 2 & THERT 5 A 1T Kr OB Z2=Z T T, ik B %
Gz %, 0%, THIE B 2206 Kr MREEL. 7 a~FH RN LCHRIK C 25 %
L5, 22T B & C ORICHIBREMESH D 6O EHEN STV D, &I, FRE C
DENLY 7 m~FH D C-H fEEA Rh LI LEIFINT 5 2 & CTAEEY D 252 %,

—_— M (1-2)

Kr
Cp*Rh(CO) ——> Cp*Rh(CO)(Kr) M" Cp*Rh(CO)(C¢H;3) —— Cp*Rh(CO)(H)(CgH44)

A B c D
Scheme 1-2. Cp*Rh(CO), & 7 u~FH > L DG
DX C-H AU ISIZFEEAR TH D CpCo(CO), (Cp = 7-CsHs) B L Y

Cp*Co(CO), TIIFE~7e<BLEIN TR, Lavh, Co EARDYL A IIMAART VA D
FA & 2 BESHTOARW® 20 Co $5ADISHEDIR S % Siegbahn 1ZFH R L TIEE

! (a) Schultz, R. H.; Bengali, A. A.; Tauber, M. J.; Weiller, B. H.; Wasserman, E. P.; Kyle, K. R.; Moore, C.
B.; Bergman, R. G. J. Am. Chem. Soc. 1994, 116, 7369. (b) Bengali, A. A.; Schultz, R. H.; Moore, C. B.;
Bergman, R. G. J. Am. Chem. Soc. 1994, 116, 9585. (c) Hoyano, J. K.; Graham, W. A. G. J. Am. Chem. Soc.
1982, 104, 3723.

® Bengai, A. A.; Bergman, R. G.; Moore, C. B. J. Am. Chem. Soc. 1995, 117, 3879.



FAWTEEL TS, °

CpM(CO) + CH, CpM(CO)(CHy,) CpM(CO)(CH,)* CpM(CO)(H)(CH,)
AE J A Cc D
[kcalmol™'] +10 |
Rh(CA™")
ICA™) e
0 -
10 copa) m—
Rh('A)
=20
Ir('A)
-30 -
Co('A)

Figure 1-3. CpM(CO) 2L 2D A X D C-H AW St D= %L F—[X
(M =Co, Rh,Ir)

Co, Rh, Ir $&k &L T h v & DRED TR L¥—K% Figure 1-3 (2779, CpM(CO), (M =
Co, Rh, Ir) 235 VR = VBN DOEEIC L 0 A T 5 CpM(CO) DIEEIREEIT Rh, Ir gk
Tix—&HE ('A) THHDOIZH LT, Co ¢ATIZ=EHE CA") THY. Co $&ETIET LA
YD C-H FEAUIMEIGHAEITT 5 —BIERE (A) ICRDILERH D LRERTWS, L
LM E, ZOAE D7 B AL — N—[IREIRIER bRV —%2 L EEIZITETL
720, DFED Co $EATIL, —HEREBOLEWENT VI v & ORISEDIRS DJRETH 5
LRSI D,

R HER SR OSSR TIX, M., ot K OB Extin T 28 2, 5 =R HERS
SROFER L LU TR LIMEEN LI LIRBIEI N TWD, LD OFEE RO EHE
FHIEYNTH Y AN D Z & T, FRARIEEORBUC SRR D b0 L s 5,

° Siegbahn, P. E. M. J. Am. Chem. Soc. 1996, 118, 1487.
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BT T AKX =13 TRNICEEO&RFLEA L, @
%ﬂ%ﬁ@%ﬁﬁﬁAzibﬁﬁéhK§ﬁ$%T Multi Center \

%, BRI B MIRAE, Bz~ Cooremten /
—RATOINTWDINR BRI 7 A X —1XBiET 5
BoOEBEROPEEITEHTE D (ZREAL) &IF
R, BE—BEM G2 LSBT (ZETEH)  Figure 144 7527 —I12 L5
MATRET D B 7-30, Wilgblith L 3R A2 s co it RHOBIEEOET L
DOIEM RS TS, 1

Moore 5% Rusg(CO)y, Zfiilitl LCTHWAHZ & T, BU YD 2 MBI T 2 UL
IEEFER LTS (eq1-3), M Rug(CO)p, 13U VU B AT U E L THiAx DEEHELEE
B LG L, AN b AZNMESNTEER S BN TS ZE D, 2 Moore Hid 1 D
Ru VYD N ZfifRT 5L L biz, BiET S 2 DHD Ru 28 2 it C-H #i& &Yl
Wrd D70, 7 LRGSO EBRIUED BT 5 O L HELE L T 5, L#Lﬁﬂ%\ﬁ

DITEBEOMBLER T TIXPRAICHEY T 2206 0 U DR 2B TE TR LT, £,
BEEATHE Y DU 2 MR TR LT LT D 2 25 1 B D B
JSIZBE LT E I i, AOFEETH D,

“.~‘er Multi Electron
Transfer

f N\
/
A R Ru3(CO),, N
O + CO + —/ —— » | (CO)4RuT //RU(CO)s (1-3)
N7 150 °C, 16 h NZ R (CO)sRu
o Proposed

intermediate

INFETIE, EICEBRSCED TN ES I VR = VBN 2l D8R T AX —&
WT, USRS SN TE R, ¥ LrL, 2RO 72 — 3BT L0 43R Lo
ZENE L R BUSHERE DR R A O 2 E R REEC LTV D, ZDs, B
PEATIIHEIT LR, BBV 7 A X —2 b TG REHSICRAEER TH RN O
EEZBND,

% For example, Adams, R.; Cotton, F. A. Catalysis by Di- and Polynuclear Metal Cluster Complexes;
Wiley-VCH, New York, 1991, and references cited therein.

1 Moore E. J.; Pretzer, W. R.; O"Connel, T. J.; Harris, J.; LaBounty, L.; Chou, L.; Grimmer, S. S. J. Am.
Chem. Soc. 1992, 114, 5888.

12 (a) Fish, R. H.; Kim, T.-J.; Steward, J. L.; Bushweller, J. H.; Rosen, R. K.; Dupon, J. W. Organometallics
1986, 5, 2193. (b) Deeming, A. J.; Peters, R.; Hursthouse, M. B.; Backer-Dirks, J. D. J. Chem. Soc. Dalton
Trans. 1982, 787. (c) Bruce, M. I.; Humphrey, M. G.; Snow, M. R.; Teikink, E. R. T.; Wallis, R. C. J.
Organomet. Chem. 1986, 314, 311. (d) Cabeza, J. A.; Pruneda, V. Dalton Trans. 2012, 41, 7249. (e) Cabeza,
J. A.; Rio, |.; Carrefio, E. P.; Pruneda, V. Chem. Eur. J. 2010, 16, 5425.

3 Jordan, R. F.; Taylor, D. F. J. Am. Chem. Soc. 1989, 111, 778.

4" (a) Chatani, N.; Fukuyama, T.; Kakiuchi, F.; Murai. S. J. Am. Chem. Soc. 1996, 118, 493. (b) Chatani, N.;
Fukuyama, T.; Tatamidani, H.; Kakiuchi, F.; Murai, S. J. Org. Chem. 2000, 65, 4039. (c) Tsukada, N.;
Mitsuboshi, T.; Setoguchi, H.; Inoue, Y. J. Am. Chem. Soc. 2003, 125, 12102. (d) Godura, K.; Sezen, B.;
Sames, D. J. Am. Chem. Soc. 2005, 127, 3648.



Tk LT, BrEAFEE T3 G Y NI Z b OBB Y 7 A X —DHIELHENL L,
ZTORISEER GNE L TE T, ZTRETIZ, ZENLHEETO Cp HZ IR FICh
TEHLTF=U Lt RU R7F2Z—%48 L (Figure 1-5), ° T H D7 T AX —NEWLTE
MrEboOL bz, ZAEANL - ZEIBEHAIE LIS ET T2 &2 ML T
776

*fr <
H,H \
ﬁ— R<H<;:Ru —q x\ \\ % Q)Ru \/\ (\7 eRu

Figure 1-5. FIBMIEE TR SNV T =T L RY K7 T AL —

H7

)

/\/‘{)

€

\.
Ru
>

Rus B~ 2 b R RESE (Cp*Ru)s(u-H)s(us-H), (B) &7 =7 L DRSS TIE, 7 E
=7 ® 2 DO N-H fEEOUWNHEITT 5 Z & T, ZHEEHEA I FESEARE LN (eq. 1-4),
m*@ﬁﬁ?i 150D Ru 28 N EOMNEFFEMIEL, 5 —HD Ru 25 N-H #&H
YW 5, W, BEEEAL 7 =7 L OIS TIE N EOINLE 32 EBICENLT 5
ZETT U UMK E 5 2 BlEZe N-H FiaoUllicidEzE o 2vn, L, EEoeRT
DT U EBE=TICHR L CHRMICERT 2 2 & T, BERSHA CIXREE 2 OSAER S 2 b
DEZZBND,

o [ ] sk

Ru H\N
~ NH H 7 \\H A
AN —= | W\ \ (14)
N ey
2N, N <N 2 N /
H; Coordii
5 L

lination Avtivation

site site
u-Amido uz-Imido Q Cp*Ru
complex complex

IR 5 DRSS YIRS T, T D C-H AT 205, fRElL, 85K
5 LT NI EDRIGIZEY . %Eﬂ;&@qﬂF‘EJﬁ:%%xf closo BT F 7 u o B U m Uk
PWESNDZ L AR R LY (eq. 1-5), Y BUSOMEITIZIE 180 °C D EIRNSMIETIZH 578,
7T AL —BREORTBE ST jm*%%f%ﬁw:ii &5 6 oD C-H KA 0k
MEMRINTND

> (@) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243. (b)
Ohki, Y.; Uehara, N.; Suzuki, H. Angew. Chem. Int. Ed. 2002, 41, 4085. (c) Ohki, Y.; Uehara, N.; Suzuki, H.
Organometallics 2003, 22, 59. (d) Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K.; Inagaki,
A.; Oshima, M.; Takao, T. Bull. Chem. Soc. Jpn. 2005, 78, 67.

16" (a) Nakajima, Y.; Kameo, H.; Suzuki, H. Angew. Chem. Int. Ed. 2006, 45, 950. (b) Kameo, H.; Nakajima,
Y.; Suzuki, H. Eur. J. Inorg. Chem. 2007, 1793.

7" (a) Inagaki, A.; Takemori, T.; Tanaka, M.; Suzuki,H. Angew. Chem. Int. Ed. 2000, 39, 404. (b) Takao. T;
Suzuki, H. Bull. Chem. Soc. Jpn. 2014, 87, 443.



*fr ]

R

\/\/ H
) R (1-5)
Ru 180 °C Ru\z|=——Ru - 2H2
<R I NIH=
- 3H; |-|———Ru—H
Ru = Cp*Ru closo-Ruthenacyclopentadiene
complex

EEIR B DT NI ATKET D RONE 2 IR 72 7y P HROG~ & BB K SERIES U
VBIONRNCEBCOEERNR Ty T RIS ERFT LTV D, BEK 5 L Z L DG
ICEDAET DX F USRI L TRV B VR ER S 2 & T, B FEO L V2B L
TRUBERCBUNP DTV T THIERAHENTND, R AINARRIZ 32N
TS R BRI BUST H 72D, HEE T L F X0V o OfER) 22 SR 31T S
Bo L, FEERIC iﬁfﬂ?/vﬂ?ﬂw\/ﬁ > DERKIC iﬁ@%&xﬁ:%}%ﬁ L. SO AR 1
AT L2 Z ERHL M E 2> TV D (Scheme 1-2),

*fr

Pr Hz (7 atm) &K\ nPr
180 °C H

\Ru/ |"|
NS
Ru =Cp*Ru

Scheme 1-2. Ruz B~ &b RV REER 5 ICK AR Z U BRLORVCEUD
o A N/ S

INETICARLIZNANT =L RU KT TAZ =X, 7 TAX—FRERFFLIZEE,
T U= T ML DRIWKFBILAY & 2 =— 0 RS EE R T2 ERHALNCENTE L,
LinLens, EEEGREOMICEEIER SN DG IIIERICBETH Y . FiBIIFET
BARENTELT T AL —ZHEOR Y AT RATH L0, WEOBEEC I AR TH
HZELHEEINTE,

7 T A =GN D DB ORBEZRESE L0, ERPLOBTEELS TP, &Ex
WIBLEEZ BT DM SN TE 72, SFRIE closo BULT o 7 m Xy 2 Vo U gRIizs L
T, 7=V = Al [CpFe][PFe] Z1EH &85 Z & T ALKBENL A DBk Z T Lz,

8 M, Moriya.; Tahara, A.; Takao, T.; Suzuki, H. Eur. J. Inorg. Chem. 2009, 3393.

10



B 1E Fin

B2, closo BILTF 7 mlu B2 3Rk 1 EFB LV 2 BRI ITHET
L7=b oD, BV AT IRACKEENL OB IEZ ST, (Wb icsdE EoE

BEOIKTA2H 5 & 5 IRILKBENL OB O LR BIE SN T\ D, Fio, KR

M FICEFRBIMEE A EAT 23S S TWAR, P Ru P LOEFEELY FIF 57215
FIEEOM R BBHIER STV RN LR ENTE T,

//\\ s
&(\ W U\ >70°C \\/' e

— . BRI D BENZ X VX—%FHT 52 & T, 77 AF—ISHITIRD A
AT FYE O MR REEA L &N TV 5, 2 Ru, TS 7 sS4 2 A O INEV S Tl
I OaAF YU RN AL DOBKENEITL, XU CORBENBERISN TV D (GQ-
1-6), VT VBT OBBEIT Y 7 n R X D RS IO T u T U VAR T AR
ENRNT END, FEFEEROBEERHLNE SN TND, 2 o7 n~F o ik
MHRUYURBEET S Z & T, 5K 4 TIEY 7 aad U o Ofiliag 2 Kk E BRSO

AT HER STV D  (Scheme 1-3),

Scheme 1-3. $&(K 4 |2 L DY 7 a2 o Otk Z LS

B EBIR O EORBEX., 5K 4,5 I2L 2V P UHOMAKFED » 7Y T RIGT
BB, 7T AX UGG TR ST 22°-E 8 U O N IEET S BEOBREN ) & 7o T
W5, B¢ UL LARRDL, ZOL ) RFIEIERMNEERILAM TH LA LEH T
RN RS DOBRFE IR E <HIRES D,

YOSPER OB, AL, BUR TERE (2006)
20 wE i, EERSC, BUR TR (2015)

2! (a) Takao, T.; Obayashi, N.; Zhao, B.; Akiyoshi, K.; Omori, H.; Suzuki, H. Organometallics 2011, 30,
5057. (b) Kawashima, T.; Takao, T.; Suzuki, H. J. Am. Chem. Soc. 2007, 129, 11006. (c) Takao, T.;
Kawashima, T.; Kanda, H.; Okamura, R.; Suzuki, H. Organometallics 2012, 31, 4817.

11



B3 RERRISRE—

RE—R il ClL, EHEEOESBERAT 2 2 LI L HMBIEEOM B2 LIX LIZ8IE X
N5, 2 ZCEREEBT, TRHETICZL ORELRE Y 7 A X —REak S, 2 ORISR
BRESNTEL, 2 EEEOGBNOHBRENS BREGE 7 7 24—, KISHICETH
RBRBGENRAECDZ b, TNENOEBEOKIESHENAME 720, ISR 7 A X —
X0 bEWEERHIRES LD,

BT CoyRhy(CO)pp 12 K DI 22 T L2 D2 ) Lk L 2 MBS I DWW TS LT
W5, ® FERED T Y AERL I B Rh D% & T Rhy(CO)p, T HETTS 523,
40m0%(DmﬁkiU\NSOMn¢>ijﬁuﬁgkﬁéokji Zx LT, Co & Rh 7n5
D RFEGE 7 7 AZ—TlE, FIRT 1 [JED CO [ETHKIEDAMHEICETT 5, UEEK
T D CoRhy(CO)pp (X7 /2 &G LT, CoRh BT L B RAERINIICHE 2D Z &
R, TNAFRVBROE Frd T Eommbls TR, #IZ CoRh BHAIRFF SIS Z L 2%
BREJICHL ML TWS, 2

DERERICIESE | RS TH Ja

WABIC LY CoRh GHIKIC K 5 " eolf oot

S VR AL S e A ) e’

HrL (Scheme 1-4), TN LN D4 ~ l” =K
R;Si CHO

BOBEENDNTEL LTS, ? 7 o u
25 DRETIE, SiH KA DR ”"Z,chygz — "
HoFt IR ) AR F B E O 8 : et
R = VBT O ARG 1L 5
Rh .U CTHEITTHZ RSN SR,
T %, Co IF C=C #IIC = A K )
frf 52 LT, 29 A8 — bk

BEEMEL RN ECOREEYE o ke
—RLTWAZ ERIBEZD, N s

H
X 5|2, Co-Rh [Tkt KU FAEINE H_</ 0\ co” rp /H R’

SiR3 co = ’/
TLBETORENHLATHEY §>QR
I Rh o0 7R B A 5 B 12 H
%%Lfné_&#%wénko Scheme 1-4. CoRh ! “gZgkRKIc LB 7 v D
RBRELE Y 5 A X —3. AELE & VIV S IABSUS DA

VY T A EE ) [ O
7T AL — LI L TEDERKB ( W :

22 Sinfelt, J. H. Bimetallic Catalysis; Wiley-VCH, New York, 1983.

% (a) Buchwalter, P.; Rosé, J.; Buraunstein, P. Chem. Rev. 2015, 115, 28. (b) Ritle, V.; Chetcuti, M. J. Chem.
Rev. 2007, 107, 797. (c) Fulton, J. R.; Hanna, T. A.; Bergman, R. G. Organometallics 2000, 19, 602. (d)
Stephan, D. W. Coord. Chem. Rev. 1989, 95, 41.

% (a) Ojima, 1.; Ingallina, P.; Donovan, R. J.; Clos, N. Organometallics 1991, 10, 38. (b) Ojima, I.; Li, Z.;
Donovan, R. J.; Ingallina, P. Inorg. Chim. Acta 1998, 270, 279.

% Yoshikai, N.; Yamanaka, M.; Ojima, |.; Morokuma, K.; Nakamura, E. Organometallics 2006, 25, 3867.

12



L ORIEHEEDREFEMETH DL DD, ZREUNL - ZETBEIE VST B&E T 7 A X —
DFFEENRINCHERE TE D Z ERMRIRINTND

FTEMZEETH, [Cp*Ru] = F(Dn’wﬂ%n/a\zbt‘& LT, ZHETIC Mo, W,Re, Os, Rh, Ir
EEie MBI CERAMEE Y AKX —% AL (Figure 1-6), Ru OZ%EGier 7 A K —
LIZRARLRIEHER O E LTE T, ®

flr

_égM—ﬂ_Ru%I Etbu—FR%j(

Figure 1-6. BFi4EARY b KU K7 T A ¥ —

Q)
g)-
=12 6k

B
o
<
B85
FEE):

TEESEIR E XU B & ORIGTIX, RUSTHEDOEWBBEFIZBL TV S (Scheme 1-5), Ru, 7
TR RY REERLERUE U LDRISTIZ, RUB O KN EITTHZ LT, 28
By 7 a~X oo bk a 525, ¥ LIRS, RuRe MU 2 R RESA &
NRUBUEDRIETIER, RBU D C-H #EEOMLRIINAET L, 7 = = VBRI R
T5, ® EoJANERSRO 5d-6s 135 EAHEBARO 4d-5s k0 HIRK LT, BE
DITRIVF—=3HHBIE, DT, FERFEMEEE TITECE ZHWER SR D7/ S »
LoD, FEEEOEAR T CILE =R WER AR O D &Rl 2 B o9 MBS LiEE LA
BRTWD, ® F7-, HHHELS LEBOAMN T2V IZoN T, BALAINRE S itk
TFT22 R HESh TS, ¥ 2oz &nb, M*H@L%iﬁfaéRe%%ﬂut_
LT, RUEBUD CH fEAOBLIITIMAETT 5 L & biz, EL D7 = =R 11X
RIZ Re IZENL L= D & Ebivs,

% (a) Shima, T.; Sugimura, Y. Suzuki, H. Organometallics 2009, 28, 871. (b) Shima, T.; Ito, J.; Suzuki, H.
Organometallics 2001, 20, 10. (c) Ito, J.; Shima, T.; Suzuki, H. Organometallics 2006, 25, 1333. (d) Ito, J.;
Shima, T.; Suzuki, H. Organometallics 2004, 23, 2447. (e) Shima, T.; Suzuki, H. Organometallics 2005, 24,
3939. (f) Kameo, H.; Suzuki, H. Organometallics 2008, 27, 4248. (g) Kameo, H.; Shima, T.; Nakajima, Y.;
Suzuki, H. Organometallics 2009, 28, 2535. (h) Shima, T.; Suzuki, H. Organometallics 2000, 19, 2420.
7RI EBE, B, R TEKRT (2012)

28 MR, EERSC, R T KRS (2012)

# (a) Caulton, K. G. J, Organomet. Chem. 2001, 617-618, 56. (b) Jiménez-Catafio, R.; Niu, S.; Hall, M.
Organometallics 1997, 16, 1962. (c) Spivak, G. J.; Coalter, J. N.; Olian, M.; Eisentein, O.; Caulton, K. G.
Organometallics 1998, 17, 999. (d) Gusev, D. G.; Lough, A. J. Organometallics 2002, 21, 2601.

%0 Sy, M.; Chu, S. Organometallics 1997, 16, 1621.
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<~ & —;I @,hv HQ H

NN
/Ru\—Ru\ —M—|—Ru EE—— /Re;H;Ru— + H,
I M= Ru H, M= Re H

n=4 n=5

Partial hydrogenation

of benzene C-H bond cleavage

Scheme 1-5. —BEBEIR L B U L DG

F-. BIRIT Os & Ru DO A HBERE R AT 4 VHHEDKISEZEICHELTEBY .
RuOs 15 ~F b R U RF#AIEL Ru, I KON Os, HIBER L 0 HHR0NITHR R T v & KIS
FTHZEEHLNE LTINS, X

P(OMe); P(OMe)3
e P(OMe); LS
-Ru Os— —_— Ru Os— -Ru— (1-7)
W ~40°C X Wi )f

RuOs 7 v 7 & RU REEIRER AT 0 L EDIETIE, RAT 4 EHRMIT Ru IZEAL
L. TO®%MKFET DL EHIT Os IZBET DERFHBIE SN TND (eq. 1-7), EHIT, %
FENLBI% (DFT) IEIC L v kd7= RuOs 7 kb KU RESMARD R E2DIZE RY K
FAAZF25 Os MNZHESRE LTV . Ru MNISAARIIZZENT WD Z LRGN E o7z, 20D
720, IRAT 4 ISR Ru ICEAMIT 2 DIISEAR AR ER TH 5 2 L AR ENnT-, Os il
2k YU FENLF2H6ET 5 D1E, 5 = EHER SR O 5D SR FIREEIC 22 0 09 VWHEE
NS TNWD D EHERIND, BAKIINCTHRA T 0 VENLT1X Ru 265 Os ~& B3
DR, ZHTEVEBRABTHD 0s DS Ru LV HERT 0 L DOFEEERETH DD
72 EHERI & 4D (Scheme 1-6),

R R
P
Sterically O R T R R T R
unhmdered AN |__,/ ~N P/
H
H “H,
— & R
H'H H'H
Bond enthalpy
Ru-P < Os-P

Scheme 1-6. RuOs !5 kb R RERL A2 T 1 v & DS

FIBAFEE TIZ N ECTEICE . B AMERSE»ORAEE Y 7 A X —DRIGH %
%Ebfgkﬁ\%*%%%%ﬁﬁuowfitk)F07X&~@QW#I%T%DfZ%

31 Kameo, H.; Nakajima, Y.; Suzuki, H. Angew. Chem. Int. Ed. 2008, 47, 10159.
%2 Ohki, Y.: Suzuki, H. Angew Chem. Int. Ed. 2000, 39, 3120.
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OHEEIF W STV, &EMEBEGRE & TR MEZ2AT 2% AE
BEEZ 7 7 AL —FRIZEAT L2 LT, 77 AF—OMWE « OGSO BRI 22 2 03 54+
S5,
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48 FHEROBM

FRMFEE CINETIZARENTETAT =T LE RY R TAX =T, T 0
VEVEOH A DRILKFERST VE=TR= NIV E WS BERLEM L 2 =— 7 BRG
PR ZENRShTE, 2k, BET 28808 RT LomRZIRICEY . BE
DOV IAHBIMEE SN DToHTELZEZBND, LNLRBRBL, 7 I7AZ =S EEE & D
MHCHEEE R SN AR EITIER I . EOBBECIIAFNTE Z L LN E R T
Teo DD, 77 A8 =SS ETHFEMZER L TS, £ ORe R 722 RS 2 fili
s E R CE TBNIIER IR O TN D, B R K7 T AX —OREETIED LT AlBERS
ZRIRT D0, DFERGEOIEE R 7 T AF —RISH N LIS E 5 Z &2
BEThHD, ®RLEELORGZHD, RELMIBICHBESE 272012, R TIIeE-
BN OFRE G DOIWE—EHERSRICER Lz, 7 7 AX —BRICE—JANERSEL
BAT DI LR, FERIEHRZ D 5 FEBRIZT T 2R IEE OB )S 3 K
TEHHDEHFFIND,

AW TIZ RU LB AERSREODRAFHEEEGRE Y T A —&2GRT 5L LI
B LTZHHLY T A% — L fix DRE L DL FERICH D, B HHEBSRN Y 7 A X
— S5 2 DB ERNICEHMEIT 5, D7), R CIEN LR DHR T 7 A% —
DO XFFEAL71F Cp* 12, ZERNL I e R Y RENZFICHE—F 52 & Lz, Zhik. 2h
EFTCICAMRLCERE ., HoJAMEBREEN LMD 7 T AL —EWE « RUSTED AL % bk

BT 5720 Th b, £7-, FBEAKTHD Ru,Rh L (2) BE Rulr B 7 KU
FeEE ) NEEICARENTVAEEZEEL, P E—HHEBSBL LT 9 ED Co 45
ip Ru,Co 7 hZ & RV REEK 1 242 L7 (Figure 1-7),

S | sk >k

Co Rh Ir
H7|§H H7|RH H7INH
VALY 2N l/HQ

/Ru\ /Ru\ /Ru\ /Ru\ /Ru\ /Ru\
H H H
1

Figure 1-7. —#®D 9 E&EAZ ST N7 U RESK

<D9ﬁiﬁ%aU£@éE%¢123@@gwﬁﬁm\xﬁ%ﬁ%ﬁ\%479y
7#»5/f%J~(mnﬂm®;waT$ ﬁ%ﬂL%ﬁ’iofﬁ5olh%*
BWOFENT NG, 7T AL =GO A X BbiETENN LSRR - B MEE NG
MZENDHOEHERI D,
BT, BEND 9 EEROBEMOBEOCRKIGHIZE 2 2B O W TRET 5, BfEs
E&?x&~%%%%méﬁb ZORISHEE THRE SNIHIZRON TN D, &ROMNE
EREA RAENOTET H7011E, Fx OE L ORIEYEE BN T TR 5 2 LN E
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BWCThDH, AL TIE, KSHEE L LT, Rug B b KU REEA 5 B8O Rur # +
Tt FU RSA 3 LONEREEICHE SN TWD, B Fkay Iy, Tk, B P04
W7z, —#HO 9 FEREZEZTREGENNK 1,2, 3 L INODRE L ORGNEZE T 2
ZLT, BBOBMOBENN Y T AL —DRISHEICE 2 5 BEA I TE DL DO L HIFFS
b,

A ia%ﬁ%%%éﬂfﬁw

%1 ETIE, B AERSRE OB LV 7 A X — ORI 72 ROSHEIZ DW TRz,
it\%Eﬁn%?é&éﬂf%thZWAt%)F77X& IFEE OMBER N EETH
D\:mﬁ%ﬁﬁmmﬁi’&ofwé*k%%ﬁfékk%’ AWFIED BHE R LTz,

92 mTIE, BAMERAR L LT Co 250 RBERIEER 1 OARERF L, £
k\*L®9%@E%a@%¢L23@JW% AR & bR L7

B3 ECIESER 1,2,3 LT AR EDORISIZOWTRL, FEND 9 REREDEN
2R, AR ORERRBMENRR D Z 2o E L,

B A ETIHEKR 1,23 e Fev I DRIV TRLE, —yT7 T, £h
ST 5 —HEE S USRI O, —F, =k T & OIS TR 7 Si-H
f e DY - TR B ST,

W05 ETIIEEA 1 1T kD 4B ) U OBKED v T L T RITOWTR L, 8
K 1I385K 2, 3 BEORU OB &G TAX— 4,5 LY LEIEETHD Z L2 LN
L7,

% 6 ECIIMIEDO MR ARG LT,
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L=

RuM #F rSE FY F&ER
(1, M=Co;2,M=Rh;3,M=1Ir) OEEBLVHEE






% 2 # RuM M5 FFk R RESA (M=Co, Rh, Ir) OARE L OWEE

E£2E RuMEFFSEFRY FE& (1,M=Co;2,M=Rh;3,M=1Ir) DERELUVEE
¥ 18 #E

1959 4EIC Fe & Co ZETe /LR = VARG SN TRk, ¥ ABER(LFORE L &
BICKE X 72 &R OMAA DR TR BIAN SR IN TE -, YHoRIE, hLeED
RIRD IR NEERERE L, B L < I3EREIHC X o TART 2850 LR oo i
SAEES Uz RS BEEARIC OV T, BECHLR 2 ST T 5 L W\ o7 Fu—F THED b,
BARL B SR D GBI A REIC T AR EN R b D Tho1m, LavL, SRHINE
a5z & T, RESBIAOARIEIIARL S, FH/2 B R MR OB NG DT
RICKELHFEETHLIThot, UTICEER 4 SOAKEIKEZ % 5, 2

1. Ligand Substitution Reaction ~/~v 7 > Efr OBt L 5 M-M" fEA TR~

®n- . m_x (n-1)-
-X

2. Condensation Reaction ~/Ny>FDOBBEIZ L5 M-M" #EES TR~

R 4 H —
™ (M) o

@M-OR  + gH — wW—@

—ROH

3. Addition Reaction ~EN. AREAFIFEDAINZ LD M-M" fEA TRk~

@ + @ — W—0

@=@+m—»@&>

4. Bridge-assisted Reaction ~ZLERNL 1% #2000 55 M-M" FEiB TR~

o r 0 — o

! Chini, P. 17" Int. Congr. Pure. Appl. Chem., 1959.

? (a) Roberts, D, A.; Geoffroy, G. L. COMC-I, 1982, 40, 763. (b) Adams, R. D. COMC-II, 1995, 10, 1. (c)
Comstock, M. C.; Shapley, J. R. Cood. Chem. Rev. 1995, 143, 501. (d) Chetcuti, M. J.; Ritleng, V. Chem.
Rev. 2007, 107, 797. (e) Stephan, D. W. Cood. Chem. Rev. 1989, 95, 41.
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% 2% Ru,M BT F Tk KU REEfA (M=Co,Rh, Ir) OAE L OMHE

BEICHE SN TV D BESBIERTIL, DAR= AN AZ2ET 5 DONEFICE N, o
ud, AR VBN REFREETH D720z, KR HliZedd T ozgElb L, Hix
72 ligand substitution reaction DJFEHEAZIEIGTE MO THD, S HIT, AR =/EUNL
T HEDINEE T2 X REHIC K0 HBET 5 2 & TR S ICEUL R FnfE 4 2R L., addition
reaction DR\ > bl 5 5720 Th D, £, FUEENI 1L LTY v, Biisgs LUK
BAFIRAL K F AT 2 BESBEHAR O EZ AR INTWD, 4D OENLA X INSLEF-5xt
n BFELOLD, GREMICEERE L3 <, bridge-assisted reaction % ¥ TS H 5 Z
EDRHBNATND

AWFFETIL, JJ‘ i CIE AT KO ITAEBRL & LT R Y REL OB HRERL S 415 B
& REARDEREBIE LTS, HAR=EEHR L T, FEHE LTHWD Z DT
X 5L AFESERITRE HIPR S, A TY B 72 % v 7= bridge-assisted reaction 13
T&E2RW, L LAaenb, mUlREEEIAZEINT 5 Z & T, ligand substitution reaction,
condensation reaction, addition reaction & o 7= AR TFIENREAERY B U RESMAIZ i
HATEDZENHLNI /- TE T2, BREZLLTFIZaR

BiEH v FY SR  —Ligand substitution reaction—

TV EF/ANTA ROBLEEEBE ) & L CRBEREHK KT HKISTH Y, ligand
substitution reaction (ZFAX43 5, T =AM KU REEERN AT T 25810%., fid TEEER
M2 B RIE L 725 (eq. 2-1% eq. 2-2%), LvLanss, > b LTRIATE 5l F0E
GIRBEOT = A UMER Y B R RESRIZERONTWDH 2D, BEGEARY b N RiER%E
HRT D — W72 FE & 13 0 EE,

- Lt
/Hj AN
L w“H + 1/4 Cp*RuClly ————— > —Ir__Ru— (2-1)
N - Lici S
Li*
RsP H —| RsP, H H PR,
N/ N\ N ~N 7/
~Ru : + Fe(acac)y —— R3P—Ru—H—Fe£H—Ru—PR3 (2-2)
RsP / H -2 Li(acac)
R;P R;P PR3
R = Tol

BAKEAYTYVIRE. BF7ILa—ILAYTY) VSR - Condensation reaction —

WBisE o > 70 o TROSOPREDEK S 2> oL L, & FU FEEREEZITe KU B
AR L T L3 X Y EER E DRIS BAFE N LY RSB L 5 2 2 USHET b b,
ZDOFEIE, J&EH_&'&# WETF TR, HnsZEDTE S FU FERBLOT v axy
RS LB B B AP AET D72, BE D » 7 v 7RIS &0 b ILAEIC b & Te (eq. 2-3°,

® Shima, T.; Suzuki, H. Organometallics 2000, 19, 2420.

* Plois, M.; Hujo, W.; Grimme, S.; Schwickert, C.; Bill, E.; Bruin, D. B.; Péttgen, R.; Wolf, R. Angew.
Chem. Int. Ed. 2013, 52, 1314.

® Howth, O. W.;McAtree, C. H.; Moore, P.; Morris, G. E.; Alcock, N. W. J. Chem. Soc. Dalton Trans. 1982,
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% 2 % Ru,M T R F b U RESE (M=Co, Rh, Ir) OARkF L OWEE

2-4%,
+ PFg + PF
PFg
PPh; | X PhyP X |
Ll _m H N\ _H
Rh M _— Rh M (2-:3)
0N + o o
L~ | TH H™ / Np”
\ - H, HT O\
PPh; & PhsP &
L = Me,CO
EtthP\ H
RN
(PPh,Et)sFeH,(Hy) + 1/2 (PPhyEt)Cu(O-tBu)l; ——————  EtPh,P —Fe—H—Cu—PPh,Et (2-4)
- tBuOH H
EtPh,P

EfAfaffEL E FY FEEEDRIE - Addition reaction —

FeALARgaFndE ¢ U < XEHIS IR B2 T 28K e R U RESRISAINT 5 2 & T,
BHECEER AT 2 FIETH L, N ARAFEORAENMBEE 22508, BILE I
72 MeOH i +% KT 25 [Cp*Rh(MeOH)s][PFsl, & Cp*IrH, & DRISIZE Y, mEiERAYIC
[(Cp*Rh)(Cp*Ir)(u-H)s][PFs] Z &R LT\ % (eq. 2-5), ' £7=. [Cp*Ir(THF)][TfO], (TfO =
CF3S0;) & Cp*ReHg & DOIGTH, THF OLEEIZ L > T, IrRe BT FF & KU REEAMN
T 5 (eq. 2-6), °

/S—l * (PFg)
-;;%Rh\s (PFe)2  + Ié— —_— ‘g \\/ g (2-5)
S
S = MeOH
thf | HH
/ . H\\l KH
—Ir\—thf (OTF), + H,/Re— _— \Ir~H—Re (2-6)
thf H |L

NSA RFSBAELEE R FERELDORE - Metal halides with hydride reagent —

b RU REHRIZRFAE OERIEE LT, 2 FBEONT A FEERICX L CE#EEe Y REE%E
ER SEHOMERD D, ZOEMEZ EFRO 3 L N TRIRIEICR X . E 72O
HLWRETHD, LarL, AR RMEEESKRITTT 2802 BB EN HIVX, JLHMED
M, BAT T REMIETHH D, FEEIC, ZOFEICL > T4 REFEEEL U R4
EBRERHENTE (eq. 2-7°, 2-8"),

541.

® Sluys, L. S.; Miller, M. M.; Kubas, G. J.; Caulton, K. G. J. Am. Chem. Soc. 1991, 113, 2513.
TRy BERI, SRS, HOR TR (2001)

R OEZZ, ERE B, 5K EiR, AALHERE 94 HEIESR, 2014, 4F5-20.

® Shima, T.; Ito, J.; Suzuki, H. Organometallics 2001, 20, 10.

O A W, EHESL, B TR (2001)

23



%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

1) LiBH HY W
) LiBH,4 H\\\/ ~
Cp*MCl, + Cp*RuCll, ———— > Pl Ru— + several products (2-7)
2) MeOH SN
M = Mo, W
NaBH,/ MeOH /H\
Cp*RhCly/, + Cp*RuCly/; ———mm —Rh\\/'Ru— + several products (2-8)
H H

FTRAFZE=E Tl ERE 4 SOERRIEZEE T 5 Z & T, [Cp*Ru] & DflAAHHHEE LT Mo,
W, Re, Os,Rh, Ir # &1 BB X OO RMEER 7 7 A X —%2 4K L C&/ (Table2-1), L
INLARNRG, E—HERE R E Ty 7 A X —ICH L TR R A IENHE Sh TV
W, FOHEHBELTIE, EICEYRV FUOBATTERNWI ERETOND, B2,
Cp*ReHs, Cp*OsHs,? Li[Cp*OsH,],"? Cp*IrH,," Li[Cp*IrHg]™ W o Bk Dt R U Rk
TREER S 7 A X —OERICBWTD TERZ Y M THDEHR, xhibd 25— 8 HE
BEBOERKE R REEERITM LT,

Table 2-1. HEFfi4Et KU K7 7 A X —DEKE

Complex Method® Synthetic reaction Ref.
Mo  (Cp*Ru)(Cp*Mo)(H)e D 1/4 (Cp*Ru)4(5-Cl)4 + Cp*MoCl, + LiBH,4 9
(Cp*Ru)2(Cp*Mo)(H)s B (Cp*MoH3)(1-H)sRuCp* + 1/2 15
(Cp*Ru)2(1-OMe),

W CpRYCPW)H)s | D 1/4(Cp*RUu(urCl) + CP*WCl, + LiBH, ! 9
(CPp*Ru)o(Cp*W)(H)s B (CP*WHS3)(1-H)sRuCp* + 1/2 (Cp*Ru),(1-OMe), 15

"Re  (Cp*RU)(Cp*Re)(H)s | B (Cp*Ru)(uH),+Cp*ReHs 16
(Cp*Ru)(Cp*Re)(H)s C 1/4 (Cp*Ru)4(us-Cl), + Cp*ReHg + nBuLi 16
(Cp*Ru)(Cp*Re)(H)4 B (Cp*Ru)2(u-H)s + Cp*ReHg 16

Os  (CPRUCP*Os)(H): A U4(Cp*Ru)(usCl) +Li[Cp*OsH] 12
(Cp*Ru)(Cp*0s)(H), B 1/2 (Cp*Ru),(r-OMe), + Cp*OsHs 12
(Cp*Ru)2(Cp*Os)(H)s B (Cp*Ru)z(u-H)s + Cp*OsHs 17

' Herrmann, W. A.; Okuda, J. Angew. Chem. Int. Ed. 1986, 25, 1092.

12 Shima, T.; Suzuki, H. Organometallics 2005, 24, 3939.

3 Gilbert, T. M.; Bergman, R. G. Organometallics 1983, 2, 1458.

Y Gilbert, T. M.; Hollande, F. J.; Bergman, R. G. J. Am. Chem .Soc. 1985, 107, 3508.
> Ito, J.; Shima, T.; Suzuki, H. Organometallics 2006, 25, 1333.

18 Ito, J.; Shima, T.; Suzuki, H. Organometallics 2004, 23, 2447.

7 Kameo, H.; Shima, T.; Nakajima, Y.; Suzuki, H. Organometallics 2009, 28, 2535.
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Ru,M 15 hZ & KU REER (M =Co, Rh, Ir) D& RE L UOMEE

#
1

Rh  (Cp*Ru)(Cp*Rh)(H)3 D (Cp*RuCl),(1-Cl), + (Cp*RhCI),(1-Cl), + NaBH,4 10
(Cp*Ru),(Cp*Rh)(H)4 D (Cp*RuCl),(1-Cl), + (Cp*RhCI),(1-Cl), + NaBH,4 18

Ir (CprRUCPHINH): A [CP*RUCHCN)][BF] + Li[Cp*irtHy] 3
(Cp*Ru)(Cp*Ir)(H)s A 1/4 (Cp*Ru)4(u-Cl)4 + Li[Cp*IrH3] 7
(Cp*Ru)(Cp*Ir)(H)4 B (Cp*Ru)2(u-H)s + Cp*IrH, 18

% A: Ligand substitution reaction, B: Condensation reaction, C: Addition reaction, D: Metal halides
with hydride reagent

AETITEY 72> b2 D Co SR RINL AN 6, EFLD 4 FEHOGIEIZHE SV
T Ru,Co M7 h 7 & R U FEEA (Cp*Ru)o(Cp*Co)(u-H)a(1s-H) (1) DERRITER D FLA T, £72.
RuRh 17 - Z & KU REER (Cp*Ru)y(Cp*Rh)(u-H)s(us-H) (2) IFBEIZEAT HIZ LV ARkis i
TWDD, PNERB I ONBRIRMEICHRELA R L CWelod, i akiEEZM%E L, £, &
A LT8R 1 2 & T—# o BAA BESA (Cp*Ru)y(Cp*M)(u-H)s(us-H) (1, M = Co; 2, M = Rh;
3, M=1r) IZ2W\ T, Hifhdh X &M, 127V v 7R LA MY — (CV) JIE, DFT
RHEE RV, BRTLOEWVICIESL 7 T 2 X =S OMWEIZ DWW CE B 725 % 5 2
776

'8 Shima, T.; Sugimura, Y.; Suzuki, H. Organometallics 2009, 28, 871.
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

£ 2 81 RuCo BT FSEFY F&EE (Cp*Ru)y(Cp*Co)(-H)s(us-H) (1) DERL

NFA FEIELE FY) FRAREDRIGICK 58K 1 OEREDERE

Table 2-1 T/RL7Z& 912 Rulr 5 F 5 & U REHE (Cp*Ru)a(Cp*In)(u-H)s(us-H) (3) 13
(Cp*Ru)(u-H)s EHEZ Ir 7 R T & R U REHAK Cp*IrHy & DIAKFE T » 7V & FRISIZE D
AR SN, Ru fliE Ir FEORAKZFES S 2 LT, mBRIDD BAFRITRTMA 3 23
BoD (eq.2-9), ¥ L L72ea s, Cp*CoHy D & 5 72¥ED Co b RU REMAIZMEE LR
Wb, A 1 ABAKED v TV RISk o TERT A Z LIxTE Ry, £2T. 25
CARTE D7 1T A REER (Cp*Co)(uCl)® 3> hrr & LTl FU FRIEL DG E
Bt L7z,

Ir
H_H y 2 -2 H NS
R//\\R . | 2 I!I\ (2-9)
u u //Ir\\ 7N

HywnH toluen:h100°c \i/(\ N /R%

3 (76%)

(CP*RUC,(1-C1), 2 35 L TN (Cp*Co)x(u-Cl), ® THF IRIKICx LT, &fit R U RRIEA K
M+ 252 L TR 1 O/ ERLT (eq.2-10), LU 5, B KU FERIROFEEE (LIAIH,,
NaBH,, LiBHy, LIBEtH), 7 1 7 A REFADIRG LB L O =0 FORMFFEIT OV TR 15T
L7=3, 885k 1 oAERIIBEINR o1, WTHOEMETS (Cp*Ru)(w-H)s (4)%
(Cp*RU)s(u-H)s(us-H)2 (5),22 (Cp*Co)a(u-H)z (6) 2 5% G oI AMNE BT,

1) LiAIH,, NaBH,,

Cl Cl cl . f
#: 7 Sed VRN LiBH,, or LiBEt;H
Ru Ru + -Co Co— [— >

N \CI/

7 N’ 2) MeOH or EtOH

=<

/Ru\
g //\\ q T&H H co_q . Several
\\/1 \* \/, products
i/gu\ /Ru\

(2-10)

H

9 (a) Halbert, T. R.; Leonowicz, M, E.;Maydonovich, D. J. J. Am. Chem. Soc. 1980, 102, 5101. (b) Kélle,
U.; Fuss, B.; Belting, M.; Raabe, E. Organometallics 1986, 5, 980.

% Oshima, N.; Suzuki, H.; Moro-oka, Y. Chem. Lett. 1984, 1161.

21 Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243.

%2 Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K. Inagaki, A.; Oshima, M.; Takao, T. Bull.
Chem. Soc. Jpn. 2005, 78, 67.

% (a) Kersten, J. L.; Rheingold, A. L.; Theopold, K. H.; Casey, C. P.; Widenhoefer, R. A.; Hop, C. E. C. A.
Angew. Chem. Int. Ed. Engl. 1992, 31, 1341. (b) Casey, C. P.; Hallenbeck, S. L.; Widenhoefer, R. A. J. Am.
Chem. Soc. 1995, 117, 4607.
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%2 ®F Ru,M BT Nk RU REEAR (M=Co, Rh, Ir) O E L OMEE

BRAUTHMELE FY FEEFEDORGICK SiEHE 1 OAREDRE

(Cp*Co),(uCl); » 1 BEAIETICE VAL D 14 1D [Cp*Co] FILIFSHIT 2 1D L
BEMF (b LT 1 970 L BEMF) LG L, BA%MICRER 18 BF0
Cp*Col, $fk% 52 % Z LB TS (Scheme 2-1), % F2ERI2IE [Cp*Co] FEIL S FHI%
BT — T VRIS LV REL SN T2 B2 LN TEY, ®© BT 52 L3 c&n
WRBEIR 4 DI T T [Cp*Co] MiZ& 4 S, [Cp*Co] FlAS Rup BHICAHINL ., $iA
1 2G50 b0 Wt LT, £z, 85K 113 44 EFEATHY | [Cp*Co] L 14 &
BLUER 4 13 30 EFTHDH I &b, B HEZBE L THLAHENREMREE TH D &8
bivd,

Cl
AN Reductant L flr
1/2 -Co Co— _— ;R —_—
/ "

el -cl Co g PN .
14e 18e
L = alkene, akyne,
(Cp*Ru),(u-H), (4) bipyridine etc...
30e

=<

Co
H7|RH
L HQ

7
/Ru\ /Ru\
H
1

44e

Scheme 2-1. $&(K 1 DOE RIS

(Cp*Co),(u-Cl), DIFETHIL LT Li T4 A= a VABRIRL, $5K 4 OILFET T 20 K
MRS, 20k, TAIFT AT L7~ T 74—I12LY Li HERETHELED
2L GO NT AR E BE L 858 1 ZI0E 51% TH, Li 7 1 A=V 3 LR 4 1%
SR F IR LW 2 E 225 Scheme 2-1 (2R L7z K ) 7ol CBER 1 BWAER LT D L
RSN D, £7o. ZORIGETIE RuCop B TUEESERSE D ik 124k L= g R o A ki
B ole, LOLARBG, Li 74 A= a3 2O RISIEAE— 2R IE THEfT
T 5720, ROGHREHOHIEANETH Y | HEMELEN EEE o7,

Z 2T, BRRIC L D [Cp*Co] FEDFAEICOWTRETT S Z &I Lz, EiAlE LT
Li 7 4 A= a U ORDOVIZ LIBEGH AW & ZA, HEMERSER 1 5605 2

# Lenges, C. P.; White, P. S.; Marshall, W. J.; Brookhart, M. Organometallics 2000, 19, 1247.

% (a)Kélle, U.; Khozami, F.; Fuss, B. Angew. Chem. Int. Engl. 1982, 94, 131. (b) Kélle, U.; Fuss, B. Chem.
Ber. 1986, 119, 116. (c) Lenges, C. P.; White, P. S.; Brookhart, M. J. Am. Chem. Soc. 1998, 120, 6965. (d)
Wang, W.; Inoue, S.; Enthaler, S.; Driess, M. Angew, Chem. Int. Ed. 2012, 51, 6167. (e) Kaim, W.;
Reinhardt, R.; Waldhor, E.; Fiedler, J. J. Organomet. Chem. 1996, 524, 195.

% Hung-Low, F.; Tye, J. W.; Chenga, S.; Bradley, C. A. Dalton Trans, 2012, 41, 8190.
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% 2 % Ru,M T R F & U RESE (M=Co, Rh, Ir) OARkT L OWEE

ExERH L (eq. 2-11),

o

LiBEt o

-RJ/\\ + 112 _c° Co— é» Ii (2-11)
‘\/' THF, rt, 24 h o /H\

u Ru

- LICI prd \ 7 ~N

—1/2 H, x\ /)i

4 1(52%)

KFDGTOAEREBEHEBILET D LIXTE R o7), ZOMIGTIE, LiBEGH ($k KV
KAl (H) Tix7e<, BIHRETA] (€ + 12 H) E LT EEL T Db LIS D,
FERRIZ, (Cp*RuCI)z(,u-CI)z 76 (Cp*RU)4(u-Cl)y ~DIZITLHIE TS LIBEtH 23 HWN ST
%o 2 eq. 2-11 12 X B ARUETITRIIICHTE 1 VERT 2 b 00, REISOE 4 2
DTN ITFThTLra~ NI T7 4 —IZ X DEREENNEE 70D, Ll 85K 1 1%
TNITFTHT NIRRT D720, IERIL 52% (2K T %,

Cp*Co(7>-CH,=CHy), D= F L VB IR EHIEIETH D Z 0 m b TEY . MBI XY
TF L UFALF BB, YR NHC S ASICBEHRSNG, *® #HRsIRom %
H¥5 L. Cp*Co(7-CH,=CH,), DLt F L v % FIl L= [Cp*Co] MEDIA kA A L, #
& 4 L Cp*Co(1’-CH,=CHy), ® b /L ¥Rl % K FERIHE T 80 °C T 12 HRRIMNEL L 7=
OB 1 NZITERMICE SN, 72, Co DXEEINL F% Cp** (Cp** = n°-CsEtMe,) &
L7288A 17 IR 93% THHZ (eq. 2-12),

e

R
-RG}Q\Ru— . fclr H; (1 atm) \ o
\H\ﬁ' \/ o\/ toluene |/ |
\ / 80°C,12h 43 / 4

4 R = Me, Et =~ CHy-CH,

1(>99%) (R = Me)
1' (93%) (R = Et)

AR 1 E=ERT 1 KR EO=F LY EREL, =2 F U U Uik
(Cp*Ru),(Cp*Co)(1-H)3(15-CCH3) *° Z 5.2 5728, ZDOLRMETIR, =F U ¥ UKD ARITIF
EhEBEENR T, ETn. 85K 4 13EAICEE SNTE Y . Cp*Co(7’-CHy=CHy), I%
[Cp*Co] FED LW HIBKIATH D Z L BNHALMNE 2o T2, TOMIGTIE, KEDFOEANE
BETHY ., Ar FIHK T CRISEIT O L8R - INEODRA BN, NMR F2—7HT
ARIEEITH &, mZ UNBIE SN, Co FOZF L U B TIEIAFLENTWD Z L3R
S,

%" Fagan, P. J.; Michael, D. W.; Calabrese, J. C. J. Am. Chem. Soc. 1989, 111, 1698.

% (a) Dzwiniel, T. L.; Stryker, J. M. J. Am. Chem. Soc. 2004, 126, 9184. (b)Perthuisot, C.; Edelbach, B. L.;
Zubris, D. L.; Jones, W. D. Organometallics 1997, 16, 2016. (c)Durr, S.; Zarzycki, B.; Ertler, D.;
Ivanovic-Burmazovic, I.; Radius, U. Organometallics 2012, 31, 1730.

# 1H NMR data of (Cp*Ru),(Cp*Co)(u-H)3(s-CCHs) (400 MHz, CgDg, rt): 6-23.62 (s, 2H, 1-H), —15.25
(s, 1H, ©-H), 1.98 (s, 30H, CsMesRu), 2.10 (s, 15H, CsMesCo), 3.94 ppm (s, 3H, -CCH3).

28



% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

g8k 1 ORE

PR 113 "H, BCNMR B L OUCESHIC L 0 FEE L. BifEsh X BETicL->TEo
T2 TERR LT, 851 1 04 FEEIC W TI b+ 5, 858 1 @ '"HNMR TiX Co IZhL
AL L7z Cp* \ZHRTH U7 AN 6175 12, Ru £ Cp* O 7 F iy §202 12 1: 2
ORI TR S 7z, & B Y FEALFICHSRT 53 7 F/1iE -120°C C §-6.12,-10.90
LN 3049 1T 3 FEEEA 2:1:1 OBEHTEMIS L, £ Ru-Co [ (Hc). Ru-Ru [#]
(Hy) ICBHE L= b0, BIOZELEB LI P FENLF (Hg) ThOERBLE, B RV
REALFEITITE N A R B BV, ZNHDOY 7 FIFRT DI LN VEE L,
HILTIE 618348 12 4H 5D vy — TR V' F Va2 7, BEWZE 'THNMR 222 kL
% Figure 2-1 |23 7 F A OREMAREE I X OER R (Ty) % Table 2-2 12",

| H

|

2500 25°C 60°C 5
A

<&
1
£ ;
-50°C —40°C i 0°C
<& |
Jd T e V.
-80°C ~70°C -50 °C |
?i ”
~100°C —90°C l —80°C
e e l
H
He H © A
_120°C A Hg -u15°c % _1000c | Ha Hom H
| Hg~He B e
5 -0 -15 -20 -25 -30 ppm 6 8 -0 -12 -14 -16 ppm 6 -8 -10 -12 -14 -16 -18 -20 ppm
& -+ (Cp*RU)(u-H)s A -+ (Cp*Ru)s(u-H)s(us-H)
Rh Ir.
SN PN
i ' . N / I\
Hp Hp
B B i
Ru_——Ru RuT—Ru \
HA HA
1 2 3
M= Cp*M

Figure 2-1. #8{& 1,2,3 OIREAZ 'THNMR 237 FL (b RV REEER)
(400 MHz, 1 : THF-dg/toluene-dg = 5/1, 2, 3 : THF-dg)

Table2-2. b RV FENLF D> 7 F /L ORETREE R L OWEETIR

AR [°C] ez ARERE [ms)
Ru,Co (1) ~100 120 (-80°C)
Ru,Rh (2) -80 760 (70 °C)
RuIr (3) 0 560 (Ha), 790 (Hg,Hc) (~70 °C)
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% 2% RuM BT FZE KU REhA (M=Co,Rh, Ir) OARKE LOWEE

Co % Rh (Z{EH#E L7-85K 2 @ 115 °C THIE LAY ML TiX §-6.88 IZHIHIE
BT F T CBRh LDy T TR S o T, LA > T, Ru-Ru FICZRE L
72 Ha &IRB L7, ZHUCIES& ., S8R 1,3 IRV T AR B & U 5 R 5 s
e IH O 7 FvE Ha LIRE LT, #8518 2,3 TiX Hg, He DY 7 FVE@Ea LI-EETH
ST BEIR 1 CIXEN N BE L TR S AL, BOEL 2H O 7% He o &
IR SN DFEDREL IH OV 7 F V% He SIRE LTz,

T FVORAEIREITEER 3 D 12T TR T 2SS (Table 2-2), =
nix. EEhd 9 EEBOEMN EIcnIcLznvy, B RY REALFOFE Y 7 0 — 530
EFZ2ZEHRLTND, 2TOXD 721X Ru & 6 BN D 2D AR
(Cp*Ru)(Cp*M)(H)s (M = Mo, W) THEIMHI I TH Y, L RuMo B~F 4t R U REER
DHFNE R RRGEFOEEY T 4 =@ 2 & A2RERZ 'H NMR IEIC LY B ST
LTW5, P &BORHIN Fcn< BB FROMAITE< AR5 b, E RY K
TALZ=IZBWTHaR-t FU RHEOMEENRTH< R0, & R RENLFDOH A S AZHAIEH
SN=boLHEHEND,

t R U RENL O 7 F IV OREEFREE (Ty) 13, KEHEEEBEO 6 FICHHIT 5, Lo
S>T, AV E RY FEEKRET, & N RN FRRIOBREEDNE S 72 o 70356, FRIS o TR FERD
LA DR SN D AR, HERMR IR T 2, —MRIIC, S fk#EEERDO e
U RENL T OREEFIRERIL 50 ms LAFToh v . 2Ll EICRWHEER M 273 256 130
e RU RESRICHESN S, 885K 1,2,3 O R U REALF DS 7 F L OfeREFnke I,
WS 100 ms BLETH Y, e FY REERE e Z LR TE D, LrL, BN
% 9 RO L2V IS L3y, fERMRFR N 2N b7z 2 b,
DIRBEDFERNEHEDL D EHEI N, ZORERIE, & RU FEALF DAL 7514k
KRBBN T2 AT HHEELRE L TEITT 22 L 2RET 58D THD (Scheme 2 -2),

128 —| /e |\~ /5]
\H/ - \H/

u,
~

H

Molecular
hydrogen
M= Co, Rh, Ir

Scheme 2-2. b R U RENLFDHVA kAZHLDHEEREHE

~120 °C THER 1 okt FU RENLFICHRT D 7 uid 3 BB HBE L CElll S D
DIZHF LT, $8K 2,3 Tix 9 IBERICHESG LT 3 2Ot KU RENL O 7 FUhEa L
TEETHoT, THUE, 85K 2,3 TiE. Hg He DT 7 FOEPFIST 28K 1 D1k
2T RDOELV NSV EICERNTEEDEEZLND N, b R FEALA DO ZHE
IEIRFUCE L Ty, WiEIX TE ey,

%0 Kubas, G. J. Metal Dihydrogen and o-Bond Complexes; Kulwer Academic/Plenum Publishers; New
York, 2001.
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%2 ®F Ru,M BT Nk RU REEAR (M=Co, Rh, Ir) O E L OMEE

ik 1 oHEER
BEIR 1 IEBER 2,3 LIRIBRIC. KIS ~~ s;lr
=y ——d |
X UTIXLIE TH > Te B Wesm 71 /Co\
o H /I //\\
X LUTIEHARLETH-T, $5K 1 O |/H ZaY (2-13)

RUZ—Ru —2H20
WIRIZEEFE S+ 2 BAT D LR \i} i 7\% \i{\ %
BTG EAD Dk~ L HONITE
it L . B &2 4 % v K
(CP*Ru)»(Cp*Co)(15-0), (7)** 3ERL L7= (eq. 2-13), F7-. Z DOSUSITEAKAE T ik & (2
452 ENPLMNERoT-, $5K 7 13 'H NMR 227 MU XV [AE L, B X &
HEEMNTIC L 0 2 OIS 2 TR L T2,

PR 7T OV TF N =T NERERRTHETHZ LIk s THEbNERET 7 v 74k
Fiih A O THRS S, X B EIRT 21T - 72, 2 35K 7 04 745 % Figure 2-2 IZ B2
% Table 2-3 1Z/”7, 851K 7 O & T, BT OMTOT 4 A4 —F—BFEL,
RIS 01, 02 %@ 5 —[RIEHEESFIE Lz, 078, dtflefiaEE 6T 5
ZEIITERDPSTN, 2 OOFF VENLFRENENZEHEE L T0D Z xR LT,

o (ColA,Ru2B) (RulA, Co1B)

Figure 2-2. &K 7 DJyH#EiE (30% probability)

Table2-3. $&%K 7 o ERHEAE A LHEAA O

Rul-Col 2.6111(7) Rul-O1 1.955(3) Rul-02 1.972(3)

1 IH NMR data of 7 (400 MHz, C¢Ds, rt): §1.63 (s, 15H, CsMesCo), 1.74 ppm (s, 30H, CsMesRu).

%2 JIE 1T Rigaku R-AXIS RAPID [H#74E{E 4 VT 120 °C Tﬁb\ Rigaku PROCESS-AUTO
R NIED T =N LT, eI RRICE L, BT R-3(#148) Tholo, T
2BV TIX, SHELX-97 7' 7‘§A/\//f~—~/%ﬁﬁb\ 1‘%&3 X0 &R T OPEREEZIRE LT
— U BRI L o TERDIFAKRFERFEWRE LTz, 2 FHIZIE 01, 02 %ﬁé*ﬁllﬁl%ﬁﬂmﬁﬁﬁb
72o SHELX-97 7'm 77 L% W TR/ FIEIC X VB L, FERBIRFE2IEHEHVEICER L
7o
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% 2 RuM T FT kB FU FEEA (M=Co,Rh, Ir) OAKE LOME

PEIR 1 ITBVIICZETH Y BEK 1 O Z 120°C (2B L T H o fRI3 8l Sz ho
Too Fio, e OEARFCEEEF CMEALIZSGE. #6501 ot U FEAFIZIE HID AZ#:
FOSMBIEE ST (eq. 2-14), #5:FCo e RY RENL 7O FEAF(LFEEL Table 2-4 2R,

ke e

H C|°\H Do alvent D/clo\D
N, — e, e
1 1-d,
Table. 2-4 $ffk 1 & FHKFE(LEHE L O HID AZHARS
Solvent Temp. Time Conv.
Octane-dyg 100°C 39h 47%
Benzene-dg 80°C 45h 99%
THF-dg 100°C 96 h 9%
Acetone-dg 80°C 18 h 11%
CD;0D rt 96 h 36%

FFEIREE & O HID ARHSOSITEEAR 2,3 THEITT 203, 85K 1 L0 00 ME R 23 A
BNz, TOZ NG, K 1 TIIABS FORD AL & BiBENEAR 2, 3 L0 & HFIcHE
ITLTNWD ZEDNRBREND FFET RNEJIT EAE A7 Z LD HID KBS TH D |
Rug B~ &b RY REEE 5 OBAIX HID RELISOHEITIZ 140 °C FREOIIEVE ZE L 72
A, B EER 113 100 °C THHBICHEITT 2 Z ERALNE otz $5K 1 2 TEAES Y
Z T 39 BEREINELT 2 & SR 1 ot U REUNL 71X 47% BEAFEL S, 6 -13.56
(1-do), —13.87 (1-dy), —14.21 (1-dy), —14.57 (1-d3) ([CFNFNT A Y hR=—IZHSL 7T
PRS-, £, BEIK 5 LRERIC, B8 1 L EARFE(LA 7 ¥ 0 & ORIETHILRIIC
ZENTND AT X DR TEIEIIINZ HID BTS2 2 & BB S0 & 7o o 7=, INELT
IZHE L2 'THNMR 222 bV TlE, kA2 2o DT 0 b U BEFE— 7 ORESTRIE L,
BB & REGODES 12:6 Th 7225, 100°C T 39 BEREIMELL 7212121, 12:7 ([>T
HT L EMER LTz,

PEIR 1 OWHKZ 120 °C YL EOFIRTMET 5 &, 85K 1 I3R4 IO L. T AT
VT ) Cp*Ru & RFIE D BEILE A 5 2 12, RO /3R RE, RBEEROSEEK 2,3 T
HiER STV D,

% Takao, T.; Suzuki, H. Bull. Chem. Soc. Jpn. 2014, 87, 443.
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%2 ®F Ru,M BT Nk RU REEAR (M=Co, Rh, Ir) O E L OMEE

£ 3 81 RuRh BT FZE RV FEEE (Cp*Ru)(Cp*Rh)(u-H)s(ps-H) (2) DERL

BEIR 2 13 (Cp*RUCH)(u-Cl); 35 LT (Cp*RhCl),(1-Cl), @ THF ¥AEiZIZ NaBH, =Nz %
L TARTED Z LN, BF STFRICEVHESN TV (eq.2-15), > LiL, Z0fh
FOEIE R BUER N L2z, RuRh B KU B R U REEAR Cp*Ru(u-H)sRhCp* 23EIET %
ZERMBETH D, MRS L T LR O 7 iR — N AR T HERTH, $5K 2 O
EER N D BRI 2R B RIED RO B D A, Co D% ERIERIC Cp*RhHy D X 5 it
KU REERIZAFCTET, BT 7V IS E#EAT 52 L1LTE v, 22T, 8
R 2 THEHE 1 OARIEICH., 5K 4 & Cp*Rh(7°-CH,=CHy), ¥ & ORIGZ Mt L7,

1) NaBH,
ci_ cl ci_ ¢l 2) MeOH
~N_ 7 N _/ ~N_ /7 N\ _/ )
Ru R + 12 RERA —_ >
/
o e’ 3 c’ ¢ THE

=<

Rh
I N
AN L@
i{\Ru Ru
N, X

2 (28%)

(2-15)

btk 4 L Cp*Rh(7-CH,=CHy), D U ISIRIC/AKFEAEA L, 100°C T 6 FEREINEL L
Tro B ET VI T T Lo~ 8T T 74— 2K 0KERIT 2 Z LT 85K 2 2NN 36%
THELT- (eq. 2-16),

H_H ; 2
—RG/\\Ru— . th Hz (1 atm) i 216
N Benzene N

HH X' 7 e X@ %

4 2 (36%)

AR TIHRIEOBIRNEECTH Y . NP U 2RO TEE 2 AR L, Mz

VEER WD LR 2 iéﬁkﬁ@“ (Cp*Ru)(u-H)s Z G LoEMERIREM A 5270, £T2. K
FEAR T CRISEIT ) Z LI L VRO M EAfER SN, NMR o7 VFa—THT
AR GEEIT 9 & Cp*Rh(s CHZ—CHZ)Z DO=F LML FI3KRFELZ I, =& & U THBEL
TWD I ERHERINTZZ LD, KFEHSTH [Cp*Rh] FEOFRAZME L TWVD D EPREX
7z, RuRh I KU b RU REEA Cp*Rh(u-H)sRuCp* DAERIZE »7-< B ST, KaD
BIRMEO R FIXMER S22, $5F 2 ORI 36% & KIERdiE LI n2not, 743
FH T 2K DRERENCHE L2 TH NMR 2227 M BIE, RSO 4 3 KEICE

¥OSER BR, EACERSC, HURTEEKE (20086)
% Moseley, K.; Kang, J. W.; Maitlis, P. M. J. Chem. Soc. A. 1970, 2875.
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% 2 % Ru,M T R F & U RESE (M=Co, Rh, Ir) OARkT L OWEE

BRI, REOECEROES B L2 E 7272,

Brookhart i% Cp*Rh(#7-CH,=CH,), D= F L U E N F& E=/L s U A F LT U RALFIT
BAHTET, MR RERICE DAV T ¢ UBALF2S Rh O b HEELC <7220 | 4t
HRE L ORUED ST T 5 Z L 2 WE LT D, ¥ ZHICHEREBT, 85k 2 otk
DIf] k% B L. Cp*Rh(1-CH=CHSiMes), % W\ & kiEE it Lo, UGSz~
SHUZRE R, SEK 2 ZUUR 46% THD Z LN TE -, 2. FRRORISIC X » ToA 2 %
41% DOIERTHF NI (eq. 2-17),

R
H H p g H, (1 ati Rh
R//\\R . th (1 atm) e |§H
—Ru u-y —_———> (2-17)
"\ i toluene |/H\ |

HYH 7\, —SiMe;
// Ru Ru
\ 4 100°C, 4 h < SN
SiMe,
4 R = Me, Et 2 (R = Me, 46%)
2’ (R=Et, 41%)

Co Zatedlik 1 OAMEHEL THIK 2 OARTIIRmBLET S, £/2, WKL
Co MATIX 90% LLETEER 1, 17 252724, Rh & 085K 2 OERTIL 50% LT
ICHE o7, 2L Rh A L7 o VBN OREE DX T S Co SEIKL Y boREZR 7=
E= b ATFAT T EHNTE [Cp*Rh] FENFEALICK WD EHEHIEND, Ll
RS TAIFH T AL ARERANCHIE L THNMR 2327 MLnbid, 5K 2,27 1%
EHIT 60-70% FEED NMR IR TAER L TND I ENHERI LT, ZD0, HBENER
2N 50% LAFE TR T 2BAIE, 85K 2,2 WTAIFTHT L ETHRXICHET D729 T
D EPHENERoT, TOEMKKIETSH, RURh B~V B KU FEEK
Cp*Rh(u-H)sRuCp* @{fcﬁk XF oL BEINRh-T2Z LinD, B8R 2,27 OEIRMEITSK
BEINLbOD, Fi /e - FMRELZ BETIZIEE S o T,

A 2 B2 iE}E WCEAIZ o TRIESNTWD, 4Bl B A RIETE b Lo 8h
K 2,2 OHNMR 227 MUTBEROZNE —8T 5 2 L 2MR LY £ 85k 2 ©
SFREBICONWTIIHBIRT 5,

FV7 4 UL OBBEATIH L CRBSRIERE GRT 5 HIEE. BRIV o0 S
NTHHR % e RY F‘ﬁ%ﬁsc:&wé%mi%ﬂ BENTWARM o7z (eq. 218,58 2-19%), A[q]
IR 1,2 OARREBE LT, ZNHOTENE RU R EOMSIZ OB TE, EERaic i
oy *%%T%%T%é EEFTIT R LTz,

% (a) Lenges, C. P.; White, P. S.; Brookhart, M. J. Am. Chem. Soc. 1999, 121, 4385. (b) Lenges, C. P;;
Brookhart, M. Angew. Chem. Int. Ed. 1999, 38, 3533.

¥ H NMR data of 2 (400 MHz, benzene-dg, rt): 5 —11.98 (d, Jrny = 26.8 Hz, 4H, u-H), 1.79 (s, 15H,
CsMesRh), 2.02 ppm (s, 30H, CsMesRu). *H NMR data of 2°: (400 MHz, benzene-dg, rt): §—11.93 (d, Jrnn
= 26.8 Hz, 4H, gH), 0.95 (t, Juy = 7.2 Hz, 3H, CH3CH,-), 1.77 (s, 6H, CsMe4EtRh), 1.89 (s, 6H,
CsMe4EtRh), 2.02 (s, 30H, CsMesRu), 2.33 ppm (q, Juy = 7.2 Hz, 2H, CH3CH,-).

% (a) Wadepohl, H.; Galm, W.; Wolf, A. J. Organomet. Chem. 1993, 452, 193. (b) Takemoto, S.; Morita,
H.; Kamikawa, K.; Matsuzaka, H. Chem. Commun. 2006, 1328. (c) Herrmann, W. A.; Barnes, C.; Zahn, T.;
Ziegler, M. L. Organometallics 1985, 4, 172. (d) Barnes, C. E.; Dail, M. R.; Orvis, J. A. Organometallics
1990, 9, 1021. (e) Boag, N. M.; Green, M.; Mills, R. M.; Pain, G. N.; Stone, F. G. A.; Woodward, P. J.
Chem. Soc., Chem. Commun. 1980, 1171.
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

B 4H 8K 123 0FFEEDLES L UVEFHETMH

BEiEE X REEREN

KEFRNL 239 R T Cp* THHEER 1,2,3 1L, Ru & 9 [E&EE DRI TT 4 A4 —4—
WAL, #iE 3 FIERE 2 AT &L 525, 200, @R-SEMHEHECeR L Cp* &
DOEEREe ENT ORI T LU EW, GRS MIT I3 S 70, RSl cid, @R
DT 4 AA—F =&k, MEICBET 25 MmRA 255720, 9 e ROl %
Cp** & L7zglfk 17,27, 3 Ok I >\ T 5,

8 1 OHFiEE

BEIR 17 DAL H VIR A RIBTHET S 2 LIk » TAEL N BREOHUREE S 2 VT
BEEEL X RS 21T o 72, 2 88K 17 04 7HEEZ Figure 2-3 12, ERFEAE. Mo
A % Table 2-5 (27”77,

Figure 2-3. $&(K 1° O4r1-H1& (30% probability)

Table2-5. $81K 1” o ERiEAE A LEAA ©

Ru1-Col 2.5858(9) Ru2-Col 2.5789(8) Rul-Ru2 2.6774(7)
Ru1-CEN1 1.8141 Ru2-CEN2 1.81157 Col-CEN3 1.6924
Ru1-Col-Ru2 62.45(2) Col-Rul-Ru2 58.65(2) Col-Ru2-Rul 58.90(2)

¥ JHIE 1% Rigaku R-AXIS RAPID [BIr4#4{E 4 VT —150 °C T4\, Rigaku PROCESS-AUTO
0y ALY T =20 L, RS RNERICE L, ERERE P-L1#2) Thoto, fiEFTIC
BT SHELX-97 7'v 7 7 A /r—U% v, BEEEC XV &R OEBEAZRE L, 77—
U BRIC L > TR D IEKRFBIEFZIE LTZ, SHELX-97 7117 J A& HWTHR/N _F|/IEIZLD
Kb U, FEKFER T & 5% HPEIC R Lz,
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% 2 % Ru,M T R F b U RESE (M=Co, Rh, Ir) OARkF L OWEE

PR 17 o Ru-Ru f546MEEREIL 2.6774(7) A, Ru-Co fEA T
HiEfEIE 2.5858(9), 2.5789(8) A TH V. 4JE =7 1% Ru-Ru FEH
W T S AR O L 7> T, Ru-Co fEAHIEEEE
HEHFEA O 259A) LiFFRLCTHY ., £/2, HEET
ICHE STV 5D Ru-Co [EIREEHEE (2.487-3.008 A)Y it
AN TH -7z, WTHo Cp* Ol beEa T Oed Vi _

B B o Figure 2-4. u-H & Cp*
X LTHY 40 BTV, ZhiE, CEZEEE KU RENLT & DSIARBR
(Hy, Hg, Hy) & DONLERRBIZE DB DO THY 5K 2,3 BLD
Cos M7 T b RV A (Cp*Co)(u-H)s(us-H) TH R DH LB ST 5 (Figure
2-4)., 23

i 2 oaFEE

BEIR 20 D~TZ ITHF = 5/1 k% 20 °C TEHETAHZ LIk > TELNT-BARIR
Fiih 2 VT HRE S X BREERAT 21T > 72, ™ 85K 27 o4 FHEE 4 Figure 2-5 12, E72
AR, WA A% Table2-6 [ZR7,

CEN1

Figure 2-5. $&(k 2° @4y 1-H1& (30% probability)

%0 Stractural data for 214 complexes having a Ru-Co bond(s) were obtained from Cambridge Stractural
Database System Version 5.36 (November 2014 + 1 updates): Allen, F. H. Acta Crystallogr. 2002, B52, 380.
‘U JE X Rigaku R-AXIS RAPID [mlff4E# % IV T —150 °C T4T\>, Rigaku PROCESS-AUTO 7
BT MK T2 B LT, R R RICE L, R P-1(#2) ThoTo, MRATIC
BWTIE SHELX-97 7127 T LSy r—V 2 v, BRI LY &REFOBELREL, 7—
U T EGRIC K- TR DIFKRFRIRFEZRE LT, SHELX-97 71 7 T A& v Ch/h ZRIEIZER Y
b L. FRKRIET 2RI A L7,
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Table 2-6. $ffk 2" OERFEER (A) LA ()

Rul-Rhl 2.6797(5) Ru2-Rhl 2.6788(6) Rul-Ru2 2.7014(5)
Ru1-CEN1 1.8070 Ru2-CEN2 1.8028 Rh1-CEN3 1.8299
Rul-Rh1-Ru2 60.547(14) Rh1-Rul-Ru2 59.710(14) Rh1-Ru2-Rul 59.743(14)

BEK 27 @ Ru-Ru #EAMEEEEIX 2.7014(5) A, Ru-Rh fEA&MIEEEEIL 2.6797(5), 2.6788(6) A
THY, a7 1384k 17 LRIUC< Ru-Ru fEENEW S0 =M L 72> Tu =, Ru-Rh
FEA TR AR A o 268A) LRBEETHY, 7o, BEFCICHEIN TS
Ru-Rh 54 EREE (2.614-3.292 AY? OFPHAN TdH>7=, Cp* 1L Hy, Hg, Hy & ORI IED
T2DIC&RE a7 O micx LT 7° T,

4K 1,2,3 OBEOHE
BEIR 3 O FREEIZBIC Lo THRICHE SN TWA, B R TH LM E 72 o785k 17,
2 ODEREAEE LT T Table2-7 I2F LD 5,

Table 2-7. &K 17,27, 3 OEREAELB L 9 BEBOFFEE (A). BCNMR 227 |
JL D L

R;—ﬁg]];)al:p Ru-Ru Cp*c.?::;tg;rloupg Cp*cen—Ru A;?;T: ;a:::;;) f & (CsMesRu)?
Ru,Co (I') | 2.582 2,677 1.692 1815 | 1.25 84.9
RwRh (2) | 2.679 2.701 1.830 1805 | 1.34 82.3
Ru,Ir (3) 2.695 2.738 1.833 1794 | 1.36 80.4

313C NMR data of 1, 2, 3 (100 MHz, benzene-dg)

BEIR 17, 27, 37 O@B a7 IET T Ru-Ru F5AENEWELD = AROMELZ A L T,
9 BEBOEMN I IT LW, 9 EEE OIS UC Ru-9 1R & FIRERE X
L RBHEBNA LN, 51T, $8K 37 22BEHA 17 (220 T Ru-Ru [MEERE S RHAIC
HLoTEY, “BEEREEN/ NI RoTWNDZ ERHALMNE T,

&R & Cp*een & DHEEEIL. BBOFTPRIT Tl &R LOBETEEICHIKTT 5,
AT 724 JE L T Cp* ~D 5 Rg < b eE L Cp* L DN ELS 25D
DKL, AR O &8 PO 3 RHT Cp* L OBENE < 725, ZOMEAIE Ruz Ble F
U REERTHBEB I TWD (Table 2-8), £/ 7 =47 F7t KU KR
[(CPp*RU)3(1-H)a(1s-H)™ D4y FHEIE XA 5 72 > TR WA HIPER 2 B R REkK
(Cp*RU)s(u-H)s(uz-H), (B) & E / B F A v E~F ¥t KU REEE [(Cp*Ru)s(u-H)s]” @
Cp*cen-Ru DA T 2 &0 Ru LA BRI Fli 22885k 5 OFH AL 72> T
%, EBIT, BBEMEFETFAMIC/ARY Cp* ~DOWt 53 KT 5 Z LT, Cp* DBRRHEITH
K[E7RMER AT, BC NMR 237 ML TlE Cp* DBRRFITHES 7/ F LDk 7

*2 Stractural data for 129 complexes having a Ru-Rh bond(s) were obtained from Cambridge Stractural
Database System Version 5.36 (November 2014 + 1 updates): Allen, F. H. Acta Crystallogr. 2002, B52, 380.
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N RBAF BRI TV D,

Table 2-8. Ru; BUSSAD AR L. E24EE (A). BCNMR 222 [ Lo kil

Formal charge . c

of a Ru center Ru-Ru- Cp¥cen-RU (CsMesRu) Ref.
[(Cp*Ru)a(-H)e]” 3.3 2.706 1.841 97.8 22
(Cp*Ru)3(-H)a(15-H)2 (5) 2.7 2.750 1.810 85.7 22
[(Cp*Ru)s(u-H)s(us-H)I 2.0 - - 78.1 43

Table 2-7 TR L7288(A 17,2, 3 @ Cp*cen-Ru 1%, B END 9 HEEEOFBIAN Lo <
IZLENOWREINCE L RN SN, Ko T, %K 370 205 17 et T, & %h
% Ru 1382 ICE R TMREBIC /2 5 2 L M ERI S L7, 20 Ru OFETIREEOZE(LIE, B°C
NMR A7 MANLHIFINTEY, GEnDd 9 BEERBROJEAWN LIk Iz Ledivn,
Ru I[ZEfZ L7- Cp* OERREZBY 7T ADBEKES Y 7 T M ABEINT,
[(Cp*Ru)s(u-H)e]” 5 LT (Cp*Ru)s(u-H)s(us-H)2 (5) @ Cp*cen—Ru DFEERS Ru IZEAL L
7= Cp* DERIRFEDLFEL 7 " bHWT5 &, 51K 17, 27, 37 @ Ru ORLEIT +2 75
+3 i THDHLEBZEZBND, T2DOH.9 EEELEOIERE =7 2RO ER /747 1%. Figure 2-6
DL HICHELE I, 9 BEERE LITEAMS LRSI o TRIRHREE b b D EE 2 B
Do ZOM[EMIE, EREMEENKEWVE—AHEESEORHME SR T VB =
JEHIER R ORENENT- D L b,

Co Rh Ir\
Ru—|—Ru Ru—|—Ru Ru/—|—Ru
H4 H4 H4
1+ 3+
/"”\ 1 2 3 /’V’\
Ru3+-|—Ru3+ Ruz"-|—Ru2+
H4 H4

Figure 2-6. $&(K 1,2, 3 OEMOA

BEREBCE OFT) IT& 58K 1,2 3 ORBEILEES UL FIEDERE

Ru;M ‘4% (M = Co, Rh, Ir) ZJZT % 9 &R DEMIC X 28HADMHE D=L Y 50T
TH70, B8R 1, 2,3 @ DFT 8 %1T-72, Ruz B> RU KSR 5 054, LB
¥ B3PWOLY 25 Z & T, EEREOWMEZ RS BB T2 ENBRICEVRESNT
W5, ®DFT BHETLIZLIZAV SN TNS B3LYP® (ZH~T, B3PWIL [F/kFHEHEA=

R FLA, LS, AR TR (2003)

“ (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (b) Becke, A. D. J. Chem. Phys. 1993, 98,
5648. (c) Perdew, J. P.; Burke, K.; Wang, Y. Phys. Rev. B 1996, 54, 16533.

© R B, AL, B TERE (2009)

% (a) Becke, A.D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang, W.; Parr, R.G. Phys. Rev. B 1988, 37,
785.
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% 2% RuM BT FZE KU REhA (M=Co,Rh, Ir) OARKE LOWEE

van der Waals /)12 X 2 55WEEAIZX L COFBMERBENTWDHTED, R R RV FR%F
—ICBVWTRWHEREZ G2 T-bo L Bbhd, £Z2°C, $41K 1,2,3 ® DFT 35 THILEEK
& LT B3PWOL ZHH L7o, Hfs X SMEEMATIC L 0 e Szl 17, 27, 37 o+
HEYE |2 HES U TR S 4 3% L . Gaussian 09 program®’ 1T & - THEE b3 L OMREI
AT o T, HMEREITIEREIE 72 SDD. t RV FEALF7Y 6-311G(d,p). Cp* 7% 6-31G(d) &
L7z, REHEHE CIx, FHERA TRICEBEIEE N 0 2 & 28 LT, Hid{bi%i&E% Figure 2-7
ICERRER, MAfAz Table2-9 ITR7,

Figure 2-7. DFT ki2k % 1(%£L), 2 (FL), 3(KET) OiifbiEis
(Cp* DAFILKFITAME LT, )

4 (25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, VY.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi,
M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.;

Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09; Gaussian,
Inc., Wallingford, CT, 20009.
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Table 2-9. 1,2, 3 DiiEtEED ERFHEEGE (A) L#EEH (0

1 (M =Co) 2 (M =Rh) 3(M=1r)

(a) Bond Lengths (A)

Rul-M1 2.5700 2.6981 2.7221
Ru2-M1 2.5701 2.6986 2.7238
Rul-Ru2 2.6881 2.7118 2.7466
Rul-CEN1 1.8244 1.8118 1.8042
Ru2-CEN2 1.8251 1.8110 1.8025
M1-CEN3 1.7026 1.8686 1.8742
Rul-H1 1.7368 1.7294 1.7292
Rul-H2 1.8846 1.9172 1.9561
Rul-H3 1.7075 1.7445 1.7870
Ru2-H1 1.7301 1.7361 1.7358
Ru2-H2 1.8956 1.9038 1.9486
Ru2-H4 1.7106 1.7416 1.7830
M1-H2 1.7259 1.8209 1.7931
M1-H3 1.6305 1.7121 1.7043
M1-H4 1.6283 1.7149 1.7058
(b) Bond Angles (°)

Ru(1) -M(1)-Ru(2) 63.063 60.330 60.575
M(1)-Ru(1)-Ru(2) 58.469 59.844 59.743
M(1)-Ru(2)-Ru(1) 58.467 59.826 59.682

& B~ BERE A Cp*cen— B MRS 1L, A X BMEEMITOME L R<HEL L T,
F7o. b RU RENTFHIEEATZ HNMR R FLOBRES X ST & X S h
HEHT, “HEEEE NU RIS 3 o, —FHZEE NU REAS 1 OHFETLH L
FHER LT, B N REM &L OB, b 9 BEEEOBRMN LicnizLz
D, T7bb a7 BIHET I Lizn-> T, Bl b HmNALNT-,

$EIK 1, 2, 3 @ HOMO-1 7°5 LUMO+1 £ TO4y il & = /LX —H#E{7 % Figure 2-8
R LT,
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b 2

LUMO (-1.21 eV)

HOMO-1 (-4.39 eV) HOMO-1 (—4.36 eV) HOMO-1 (—4.27 eV)
Figure 2-8. #£{K 1,2,3 O4 1#uE
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BEIK 1,2,3 TlX, HOMO-1 7°5 LUMO+1
DA FIIE DOTGIRIC K X 7225138 S 7 /’”\

572, HOMO [ZT X TDOEET dy DOF LN R"\7M
Kx< . Bz Ru Fo#sEnkx<Ey L Ru Ru Ru

TWe, BUEOER D I OO, Ru-9 ono o
AR AMEOMEER N A DI,

Ru-Ru FEIE B A OF BAEH N B S h _ ‘M=Co, Rh, Ir
2o —J7. LUMO 3T _TORABT dy 0% e 2'9-@\;%2”350@%0; LUMO &

HEANRE L9 RERICENL L7z Cp* Lok
HEHRE<SEVHLTOWE, Ru & 9 BRERBIZIEHEEMETHY . Ru-Ru BIZIZFEEMEOFE A
TER M A B 47 (Figure 2-9),

BEK 1, 2, 3 @ HOMO 3 X0 LUMO O = R/L¥—¥ERL L HOMO-LUMO Fx v 7%
Table 2-10 (2773, HOMO D= /L F—HELIINT OGRS [FFRE TH 525, LUMO 1T
EEND 9 BEEBORAHN LI IZ LAY, KL RLHINA DN, FEE LT,
HOMO-LUMO F v v 7385 1 O 3 12T TRELS 2D ZEBH LMo T2,
HOMO D4y F#EIZEIC Ru RIZHAMLTEY 9 BERN O OFHITD 720D, LUMO O
SFHGEIE 9 AR EICL LTS, Z0H, GEhd 9 EEROEWIX, LUMO O
TR F—EMNIZHRS KRS TND SO EHEH S D, @ROJEHZ T2V <IZ Lz,
BRI A2 R W2 & 200D RuCo(l) < RuRh(2) < Ruglr (3) DIIEERT LUMO D HERL A
FRLEZLOEHEH SN D,

Table 2-10. &K 1, 2, 3 ® HOMO ¥ LUt LUMO =T x /L ¥—H#f7 L HOMO-LUMO =¥
Y v

HOMO [eV] LUMO [eV] HOMO-LUMO gap [eV]
Ru,Co (1) -4.12 -1.59 2.533
Ru,Rh (2) ~4.12 ~1.55 2.572
Ru,lr (3) -4.15 ~1.21 2.942

$BE 1,23 DYDYy ORLEIAR)— (CV) BIFE

SEK 1,2,3 OFLETEIHZALNITAH20, CV IEEIToT2, VA7V v TRV HZ
E 77 L% Figure 2-10 ([ZHIERE R % Table 2-11 (TR,
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Current/uA

10 | 3rd
Ath

15

1.0 0.5 00 -05 -10 -15 -20 -25 -30
Potential/V vs. Fc/Fc+

-3.5

Current/pA

10 |

15

10 05 00 -05 -10 -15 -20 -25 -30

Potential/V vs. Fc/Fc+

-3.5

(b)

Current/pA

10 |

15

1.0 0.5 00 -05 -10 -15 -20 -25 -30 -35
Potential/V vs. Fc/Fc+

Figure 2-10. (a) #&(& 1 (b) 881K 2 (c) 881K 3 DI A7 U v I ARAVEZEST T A (HEIRE :
rt, WIEREE - THF, XEFEME  TBAPFs (0.1 M), 1EfEM : Pt, M EHM : Ag/Ag” (TBAPF;

| CHsCN), 5[ : 50 mV/s)
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Table 2-11. CV DH|EREH

Resting  Wave Epa Epc E/ AEjp  ipel/ipal Reversibility

Potential [mV] [mV] [mV] [mV]
[mV]
Ru,Co (1) -914 1% -—2125 -2029 -2077 96 1.12 reversible
2" 646 irreversible
34 486 irreversible

4" +127 +259 +193 132 3.45  quasi-reversible

RuzRh (2) —857 1% -2565 -2454 -2510 11 1.42 reversible
2" 841 735 788 106 122  quasi-reversible
3¢ 212 irreversible
4" 4250 irreversible

Rulr(3) | -816 1% —2801 -2763 —2827 128  1.30 reversible
2™ 727 616 671 111 111 reversible
3¢ an irreversible

4" +107 +256 181 149 1.86  quasi-reversible

WA TYH 2~3V ICAMRARRGETHE (1Y) MRS h, 2 b o ET
BIx, 1 BRI omBE T (Ruzlvr”o) [ZHE LT Y DFT FE1HR® Hiviz LUMO
O Z KL, & END 9 BEEBEOFHN Lo Lz > TEEMANZ Y 7 3518
B ST, AT, -0.6~-08V IZi%, 1 BTk & ORLRTITHIST B3 (2™
RuM "™ B0 hodik ThBEshTEY . GEN5 9 BRERO AN Lo Lk
Ro T, FORGEER IO DR BT, RuM Y™ OEMIE, $5K 1, 2, 3 %1
BAE 7225 01T 72 < L DFT HE2 53RO Hit7z HOMO Offi[f] 2 L T\ 5, Ey (Ruzlvr”")_
= (RuZMO’”) Z e+ 5 & RuyCo (1): 1383 mV < RuRh (2): 1719 mV < Ru,lr (3): 2147 mV @
EIZ, ZOBEMAENBRKEL 8D, b DFT §HHE5RH 7= HOMO-LUMO v v 7 DfH
I“iﬂb‘ifﬁﬂfu\

R 1,2 7‘5 39 4" ORLZWIE, BAORSIEZ KL 5 2 8 THED LIEK
WO T B, ThaDL, ZAbIE 2Y TEUE 1 EFBLIRICES LR OB LR T
HELTWDHLO EHERIEN D,

BRIT Ru & Os 2t —HEO “EHAEEZAKR L, 0O CV ZHEKELTWS, ® Wh
DR THHEE AW M RBE SN TRY . BEND 05 OENEL 25| :w:mx
M"™ DB IREM S 7 b A HEARBE STV (Figure 2-11), 8 EA& B D
%% Z 85K D HOMO D75 FHIENH 52N STV RN T2 ORI 7 ik im X T 72V s,
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% 2% RuM AT FZE RFY REER (M=Co,Rh, Ir) OERE L OPEE

INHD 8 REEN DD IR THENAR 1, 2, 3 LFEMRIZY 7 A X —ZM L TV 54
BOJEAH FIZW<IZoN T, BB CEMITREN S 7 MDA L TR LT,

> = = =
\ic L\| A 7 \\ ,/\\,

“H *c_% \ié’ A OXEY
Figure2-11. Ru & Os Z/bEkD —H O A & 20 M OFENL

-905 mvV =909 mV -988 mV -1028 mV
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% 2 % Ru,M T R F b U RESE (M=Co, Rh, Ir) OARkF L OWEE

Eof K 123070 R

R 3 L HBF, EOMIGTIET B b ALBEITL, £ B F A oML 2 e KU RESA
[(CP*RU),(Cp*Ir)(u-H)a(uz-H)] (BFs) (10-BF4) 23/ER%3 % (eq. 2-20), ' €&/ H1 F A L HhpEik
10-BF, (Eth gtk 3 Ll LTE FY FRAETFOEE Y 74—l EARHEA TN S, ®
AHEITIE, 851K 1,2 071 b ALZBRFIL, Ir 25020 TT e vl K D - 1%

B OEW T igim T Do

I{i HBF4 \
I HQ I/ Q | (2-20)

e \/ N \H/

10-BF,

X 1 oo rie

FEIR 1, 17 OV F N —T WEIRIC HBFy ZAFH S5 Ldlemic 7 e b AL HEIT L,
NF AR Z e BY KRR [(Cp*Ru)y(Cp*Co)(u-H)a(1s-H)] (BF,) (8-BFy) 5 L O
[(Cp*Ru),(Cp**Co)(1-H)4(us-H)] (BF,) (8'-BF,) MIRME LI & L CTAERK Liz, Wb KIS
EREANCHET L, BREIEO HBF, ZIRINL TH Y F 4 U WEsRIIfs o hien o, Fi-,
HBF, OV IZ TfOH (TfO = CFSO5) ZEMSELZ & T, AV Z =T =AU
% 8-TfO, 8'-TfO MG o= (eq. 2-21),

ey f'r e
T7 '!'XT |/ \| (2-21)

-
7
\i/gu\H/Rli}\i rt, 5 min i{\ /}i

1 (R = Me) 8-BF, (R = Me, Y = BF,), 8"-BF, (R = Et, Y = BF,)
1" (R=EY) 8-TfO (R = Me, Y = TfO), 8"-TfO (R = Et, Y = TfO)

BE(K 8-BFy4, 8-BF,, 8-TfO, 8 -TfO 1% 'H, ®CNMRIZ LV FE L. $K 8 -TfO 12>\ Tit
B X BSEMITIC L > T2 OMEEZ S0 e Lz, $5K 8-BF, ® 'H NMR Ti& Co
BN L7z Cp* ([CHET DY 7y §1.71 (2, Ru IZEML L7= Cp* ICHET DY /L
25 5205 1T 1:2 OETRMISNIZ, & RY FERAAIZHKRT 537 F 13 §-11.20 |2 5H
IRV X —T 7B THRI S, B R REALFITERCHICT A AL TV D Z &3
Sk ol-, EET 'H NMR ZHIE L7725, dbEsifk 1 L13®RY -80 °C IZBW\TH
KIRE LT 5H vy — R —EHHR TR SN, 207D, b R RENLAF OGN E
ICBIT A 15# % 'THNMR 2227 MBS Z LIZTE oz, Bl X M ST ©
He RYU RENLFONEZREET D ST TE o7, %7325 DFT fH&EICEL Y E

B @)y B, s, EARITIEKRSE (2009) (b) 4 W, RS, HIE TR, (2012)
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% 2% Ru,M BT F Tk KU REEfA (M=Co,Rh, Ir) OAE L OMHE

ROBUBE TH D Z EARR SN, £BERT 5 & 512, Rh OFKEAE 9 OB X #
REIEMRAT TIE. ERCOZBALEIC e B U PR 2 RELT 5 2 &3 TE T,

fB4K 8 -TfO DN FiEE

K 8-TFO @ THF IAKICRIE F TRV X U 2S5 Z LIk » THE LN - B Ak
Yo 2 O THARES X ISR 21T > 72, ®° 88K 8 -BF, 2 MWV TH PRI Z D4+
WENHER SN, WU X —T =42 Thd BFy OFT 4 AA—X—hFEILIEDH
EWTERD T, B8R 8-TFO D4y 1% Figure 2-12 12, 4RSS R, A fi%x Table
2-12 1R,

Figure 2-12. (K 8-OTf OB F 4 D5 1-1E (30% probability)

Table 2-12. 4%k 8-TfO D ELRFEAE (A) LHEAA ()

Rul-Col 2.6255(8) Ru2-Col 2.6213(8) Rul-Ru2 2.6538(6)
Ru1-CEN1 1.8656 Ru2-CEN2 1.8248 Co1-CEN3 1.7008
Ru1-Col-Ru2 60.77(2) Col-Rul-Ru2 59.54(2) Col-Ru2-Rul 59.69(2)

ENT OB TIX, B RY RENL OB — 7 BEE LI ZEEAE IS8 S e, oo
NEZREBILT D Z LI TE o T2, $k 8-TFO @ Ru-Ru fEAMIEEEEIL 2.6538(6) A,
Ru-Co #&EATHIREEEIX 2.6255(8), 2.6213(8) A TH V. &J8 = 7IIIE =AW HEEZ LT
72o Ru [ZEIMZ L= Cp* T B a 7 L OMEIIFTIFEE ThH 7223, Co I[THMLL

* JHIE 1T Rigaku R-AXIS RAPID [BIr4#4{E 4 VT —150 °C T4\, Rigaku PROCESS-AUTO
077 NI T —F R0 LT, REARITERERICE L, ZZRIBET P2i/n (#14) Th o7, MY
IZBWTIE SHELX-97 7' 7 7 A /r—Y %AV, BHEEECL D SRR T OEELZRE L, 7
— V= ERRIC K o TR DIERFR T AHRE LT, Rul IZENL L7 Cp* 12T 4 AA—H —IFAE
L. ZDOEEHEZ 70%:30% 957 L THEELZREILLT, £/2. 1 0 FOSHEICKT LT TfO
T=FUN 1 HFFEELTWE, SHELX-97 Yu 2/ I A2 AW THE/NREICLVEBENLL, 7
g AF—H— L TV DT LIS DOIEKEIR T2 IEE H IR LT,
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% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

72 Cp* TIETAK 5° W Tz, ZAUE Co DAY Tk, “EHEE e NV FENL 123 =% Fifi
DRI ULOMFAE LW OIZR LT, Ru OF Y T, Z&EZE8EE Y REAL 723 =% Fm O
ETFICHFET D2 L2 R L TW5 (Figure 2-13),

Figure 2-13. (K 8-TfO IZB1T H28E L RV FEIF & Cp* & DNLAKKFE

PR 1 LT A NESER 8-TFO Offifik% Figure 2-14 (2”97, SR 17 & il L CH
Kk 8-TfO M4J& =7 1% Ru-Co FIEEEEA 0.0411 A E< 720 . £7-. Ru-Ru [HEEE#E 0.0237
A B 725 2 TSN EABHN D IEZABISE g & 72> T e, Figure 2-8 1R L7z
X912, $k 1 © HOMO Tix Ru-Co MIZAk&MEDMI AN NA S, Ru-Ru XSGR EME
DHENERB BB, ZOT0, 7 a b ALIC L > T HOMO BT #ENBLT 5 Z & T,
Ru-Co HIZME L. Ru-Ru MIFE L 2o7cb D & Bbitd,

Cp* L&REDHEHT VT 7 e ML L s THE L TWe, ZhUdssk 17 o8
K 8-TfO 12725 Z & T, @R LOBXEE LI KL, Cp* ~DOfkG0355< o7/
I LR SND, Co*een—BIIBEMEO MR IZFHC Ru ITKRE <, FIC Ry LOBT#H
FEDPD ISR ST,

Co Co
43@ ‘7::\ ,,;‘E’\ ©

2] - ) ‘G
o) ;) v >,

o (] o 2.
? Py [+

v & v &

o u u Te o u———Ru 7
A 2.6774(7) 776 RS 2.6538(6) Q‘i
CEN1 CEN2 CEN1 CEN2

Figure 2-14. HMESER 17 (f2) & T A L MEEE(K 8-TFO (F7) DD i

f&x 2 7O

PER 2 OV ZF N —T VIR HBF, ZEH S H 5 Loz v b AT L,
HF A AR Z e RY REER [(Cp*Ru)o(Cp*Rh) (1-H)4(1-H)] (BF4) (9-BF,) MRSk bE &
LCAR L, Fiz, HiEmm X BESERIT O, $&5Kk 27 & TIOH & OG0 5SS A

9-TfO %4537 (eq. 2-22),
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% 2% Ru,M BT F Tk KU REEfA (M=Co,Rh, Ir) OAE L OMHE

RXIT _L Yy
I —|

H/ | \H HY

AN |/ \ @22
/ ug /Ru\ rt, 5 min i{\ \H/ /}i

2 (R = Me) 9-BF, (R = Me, Y = BF,)

2" (R=Et) 9°-TfO (R =Et, Y = TfO)

BfR 9-BF, 1X H, "CNMRIC X W [FE L7z, #ffk 9-BF, ® HNMR Ti%, Rh ICHIZ L
72 Cp* (2D 7 F AN 6188 12 Ru ICENL L7z Cp* 12K &7 §201 12
FEOTRE 1:2 OTEH SN, & RY RENFIZHEKT D7 id §-10.70 (d, Iy =
20.8 Hz) 12 5H 237 '®Rh L Dh v 7V v 7%~ T @ E LTBHSh 7, (KET H
NMR %iﬁﬂﬁ?bf%@@ —80°C IZBWTHIKIRE LT 5H A3y v — 7B S v, 5 AT
25 THNMR 722503t R U RENFOBEEMEICET B E8IEE b2 -7, LavL, *®Rh
e RY RENLAFLDOT TV 7R Qran) 1 PHEEEER 2 OfE (Jri=268Hz) LV b
T F A MEGER 9-BFy OfE (Jrnn = 20.8 Hz) 1T/ Bl NZ, Zhud~ e bkl
PRh By FY LA Ru AV O RY REMLFOBMNZ ZK L, %Kik a“é@fkaa X
PAEIEMEAT> DFT BtE 2D b FU FENL X EREOZUEMNE TH D Z LRI,

B4k 9 -TfO DN FiEE

SEIR 9-TFO @ THF IBIKICHEIR F CR_UZ U AP ESE 5 Z LI ko THELNERE
ROBCIRAE S 2 W CHES S X n‘v?%:aﬁﬁﬁ%ﬁo 770 0 BEK 9-TFO D4y TG %
Figure 2-15 |2, EfEAE. MH A% Table 2-13 1277,

0 JHIE 1L Rigaku R-AXIS RAPID [BI4frtE 4 VT 150 °C T4T\>. Rigaku PROCESS-AUTO
077 NI T —F R0 LT, REARITERERICE L, ZZRIBET P2i/n (#14) Th o7, MY
IZBWWTIE SHELX-97 71275 Ly r—% B, @%%&c:i &R OEEZREL, 7
_Uié\ﬁﬂi&:iOT%%?FK%J}?%%H&ELEO Rul 2z L7z Cp* 2T 4 A —H —INMFTE

EDEESEE B2%:48% L THZ L CREGEERENL LTz, £, 1 o FoEIick LT TfO™
7 1 3 AFEE LTz, SHELX-97 7::77Aé>ﬂ%w@wb FIEIZLVEELL, 7
4 AF—H— LT DT LS OIEKEIR T % IEF IR L,
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% 2% RuM AT FZE Y REER (M=Co, Rh, Ir) OERRE L OMEE

Figure 2-15. $&5{K 9°-TfO DI F A4 L ED4r1-4%iE (30% probability)

Table 2-13. $EK 9°-TfO O ELRFEAEE (A) &AM ()

Rul-Rh1 2.7216(6) Ru2-Rh1 2.7243(6) Rul-Ru2 2.6728(6)
Rul-CEN1 1.8269 Ru2-CEN2 1.8213 Rh1-CEN3 1.8258
Rul-Rh1-Ru2 58.785(17) Rh1-Rul-Ru2 60.656(17) Rh1-Ru2-Rul 60.558(17)

t RU NEALFOME S REEILT D22 0N TE, Ru-Ru I 2 2Ot NV RELT (HL,
H2) MFTE L7z, $&f& 9-TfO @ Ru-Ru f&&HERAEIT 2.6728(6) A, Ru-Rh #fi#A HIEEHEIX
2.7216(6), 2.7243(6) A TH V| &/ 7IIE T Ru-Ru MEREES W 550 “AE CTh o T,
Cp* Bl &g =7 O3 & DAL, Ru IZEL L7 Cp* TFK 5 °. Rh IZALNT L
72 Cp* T 8° ThV, $&k 8-TfO L[FEERIZ 9 &R LD Cp* DN RE HNWT
WHZERHLMNE ST,

24K 10-TfO D9 FHEE

AR L7280 | 5K 3 & HBF, & ORI & 0 BT A4 o PESER 10-BF, 2EKRT 5, Lo
L. $81F 10-BF, OHLFEE X SMEEAENT Cld. BRI OT 4 A4 — 2 —IZ XV 3725 11§
B ST ENTVARY, T KB TIZER T OIS T A —F — %2 5720
PEMR 37 & TIOH & OSIC L VR 10-TFO AR L (eq. 2-23). T OHFEM X Hfkik
fRRT 24T > 7,

e e e
TfOH

L — \
HQ | / | (2-23)

Ru/ \Ru rt, 5 min u
<"y diethyl ether/pentane

3 10°-TfO
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

BEMR 10°-TfO @ THF IRIKICIR T TRV F U RIS Z LItk » TE LN - BEE
Ty 7R A DT HERS S X BEEERRT 21T o 72, P BEIK 10°-TFO o4y THEE A
Figure 2-16 |2, ER#EEGR. MiH A% Table 2-14 (T/RT,

Figure 2-16. $&{& 10°-TfO DA F A D511 (30% probability)

Table 2-14. $EK 10°-TfO O ELRFEEE (A) L#EEA (9

Rul-Irl 2.7107(5) Ru2-Irl 2.7221(5) Rul-Ru2 2.6707(7)
Rul-CEN1 1.8507 Ru2-CEN2 1.8145 Ir1-CEN3 1.8370
Rul-Irl-Ru2 58.890(15) Ir1-Rul-Ru2 60.768(15) Irl-Ru2-Rul 60.342(15)

Ru-Ru #EA AL 2.6707(7) A, Ru-Ir #5& MEEEEL 2.7107(5), 2.72215) A TH Y | &8
a7 I3ET Ru-Ru FBEEBEN W "D =AE CTh o7, WTho Cp* B FH&E=7 D
729 RIS LTV TR L CTH 0 L Ru IZEE L7z Cp* 1349 5°, Ir IZELN7 L7z Cp* IX
8° HWTHENLL TWe, £/2, B RU NELFOMEITHEENT HZ LIXTE o7, #
W52, K 10-BF, OKIETHEIE L7 'HNMR 222 FLTlE, b FU REALFIZHES
7 FIVITEMIZ 5H B S, BB EICBET 2 1H®ITAE Ty (Figure
2-17),

L HIE 1T Rigaku R-AXIS RAPID [BIr4#4{E 4 VT —150 °C T4V, Rigaku PROCESS-AUTO
077 NI T —F R0 LT, REARITERERICE L, ZZRIBET P2i/n (#14) Th o7, MY
IZBWTIE SHELX-97 7' 7 7 A /r—Y %AV, BHEEECL D SRR T OEELZRE L, 7
— V= ERRIC K o TR DIERFR T AHRE LT, Rul IZENL L7 Cp* 12T 4 AA—H —IFAE
L. ZDOEEEZ 71%:29% 957 L THEEEZREL LT, £/2. 1 0 FOSHEICxT LT TfO
T=FUN 1 HFFEELTWE, SHELX-97 Yu 2/ I A2 AW THE/NREICLVEBENLL, 7
g AF—H— L TV DT LIS DOIEKEIR T2 IEE H IR LT,
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%2 ®F Ru,M BT Nk RU REEAR (M=Co, Rh, Ir) O E L OMEE

g4k 8°-TfO, 9°-TfO, 10-TfO DHEED LLEE
B FF VEEER 8 -TfO, 9°-TfO, 10-TfO DO Ffba R & hMESHA 17, 27, 3° O F ek

&HE% Table 2-15 (2R,

Table 2-15. Ru,M (M = Co, Rh, Ir) 12 5 2 % —DfEEE (B) 3L BCNMR 222
kL O B

R”;?er?;p S Ru-Ru Cp*cf:;gf“p % Cp*eRU & (CsMesRU)
Ru,Co* (8'-TfO) 2623 2,654 1.704 1.845 95.3 2
Ru,Rh* (9'-TfO) 2723 2673 1.826 1.824 93.9°
Ru,Ir* (10°-TfO) 2716 2,671 1.837 1.833 94.4
RuCo(l) 2882 0677 1692 1815 849°
Ru,Rh (2') 2,679 2701 1.830 1.805 823"
Rulr (3) 2695 2738 1.833 1.794 80.4"

313C NMR data (100 M Hz, THF-dg) °**C NMR data (100 M Hz, benzene-ds)

WPFNOSERTEH 71 hAkIZ X > T Ru-Ru REIEEREIZE < 22508 Ru-9 4 & RIIE
BRI ET ol Sz, ULk Lz X Hlz, 851K 1, 2, 3 @ HOMO Tl
Ru-9 & BHITPEDOEZR D B/NE NS ODOFEEMEDHEAAEH TH D D3 LT,
Ru-Ru MIEAMETH DT LRI SN D,

Flo.7m AT E 5T Cp*een-Ru HIFRRED & < 72 2B AN § X TOSA TBIZR &
NTEY, ZHIEREFLOBIEEOBEKICERNT S Lo LS s, &51C, Cpr D
BRIRFOFET 7 ME 10 ppm BLEERG 7 FLTWbH 2 Enb b7 m hvulic ks
ERPLOLOBEFEEDK TN LFHFEINTND, JHUTKH LT Cp* & 9 ELERE L Ol
IR E B FBE ST, Ru R LR L C, BHEREB FHEEOELITRVE DL
EZ2bND, X, 7u oM Ru-Ru ETEITL TS Z L2 KL T
W2,
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% 2 % Ru,M T R F & U RESE (M=Co, Rh, Ir) OARkT L OWEE

§84k 8-BF, 9-BF, 10-BF, MRERZE 'HNMR XR%J kL

B F A SR 8-BF,, 9-BF, 10-BF, Ot NV RENIF & FdESEHA 1,2,3 LRSI A b
AN L D BHPEBMFAE LTz, & YU RENL - OLRGEAE %2 IRET 5 72 0ICIREZ 'H
NMR ZHIE L=y, YA MREHENIEF IZH W=D, B R REALA D> 7 F i35 B
P BB ST B IEmITS Do 7o (Figure 2-17), HEdEA 1,2,3 Tix -80°C
BWCY T I NVOBERT7e— K= 78 LAIGBEERBRI SN, LoL, BT o MEsE
& 8-BF,, 9-BF, 10-BF, TiX —-80°C IZBWTHL ¥ 7 F/UIHEKARE LTy vy —7ThHY, B R
U R DEE YT 4 —Dm LB LN o7, 7u M AIZLDEE Y 7 4 —OH
IEEIC Ir 28 T085E 10-BF, ICOWTHE SN TWS 2, ®Co BLU Rh ORIZEWVTH
R O ) 2SI < 7=,

40 °C J 40 °C 1 40 °C

25°C )JL 25°C { 25°C

—40°C JL X -40°C /M\I A\ -40°C

-80°C JL -80°C -80°C

T T T —T

T
-11.0 -12,0 pem -10.0 -11.0 ppm -11.0 -12.0 PPM
Co —l + Rh _| * Ir _| +
Ru—|—Ru Ru—l—Ru Ru—|—Ru
Hs Hs Hs

Figure 2-17. 1 F 4 L ME(K 8-BF, (/£), 9-BF, (), 10-BF, (£7) DiEE AT 28
'HNMR 222 /L (400 MHz, THF-dg) (b F U R D ZR LT, )

K 8-BF, Dt NV REUNLFDT 7 F L —40 °C TIb v —7THV, T LV &R
TIHRED EFIZEWT o — R= v 7328k 3 BE SNz, T, FREMERE & o
Lot LRI ND, T72bb, $6K 8-BF, IZMMIR CTIIENE (S=1) THDHH, AIRIZ
PRV (S=3) KAk boEEZ BN, ¥ FRICED Y /o7 n— R=r71% Rh
BLO Ir 2508518 9-BF, 10-BF, TIIBUHI ST, 5K 8-BF, IZFFEDBIRTH -7,

2 SR B L ONRIR R FIRE TR 8-BF, @ ESR ZHIE LN, 7 FAEELnehrosT-,
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Chemical shift/ppm

% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

P& 8-BF, @ Cp* ICHKT DL 7T L n
% Figure 2-18 (27”9, -60°C TiX Ru B & L
W Co |[ZEENL L7= Cp* ICHkdT 57+
M AR OEEIE Ty v — 7 ICBlls . 8o A\
HH, FHRIZEVYY Co B Cp* o> 7 F

0)]}75§j%j%&:7\‘m‘— K= L7z, = ’501\ 40°C
—

80°C TiX Ru ko Cp* v 7t 7nm
— RIZEll =7,
IFNDT a— K= ZICEO by
T EBRRELEMT LB ONE RS
7= (Figure 2-19), Ir % & Ledf{K 10-BF, Tik, —40°C

25°C

Cp* DibFv 7 b E A EEL L TV Cp*Ru Cp*Co

WA, Co ZETeER 8-BF, TiX. 7V _ghoc J

D7 a— = ZITEMEF S 7 AR 22 21 20 19 18  17ppm

BT DRT B SNz, Figure 2-18. #{k 8-BF, IR Z "H NMR

227 RV (400 MHz, THF-dg)

23 23
22 | -
2.2 R N L . . -— >
21 f £ 21 f Cp*Ir
! £ 2y = W W
Cp*Ru P
19 g 19 [ Cp*Ru
m©
18 | T 18 |
2
1.7 o 17
Cp*Co
16 | 16 |
15 1.5
-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100
Temperature/°C Temperature/°C

Figure 2-19. $&(K 8-BF, (5) &84k 10-BF, () @ Cp* ik 7 b
(*H NMR, 400 MHz, THF-dg)

VTN DOTa— K= IRALFE Y T RO K E 72T Co IZENL L7 Cp* CTEEE /2 Z
EDD, AXEFIE Co ETALLZ b LHEIEND, T72bb, KR TIEKEMETH -
$HIR 8-BF, 13X, FHRICEY Co L TAXEFNELASZ ETHEEMELZY, FICEIRIZRD
ZETARMEFNY T AZ—RRIZIERTELT 20 LHEH S5 (Scheme 2-3), F72, &
K 8-BF4 IZEVIIC AL ETH Y, 80°C LLETIINMR L., HEOEMIEEAE 52 7-,
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

fr_“ ~ T x'rm

Co }
Y\tu_kmﬂi y\t |_Ru7i y\t |_Ru7i
Diamagnetic Paramagnetic
Low temp. High temp.

Scheme 2-3. $&%{K 8-BF, ™ A t° D BIEAL

A DOBRMEALIL Cog BT VAR = VB 9 2
(Cp*C0)3(us-CO), ThHHWE SN TS, ¥ Z Dk cp*- Co\—cI—Co Cp* === Cp*- Co—I—Co cp*
\ O
PRSI Tl R RE T 5 25, ﬁﬁmwwz CPu// e\
FIERIE & O FHN AT B, Cp* ICHIkT 5 5 :
singlet triplet

TFNOFTT b i{mr;zxﬁﬂﬁ"éczonf\
FThebb, BAEESEINT IR E < BT Scheme 2-4. Coz 17 7 A5 —d
BETABBEEN TG, —F. FEKTHS A B DREL
Rhy U 1 VR = L 8E(K (Cp*Rh)s(15-CO); TlI—EHIREE L MBI STy, £z, /b
B K HIT Feor BT R & KU RESA (Cp*Fe)o(Cp*In)(u-H)s(us-H) D A & D FEMEARIZDOU
THEL TS, > $k 8-BF, &LRRICHIRICHES T Cp* DLy 7 MSBEEICZE(L L,
¥ Fe Lo Cp* DEACDFTDPRELS BT HZ EBRBIREINTND

ZOENTHIREIC L D8R0 A B ORI Z S BE SN T0D 0, u\fhwj
BN E—-EYEBRSER THLZ 1%L, ZITHLUED BRI/ E S HAE L IREE
DT WD E N TWD H D EHERI S D,

DFT #EIC&L3E FY FREFOEBLIEDHT

REFZ 'H NMR 20613t R FEUZFORMBMELZHLMCTH 2 LIXTER1o 1
DT .DFT FHEIC K > TLERE R NEAL 7 OGN E % AR S - 7=, 8k 8°-TfO, 9'-TfO,
10°-TfO DO HfES X BRAEEMATIC L 0 IRE SN0 THEEZ IR A~E OET L EZHBEL,
TID YIRS & L7z (Figure 2-20), ALBIEIZIL B3PWIL 4 v T Gaussian 09 program
X o THEE R L, IREIGIR 21T o7, RERBEEIIERBIE 723 SDD, & RV REA L7223
6-311G(d,p). Cp* 7% 6-31G & L7=,

%% Qlson, W. L.; Stacy, A. M.; Dahl, L. F. J. Am. Chem. Soc. 1986, 108, 7646.

(@ /I T, FEAER S, R TERE (2005) (b) KIE AR, B, R TERE
(2009)

% See, for example (a) Bachmann, B.; Hahn, F.; Heck, J.; Wiinsch, M. Organometallics 1989, 8, 2523. (b)
Jones, S. C.; O’Hare, D. Chem. Commun. 2003, 2208. (d) Barnes, C. E.; Dail, M. R.; Orvis, J. A.
Organometallics 1990, 9, 1021.
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% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

e T s T \fﬁ' i *fr T T
AN N Z'SRU A |/ \
&c%f S C 7\7( i%”%{ R £

Figure 2-20 . DFT & O w)iitEE

§&4k 8 O DFT §HE

Co & etk 8 TiL. 8B,8E NEEMEL L THb, FmfbiiEs Figure 2-21 (2
ERfEER. #EA% Table2-16 1TR7,

CEN2

[ R
CEN1§
8B, 0.00 kcal mol 8E, —0.40 kcal mol1

Figure 2-21. DFT Al X 2851k 8B (/£), 8E (f) DiiifbAkiE
EIRE S A OBEIL 8B ZHNEL L7ZBOX 7 XH B = F/LX — (at 298.15 K and 1 atm)
(Cp* DAFILKFITAME LT, )

Table 2-16. 8B ¥} LU 8E O EARFAE (A)

Rul-Col Ru2-Col Rul-Ru2 Ru1-CEN1 Ru2-CEN2  Col-CEN3
8B 2.6048 2.6091 2.6498 1.8640 1.8628 1.7076
_____ 8E ... 27026 25509 26683 18442 18948 17104
8 2.6255(8) 2.6213(8) 2.6538(6) 1.8656 1.8248 1.7008

8B & 8E DT R NX—EIHENTHDLZ LMD, FEEEOK 8 1L 8B L 8E D FHiEA
WThHDHEBEZDBILD, B X BEERTIC L0 IRE Sy T L 8B, 8E DG %
i35 & 8B DI NEEOMEEZ B BH L TWD, BilxiX, §5K 8-TfO D4 7HET
I, Rul-Col & Ru2-Col DO#E&FIX 2.6255(8), 2.6213(8) A LIFIF&E LW\ s, Z Ok E
BLTWDHDIX 8B THDH, SHIZ, 8B @ Co ML L7z Cp* X == 7 OFmicxt LT
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% 2% RuM BT FZE KU REhA (M=Co,Rh, Ir) OARKE LOWEE

7.3 ° HWTEANZ L TH D | HfESE X SEEMRTT)O RO 728K 8-TFO OMEETH £ DM
T (499 NEIEINTWD, —J, 8E @ Co AV TiX, “HIUGE NV FENL 0 =8
D L NIAFET D72, Cp* OE (1.6°) 1XITE A EALIRY,

DFT #HHE1 RO SN RLXF—TIE, 8E DF2 0.40 keal mol ™ L7ETh 5 Z & AR
SNT. ZOFETIFFITNS | FHROBAEHE & 2D, FERRITIE, 8B DL NLET
B, ZO, HER X BIEERITICRWTEH 8B OMEEMRMAM KIS b o
EEZDIND,

Fo, AV UEMEKEZEEL, CHEREOHELITo 20, MiEkEtsEs 22T
XMoo,

§&4k 9 0) DFT Ft¥&

Rh Z&tedlK 9 ORTH 9B, 9E NELEME L L TELNT, miE(biiEs Figure 2-22
WA RE. MEA % Table 2-17 12”9,

CEN3

CEN2
CEN1

Rul
&

9B, 0.00 kcal mol* 9E, +0.17 kcal mol-*

Figure 2-22. DFT {EIZ X 285K 9B (7£), 9E (F7) DiifbAkis
PEIRTE S A OBEIL 9B ZHAEL L7ZBO X7 XH B = F/LX — (at 298.15 K and 1 atm)
(Cp* DAFILKFITAME LT, )

Table 2-17. 9B B LW 9E OERFEAE A)

Rul-Rh1 Ru2-Rh1 Rul-Ru2 Rul-CEN1 Ru2-CEN2  Rh1-CEN3
9B 2.7267 2.7259 2.6512 1.8566 1.8563 1.8834
9B 21928 26850 . 26652 18436 18835 18836
9 2.7216(6) 2.7243(6) 2.6728(6) 1.8269 1.8213 1.8258

Bk 9-BF, Ok RU REMI 7L ®Rh b v 7Y v 7 @sid, Frssk 2 L LT
INEUN (20 Jpnn = 26.8 Hz, 9-BF,: Jroy = 20.8 Hz), ZHuid, $&(K 9-BF, [388k 2 L Hb~T Rh
YDt R REMFOEIEED L TWAT-OE SN, 85K 2 © Rh Avoe R
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% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

U RENL - OEIGIE 34 THH.DFT FHREICE VRO B 9B, 9E T\ 3/56 T
HDHZ LD, MEITAHAEETHLEBZOND, TXRAF—IZEH 9B & 9E (X[H
FETHDLZ LMD, Co DR ERERIZHER 9 1% 9B & 9E O FEIRAM TH D EHEHI S
Do L L7es s, Bk X BEEMATIC & 0 E Sz gbik 9°-TfO oz X< HHLL
TWAHDIE 9B ThHY, FEEEOFRTIL DFT FHENL AL 65 I 9B BNLETH D
EEbND,

§&4& 10 O DFT #H&

Ir Z&Te8EK 10 D2 TiL, 10B, 10E (ZA1% T 10A, 10D TH LR EMENG HIT-, K
{b#EiE% Figure 2-23 ([ZERfEE R, A% Table 2-18 (Z-7,

10A, +7.30 kcal mol? 10B, 0.00 kcal mol!

CEN3

2

10D, +8.00 kcal mol-t 10E, +0.06 kcal mol-

Figure 2-23. DFT 52 L 2841k 10A (£ 1), 10B (41 ), 10D (%2 ), 10E (47 F) ik
W (Cp* DA T VKFIIEWE Lic, ) $ERESAHORIEIL 108 2L LIEROX 7 X[k
T /¥ — (at 298.15 K and 1 atm)
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

Table 2-18. 10A, 10B,10D B L 10E O EARHMEE (A

Rul-Irl Ru2-Irl Rul-Ru2 Rul-CEN1 Ru2-CEN2 Ir1-CEN3
10A 2.7191 2.7224 2.7966 1.8332 1.8336 1.8966
10B 2.7368 2.7311 2.6602 1.8525 1.8573 1.9056
10D 2.7014 2.7014 2.7719 1.8552 1.8551 1.9141

I L 27971 26942 . 26690 18439 187 19061
10° 2.7107(5) 2.7221(5) 2.6707(7) 1.8507 1.8145 1.8370

HfEG X BEEMTIC Lo CRES N THEZ R DR HH LTV 01X 10B T
BB, 10E bRREICLEEETH D Z E0RENT2, 10A, 10D [FFEXIC AL E T
HDHH, 10B,10E DR F—Z TR L TREL L, ZNHLOFHITEETELNE D
EHERI SN D,

10B, 10E (X Ru JAVct R U FEANLF23% < AFET DG TH D23, 10A,10D (X Ir A Y
2t RU RENEAFDELSAFET D, Ir Z 508K 10 DA T A, D BWEEMESE L TRHLI
7ZHEIE, Ir 23 Rh, Co LV H@ETMiEZIRY T WimdbTH D LMl S D, mEHOE
BEROFBEIEMIC/2 0 0F <, B RY RENL &2 < OfEA%Z b OBAIE Ru & Os
MHED R THL AL TS, BEIT—HO ZZESRIC OV T DFT §HEEZTV, &
LLERE R NENL OGN E 2 E L TR Y (Figure 2-24), Os 1% Ru LV H#Ic£<
Dt RY REE 7 LA LTWE Z ERmBEIhTng, 7

»n% = sk ok

/\N /MN
W

Lo ke by

Figure 2-24. Ru & Os 722H kD =#EEROE R U NEUALF OGN E
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% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

¥ ofi K 123 t—BIERFREORS

TR = NVEERD CO MFEEENL., &R ODOEFEEOHEKICHN, K& R~
22 ERMENTND, ZHUE, &ED D I VR = VENL - ~OWEER358RE D C-0 [
DFRERBPMET T 2720 TH D, €Dz, [T [MCO)] BOFEARTH->TH A F A
PED [MNn(CO)]" TI& w(CO) 7% 2090 cm™* ([ZBlZ S DIcx LT, Y7 =F LMD
[Ti(CO)e] 2 Tl 1747 cm™* L 3EHITIRIEAIC v(CO) BB ESh TS,

A
mg\\F ) oo =CO

LA b
TESL e

jﬁ’_%__jf jﬁ’ jf
e RIS
‘TF{\%i Tiwi

Figure 2-25. 8 DD = RF B B AR =)L 27 5 Z 2 —M3(CO)1, (M = Fe, Ru, Os)
Doy s

i Table 1-1 THoR L= KL 912, BEHIEOHEDOZLIZH LT v(CO) 1E, 1T & A LEZEN
BE2E N2 (Cr(CO)s: 2000 cm™, Mo(CO)g: 2004 cm™, W(CO)g: 1998 cm™), L L7223 b, #
BER ECIZE R Lo EIOEWVIT X - T, IIVR = VB OGO LB S
TN D, BIxIE, —#D 8 RO D = KT I ANVR=/7 T AH— My(CO)1, (M = Fe,
Ru, Os) Ti&, 2 2L LD Fe 50 E DA, Fe-Fe M TRIEI VA= LB I D
(Figure 2-25), " Z iU, E—EHERESBO d $UEDIENY D/NS SICRRTHEEZS
NTNB, 2 BRI DEERE D LR = VBT ~O Wi 5 OIEH E/EF 0K % Figure
2-26 (ZRT0N, 2 FEOMAEN & &R REIIEGREAEDOHAEERTH D Z &3 00
%o FAXEIC d BLEDIEA Y AV/NEW Fe Tk, @B BRAREATEOHEIER Th -

% Crabtree, R. H. The Organometallic Chemistry of the Transition Metals, Fifth Edition; Wiley, 2009.
" Hunstock, E.; Calhorda, M. J.; Hirva, P.; Pakkanen, T. A. Organometallics 2000, 19, 4624.
% Braga, D.; Grepioni, F.; Byrne, J. J.; Calhorda, M. J. J. Chem. Soc. Dalton Trans. 1995, 3287.
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% 2% Ru,M BT F Tk KU REEfA (M=Co,Rh, Ir) OAE L OMHE

T Fe—Fe MIOKIEITHIAI/NE L, IIVR = )VENIF3 2R TE A28, Ru, Os Tik d #k
HEDOIRN D NPRKRE WD, BE-SREIONFENRKE L, TDOTDEBERN N REENLIND
HoLHEHI L TWD

Figure 2-26.  &xJ& 0> B 2AE 1 LR = VBN -~ i fit - D #E A AL AE A

PEIR 1,2,3 TH I 7 AZ —Z M L TV 5 @8 ORI, —BRILIRSE & ORISR
LD HNR=NVGERDOHEEIZEVWATIN LD LW END, 22T, —#HD 9 KeRE
B REEEMER 1,2,3 [2OoWT, Th T (LR & DRUSZ RES LTz,

ik 1,2,3 L—RRIERFR E DRI

IR 1,2,3 O M URIRIC—BLIRFEZBA L%, AW ET VI T T L7 1~ |
777 4—ICK0KERTHZ LT T M T AR =EHA (Cp*Ru)y(Cp*M)(1-CO)s(15-CO) (11,
M =Co; 12, M=Rh; 13, M =1r) 23554172 (eq. 2-24),

‘fR’ =<

CO (1 atm) /M\
7IN -2H, |
/“ /°° (2-24)
/Ru\ /Ru\ toluene, rt /Ru\ P u\
30h
1 (M = Co) 11 (76%, M = Co)
2 (M = Rh) 12 (61%, M = Rh)
3M=1r) 13 (95%, M = Ir)

ER 11, 12, 13 1L 'H, °C NMR, TTH0HT. RAMIEERB L ESIF-MS Ik v AEL, H
fiteh X BESERATIC L > TEOME LR L, #k 11 © 'H NMR %27 KL TiE Co
\ZEONL L7z Cp* ([CHET DY 70y 6151 (2, Ru IZEME L7= Cp* ICHET DY /L
R 51.66 17 1:2 OITHA ST, sk 12,13 ® 'HNMR 2”7 FLTH Cp* 1T
L TFME 1:2 OWFELLT 2 SOV T FARBESNT, K 11 © BCNMR z~<”
FLTIR, ZHEIE D VAR = VBN FIZH R T 2 7Ly §252.7,254.1 |2, —EHEEE AV
R VBN FICHET D TN 62715 ICEnFNEE SN, Ir %af{fﬁaﬂ-‘ 13 ®
BC NMR Z22 ML Th, BB (5 233.2, 251.9) BLO=EEE N LR = ABAL T (S
255.4) 23S U7 FABEIE SN, Rh G TEER 12 Tk, Ik s & 1®Rh &
DH TV 7O, ZEEEI R =AML FICHET D2 7 FTBI S 5 Z LR T
ERAY/NY ¥@ﬁ¢'$0)rﬁ¢%5ﬂb\ Rh O FFEINLT-% Cp** & L7=gh(k 127 &85k 20 &
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%2 ®F Ru,M BT Nk RU REEAR (M=Co, Rh, Ir) O E L OMEE

—B LR L DRI L VAR LT, 8k 127 @ BCNMR 227 b Tld, s 7
VMBI &L, Ru-Rh I ZRAE U 7= 0 V7R = VBN 868 K ON= 2046 1 L AR = VB - 12 %
ST FIMTENE §241.2 (d, Irne = 34 Hz), 260.3 (d, Jrnc = 28 Hz) 12 '®Rh LD v 7
Vo T %o T HME LTI SN, £7-. Ru-Ru MICZERE L2 W VR = V1T 6
253.1(s) ([C—EMTHIE SN, 8K 11,12, 13 OFRAWUL ALY b L LOESES X B
ST I OW T BIR T 5,

R A= DL T

PR 1,2,3 L —{biRFE L OIEE THNMR 12X - GBS &, —ERbRFEOEARL,
MU BAR= LT KU REER (Cp*Ru)o(Cp*M)(u-H)2(u-CO)s (14, M = Co; 15, M = Rh; 16, M
=Ir) DELNTAER L, BRAICT BT AR = VEER 11, 12, 13 IS8 (kT DR B S h
7= (eq. 2-25),

*fr

4t

3COo I co
M (o] /M\
INH Hz cH7 XcoL° —Hz
/H S \ \/ (2-25)
/Ru\ /Ru\ benzene- d6 /Ru\H/Ru\ benzene- ds
10 min 30h
1(M=Co) 14 (M = Co) 11 (M = Co)
2 (M = Rh) 15 (M = Rh) 12 (M = Rh)
3(M=1Ir) 16 (M =1Ir) 13 (M=1r)

PEIK 14,15, 16 [ZHEET 5 Z LW TE 22> 7=22, H, °CNMR (2L Y [AEE L7, Rh 25
Tedlk 15 ® 'THNMR A2 R TlE, Cp* IZHIRT S 7 F i §1.77,1.80,1.86 |2 1:
1:1 oTEI SN, B N FEAFICHKRT 5 7 F0iE, Ru-Rh BIIZZ-E L 726 00
5-20.39 (d, Jrny = 26.8 Hz) I PRh Dy T T B TEIBIS L, Ru-Ru BIICZERE L
7ZHbolx §-19.34 IC—HEB TR ST, ’f‘ﬁﬁx 15 ®» BC NMR A7 FLTlE, $fk 15
DIEFRIEDIE &< 1°3Rh DNy TN T ORBIZE Y, AR AR FICHET S S
FANHFCBR S o723, 85K 14 Tix 6 203.3, 261.2, 265.1 (2, $51K 16 TiE o
203.5,237.5,243.2 \[ZZNZE 3 FHEMNBLIN S iz, B mss I AR 2 VAR = VL

IZHRT 2> 7 )0 (14: §203.3,16: 5203.5) BNEIHIESNT-Z &, #8518 14, 15,16 13K
WHVR =R TR 1 D, ZEEE VRN TR 2 OFTHZENRBR I, b
K 1,2, 313 44 ETORNM AL TH D720, B —(LRF LG L, 48 &
T OEMIEF 7285 14, 15,16 ZH 2721 0 L HEH & néo
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% 2% RuM BT FZE KU REhA (M=Co,Rh, Ir) OARKE LOWEE

$B4K 11,12, 13 OO FiEE

R 11 OF T IR AR T CRAICGEMRT 2 2 LIk o TR bR EBE T oy 74k
A& O CHRE S X BEEMT 21T 572, % H7z. 88k 12, % 13% lcon T h kD T
LR O E VT, B X BEEMENT 217 o 72, $81K 11, 12, 13 O &%
Figure 2-27 12, EfEAE. MG MA% Table 2-19, 2-20, 2-21 2R,

% JIE 1T Rigaku R-AXIS RAPID [EI#74E{E 4 FV T —150 °C T{F\>, Rigaku PROCESS-AUTO
077 AIED T =20 L, FEAIEIETESRICE L, ZERIBE P432,2 (#96) Th ol fif
Fricis Wit SHELX-97 7'r 7T ANy r—U % W, BEIEIC LY &R OEEE 2R E L,
T T BRIC L o TS IEKBEFEZEE L, ERBDPONIET 4 AL —F—NFELEETD,
Rul-Ru2-Col, RulA-Ru2A-ColA, RulB-Ru2B-ColB ™ 3 DDHEEMNFIFH 47% : 38% : 15% D
EETHEETH LD E L THEEE b Lz, SHELX-97 717/ J A& FAW TR/ T R/IEICLY
WAL L, FEKRBIR T2 B MR LT,

8 A& 1% Rigaku R-AXIS RAPID [A4fr#{& 2 VT —150 °C T4T\>. Rigaku PROCESS-AUTO
077 MIEY T —H 0P LT, FEATIE T ESRICE L, ZERIBHE P4s2,2 (#96) Th o7z, i
MriZEBWTIE SHELX-97 7’1 /T AXy r—U 2 oy, BEIEICI D @RI DOMEEE PE L,
T T BRIC L o TS IEKRBEFEZERE L, ERBDPONIET 4 AL —F—NFELIETD,
Rul-Ru2-Rh1, RulA-Ru2A-Rh1A, RulB-Ru2B-Rh1B @ 3 > DH#iEAFHF4 39% : 33% : 28% D
EBETHEETH LD E L THEEE i b Lz, SHELX-97 7117/ J A& FAW TR/ R/IEICLY
FEEAL L, FEKBIR 2 IR TR LT,

81 Al 13 Rigaku R-AXIS RAPID [BIr44{E 4 VT —150 °C T4\, Rigaku PROCESS-AUTO
BT NIED T =0 LT, FEARITIETERICE L, ZERIBE P432,2 (#96) Tholo, i
Wiz Wit SHELX-97 71 7T AR r—2 % v, BEEEICE Y &R EA OS2 g L,
77—V T BRI L - THRDIFAFRRFEZRE L, BT OIIET 4 A4 —F—BFE LT,
Rul-Ru2-Irl, RUIA-RU2A-Ir1lA, RUlB-Ru2B-IrlB @ 3 S DOAEEN Z I F41 48% : 31% : 21% DE|
HTHEETLILD L L TG A Rk L=, SHELX-97 7Y a7/ F A% W TEHR/DN_RIEICI VI
BAb L., FEKFER T %ISR L,
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2 Ru,M B7 N e KU REER (M=Co, Rh, Ir) O E L OME

%

(ColARu2B) . (Ru1A Co1B)
Jc1

Figure 2-27. &K 11 (/£ k), 12 (5 F), 13 (£ F) D4 11&i (30% probability)

Table 2-19. #k 11 0 EAFAE (A) LFEEA ()

Rul-Col 2.6289(3) Ru2-Col 2.6740(3) Rul-Ru2 2.6831(3)
Rul-C1 2.022(3) Ru2-C1 1.992(3) Rul-C2 2.078(2)
Ru2-C2 2.065(2) Col-C2 2.066(2) Rul-C3 1.962(3)
Co1-C3 1.992(3) Ru2-C4 1.995(3) Col-C4 1.991(3)
c1-01 1.182(3) C2-02 1.204(3) C3-03 1.186(3)
C4-04 1.187(3) Ru1-CEN1 1.8576 Ru2-CEN2 1.9018
Co1-CEN3 1.9399

Ru1-Col-Ru2 60.783(8) Col-Rul-Ru2 60.439(9) Col-Ru2-Rul 58.778(8)
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

Table 2-20. #E{k 12 o EARHEAEE (A) LEASM ()

Rul-Rh1 2.7268(3) Ru2-Rh1 2.7330(3) Rul-Ru2 2.7278(3)
Ru1-C1 2.045(3) Ru2-C1 2.024(3) Ru1-C2 2.117(3)
Ru2-C2 2.098(3) Rh1-C2 2.101(3) Ru1-C3 2.020(3)
Rh1-C3 2.032(3) Ru2-C4 2.028(3) Rh1-C4 2.015(3)
C1-01 1.168(4) C2-02 1.198(3) C3-03 1.176(4)
C4-04 1.181(4) Ru1-CEN1 1.9081 Ru2-CEN2 1.9159
Rh1-CEN3 1.9070

Ru1-Rh1-Ru2 59.949(8) Rh1-Rul-Ru2 60.138(8) Rh1-Ru2-Rul 59.912(8)

Table 2-21. $51K 13 O ELRFEAEE A) LHEEA (O

Rul-Irl 2.7420(5) Ru2-Irl 2.7375(5) Rul-Ru2 2.7344(5)
Rul-C1 2.022(7) Ru2-C1 2.017(7) Rul-C2 2.092(6)
Ru2-C2 2.114(7) Ir1-C2 2.120(6) Rul-C3 2.003(7)
Ir1-C3 2.036(7) Ru2-C4 2.026(7) Ir1-C4 2.032(7)
C1-01 1.189(8) C2-02 1.214(8) C3-03 1.183(8)
C4-04 1.180(8) Ru1-CEN1 1.9041 Ru2-CEN2 1.9088
Ir1-CEN3 1.9094

Rul-Irl-Ru2 59.871(13) Ir1-Rul-Ru2 59.981(13) Ir1-Ru2-Rul 60.147(14)

WPFNOETE 3 DO EHEBHLR=LE 1 DOZEHEBEOILVR=LEH O &
BB E IRl LU E, TRTOKTEBHTLICT 4 A4 —F =R ELT
B, HEMRSTEEEAONNCT LI LT TE o7, £, THAAA—F—%#T 5T
. Rh OLEEIN % Cp** & U728k 127 OB X SIS bR AT 28, fiffTic
USSR AL N TERDo T,

TRIMBIRARY FILOD L

T VAR =NV F1EZ < DEBPLICRIET DI L7ehi» T, @Eton s ot h 2 54
<BFT v(CO) MMEWHY 7 bF 5 2 EVMEN TN D, Bk 11, 12, 13 DOARIMIIL A2
LT, ERAES VR = VR0 v(CO) 7% 1810-1720 om I, = HZRIEA LR =0
BN 7> v(CO) 7% 1640-1620 cm ' (CHIZR S fz, $E(K 11-13 DFRAWIL ALY b Lk
Figure 2-28 (277,
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Figure 2-28. &&(& 11 (LE), 12 (1), 13 (T EY) DARIMRIL A7 kv
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% 2 % Ru,M T R F & U RESE (M=Co, Rh, Ir) OARkT L OWEE

PER 11-13 OIRIIRIN AR " T—2 LR ET D VR = VKD T — & 2 ff¢ T
Table 2-22 127”7,

Table 2-22. =EB IOV AR = VEERO RN AT KL

u-CO 13-CO Ref.
(Cp*Ru),(Cp*Co)(u-CO)s(1s-CO) (11) 1801, 1750, 1742 1639 This Work
(Cp*Ru),(Cp*Rh)(1-CO)3(15-CO) (12) 1802, 1759, 1739 1638 This Work
(Cp*Ru),(Cp*Ir)(1-CO)3(15-CO) (13) 1782, 1734, 1727 1618 This Work
(Cp*Ru)3(1-CO)3(15-CO) 1782, 1735 1615 22
(Cp*Ru),(CpCo)(u-CO)3(15-CO) 1821, 1734, 1759 1660 62
(Cp*Co0),(1-CO), 1747 63
(Cp*Rh),(1-CO), 1736 63
(Cp*Ir),(1-CO), 1690 63

PR 11,12 @ v(CO) DEICIFHE 2 LIZA NN OO, $5K 13 @ v(CO) Dl
fR 11,12 12FN 1020 om ™t FREE I BN B S e, AR OB AL, —E o 9 HEEJE
B D TREY B VIR = LB R (Cp*M)(u-CO); (M = Co, Rh, Ir) THH LN TWDH A, ZDOH
HIZOWTIEH G S TUVheny,

Rug B~ Z b RU REEIR 5 & —MILRFBLOIETHT M T WA= LR
(Cp*Ru)3(1-CO)3(15-CO) MFHNTND D, ? Z Dk v(CO) DA &k 13 DEIFIEH
Wi, F, BEBOICk o TAEREINTWS Co EOXEFERAL 28 Cp TH D
(Cp*Ru),(CpCo)(1-CO)3(1s-CO)** & $BIA 11 DARIMRUL X2 h L% beiled % & | §%k 11 O
v(CO) DF5As 20 cm™ FREERIE Y 7 P LTRSS TV A, Zhid, KBGO
W Cp* IZR o TRBROUNEFEBICRSTEZEEZRL TS,

$84k 11,12, 13 @ DFT HHEHE

BEIR 11,12, 13 OHFES X BAESEHAT CIXSB NS T « AA—F —DMFAE L, il 7o
WAEHALNCT S Z LT TERNST-, ZD72, DFT JEIC L ARG Kbt X OMREIEH
AT o7z, B 11,12, 13 DOHRES X SEERIATIC XV IRE Sh 2/ FgE 2 gIimEE & L,
BIEUZ I B3LYP ZHRH L7, FEREEII BRI 723 SDD, 71 /V R = /VEL 28 6-31G(d),
Cp* 28 6-21G & L7-, 11, 12, 13 OiifbiiE %z Figure 2-29 12, ERFEAER LOHEGA
% Table 2-23, 2-24, 2-25 |27~

82 Nakajima, T.; Shimizu, |.; Kobayashi, K.; Wakatsuki, Y. Organometallics 1998, 17, 262.
% Barnes, C. E.; Dail, M. R.; Orvis, J. A.; Staley, D, L.; Rheingold, A. L. Organometallics 1990, 9, 1021.
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# Ru,M A7 F B KU REh{A (M=Co,Rh, Ir) OARE L OWEE

#
fi

Figure 2-29. DFT ikiC X% 11(/ 1), 12(4 L), 13(%£ F) Dbt
(Cp* DA FILIKFITER)

Table 2-23. 11 OELRFEEE A) LHEEA (O

Rul-Col 2.6507 Ru2-Col 2.6513 Rul-Ru2 2.7580
Rul-C1 2.0305 Ru2-C1 2.0309 Rul1-C2 2.0593
Ru2-C2 2.0607 Co1-C2 2.0742 Rul1-C3 1.9492
Col1-C3 2.0014 Ru2-C4 1.9474 Col-C4 2.0070
C1-01 1.1920 C2-02 1.2129 C3-03 1.1865
C4-04 1.1863 Rul-CEN1 1.9892 Ru2-CEN2 1.9885
Co1-CEN3 1.9078

Rul-Col-Ru2  62.69 Col-Rul-Ru2 5867 Col-Ru2-Rul  58.64
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%2 F RuM BT FF e RU REEAR (M=Co, Rh, Ir) O E L OMEE

Table2-24. 12 O ERFEEE A) LHEEA (O

Rul-Rh1 2.7499 Ru2-Rh1 2.7506 Rul-Ru2 2.7657
Rul-C1 2.0343 Ru2-C1 2.0355 Rul-C2 2.0739
Ru2-C2 2.0737 Rh1-C2 2.1727 Rul-C3 1.9659
Rh1-C3 2.0911 Ru2-C4 1.9638 Rh1-C4 2.0962
C1-01 1.1915 C2-02 1.2122 C3-03 1.1876
C4-04 1.1873 Rul-CEN1 1.9780 Rh2-CEN2 1.9782
Rh1-CEN3 2.0077

Rul-Rh1-Ru2 60.37 Rh1-Rul-Ru2 59.83 Rh1-Ru2-Rul  59.80

Table 2-25. 13 OERFEEE (A) EHEA ()

Rul-Irl 2.7591 Ru2-Irl 2.7594 Rul-Ru2 2.7604
Rul-C1 2.0342 Ru2-C1 2.0328 Rul-C2 2.0708
Ru2-C2 2.0703 Ir1-Cc2 2.2051 Rul-C3 1.9819
Ir1-C3 2.0729 Ru2-C4 1.9835 Ir1-C4 2.0695
C1-01 1.1917 C2-02 1.2153 C3-03 1.1928
C4-04 1.1931 Rul-CEN1 1.9798 Ru2-CEN2 1.9804
Ir1-CEN3 2.0233

Rul-Irl-Ru2 60.03 Irl-Rul-Ru2 59.99 Irl-Ru2-Rul 59.98

Co Z&iedhiR 11 TiX. Ru-9 HEAJBHERENEEA 12, 13 LT 0.1 A BEHE oo
TR, MELLT, ZEaT7i3EEnsd 9 BEROBAHN T <2 Lz > T, Ru-Ru
FIERBEDS RV 550 =AM O IE AL R AN BIE Sz, 72, Ru-9 HEeERH
(ZBEKG U7 ZHEARE I VAR = VBRI, B5AR 11 Tl Ru-Co RO IZIE [ oD FREEIZ (7 &
L7273, 8EfK 12, 13 TIE 9 AR & IR = VENL T OFEBENE NI E L, —ELUED
JVIR ZOVEIAL 7% Ru WSS HAA AR BTz, 2D OfEEO BT, 9 REeEDF -
BNEL WD L0 EHERIEN D, $5K 11,12,13 O ZFEZEBE D VR = VENL B L T
EEEEIC LV E LN RIARIN ALY MDY 2 b—a VEEFDREY OFAEE.
Af4% Table 2-26 12”7,

Table 2-26. $&(& 11, 12,13 & = E2EE B VR = VBN I B A 15 R

v(15-CO) (cm™) Bond lengths (A) Angles (°)

observed  simulated Ru-C2 (av.)  Group 9 metals—C2 0 [0}
Ru,Co (11) 1639 1704 2.060 2.074 62.80 156.04
Ru,Rh (12) 1638 1706 2.074 2.173 63.14  157.25
Ru,lr (13) 1618 1690 2.071 2.205 64.03 157.05

TN AL FADY R 2 b—3 g UMEITEREOE LY &KX
WMETH 72, TOMAITFHIR ST\, ZEEGI LR = L
BAfZFo> C2 & 9 &R & DOBREE. JHHIA Tion <IZ L7zdsv il
FELTED, Co #&08K 11 TRIZELS o TnD 2 Enn, 2
NIEEBORFEROEWICERT b0 B2 b5, o, B
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% 2% RuM BT FZE KU REhfA (M=Co, Rh, Ir) OARKE LOME

JVAR = VBT D S ARG A R THRIE L LT 0, ¢ AV SLNER. B 2 ofEITsE s 11-13
TREREFH LN ST, Ru & 9 BEEBHBKD —HEOT b T LR =Lk 11,12
13 Tlx, BVR=VENL T OGUEHRR OB IFBIER S o T2, G EnD 9 REeRD
JRAPEREOBNNIESE | &EMEER L OEE & VAR = VENL - & OFE A IEBED b
BgIN,

% 2 BT, Co zHate RSN 1 OGKIEEZMNLT DL LI, TOAEMIED Rh
DFEER 2 OARICHEATELZ 20 E L,

—ED 9 BB A TR 17,2,3 OBEN X SEERITNOIX, GFENnD 9 KEE
DA LW <AZ L7y T Ru-9 RE B EEREZ ) T2 <. Ru-Ru fAIFEEE S < 72 -
THEY, “BEaTr2EWniEL Wb Z 2 oné Lie, £72. Cp*een—Ru IO HEHEEIT,
BER 17 D BEER 3T THELS 2D END, EEND Ru IIHRA ITIRE /25 2
EWRRENT, TRDE MR 1 M BEEHE 3 iIcn iz Lo (R, R MY 205 (RU,
Ru", M") (M = Co, Rh, Ir) OB OS5 6D EHERISN D,

PSR T D868 1, 2, 3 17w b UBaEISY D L&/ W F A MEBEK 8,9, 10 A3
BT, B85k 8,9,10 @ DFT FHEMNSIEL, b RY RN FOZEMEIX B BL O E T
bDHZEIIRINT, SHIT, Ir ZETeEEA 10 T, Ir AV IZe RY RENLF232 < BL
L= A D bREWHEE LTHELN, ZOMET, &EMOERAROS M XV &7
WZRDRLTWVHEEZR L TWA b EHElEND,

BEIR 1,2, 3 IF—BRMLIRF L IR LT, ENENRNGT 57 b7 VAR =gk 11, 12, 13
ZhHz 7o, 85K 11, 12, 13 TiE. 9 REROEWIIIEES < AV AR = VBN T O 2GR D 4
RIS N1,
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% 3% RuM AT FJE RY REERENET L2 & DONIG

FE3E RuMEBFFSERY FEEFLEAB7ZILEIOEDRR

£ 18 #E

&I/ Y T AKX —L TR EEDORISIE, R 7K F A Y T —bD A I =X LD
fif Bl & B8 L C. 1950 ERA DA R TONTE -, b £72. < DI AR= LY
TAL—IT R L RIS L, DA E 5257720, 2 &RY T A X —D
MWEEHRDIZODDRW T —T Lo TnD,

SRR ETIET LR L ORMT R & LTI

FIAT 2 MEAM DR TND, 1 ST AF 0 . M

C-C a7t 1 50 M-M fEigioxt L ORI | RYP\R lci

T LR (TR THY . b5 —HE MMz | v >
REUCEE RN L (BEE) TH D R
(Figure 3-1), * 7 /L3 L ELALF- ORI & $ER D& Pazzl:,?hinaﬁon Perpi:g:zlilrlgli%n
FH L ORI B D | AR R )

48 ETHEACILTATRL & 72V | B RAR7e 46 78 Q@gégﬁiﬁﬁmiﬁm7”
TR TIXEERANL & 72 DB A LTV D,

T EOBENIME D T F RO G DZ LI, Wade-Mingos HIlIZ L - TR S T&
7= Y bbb, 48 EBIHEEROBAIIER LT AF URENLRD 5 OOTEADEIKE
%I (Skeletal electron pairs: SEP) 78 7 T 5 Z & 225 nido A (25t L, TG #EE RS
LD LT, 46 BEEARDOLGAILEE X123 6 @ closo &L 720 . =gz 72
L BRI TS (Figure 3-2), F72. o FHLEFEND S 48 B HEEIKOGE I THE
7. 46 BTHEOEHAIRERMNLETHD Z EBHALNITENTNS, °

“" : /N “r
MZ N, /ci&\ wWSi=c > ZC&
Sa— M M \ / M <(I:7M
M
nido structure Paratilordination closo structure Perpe"‘fﬁzﬁ?ﬁaﬁon
SEP 7 48¢ SEP 6 46e

Figure 3-2. Wade-Mingos HIZ X8 18 EFHIN S A= T /L F A DR 1S

! Adams, R.;Cotton, F. A. Catalysis by Di- and Polynuclear Metal Cluster Complexes; Wiley-VCH, New
York, 1991, and references cited therein.

% (a) Cabrera, G. S.; Cruz, F. J. Z.; Hoz, M. J. R. J. Cluster Sci. 2014, 25, 51. (b) Sappa, E.; Tiripicchio, A.;
Braunstein, P. Chem. Rev. 1983, 83, 203. (c) Sappa, Sappa, E.; Tiripicchio, A.; Braunstein, P. Coord. Chem.
Rev. 1985, 65, 219. (d) Sappa, E.; Tiripichio, A.; Braunstein, P. Chem. Rev. 1995, 83, 2651.

® Deabate, S. Giordano, R.; Sappa, E. J. Cluster Sci. 1997, 8, 407.

* (a) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1. (b) Mingos, D. M. P. Acc. Chem. Res. 1984, 17,
311.

® (a) Halet, J. F; Saillard, J. Y;; Lissillour, R.; McGlinchey, M. J.; Jaouen, G. Inorg. Chem. 1985, 24, 218.
(b) Schilling, B. E. R.; Hoffmann, R. J. Am. Chem. Soc. 1979, 101, 3456.
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Ru C7C
H7I\H RC=CR' c RI\I Ru—c
* —Ru=\- u— * ~
|,//+l¢| — PRI @)
Ru Ru H/RU\H
U /
Cp*
5 Perpendicularly

coordination

closo structure 46e
P EFALR T L% BRI AT 7 L VBRI R TS IR ST B A8, S
Rus IRy b RU REEK 5 (ZkEX 7 7 A% VB & G L, st 3 2 mEFAH 7 L% b
Kaeb225 2 ERHBNESNTWS (eq. 3-1), P E7-. Rug BHRIZHIAL L7- T L% S BIAL
FATIEFEEFH BRI N TEY . 2T RIS O~y P42 BET % switchback motion
Th b e, EBRME L OGFEFEMICH LT ERTWS (Scheme 3-1), #7

+ R

| |
;i@%: A

Q Cp*Ru

Scheme 3-1. TEEAMNIAL T L L EROENAYZEE) (switchback motion)

BEIR B LT AR UHHEDOKISHEORAE L WITL T, Rulr 17 N Z & R REER 3 &N
W7 NAX A EDORIEHRETSNTEY, K 3 L7 X E DK TH EE/NR T
LUK 22a—¢c BEFHNTWD, 85K 22a—c OT /LF EMNLF 1L Ru-Ru IR IRATIC

® (a) Takao, T.; Kakuta, S.; Tenjimbayashi, R.; Takemori, T.; Murotani, E.; Suzuki, H. Organometallics
2004, 23, 6090. (b) Takao, T.; Takaya, Y.; Murotani, E.; Tenjimbayashi, R.; Suzuki, H. Organometallics
2004, 23, 6094.(c) Clucas, J. A.; Dolby, P. A.; Harding, M. M.; Smith, A. K. Chem. Commun. 1987, 1829.
(d) Carty, A. J.; Taylor, N. J.; Sappa, E. Organometallics 1988, 7, 405. (e) Jeffery, J. C.; Ruiz, M. A.; Stone,
F. G. A. J. Chem. Soc., Dalton Trans. 1988, 1131. (f) Rivomanana, S.; Lavigne, G.; Lugan, N.; Bonnet, J.-J.
Inorg. Chem. 1991, 30, 4110. (g) Rivomanana, S.; Mongin, C.; Lavigne, G. Organometallics 1996, 15, 1195.
(h) Mays, M. J.; Raithby, P. R.; Sarveswaran, K.; Solan, G. A. J. Chem. Soc., Dalton Trans. 2002, 1671. (i)
Blount, J. F; Dahl, L. F.; Hoogzand, C.; Hubel, W. J. Am. Chem. Soc. 1966, 88, 292. (j) Moreno, C.;
Marcos, M.-L. Macazaga, M.-J. Gonzaiez, J. G.; Gracia, R.; Lopez, F. B.; Gimeno, E. M.; Amaz, A,;
Medina, M.-E.; Pastor, C.; Velasco, J. G.; Medina, R.-M. Organometallics 2007, 26, 5199. (k) Garcia, M.
E.; Jeffery, J. C.; Sherwood, P.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1987, 1209. (I) Busetto, L.;
Jeffery, J. C.; Mills, R. M.; Stone, F. G. A. Went, M. J.; Woodward, P. J. Chem. Soc., Dalton Trans. 1983,
101. (m) Busetti, V.; Granozzi, G.; Aime, S.; Gobetto, R.; Osella, D. Organometallic 1984, 3, 1510. (n)
Pergola, R. D.; Garlaschelli, L.; Manassero, M.; Manassero, C.; Sironi, A.; Strumolo, D.; Fedi, S.; Grigiotti,
E.; Zanello, P. Inorg. Chim. Acta. 2009, 362, 331. (o) Peng, J.-J.; Peng, S.-M.; Lee, G.-H.; Chi, Y;
Organometallics 1995, 14, 626. (p) Harding, R. A.; Smith, A. K. J. Chem. Soc., Dalton Trans. 1996, 117.

" Riehl, J.-F.; Koga, N.; Morokuma, K. Organometallics 1994, 13, 4765.
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% 3% RuM AT FJE RY REERENET L2 & DONIG

2006 L. Ru-Ir BTG L Bvekidgls sn iy, @ £ ik 3 L7 x= 17 ny

FNEBTTF L& DROREARIRTIT S &, MERAIT VX BEK 22 O E L TFET

FOAEFL T L% AN BIZR STV D (Scheme 3-2), L7-23- T, FEEFNLA T /L3 381k

22a,b & VATENLAL T L UEERARZRER L TAER L TWA LD LRI b, TR T

IV BB D IEEFRNRL T L% L EERA~O RIS, BRI 7R 48 FE1-SEIKD O ENL AR

7z 46 EASEAR~OLEBTH H A, Wade-Mingos HIITiE. nido i Hs 5B AT A B
LE TR closo HEE~DERITH IS LT D,

Ir — Ir
N PhC=CR H4\/ Ph ,\PhH
L HQ — 1\
Ru——Ru Ru— —Ru - PhHC CHR Ru— —Ru
¢ ~N H/ ~N R SN
L i - Hz
3 nido structure 48e¢ closo structure 46e
(R = COOE(}) 22a (R =Ph)
22b (R = Me)

22¢ (R = COOE)

Scheme 3-2. &K 3 L7V FHE DR

NT =T N0 9 REGDEMEREE 1, 2, 3 OWHOENE T LF L L OIS
Zil LTINS B 720, AT $5F 1,2 THNET LS L OSUEZ R LT,
TORER, THENIET 5 RERAI T L% 85K 1720 BART 5 Z L 2P L L,
BEND 9 BREROFIAUICL > TN F VBN A DORERFMEMEPRR D Z L ERH L
7o

8B FRRI, SRR SC, HA TR (2001)
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% 3% RuM AT FJE RY REERENET L2 & ONIG

F 2 8K 1,23 LARTILFVEDORBICEKIEERUE7ZILF UHEEDERK

$EIK 1,2 ENET XU EDORIGERTILIZE 2 A ZRERGT D EE RN T L
VEEIR 17-20 MG O ALz, AHITCIE, BEERA T VX B 17-20 ORIEIZ OV TR
o ETo, BEE 3 ENET AR EORISITBICE s THRESRTWAR, ¢ Bon bRl
BONZHRL T L3 85K 22 D4y AAEE LT L& U ENLA DB ZEENC SOW T S iz ST
WV, ZOTOARETIE, 5K 3 ENET LR E DORIGIZOWT S BERG L,

Bk 1 LAMTILEXYEORE

BEIK 1 IV 7 2= AT FLUERIET -7 2= -1 B AR &Y D E IR D IR
BRI T L3 35K (Cp*RU)o(Cp*Co)(u-H)o{us- 117 11 (L)-PhC=CR} (17, 18) 731535417~ (eq.
32), Ir ZET8ER 3 LV 72T FLUERIT 17 2= -1-Fa s L ORISR,
ZhZEh 80 °C BLU=IRTHITT 5, ZHUCK LT Co #F Lok 1 OAICIE, 7
T AT EBEF L EDORIGETIE 120°C, 1-7 = =/L-1-7 1 ¥ & OIS TIE 60°C DNz
ELTo, ZHAUTEEER 1 O =BBEENEER 3 L0 b/ha<, 7AF U ERVIARICS WD
PR EN D, BN REEN T L 8K T V% Co-Ru MICZEME L7-85K
17 & Ru-Ru FEICZERE L7288k 18 O FiRAM & LCHA(E LTz, -30 °C THIE L7~ *H
NMR A7 RV Tk, BMEADFEELD 17a:18a=74:26 BL N 17b:18b=77:23 TH
0. OISR 17 NSRS TV D Z ERH LN E o7z,

= =T, =

Co Co Co
FOITTRS — - N
H I\H PhC=CR ;I /IN HY !\PhH
| /H\ | > | \ r——— l \/ (3-2)
R = Ph, 120 °C R
1 R = Me, 60 °C
17a (R = Ph) 18a (R = Ph)
17b (R = Me) 18b (R = Me)

SR 17b 13 'H, "CNMR B L OTEHOITIC L Y [FE L, Bk X S smiric k- <%
DOREE A HER LT, —30°C THlE L7=g&k 17b @ 'HNMR 222 kL Tld, Cp* 1Tk
Ly 7R §1.77,1.78,1.80 (2 1:1:1 O TEMIS L, 85K 170 x5tz b 7= 72\
ECTHHZENH LN LRS-, FMRIZ, B RY REML T (6 -20.63, -5.98) , 7 ==/L&D
v ML (5499, 5.79) . A X (56.88, 7.04) IZHASL b IEEMICBRI SNz, 4
MDA F Y 7 NI EFERO 7 0 R A L TUEEB Y 7 b L CTEBl SN2, Zhi
Cp* DEREFIC L DA ERT 5 b0 L #HERl &5, -50°C THIE L2 ®C NMR
AT MVTIE, @R 7 ORNMNCALE T 27 V% U RED 6755 12, IMUNTALE T 5 7 v
X UmFEN S18LL BB E NI, WRIOT L F 2 RFE T ZEEMEOKRFE & LIS TH
IR S D03, 2 Cp* OBRENIC L Dillfik, “EHERBMEZH N =T XU DUk
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% 3% RuM AT FJE RY REERENET L2 & DONIG

HFLELTOME, ° BEO 5 BULE W) FROARREICERT S L B2 bh, REANR T
VX BRI 72> TV TH D, $EIR 18b IXfFEL N D e Tadic, 2 THO V7 F L
BT HZLITTERNoZA, 30 °C THIELZ 'H NMR A~ R T, B KU K
BT (6-12.01), 7% UEALF-D A F VR (5251), 7 = =/VEED AV ML (55.66) (ZH
KT D T FADEER 1Tb O 7 F bRl CBIIIS T, 2 DOt R Y REFOLIF%A
BRI NTZZ L BEA 18b 13 Co XIFRE b OMETH L Z LA LN E o7,

BEIK 173, 18a O 7 L% LR F O BIZEBN AT < L 0 S IC xR 5 NMR
AT NVTF =B ETSICED X TE R o7, $K 17a © 30 °C THIE L7 H
NMR 227 RL T, Co ([ZHMZ L7- Cp* ICHKET 5 7 F L8 6 1.59 12, Ru (ZHMZ L
72 Cp* D7 F /LA 5166 (2 1:2 OLLTHEM Sz, Ru IZEL L7z Cp* O 7 Fuix
T VxR VBN A DB EENC L 2T 2 OD Cp* OV TFARBMELIEZLDOTHD, 7
= NVHEOT T E = a T OIS SMANIALET D 2 275 §6.50 (0-Ph), 6.82 (m-Ph),
6.95 (p-Ph) (ZEMICBIN STz, & R U REANLFICHKRT 22 7 FuiE 6-22.61,-5.21 (2]
WENT-, 5K 18a IIFFELN D Iinodolod, B TCOV T F NV EBIEETH Z LIXTEn
o728, =30 °C THIELZ 'H NMR 2~LZ hLTiE, b RU FELFICHET S 7L
N §-12.45 (BN S 7z, HEEE X BREIEMNT CIE. 85K 17a, 18a DiRMh ([17a-18a] &
EFT D) THLHZERHOEMNE Y | WEE LT 5 Z LIxTE o,

INETICHE SN TWDEESETK (MM) 264 25 EFRN 7 L5 85K Tl
Ir Z&Tedlk 22 O X HIZFEFEAEER (M-M) (27 V% U R2E L TV DA Tl
mOEEABE (M-M) BB L T AEEAL M BTG, Bink

fBIK 170 O FiEE

$E(R 17b, 18b O THF B Z RIECTHETH Z & THELNREAD T o v 7 k% H
WTHLRE L X BREERAT 21T > 72 1 851K 17b 0 FHEE % Figure 3-3 IC EABAE%
Table 3-1 (2R,

° Green, M.; Guy Orpen, A.; Schaverien, C. J. J. Chem. Soc. Dalton Trans. 1989, 1333.

O B EE O POV TR BRI 5,

HIE T Rigaku R-AXIS RAPID [HIHr3#EE % IV T —120 °C T{T\>, Rigaku PROCESS-AUTO
07T MMIE T2 B U, IR RS RICE L, ZERIBEE C2/im (#12) Th o7z, T
IZHRWTIE, SHELX-97 'u /T Ly r—U 2 v, BEHEEIC LD @RIRFOMEREEZIRE L 7
— U ZERUT K - TR D IHAKRFERF ZIRE LTz, 77 FWICIE Rul,Cl~C4 BXW C7 & TextFr
HBTFE L2728, Col BE U Ru2 OIFER%Z 50%:50% & L7z, F7=, Rul (ZEANLL7- Cp*
2T 4 AF—H—=PNEE L, T DO EFERE 50%:50% &35 2 & &L fai{k L 7=, SHELX-97
T hEROCTERNZRIEIZIVEELL, T4 A —F—% b DRFBIR LU DIEKER
T E IR IR LT,
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% 3% RuM AT FJE RY REERENET L2 & ONIG

L

Figure 3-3. &if& 17b D4y 1% (30% probability)

Table 3-1. A 17b O ERHAEE (A) LHEMA ()

Rul-Ru2 2.6812(4) Rul-Col 2.6812(4) Ru2-Col 2.7558(6)
C1-C2 1.405(6) Rul-C1 2.098(4) Ru2-C1 2.196(3)
Col-C1 2.196(3) Ru2-C2 1.976(3) Col-C2 1.976(3)
Ru2-Rul-Col 61.841 Rul-Ru2-Col 59.076(7) Rul-Col-Ru2 59.076(7)
Ru1-C1-Ru2 77.26(12) Ru1-C1-Col 77.26(12) Ru1-C1-C2 126.5(3)

1-7 = =/L-1-7 B ) Col-Ru2 fE&Ioxt L CHERNL L TWVWD Z &R I 4Lz, Col
BEO RU2 IZEUL LT Cp* & DNARKFEZBETH L HIC, LV EEWTY ==L I =
7 OPANCALE LTz, Col & Ru2 OF 4 A4 —#—(2L Y Rul,Cl1~C4 BLO C7 %
GBI F(E L2, Co LORUI % Cp** & L7zglk 17b° OB X S &
LT, RU DT 4 AF—F—HWETDHZEIXTTERNST=, 12, TR UNEERE LT
V% Ru2-Col MFEMEIL, Rul-Col, Rul-Ru2 ML D HHEL T D Z EnH LN E 5
776

[17a-18a] D& Fid&

bR 17a, 18a O NV UIRKRICEIBE F T o2t EsE s 2 Lick>TE N
7oy 7R A O TERE S X S ERT 21T o 72, 2 T ORS R, BT LT

2 J7E1% Rigaku R-AXIS RAPID [mI4fr44E 4 VT 150 °C T4T\>, Rigaku PROCESS-AUTO
077 NI T —F R0 U, RERITEERERICE L, ZEMBE P2/c (#14) Th o7z, T
IZBWTIE SHELX-97 7' 7 7 Ay r—U %o, BEEEICL VSRR OMBELZRE L, 7
— V=AM K o THEDIFARFBIRFEZRE LT, @RFOICIET 4 AL —F—RNFELETD,

Rul-Ru2-Col, RulA-Ru2A-ColA, RulB-Ru2B-ColB D 3 D DFEENFIL-E4L 49% : 8% : 43% D
FNETHEET LD L L TSR Rl Li-, £/, SRR 1 012k LR s kst
THHTE D 1 HFFEEL T, SHELX-97 1 7/ F Ax AW TR/ FIEIC X Y BE1L
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% 3% RuM AT FJE RY REERENET L2 & DONIG

T A AL —H =N FE L, GO0 TS TR 178, 18a DiRMh [17a-18a] THDH Z &2
B E 2o T2, [17a-18a] D4y 1-H%i&% Figure 3-4 | E72fEG K% Table 3-2 (2”7,
M3 Rul 0.42606

Ru2 0.48921
Col 0.08468

M1 Rul 0.08468
Ru2 0.42606
Col 0.48921

M2 Rul 0.48921
Ru2 0.08468
Col 0.42606

Figure 3-4.  [17a-18a] D4y FH%i&E (30% probability)

Table 3-2 [17a-18a] Dy FHsED E2kEEaE (A) EHEMA ()

M1-M2 2.6188(7) M1-M3 2.6585(6) M2-M3 2.7931(5)
C1-C2 1.419(7) M1-C1 2.053(4) M2-C1 2.178(5)
M3-C1 2.262(4) M2-C2 2.039(4) M3-C2 2.020(3)
M2-M1-M3 63.905(16) M1-M2-M3 58.739(14) M1-M3-M2 57.356(15)
M1-C1-M2 76.41(13) M1-C1-M3 75.88(12) M1-C1-C2 126.8(3)

1 20 M-M B LT 7 2= 7 F LU BNEERNL L TWD Z ERERSNT,
LB ORI M1-M2: 2.6188(7) A, M1-M3: 2.6585(6) A, M2-M3: 2.7931(5) A Toh 7=, W
Thb 2N ETICHRE SN TW5S Ru-Co RIHHEE (2.487-3.098 A)® 35 L1 Ru-Ru R HHEf
(2.141-3.243 A" OFPANTH 7228, 5K 170 LIS T AF BB LTV D M2-M3
MO ENA LNz, TAX VRN 0 LER~OMEB X OE RN D 7 U ENL T
~OWHEFIC LY T 2= AT F LRI C1-C2 REIFERE (1.419 A) 135 s 5 FERE
7> C=C =EfEA DM (1198 A)® Lk L TR < HEL TV,

L. HAKRRIFF & IHE PRI REE Lz,

3 Stractural data for 214 complexes having a Ru-Co bond(s) were obtained from Cambridge Stractural
Database System Version 5.36 (November 2014 + 1 updates): Allen, F. H. Acta Crystallogr. 2002, B52, 380.
1 Stractural data for 5305 complexes having a Ru-Ru bond(s) were obtained from Cambridge Stractural
Database System Version 5.36 (November 2014 + 1 updates): Allen, F. H. Acta Crystallogr. 2002, B52, 380.
15 Baranovic, G. Colombo, L.; Skare, D. J. Mol. Struct. 1986, 147, 275.
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Sk 2 LABTILEY LD

BEIK 2 ICNER T VX U2 ER S5 L BEEAME T VX 8K (Cp*Ru)(Cp*Rh)
(u-H)o{ z-17°: 7 (L)-PhC=CR} (19, 20) 7315 B 7= (eq. 3-3) RuzCo BH LV %k%u\ﬁﬁ%%
HOZ MRS, BUNMTE DV IERWRE TR L—RZHEITT 22 ERHLNE o7, §
S BEENLRL T L3 UBEHARILT L A Rh-Ru IICZE4E L7288(K 19 & Ru-Ru F'EJ

ZEAE L7285k 20 OEMHEA Y & U THE(E L=, —50 °C THIE L7-8%K 19a, 20a » 'H
NMR A7 RV Tk, BMEROFEELD 19a:20a=94:6 ThHho7z, £7=. -30°C THIE
L7-8%fA& 19b,20b @ 'HNMR A2 FLTlE, 19b:200=83:17 TH Y., Co DX & [AkE
2T VX VB Ru-9 FRERICENE LT B AR Z S GFET D Z BN E 7o T,

St vﬂr »ﬂr

Rh R
N

H7I\H PhC=CR l\PhH
LHQ (3-3)

R =Ph, 80 °C
2

R = Me, rt

19a (R = Ph) 20a (R = Ph)
19b (R = Me) 20b (R = Me)

HEA 19b 13 TH, BCNMR 38 L UVEESHTIC L 0 [FE L, S X SlsEmiric k- <%
DOREE 2R LT, —20°C THlE L7=8%k 19b @ 'HNMR 222 L Tld, Cp* ICHIkT
LT 177,178,182 12 1:1:1 O TEM S, $5K 19a BxIFrmEz bz 2
R ST, [FRRIZ, B R YU REAZF HIFEMMICBUH <4, Ru-Rh IIZZEG L2 R
REUEFAZHRT % 7 F 1T §-20.03 (d, Jre = 30.8 Hz) IZ'PRh & DA v 7V o V& ko
THI S, Ru-Ru MIZBEE Lok R U REML D> 7 uid §-4.65 (Z—EMRE TR S
Tre 7 =VEEO AL MLIZHET D 7 UL §5.33, 5.95 ([ZELHI S A7z, —40 °C CHIE
L7= BCNMR 2227 b Tld, &8 a7 ORNMICALES 57 L% o R5ED 576.8 (d, Jrne =
23 Hz) |2 AMANCALIES 2 7 % R 3EA §172.0 (d, Jpne =20 Hz) (25 & b PRh LW
y7)/7%#ofﬁ@éhhdﬁ$mbiff%#@ﬁmt@hifwyf%w%ﬁﬁ
LI TERDSTN, —20°C THIEL7 'HNMR 2227 FLrTid, & RV FENLTF (5
—9.47 (d, Jppp = 27.6 Hz), 7 /L% VB 1D A F LI (53.18), 7 = =/LIED AL M (55.62)

WZHEASL U7 FnEER 190 O 7 F L5l TRIAIENT-, 2 2Dk U RELFfrdk X
W7 = = VO AV MICHES U7 FUTEMICBE SN2 2 0 BEER 20b O IE
Cs XM THDHZ EDBHLMNE ST,

BEIR 193, 20a 1 'H, °C NMR F X OGEHESHIC L 0 [RIE LS, T BN T OBy
HEENFEF L | HIREEICHIET S NMR AR MLF— X 5255 Z LT TER)I-
72, —60°C THIE L7284k 19a ® HNMR A2 LT, Rh IZEZ L7 Cp* ([CHIRT
LT FR §1.81 12, Ru IZEML L7= Cp* O 7 F/Lh §1.60 (2 1:2 OLETEHAIS
77 RU IZEML L7= Cp* DY 7 F T V3 ENLA DR WEIREENC L - T 2 S0 Cp*
DY TFNABRME LD THD, 7x=)VEDOT 7T Eﬁ:7®mm&%m:ﬁ%
95 2 O §6.45 (0-Ph), 6.79 (p-Ph), 6.95 (m-Ph) (24 S 7=, & RY RENL I
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k42527 FE 6-20.92 (d, Jren = 30.4 Hz), -5.21 (s) T BRI Sz, $5K 20a 1377
TR DI DI R TOY 7T A EBT 5 Z LN TE o tznd, 60 °C THIE L7z
'HNMR 2227 hLTIE, B R U RENL SIS 70 6-10.17 (d, Jrnn = 26.0 Hz) 12
BE N7z, F-, HAES X SEEMT T, 85K 19a, 20a DR ([19a-20a]) THDH =
ERAGMNERY | MELRETD 2 LITTERNoT,

§B{K 190 O FiEE

SER 19b, 200 O MV UIRIRICHBIE FCTT 2 Mo 2@ S22 itk TE SN
CMCIRAE 5 A IO CHGRS S X S RIT 21T - 72, 1° $81K 19a D4 T-#63E% Figure 3-5 12,
FEELFH) T —Z % Table 3-3 TR,

Figure 3-5. &H{& 19b D4y & (30% probability)

Table 3-3. #ik 19b O EARFEEE (A) LA (O

Rul-Ru2 2.7391(4) Rul-Rhl 2.7391(4) Ru2-Rh1 2.8694(6)
C1-C2 1.411(7) Rul-C1 2.106(5) Ru2-C1 2.253(4)
Rh1-C1 2.253(4) Ru2-C2 2.009(4) Rh1-C2 2.009(4)
Ru2-Rul-Rhl 63.170 Rul-Ru2-Rhl 58.414(7) Rul-Rh1-Ru2 58.414(7)
Ru1-C1-Ru2 77.78(15) Rul-C1-Rh1 77.78(15) Ru1-C1-C2 125.8(4)

16 JH7E1% Rigaku R-AXIS RAPID [HI4fr44E 4 VT 150 °C T4T\>, Rigaku PROCESS-AUTO
077 NI T —F B0 U, RERITEREERICE L, ZEMBET C2/im (#12) Th o 7o, T
IZBWTIX, SHELX-97 a7/ T ANy r—U% v, BHEEICL Y &RIRTOEELZRE L~
— V=BT L > T D IFARFIR T2 PE LTz, 43 FNIZIE Rul, Cl~C4 BLW C7T ZETextfr
[HNTFAE L7272, Rhl B XY Ru2 OfFEH% 50%:50% & L7z, £7-. Rul (27 L7 Cp*
IZF f AF—F = FE L, TDEHEHEEZ 50%:50% &35 2 & &2 Rk L7z, SHELX-97
Tl AERWTR/NFEICLVEEL L, T 4 A4 —F—% b ORBIR 1L DOIEKER
& IS PRI REER L7z,
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Rhl & Ru2 OF 4 AA—F—|2L V0, Rul,Cl~C4 BLW C7T & TexIFmi(FrE LT
N, 1-7 = =/L-1-7m B Rh1-Ru2 f5E1Ck L CRERALL TWD Z &R ER SN,
Co Z&ETesliR 17b LIAEEIZ, $5(K 190 THL AT ALK LV L EEWT ==V T a7
OWRNIALE LT\ e, F2, 7=V /UL > T NV NEALFOME G FEEILT D 2
ENTET, HibT 223, $5K 190 @ DFT FENGH 2 DOk NI RENZFIX EFEofr

IZFET D2 EDNREN TN D

[19a-20a] D5 FiE&

K 19a, 208 DUA XY LIEKICRIE T TAL ) — L 2S5 2 Lic k> THELN
t%@ﬁ%%%%%wfiﬁﬁ>(ﬁ%L%ﬁ%ﬁokoNMﬁmf% LR LEOF o«
AF—H—=DFE L, 15 DA FAEEITSER 193, 20a DRk ([19a-20a]) ThH D Z & 3]
%ﬂkﬁoﬁm[waNQCD > 1% % Figure 3-6 ([ZE7efiA K% Table 3-4 1Z/R7,

Figure 3-6.  [19a-20a] D) {-#1& (30% probability)

M7 1L Rigaku R-AXIS RAPID [mI4r44E 4 VT 150 °C T4T\>. Rigaku PROCESS-AUTO
B T7AMCED T BN LT, TR RICE L, EBET P2/ (#14) Th o7, T
IZBWTIE SHELX-97 71275 Ly r—% Lﬁﬁ KV ERIETOMEEEZRE L, 7
— VT ARIC L > TEIIFABRFZRE LT, BT OIIET A AA—F—BNEFEE LD
RMRM;RMARQAJ)20@%5ﬂ%h€h7@62%@@%Afﬁfﬁé%@ebf%L%
sl Lz, F72, fmFICIEssE 1 5 FIced U TR EIRIE CH L2 oA 00 17 %fﬁ
LTz, SHELX-97 7 a7/ J L& W TR/ ZHRIEIC L VEEIL L., FEKRBRTZ2IEEHM
ER L7,
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Table 3-4. [19a-20a] Oy FHEDO LA Q) LFEEA ()

Rul-Rhl 2.8350(8) Ru2-Rh1 2.7487(7) Rul-Ru2 2.6973(7)
C1-C2 1.403(8) Rul-C1 2.286(7) Ru2-C1 2.125(7)
Rh1-C1 2.225(5) Ru1-C2 2.043(7) Rh1-C2 2.020(6)
Rul-Rh1-Ru2 57.748(18) Ru2-Rul-Rhl 59.521(18) Rul-Ru2-Rhl 62.731(19)
Rul-C1-Ru2 75.3(2) Rul-C1-Rhl 77.86(18) Ru1-C1-C2 125.6(5)

Rul-Rh1 £771% RUI-RU2A IZX L CY 7 == T F LU NEEEN LTS & A
ANz, Co & TesEIR 17a, 18a Doy 1 & RARIC, T U036 L T\ A4 g MR
BEDMENBIE I,

Bk 3 LASMTILEXY LD

ER 3 lCNHE T A U EEASE S L CEERME T LXK
(Cp*Ru)o(Cp*Ir)(u-H), {15- % 117 (L)-PhC=CR} (22a, R = Ph; 22b, R = Me) #7157~ (eq. 3-4), Co,
Rh O &38R Y | 7% 03 Ru-Ru FICHUE L2 BPERO A BIZE S, Ru-Ir (2246
L7z BRI s e o7,

N >t

H7|§H PhC=CR I\PhH
LHQ (3-4)
i/{\u\ /Rﬁ toluene, A &(\R“_ _RU/}%
R = Ph, 80 °C
R = Me, rt
22a (R = Ph)
22b (R = Me)

Btk 22a 13 'H, "CNMR A7 b3 KOUEHRINC &> TR L, Bifkdh X i
PHZ &> CZ O 2 el Lz, $8F 22a @ —30°C THIEE L7z 'HNMR 22 b Tl
\ZEUAL L7z Cp* ICHIRT 22 7 )8 §1.56 (2 Ru ICEIL L7- Cp* [HkT 57T
VS 5185 1212 OTEIE N, & Y RENL TSRS 57T /0 6 -11.60 (2
SyIVEMICBI Sz, £72, @B 7 OPNMIICLET 57 = =1 (5561 (0-Ph"), &
6.64 (p-Ph™), 56.19 (M-Ph") & SMUICALIES D 7 = = /L3 (56.97 (0-Ph®™), 57.08 (p-Ph™), &
7.54 (m-Ph*") (ZZ= LN 08 L TRl Sz, -30°C THIE L7 ®CNMR 2~<Z ML T
&R a7 OWNMNCALE T 2 TV U RFED 5 1032 12, IMUICHALET D T IVF U IRFB S
208.0 (ZBUHl =Tz,
R 220 B 'H, BCNMR 227 b LB L UTERNITIC & - THEE L, Hiksh X i
W2 k> CTE O E LR LT-, $5%k 220 @ -30°C THIE L7 'HNMR Z~22 R Tl
WZHECAL L7 Cp* ICHkT 27y §1.79 12 Ru IZEML L7= Cp* ICHKkT D7)
LN 187 1212 o THME SN, & RY REALFIZHKT S 7 0E §-11.82 12
IONVEMICBI Sz, AV ML (55.76), A XL (57.09) ZAMICER <7, =T
RE L7z "CNMR A7 ML T, &R a7 ONBNIALET 2 7 L% U RER 61024 12,
SMANZALET DT L F U RED 62114 \ZHBIRIES -,
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$B{k 220 DN FIEE

BEIK 228 O NNV URIKIZCEIR T CT B Mo 2B S A2 LI » TE LN EBR
Yokt i A FIVCHLE S X ST 21T~ 7=, 1 851K 22a O FHEiE% Figure 3-7 12, #&
BLFEHYT — & & Table 3-5 (2”1,

Figure 3-7. &H{K 22a O4yFH%iE (30% probability)

Table 3-5. #K 22a OELFEAEE (A) LHEEA (O

Rul-Irl 2.7690(3) Ru2-Ir1 2.7450(3) Ru1-Ru2 2.9599(4)
C1-C2 1.428(5) Ir1-C1 2.079(3) Ru1-C1 2.323(3)
Ru2-C1 2.292(3) Ru1-C2 2.033(3) Ru2-C2 2.058(3)
Rul-Irl-Ru2 64.929(8) Ru2-Rul-Irl 57.144(8) Ru1-Ru2-Ir1 57.927(8)
Ir1-C1-Rul 77.75(10) Ir1-C1-Ru2 77.65(11) Ir1-C1-C2 124.9(2)

GRBENCT 4 24— — 3L ENT, V7 2=ATEF L iF Ru-Ru [ITERAGILE
BLTNWDZ LR SN, C1-C2 [IFEAEL 1.4285) A THV, Co,Rh Z2ETry 7 ==
LNTBF L RD C1-C2 MRk ([17a-18a]: 1.405(6) A, [19a-20a]: 1.403(8) A) & kit LT
iR LTz, Z4UZ, RuCo, RuRh $5(K LV & Rualr SEED T 37 L% LB ~D ikl
HBIMRENZ EERELTND,

&4k 220 O FHEE

IR 220 D M UBHRIZEIR T TT® AL SE D 2 LI Ko TH LA Ak

8 JH7E1E Rigaku R-AXIS RAPID [HI4fr44E 4 VT 150 °C T4T\>, Rigaku PROCESS-AUTO
077 NI T —F R0 LT, RIS RICE L, ZEMBE P2/c (#14) Th o7z, T
WZBWTIX, SHELX-97 a7 7 ARy r—U %, BEEICEI VSRR TFOEELREL 7
— VAR K > TERDIEARBIRTFZRE LT, 2. 1 108K 22a icxf L7 hon 1
SFAFAEL TV, SHELX-97 712/ J A& W THR/PNFIECL VBB L, IFKRERFEZIE
S M R LT,
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P 2 O THRE A X RS 21T > 72, ° $51K 22b D4y FHES % Figure 3-8 12, #&
B )T — 4 % Table 3-6 (Z/R"T,

Figure 3-8. 1K 22b d4r 74 (30% probability)

Table 3-6. $iA 22b O ELRHAEE (A) LHEMA ()

Rui-Irl 2.7578(4) Rul-Rul# 2.9687(6) c1-C2 1.432(8)
Ir1-C1 2.066(5) Rul-C1 2.279(5) Ru1-C2 2003(4)
Rul-Irl-Ru2 65.127 Ru2-Rul-Irl 57.436(7) Ir1-C1-Rul 78.63(16)
Ir1-C1-C2 124.2(4)

Irl, Cl~C4 BEW C7T ZEFLeRIFRRMNHFIELTZN, Ru & Ir EDMOT 4 AA4—H—I%
BEINT, -7 2 =/1-1-7 B EURN Rul-Ru2 #EAE 2% L CERERNM LTV D 2 & D3R
Stz TR UENL T OZRENEIL, Co, Rh & TessiR 17b, 190 &3 HE7e 203, 85K 22b
DOREEHFFBIIEEM 17b, 190 EFEEIL TER V| 5K 22b TH 7 = = VEN = a7 N

IAET D & L hiT, TAAFURE L TW5D Rul-Rul# fiAaoMmELBZSATWS

[17a-18a] # L OF [19a-20a] D HfE S X AMEEMNT Cl, 7 /v VBT OZREALE 0 F
2B BMEEDORFETH D Z ENR STz, FAUTx LT, 85K 17b, 19b, 22a,b 1L— 5D Btk
KDy THEE S U THEBEILT 5 2 LN TE 2, 61K 17b,19b, 22ab D5y FHEED LR MG R
BLUOHESAZ Table3-7 I2F &7,

Y9 JHI7E1E Rigaku R-AXIS RAPID [HI4r44E 4 VT 150 °C T4T\>. Rigaku PROCESS-AUTO
077 NI T =20 U, RERITEREERICE L, ZEMBET C2/m (#12) Th o 7o, fRMT
IRV T, SHELX-97 7Y r 75 A/\"\y/f—\‘/“fzﬁﬁu\ INE = U AARIC R Y SRR T O A R
EL7— VBRI L > TELIFAZRFE2RE L, 0 FHICE I, C1~C4 BXW CT 25
ToRPRIE AFAE LT, E72, IrL IZEL L7z Cp* 12T 4 A4 —F =D FEL, T EAEE 50% :
50% &9 %2 & CRESE AR b L7z, SHELX-97 71 2/ F A% W T/ RIEICL VB L,
T 4 AL —F—&H D Cp* LIANDIEKRFBIRT %2 FEEHFIEICRR LT,
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Table3-7. Ru & 9 HEABNHS A EEANLT LE U EEEO T RFEAE B) LHEAA ©

Ru1 I
/\Ph /I\Ph /‘\Ph /\Ph
2 c 3 Rh3 R >~
u——o R2—— R2——R3 u2 —|——Ru3
u u u \Cz
N
\ \ \
170 M 196 M 220 M@ 22a 7"
(a) Bond Lengths (A)
M1 - M2 2.6812(4) 2.7391(4) 2.7578(4) 2.7450(3)
M1 - M3 2.6812(4) 2.7391(4) 2.7578(4) 2.7690(3)
M2 — M3 2.7558(6) 2.8694(6) 2.9687(6) 2.9599(4)
Cl1-C2 1.405(6) 1.411(7) 1.432(8) 1.428(5)
M1-C1 2.098(4) 2.106(5) 2.066(5) 2.079(3)
M2 - C1 2.196(3) 2.253(4) 2.279(5) 2.292(3)
M3 - C1 2.196(3) 2.253(4) 2.279(5) 2.323(3)
M2 - C2 1.976(3) 2.009(4) 2.003(4) 2.058(3)
M3 -C2 1.976(3) 2.009(4) 2.003(4) 2.033(3)
(b) Bond Angles (°)
M2 - M1 - M3 61.841 63.170 65.127 64.929(8)
M1-M2- M3 59.076(7) 58.414(7) 57.436(7) 57.927(8)
M1 - M3 - M2 59.076(7) 58.414(7) 57.436(7) 57.144(8)
M1 - C1-M2 77.26(12) 77.78(15) 78.63(16) 77.65(11)
M1-C1-M3 77.26(12) 77.78(15) 78.63(16) 77.75(10)
M1-C1-C2 126.5(3) 125.8(4) 124.2(4) 124.9(2)

W OSEIR S 7L BN EE LT M2-M3 MR T2 Z E RO E e o723,
SRS END 9 BREBOEMN LI I LR - T, EL R EmM BRI,
TR VENL A DA ZIFIC W MI-M2, M1-M3 % Co #&TesEk 17b THHE ICME<
o TEY, Tt 9 BRERBORFERENB KR ENTZbDEEZ bID, TVF UL
10 Cl-C2 fEARITEEND 9 BRBOFRIN LIZnIZoN T, #ENTIEH 203872
DREIN IS, T VX VEANL -~ 5 OFRREN/ NS 72 o TS 2 EBRIBE LT,

Ir Z 8 eEEAEN T L 85K 22ab [ZOWTEEE L7223, 7LF VENL D EHEED

BFHEEOEITIFE A EBE SRR o Tz,
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¥ 381 EERMET7ILXUSEDOERISE

R 3 LT R E OROG TR, BERAAT VX A 22 OHREIERE LCREATHRL
PFLT L U BERNBIER STV D, Co BEU Rh 25 Te85(K 1,2 L7 A% E ORIE
T, PATEANIRL T L UEERITBIE STV R WS, I 2 ETeR & [RERORREE TS A T
ITLTCWD b EHEII SN D, B8 1,2, 3 TR Afafn7e 44 B8R DT, TAX %
T OHMARENIC L > T 4 B OEEH L, 48 BFOFATRNBRL T VX 85K % 525
DEEDLID, Lol FATENRT L F ARG ED X ST 2 2Ok B U RELF 23
Bt U CERE/NIA T LR AN ER S D O EH BN STV e (Scheme 3-3), A
Hici, 8K 1 & 1-7 2= 1-1-7a e EORISOREENS e Y RERALFOBLEED
BIICOWTHLMNC L, £, 88K 1 Lo 7 2= AT ®vF Lo & ORI TI, TE/AL
BT L K 173, 18a (ICHZ T, BEANRU VU DUk 23 NME L0 THECigind
el

> == [ ] = ==

H/I\IA\H PhC=CR . \/M o - PhHC=CHR | ;'//M\ H7|\in\\PhH
Rlu/ - \Rlu Rl{:/eg\Ru Rll? \Ru R‘Iu \R/u
i/(\ SHTO i?\ R /)\i < K7 ﬁ x\ %

R
44e 48e 46e
M =Co, Rh, Ir Parallel Perpendicularly
coordination coordination

Scheme 3-3.  FEEAMIEL T /L% LSRR D A Bk

%k 1 & 1-7x=)-1-FAEYEDRIG

RS2 B N T A7 885K 1 & 1-7 == 1-1-7a 'yt OKIEE 'HNMR &<
7 MVERWCGEER L7z, R (LA Figure 3-9 (2T, B U RENLF239KFESTL LT
BLBE L TV DA, 85K 17b, 18b DA EE 1-7 = =-1-7 B U OEEENRE L2
B3, B RYU FEALAFD 1-7 = =1-1-F 1 B OKREIT X > THEEL TO DAL, 85
& 17b, 180 OAEKEICH LT 2 Y&ED 1-7 2= - 1-7a U RNEEE SN D Z LTl
S5 (Scheme 3-4),
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H,

FR Dehydrogenation \ - | : R > | S

_ Co |_I/Co /Co\
PhC=CMe H4\/ \_Ph B /1IN ——  H7/[\Phy

R
Y& > i LA\
Ru=\—Ru /Ru\ /Ru\ Ru—|—=Ru
<t R > Hydrogenation of H 3. >
PhC= CMe / R
/ 17b 18b

PhHC=CHMe PhC=CMe

Scheme 3-4. $&Kk 1 & 1-7 ==)L-1-Fr bt L DORE

distribution

® 1
B 17band18b
A consumption of PhC=CMe

0 5 10 15 20
time/h

Figure3-9. 8k 1 & 1-7 = =/1-1-7F 1 B0 & DS OFEFZEL (benzene-dg, 80 °C)

1-7 2= -1-7 B B EER 1 Ik LT 8 YEIFML T 05 KEfMEV L 7= & X1, 1-7
== L-1-7 0 B O LSS 17D, 18b DA ENE LroTm, S HIT, 'H NMR %2
7 RIVTIIKRES FITEESLS V7T (5448) DEILRESN TS Z b, B R RENLT
ITAKF & UTHBEL TV D Z MR S iulz, LavL, 05 KFELIRETIE T L% v OIEE
BOEER 17b, 18b OAREL Y bR~ IC ERIZERFABIE SN2 &0 D, 1-7 = =)b-1-
T DOKRFEIZE T U FEAFOIHBES 2P FET D2 & b bNE o T,
KIS MsERE LT- 4 BEf% OB E Tl 1-7 = =/b-1-7 8 E U 385K 17b, 18b 12t LT 2 4
BHEE SN TS, 20D, ZHICKESFRFET D & S EATRAIRL T V3% o gh RN
WO T V¥ A IR T T 2 b O EHERI SN D, £, mEFNIRT LV 88 17b,
18b L7 /L > DKRFALIEMED 72N T & ZRiliEiEsd L T\ 5,
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$BIK 1 LTI TEFLUVEDRR

BER 1 & 17 == -1-7u B E ORIETIEEEMICEEAR 17b, 18b #5225 DIk L
TOOMA L YT 2= T F Ly EORIG T, \%Ms 17a, 18a ([ZMA TE AN P
T K (Cp*Ru),(Cp*Co)(u-H)o(15-CPh) (23) B L NHAEE Co v 7 m 7 % ¥ L jl(k
Cp*Co(7*-C4Phy) (24) D/ERNBEL ST (eq. 3-5), B AN DU DU EAD RS, T A %
—BRRDONIRE, Rus BT 2 = L7 2 F L U R~ BRI L > ThBIERShTn5E, &
THUTK LT, 88K 2,3 TR U EDORIS T, T4Fx Y ¥ UEEIRO AR BALRE A~ D
RIIBIE ST, SR mEERN T VX R E 5 2T,

PhC=CPh Ph
A~ (10 eq) ;R
x » Cp*—Ru=— —C -Cp* Co + 17a,18a (3-5)

N\ 1
u M benzene-dg, 120 °C ke Ph-L \ PP (68%)
96 h J Y Ph Ph
Cp
Ph
23 (12%) 24 (20%)

K 24 IZEEA LA TH Y . VB RZVEER Cp*Co(CO), 0B 2T F L Lk
CpCo(7-CH,=CHC,), 72 EDHMED Co(l) $fh & V7 == AT F L &L DRIGIT X Y AR
+25, 2835 X CTHERT LA 24 12 'H NMR 222 FAZEERO S O & T % 2 &
TRIE L, 28K 1 bV 72T F LU EORETIE, -7 2 =-1- 7R EL L DK
SR TEIRDO RGBT 5720, 85K 1 O—ER SR L, U L > TH U Bk
D CoFEETT 2= VT EF LU EDRIGNMIE > TEEE 24 NER LD EHERIESN D,
—J7. B8R 17a,18a (I8EK 1 L0 EWIICLETH Y, 120°C LETH LW L%
R LT D,

SR 23 XTI T AT LI RS TT 4 —IZE o TERLL %%, 'H, °C NMR (2 XY
FIE L, BfES X BEEMITIC L > TE oG 2 MR Lz, #51K 23 © 'THNMR 2~ b
LTI Ru IZEML L7 Cp* (ZHESL &7 uns 5191 12, Co I[ZRMLL7= Cp* % 6 1.05
BRI Sz, B Y RENLFICEES L 7 mid §-2045 (2 2H 088Ul S, =8 Fim
DR :&%3“5 2 OD7 == )VEEICHKTH 7Ll 5 7.24 (p-Ph), 7.36 (m-Ph), 7.56
(0-Ph) I lIcER 7=, F7-. BCNMR 27 M Tld, 7TAX Y DURBICHET S
TIN5 2931 IS Tz, A 23 121X, B R U REUL OGN E S B 7e 5 Bk
KOFENEZ5ND505, NMR A7 hL T, BHEERICESS 7z il s e n
27,

0 IZHNL L= Cp* (CHET 5L 7 /Ui Ru IZENL L= Cp* &bl L TR & < mkids

2RI & o ORI 2 2 & THBEIERIT 61% &7,

ORI M, (B RS, R TR (2003)

2 (a) King, R. B.; Efraty, A. E.; Douglas, W. M. J. Organomet. Chem. 1973, 56, 345. (b) Schneider, J. J.;
Denninger, U.; Heinemann, O.; Kriger, C. Angew. Chem. Int. Ed. Engl. 1995, 34, 592.

% Hellbach, B.; Rominger, F.; Gleiter, R. Angew. Chem. Int. Ed. 2004, 43, 5846.
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% 3% RuM AT FJE RY REERENET L2 & ONIG

7 ML TWDHZERH LN/ oTz, ZHUET ==/ Eomss Co fIZmT Hib e,
BREMIC L 2HEHS Co ETmb bbb Lfllsng, 7= =/LEOmEIT O TIL,
B 23 OHER X BRSNS LR IN TV D, FAFEOBRITA I RV VU
& (Cp*Ru)s(1-H)2(15-NPh)(155-CPh) THEIZZENTHE Y, '*H NMR 227 hL Tl ¥
BROOERERIC XV 3RVERL 2 32 1) 72 Cp* I2FES3< v 7T 61.08 IZBHIE L TERBY ., i
RSz Cp* DfbFEy 7 b (51.84) L0 bEkER Bl h T s, 2

8K 23 DHFIEE

BEIK 23 D R T Ry (211) OWKE 30 °C THET 5 Z LIz ko THELL-LE
7 R IR A IO THAS S X BRERAT 2 1T - 72, © $5(K 23 D4y FHEE % Figure
3-10 (2. ERMEAEE. HEEMA% Table 3-8 (27,

Figure 3-10. $&{k 23 D4rfH%iE (30% probability)

# Kanda, H.; Kawashima, T.; Takao, T.; Suzuki, H. Organometallics 2012, 31, 1917.

% JIEIX Rigaku R-AXIS RAPID [H#74E{E %2 HV T —150 °C T{T\>, Rigaku PROCESS-AUTO
BT NI T =N U, MR SRR L, 2T Pnma (#62) Th o7, T
IZBWTIE SHELX-97 7'u 7T hXy r— %k Fv, BEEEIC KV @RI FOREZREL, 7
— U BRI K o TR D IHAKRFEIR A ZRE LTz, /0 FWNICiE Rul, Ru2, Col % & TeXi #2371
L7z, Fi2, Cp* 2T 4 AA—F—DFEL, TDOEAEE 50%:50% &7 52 & Tz il
L7z, SHELX-97 71 2/ J A&EHWTHR/P ZFIEIZL VEEN L, Cp* A DIFAKFTRFEIE
MR L,
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% 3% RuM AT FJE RY REERENET L2 & DONIG

Table 3-8. $ik 23 O ERFEAE (A) EHEEA ()

Rul-Col 2.5387(14) Ru2-Col 2.5581(14) Rul-Ru2 2.7195(9)
Rul-C1 2.012(7) Ru2-C1 1.991(7) Col-Cl 2.004(8)
Rul-Col-Ru2 64.49(4) Col-Rul-Ru2 58.10(3) Col-Ru2-Rul 57.41(3)

WL, Rul,Ru2, Col % & Tkt B2 7 E L7z, Co Hilrk Ru HMET 4 AA—H
—LTELT, ZiUE7 = = /VEORMARINIZ Co MZMW =2 LRSS, &8
[ R L. Rul-Col: 2.5387(14) A, Ru2—Col: 2.5581(14) A, Rul-Ru2: 2.7195(9) A <& ¥ . Ru-Ru
MBS R W 550 = A CTh o T,

$B{K 23 DERHIE

BEIR 23 OEREIL, UITICRT 3 DOMRKENZ 2 H4LDH (Scheme 3-5), Path | [ XHEHE
BN 7 L% 8RR 17a, 18a 22D 7 X U EL D C=C #EE UMW G IZ & - TESK 23
52 DK TH D, $EIK 23 1I851K 17a,18a LRI U< closo #ETH D & & iz, Ffifio
Fn7e 48 FEEE2 DT, 51K 17a, 18a LV LA LETH D LHEM SN D, F7-.
WL DD ZRET VF R TIL, TIVR UEMLF D C=C KA OUIBNEE SN TWD =
L6 Path | OFUSREBEE SH28, 2 BBl L7285k 17a, 18a OINEIE TIZESA
23 WER Lotz Z &b, ZORIGRRIEITEE S 472, Path Il (385K 17a, 18a 12% 9
—BFD T 2= ANTEFLYNEE L, TAF A X B RICL - TR 23 252 A%
BTH D, BERNT VX R LT 2 S FEOT AT UMERATDZ LICL D A4
T ruaXBE T UDRIE, IVR=N T TAZ =T X EORET U LITEIE
ENT5, 7 UL, b8k 17a,18a L V7 ==L T F L v & ORIGIEHETET, S5k 23
DAERBBE SR >Tc, LIER > T, SOSHHIETH 5 TR Y L U HRIZ B0
T C=C fEEOUWMNHEIT L, $5K 23 252 25b0EE 265015 (Path 1NN,

% (a) Clauss, A. D.; Shapley, J. R.; Wilker, C. N.; Hoffmann, R. Organometallics 1984, 3, 619. (b) Chi, Y.;
Shapley, J. R. Organometallics 1985, 4, 1900.

% (a) Blount, J. F.; Dahl, L. F.; Hoogzand, C.; Hiibel, W. J. Am. Chem. Soc. 1966, 88, 292. (b) Dodge, R. P.;
Schomaker, V. J. Organomet. Chem. 1965, 3, 274. (c) Cabrera, E.; Daran, J.-C.; Jeannin, Y.; Kristiansson, O.
J. Organomet. Chem. 1986, 310, 367. (d) Rosenberg, E.; Aime, S.; Milone, L.; Sappa, E.; Tiripicchio, A,;
Lanfredi, A. M. M. J. Chem. Soc., Dalton Trans. 1980, 2023.
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Ph
Ph

Ph
_ = Ph C-C Bond
PhC=CPh e -H Cleavage
Ru—[—Ru 2 N_|H>
Co H4 N /
=
48e 17a, 18a
46e

Cewvege  [Path 1] sne=con

_H2

.

Ph Ph Alkyne
4\ Ph }&J\ Metathesis
Ru-|—/=<RuU > ==
Z_|— Co™ X
RUZ /R :[}f PN - PhC=CPh

HXN oo Z2H Ph */ H,
Ph Co =Cp*M
23 Ru = Cp*Ru
Ph 48e 48e
-

Scheme 3-5. SH{A 23 DARKFREE

BER LI LT 10 MEDY 7= AT F LU 2RML, EAF (o 120 °C
THE L, 'H NMR A7 MUZ X o CRISEIBHT 2 & 85k 23 OBINISIS DI
IZH DL, B8R 17a, 18a EHEFAUICAER L TWVWD Z L A B T 7= (Figure 3-11), 20 FfH
FREE CROUSMTITIT TSR L, N LIBRITEER 174, 18a 35 K OME(K 23 oA pkEIc B (bidE LR s
N drolo, ZHUD OFEEIL, SEK 23 365K 17a, 18a A &M E3IC Path Il 12 X > THRL

LTWD Z Lz XFFL TV,

L ——
8
=]
3
2
e}
*1
W17a, 18a
23
& r—
40 60

time/h

Figure 3-11. $8k 1 L7 ==L 7 F L & ORISEDOFRIZEAL (benzene-dg, 120 °C)

FEEMBT L VEEOERHIE

K 1,2,3 EINE T A L D% Scheme 3-6 (2R 7, S Tib_7- X 9128851k 3 &
Tz =7 a ANV T L E ORE TIEATEALRL T VX V85K A BPBIZEI N TS Z
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3% RuLM BT MTZE RU RESKLENET V¥ & DG

ED, —EOT R T RU RESKR 1,2,3 EWNET XU EORIETHESER A 2B LT
FOGEIT L TWD D EHERIS LD, $5K 1 & 1-7 == 1-1-7 e EORILTIE, i
KB K DIEEFNL T L 885K 170, 18b DA S7= 2 & Path A OIFEMN
IRERNTz, FTo, SO TR, 85K 1 12 LT 2 ¥YED 1-7 = =/1-1-7 1 B U3
BINDHZ LD, B VEER B BT % PathB,C IZL > CTT VX U BT LI
HZEWRBENT, Co ZBDEA 1 LV 7 2= AT BFLrEORIGTIL, TE A
TILx R 17a, 18a IZA T, BEARV VU P UEEK 23 B 7 n 7 ¥ oz UK
24 NELNT-, A 23 (385K A 705 (Path D), $81K 24 (385K 1 oA LTV E LD
LHEMIE D (Path E),

— D S THRALHNIAF DN D BERIT, HEZSHIK 24 ZFRE . Wade-Mingos HII TEV 7Y
WCIRHZETHD closo #ETHDZ ENHALMNE o7z,

Ph
i,
Ru Ru
\M ,\’H
H, 3 PhC=CR
B
nido structure 46e
PhHC=CHR Path C Path B PhHC=CHR
R
" Ph R Ph
H7I\H PhC=CR ~ -H
| HQ I _— Ru—[—ZRu —2> R NF=Ru
\_RU——Ru_/ = Vo Ph \M/ H, A A
= Me, =
. 17-22

44e _nido structure 43¢ closo structure 46e
M = Co(1), Rh(2), Ir(3) T e
- @

_ C-C Bond E

\ 2 PhC=cCPh Cleavage

M=Co -[Ruy] M= Co “H
2 \\

Co A wu
Ph\£ E,Ph H—co=-H
Ph Ph Y
23
24 Ph
nido structure 18e closo structure 48e¢

Scheme 3-6. &85{k 1,2,3 ENET L F 2 & DORIT X ABERALRL T L% kR 17-22
D R A
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48 BERCE7ZILFVSE@EOBNEBSSSUETNICHES B

Co, Rh Z&Te mEFNAT L& U8R 17-20 1ZZ TN T L U ENL - OLRIEAL E
B NMHEA W & UCEET S (Scheme 3-7), AT, IEEATZ "HNMR 222 h Lk
0T VX VBN OBIHGETE, TRDLLEMEOMEATI O E Lic, Ir & emERAIR
TV SR 228 TIL, TV UENL Y Ru-Ir RCAAE L7z BAYEIR O AR 1T MERR T & /e
o TS, IREATZE THNMR IEIC X - TEDO B OFIEIC OV TH LN T S Z N TE
776

‘fR’R ‘fR’

M

\PhH
17a (M = Co, R=Ph) 18a (M = Co, R=Ph)
17b (M = Co, R = Me) 18b (M = Co, R = Me)
19a (M = Rh, R = Ph) 20a (M =Rh, R=Ph)
19b (M = Rh, R = Me) 20b (M = Rh, R = Me)

Scheme 3-7. FEEFIT L% U BER 17-20 Ot

A E#AMBE (Spin-Saturation Transfer) SEEX

BB OFRA I D . A BRI E) (SST) SEBRIZ K - THER 17 & 18 5 L U%H
R 19 L 20 WPHORRICH D Z L AR LT, 85K 17b, 18b OfEF % Figure 3-12 (TR
‘g_o

Co Me
@ | 94
6-6.17 Rus——Ru
17b
4 o 5-20.57
R'/_é\i
18b 4-12.10
__Jk ) 5
(b)
irradiation
) A }
(c)
irradiation
L. . I
(d)
irradiation
l Il/ A
5 B8 40 12 44 16 8 -20 ppm
Figure 3-12. §{& 17b,18b (21T 5 SST 3R (400MHz, THF-dg, —20 °C)
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(@) DAY MVTHIFFIO AT N ThDH, §-6.17, 2057 285K 17b 2S5 v 7
FADBBIEL S, §-12.10 [TIXT VF - OZUENE DR D 85K 18b (IZHSL 7 F s
55, (b) 1% 62057 OV TFIVERK LIZARY ML THDH, K 17Tb © 6§ 617 D
T FIVEREEDN 63% JHA T L L HICEER 18b ICHIkT D 51210 OV T FIVERE G
79% T 2 L AR ST, [FERIC §-6.17 OV T IV D L 6-2057 DTS
FILVIREEN 40% P L, 6-12.10 O 7 LR T 63% Y@Z/}\ L 7= (Figure 3-12 (c)), £7-.
$EIK 18b 12D 61210 DY T FOVICIRE L2 . BEIR 170 125K 5 -6.17,
—20.57 O 7 FIVIBEEILE LI 91%, 53% Wajwfféff%:%rbx%ﬁzﬁéhf: (Figure 3-12 (d)), L4
LOREENS . A 17b LEEA 18b IZA VT OBMRICH D Z LN L N E o T,

[FRE DR 2§ 17a, 18a, $H1K 19a, 20a, #ifl 19b, 20b 2BV T HAITV, ZIE I P
WDET D2 L &R LT,

g4k 17a 18a MBERZE 'HNMR RR%Z kL

VT2 = AT T LU RN AICH T 85K 17, 18a O FHHRAYOREFTZ 'HNMR
A~ kL% Figure 3-13 (2779,

Nl

"% Wy

b

m-Ph
0-Ph
p-Ph
70°C
" I B o et v, - -
25°C ) .
-30°C __.,VA/\\/L I ‘
A M
17a 17a
18a
-100°C M“M l L_
T 1T rr T 1 1T 1T T T T T T 71T71 L A D A M D I M D A M R N R A R B R R M B |
8.0 7.0 6.0 5.0ppm -4 -8 -12 -16 -20 -24 ppm
Phenyl groups Hydrido ligands

Figure 3-13. #ifk 17a, 18a O FHHEAWDIEE AIZ 'THNMR 227 kL
(400 MHz, THF-ds)
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% 3% RuM AT FJE RY REERENET L2 & ONIG

gEIK 17a, 18a 13&JE =2 7 OWMI &M 2 SOIEEAM /27 = =V EEEH LT\ D, L
L. =30 °C LVEERTHELZ 'HNMR 2227 FLTiE, b 2 OO 7 = = /L HI3%
B Sz, LEER->T, V7 == 7 v F L BT ORI O BRI & SMAl o (&
AL L7285 RuCo 27 DLy UAEFENT 5 switchback motion DTFFENHER v, Z D
BB L VK 17a & 18a NEMLL TWAHZ L EZW 600 & L7z (Scheme 3-8),
Switchback motion 1% Rus U DOIFEEFENAL 7 /L% A THEI S TWA A, Rug AUgEA
DI T 2 HT D7 VF UEIRTIE, 7% OZUEAENZEL L TH Rk
fBICiEZ 5720, 72, Rus BOBEEFENIRIT VX U6KIE 3 DOZE e R U REAL 7%
% Ru-Ru FIIZA L TWADIZK L, 5K 17a, 18a TIXT7/AF 324G L TV 720 M-M
MiC 2 2Z8kE e U FENLF42 D, TD7, TILF OB EOZEIZHED, B R
U FELFOMESZL L TWD Z EBRHLNE R T,

/ N\
o = M TR A

\ Ph H
/ >\ 17a | \|
Ru Ru Ru—|—Ru
w
17a 18a Ph
[ Ry
CO\H CO\
H”/ \ Ph ‘\/>§h
| \I Ph R/ \RI
Ph /
18a Pl \ Vi 17
Ru\H/Ru

Scheme 3-8. A 17a &8&K 18a D BMAL OIS

JREEFTZE HMNR JIE Tl -100°C & CHIEIRE 2 TIF 7228, (RIRERAUCE Lie o7,
—100°C TO 7 = =)VEEO T 7 Fuid, 2 FEORMEIK 178, 18a (TS v 7 FAnENE
n7ua— RNIBEINL D, IEFITER 2 — biroTe, £72, Cp* ICTHKTHT 7
FE, WTROBE TS 1:2 OMELT 2 2B Ihi, —h, LFEy 7 FERRKEN
t RU REANL D> 7 F i, -100 °C T 2 FEHO RMER 17a, 18a (CHKT 5 7 Fun
EFNEN Y Yy —FIBR SN, FRT DI LNV X BN FOEIZEE), TRb b
BEIR 17a & 881K 18b OEMALOMENEHL 720 . B Y REUNLFIZHKRT D v 7k
B s o8k glsi s,

$&4k 17b,18b MBERZE 'HNMR RR% kL

1-7 = = b-1-7 1 U R FICA T 585K 17b, 18b DOFEHHE AW OIREEAIZ *H NMR
A V% Figure 3-14 (2”7,

98
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>, 'fr
Co e

H7/IN x\PhH
P \H/ SN
17b

N JbL

25°C _| J\ A )N
0°c ] / \ __i J
17b
17b 17b
-30°C J th L 1§l3b
72 68 64 60 56 52 48ppm34 0 26 22ppm 180 ppm '5 .io -15 -I20ppm
Phenyl group PhCCMe Cp* Hydrido ligands

Figure 3-14. &%k 17b, 180 O PHHEAMDOIREAIZ 'THNMR A~ kL
(400 MHz, toluene-dg)

1-7 = =)-1-7' 0 B VRN 2 AT D 85K 170, 18b TH 7 /L3 LM T O )25 Eh 3
HWEnTEY, ZozdEht switchback motion T 5 é:iﬁﬁi“éihéo pE(A 17b, 18b IR FET]
25 "H NMR A~ hLTlE, -30 °C TIRIERAUCEL TRV, V7 ==L 7 &F L Ufilfir
TEHT HE5AE 17a, 18a & Ihilk L CEIZEEN BN Z LA RS L7z, —30 °C THIE L7z A
7 MVTIE, S5 17 L 85K 18b ot R U REUL IS 7P AREnE s s
AU (17b: 5-20.63,-5.98; 18b: 6-12.01), PIEIRED EF I - T 7T id 7 v — RiZ7e D8k
FRHEONT, FRRICFEL DD IR EIER 18b 1285 < v 7 ik, 7S VB D A
FH (5 251), 7 ==/LEEDA L MT (5 5.66) THBIE SN, FETHIC L2 THE
17Tb OV 7 F N EFEULEN DR B A BT, 30 °C THRIE L7 AT M TIE, $5IR
1mo>@*:%d<y7fwﬁ1-r10xm?30ﬁﬂémtﬁ FlETsrZLT 2o

D2 DOV T FNNEBL LT, ZhUL, TR VRN T OB EEN N EHLS b 2k
T\NW?@§4A27~W?Cyﬁ%;ﬁéﬂ%ﬁﬁéo

1-7 = = -1-7'a B RN 2 AT D ERNET VX OEHATIZ, AFAVENR =T
@Wm:ﬁ T2 EMEROFEBIRE SN LD, mE\ 7 = =/VEB = a7 OSMAlZ [
=38, Cp* BfE & DSIRFEIZ LV 10keal mol™ LU EARZEEND Z LAVREA T
éo%%®t@\7:%w%ﬂWMZ&ETéEﬁW@NMRTﬂﬁ%?%ﬁ%%@k%Z
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bihvs,

Rh Z&Te7 /L% 85K 19,20 THIREAZ 'HNMR JIEEITo724ER, Co 28T /L
XA L FBEDRE RN E SN, V7 2oV T B F LR F 2 AT H85K 19a, 20a TiE.
BIEWRE O EFIZENIEZEAM 72 2 DO 7 = = VIR S /- 2 &5 switchback
motion DIFENIH SN E o7z, 72, -50°C LA F CTHIE L7z A7 Fimnbid, 5K 19a
EEEIR 20a ([CHIkT S e RY RENLFO T 7 UVEENENSEEL TBIlIS -, L L7
235, —100 °C THRRERFUICZEL TE LT, 7= o 7 g7 e — R8RSR
7o 1-7 = =)-1-7 a BRI AT H85K 19b, 20b Tik, 30 °C TIRIEMRFICE L
ZEMD, VT 2= VT F UL 2 AT H85K 193,20 KD HEIRYZEENENZ LA
oM E 7o Tz, IIETHIE LI AR MBI, fFELRDOD W BMEIRTH HEEIK 20b
Ot R RENLA, 1-7 2= 1-1-7 B DA TFNUIEBIONT 2= VRO AV ML H-S<
T FARBIIS I, 2D DT T FIVITFHRISIEV, B5K 190 DT T F v LTS
R B S urz,

g8k 22a DEETZE 'HNMR RR%Z L

Co, Rh #F TR L ITHEZR Y | Ir ZEFTesE(K 22a TIXT V¥ VBN 1 IXIRAYIC Ru-Ru
FICEE L. Ru-Ir [ICAME L BMERIIBIE S o T, L LD G, S8R 228 DR
FERIZE 'H NMR 227 FADBIE, BYEROEIEZ RET 52 7 F OB BIE S -,
bEfk 22a OIREEAZE 'HNMR A% kL% Figure 3-15 (2457,

o o- o
0-Ph ﬁr
O m-Ph H/Ir\\PhH
A p-Ph averaged signals i/glu_ _\R{%\%
Ph

90°C

-30°C

8.0 7.0 6.0 ppm -11.0 -12.0 ppm

Phenyl groups Hydrido ligands
Figure 3-15. %A 18a IRE W4 'HNMR A7 k/L (400 MHz, THF-dg)
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-30°C THIE L '"HNMR 227 ML TIE&eRE a7 OW[lo 7 = =15 (Ph™) &Ml
7 = =)L3 (Ph™) AIESMICEBI S =2, FHRICHEVZEROIEAA L, 9 °C TiX 2 2
D7 = = VIEPNEMRICBR STz, LA ->T, Co BLW Rh D% &[RERIZHIER 22a O
Tz AT EF UM FLEINEERZ R T 2 ERW LN E R Te, TAT RN T O
switchback motion [ZPEWEER 228 CTH BB HEITT D L0 L b s 23, KIRRAICIH W
THERMRICHEKT A7 VidBll SN enroTz, L LN G, HMICBH S b X
$HR 22a O RY NEALFO T 7 FMIRBMETC—HB7 o — R8sz Z Enn, &
PERZY 'THNMR ORHIRFRLL T ORE TIET 5 Z EBNBORB SN, T74abb, ¥ 7=
=T BT U UERALADY Ru-Ir BHTEERKG L7 BAMER 21a DMEDTAAE L, 85K 21a & 881K
22a Ot NV RENALFDERMAETHME LIGD 5720, 77— =V I nBlgEshizbo L
HEMI S % (Scheme 3-9), 90°C THIE L7 A7 ML TlE, & R U RENLFICESL 7
JVITFH O v — 7128 S D08, ZHudshil 21a & 22a @ switchback motion (2 & % %1k
{EOEEN EHF 22 LT, T AN NTTDThH D,

= >

Ph
I\PhH

/Ir
Scheme 3-9. #&{A 21a &85 22a O Fflr
—J7. $5K 22b DIREEFZ 'H NMR & HIE L7223, BMERICHESS S 7 F A0y 7L
D7 a— R ZIIBER SR o Tz, 8K 22b TH 7V VBN DB ZEECZF I

5 B 21b OIFTENHERI X705 25 851K 21b 13851k 22b & bhis U CHleD CIE(ELL D 7
W=D, HNMR O 7 F B A RIF S o b D EEZ LD,
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55 5 & ERFAHCES(REAMORERICET HER

Co, Rh DR TIET /v VEUL 77 Ru-9 HRABRITEUE L7-85K 17, 19 WLEETHHD
IR LT, Ir OFRTIET VX BN 128 Ru-Ru MICZERE LT-881K 22 O NLETHDH
EERASMNC LT, $5K 17,18 B X UGS 19,20 TiX 'HNMR % W TR 2K oD,
BMAM O R L F—2E52HH L7z (Table 3-9), Z DR, BIMEKROIF/EHITEEIC L - TIE
EANEFRBEZ TRV L ERRLTND, —, Ir ZETR TSR 22 LrvBlgan T
W, BMEAR O RLE—3E1F Co, Rh DRIV HRENZENRI NN LD, H
NMR OREHRAZZET 5 & TF VBN Ru-Ir BHZZEME L728EIK 21 13, 851k 22
£V b 3kealmol™ DL ERLETH D Z ENHEHI S NS, ?

Table 3-9. FEEHALNAT /L% GHA 17-18 DORMIRILIS LT Ru-M 2046 O FMER A4 B e L
L7EBRoOF 7 XH BT R/ F—

Position of the alkyne ligand »
Y Y AG [kcal mol™™]  Temp.[°C]

Ru,Co-PhCCPh 74% (17a) 26% (18a) +0.17 -30
Ru,Co-PhCCMe 77% (17b) 23% (18b) +0.25 -30
Ru,Rh-PhCCPh 94% (19a) 6% (20a) +0.91 -50
Ru,Rh-PhCCMe 83% (19b) 17% (20b) +0.43 -30
Ru,Ir-PhCCPh - (21a) > 99% (22a) <-3

Ru,Ir-PhCCMe —(21b) > 99% (22b) <-3

Saillard & |ZEMEEREEH (MMY) 26T 2 FATER I L O ERARL T L& 85RO
SFHEEE AT THY ., ¥ AT T VX R TIX, TAF VRN FIXE T EE R
ERFOE o EEEEKLEFNEETH D EBREN TS, ZIUSK L CRERARL T
VX EERTIE, AR OOETEEICHEDL T, TR UVEN FARESER (M-M) 12
BT 256 L BEGEM (M-M) IC8ET 256 & TIEm XL X —|CHEREITRHE S
WTUWRUN,

AREITIEL, BERAT L A 17-22 O RBMR O EMEICET MR E2HS 5720,
PR 17-22 © DFT FHHEZAITo7o, ZORER, SR LE 7 VX VRN & OFEE IR
TREENBEINRDDST-00D, EFE5 9 EEBOEMHEIZE > T U NEALFDOLE
BALENE T2 E2HLMNE LT,

§8(k 17,18 @ DFT HE

—H OB RN T VX EERO DFT A CIE, S X SEERITIc v ivE S
4y 163 A ) HREES & L. Gaussian 09 program (2 & - THEE R b3 L OMEEE R 21T - 72,
FEERBEIIEBE A SDD. JRFEB L UOUKFHEIT 6-31G(d,p) & L7-, HAEIEIHIZIE B3PWIL

B 3kcal mol™t DR F—ENHIUT, FIEEIT 22:21=300:1 FRE L2 5,
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% 3% RuM AT FJE RY REERENET L2 & DONIG

ZRWZ, REFHEICBOD CUIERIEE N o<, BEWBETH D Z LB ERINT,
B(A 17a, 18a DiiE LA & B )72 = R )L X —(l % Figure 3-16 (2. LERfEARE &MHA
4% Table3-10 (7=,

17a,0.00 kcal mol-1 18a, +0.44 kcal mol1

Figure 3-16. DFT {kIZ X% 17a, 18a Dfci b (JRFBICHES L7o/AKFITAME L1z, )
PEIRTE S A OBIEIL 17a ZHEAEL L7ZBO X7 X BT % /L¥ — (at 248.15 K and 1 atm)

Table 3-10 (a). %k 17a O EARHEAE (A) LHAEM (O

Rul-Col 2.6913 Ru2-Col 2.7581 Rul-Ru2 2.7240
C1-C2 1.4117 Rul-C1 21177 Ru2-C1 2.3309
Col-C1 2.1202 Ru2-C2 2.0630 Col-C2 1.8846
Rul-H1 1.6865 Ru2-H1 1.7473 Col-H1 3.3876
Rul-H2 1.9257 Ru2-H2 1.8795 Col-H2 1.7360
Rul-Col-Ru2 59.969 Ru2-Rul-Col 61.233 Col-Ru2-Rul 58.798
Rul-C1-C2 125.237

Table 3-10 (b). $&fk 18a D ERMELE (A) LHEEFA ()

Rul-Col 2.6538 Ru2-Col 2.6549 Rul-Ru2 3.0100
C1-C2 1.4395 Col-C1 1.9599 Rul-C1 2.2634
Ru2-C1 2.2632 Rul-C2 2.0223 Ru2-C2 2.0229
Rul-H1 1.6771 Ru2-H1 3.0428 Col-H1 1.6348
Rul-H2 3.0587 Ru2-H2 1.6762 Co-H2 1.6339
Rul-Col-Ru2 69.083 Ru2-Rul-Col 55.475 Col-Ru2-Rul 55.442
Col-Ci1-C2 123.547

BE(R 17b, 18b D EpELAEE & XTI =k VX —{f % Figure 3-17 12, EREAR LA
4% Table3-11 |2~
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% 3% RuM AT FJE RY REERENET L2 & ONIG

17b, 0.0 kcal mol? 18b, +1.2 kcal mol-?!

Figure 3-17. DFT {.£I2 X% 17b, 18b D bEE (PRFBITHEG L7o/AKFITEM Lz, )
PERTE S A OFEIL 17 2L L0 X 7 XH B =X /LX — (at 248.15 K and 1 atm)

Table 3-11 (a). %K 17b O EARFAE A) LEEA (O

Rul-Col 2.7009 Ru2-Col 2.7595 Rul-Ru2 2.7152
C1-C2 1.4118 Rul-C1 2.1008 Ru2-C1 2.3166
Col-C1 2.1296 Ru2-C2 2.0431 Col-C2 1.8545
Rul-H1 1.6916 Ru2-H1 1.7462 Col-H1 3.4030
Rul-H2 1.9095 Ru2-H2 1.8985 Col-H2 1.7389
Rul-Col-Ru2 59.625 Ru2-Rul-Col 61.260 Col-Ru2-Rul 59.114
Rul-C1-C2 124.390

Table 3-11 (b). $%1K 18b D ERKAE (A) LHEAHA ()

Rul-Col 2.6493 Ru2-Col 2.6576 Rul-Ru2 2.9505
C1-C2 1.4343 Col-C1 1.9499 Rul-C1 2.2592
Ru2-C1 2.2805 Rul-C2 20171 Ru2-C2 1.9957
Rul-H1 1.6758 Ru2-H1 3.0869 Col-H1 1.6361
Rul-H2 2.9807 Ru2-H2 1.6816 Co-H2 1.6409
Rul-Col-Ru2 67.555 Ru2-Rul-Col 56.357 Col-Ru2-Rul 56.088
Col-Ci1-C2 123.420

HfES X S ERAT CIESER 17a, 18a 1XRM Th o 7272 DFT FHREIC LV Red 7= i
{bMEE LMt A R - SAADHEILZTE 2, LOLRRL, V7= 7EF LU
L ORE L TV D e BHERES R < 22607 = = VEOHR O R EIEHFH I Tz,
EHIC, TRLF—2EL 17a OFPLRETHD 2 EPREN, FEEOBRAFIR STV,
F7- bR 17a O R U RELF H2 X = EAUEMEISE SV TS Z ERBH LN E 25T,

1-7 2= -1-7a VBN 2 AT 5 17b O {bE Tk, EBEOn FifiE sz L < FH
LT, —F., 85K 18b DS IZERIICH LTSN TWARWV, DFT HECIIEE
S LTI L7z, 170 1% 18b £V b L2kcalmol ™t ZETH D Z LAREI, THRLF
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% 3% RuM AT FJE RY REERENET L2 & DONIG

—ETEROME (0.25kecal mol™) LV &KX VWA, ZOMEMITIHEB STV, £/ 17a &
FIERIZ, 17b O b#EETIE, & U NEAL T H2 1 =EZEBAEISEDSNTWND Z &N
BHAOMNE o7,

$84K 19,20 M DFT &%

$EIR 19a, 20a D EcE LA & AR 72 = R L —fi % Figure 3-18 |2, AR LS
4% Table3-12 (27”7,

19a, 0.00 kcal mol—t 20a,-0.53 kcal mol-?

Figure 3-18. DFT 752X % 19a, 20a OfiE bt (RFBITHA LIZAKBITEM L2, )
PERR S A OBIEIX 19a ZHAEL LIEFROXF 7 XH R =R /L¥— (at 228.15 K and 1 atm)

Table 3-12 (a). #8{K 19a O EARRAE A) LEAA (O

Rul-Rh1 2.7994 Ru2-Rh1 2.8675 Rul-Ru2 2.7115
C1-C2 1.4120 Rul-C1 2.1411 Ru2-C1 2.3129
Rh1-C1 2.2608 Ru2-C2 2.0690 Rh1-C2 2.0065
Rul-H1 1.6895 Ru2-H1 1.7473 Rh1-H1 3.5256
Rul-H2 1.9336 Ru2-H2 1.8978 Rh1-H2 1.8342
Rul-Rh1-Ru2 57.157 Ru2-Rul-Rh1 62.685 Rh1-Ru2-Rul 60.158
Rul-C1-C2 125.443

Table 3-12 (b). #&1k 20a D ERFAE (A) LHEAH ()

Rul-Rh1 2.7641 Ru2-Rh1 2.7652 Rul-Ru2 3.0384
C1-C2 1.4337 Rh1-C1 2.0813 Rul-C1 2.2905
Ru2-C1 2.2896 Rul-C2 2.0351 Ru2-C2 2.0348
Rul-H1 1.7074 Ru2-H1 3.1074 Rh1-H1 1.7190
Rul-H2 3.1116 Ru2-H2 1.7074 Rh1-H2 1.7185
Rul-Rh1-Ru2 66.666 Ru2-Rul-Rh1 56.684 Rh1-Ru2-Rul 56.650
Rh1-C1-C2 124.273
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BEIA 19b, 200 DAL S & AR = RV X —fE% Figure 3-19 (2, TEAMAR LA
4% Table3-13 1T777,

19b, 0.0 kcal mol—2 20b,-1.2 kcal mol

Figure 3-19. DFT i.£IZX % 19b, 20b D b (IRFITHEE LI AKFITEME LTz, )
PEIRE A ORUEIL 190 ZEHEL L72BRoF 7 XH B =3/ ¥ — (at 248.15 K and 1 atm)

Table 3-13 (). #fik 19b O ELRFEEE RA) LHEEA (O

Rul-Rh1l 2.7575 Ru2-Rh1 2.9285 Rul-Ru2 2.7657
C1-C2 1.4222 Rul-C1 1.4222 Ru2-C1 2.3246
Rh1-C1 2.2692 Ru2-C2 2.0017 Rh1-C2 2.0124
Rul-H1 1.7114 Ru2-H1 1.7350 Rh1-H1 3.2748
Rul-H2 1.6950 Ru2-H2 2.8780 Rh1-H2 1.7792
Rul-Rh1-Ru2 58.116 Ru2-Rul-Rh1 64.040 Rh1-Ru2-Rul 57.845
Rul-C1-C2 124.034

Table 3-13 (b). $&(& 200 DEARAEE A) LEAH )

Rul-Rh1l 2.7590 Ru2-Rh1 2.7687 Rul-Ru2 2.9797
C1-C2 1.4282 Rh1-C1 2.0685 Rul-C1 2.2851
Ru2-C1 2.3088 Rul-C2 2.0257 Ru2-C2 2.0118
Rul-H1 1.7059 Ru2-H1 3.0890 Rh1-H1 1.7257
Rul-H2 3.0895 Ru2-H2 1.7085 Rh1-H2 1.7243
Rul-Rh1-Ru2 65.237 Ru2-Rul-Rh1 57.538 Rh1-Ru2-Rul 57.225
Rh1-C1-C2 124.174

& B BERE OB DUV TIEERE S X BHRERIT ORE R BB STV b D0, B
ORI F—EICOWNWTIEHHRINTE O T, 20a,b ODHFNLZETHD Z BRI,
19a Ot RV RENLF H2 1% Co D& [FERIC, ZEHZRBMEIZTS < HRmABE S Twn
4, 190 TlE Rul-Rhl R EEUEALEICAEE L TUW s,
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§E4k 21,22 O DFT &%

$EIR 21a, 22a Dfcim b & XA /e = % VX —fl% Figure 3-20 12, ERFEARE &S
4% Table3-14 (27,

21a,0.0 kcal mol1 22a,-4.3 kcal mol-*

Figure 3-20. DFT {kIZ X% 2la,22a O b (RFBICHES L7o/KFITAME LTz, )
PEIRTE S A OBEIL 21a ZHEAEL L7ZBOX 7 X BT R /¥ — (at 298.15 K and 1 atm)

Table 3-14 (). #8k 21la O EAKAE A) LHEAA O

Rul-Irl 2.7660 Ru2-Irl 2.9619 Rul-Ru2 27777
C1-C2 1.4296 Rul-C1 2.0976 Ru2-C1 2.3305
Ir1-C1 2.2750 Ru2-C2 2.0280 Ir1-C2 2.0494
Rul-H1 1.6968 Ru2-H1 1.7439 Ir1-H1 3.3346
Rul-H2 1.7359 Ru2-H2 2.7684 Irl-H2 1.7596
Rul-Irl-Ru2 57.897 Ru2-Rul-Irl 64.589 Irl-Ru2-Rul 57.514
Rul-C1-C2 124.853

Table 3-14 (b). #&fk 21a D ERKAE A) LHEAA ()

Rul-Irl 2.7944 Ru2-Irl 2.7848 Rul-Ru2 3.0264
C1-C2 1.4342 Ir1-C1 2.0786 Rul-C1 2.3292
Ru2-C1 2.3243 Rul-C2 2.0429 Ru2-C2 2.0477
Rul-H1 1.7338 Ru2-H1 3.0977 Ir1-H1 1.7172
Rul-H2 3.1085 Ru2-H2 1.7300 Irl-H2 1.7216
Rul-Irl-Ru2 65.700 Ru2-Rul-Irl 56.998 Irl-Ru2-Rul 57.302
Ir1-C1-C2 124.169

$EIR 21b, 22b DEcELAERE & MR/ = R L —fE% Figure 3-21 (2, ERFBEAE LHES
4% Table 3-15 (27”7,
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21b, 0.0 kcal mol—? 22b,—4.4 kcal mol—?

Figure 3-21. DFT ¥£I2 X% 21b, 22b D@ LG (KAITH G LI AKRITER LTz, )
IR S A OFUEIE 21b A SLHEL L-BEOX 7 XH R r/L¥— (at 298.15 K and 1 atm)

Table 3-15 (a). %k 21b D EARFEEE A) LA ()

Rul-Irl 2.7779 Ru2-Irl 2.9413 Rul-Ru2 2.7706
C1-C2 1.4294 Rul-C1 2.0784 Ru2-C1 2.3280
Ir1-C1 2.2870 Ru2-C2 2.0113 Ir1-C2 2.0175
Rul-H1 1.7146 Ru2-H1 1.7328 Ir1-H1 3.2981
Rul-H2 1.7276 Ru2-H2 2.8603 Irl-H2 1.75920
Rul-Irl-Ru2 57.868 Ru2-Rul-Irl 64.026 Irl-Ru2-Rul 58.106
Rul-C1-C2 124.063

Table 3-15 (b). $&fk 22b O ERFEGR B) LHEGA (0)

Rul-Irl 2.7851 Ru2-Irl 2.7926 Rul-Ru2 2.9967
C1-C2 1.4310 Ir1-C1 2.0712 Rul-C1 2.3122
Ru2-C1 2.3298 Rul-C2 2.0261 Ru2-C2 2.0146
Rul-H1 1.7300 Ru2-H1 3.1018 Irl-H1 1.7284
Rul-H2 3.1071 Ru2-H2 1.7326 Irl-H2 1.7326
Rul-Irl-Ru2 64.995 Ru2-Rul-Irl 57.623 Ir1-Ru2-Rul 57.382
Ir1-C1-C2 123.636

22a,b O G I TGS X ST OBRE L BE< BHE L TEBY , ZEARRE o= 2L
X—E G EEOME & —F LTV, 2lab Ot RU REATFOZEENE X, Co, Rh 5T
17a,b,19a L1370 | Rul-Irl ICZEZEBE L TWA Z ERNHLMMNE o7,

—H O E /N T VX EER 17-22 O RMER O = 2L X —7E % EEEOME & R T
Table 3-16 IZF & B 7=,
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Table 3-16. $&K 17-22 @ Ru-M ZEEDRMEARAZILAEL L-BEOXF 7 AHH T R/ F—

AG [keal mol™]
Temp. [°C]
DFT exp.
Ru,Co-PhCCPh (17a, 18a) +0.40 +0.17 -30
Ru,Co-PhCCMe (17b, 18b) +1.2 +0.25 -30
Ru,Rh-PhCCPh (19a, 20a) -0.53 +0.91 -50
Ru,Rh-PhCCMe (19b, 20b) -1.2 +0.43 -30
Ru,Ir-PhCCPh (21a, 22a) 4.3 <-3 25
Ru,Ir-PhCCMe (21b, 22b) 4.4 <-3 25

Rh Z%&te 19, 20 T FRESIIFHHR SN b DD, BYEEM OLEMENFHR S0 »
72o L22L. Co, Ir DR TIXTRAF—H G ERE & LI LD —ERA LN, &b 9 i
BIBIZK > TTNX VN DR ERBRENE N R 72D 2 ENFHH ST,
FEERMBETILEUEEK 17-22 OREMZXERT IER

DFT EIZ L » TROT-HEEFNA T L 85K 174, 193, 21a O k%% Table 3-17

(2. 18a, 20a, 22a Db iiE %2 Table 3-18 (2% & 7=,

Table 3-17. 17a, 19a, 21a O HmE bAEEDLE: (M = Co, Rh, Ir)

Co1 IPh Rh1 IPh /Ir1 IPh
H2// \\\CZ H2// \\\CZ H2 / \\\CZ
e e e
Phjc'] \\ Ph7c1 \\ Phjc'] \\
VRN /TN VRN
Ru1 Ru2 Ru1 Ru2 Ru1 Ru2
~
H1 H1 H1
17a 19a 21a
Bond Lengths (A)
Rul -C1 21177 2.1411 2.0976
Ru2 - C1 2.3309 2.3129 2.3305
Ru2 - C2 2.0630 2.0690 2.0280
M1-C1 2.1202 2.2608 2.2750
M1-C2 1.8846 2.0065 2.0494
Cl1-C2 1.4117 1.4120 1.4296
Rul - H1 1.6865 1.6895 1.6968
Ru2 — H1 1.7473 1.7473 1.7439
M1 -H1 3.3876 3.5256 3.3346
Rul — H2 1.9257 1.9336 1.7359
Ru2 — H2 1.8795 1.8978 2.7684
M1 - H2 1.7360 1.8342 1.7596

TV VRN AR & ORI, M1-C1 $ XY M1-C2 (M =Co, Rh, Ir) TZE(LRA B,
Co Z&te 17a TIX.Rh, Ir & e 19a,21a LH#EL T 015 A ML 2B SN,
ZhHiE Co DFFHRO/NSERRMENTWAH L0 EHEH SN D, —F5. Ru2-H2 [HHEHEE
X Ir 25T 2la CTHEFICELS 2D ZERHALNER-T, T7b6, 174, 19a Tixk R
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REE T H2 13 =GN B ICAA(ET A DI LT, 21a TliE Rul-Irl o —EZEFEAEIC
TFETLHZENHALNE o7,

Table 3-18. 18a, 20a, 22a Dk {kA#IE D L (M = Co, Rh, Ir)

1 / \ / \HZ
\
Rul—|—Ru2 —|— —|—
\ \ \
18a eh 20a Ph 22a Ph
Bond Lengths (A)
M1 -C1 1.9599 2.0813 2.0786
Rul-C1 2.2634 2.2905 2.3292
Rul -C2 2.0223 2.0351 2.0429
Ru2 -C1 2.2632 2.2896 2.3243
Ru2 - C2 2.0229 2.0348 2.0477
Cl-C2 1.4395 1.4337 1.4342
Rul -H1 1.6771 1.7074 1.7338
Ru2 - H1 3.0428 3.1074 3.0977
M1 -H1 1.6348 1.7190 1.7172
Rul - H2 3.0587 3.1116 3.1085
Ru2 —H2 1.6762 1.7074 1.7300
M1 - H2 1.6339 1.7185 1.7216

— 5. T X UENLF2Y Ru-Ru BIZZR4E L7- 18a, 20a, 22a Tk, Co J& W OfEAE7M Rh, Ir
L THL RO DA LN OO Ir 5T 22a TIHBAEREEOZ(LITBILE I
TR, oMzt HERERSS Wiberg bond index %5 & a8 L7-72%, —EOSAK 1722 T
IR ERRETBEIN RN T2,

PLbEDZ Ene, TEBAT LXK 17-22 Tid, & U RN OZAEALE S
DEEMICREREBEZ KT L TWND I ENI DN R T, 17ab, 19a THLIL-HEE (A).19
THLINI-MEE (B). 8LV 18ab, 20a,b, 22ab THLLZHEE (C) TIX 9 EEeREY O
R U RENLTF OB R Y FR 2 [M-H]/[Ru-H] (M = Co, Rh, Ir) ®tti% 0.25 (A), 0.33 (B),
1(C) &72>TW% (Figure 3-22), FERIEMEEN K E 25— R HER &R D Co T@iﬁ&ﬁ%ﬁﬁ
KEEZ L VTN, A ORERLZEICRD D EHERIEND S, 9 BEBOEWAT
\< IZL7230, B,C OEELREICRD O L Ebid, FCEEHkiEsz & D%ﬁ?‘b\

SEAHEBREEO Ir TIX, B RU REUNL L OfEGE %< b0 C OREENIEFICLEIC
fgot%)@é:%ﬁ XD, mEMEREENE R NENL 1 &2 < OFEE 2 TERT 2RI
T HFAMEEK 8,9, 10 X Ru & Os "HD =%kt KU Fﬁ%%f%éﬁ%:séh
Tn5, #

# Kameo, H.; Shima, T.; Nakajima, Y.; Suzuki, H. Organometallics 2009, 28, 2535.
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M M M
\\c H/\\\C “/E\H
Q 2 VA

ZHIY 77N 1NN

Ru/ Ru Ru Ru Ru—l—Ru

~u— ~u— N M = Co, Rh, Ir

A B (o]
[M—H}/[Ru-H] | 0.25 0.33 1 >
Ru,Co Ru,Rh Ru,lr

Figure 3-22. FEEANUT L& U AofE s 9 ReERH Y o R FRALFOFIE

BFREEO S ZERET X, Rh 23
o2 CORMKB O RLF—71T Co D
FREHE LTRSS 2D bDEHMREIND,
UL, SEBRICIX Table 3-9 (2R L72XH 1
Co @t kD I7 M RIERE D> L —5
DNEL o TS, ZOERIT, ==a7
DHMAZ [T EIE L Cp* & OIZATAR
KFEIZEDbDEZEZ BND (Figure 3-23),
TR RN RESREM (Ru-M) (288
B 2558, Ru-M fEORY Rh OJ573
Co XV &R IEDFEM S D D TLRIEIC Figure 3-23. $1k 17a OZEfFIHET L
5 EEbhs,

B3 ETI, K 1,23 £V T 2= AT HEFLUBIY 1-7 2= 1-1-7 0 B E ORIG
ZRET L, ZNEh T 2 mEAAA T LR A 17-22 MEL N, 1§ b EERL
BT L U SERIT closo W& TH DAY, T DT nido #EiEE AT 2 FEATENLL T L% Lo
ENLOBAFESL L IZT AT OKRFEICED e R NEALFOBBEZRE L CTER LT
WBHZ EDRENT,

T VR VBN A I BN %EE) (switchback motion) ZSEIZR S AL, AT XD T LR RN
2% Ru-9 W48 MG Lo BE(R 17,19, 21 & Ru-Ru (ZZ84F L7- BA%E(R 18, 20, 22 A3
LTS Z 2B B2 E Lz, Co,Rh Z&ETe R TIET L% VBT Ru-9 HEEBRHIZ
BAKE U7 AR 17,19 OFIERZ WV OIZx LT, Ir 25102 TlX Ru-Ru 122848 L 7= BPE(R
22 DHIPBEL ST,

DFT FENGIX, B R U FENLF OGO E A T B RN T /L SR DR EMIT B L
TS Z ERHERI ST, FIRIOICARIEFlIZ 72 0 o7 Co & de 7 L% V85K T, Co
DEVIAFET D Y REUNL O D72 0 HEE (A) BEE LRV, AR REIC /2
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T I ZETR TR Ir RO Y FENLF LB ZIBRT 21iE (C) NLEILR
Hb0LEbns,

112



% 4E

49

RuM #F FSEFY FikEE RO
& D RIS

Vo






BA4E RuM BT R FU AL Funsv T Lok

4

B 4E RuMETFFSEFYFEREEROSSVEDRE

¥ 18 #E

b Rav v bR RSB L ORIGICE D . ZNETICHESZ L O U RIS
EnTE, ' 20X 957 Si-H FA0URc ks M-Si fEAOFKIZ, & Rav ik
RV T OWKFES v Y T ROEOEBRFBRISE SN T WD, d & BEIZH %A
HER &R OYA 1L Scheme 4-1 (R $ X 92, =H.L & T (3c-2e) HANEMZ#S Si-H
A ORI INC 0 U AEEERN AR T D Z E RN bt TWD, EEE, BB ino$
FRIZAHYS 95 M-H-Si @ 3c-2e AR ZRFF LTy T VAW OB Bt S Tk
V.2 DX REARNEEICHIETE 20IFKD C-H A LB LT Si-H &A1 o*
DOHGEDILN Y PRELBBO d BB EFHEEH LT WD TH D LB STV 5D

|§1 R1 R1
. Rz -~
Rz"'/ Si——H R,™ /
R3 \ / \ /
M
3c-2e Interaction Silyl complex

Scheme 4-1. Si-H #5i& OALAIfHIN

T T v (RSIHy), —fkD T2 (RSiHy) b L< I SiHy O XL 9 IO Si-H #Ei& %
BT 5370 LBBERIERE ORGTIL, ZEMO Si-H G ORRLrFnAglR s
W5, ° Hermann 51% Cp*Mn(CO); (ZHIRH T T SiH, 2/EHSH 5 Z & T, Si-H fEAD
BRALAORTINAS " Be BT L ZERE S U LU AR5 Z L 2 LT D (eq. 4-1), *
BRI RARIIBIZE SN TR W REONMIHZO VY VR Z R L TEITL TV D H O
EEZEZLNTND

H H
\/
. i
p g SiH SiH, Cp*Mn
| iHg \Mn/ [Cp*Mn] 4 / AN P>
Mn —_— % —_— Mn Mn (4-1)
oc” | co  hy —o oc”/ o | v [ Neo
co oc oc co
Silyl complex w-Silylene
complex

! (a) Corey, J. Y. Chem. Rev. 2011, 111, 863. (b) Corey, J. Y.; Braddock-Wilking, J. Chem. Rev. 1999, 99,
175.

2 Kubas, G. J. Metal Dihydrogen and o-Bond Complexes; Kulwer Academic/Plenum Publishers; New York,
2001.

% (a) Herrmann, W. A.; Voss, E.; Guggolz, E.; Ziegler, M. J. Organomet. Chem. 1985, 284, 47. (b) Ogino,
H.; Tobita, H. Adv. Organomet. Chem. 1998, 42, 223. (c) Tanabe, M.; Mawatari, A.; Osakada, K.
Organometallics 2007, 26, 2937. (d) Gadek, A.; Kochel, A.; Szymanska-Buzar, T.; Organometallics 2003,
22, 4869. (e) McBee, J. L.;Escalada, J.; Tilley, T. D. J. Am. Chem. Soc. 2009, 131, 12703.
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F72 Ru, M7 R T KU RESE 4 128k T v ERIS L, BERZES U LEEIRZRRE L
TEREBU Y VR EZ 525 (eq.4-2)." HFRIKTH 5 B ARG ) LVEEATIZ.SI 28 o
#EA (Ru-Si) & 3c-2e FHAMEM (Ru-H-Si) T Ru-Ru MIZZEE L TEBY ., Si-H fEa 0 B
HNCEALAIA IS 2k T3 Bl & LTV %

R R R R
HH 2R,SiH H7Si\H H /Si\
ﬁ-RG/\\Ru—q —2: ﬁ—Rlu—H——Rlu—g ‘——2‘ —RuiH>Ru—q (4-2)
\H\g, -2H, lL\S/ H, \H/
ol Si
4 /\ /\
Bis(u-silyl) Bis(u-silylene)
complex complex
WEBNIRONTWDA, ZHEBEE TN LRI gL A RA b El s h

TW5, L%%i@ﬁ@Fe%%:*ﬁV7y%¢%éﬁ5:&ﬁ Si-H #& & OmALrIft
s 3 BEREEAT L, —HZEGS U U VEEANERE NS Z L ERH LTV (eq. 4-3), P &
7=. Nicholson HZHNVAR=VT FAX—LE Ru LTt DORIGERERINTHIZE L TEBY .
Co4(CO)yy EATF N T U EDIEMNHIZINEZEE S U Y VAN HBES LT D (eq. 4-4),

5b

Me;Si Cp
N—SiH; |
Clp Me;Si OC/FeiCO
Fle\ F,e | Fe *-3)
ocC co SiMe; hv cp” | SII I\Cp
oc co
N
Me;Si SiMe;
Me
2 MeSiH, \g
CO);
Co04(CO)42 ——» (0C);Co / Co(CO (4-4)
rt (OC)ZCO/ (CO),
// CO
|
Me

* Suzuki, H.; Takao, T.; Tanaka, M.; Moro-oka, Y. J. Chem. Soc., Chem. Commun. 1992, 476.

> (a) Hirotsu, M.; Nishida, T.; Sasaki, H.; Muraoka, T.; Yoshimura, T.; Ueno, K. Organometallics 2007, 26,
2495. (b) Anema, S. G.; Lee, S. K.; Mackay, K. M.; Nicholson, B. K. J. Organomet. Chem. 1993, 444, 211.
(c) Mackay, K. M.;Nicholson, B. K.; Sins, A. W.; Tan, T. T. Acta Crystallogr., Sect. C 1987, C43, 633. (d)
Anema, S. G.; Barris, G. C.; Mackay, K. M.; Nicholson, B. K.; Roninson, B. H.; Tiel, M. L. V. J.
Organomet. Chem. 1988, 350, 207. (e) Evans, C.; Harfoot, G. J.; McIndoe, J. S.; McAdam, C. J.; Mckay, K
M.; Nicholson, B. K.; Robinson, B. H.; Teil, M. L. V. J. Chem. Soc., Dalton Trans. 2002 4678. (f) Arii, H.;
Takahashi, M.; Nanjo, M.; Mochida, K. Organometallics 2009, 28, 4629. (g) Yang, J.; Rosal, I. D.; Fasulo,
M.; Sangtrirutnugul, P.; Maron, L.; Tilley, T. D.; Organometallics 2010, 29, 5544. (h) Arii, H.; Takahashi,
M.; Nanjo, M.; Mochida, K. Organometallics 2011, 30, 917.
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L L7en b, 3c-2e MIAMEHZRE L2 8B OICEEEEE Lz 71 Fibikix 1 41
L Sh TR LT, © SEEES U U UM O PRIEICH S 5 2 EEED Y T |
VUNABIORVY LUHRICOWTIRIZE A LWL NI EN TV,

—h. BIZ Rudr M7 FZ 6 RU REEK 3 L b Frd T EDRISEMRF L, 3c-2e tHA
B 24T 5 ZHEE 7 A FIEROAERZRB L TWER, T ZORISAERYIZ I FE
SHTWARY, ZOREEZIF, KETIE Ru & —H#HO 9 KeB2atedEk 1,23 £ K
Ny T EDRISEME LI, ZORE., —HkT 7 EORIGTIZENZ IG5 —H4E
B UMK E G222 6NnE L, =R T EDRISTIEL Si-H 6 ORI
&R TN AT HEI T 95 2 & & L L7z, 3c-2e FHEAERZAT D 7 A FESIRIT, 7R
HRIL Z 27 R L (v(M=Si-H)) ® NMR 27 ML ToD PSilH o~ 7Y o 7 EHK
(Jsin) 72 EWV OO 2 3 e FH T — 2 2 52, 2 HI3ERT OoME 2 L < g
HTEMABINT WD, LIRS T V7 T7AF =L Nav 7 EDORISERHETHZ L1,
7 A SBENL - OF BB AR Z R 720 T <L A FEUL A LT Co, Rh, Ir OMHE
DEVWEZH LN TEDL O WIS,

® Sanow, L. M.; Chai, M.; McConnville, D. B.; Galat, K. J.; Simons, R. S.; Rinaldi, P. L.; Youngs, W. J.;
Tessier, C. A. Organometallics 2000, 19, 192.

TR BERN, EOLERCSC, HURTEERE (2001)
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F 28 8K 123 ¢E—BIUOSVEDRIBICEZIZEERBLV)IILEBEDER

BEIK 1,2,3 T =T tert-TF LT T L DRUSIC L D RSt S S EAEE S Y L
BEIK 2527 2457, —HO ZEYES ) ASEAEZFET S L L HIT, PSiH v SV v
EH (Jsin) DKRE X BIEEHOH S L M-H-Si OMIfEIES) (v(M-H-Si)) D
L7,

Bk 1 RISV EDRE

K 1 17 2=y T BE N ernt- 7 F Y T U EERSEIZ L 2 A RIRTEEMICK
JEDSHETT L, ZHZEE S U JLEER (Cp*Ru),(Cp*Co)(u-H)s(us-H,SiR) (25a, R = Ph; 25b, R = tBu)
PG BT (eq. 4-5), ZOFUSHEEE L7z NMR o 7N Fa—7HTTFH Z &Ik, K
FOTONBEZBIE LT (64.47), $5K 25 TIX. Si 1X Co & o fEATDHELEBIT, 2 2D
RuU-H-Si HHEMERICE > CZEIEME L TWD I ENHLNE 2o, ZNETICH, =58
Kb FrY T EDORSITME SN TE N, Ky UV ASEROAR LIRS TS
.8 BT U LR DA RIS TOF L 22 B,

fr RSiH; R
| |

(R = Ph, tBu)
Lo H—Si

H |\H -H; /
* —H -HO *
| H | ——>» Cp —RU¥I—C0—Cp (4-5)

7
/Ru\ /Ru\ toluene, rt |_I| \ i /|_’|
H 30 min _/Ru“
Cp*
1

25a (88%, R = Ph)
25b (88%, R = tBu)

bR 25a 1% 'H, °C, ®Si NMR, FRAMIHIER L OTEHROITIC L 0 RIE L, Hiksh X M
SERRATIC L > TE OME 2 R L7-, IR THIE L7288K 25a @ "HNMR A7 R LTI,
Co IZEfL L7z Cp* (ZHEED L 7 udy §1.77 12, Ru IZBML L7z Cp* ICHKTH V7T
LA 5196 (2 1:2 OTHMlEN, B RY FEZ 7B LD RU-H-Si (2S5 7
T RTESEN, §-19.20 Jsiy=35Hz) 12 #Si L DY T T4 FE—27 ff- THIHISH
720 PSiH}NMR A~ bV Tl Z@ZEHGES U B FICHES< & 7 F A 5180.8 121
HEniz, O 7 2= T Oy 7 Nt §-59.8 IZBESND Z L5, Ru,Co B
ICEHRET A L TREERISG Y 7 52 EBHL N o T, SR 25a DOIRFILIL
A7 MVTIE, BJBIC i BAL LT SicH fEAICEF AN 7 v — RARIRIAY 1793 em ™ (C
B ST~ 85K 25b ICHOWTHRERICEE L. ZPSi{’H} NMR 2% FLTlE, = H2HE
VU IVEMNL T LS v 7L (6 203.2) DN iEEED tert-7 F LT v (5 -39.8) &Ll LT
WG BN D Z L MR LT, E7o. FRIMBINA Y RV TlE, v(Ru-H-Si) IZH25<7m
— R0 73 1833 em™ (2 b,

® (a) ltazaki, M.; Nishihara, Y.; Osakada, K. Organometallics 2004, 23, 1610. (b) Einstein, F. W. B.;
Pomeroy, R. K.; Willis, A. C. J. Organomet. Chem. 1986, 311, 257.
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§B{k 250 DN FiEE

BEIR 25 DA~T B IR Z 30 °C THET 2 Z LIZ L 0 G oo B0k a2 i
WTHLRE S X SRR 21T o 7=, O BBK 252 D4y FHEIEA Figure 4-1 ([T ERFEAR A
Table 4-1 {279,

Figure 4-1. $51K 25a D4r1-Hi& (30% probability)

Table 4-1. $&k 25a O ELRFEAE A) LHAA (©)

Ru1-Col 2.8641(4) Ru2-Col 2.8700(4) Ru1-Ru2 3.0495(3)
Col-Sil 2.1699(8) Ru1-Sil 2.4102(8) Ru2-Si1 2.3837(8)
Rul-Col-Ru2  64.256(10) Col-Rul-Ru2  57.966(10) Col-Ru2-Rul  57.778(9)
Rul-Sil-Ru2  79.00(2) Rul-Si1-Col 77.22(3) Ru2-Si1-Col  77.99(3)

Sil 28 Col & o AT 25L& HIZ Ru ICx LT 3c-2e HHAEEHLTWD Z L3RR S
Nz, B FU FENZF38 LT 3c-2e HHAAFHZEM L TWDKFERFOAMEIZT — U =/ /L
IZE > THELT 2 2 LTz, &BMEHIE Rul-Col: 2.8641(4) A, Ru2—-Col: 2.8700(4) A,
Rul-Ru2: 3.0495(3) A & Ru-Ru RN EW T4 = L 72> Tz, Col-Sil [FHEEEIX
2.1699(8)A THV ., ZNFE TITHEEIN TV D Co-Si HAEADIERE (2.114-2.526 A) DO#ilH
WTH-7. ° Ru-Si fEE (2.4102(8), 2.3837(8) A) 1 Co-Si fEA LV & 0.23A FERL &
S>TEY, Ru & Co OJFFH¥EDFE (009A) 2EE L CHLHLMRMBEERALNT-, Zh
1. Si & Ru 2 o fHETIEZR<, 3c-2e HAERICE-THELTNDHZLERLTND,

® JI7E 1L Rigaku R-AXIS RAPID [RIFTHEE % iV T -150 °C T{T\>. Rigaku PROCESS-AUTO 7
BT MK T2 B U, R R RICE L, B P-1(#2) ThoTo, MRATIC
BT, SHELX-97 7Y u /7 Ly r—U % v, BEHEEC L @BFRFOEELZREL 7 —
U AR K- THR D IFAKRFIR A2 RGE LTz, SHELX-97 71277 A% FVW T/ ZRIEICE D
b L. FKRIET 2T IR REE L7,

19 Structure data for 67 complexes having Co-Si single bond(s) were obtained from Cambridge Structural
Database System Version 5.36 (November 2014+1 update): Allen, F. H. Acta Crystallogr., Sect. B 2002,
B58, 380.
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Bk 2 LRIV VEDRE

BEIR 2 127 2=y I 0 BERN tert- 7 FA LT U ARIETERISEA L @GV L
BEIR (Cp*Ru),(Cp*Rh)(u-H)s(us-H,SIR) (26a, R = Ph; 26b, R = tBu) #3% 54172 (eq. 4-6), Co %
GichER 25ab FREITUL<.Si 132 20O Ru & 3c-2e FHAMERZEE L TWDZ LN S M
Lo,

s/er RSiH; R
(R = Ph, tBu) |
H—Si
\ -H
\ ’ Cp* —Ru/ fH—§R Cp* (4-6)
X\ > /}i toluene rt ]/’
X H— u—-H
30 min
/
Cp*

26a (95%, R = Ph)
26b (87%, R = tBu)
ik 26a,b 13 H, °C, PSi NMR, 77444 ;‘ﬁ/fioctzmﬁzﬁmzotmaﬁwco -100 °C T

HE L7885k 262 @ 'HNMR A~ hL T, \ZBOAL L7= Cp* 1T v T F i §
1.68 2. Ru IZENZ L7= Cp* ICHKTH 7T §1.95 12 1:2 OTEHRIST,
Ru-Ru MICZEMG L7t R U REANLFICHRT D> 7 v, 6 —21.93 (2 —FEMRCTEIH S 4,
Ru-Rh MIICZEMG L2 R YU REZA1E 6-21.04 (Jren = 20.4 Hz) 1 l°3Rh EDH TV T
TS T 2H Ok ECHIE STz, Ru-H-Si flIAMERZAR L T\ 5 KFEIL 6-10.67 Jsin
= 65 Hz) I 2Si LI T T4 FE—2 %fE->T 2H HOMETEHM S L7, v FU FEAL
FHB L RU-H-Si FHAEMEAOKFIZHET 2 7 F VT ERED EFRIZHEOREE LIRS,
60 °C THIE L7z A7 b TlE, §-16.97 (Jrnn = 6.0 Hz) (& 5H 4y DRSS T8RE THELAI S hiz,
I CHIE L7 PSi{*H} NMR A7 FLTld, ZFEAUE S VBT FIZ S o 7 Fan
S176.4 I[TBSNE=N, 7 F DT u—R=o712k->T Rh Loh v 7Y o T EHE
WiET D Z LI TERDTZ, £l FAWIL A2 LTI 1754 cm* (2 v(Ru-H-Si) (2
FD WA Tz,

Bk 3 L—HISVEDRR

A 3 LT 2=y T EDORIGIE Co, Rh O & RERICRIR THITT 528, —HEEE
2 U LB (Cp*Ru)o(Cp*In)(u-H)s(us-H,SiPh) (27a) Ak iZ BRI 2 L=, 512, 88k 3
Eotert-7F T L DG TIE 50 °C ITEN L 22 1 AU ST A S HAEE S U LK
270 1IfF o ieino7c (eq. 4-7), —H O ZEZEE L U VEEK 25-27 TR O HLHEFEIL, Si-H
fiA OBALHI T2 < | k%%\%wﬂﬁ%‘ﬁf“&;é%@kﬁ?ﬁﬂéhé Ir % & TR Tl =K
ISR ENZ LIz, EE~OHLG B0, L7z > T, EOI Y IARIZKR LTI
FRTHDHZ BRI DPNR 2D, LML, BERU F‘@Eﬁ%@@]é’aﬁé@] ITEEVMEANZH Y . ED
T2 DR ETHFIRAKRBRTERL SIS NBD EBZ BLD,
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’\

\fr RSiH; R
| (R = Ph, tBu) s|
H-—Si
-H
2 /H;/H§

Cp* —Ru

toluene 12 h ]
H—RU"‘

R =Ph, rt /

R = tBu, 50 °C Cp*

27a (95%, R = Ph)
27b (95%, R = tBu)

Cp* (4-7)

I\

HEA 27ab 1Z MH, B°C, PSiNMR, 7RAMIER L OTEHE ST X 0 [RIE L, B X #es
TS &> T OREE A HERB L=, —40°C THIE L7288k 27a © 'HNMR A7 b T
I, Ir (ZEE L7z Cp* 12335 < &7 uid §1.83 (2, Ru IZHINL L7z Cp* ICHKT DV
FUN §1.98 (2 1:2 OTEBMISNT, Ru-Ir BIZZE L7t R U RENL 23S o7
FuiE §-21.70 12, Ru-Ru MIIZZ B L7t R YU RENLFDO 7 Fud 6§ -21.08 12 2:1 @
B SN, Ru-H-Si AR %2R L T 5KFHEIE 6-10.29 (Jsiy = 68 Hz) 12 #Si &
DYTFTA ME—27 ZfEoT 2H SOMETHEM S iz, PSIiTHINMR 227 MLTiE, =
HIERE S U VNS S 7y 5 147.0 (Bl SNz, HEHO 7 2=y T DY
7w (8-59.8) LV ITKIBIZImES; >~ B L TWA23, Co, Rh DR &1 {0 0m s ilic
S FNRENT, AU ALZ LTI 1744 em ™t 12 v(Ru-H-Si) (2355 < W 23 B
e,

fR{k 270 O FiEE

pEA 27a @ THF/MeOH (1/1) #ik% —30 °C THET 5 Z & TH O NI RE DB RS &
ZRVTHEE S X B ERAT 21T - 7=, 1 88K 27a D4y TS % Figure 4-2 IZ B KGR
% Table 4-2 |Z7R"7,

ML Rigaku R-AXIS RAPID [mI4r44E 4 VT 150 °C T4T\>, Rigaku PROCESS-AUTO
077 ALY T =20 L, fEEE ERNERICE L, R P-1#2) Thoto, fiEFTIC
BWTIX, SHELX-97 707 J AXy r—T v, BEEICL D &R OEEZRE L 7 —
U BRIC L > THRDIEKRFBIEFZRE LTZ, SHELX-97 7117 F A& AW THR/N _F|/IEIZLD
Kb U, JEKER T & IS HPEIC R Lz,
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Figure 4-2. §H{K 27a O4r14%i& (30% probability)

Table 4-2. ${k 27a O ELRFEAEE A) HEEA (9

Rul-Irl 2.9785(3) Ru2-Ir1 2.9778(3) Rul-Ru2 3.0633(4)
Ir1-Si1 2.2658(11) Rul-Sil 2.4244(11) Ru2-Sil 2.3920(12)
Rul-Irl-Ru2 61.902(9) Ir1-Ru1-Ru2 59.037(9) Ir1-Ru2-Rul  59.061(8)
Rul-Sil-Ru2  78.99(3) Rul-Sil-Irl 78.77(4) Ru2-Sil-Irl  79.43(4)

Ir D RORE IBIBESIL, Co #FTedk{K 25a & ik LT Ru-r, Ir-Si [HERREIX
0.1A R 7o T\ o, —JC, Ru-Si MFBEHCIIRE 2EIBE I N>, E R R
BT ORI LT 5 2 LIXTE e o720, 'THNMR A2 hAR#%ik4 % DFT FH5E
OISR 25,26 LRI CBGBIIE Th D Z LRSI TN D,

ZEEED)IILEEK 25,26,27 @ Iy E

BSitH OB v TV v 7ERR (k) X Si-H BOMAIERICOWTEERERE 52 5, 0F
HEoe ey T ® Jgy 1 150-200Hz FRETH Y, & R v T AR OLICEa2Ic ik
L7z V-t KU REERTIE 10-20Hz FREEL 725, ZHUCK L, B Rev T U BeR
il & 3c-2e MHHEAMEA L CWAEAIL, WEDTROME (20-140Hz) L7325 Z &nmbnT
V5% (Scheme 4-2), *

12 Schubert, U. Adv. Organomet. Chem. 1990, 30, 151.
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R1 R1
R R
\ ..—s-—~—H 2'“'3.
i AV A AV
R3
Free Silane 3c-2e Interaction Silyl-hydride
150-200 Hz 20-140 Hz 10-20 Hz

Scheme 4-2. Si-H FE& OELAIINE ZHUTEE D Jgn EDZAL
PR 22b CIE CRh Lo v Y LA L EIREENC LD . PSitH o v Y v S E
TERDSTN, FOMOEETIE 2SI LDV FF 4 FE— 27 BBIE ST, oy [E% Table
4-3 |29,

Table 4-3. —HZHE> U LEEIR 25,26,27 O Jgiy fE

Jsin [Hz] Temp. [°C]
Ru,Co-PhSi (25a) (88) 25
Ru,Co-tBuSi (25b) (80) 40
Ru,Rh-PhSi (26a) 65 -100
Ru,Rh-tBuSi (26b) - -
Ru,Ir-PhSi (27a) 68 -40
Ru,Ir-tBuSi (27b) 59 —40

O) 1FEEfeE NIy T TR T D0 v 7Y T ERE 512 f5 LTAE

PEIR 25a,b, 26a, 27ab @ Jgy fEIXVT ALY 20-140 Hz OFPFHAANTH V| #AH)7e 3c-2e
FHEERZER L TWD Z ERRENT, Co 5 Tedsk 25ab Tidk KU REAAL T &
Ru-H-Si D/KFE & DA EL | IEMER Join HZRDDZLIXTERPSTEN, ENHDOY
TFIEE LT & B SN D B0 EofE (25a: 35 Hz, 25b: 32 Hz) % 52 f54 5 2
ETHHLE, s 9 IREROAMN FICWIZ LR > T, #ELTEH DD gy
DINEL RBREF DA BN, ZDZ E05 . Ru,Co < Ru,Rh < Ruylr DIERFE T Y VBN F-

DGR REL 2B b0 EBbis,

PSiNMR AR MLOHE

Bikfk 25, 26,27 L EET LG A FEEED PSINMR 2L MLF—% Z 4T Table
4-4 7T,
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Table 4-4. 284G A F#EERD P®SiNMR A~ hLF—X

Ssilppm Ref.
u-Silane
(Cp*Ru)o(1-H,SitBuy)(u-H), 75.5° 13
{Ru(CO),(SiTol,H)}(x-dppm)(u-H,SiToly) 154.8" 14
. CPROACH I HSHBY ) (28) 1857°  thiswork
wSilyl
(Cp*Ru),(u-HSiPh,),(u-H)(H) 95.1° 15
Ru,(CO)s(SiTol,H)(z-dppm)(u-HSiTol,) 150.4° 14
. (CoPRCp N HSIP)BUNC) (u-H); (29) ! 56.7° _ thiswork
1-Silylene
(Cp*RuU)»(1-SiPhy)o(u-H), 109.8° 15
. {RU(CO)H(prdppm)(ue-SiTol) 726" . Yo
ua-Silane
(Cp*Ru)3(u-H)s(s-H3SitBu) 1755 16
e:Silyl
(Cp*Ru),(Cp*Co)(u-H)3(s-H,SiPh) (25a) 180.8 this work
(Cp*Ru)2(Cp*Co)(u-H)s(s-H,SitBu) (25b) 203.2 this work
(Cp*Ru),»(Cp*Rh)(1-H)3(us-H,SiPh) (26a) 176.4 this work
(Cp*Ru),»(Cp*Rh)(1-H)3(us-H,SitBu) (26b) 204.5 this work
(Cp*Ru)2(Cp*Ir)(u-H)s(us-HoSiPh) (27a) 147.0 this work
(Cp*Ru)2(Cp*Ir)(u-H)s(us-HoSitBu) (27b) 167.8 this work
CpRUs(H)s(H) (s HeSIPh) 1942 C
us-Silylene
(Cp*Ru)2(Cp*Ir)(uz-HSiPh) (1~-CO)(u-H), (31) 237.7° this work
us-Silylyne
(CpFe)3(CO)4{113-SiN(SiMes),} 426.3° 17

299.4 MHz, 23 °C, Toluene-dg, °59.4 MHz, CsDs, ©79.5 MHz, 25°C, C¢Ds, % 54.0 MHz, 23 °C, C¢Ds,
®54.0 MHz, 60 °C, C¢Ds, '79.5 MHz, 25°C, C¢Ds, ¢ 59.6 MHz, CDCl,

B8 DT FVITMRIEVEF S 7 METBII SN D720, FOFS 7 bR Tl
BB A EET A Z LT L, L LR D, —BOEEY A FED(L Ty 7 M &t
5L, TEEBL Y L ZEEEO T NMERS B SN AEm N ST, £, U

3 Takao, T.; Yoshida, S.; Suzuki, H. Organometallics 1995, 14, 3855.

¥ Hashimoto, H.; Hayashi, Y.; Aratani, I.; Chizuko, K.; Kira, M. Organometallics 2002, 21, 1534.

Y OEmRBRES, AL, HURLIEKRT (1995)

18 Nagaoka, M.; Tsuruda, H.; Amako, M.; Suzuki, H.; Takao, T. Angew. Chem. Int. Ed. 2015, 54, 14871.

" Hirotsu, M.; Nishida, T.; Sasaki, H.; Muraoka, T.; Yoshimura, T.; Ueno, K. Organometallics 2007, 26,
2495.

124



%T

%T

¥ 4% RLMETFNZE R Rk Rev T v &G

Ny ULy, U Ul Si-H fEENEIE S DIZ LIz, RS 7 b3 D b A
LTS, LnL, ¥ 7 VBN DWW TEIIER ISR AW EITIC & 7 A3 Bild, by
7 FOBAMEIRIEE A ERZ T DR T,

7 = =V E AT 585K 258, 26a, 27a OV 7 F VI, tert-T TV A AT DR 25b, 26b,
27b O 7 F ALV 20-30 ppm EREGHIZBLII S i, ZofbFY T FOET, EREO T
> (PhSiHg: 5-59.8, tBuSiHs: 6-39.8) & [AIFEE TH 5, £, $&K 25,26,27 ® PSiNMR %
7 MLVTIE, Ir 25T 27ab O 7 ) LiE Co,Rh DR XD 30-40 ppm FEE RS2
BgIN,

$E4K 25, 26,27 OFNBINARY L

& BITENL L TV AR WIERED v(Si-H) 1% 2100 cm ™ fHFIC Y ¥ — 7RI AL S 4 D
R, &R BUAL L7 v(M-H-Si) 137 & 0 HIREEIC 7 o — RIS LTz S
%o 18 GBIA 2527 OFRAWIN ALY MV ERIE LIZE 25 vRu-H-SI) IS5 7 a—
K7W UL AS 1850-1700 cm ™ (2 CTHELE STz, $5K 2527 OFRAWIL A7 vk
Figure 4-3, 4-4, 4-5 |Z/”¥, F£7-. $5K 25-27 @ v(Ru-H-Si) Dfii% Table 4-5 (ZF & H7=,

100 100
90 B 90 -
80 B I 80 -
70 | v(Ru-H-Si) 70 | I
1793 cmt 5 v(Ru-H-Si)
60 | 60 | 1833 cmt
r T
50 —si 50 | H—Si
Cp'—RuZHi/'H—\Co—Cp' cp‘—l?u{”i/'"?‘c/o—t:p'
40 | r{_\k'u——rﬁ 40 ”‘/R"""
Cp‘/ ce” 25b
25
30 30 :
3900 3400 2900 2400 1900 1400 900 400 3900 3400 2300 2400 1900 1400 900 400
Wavenumber [cm-1] Wavenumber [cm-1]
- - N N
Figure 4-3. $8{K 25a (/&) B LV $8K 25b (F7) DOARIMNLIN A~ kv
100 100
90 | 90 |
80 | 80 |
70 | 70 |
60 [ ;E 60 | |
50 Ru ||_| s 50 [ v(Ru—H-Si)
VinE— Bu 1805cmt
40 " 1754 cm= 40 [ ol
BTN e N o
30 CP‘—TIJ;‘HI,H—/\R’h—Cp“ 30 o 2_\.;{, 4? cp
20 [ HTRTH 20 | Y
cp’ b 26b
10 L Zsa‘ L L L L L 10 wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
3900 3400 2900 2400 1900 1400 900 400 3900 3400 2900 2400 1900 1400 900 400
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Figure 4-4. $5{K 26a (/5) L $E{K 26b (£7) DOFRIMNRIL AT kv

18 |achaize, S.; Sabo-Etienne, S. Eur. J. Inorg. Chem. 2006, 2115 and references therein.
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100 100

90 | 90 |}

80 80

70 70

60 | v(Ru—H-Si) k60 | v(Ru—H-Si)
1744cm™ x 1796 cm
50 | . 50 | &
H—S‘i "7s’|i
40 7Cp'—Ruél'/'glr—Cp‘ 40 CP'*R"=HI£I’170W
NP A Pt
30 [ A 30 7
Cp* 27: o 27b
20 20 -
3900 3400 2900 2400 1900 1400 900 400 3400 2400 1400 400
Wavenumber [cm-1] Wavenumber [cm-1]

Figure 4-5. $5{K 27a (/) B L 8K 27b (£) DOFRINRIL AT v

Table 4-5. &k 2527 @ v(Ru-H-Si) [cm ]
,ng-HzSiPh (a) /,lg'HzSitBU (b)

Ru,Co (25) 1793 1833
Ru,Rh (26) 1754 1805
Ru,Ir (27) 1744 1796

BEIK 27 > 26 > 25 DIEFT v(RU-H-Si) O@EEET 7 FRBIE I, ZOZEnb, &
Ed 9 BEREOEWN LITWIZ LR, Ru 76 Si-H fa ot 5.230 <725 2
EVNHALNE ST, B 2 BTRLIZE DI, 9 BERDEMIN LW Z T, 77 A%
— &R LTS Ru AR D 2 LR SN, LER->T, &Ehd 9 keR
23 Ir>Rh>Co &2t T AT, Ru 206 Si-H fEG~OWfL G230 S e b o L H#E
Wb, £70, Si BICEFRGIMEEPEAIND Z & T, o*Si-H) OEMMET L, &)
Tl B OWHLE RIS 5 Z L AHMBNTWD, B 2070, Si blic 7= =12 HT 5
BE(R 25a, 26a, 27a TIE v(Ru-H-Si) 2385{K 25b, 26b, 27b L 0 HALEEANCELR ST 5,

§B{k 25 26,27 OEMES)

BER 25,26,27 OIREEAIZ 'THNMR 2227 haAnbld, &BRICEE L Y RENF
& 3c-2e MHEMEAEZ L TWAHKFE (RU-H-Si) & ORICAZHNBIZE S, $5K 253, 263, 27a
DIEFERZ 'THNMR 227 kL% Figure 4-6 (27,
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@ (b) (c)
60 OC }L 60 OC
ROPRR T R ——————
25°C 25°C k 25°C
o°C 0°C 0°C
-~ AA - . J\ A J\
Ru-H-Si u=H-I
| 5= 69 H Ru-H-Ru
—40°C J{ —40°C —40°C |
T T T T T T
~10 15 20 PPM
-80°C -60°C
= RR——_ SVO— e -

Ru-H-Si

Ru-H-Ru
Jsin = 65 Hz Ru-H-Rh
-100°C -100°C
T L S B B

T T T T T T T T T T Tppm “‘p‘pm
-15 -20 =25 -10 -15 -20

Figure 4-6. #{A& 25a (a), 26a (b), 27a (c) PIREFZ 'HNMR A~ kL (400 MHz, THF-dg)

$E(K 26a, 27a TlX, T FH -100 °C, —40 °C CTIEEMRAICEL TRV, FiEI 5L
NN RTOY T TN 1 DICMETOHRFPBEINT, 2k LT, 85K 25a Tl
T FNAOSEETEE ST, —100 °C T LR L L, BRI —AT A IR
T, &t RY RGOS 7 SR LMNIZR 5> TW b 00, BifyzEshom S
% 25a>26a>27a L7 o> TUW\D Z NGRS R S LT, tert- 7 F VIR A AT 2 85K 25b, 26D,
27b DOIREFZE 'HNMR 227 RV HIAIE L7223, BIFZEE O S ICBEE 222813 b e )
277,

HEE SN2 EHEFE A Scheme 4-3 (7”9, —HZUE S U LEEIK 25, 26, 27 72D Si-H &l
EHDOERIEIT L, Silane-1,2 ZFEM LN b KU RESYZF & Ru-H-Si #H55A348H LT
HHO RIS, EEICHTEMEETIL, Ruz B % e KU RgEK 5 L —fk T LD
FORIC &0 ZHAGE S T VRIS KON =ZERE Y U SRR ERT 52 L aHbne L, &
A F EOBEWILC L - TRERPBIEADLET S Z ENRE SN TS (Scheme 4-4), *°
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4 % RuM BT FF e FU FESRL E v T & DS

| ) )
HZSi H;—Si—H H7Si—H
/Lﬂl TR SIAN
F)’u\— 7IIVI —_— = Ru\i 7\M - l?u\— 7M
< 1 — !
H—Ru—H H—Ru H—Ru—
25 (M = Co) ) 25" (M = Co)
26 (M = Rh) Silane-1 26" (M = Rh)
27 (M =1r) 27" (M =1r)
| | |
— | — Si— —Si—
VAN RN AT
R/ﬁ} M| —— RS — | Ri= =N
N 1 N SN
H—Ru—H H—Ru—-H Ru—H
M= Cp*M
Silane-1 25°, 267, 27° Silane-2 Ru = Cp*Ru
Scheme 4-3. = FZUE S U LA 25, 26,27 OERYETE
R R
| Si—H bond |
H—Si— cleavage —Si
///-H\l-| —_ H/H/-l':\
Cp*—RuL/ Ru—Cp* ~———> Cp*—Ru= [ =Ru-Cp*
I_/I_\ /,_’, Si—H bond |-‘ N
/Ru formation ‘/Ru—‘HH
Cp* Cp*
R =tBu R=Ph
3-Silane complex 13-Silyl complex

Scheme 4-4. Rug 127 5 2 &% — T4 A FET T OZEFERER OFE B 25 #a

wrntif & pentitint OEAIEEROSEMTIE Rug AR T L85 Rus(CO)e(H)(us-HoBH) T
LBZESNTEBY, RURORMERNERD 2 SORMEEN 'TH NMR ICX > THElESh
T5, ®

ZOMOBRIEEE & LT, &S Si-H FEA OB MBAEIT L, U LR AR H
TOMELEZBND (Schemed-5), © LsL72enib, U L dsko 4 g Lok iix
[Ru,M]™ L&A TH Y (Silane-1,2 X [RuMT™). B TRREENLZER Ir 2 ETer T
AL —TEEEBD R BEHLS 22 D EHERI SN D, ZHUTEBROEM E ITZFE L TV,
Flo I ZETL YU ABEED Jgy OESL IR 227 FALOMEEN D bEkA 27ab 23S &
UL UEEREIR LT W ERIBE SN TWD A, EEEOBEIZEE O3 XX Ru,Co >
RuRh > Ruplr OFFIE 2o TR | A FRHIET U LU VSR Z R 28 Cix/e <,
VI UMRERB L THEITLTCW AL O EHEISND,

19 Chipperfield,A. K.; Housecroft, C. E. J. Organomet. Chem. 1988, 349, C17.
2 Fryzuk, M. D.; Rosenberg, L.; Retting, S. J. Organometallics 1996, 15, 2871.
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R R
| Si-H bond |
H—Si cleavage H—Si

Ru/;l,'HlM Ru/—ﬂ'/H—\M

IS~ S M= Cp*™M

H—Ru—H Si—H bond H—Ru—H Ru = Cp*Ru

formation
M =Co, Rh, Ir
13-Silyl complex 13-Silylene complex

Scheme 4-5. Si-H fEAOUINHIC L D5V L A KD AL

Scheme 4-3 |27k L= BIHEFE DO F T3 U ARNL F DOZEFEALE O B/ H 85K 257, 267, 27
DIFED RSN D, LovL, —HOREFZ 'HNMR JIE T, 5k 257,267, 27 (cHiS
ST FNFBES N e oTo, ThDHOBRMIROZEMEICBET 2 MR %2152 -0k 27a
L8R 27a° @ DFT #HEZ1T- 72,

$4k 27a,27a" @ DFT #&

B g X B IEMATIC K 0 IRE Sz o FREE D O FIHIAEE 2 5% E L. Gaussian 09
program (2 L » TS i b L OMEENFHE 217 - 72, HIEKEHI 4B 2% SDD, Si &t
RU REANLFAY 6-31G(d), Cp* 7% 6-31G & L7z, BEPLEIKITIE B3PWIL Z M iz, #RH)
HRICBWTCITEEIREI N /22 & 2R L=, mE{biidE% Figure 4-7 IS ERMEAR.
&% Table 4-6 |27,

27a,0.0 kcal mol? 27a”,+12.8 kcal mol-1

Figure 4-7. DFT {2 X% 27a, 278" O b (RFEICHE S LIKRIFEK L, )
IR S A OBEIL 27a ML L7ZBO X7 X BT % /L¥ — (at 298.15 K and 1 atm)
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Table 4-6. 27a,27a” O biEED i 6E &G

27a (DFT) 27a" (DFT) cf. 27a (X-ray)

(a) Bond Lengths (A)

Irl-Rul 3.0056 3.0193 2.9785(3)
Irl-Ru2 3.0088 2.9839 2.9778(3)
Rul-Ru2 3.0791 2.9808 3.0633(4)
Irl-Sil 2.2704 2.3084 2.2658(11)
Rul-Sil 2.4264 2.4463 2.4244(11)
Ru2-Sil 2.4080 2.2919 2.3920(12)
(b) Bond Angles (°)

Rul —Ir1-Ru2 61.59 59.54 61.902(9)
Irl-Rul-Ru2 59.26 59.64 59.037(9)
Irl-Ru2-Rul 59.15 60.82 59.061(8)

27a O RS IL. BisdE X BEEMITIc Lo T ESN S FEEZ I<HFHRLTW
oo 72, 278 IZOWTHEEMEE LTIKR Lz, =X —21F, 5K 27a O 185
& 278" LV 128 keal mol™ ZiETHDH Z ENHLMNERoT-, DT RLF—E|IHS
WTEMADGIER Z BT 5 L 27a:27a =4.88x10° : 1 L7325, Sk 278" OIFAEHITME
DT, Z0H THNMR 227 ML THRE SN2 bDEEZ LN,

AR L=k S0, 8K 1,2 & T v & ORUSITRE TEOMNICHEIT L, *Sd 5 =&
ZEKG L U VEEIR 25,26 2525, ZHUCKI LT, Ir ZE08EA 3 & tert- 7 F LV T D
FO&TlE 50 °C OMERKLETH -7, FEEOHIEZ B L. #5K 3 & tert-7 F Lo 7
VEDKIEERILTIToT2 8 2 A, BBKGY 7 V85K (Cp*Ru)o(Cp*Ir)(u-H)4(1-H,SiHtBU) (28)
NELNTE (eq. 4-8),

H,Si
r
H7IN\H tBUSiH, / \HH
LAY —————>» Cp*—Ru=|{—=Ir—Cp* (4-8)
RIZTNR, toluene, rt HL\RUK/'_‘
pre N, SN . !
H 5 min YXWA
cp* H
3 28 (99%)

bR 28 13 'H, B°C, #°Si NMR, #4M3tiER L OEHRSHTIC LV [FE L7z, —80 °C THIE
L7-88k 28 @ 'H NMR A7 hL Tl Ru ICEE L72 Cp* ICHES< S 7 F A §1.92
(2. Ir ICENL L7z Cp* ICHKT DY 7T §2.02 12 2:1 OEETHAIESNZ, £/2. &
JEHOMIENL LTV SieH IS < 7T §6.67 (CBIZR STz, B R Y RERIC I
5 —24.64, —17.13, —12.99, —11.19 |2 4 DO ZFANEEL 2:1:1:2 THH ST, Kb
BRI BI &tz 6-11.19 DY 7 FLiE Ru-H-Si HLICHE TS v 7T HEl SN D
M, FSiICL BT T4 bE—2ZA b ot $EE 28 ([CIFBIRREEI A EE L, AR
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IZFEVY 8 —24.64, —17.13, —12.99 O 3 SO 7 FANMAE T HEEFNBIE SN, ZhiT

t KU FEMN O A MRIIZE D2 b0 EBbhd, $5K 28 ORNABILAT ML i
Figure 4-8 |Z77%, & BT LITHENL L TV 72Uy v(Si-H) 1253 < WRILAY 2097 cm™ 12,
V(RU-H-Si) (23 < Wiy 1938 cm ™ (2 E B S iz,

100

90

80

70

60

%T

50 |

40 ['H\. —cpt

7 -
’N/—H 2097 cm! LV(RU—H—Si)
30 | o 1938 cmt

20

3900 3400 2900 2400 1900 1400 900 400

Wanenumber [cm-1]

Figure 4-8. §{K 28 OFRARIL ALY F L

BB L7285k 28 OIRIE%E 50 °C ’buiﬂﬁ“é &L BIAKRFEEZHENZND Ir ET Si-H fEE
DOFALEITIMAHEST U E BN ZBHZEE S U LK 27Tb ~EHEND 2 & 2R L7 (eq.
4mouL®%%iD\*ﬁV§/#Rmn77X§ ICHRV A E, ZEREE S U VEEE
IR SN DT Z B MEICBIZZ 95 Z L3 T& T,

tBu H tBu
\ / |
H7 H—Si
/) Hy e
Cp* —Ru‘I =Ir—Cp* ———— > Cp*—Ru=~ =H Ir—Cp* (4-9)
/' toluene-dg, 5 h [\ | I-II
/\\ H—Ru
cp* H 50 °C Cp*/
28 27b (>99%)

—E O ZHEERE S U VEEAR 25-27 1. 80°C LA RICHNENS B LRk IR L HEDRIR
ESHAZ 5.2 72, S8 25-27 706 ZBPEH . ZBMEH O Si-H &0 bAftnc x5, v
UL UgBiR, v U U RIS SN e o T,
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E 3 ZSEZEBEIVILSEOEER IURGHE

—H O ZEYHE S U VSR 25, 26,27 B AL/ 48 EEFESATH D, LvL, #-Si-H
IR RBE L B Aafn7e 46 B OREBZBLTE 5 b O LWIFFIND (Scheme 4-6),
AREICIX, ZHEAEE Y U VR 25,26, 27 OSUGTEIZ DWW TR,

R H R D
2
| - \/ =
s, Decoordination H—Si
of a 12-Si-H N
Cpr i H-i>m 7 cpr—Ri—H=p—cpr | _BUNC_
Z I\ A~
H—Ru"H H—,Ru——H
cp*’ co
Cp* P —
13-Sily complex - w-Sily complex -
48e 46e

Scheme 4-6. =HZUE TV LR O SSME (M = Co (25), Rh (26), Ir (27))

ft&k 25 26,27 LEXKFELEDRIE

BE(R 25,26, 27 OIRIKICEKZEZEANTSH L, RIET HD TS HEITL, B RY FiEd
A3 LT Ru-H-Si EZ0 EKRFELBABEE ST (eq. 4-10),

T R
s;: D, (1 atm) D—/Si\
Cp‘mFﬁ:j?Y > CW—TTTffiy_CV (4-10)
- i
H—Ru—’H rt, benzene-dg D—Ru D
/ /
Cp* Cp*

25a (M = Co; R = Ph), 25b (M = Co; R = tBu)
26a (M = Rh; R = Ph), 26b (M = Rh; R = tBu)
27a (M =Ir; R=Ph), 27b (M= Ir; R = tBu)

Co Z&TeelR 25a DA D HID ZZHARIG DT % Figure 4-9 (28 L7, RIETHIE L
7Z'H NMR A~ b Tlt, Z46E R U REALT-& Ru-H-Si #AZOKEIZH N1 b2
DB S TWD, 8 FFRZRICHIE LT AT MV TIL, ENENDOT A Y MR
WZHRT D T T BB LI, ZILD DIFERIE 25a-dy: 5%, 25a-d;: 18%, 25a-d,: 30%,
25a-ds: 25%, 25a-ds: 13%, 25a-ds: 9% & 725 TNz, —EZEIES U ASERD Ru-H-Si 5470
RS 5 2 & T B EIFES TR S A, BEARFEOR AL REIZ R o T O & HER &
L% (Scheme 4-7),
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Ru-H-Siand x-H
5H

Oh

0.5h

25a-d,

48 h o

T T T T T T T
-19.0 -195 ~20.0 ppm

Figure 4-9. $ifk 25a &L HI/KFE L D HID LIS DORET (400 MHz, benzene-dg, rt)

R H R I'\|/R
H-—Si H—Si S H—Si
AT N / . 2 / y
Ri=H=y =—= pi=" S Ru=——"—=wm
N1 70 RN - I\ i
H—Ru— H—Ru™/H H——Rlu—H
M =Co, Rh, Ir — D-“D
15-Silyl 4-Silyl
48e 46e
D-D bond
cleavage
R F{ /R H R
Hﬁ_Si - HD H—si Site-exchange H—Si
/ H H
Ru= =Mu ————— RU—————M — _—H
/u\ ! I\ /I - F,\’u\ /, M = Cp*M
p
H—R—S H=R( @ H—Ru—H Ru = Cp*Ru
/ \ /\ P
D H D
Scheme 4-7.

—HZEE TV VIR HID AZHAR
) WEBRMFOIBERIGDRET

Rup B R B4E S U VEEIRICK L C, EBEORLR D Ra v T U aIRINT 5 L4846 Y
VBT T DN HEITT 5, B SV BN T ORHIT, 7 T AKX — TV T VB 1% W
LR OH#EITT 5 B2 61D, 85K 25-27 THY 7 UEEERARIB L6 Y REANLT-
& RU-H-Si BBAIAZHLL T D Z EAVRIBE L TEH Y (Scheme 4-3), L7=23 > T, ¥ U LED
(L F ORISR F STz, L LR D, 88K 25b IS L CRRIED 7 = =1y T %
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WIN U223, 2 U VBN T O R BT E > 7= < #EFT L7 o 72 (eq. 4-11), Rh, Ir 2 & TesE(K
26b, 27b ([ZOWT L [RIEED EERIT o722, Co DR E IR UL RHUIBE I N2 o7,

tBu Ph

| PhSiH; |

H—Si excess —Si

7 (excess) H/ /H-

Cp* —I7u’—]17\(io—0p* /;/ - cp*—Ru=Hi- \Clo—Cp* (4-11)
AN
H—RuZ—H 60 °C H—RuéH

/ Benzene-dg /
Cp* Cp*

25b 25a

$84K 27a & tert- TFIA VYO T R ED R

Co Z&Tedkk 25ab & tert-7F LA VT = REDRIGERFILIZE 2 A, HEOKR
EWAEN SN, Ir &5 0K 27a E OIS TE —EHEB YV LK
(CP*RU),(Cp*1F)(1-H)a(-HSIHPh)(tBUNC) (29) 7345 7= (eq. 4-12), 41k 29 1% 772Si-H 73
fiEBE L. A U7 Ru _LOZERIEIS tert-T7 F LA YV 7 = RS U LGSR & i o7 S ET
THZLETELELDESZEZ DN,

i A
H—,‘l‘ tBuNC H S
Cp*—Ru’—H/'H\Ir—Cp* — > cpr—Ri=H=r—cp (4-12)
I'/l—\Ruéd tc:tluzer:‘e H—:Ru—H
/ Cp*lcl:
cr’ i
27a 'r 29 (95%)
tBu

iR 29 13 H, °C, P°Si NMR, M4y EiER L OEHESHTIC L 0 [FE L, B X R
HrZ L > CH ORISR LT, 85K 29 ® 'HNMR 22 R TiE, Cp* I2HS< v 7
Ly §1.97,1.99,2.13 (1T 1:1:1 OTEHI SN, 72, @RT.OICERNSLL TV 7220 Si-H
WZEESL V7T 5466 ITBIEE ST, B R REEIRICIX 6-23.71, -20.10, -13.93, -10.76
(Jsin=52Hz) IZ 4 DOV 7 FN 1:1:1:1 OMELLTEIN 7=, Ru-H-Si #BA0ICH sk
THUTFE, §-1076 1T PSi LDV T T4 FE—r BNEHIS L, PSi'H} NMR A2
7 hVTIE, ZEEUE SV VEML FICHKT DU 7T §56.8 1B i, ZEAUET Y
ﬂ/ﬁau%%?ﬁﬁ“é%ﬁﬁx 27a (5147.0) IZHRTEMYEY 7 R LTz, 85K 29 @?f%%wx
~7 V% Figure 4-10 1R, A V27 = REALFIZHS < BOIRIL v(N-C) 2% 1995 cm !
g SNz, v(Si-H) B XY v(Ru-H-SIi) (23 <L v(N-C) & B2 | Bl TE e

ST,
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#
S
1
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4

cp"c v(N-C)
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Figure 4-10. &k 29 OFRAIL AT kL

8K 29 OO FIEE

PEIK 29 O~T X VR —30 °C THHET 5 Z LI X 0 TE LI SR A ORI & 2 H
WCHLRE SR X B RAT 21T 72, 2 S8R 29 04y A A Figure 4-11 I[C EfEAE %
Table 4-7 |27~ T,

Figure 4-11. 851K 29 D4y 7H§i& (30% probability)

2L HIE 1T Rigaku R-AXIS RAPID [BIr44{E 4 VT —150 °C T4\, Rigaku PROCESS-AUTO
07T ALY T =20 LT, fidm T EANECRICE L, ZEEE P2i/n #14) Th o7z, fi#T
IZBWTIE, SHELX-97 v/ J ARy r—C %A, BEEICIVEBERTOEEZREL 7
— VT ERUIC L - TR DIFAKRFBIR T E2RE LTz, 0 THIIEEBHLICT 4 A4 —X—BHEIEL,
Ru2-Irl, RU2A-IrlA O 5G2R%E 73% :27% &5 Z & CH&E 2k Lz, SHELX-97 7 u /<
LERAWTER/NFEICLOEEN L, FEKRFBR T ZIEE SRR L,
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Table 4-7. 38K 29 O ERFEAEE A) &AM ()

Rul-Irl 2.9875(4) Ru2-Ir1 2.8884(4) Rul-Ru2 2.9975(4)
Ir1-Si1 2.3197(13) Ru2-Sil 2.4106(13) Rul-C7 1.912(5)
C7-N1 1.171(6)

Ir1-Ru1-Ru2 57.711(9) Rul-Ru2-Ir1 60.969(9) Ru2-Irl-Rul  61.319(9)
Ir1-Si1-Ru2 75.24(4) Ir1-Si1-C1 120.99(16) Ru2-Sil-C1  117.53(16)
Ru1-C7-N1 176.9(4) C7-N1-C8 157.7(5)

Irl & Ru2 IZIZBBT 4 AA—F —D0H b4, Sil 28 Ru2 & o #ie Lo RiMA 297 &

DIRMBNBBZ BT, L L, ik 25 DFT FHE L 085K 297 1385k 29 (2kb_TC 16.4
kcalmol™* RLETHHZ ENALNERST-ZEND, BBEOT 4 24— F—DJF R34
K 29 LEER 297 EOIRMIZED B OTIEARL, #5618 29 ©® 2 2O F U FA~—I2LD
b o LR LT,

PR 29 Dy FHEE TIT tert-7 F LA V27 = K73 Rul ([ZRMRENLT D & & 1. Sil 1T
Ru2-Irl BIICZHEHAUEL TWDHZ ML E oo, A V7 =KD C7-N1-C8 DAL
Rul 75 Oififle 525211 T, B LN > T D (157.7(5) °) Z &AL MM E 2o T2,
F7o. SBEEEREL T U VEAL 3 LT D Ru2-Irl 23 b4 < 72> T,

§84k 29,29° @ DFT §&

Hifdh X SEIEMATIC LD IRE STy FEE D O I IS 2 3% L, Gaussian 09
program (Z L o> T fii b3 L OMEEIGHE 217 - 72, RIEBIEII 4RI 723 SDD, 71 #
e RY RENLTFE IS V7= R C=N FHALA 6-31G(d), Cp* 7 6-31G & L7z, N
BIEITIE B3PWOL Z M L7z, F7o, IREGIHEIZE W UIEEIRBI N 202 & 28 Lz,
R Az Figure 4-12 I ERfEA R, A6 A% Table4-8 ([TR”T,
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29, 0.0 kcal mol™ 29°, 16.4 kcal mol™

Figure 4-12. DFT J£IC L% 29 (a), 29" (b) D fcim{birs
(Cp* BLOIRFITHA LT AKFITEM LT, )
PEARSADOHIIL 29 ZHUEL LEEBOXF 7 XEHH = R/L¥— (at298.15 K and 1 atm)

Table 4-8. 29,29 O bEED E AR LHEAA

29 (DFT) 29" (DFT) cf. 29 (X-ray)
(a) Bond Lengths (A)

Irl-Rul 3.0198 3.0108 2.9875(4)
Ir1-Ru2 2.9483 2.8955 2.8884(4)
Rul-Ru2 3.0439 3.0332 2.9975(4)
Ir1-Sil 2.3076 2.3635 2.3197(13)
Ru2-Si1 2.4246 2.3199 2.4106(13)
Rul-C7 1.8672 1.8552 1.912(5)
C7-N1 1.2000 1.2034 1.171(6)
(b) Bond Angles (°)

Irl -Rul-Ru2 58.18 57.25 57.711(9)
Rul-Ru2-Irl 60.50 60.99 60.969(9)
Rul-Ir1-Ru2 61.32 61.77 61.319(9)
Ir1-Si1l-Ru2 77.03 76.37 75.24(4)
C7-N1-C8 154.17 149.73 157.7(5)

29 L 29" OEEEED Sil HY OfREICERT D &, 29 O DEREM X BEEHT
OFERE IKHIB L TWD Z 3RS NTe, Hiffdn X SEEMT X, @7 4 A4 —4—
IZ& 5T Irl-Sil & Ru2-Sil OFEEEIFEEMLI N TS A, DFT FHRIC K 5 i ki
T, T A AF—F—DEERREESND LT, TNOLOMAEOENLY K& o T
WAHZ EBRENT,
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$R4K 27a L—BRILIRFREDRID

BEIR 27a XMWk RF L B RIS L. ZHEHZEE U LR (Cp*Ru)(Cp*Ir)(u-H)s
(u-HSIHPh)(CO) (30) % 5-%7=, /LA =/L4hK 30 131 ¥ o7 = NEfK 29 OEBEFIKTH
Do LLANS, ZOREMITR D | S5k 20 NBWICRE Th DIk L, $ik 30 12
BR T CKRKFESD FOBBEEFEWRDDL = FHEHBY LR
(CP*RU)»(Cp*Ir)(u-H)a(us-HSiPh) (1-CO) (31) %525 = E MBI &k 7o o7 (eq. 4-13),

H Ph Ph
Ph
| - '
. —ol i
H—/S'\ CO (1 atm) -H, H 5'\
e R HS o ————= ey n Doy —— rn Do @
|-4 \R. /|_’I rt, 10 min H—Ru™—H rt,20 h H—Ru=—co
—Ru ’ Vs
R4 Cp* clz Cp*
Cp o
27a 30 31 (89%)

BEfR 30 IXHBETE 2o 7208, 'THNMR 12Xk > TEOAERKZ MR L=, $5ik 30 11, tert-
TFNA YT = ReFT LK 29 LIEFIHEBI LAY MrvE B x| Cp* (2S5 v
JFA §1.92,1.95,208 |2 1:1:1 OMETEIEZEIN, £z, @RFOICEAL L TV
W Si-H IZES L 7T 5451 LBl ST, B R U FEBIZIT § —22.66, —20.53,
~13.55,-10.30 (Jsiy =56 Hz) 12 4 DD 7 FI/Ls8EL 1:1:1:1 THHISH7Z, §-10.30
ICHNTZ Ru-H-Si SACICHSRT B 7 uciE, PSi L0V T T4 b E—2 RIS hurz,

SR 31 13 H, °C, PSi NMR, MRtk K OUCESITIC L W FE L, Hikd X s
fRHTIZ K » CEOREEAHER LT, 851K 31 ® 'HNMR 2-%Z R TlE, Cp* ITHS< o7
Fus 51.81,1.84,1.97 (2 1:1:1 OTRIMAIS Lz, B Y FEALFIZES L 70,
5 —23.68, —20.15 |2, Ru-H-Si ZBA7ICHES< ¥ 7 F it §10.46 (Jsiy =56 Hz) (= Si & o
FIA NE—2 o THIIES -, PSI{PHINMR 247 R LTlE, —E4UES ) Lo FhL
FAZEEDS LT Ty §237.48 ([ZHIAL, —HAUE T U LVEER 27a (5 147.0) 5 X O EHAUE
LU LEER 29 (556.7) LV b RE ERIEY 7 M AREFR A LN, BC NMR 2227 |
VT, ZRE VAR = VR ICHSET B U 7Ly 52341 Bl STz, £72. B8R 31
DAL A L7 RV TIE, 1702 cm ™ 12 v(C-0) IZHI kT 2WRINAMEZ2 S 7= (Figure 4-13),
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100

90 [

80 |

70 |

8 60 f
50
40 [ cpor .
H—ru=co (c-0) |
i % v(C-
30 c" " 1702 cmt
20 ‘

3900 3400 2900 2400 1900 1400 900 400

Wavenumber [cm-1]

Figure 4-13. &%k 31 OFRALIL AT kL

8K 31 OHFIEE

PEIK 31 O~T X VR E 30 °C THHET 5 Z LIC X 0SSR OFHIRE &2 A
THLE R X BRI 21T 5 72, 2 $5IK 31 04y T4 % Figure 4-14 IC EREAE®
Table 4-9 |2/~

Figure 4-14 (a). #8f& 31 O4r1HiE (molecule 1; 30% probability)

22 7€ 1% Rigaku R-AXIS RAPID [A4fr#:{& 2 Fv T —150 °C T4T\>. Rigaku PROCESS-AUTO
n7INIEY T =N LT, RIS RRRICE L, EREE P-1#2) ThoTo, MHTIC
BWTIX, SHELX-97 70 7' T LNy /r—2 %, RE— Y R L0 &R OB &2
L7 — VBRI & - TR IEKER T2 RE Lz, Asymmetrical unit PNIZIZISE L7z 2 43123
TF1E L7, molecule 1 3 X O molecule 2 O&REF.LMNIIZENEFINT 4 AL —H —NTEIEL,

Ru2-Irl, Ru2A-IrlA @ 5F %% 51% : 49%. Ru4-1r2, RudA-IrA O 5F K% 67% :33% L1552
LR A REfb L7z, £72. Ru3 BI N Ir2 ICENL L2 Cp* ICHT 4 A4 —F =D FE L.

TDHAHE 54% :46% L 62%:38% L35 Z & TG A R k L7z, SHELX-97 7'm /2
LEFANTERNFIEICLVEBIL L, T 4 A4 —F =N F1ET 5 Cp* LS DIEKFRF % JE%E
FHEC R LT,
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Figure 4-14 (b). #&(K 31 Dy F4%1& (molecule 2; 30% probability)

Table 4-9 (a). #&(K 31 (molecule 1) D ELRFEAE A) LEAEA (O

Rul-Irl 2.9806(8) Ru2-Irl 2.7968(6) Ru1-Ru2 2.9610(7)
Ru1-Sil 2.404(2) Ru2-Si1 2.293(2) Ir1-Si1 2.304(2)
Ru2-C7 2.012(8) Ir1-C7 2.033(9) c7-01 1.193(11)
Ir1-Rul-Ru2 56.161(16) Rul-Ru2-Irl 62.273(18) Ru2-Irl-Rul  61.566(17)
Ir1-Si1-Ru2 74.96(7) Ir1-Si1-Rul 78.54(7) Rul-Sil-Ru2  78.13(7)

Table 4-9 (b). #%{& 31 (molecule 2) D ELFEEE A LHEEA ()

Ru3-Ir2 2.9883(7) Rud-Ir2 2.8023(5) Ru3-Ru4 2.9891(7)
Ru3-Si2 2.391(2) Ru4-Si2 2.297(2) Ir2-Si2 2.309(2)
Ru4-C44 1.981(9) Ir2-c44 2.024(9) C44-02 1.209(11)
Ir2-Ru3-Ru4 55.92(10) Ru3-Rué-Ir2 62.027(16) Rud-Ir2-Ru3  62.056(15)
Ir2-Si2-Rud 74.96(7) Ir2-Si2-Ru3 78.95(7) Ru3-Si2-Ru4  79.22(7)

Ru2, Irl 3L Rub, Ir2 BICIZERET 4 A — X —NHbn=b DD, 74 FEN Rulr &
I L C =BT 5 & & bIc, HARZAENETD Ru-Ir BIZZEME LTV A 2 & 05k
SN, £7o. 3c-2e FHAEMAZER L CTOHKFFRT (HL HE) ONEDS 7 — U =HKIC &
S THELT 5 Z £ TE -, Rul-H1-Sil @ 3c-2e FHAEMZ KB L T, Rul-Sil [HHEE
(2.404(2) A) 1. Ru2-Si1 (2.293(2) A), Ir1-Si1 (2.304(2) A) IHERE & Hee LT 0.11 A FEEME
LCWe, ZHZUGEY VBN T2 AT 585K 27a O4r & & i LT, 3c-2e MHALE
AEEHK LTS Ru-SI L 24 A BREIZ/R>TWD I ERHALMNE SN TWD (Figure
4-15), molecule 1 & molecule 2 OFEIEIZ K E I EWITBIZE ST, molecule 2 T I[EIERIC
Ru3-Si2 M (2.391(2) A) 1%, Rud-Si2 (2.297(2) A), Ir2-Si2 (2.309(2) A) FHIiAEfE & i LT
EL Rpmnsstsn,
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4 =

Ph
H—Si

70, o

Cp*—Ru
I~
H——Ru/—CO

7/
Cp*
31

3.0633(4)

RuM BI7 hZk FU Rk B Fav T v b DG

2.9610(7)
Figure 4-15. 40K 27a &40k 31 OHEEO L (A)

SHEAME VY VUBER 31 o U U UEERASOL A B L, BSOS — RIS &
DEOGZ R LTes, BEORFERAENBRE SN, ZORTIET Y U U8RI L)

277,

2 EinoE 3 HiETIORLE RuuM(M=Co,Rh, Ir) 27 5 24— ETD 7 A FEAHLO
W) % Scheme 4-8 (27897, Ru,M BI7 R T b RU REERE ks T L RBICE D, &
G VU, VY LUBERRELIL,. E Res T Si-H fANT T A X — TR
(AL DAk 2Bl T 5 Z LN TE T,

u-Silane 28
48e

)
H—Si
e Ru/‘/kH/'—HxM
— I\ /, M= Cp*M
H—pgyZ—H Ru = Cp*Ru
uzSilyl | 25-27
48e
v A
H—Si L H—Si
//Hl /H\
I}’u\—M —_— Ru\;/h’
1 !
H—Ru—H L=tBuNC,CO H—Ru—H
= M=Ir |
L
w-Silyl w-Silyl
46e 48e
|

|
H—Si
M VAIAN
ri=[1=,
L= I_}R //
co H—Ri—co

pusz-Silylene 31
48e

Scheme 4-8. Ru;M (M =Co,Rh, Ir) Bl F T & KU REERL —#k> T > & DORUG
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Fehlner & IX[FBEDEHSIE DS RFE DOERE THEITT HZ L2 ME L TRV, Fey Bl 72
H— ET, ZEHEUEA TN, ZEEBEAT LV UBIOZEEBAT U ORI hH D Z &
ZESnE LTS (Scheme 4-9), # Z DR TIX, ZEYUEA TV D USEAN IR b LETH
0. AFELL DD 72 Z B2EKG A F VB AR L OV BAHE A F L U BEIRIC D0 TiE NMR A2
7 MVZEVREELTWD, 2 b OHEER L UREEREITITE > TRy, Ziusxt L
T Scheme 4-8 (Z/R LT28HIR 1, 2,3 (2K D7 A FEUNLF DOEBS)ETIX, BAKEZ LN R0
LIEFICHETT D720, FEBECTOHMAKLEBET 22 LN ARTH D, AR TRLIE=
FLUG S VLB 25-27 B L O=EAUG S U U UBHIR 31 1T oW Tk, ZE4UE A FLEEK
BLOZEBEGA T L USRORIEIATH Y . Fehlner © @ Fey(CO)o(CHy)(H)sn Bl 7 A %
—DZRTIHHALNICTERSTHBETH D,

Fe Fe Fe
i e
i H AN
—CH - | H=CH = | CH |
Fe/ \Fe Fe// \Fe Fe/ \Fe
\H/ \H/ \H/ Fe = Fe(CO);
3-Methyl 13-Methylene 3-Methylidyne
complex complex complex

Scheme 4-9. Fe; 7 7 A & — LT RALKEZRNL D KA

BENG Y T R 28, ZEZEET UL 2527 BRI O CEAEE T U LUK 31 1%, Rug &Y
NRUZE RY REER 5 L7 ADEDRINCHBEHECBEEL TW5, g8k 5 L7k
DORIGTIX, C-H, C-C fEA DU 2 T, &M closo A LT L7 X yx
VSR E 525, TIET, TAB LN Rug MY 5 22— FICERVIAENTO S closo
WNTFv N VT ORI E D TOMEIIFEMIC SV TE 2R, Tl DO
DIAFBFEZOWTOMFEITIZE A E/L TV oTo, RIFFECTHLMNE -T2, 4446
TR 28 D ZEIEKG YU L UBER 31 ~OEMBISIC LY | IRFBERED I A Fx
FNTT IV H OB IAFIBFREDET )V EiT 5 Z L3 TX 7= (Scheme 4-10),

% (a) Vites, J. C.; Jacobsen, G.; Dutta, T. K.; Fehlner, T. P. J. Am. Chem. Soc. 1985, 107, 5563. (b) Dutta, T.
K.; Vites, J. C.; Jacobse, G. B.; Fehlner, T. P. Organometallics 1987, 6, 842.

# (a) Inagaki, A.; Takemori, T.; Tanaka, M.; Suzuki,H. Angew. Chem. Int. Ed. 2000, 39, 404. (b) Takao. T.;
Suzuki, H. Bull. Chem. Soc. Jpn. 2014, 87, 443.
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Alkane
complex

Scheme 4-10.

Ru
O
H
| A Ru\— \/R” _— R({-—-\ /~-—-Ru
i/gu\H/ /)\% ~2H; Ru” H, Ru = Cp*Ru

Alkylidyne closo-Ruthenacyclopentadiene
complex complex
| I
H—C H—C
N .
Ru—|—Ru <—— Ru—{f——Ru
\ i / \
Ru Ru
Alkyl Alkylidene
complex complex

Rus 7 9 24— ECTOTIVH DR IAIEFE
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F A 8K 1,23 EERISVEORIBESUMENS ) LIERIEA~D R

IR 1,2,3 LT EDOMIGTIH, B R T 1 S5O Si-H fE&OBILAAHN
WIEITT 5L BT, 2 DD Ru-H-Si FHAFEMZER L, =BG Y VK 25,26,27 %5
2D ENALNE ot O ZHINES U VENL T 1X Ru-H-Si D EB/ I 70 i 3 52 &
NTWBHHLOD, ¥ U NVENT & ZERISE & ORSEITE <, > U VENL T O BB A X
BlEs iz ole, ZHUTK LT, ZEROCHICR LTS AR LIZK W=k T v b DK
JETIE, Si-H f5E ORI & IRZ TR IBEN W RICHEIT T2 2 LB bk o7z
(Scheme 4-11),

R R
g I
i .
H7 1 ¥°H H-—Si
H A,
* —HI'H\
Cp 47“*;7')"—&’
-H N\ |
= 2 H—Ru“—H
¥ 25 (M = Co)
M Cp 26 (M = Rh)
H |!| H 27 (M=1r)

_ \_Ru—|—Ru_/
Et;Si—H Hs

Scheme 4-11. K 1,2,3 & —HMB L Oy T 0 & DO

BK 1,23 EFMYIFLOSVEDRIG

PR 1,2,3 E RNV TFAUT U EDOKIGE MV HTRE L2, & U VEE RO AR I
FollBlEINR»oT, LinL, ZORIEEEKBLEESTIT) L. $8K 1,2,3 ok
RU REALF72TF TR, NI ZF AT 00 Si-H S OFEKRFBIDET LT, ZOREER
1%, Si-H K5 OERIAIN & B TTRIEEDS 7 T A 2 — RS E TR > Tnd Z & &
AL TV, Si-H i E ORI & ETTHIRBED VIR & < FGRICH > TR Y . £ D=,
VU VEEERDARIFBE S O EHEIE N D,

R =F LT o DEKRER B ARIRIC 2 mol% OSSR 1, 2, 3 Z2ZnEHIRNL,
100 °C T 24 WRINEAL 7=, #HZFh EtSID O4E% H, °D NMR I[C k> TERE L
(eq. 4-14), 728, ZOISEMETIE, VT VRITOBAED v TV o T L>THELDL YV
7 EtSi-SiEt; IXF 7o BB SN o7,

[Ru,M] (1, 2, or 3)

2 mol%
Et;Si—H S—— Et;Si—D (4-14)
benzene-dg
100 oC, 24 h (78%, M= C°(1))

(89%, M = Rh(2))
(34%, M = Ir(3))
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FEIR 1,2 TIEEWIRLR CEARF(ESEIT L7223, 858 3 TiX EtSID DAL 34% (2
HEofz, 885K 3 Ot RY RENLT & BEARFEREL LD HID RHIGIE, 851K 1,2 &
H# LTGRO EEZBEICH L E LTWD, LERN->T, $8K 3 THERAREE T T2
DL, T OWFRD ISEDMEN =72 & B s,

Y7 2 ) VB RIS~ D R B

$EIR 1,2,3 DRV =TI T AR D AR 7R SOSTEDR B B b 7o 70, T OFEEIT R
ZLFERIR> TWDHOD, T 2 OETRINEERTI M O FREIE DB AT
WX, ARBERO 2R kTR L U ARG I T A b o L IR & D (Scheme 4-12),

‘fR’ =<

Et3SiH

M
|§ \/sust3

/Ru\ /Ru\ - Et;SiH u—|—Ru
100 °C

1 (M = Co)
2 (M = Rh)
3(M=1In)

Scheme 4-12.  ${K 1,2, 3 (T X 2RI 72 K32 2 U ABSOE~D B

T THEAMAR LI L TR 20 YED RV =F LT U ERINL, fix DFEE O U b
ISERRE LTz, KR, ~TE o NeBy by FTELY VYU 4R T
FrAFNALEY T TIE—UO T U MEAERIIIBLEE SR> T2 3, 4VF~»&®&$

TIE N B~V EAEIREIZHEIT L, N-2 U LA o R— L MRS Sz (eq.
4-15),

[Ru,Co] (1)
(5 mol%)
(:[S + ESH ———————» N (4-15)
N heptane, 180 °C N
H (11 eq) 72h \
SiEt;

-H; (50%, isolated yield)

81K 1,23 BXUBETHELADEKICK S > F—ILED N-2 U JLERIE

K 1,2,3 BLO Ru OA 2GR 4,5 2t LCTHW, A > R—LED N-v U v
BRIk 2B EMEZFFMLEZ, 512 Cos BT Tk FU RNEEIR
(Cp*Co)a(u-H)a(uz-H) (32)® 3 L Y Cp*Co(7*-H,C=CH,), DARMIENE & - THAE Lz, #5E
% Table 4-10 12/~ L7z,

% (a) Kersten, J. L.; Rheingold, A. L.; Theopold, K. H.; Casey, C. P.; Widenhoefer, R. A.; Hop, C. E. C. A.
Angew. Chem. Int. Ed. Engl. 1992, 32, 1341. (b) Casey, C. P.; Hallenbeck, S. L.; Widenhoefer, R. A. J. Am.
Chem. Soc. 1995, 117, 4607.
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Rz R2
cat. (5 mol%)
®7R1 + EtgSH ——————— H—r!
heptane, 180 °C
H (1.1 eq) p 72h N\
SiEt;
- |-|2
(R'=R2=H) (R'=R%2=H)
(R'=Me, R2=H) (R'=Me, RZ2=H)
(R'=H, R? = Me) (R'=H, R? = Me)

Table 4-10. A > K—/VE D N- VU AL G O 1EMEEAM

entry cat. R yield [%]*
1 Ru,Co (1) R'=R?’=H 69 (50°)
2 Ru,Co (1) R'=Me R*=H 50
3 Ru,Co (1) R'=H, R?*=Me 62
4 Ru,Rh (2) R'=R’=H 88
5 Ru,Rh (2) R'=Me R*=H 16
6 Ru,Rh (2) R'=H, R?*=Me 86
7 Ru,Ir (3) R'=R’=H 14
8 Ru, (4) R'=R’=H 13
9 Ru; (5) R'=R’=H 8
10 Cos (32) R'=R’=H 79
11 Cp*Co(#*-H,C=CH,), R'=R*=H 93

2 Yield was determined by *H NMR analysis. °lIsolated yield.

BEAE 1 2D LT AV R 22 AFNA U F—=LEBIV 3-AF /A R—=LDY
DI REEDINRCTHEITTH Z L 25 E L7 (entries 1-3), F5%ET & fiX. Co @
I A B ek 32 RRHEED Co K Cp*Co(r’-H,C=CH,), % M\ /=& X ITEIRT N-> U
A v F—=NEE 2252 ETHD (entries 10 and 11), Ru DA% G TedEk 4,5 DIGTENIEH
IR Z &2 E 2 5D & (entries 8 and 9), il EMEFEIL Ru,Co B 7 Z 2 2 — 3 i3fig L CAELL
LHEED Co HTHD I LN R I NI,

PER 2 ZWTHATH, AV R—=LBLY 3-AF /A v R—=LDT VLR ENET
HITL, *ET 2D N-T U A v R—/LOAEEPBIEE S L7 (entries 4 and 6), L L7223 6,
PER 1 SI13Ee D 222 F A U R—= D U ARIZR L TRIE & A ETERE RS 2o T
(entry 5), Z OFERIT, 5K 2 OV NALEIRIZY T A X —F i ERFE LN DT LT
HZEERELTWVDS, #HIBT D3, 88K 2 128514 F—=1D N-v U HBRISETIE, A
Y R—=1® 2 L C-H FEENUIKT S N4 > FL =Lk 33 BEIZ SN TRY ., Z 0
BBV IAERISOHRETH 5 EHERI S D, 2-AF A > R—=idA v FL =ik %
B TE WD, N-2 U IAERIGDETT LIZS K rolzb D L Bbihvd, 72, Ir 25T
FEIR 3 ORMEEMEITEEAE 2 LI L TE LR TN LTV (entry 7),
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Rt DR

FOSHER R T 5720, $5K 1, 2 [2X D42 R—=n1 D N-2 U LRSS % fil 44
(180 °C) XV HLAKE TIT-o 72, Co Z&ETeR CITEMRIRAM & 720 | IR Y 3 2 85K
FER & Ao, Rh & TesEE 2 TiE, BATENME A > L = VSR
(Cp*Ru)o(Cp*Rh)(u-H)a{15-7°(/)-NCgHg} (33) D/EfkBlER S 7=, Sk 33 (X F Y =F
TURBRMLURNWGETHAERT L Z L 2R LTS (eq. 4-16),

N
I\ '
/H\ » Cp*—Ru=—/—=Rh—Cp* + Several (4-16)

/Ru\ /Ru\ toluene, 140 °C H—RuéH products
24 h 4
Cp

33

%%33@%%?%@#okﬁ\MNMR&iof%@iﬁ%ﬁubtoéﬂfﬂibt
AT RV TIL Rh IZEZ LT Cp* IS &7 §1.93 1T Ru [ZEZ L7z Cp*
%6<97%wﬁcﬂ&QZKﬂﬁffmwFKﬁ@éhﬁﬁtFUFﬁﬁ%ﬁﬁ%?697
FuE §-21.39, -17.69, -10.57 |2 1:1:1 O THIN Sz, Ru-Rh MIZZEE L7z 2
SOt R REN.FD L7 F I (6-21.39,-17.69) 137 o — RICBIHI S iz, Cp* B+ X
Ot KU RENL DO 7 FADTa— K= 7%, A4 KL= VRN OB L 5 b
DEHERIEND.® A v RS AERAFITHES L 7 T I TN TEIBITE 220 - 7275, 3 {if
DAF LU KBITHASL 7T §3.77 12 2H HOESRETHBAI SN2 b (v
R—/L D " HEGOMBENEEAL L TWD Z EAURENT, fEMIEE 5 TR 5A%, $k 2
L A-va ) U EDORIGIE, AV R—= e DOKRIS LY b7 (100 °C) THEAT L, FAT
BN e U DVEER 36 & 5 272, 4 > R—L & OIS TIE, C-H FEA OB Z T, N-H
FEAOUIMiE O EE G OB L EEOWREZ R DO T, XV iEE RSN BEIZ /o7
HLOLEEZLND, T2, 8K S LAV R L EDOKIGHMAT SN TEY, ZDGEED AT
BOfrRA o B L= WSRO AR A BE STV, ¥

FEIR 2 1T X ARG Tl 851K 33 OAERMNBIEIND Z LITx, 2-AF LA v R—
D N- U MAEDILRITIEF IR L 72 D Z ERH SN E S, LI - T, 5K 33 23
BRSO BEERFERTH D O EHER ST, HEE S D RO %2 Scheme 4-13 (Z/R L
72

®Rh LA v RL=VEULT-O 2 MDRSE L OFEAZENC, ZHEN 2 5O Ru MEBEh+ 58
AY25Eh (windshield wiper motion) T& 2% & HEHI S5,
2R M, AR, HAR TR (2002)
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Et,SiH
th @ _ }\ Et3S|
H H -
[ H\] - > rE=Ek Rh
Al N\ /'
X/CU\H/ 'i}\% -H, H—Ru—H H4 ‘Ru
) N W
N N Ru =Cp*Ru
\ H
+ H, SiEt;

Scheme 4-13. 81K 2 (254 > R—v D N- U AL DHETE RS

—J7, Co ZE ek 1 ICLARIGTIX, A ¥ RV AEEROARNBIEINT, 70 2-
AFNA v K= D2 UMb PRRE DI T 5, & HIT, Cp*Co(5-H,C=CH,), 7%/
VTS AZ BT 5 2 L 2B ETH L, HED Co MNAMBLISTEMHERCTH S b o EHENl X
%, Brookhart 5%, Cp*Co(7~H,C=CH,), &t Rr L F L DIIHICEY ., Co(V) DIt
FU K-Y v ULk Cp*CoH)SiRy), NAERT 52 ELTHEY, *
Cp*Co(7*-H,C=CH,), 12 LB A1 > R—A®D N-2 U LKIETE Co(V) AR H LTRSS
HITLTWD L0 L Ebiud (Scheme 4-14),

N
X' 7

Et,SiH l - H,C=CH,

Toon OO 0y
\/ \|_I SiEt; \f Et,SiH
S|Et3
- Hio=cH, . Py .

/I\\SlEt3 /I\\
HH
@ W
N
‘;'r Et,SiH H, @
l N
H

SiEt3

Scheme 4-14. Cp*Co(7-H,C=CH,); F L U%lAK 1 12k DA > F—LD N- U fbd
HERE S

% Brookhart, M.; Grant, B. E.; Lenges, C. P.; Prosenc, M. H.; White, P. S. Angew. Chem. Int. Ed. 2000, 39,
1676.
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A v R—/VOEHENE N-v U ALK, A > R— VD RFE E~OBEREIEEAITLE D 7
HILOBLENHIIZE S TE Y . BRI [(p-cymene)RuCl], %> Ru fililii? ¥7-1% Zn(TfO),
S Lewis FRARIEZ 2 N-3 U BRI Sh T b, P ABFETIE, 27T A F —
fill 72 & TIED > U BIE & RH$ 2 L 13 TE 255 72235, Cp*Co(1™-H,C=CH,), P#SA 2
ERAWTHENETA » R— VD N-v U UBRIGDEITT 5 Z L 2o E Lz,

B4 ETIE, B5K 1L, 2,3 LRy I EORREIZODNWTRLE, — kT EDK
JETIE, 2B T VEERZ R LT, iR T 2 ZEEEE S U VEEIR 25-27 BE b7, SR
25-27 OV VAR FIX 9 BEeRE o Kie (M-Si)) 72L&, 2 DD Ru IZxLT
3c-2e (Ru-H-Si) FHEMEH L CTWAH Z R LNE o7, £, —#O ZBHEEE S U LESK
21X 7 VIR AR T 2 BB R A DALz, 5K 25-27 @ Jsin IS K OURANRI A~
7 MBI, BEND 9 BEEBOBRMN LW IZ LR > T, v U AR~k 5.
RS < 72 DAEDBIER S vz,

B 25-27 |IEMTAAFNZe 48 FEFESATH D25, i-Si-H XA S ICHREE L, BT SRR
I TEDZ NN E o7, $EK 25-27 L HEAKE L OIS TIE, RIETHEAKFZEDH
VIABZDPEITL, B R U REAL 3 LY Ru-H-Si #5020 HID ZRHAIG DN BISR ST, £,
Ir Z&Te85IK 27a & tert-7F LA Vo7 = RBLON—R{bikE L ORGTIE, 4GV L
BEIR 29,30 BLOEEHEEE LU LA 31 RO, —ED 7 A FENL T OIS,
VIV ERIBIEEMTHDLT N EDRIGDET N ERIRT T ENTE D,

BEA 1,2,3 E MU ZFAUT U EDORIETIE, VU SEEROERITBIEZ S N o 7203,
AR 7R Si-H FEG OUINT « IBRBHEIT L TWD Z E R LN E LT,

? (a) Robbins, D. W.; Boebel, T. A.; Hartwig, J. F. J. Am .Chem. Soc. 2010, 132, 4068. (b) Kénigs, C. D.
F.; Miller, M. F.; Aiguabella, N.; Klare, H. F. T.; Oestreich, M. Chem. Commun. 2013, 49, 1506.

% (a) Tsuchimoto, T.; Iketani, Y.; Sekine, M. Chem. Eur. J. 2012, 18, 9500. (b) Itagaki, S.; Kamata, K.;
Yamaguchi, K.; Mizuno, N. Chem. Commun. 2012, 48, 9269.
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% 5% RuCo BT hTt KU RESMRICE D 4l e Y DU ofikFED » 7V v 7 K

FS5E RuwuCo BFFSEFRY FEAKIZCKS 4-ABBREYSODBKFEHY TV VIR
I

£ 18 #E

22 -E U VUSRI D L— R SEFEAE, AFRIEIEYE e EICHIH &
NWOHEMZMEWTH Y . ZNOIXFEICERMEZ WK ED » 7 ) o 7RIS LU
BEY VU EAZIUE Y DD a Ry T US> TR ER TS, !

[ AR 2 T2 K SE A~ 77 o ZRO6 TiE. Raney-Ni <2 Pd/C 23ttt - L CHW S
TW% (Scheme5-1), 2 ZDHEIEZE Y P UBD 2 frdd C-H #EA &2 Uk L CEEEMIC 2,2
eV VU EEZD Z L b flENOFFNEID TEWSIGETH D, LALRNS,
HA(L RS OVE TRV ICRIER B 0 | 2,2-E 8 ) DUHEHICIA T, BV YV VEN '
EL7=T7 ) PUBEORIENBE S TWD, £, B P UVOBEBRICT AT LT
)RR EONTuRFEATHEY PUBICH LTCE, RRSSEATERNW & LEE

o TN D,
R_,:/j Raney-Ni or Pdlc: R{/ /N—\
\ Z A, —H; N _\R

N H

R =H, Me, Et, Ph

Scheme 5-1. [E{AfiblE 2 AW ) U HEOMAKED » 7 ) v TR

AR A N D G RUE LIRS, 7 a2 v 7' VT RIRIC K DG RUE T, BIR
fIC 22-E B U DUEAME b, E, WEEMARE LA, S Lo LAanh, B VYo
AL s e T AUCE L O LREZE L, FARBMENFELR>TND, 5T, 2
NHOH v 7V I RIETIR, B D UCEAT AR E LTl AXBHN B (Stille
77U 7 ROR) (Scheme 5-2), ZAUE, B U AR B UEED R T A X X LT LI
Wiz, BT U—ATUELIZHAWL R EAR-EY v 7 ) > 7 RGN T & 72
WD THD, LEER>T, JUOSITECRIAET Db EimEo A XEOLBL G E L 72 5,

AN G Pd° cat. R\_ N
R—F + I g /_>_<_/\
(j\ SN - BugSn—X \\;N/ __QR,

N SnBuj X N

Scheme5-2. 7 v A1y 7V U TRIGIZE D 22-E Y U UHDARK

! Newkome, G. R.; Patri, A. K.; Holder, E.; Schubert, U. S. Eur. J. Org. Chem. 2004, 235.

Z (a) Badger, G. M.; Sasse, W. H. F. J. Chem. Soc. 1956, 616. (b) Sasse, W. H. F. J. Chem. Soc. 1959, 3046.
(c) Sasse, W. H. F.; Whittle, C. P. J. Chem. Soc. 1961, 1347. (d) Perce, V.; Barboiu, B.; Kim, H.-J. J. Am.
Chem. Soc. 1998, 120, 305. (e) Baxter, P. N. W.; Connor, J. A. J. Organomet. Chem. 1988, 355, 193. (f)
Anderson, S.; Constable, E. C.; Seddon, K. R.; Turp, J. E.; Baggott, J. E. Pilling, M. J. J. Chem. Soc.,
Dalton Trans. 1985, 2247. (g) Polin, J.; Schmohel, E.; Balzani, V. Synthesis 1998, 321.

® (a) Chinchilla, R.; Njera, C.; Yus, M. Chem. Rev. 2004, 104, 2667. (b) Mongin, F.; Tréourt, F.; Mongin,
O.; Quéguiner, G. Tetrahedron 2002, 58, 309.
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5% RuCo M7 Tt FU NEMKICK D 4-ALEIRE ) U DOBKRIED v 7V & T ROG

—F. BEESRERIZELDEY VUVEOBRINOOEEN S v 7Y U T RIE BN D0
W SNTEBY ., (LFERNZ 22-E8) P UHOBRIBIE STV, * Riera BLW
Pérez HlX, Re O MU AU UUERIZHT o7 m b AL EBRLEISIZE D 2 DDOE Y
CURMEF R TV 5T L EWRE L TVWS (Scheme 5-3), P BIERZEWZ LT, D
FOSTIX, 7aAx 0y 7Y o Z@ERECETT 5, Zhid, B PUISHE LCE#RED

BIAMEENEEL, BTEERVATLT I EY DUBML OB 2 b oAb
FPIZ, WEBROLY P UBLOA ST EY DU b@RICH T a2 h oAbr itk ﬁﬁét
D, ZOE D IRBERIEDEIRT LD LB LOND,

—|+

co co R
| _DKN@SiMey,  oc | i
R e

2) AgOTf l \ =

N =~ NMe,
N =z
NMe, |
A

NMe, R = H, OMe NMe,

Scheme 5-3. Re &K&W = 2,2°- Y VU FEDE AL

Flo, BEELIIVT I REMNTFE2HT 514 v M) U AEEREHNT, 227 =Ly o
DA TV v TS EER LTS (Scheme 5-4), * ZORJSTIE, A v P A LT 2
DO Y PAERNA BTy T 7L, 2 BRI 22-E Y VU EE X D T
ERBLNEINTVD, BT, HEMICELND 22-EE U D UgERICR LT, U
REAEMEED LT, WD 22-t Y PUEMELND Z & BHERL TV,

Ph—?
Ph
J— ) | A ﬁ" N=
Z
ArN\ /NAI' N Ph NZ
Y. A
PARN
7 St 5 sime, , N
. N
SiMe; thf /=N Z
Ph

Ar = 2,6-iPr,CgH3
Scheme 5-4. Y $&KZ - 22-E ) O UHDIEAL

Z oMz, S, Ta® Ru M PdY $&(k A FIW- U U SO B 72 v 7Y 7 RSN
LNTW5, Lol \w#h®ﬁmfﬁﬁﬁ%@ﬁy7)/7ﬁm TER IR TV, =

4 (a) Viguri, M. E.; Pérez, J.; Riera, L. Chem. Eur. J. 2014, 20, 5732. (b) Viguri, M. E.; Huertos, M. A,;
Pérez, J.; Riera, L.; Are, I. J. Am. Chem. Soc. 2012, 134, 20326. (c) Shibata, Y.; Nagae, H.; Sumiya, S.;
Rochat, R.; Tsurugi, H.; Mashima, K. Chem. Sci. 2015, 6, 5394. (d) Carver, C. T.; Diaconescu, P. L. J. Am.
Chem. Soc. 2008, 130, 7558. (e) Soo, H. S.; Diaconescu, P. L.; Cummins, C. C. Organometallics 2004, 23,
498. (f) Cockerton, B. R.; Deemig, A. J. J. Organomet. Chem. 1992, 426, C36. (g) Chin, C. C. H.; Yeo, J. S.
L.; Loh, Z. H.; Vittal, J. J.; Henderson, W.; Hor, T. S. A. J. Chem. Soc., Dalton Trans. 1988, 3777.
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

TIISIS DG FETZ T Te < | RESHREGEETH L Z & bEEL TW5S, Mo fERET
zw#~5w% MLKEJ//@Mmﬁﬁy7)/7ﬁm@iXW¥_EMﬁ4A8mm
mol™ THY ., ZOTFAF—END AL SN 5 PR LRITHN 4% ThbH, LIz - T,
WAKFET > 7V o 7RO T, BFRICAF]Ze P-P, Si-Si, N-B, P-B, Si-N, Si-O EFDfi&
%%ﬁﬁiﬂ%ﬂfméﬁG%Mﬁﬂyﬂﬁwﬁ&c#ﬂ%ﬁ:owfiwwfmﬁ%f%
5, T O, BRAEBMBA VW CH Rtoh v 7)o ZROSTIE, @, LR
ORI YZJ’SJJDa“é Z & TRUGDOEREN ) 2 R L T\ 5 (kI > 77 /7‘5\5&“\)0

[Ru;] (4)
R o 3ﬁr

[Ru;] (5)
| N —3> //\\ Ryl \\
= A —H \\/' \\ |
N7 H » ~H; }% %{

R = Me, Et, NMe,, OMe, 4-pyridyl

&mww5.RutFUF7§2&~K;é¢M4iﬁt)//mmm ﬁ/7J/7Mﬁm

— T, FTBMFEETIE Ru, BT F T & B YU FEEE 4 X Rug R 2 B RU REEK
5 At 452 LT, BILFICKEZRREZMND Z L2 7T AZ =0 bODKESF
DONBELBRE) ) & LT 4B P OMKED Y 7Y RIS EERL TWD

(Scheme 5-5), ° Z#L5 N <
®D K hts TlX  Raney-Ni e ®

v
X PdIC LT B //QI/ &;}ﬁ L
B R T R ] H )

B YUEHORIAEITE

H_H — _ path
2\ N=LN
- L PRE— .
Sl BEERT 'ﬁWN}" ey g
H H -2H, \H\/Hl R

W, 4 LISV AT AT

RAiC 22-v v v \ L
=) a N== —
VEPROND, &b m \iihm R:/bS—NJ

IERA PR VEAE

R
ﬁjﬁé EOU “/\/*’ET% O Ru = Cp*Ru
N
BRIGHREIT D = E0 et Bl 4 ZRUEE 5 ATEEL ) OBk
oMo Ting, — oomeoo AR E Y IR

VA I

> AR LA, LR LR SGT 5 R, ARkt (2004).

® (a) Melen, R. L. Chem. Soc. Rev. 2015, 44, DOI: 10.1039/C5CS00521C. (b) Waterman, R. Chem. Soc. Rev.
2013, 42, 5629.

! Meng, Q.-Y.; Zhong, J.-J.; Liu, Q.; Gao, X.-W.; Zhang, H.-H.; Lei, T.; Li, Z.-J.; Feng, K.; Chen, B.; Tung,
C.-H.; Wu, L.-Z. J. Am. Chem. Soc. 2013, 135, 19052.

® (a) Yeung, C.-S.; Dong, V.-N. Chem. Rev. 2011, 111, 1215. (b) Li, C.-J. Acc. Chem. Res. 2009, 48, 335. (c)
McGlacken, G. P.; Bateman, L. M.; Chem, Soc. Rev. 2009, 38, 2447. (d) Stuart, D. R.; Fagnou, K. Science
2007, 316, 1172.

° (a) Kawashima, T.; Takao, T.; Suzuki, H. J. Am. Chem. Soc. 2007, 129, 11006. (b) Takao, T.; Kawashima,
T.; Kanda, H.; Okamura, R.; Suzuki, H. Organometallics 2012, 31, 4817.
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5% RuCo M7 Tt FU NEMKICK D 4-ALEIRE ) U DOBKRIED v 7V & T ROG

PEIR 4,5 ICLDMKFED v 7V VRIS T, BRGNS Z AT D @m0 Cp* 23l
BEMEIC B W CHEREFHZ R LT b0 RSN D, 85K 4 ICL DRSO A =X
L% Scheme 5-6 |ZoRT 78, $A L To 22-L ) PO (pathl), 3 HFHDOE Y Y
VHORY Z A (path 1) XA THDL EFZZBND, LnL, 22-E Y U UHEDMEE (path
) OEFEIX, Cp* &L DOMAKRIEIZ LV | PR ERRImE > TWD b LH#fElIEnD, >
FU. PAKFEIZLD C-C HAEHMKINIBI ) FRINCARITH D DD, AL O B )S
OV 2 B RGRBNCHIET 2 Z & T, #5K 4 IR 22 -E U VU O AR E K
LTCW5, £/, EERISTHICERBNL L T 22 -8 ) DUEMNEES S & X1, R
BRZENT RNV X —ZEHETE, ZOROMBEL TBICETESE 0 —RERhoTWNDH EH
2 HiDd,

Ru -
7N

Ru

Path IV Path lll
R
Z_H>

Scheme 5-7. Sk 5 Zfilft b 42 4N EHE Y U DOPKED » 7V 7

F7o, Rug B2 RY REER 5 ZHWEAMESIETH, 2 0 FEHOEY YU OHD A
Z (Path I, Il) BEX =L FmO ETE2BELHATO C-C A (Path ) XA TH D
EEZOLNDMN, 22-E ) P UHHONLEE (Path IV) TiX, Cp* & DOISAKRKIEIC L 0 WiEUG
T LW b o EHERI S LT % (Scheme 5-7),

FEIR 4,5 ZMWEE Y DUBEOBKED v ) T ROSE, BIFPEPRD TEWNH DD,
PROIKE N L 72> CTWuvD, Figure 5-1 121X, $51K 4,5 Ik 2 42 vohy 7Y v
I BOG DR A T, Ru, BIBEIR 4 Al & L CRWZSA . SUSOFIHNEESC 2
22-E VY VVHE B2 DM, D%, PRI 50% BRETHEITHE RS, Ziux, ElRYT
HD 22-vEY VI E D MSDORENFINTH %, Scheme 5-6 @ path N O (XA K
RIS TOD, 22-E Y DUHOREN LRI L, MRS ER T A<



% 5% RuCo BT hTt KU RESMRICE D 4l e Y DU ofikFED » 7V v 7 K

HbO LRSS, —TJ7. Rug BlGE
R 5 Zfilfil e U CHWSHEIE, 2,2-
Y VBRI KD ROR O RRE LB
STV, ZhUE, SR G

D703 Cp* IZLVHENRTWD T2,

TSR LD bEmm<, 22-E e v
HOBENNETLRNWZDTH D &
EZHNTWS, LHrLAans, Eamn
BOSHHISOGIEEE 2R N S, SOGKEH
Z 96 WFfHl & L CHENA 4 2 &
X LRFREDOIGRICE E > T 5,

AKETIE, —#HDO 9 KEeREED
RuuM & 7 K 2 B F U K 1K
(Cp*Ru)2(Cp*M) (u-H)s(ws-H) (1, M = Co;

yield [%]

Me

[Ru] 4or5 Me
| ~ 5 mol% = N=
2 —_—
N  180°C, heptane \ N/ \_/

-H,

0 20 40 60 80 100 120
time [h]

Figure5-1. #81K 4,5 Zfilit L7 &
4,4 -PAFN22-E Y VDR E

2,M=Rh;3,M=1r) ZHWTE Y LU HOMBRINATES 7Y IS ERE LT, £ D

Mk, Co @ Ledlik 1 ZHWizha,

IR 2,3 BXON Ru A EETry T AKX — 4,5 &

DHBEAFRINRT 22-E Y DUENERTAZ EEZHALMNE Lz, 612,85k 1,2,3 &
ANIEEE ) U EOEFEERIONI LD, 85K 1 12X D v TV T RIED A T = KL

DNTELELIZOTHHE TR D,
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% 5% RuCo BT FT b KU REEKICK D 4@ Y U DBKRFED v 7V v T RIG

F2H 8BEK1ICEPEVSVEDAYTY VIR

Ru,Co !5 h b R U REEA 1 il U CHW, 4-v¥'a ) v oflikFED v 7V v VG
ERE LI S B IO 7Y U RIS E DAL D 44 - AF22-LE YD
V&% Table 5-1 |2/~

>IX

Me [Ru,Co] (1) Me co
x mol% —N
2 . ) j/*l'kj
H, ;
Table5-1. $51K 1 128D 4-2 2V ORKES v 7V > 7 Kk
entry  x mol% temp. [°C] solvent time [h] yield [%]* TON
1 1 180 toluene 48 48 24
2 1 180 toluene 48 33" 17
3 1 180 toluene 48 31° 16
4 1 180 toluene 48 g 4
5 5 180 toluene 48 69 7
6 5 180 heptane 48 75 8
7 5 180 octane 48 67 7
8 5 180 decane 48 60 6
9 5 180 benzene 48 37 5
10 5 180 mesitylene 48 48 5
11 5 180 diglyme 48 27 3
12 1 180 heptane 168 57 29
13 2 180 heptane 168 89 22
14 5 180 heptane 168 88 9
15 10 180 heptane 168 81 4
16 5 100 heptane 210 7 0.7
17 5 120 heptane 210 27 3
18 5 140 heptane 210 59 6
19 5 160 heptane 210 77 8
20 5 180 heptane 210 85 9
21 5 180 heptane 1 10 1
22 5 180 heptane 3 15 2
23 5 180 heptane 12 33 3
24 5 180 heptane 24 53 5
25 5 180 heptane 48 73 7
26 5 180 heptane 96 87 9
27 5 180 heptane 168 87 9

2 Yield was determined by GC analysis. ° Reaction was carried out in a H, atmosphere. ¢ Reaction
was carried out in vacuo. ° Stirred by a magnetic stir bar coated with Teflon.
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% 5% RuCo BT hTt KU RESMRICE D 4l e Y DU ofikFED » 7V v 7 K

INHDORISIE, 77 1 ST E i T SOGE & O TR TITo T\ b, 2072,
BOGDHEATIZ D, KFBDORENEE Do KBENUNNT G R DB DT20, KHFTF
ST (1 atm) B X OVBE T CTORISZ MG L7225 (entries 2 and 3), 7 /L2 SRPHAT (1
atm) TIT ooty EPCRIZK E e 813 A b o7 (entry 1), T72bb, vy 7V UK
SR X o TAERT DAKRBD FIIRISICIZE A ERB LW ERALNE o7, £,
THORIETHT Ve Y ¥ DRI iﬁ%ém#@%ﬂ@LAva%sztt)y/
rhHx7,

TR TA=T 4 T ENAZ =T —=F v TV TRISE R AT 5 L. 44 -0
AFN22-EE) PUOICRITRE B LTz (entry 4), #4228, ZAUESOEH AR
TR LGRS D20 TH D, Lo T, BT 82V RY . AR TR 5 X
JGIEA Y =T —F v T ERNTIAT o7, 728 Ru, BT v Z 8 FU REEA 4 3510 Rug MY
NUA e RY REER 5 2t b L7z & &, AX—T—F v T ORMITNRITEEL 20,
_®ﬁ%i\%m1®772&~ﬁ%#%ML\%¢45®;9ﬁRu@&%aU%ﬁ%
HRERE LT TS DT TIERNWZ EZRIBEL TN,

OGS 2 i b3~ 572, fix OFEEEEZ W TS ZRat LI 2 A, ~T X %
AW E & A4 -DAFNL22-EE T DN 5% L bEWINERTHE L (entry 6), L
MUBRNRS, MUT VIR TH AT 2o ThHUEMRPE R DIT LInn, IR
DWOBBIEL SN, 72, 7T L— RO TIZ M= Db ROWRER A 5-2 72 (entry 5),
WEBEDE WP IRIZ G 2 D50V THE, SRR TH L TE TRV, —77, 851K 4,5
R WS AITIE, TATCRBEOT L RIEETHIUE, IRITIE LA EELL
LN LRSS TS,

TRl & LT/\7§7/%H§I/\ bR & 2 2 b S TS E1T > 72 (entries 12-15), Z Dk
Fo AR 1 OWINEIX 2mol% TH T EWIEET 44 -V AF 22 -8 DU ifhGs
U7z 73, 168 FEH] & IR ICR WIS 2 LB L35 Z E 3 B & 72 5 7=, Figure 5-2 1214,
BOSKsH 168 FEEIICHINZ T 48 KD & & DU Z IR Lz, 48 IR DR, iAo
28 1,2,5 10mol% TEILEIL 26%, 42%, 67%, 77% T&H Y . 1,2 mol% DOFtLFINE Tl

FOSHRH 168 B & &g LT
PR DR TH - 7=, LR
#EZ 5 mol% LVE< 35 LI
KT L7z, ZAUE, 44 -0 A F0-2,2 -
BB CUNOSTEER S L <3k
TEREICELAL U 7R BB CRUS 2 ME 19
Lz, RN EZ I L
N, EREOEE Y Ve LTED

yield (%)

0 2 4 6 8 10
NBEIGEREADT D=0 EHERH S mol%
7. b RANE 5 mol% 25 10 Figure 5-2. s EDZEALIZEE S

mol% & L7- & & DILRD DR A-TAT V22 B Y ORERR

OOIE W, RS, BUR TR (2007)
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5% RuCo M7 Tt FU NEMKICK D 4-ALEIRE ) U DOBKRIED v 7V & T ROG

SYIWT LT (Figure 5-2: ), $85K 1 I LT, 1 HFD 44 - AFN22-LE Y PN
B LT D EESID, U EORREEZEE 2, ABERNET 5 mol% & L TLL OIS
AT o1,

BOSIREE DZEACITHE 5 WE DO LA % 100
B LIZE 2 A, FONBED @< 7R D,
RO m EAAH BT (entries 16-20),
Rus BUSER 5 O5A BIRERIZ, UL
FED EFIZENERE O LRSI SN
TW5b, —J, Ru, Blgk{k 4 Tix,
160 °C LU O @R TR O x4 207
HAL TV, Y Figure 5-3 {213 entries ) ‘ ‘ ‘ ‘
16-20 0)71_& %fi & &)71—: 75\;\ 120 °C 80 100 120 140 160 180 200
M 140 °C 12T TULRA KX < ) _ ﬁT:iij],w,
ELTOS 2 L BB b s ot £, e e
BB 1 2V & X R, SRR
100 °C D& XTH 7% D 44-PAFN22-L Y DURERLTWDR, A 4 2 Hn
lEiF, FoLBEIRTWARY, ¥ 20k R RRREIC KT D AETEME OB D
B BEA 1 B4 U ZAETEMERX, Ru OANGHEER SN TE LT, Ru & Co OREFES
BERERFEL TS ZERI DN R D,

BB ICROSHM 2 i k45 2 & T, entry 26 (ORT K 91T 87% DILRT 44 -V AF )L
R2-EEVTUNRELND T LB NS L,

80

60 |

yield [%]

40

BRORYEFY FHSRE—I2&B 4-BaY DAy T VTRIE

A 1 OfEEEZMOREES AR Y B RY K7 J A% — L Hlk Uiz, BOSSRIEIESEA 1
DO gt & Uiz, fEH% Table5-2 (2R,

cat. Me
(5 mol%) —N
X
2 | — ()
heptane N=
180 °C, 96 h Me

_HZ

=z
I
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

Table5-2. fix DAYt NV FEEKIZ LD 4-©° a3 COWAKFED v 7V o 7RG

entry cat. yield [%]?
1 (Cp*Ru)(Cp*Co)(u-H)z(uz-H) (1) 87
2 (Cp*Ru)(Cp*Rh)(1-H)2(uz-H) (2) 16
3 (Cp*Ru)2(Cp*Ir)(u-H)2(15-H) (3) trace
4 (Cp*Ru)2(u-H)4 (4) 53
5 (Cp*Ru)s(p-H)2(uz-H): (5) 48
7 (Cp*Co)(u-H)s (6)" 3
8 (Cp*Co)s(u-H)z(ua-H) (32" 8

?Yield was determined by GC ananysis.

=< *fr *;cfr
o

H7I\H

Co Co—g | /'!ikl

H H // ey \\ 4
X{gu/ \Rl l:}% \\// X{\R \ | /}% \\/l
X Ny X

1(M = Co) 32
2 (M = Rh)
3 (M =Ir)

Ru,Co 7 ~Z & RV REEKR 1 TiE, ANRO@EY 87% DILET 44 -V AFN-22-£'E
VYOUnELNEN, RUL 9 EEEEZET Ru,Rh BISEK 2. Rulr BUSEA 3 Tlx., *
LZI 16%, trace & LWNEROBDRA LI, £, Ru DA% &L B L O =8
K 4,5 Zfikiit L L235813, TNRENIEIL 53%,48% CTh o7, LLEDOFERMNS, Co 2
TR PE D FICKRES TFHE L TWD Z ENREINTZ, LL, Co DAZEL B IV
ZREBEIR 6, 32 TIX, IZEAETEMEEZ RS0 o7, L7e - 7T, Ru & Co ORFEAEK
ISR D UHEORIKE S 7 T ROGICx L TEEREEE L O ERHA LN E o
72

Rt DEFRZEL

B 1 W2 423 DTy 7Y T ROGDORREE A A LTz, 85K 4,5 ORER
& T Figure 5-4, Table 5-3 (27”7,

1,4,0r5 Me
, | N (5 mol%) —N / \
—_—
heptane \ /
180 °C Me

_H2

1 (a) Kersten, J. L.; Rheingold, A. L.; Theopold, K. H.; Casey, C. P.; Widenhoefer, R. A.; Hop, C. E. C. A.
Angew. Chem. Int. Ed. Engl. 1992, 31, 1341. (b) Casey, C. P.; Hallenbeck, S. L.; Widenhoefer, R. A. J. Am.
Chem. Soc. 1995, 117, 4607.
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100

yield [%]

0 20 40 60 80 100 120 140 160 180 200

time[h]

Figure5-4. 4-v'2 U > O0 v 7Y U 7 RISOREKZAL

Table5-3. 4-v°2 ) DA v 7V v T RSOl

entry cat. time[h] yield[%]* TON TOF[h]
1 RuCo (1) 1 10 1.0 1
2 Ru,Co (1) 3 15 1.5 0.5
3 Ru,Co (1) 12 33 33 0.3
4 Ru,Co (1) 24 53 5.3 0.2
5  Ru,Co (1) 48 73 7.3 0.2
6  Ru,Co (1) 102 86 8.6 0.08
7 RuyCo (1) 168 87 8.7 0.05
8 Ru, (4) 0.5 31 3.1 6.2
9 Ru, (4) 1 47 4.7 47
10 Ru, (4) 3 48 4.8 0.5
11 Ru, (4) 24 50 5.0 0.2
12 Ru, (4) 48 55 5.5 0.1
13 Ru, (4) 96 53 5.3 0.07
14 Ru, (4) 168 52 5.2 0.04
15 Rus (5) 1 trace — —
16 Ru; (5) 3 9 0.9 0.3
17 Ru; (5) 12 13 1.3 0.1
18 Ru; (5) 24 20 2.0 0.08
19 Ru; (5) 48 34 34 0.07
20 Ru; (5) 96 48 4.8 0.05
21 Ru; (5) 168 56 5.6 0.03

?Yield was determined by GC analysis.
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EIR 4 ikt U CHWE & &, RUSHIENEIEE IS 44 - AF 22 -EE Y ¥
YEGZ e, Lo U, SOGIRER] 1 R 0> D ISR OB R & 22 0 | 3 RE]PARE Tl
IWROEIMTTE A EBEENR > T-, ZOBRIT, KAEOES THIR7-LB0 . ik
LIEEE Y DU DHFICL DD TH S, 5K 5 OGAEICE, BV Y VU HHFIT
BIEZEIN TR 0D, SUSEERIERFITER, AR & LT 168 FEFBZOILEIL 56% TH Y |
BEIR 4 ZfBEE U CTHWWE & ERBREOIGRICE E > T\ D, — 7, #8508 1 ORJSHE T
IR 4 OPIIERE & LN TEWSE OO, §5K 5 LHI L TRE M EL TV, 61
AR 1 CIIEE U UUICKAFELBIEINTE LT, B&NICRLEWVIET 44-0 4
FN22-EEV Va2 E2 L NP bNERoT,

Fio, WTNOMIGTH EOFEINIBE I TN Z LD | AR R A pl 3
DEEITAE TIER N EB I R D,

84X 1 I2£ 3 2-FaYrBLU 3-FayrolkEhy TY VT RE

AFNIDOMNENELRD 2-Va) BN 3-alroly 7Y v ISR ERE Lz
(eq.5-1,5-2), LU, k325 22°-v' U U FAITRIRICH E -T2,

[Ru,Co] (1)
Z (5 mol%)
2 | — » Me \ / / \ (5'1)
N H heptane
180 °C, 96 h

“H, (7%)

[RuxCo] (1) Me
7 (5 mol%) —N
2 | —_ > \ / 7/ \ (5-2)
X, heptane
180 °C, 96 h

_H2

=
o

4
X

Me
(trace)

S OPEEOAR FISAMEIE AR S LSS R Cld e, 7 T AX —BRERFEEL TS Z
EEBEBRLTCND, 7 T7AX— LT, 120&8BNEY PO N Z2fiftdsE & bic, B
T2 9 1 DO&ET 2 O C-H Az UMT 5, % R RS
D=, 43 FEalr 2-Eal) s EREAEY
Py ® N EFITESIZON T, ESEmW =S8 & DT

R\ /
RIHEDPIREY . By 7V o TRISHEIT LIS K RoTc b A\/ N "
D L Ebivs (Figure 5-5), %S\/@ﬁ/ﬁ@ht@\/%

3V Oy TV T RINTIEL, AT 5 22-EE Y
L 33 -V AF -, 35 -V AF - 55 - XA F - DIRE
W72 D 2 E RIS TN FEBRITIE 5,5 - A F)L-2,2'-
Figure5-5. 7 7 A% —[Ji¥s &
~ )EE ST : B - -
Y UNEIRICAER L, 5K 1 L 3-va )k B O ORI b DT 5
DI i BB B TITH &, 3-Ea D 6 i
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DIKFZFT TR, 2 fiDKBICHEARBNBEINT-, LEN-T, 22-EE U U
DAERT 2 £ TIOWL O ORIEREE N FEL, 3-B a2 v ohy 7V RIS TIER, 77
AR — s TR D R b DIV E T C-C B En- b0 E#HHl <N 5,

SR 1 1L PELD 4BREYSUODBIKRDY T VI RIG

PR 1 AL LT, Hix 0 AMLERE ) OOl v ) T RISERE L, RISS
X 4- 2 ) C ORUSORGE(LEEE BB LT, $5K 1 & 5 mol% FRINL7-%, ~7'¥
YT 96 ], Flie OWBE T LTz, AR L7z 22-E 8 PO L Table 5-4 (2
R
[I?UzCOJ/(;) N R

N 5 mol% —

Z heptane
A,96 h R

_H2

R = Me, tBu, NMe,, OMe, H, COOEt, CF;

Table 5-4. &K 1 12X % 4B Y 0 O BLKN

entry R temp. [°C]  yield [%]?

i Me 180 87(74")
2 tBu 100 trace
3 tBu 140 37
4 tBu 180 76
5 NMe, 100 17
6 NMe; 140 58
7 NMe, 180 30
8 OMe 100 0
9 OMe 140 tarce
10 OMe 180 0
11 H 140 tarce
12 H 180 tarce
13 COOEt 100 0
14 COOEt 140 0
15 COOEt 180 0
16 CF; 140 0
17 CF; 180 0

2 Yield was determined by GC or *H NMR analysis. ° Isolated yield.
EHILIZ Me, tBu,NMe, #HTHE Y DTk, 3T 5 22-E 8 U UVENE LR

(entries 1, 4, and 6), TOMO LY PUHHICBL TE, Uy 7Y I RIRITIZE A EBIZE S
podo, AEOMRE LTk, BTG EEZR T 4ERE ) Ty 7Y VIR
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JaEIT Uz, LosL, BIAMEIZ 4-A RR B DU3ind b 22-E U DU aigt ALY
5.z 727n o 7= (entries 8-10),

OMe

W
-6/“ R e (5-3)
-3H,

\\/z

Ru, 07 FZ 8 FU REEIK 4 & 4-A FFo BV DU EDORIGTIE, A M UEOA LB
20D C-H FEAYI Sz 22-E 8 ) DAMEMESLN TS (eq.5-3), ©° Z4Ud A b
VENEMILE 2D AN N A AERNETT LI b O LRI E NS, S5 1 & 4-X Ry
Y U E OGS TIIEMRIRAME 52, B ERET D LT TE o7, $5K 4
ERERIZA IV B A Z AT 2 2 & T, AR 72 T > 7Y U T ROSISEIT LR o 72 b
DEBEZOLND, —H, &TATFNATI YV UOERIE, VATFAT IO N ERE
E< . B S UTHRE LI Wiz, bR 7eh » 7Y U FROEAHEIT Lz b o & HEH| &
N5, LLAans, &-CAFATI V0 hy 7 7 ROGTS RIGIRE % 180 °C
LT EZFITRDIRTRBIE SN, B 4V RATFATI Y PUrDGE b RIGE
EEEESICT 22 & T, YATFAT I EERNIEET LAV N AZUEREITT DL
Ebns,

PR 4,5 AflfE L Ll &b, BHILICT AR, DAFAT IV EEATHEY DV
MCTHBMNRELRET 2 22-E8 ) PUVERELNTWD, L LaRns, EEN
OMe, H, COOEt DA I RN R E < b+ AHE A AL TN S, 10

BiKkFEHY T T RGRICEBRESh SEE

BR 1 ZAEE L7z 422 Y OliKED v TV U IRISIZBW T, RISEOEEE H
NMR A7 FZ Ko Tofr Lz 24 B8k 1 I358RICHELTEY, 44 -V A F v
22-TEUV YoMz Co »e v U Yk Cp*Co(dmbpy) (34a, dmbpy =
4.4’ -dimethyl-2,2"-bipyridine) B X T H A F L v7 /& Cp*Ru (35) & & TeEEDORFEE
PERBIER SV Tc, SONIROEIT, FOSBIIGIRHIEEER 1 ICHRT 8B TH o722, Kk
T RITITEEER 3da ICTHORT 2B~ B (L L Tz, $2iR3 2523, 85K 34a 2D\ T,
FOSHACAF DIVTZIRE WD b B M DAL, X BEERRTIC K > TEOME LT 5 2
EINTET,

2 Wb AT, PO O, R TEERE (2012)
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Me

~/€R: O (2.5 eq) ﬁ(}r ‘;'T
‘it X ‘5—2”

/}\i heptane, 180 °C Q_Q
96 h

A 1 & 4-va ) O FEROGIZE Y | BER 3da B LD 35 OHEEA R L7223,
BEDAERDOF NG 26 OKREZBHBEST 5 Z LIXTE R o7 (eq. 54), L72Ai->T,
Bk 34a, 35 DEIEIFHEREK L= 710 *H NMR 247 L LT 5 2 L2k -
TIT o772, SR 3da 1FBERICHE S X Cp*Co(5-CH,=CH,), & 44 -T AFNL-22-L Y
Y EDISIC LD AR L (eq. 5-5), ¥ g%k 35 % RUCI,(CHsCN), & Cp*-H ZHiPESef
T % Z L2k V157 (eq. 5-6),

Several
products

+

(5-4)

4a 35
(40% by NMR) (30% by NMR)

Li,CO;
'PrOH/water
reflux

\/ \/ Toluene, 40 °C /_‘ ’_\
Me Me
34a
Cp*-H ;R
RuCIl,(CH;CN)y, ———— Ru (5-6)
iz

$B4K 34a D FHEE

R 1 & 42 ) U EDORISRICHE LN RARIKZRIE T CRE S %, YT
T—T VRS T, ZOWKRE 30 °C THET 5 2 LI X » TR LN SR ADOHUR
iz O THLRE S X BT 21T > 7=, o Sk 34a D4y FHETE% Figure 5-6 12 H72%EA
% Table5-5 2”7,

B3 Lenges, C. P.; White, P. S.; Marshall, W. J.; Brookhart, M. Organometallics 2000, 19, 1247.

1 1H NMR spectra of 34a (400 MHz, C¢Dg, rt): 5 1.65 (s, 6H, C*Me), 1.91 (s, 15H, CsMes), 6.64 (d, Jyn =
6.8 Hz, 2H, C°H), 7.07 (s, 2H, C®H), 9.97 ppm (d, Jy = 6.8 Hz, 2H, C°H).

> Doppiu, A.; Rrivas-Nass, A.; Karch, R.; Winde, R. U.S. Pat. Appl. 20110184203 A1, 2011.

¢ ' NMR spectra of 35 (400 MHz, C¢Dg, rt): 61.65 ppm (s, 30H, CsMes).

Y BIE T Rigaku R-AXIS RAPID [[#r3##E % IV T —150 °C T{T\>, Rigaku PROCESS-AUTO
B ZMIE T2 E R LT, fEIE AR L, IR P-1 (#2) ThoTo, fRHTIC
BT, SHELX-97 7'm 77 LRy r—U % Hvy, BHEEIZLY Co R DEEEZRE L 7 —
U BRI L - THERDIFKRFER T 2IRE LIz, SHELX-97 7'a 7/ J A& RV TiR/PRIEIZED
FEL L, FERFBIRT 2 IR LT,
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Figure 5-6. &H{A 34a D4y 1-H%i&E (30% probability)

Table 5-5. #ik 34a D ERFEAE A) LHAA (©)

Co1-N1 1.874(7) Co1-N2 1.860(7) N1-C5 1.370(10)
C3-C4 1.397(12) C2-C3 1.372(11) C1-C2 1.415(11)
N1-C1 1.376(10) N1'-C5’ 1.380(10) C4’-C5 1.344(12)
C3-Cc4 1.401(11) Cc2-C3% 1.384(11) Cc1-c2 1.400(11)
N1'-C1’ 1.377(10) c1-c1 1.427(10) C4-C5 1.378(12)
N1-Col-N1" 83.0(3) C1-N1-C5 115.2(7) N1-C5-C4 124.7(8)
C5-C4-C3 119.6(8) C2-C3-C4 117.6(8) C3-C2-C1 120.7(8)
C2-C1-N1 115.2(7)

BEIA 34a X ET R FRIOMIEZ AL TR, c3__c2 c2._cy

o e s / /N,
44 - AFN22-E Y P Cp* D79 EHE IS c4 c1-c1\ /64
* U TCZIEEEICANL LTV, BB P RICER C5_Ni N1__c5’

HA& b 72720 Cp*Co(bpy) (34b) &8k 34a L[H L
<M T R Rl OfEE % o, P Table 5-6 (21385
& 3dab O Y Y UEMLOMER LIS D IR
froe v ) oo otiEz "4, 85K 3d4ab @ C1-CI
W REEE 16T 2 AL O B U Vv & i L T
0.07 A BHEI< 2o TW5, Z4UE, Co b EEY Y Figure5-7. 2,2-EE U v o
VANBTBEICE A LR EBRASATVS, ¥ 2,2 LUMO

B U o LUMO % Figure 5-7 (27343, CL1-Cl” Ik O EEHTH D, £D
72, BENLEEY VU AOBFBEINKLZ Y, LUMO OFE EENH ETSHE C1-CL
HEL R EMARZT BTG, P

'8 Scarborough, C. C.; Wieghardt, K. Inorg. Chem. 2011, 50. 9773.

9 (a) Chisholm, M. H.; Huffman, J. C.; Rothwell, I. P.; Bradley, P. G.;Kress, N.; Woodruff, W. H. J. Am.
Chem. Soc. 1981, 103, 4945. (b) Gore-Randall, E.; Irwin, M.; Deeming, M. S.; Goicoechea, J. M. Inorg.
Chem. 2009, 48, 8304. (c) Bock, H.; Lehn, J.-M.; Pauls, J.; Holl, S.; Krenzel, V. Angew. Che. Int. Ed. 1999,
38, 952.
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Table 5-6. &k 34ab DL Y VUM L ORIST HIERMIOEE ) DU OFAE (A)

4,4 -dlmeth?/r:;z,z -bipyrid 2.2 -bipyridine
Co(dmbpy) dmbpy Co(bpy) Bpy
(34a) (free)® (34b)* (free)?
Cil-Ccr 1.427 1.493 1.419 1.488
N1-C1 1.377 1.346 1.387 1.344
C1-C2 1.408 1.397 1.410 1.392
C2-C3 1.378 1.395 1.368 1.382
C3-C4 1.399 1.395 1.403 1.382
C4-C5 1.361 1.388 1.370 1.381
C5-N1 1.375 1.342 1.371 1.337
/cs—cz\ cz'—cs'\
c4 c1—c1'/ ca
C5—N1 N1 —cC5’

Wieghardt &% Cp*Co(bpy) (34b) DOFE IREEZ FHEALFMTIEIC L VT L TRV, $&(k
34b DFETHRHEEIEL Cp*Co'(bpy)° (A) LV & Cp*Co'(bpy)” (B) DHMNLZETHDH L &R L
7= (Figure 5-8), ' §{k 34b L4k 3d4a OREERREAEEML THWDEZ LD, 44-DAF
V22 -E VY VUBRMIF A2 AT % Cp*Co(dmbpy) (34a) T, Co #°5H dmbpy ~0 1 &EF
BEINE D, B ORREFEEIZR>THVDL 0 LRl S LD,

S
co' co'
/ \ N/ \N

/ N\ ¢ \ / N/ \
A B

Figure 5-8. $E{K 34b & HiE

$E4F 34a, 35 DfRLEIEED R

BRE R L7288 34a, 35 (C2OWTC 4-¥'a U v OfiAkFED v 7V o 7 ROk 2 fil it
EMEAFHMI L7z, TORE, 2O 0HAIT E o 7= <EMEZ RS RN L 2R LT (eq. 5-7),

% pearson, P.; Kepert, C. M.; Deacon, G. B.; Spiccia, L.; Warden, A. C.; Skelton, B. W.; White, A. H. Inrog.
Chem. 2004, 43, 683.

2L Kihn, F. E.; Groarke, M.; Bencze, E.; Herdtweck, E.; Prazeres, A.; Santos, A. M.; Calhorda, M. J.;
Romdo, C. C.; Gongalves, A.; Lopes, A. D.; Pillinger, M. Chem. Eur. J. 2002, 8, 2370.
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Me 34aor 35
N (5 mol%)
? | & heptane
N H 18p0 °C
_H2

$EIR 34a (ZHEINL L 7= dmbpy B F1E. 225

7\ 5-7)

N=

\_/

Me

Wik B & ERANICERED 44 -0 A F L

22-EEVDUEE 2L, FOEOEHA 34a WG TIZ. KIEH, 5% O 4,4-3 A
F22 -8 DUNEERI NN, ZAUTEER 3da HERTHY KR L TELZLD

TIX7R &I L7,

BE OSSR 34a, 35 1FAMTEEAZ RS 2N Z G, AR 1 O Ru,Co BRS04 5 =

& TTMIEMEZ R D T ERH BN IRl
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%5 % RuCo BT hTt KU RESIKICE D 4l e ) DU OfikFED » 70 > 7 Kk

E3H A 1 2 3 & 4NMBEREPYUSVEDORBIZEDETRMEBE) SIBHRDOERE
BXUHY

K 2 3 1T 1B AU v dh T Y SRS T A4 A F 22 EE Y U DIk
SIS o T8, SUSH ORIETI R TRA E ) DA S R, E ) V0
C-H FAUMNIC LD ) DR OR MK, 2,2 -8 8 ) DU BOAERD BERFIED 1
SThDH. SBIT. B UASMAOMED L ORISR b cd 5 = L1, iSO 2
7= A DRI SIS O LIS D, AMITE, VTR E U 28K HAES &
ONF DOFSHEIZ DN TR R B,

Bk 2 &£ 4B D EDERRRIE

PR 2 IZxF LT 4-E 2 U &ML, 100 °C [Z#ET 2 Z LIk » T, EATEAA Y
DILVEER (Cp*RU)(Cp*Rh)(u-H)s{ s~ 17 (I1)-CsHzNMe} (36) 7315 5417~ (eq. 5-8), il i i etk
(180°C) LV HLIKIE TS S/ D Z & T, B U DK 36 ITRINANICERK L, 44 -0 2 F )1
22-EE Y VDA Ru,Rh Bl T A X — B O S RITBIE SR o Tz,

Me
Me
L N ®
/th\ \N N/
H ~3-H<
H\| — » Cp*—Ru=—f——=Rh—Cp* (5-8)
7N AR NN ]
/Ru\ /Ru\ toluene H—Ru=—/—H
H 100 °C, 48 h /
Cp*
_H2
2 36 (85%)

BEIR 36 1L 'H, "CNMR IC X W RIE L, HfER X SEEMITIC L > TE O 2 il L
7=, b 36 @ -80 °C THIE L7= 'H NMR Z-~XZ LML TiE, Cp* IZHESL 7 FARn §
1.62,1.81,1.85 {2 1:1:1 O TEHM 472, Ru-Rh ICZERE L7zt Y REALFHIZHEESL
I F MR, 8 —22.13 (Jrnn = 32.4 Hz), —17.13 (Jgnn = 21.1 Hz) I2BLdL, F0F4 PRh L0
o PN T o TRIEL SN, 72, Ru-Ru MICZEE L2t FU FEAZFI1E 6 -10.79 I
—HERTBIP S, 3 2Ot KU FENL T BENENOER-SBRESIZEBEL VD Z N
RENTZ,-80°C THIE L7 BCNMR 227 ML TlE, BV DUBRICHKT D 7 F L,
0114.4,127.3,141.0, 151.4, 154.9 (d, Jrne = 28 Hz) (ZBIR S NT=, &BICEEEA LB Y UL
RFEITHASL 7 F T, BbIERESIC PBRh LD v 7V U T RS THE SN, LT-
Mo T, B U IAENAORFZIT Rh 12, EFEIT Ru ISHEAELTWDZEBHLMNE ST,

SATEAEAI U DABERD AT, Rug A Z b R REEK 5 LA DY P UHHED
FURTHBER SN TV (60.5:9), * ZOE Y DKL, $K 5 12X 2 ) YOk
FH YTV TRIGOFMAETH D Z ERHALNE STV D,
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R
R
PR z A
/RT\ \Nl N/
H H .
A, e o

-~ I N\
\_ Ru—=Ru_/ toluene, 80 °C H—Ru 2 H
H "/
-H, Cp* H

$84K 36 DO FIEE

$EIR 36 O b T MY (211) O E 30 °C THETHZ LICL -~ TELNT%
B OBCRAS S A AV THRS S X SR 21T > 7=, 2 851K 36 D4 FHExE% Figure 5-9
I E AR % Table5-7 (123,

Figure 5-9. &H{K 36 D4y 1-Hi&E (30% probability)

Table 5-7. $1k 36 OERFEEE (A) LHEH (O

Rul-Rh1 2.9593(3) Ru2-Rh1 2.8073(3) Rul-Ru2 2.7937(3)
Rh1-C1 2.003(3) Ru1-N1 2.078(2) Ru2-N1 2.213(2)
Ru2-C1 2.190(3) N1-C1 1.397(4) C1-C2 1.425(4)
C2-C3 1.365(4) C3-C4 1.421(4) C4-C5 1.354(4)
C5-N1 1.383(4)

Rul-Rh1-Ru2  57.883(8) Rhi-Rul-Ru2  58.330(8) Rhi-Ru2-Rul  63.788(8)
Ru1-N1-C1 111.55(17) Ru1-N1-C5 129.0(2) Rh1-C1-N1 113.42(18)
Rh1-C1-C2 126.9(2) C1-N1-C5 118.9(2) N1-C1-C2 118.0(2)
C1-C2-C3 122.7(3) C2-C3-C4 117.2(3) C3-C4-C5 120.6(3)
N1-C5-C4 122.5(3)

2 HIE 1T Rigaku R-AXIS RAPID [BIr#{E 4 VT —150 °C T4TV>, Rigaku PROCESS-AUTO
077 NIED T =20 U, REAITEARESRICE L, ZERIBET P2i/n (#14) ThoTo, T
IZBWTIE, SHELX-97 v/ J ARy r—C %A, BEECIVEBERTOEEZREL 7
— VT ERIC L - TR D IFKRBRTZRE LT, SHELX-97 v/ J 5% W TR/ _FRIEIZK
DREEAL U, FEAREIR 72 IS MR EE LT,
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% 5% RuCo BT FT b KU REEKICK D 4@ Y U DBKRFED v 7V v T RIG

v U VBT N1-CLl (X Rul-Rhl Tk U CHATICANL L TV D 2 & AR Sz, 4
J& M5 A 1%, Rul-Rh1: 2.9593(3) A, Ru2-Rh1: 2.8073(3) A, Rul-Ru2: 2.7937(3) A L7 ~> Tk Y,
v DAENLFDY o B LTV % Rul-Rhl RIEEEER KR E <R L TWe, =R e vy
PUBHEDRISIZE Y TRETICEZL OBEEE ) UAERERINTERR, b0
ZEACIEEEEY Y DK TH o7 (Figure 5-10), 2 —F . $5K 36 IZTZHAEFEO
U PSR TH Y . Rul-N1, Rh1-C1 @ o BNZ721F T2 <. N1=C1l M _HEHi A2k - T
Ru2 {12 nm BfZLLCTWD, D7, B U PUBRICITHREZBENBIE SN TWD (HAEE AL
1.425(4), 1.421(4), 1.383(4) A; —EFEAHNL: 1.397(4), 1.365(4), 1.354(4) A),

o 7\ 7\
\N / N=— N=—
w-Pyridyl complex 3-Pyridyl complex

Figure 5-10. —HAUR (£) BLO=EAUE () U D8k

$E4Kk 36 MBERZE 'HNMR XR% kL

BEfR 36 TR ) AR OBRIEENC LY, 7TV ORI AE LT T
DR OBE SN, £, RROBIEENX, Rus e U DASMATHEIZ I TV D,
% phpk 36 DIREFZ 'HNMR 227 kL% Figure 5-11 (257,

2 (@) Yin, C. C.; Deeming, A. J. J. Chem. Soc., Dalton Trans. 1975, 2091 (b) Deeming, A. J.; Peters, R.;
Hursthouse, M. B.; Backer-Dirks, J. D. J. J. Chem. Soc., Dalton Trans. 1982, 787. (c) Burgess, K.; Johnson,
B. F. G.; Lewis, J. J. Organomet. Chem. 1982, 233, C55. (d) Eisenstadt, A.; Giandomenico, C. M.; Fredrick,
M. F.; Laine, R. M. Organometallics 1985, 4, 2033. (e) Foulds, G. A.; Johnson, B. F. G.; Lewis, J. J.
Organomet. Chem. 1985, 294, 123. (f) Bruce, M. I.; Humphrey, M. G.; Snow, M. R.; Tiekink, E. R. T.;
Wallis, R. C. J. Organomet. Chem. 1986, 314, 311. (g) Deeming, A. J.; Smith, M. B. J. Chem. Soc., Dalton
Trans. 1993, 2041. (h) Beringhelli, T.; D’Alfonso, G.; Ciani, G.; Proserpio, D. M.; Sironi, A.
Organometallics 1993, 12, 4863. (i) Cifuentes, M. P.; Humphrey, M. G.; Skelton, B. W.; White, A. H. J.
Organomet. Chem. 1994, 466, 211. (j) Ellis, D.; Farrugia, L. J. J. Cluster Sci. 1996, 7, 71. (k) Cifuentes, M.
P.; Humphrey, M. G.; Skelton, B. W.; White, A. H. J. Organomet. Chem. 1996, 513, 201. (I) Azam, K. A.;
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

Cp*Ru
Cp*Rh
Ru-H-Ru Ru-H-Rh

70°C J\ I . B A
25°C J—/‘w)\\, . a
-20°C M
-40°C ,_,j\&_/’i_d\ A A
M | |

CpRN Cp*Ru Cp*Ru J RU-H-Ru

e . B J Ru-H-Rh L
T

T T T T T T T T T

T
-10 -12 -14 -16 -18 -20 -22 ppm

Figure 5-11. #&{& 36 DOIREAZ 'HNMR A-<Z kL (400 MHz, THF-ds)

—80 °C THIE L7z A~ MV TiE, Ru IZEZL L7Z Cp* 1233 7 e §51.62, 1.81
(2. Rh ZHEINL L7z Cp* IZEED 7y §1.85 IZENEH 1:1:1 OFEERTRES
Tz, Ru IZEENE L7 Cp* (S &7 ik, FIET DIV A T 20 S Tz,
£/~ 80 °C TiX., b NV Rl IcHkT 57t §-2213 (Ru-H-Rh), —17.13
(Ru-H-Rh), =10.79 (Ru-H-Ru) (ZZNZNIEFEMMITHNT, BEIRE Z LT 512 L2,
Ru-Rh lIZZEMG L7 R U RENL IS 7 VoG RBE S, ZOv 7o
ZiiX, Rh LBV DAENL D 2 fLDRFHEE OFESZHIC, EHEMN 2 5O Ru MEFEFR
< Bdhd 2 EAY2EE) (windshield wiper motion) (2L 2 & D & HEHI X415 (Scheme 5-8), Z D)
HEENL, TATRAHA I RA ABSACHLBESh TV, 2

Rh Rh
H/ \c\\\']' ",'{/cl YH
LA, A,
N D,

Scheme 5-8. 'V YL T- OB, (windshield wiper motion)

% See for example: Rosenberg, E.; Milone, L.; Gobetto, R.; Osella, D.; Hardcastle, K.; Hajela, S.; Moizeau,
K.; Day, M.; Wolf, E.; Espitia, D. Organometallics 1997, 16, 2665.
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5% RuCo M7 Tt FU NEMKICK D 4-ALEIRE ) U DOBKRIED v 7V & T ROG

70°C THRIE LI A~NZ T, Ru-Ru G L7 Y FERULFICES S 7T
M7 a— KB SN, ZoZ b, & R RENL OV A N FET H 2 &R
Hohk7eoTz,

Rus BLOSATEINIAL E Y 2L 88K ClE. windshield wiper motion (212 C, & U /LB T
® Ru-C & OYIM % 11 > $h925E) (pivot motion) DIFFEINRIE STV % (Scheme 5-9),
RFEGREIEER 36 O%A. ZOBREENIRM L 253, $EK 36 @ Rh 1Tl L7 Cp*
ZEESLS T F TR, BMICHED 7o — F=0 ZRBIR Sy, Leh-> T, Rh-C
Al REEET, 5K 36 TIE pivot motion (X7 H D EHERIE N D,

H/R{;\H HC///R“\H H/RU\H
Ru= Ru Ru Ru Ru Ru
\H/ \H/ \H/

Scheme 5-9. U ULEMNLT-OENAYZEE) (pivot motion)
(B U DB DEFRB L 2 fDORFEOHFR LI, )

Bk 3 & 4-Ea) D EDERRIE

PER 3 b 4-Ea ) RIS LT, AT E Y LR (Cp*Ru)(Cp*Ir)(u-H),
{us-17(I)-CsHsNMe} (37) % 5-27- (eq. 5-10), #{Kk 3 & 4-v'=V L OKISIE, Rh 28T
[FIRGRIAR & bl U CRiR D RRER 2 8 L, MOSOEER B KD > 72, $5K 3 OIGHEDK S
TR T EDORIETHEHALNTEY, ZHUISER 3 Ot U REZF23KFESFE LT
BB LIZ W2 EHERI S D, FOGHE . BEIRPIZIIROG OSSR 3 A REITEAF L T
T, TAITFTHTAIu~w NS T T =X ORI S 2 L ChbR 37 ZHEEL -,

Me
Me
=X N >
Ir S ~
H7INH N '
VAN - Cp*—Ru-</ =Ir—Cp* (5-10)
TN NN Pl
/Ru\ /Ru\ toluene H—RuZ=—H
H 160 °C,5d /
Cp*
_H2
3 37 (20%)

BEIR 37 1Z 'H NMR ICK W RIE L, HifEd X SMEEMITIC L - TZ OS2 MR L,
BEMR 37 OB THIE L 'H NMR 222 M Tl Ru IZEf7 L7 Cp* 1TSS v 7
JUAS 51.88 1T, Ir ICEMZ L7= Cp* (25 T 7 F L §1.97 ICFNFH 2:1 O THIM
SNz, Ru-Ir ICZEMB L7t R U RENLAICHES S 7, 6 2114 iIc7m— Ry
Tl LTHN, FORSMREIL 2H Tho7-, £7-. Ru-Ru MIZZEME L2t F U REAL
F1T 61004 Ty —77—EHFL LTBHISNTZ, BUPUVRISHEG LT 2 hid, §
5.88, 6.54, 6.86 |[ZFALEIL 111 OMELTEEINT, ZNHDT 7 F/VOREIL,
Ru,Rh B LU PLEE(R 36 EEEELL TRV | K 37 LK 36 LRKOMEEAFTLHZ &
IR R STz, £7-. Ru NI LT 2 DD Cp* IZHET DT 7 F L= Ru-Ir fjicZe
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

Bl KU REANLFICHRT DU 7 FANERTIEEE L CBIE SN2 L0 b, Bk 37
DO E U PVEMLFIZ S windshield wiper motion BWFEETH LD EB X LD,

84K 37 OHFIEE

$EIR 37 T IRy (211) ORI E -30°C TEHET D Z L TH LR A DK
Pkt i A FIVCHLIE S X S EMRAT 21T - 7=, ©® 88K 37 D4y FHs7E% Figure 5-12 |2 E73
WA E% Table5-8 2R 7,

Figure 5-12. &k 37 O4r1-H%i&E (30% probability)

Table 5-8. #A 37 OERFEAE (A) LHEEA ()

Rui-Irl 2.9524(6) Ru2-Ir1 2.8603(6) Rul-Ru2 2.8001(8)
Ir1-C1 2.011(9) Rul-N1 2.097(6) Ru2-N1 2.179(8)
Ru2-C1 2.231(8) N1-C1 1.375(11) C1-C2 1.439(12)
C2-C3 1.365(15) C3-C4 1.453(18) C4-C5 1.366(14)
C5-N1 1.374(9)

Rul-Irl-Ru2 57.57(2) Ir1-Rul-Ru2 59.562(17) Irl-Ru2-Rul  62.87(2)
Ru1-N1-C1 110.9(5) Ru1-N1-C5 126.4(6) Ir1-C1-N1 114.2(6)
Ir1-C1-C2 127.4(7) C1-N1-C5 121.6(7) N1-C1-C2 117.4(8)
C1-C2-C3 122.8(10) C2-C3-C4 116.6(9) C3-C4-C5 120.6(9)
N1-C5-C4 121.0(9)

% HIE 1T Rigaku R-AXIS RAPID [BIr4{& 4 VT —150 °C T4T\>, Rigaku PROCESS-AUTO
n7 NI T =N LT, I ERRRICE L, EREE P-1#2) ThoTo, MHTIC
BWTIX, SHELX-97 70 7/'J ARy r—T & AV, BHEEICL D SRR OEEEZRE L 7 —
U ARIZE > THERDIFKRFBRAZRE LT, RU2 BEO Irl [ZENL LT Cp* IZF 4 A4 —4
—NFE L, TOEAREZNZEI 50% : 50% 3L 55% : 45% & 9% = & TS & mfb L
770 SHELX-97 v 2/ 7 A& AW T/ T HIBIZL VBB L, FFEAFERTZIESEHFHEICERL
776
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% 5% RuCo BT FT b KU REEKICK D 4@ Y U DBKRFED v 7V v T RIG

Ru,Rh O FIRIA 36 & FEEIC, BV PRI D N1-C1 1% Rul-Irl (Zx L CHATICRANL
LTWDZ PRSI N, &R AIE, Rul-rl: 2.9524(6) A, Ru2-Irl: 2.8603(6) A,
Rul-Ru2: 2.8001(8) A &7~ THV ., K 37 THE U PIVENIFA o BNLL TV D4 E—
& BFEERES K X <R LT,

$R{K 36 ORIGHE

Ru,Rh 15 kb KU REEA 2 ofilfit
EMEITERW SO0, g8k 36 OMEEZI S

Decomp. +

ok

MMZTHZ EE. RuCo 5 v RY R 180 °C
BER 11 X DMESUE D A T = X K % fift ///
T % ECEETH D, © 2T, 45K 36 0 L R
R % 75 L7z (Scheme 5-10), ® fj
BEIR 36 DIMMEASIRTIE, 7T A% —F cp*_rfu\é%jﬁh_cp* N \R
BOSHBMBES N, FHAFALT ) HR—H e
L35 e bicERORRERESRES P
N, THEERBIIC, Rus B 2t RCN
FU RESR 5 L) UM E ORIRIC K “&ég\\
0 U BRI 48 BT O VA TRLAL A N.R.
U VR IRITNET X0 DK DSHEAT L Scheme 5-10. 4%{k 36 OFIEME

Bhr R Aafn7e 46 1 OPATERAI Y Y ¥
IUEERNERLT D (eq. 5-11), P Rug 27 522 —DFZTIE, 20 46 EFDE Y P LEEAKN
fllfEHFECH D L EX BTV D,

BEIR 36 LBV VU EDRIGBMET LTEA, Bl bR oEgidBla shiehotz, &
iz, BV VUL bRISHEOE = M) VEEZAWEEETH= U AARMINT SR E
DI TFE ST EIT LR T2,

R R
R
=< J N A
/Ru\ | N/ N/
H H N .
|/I\H\| B Cp*—Rué LRu—Cp* —_— Cp*—Ruél—Ru—Cp* (5-11)
A0 r~ 1~ ~ 1~
\ Ruz /Ru\ 80 °C —Ru H 160 °C Ru H
H n,/ H n/
-H; Cp* H Cp* H
5 48e 46e

8K 1 & 4-FYITNARAFILEY SOV EDRR

BER 1 L 4 a ) EBDETIREAOE ) VU E ORGTIE, ST D A TR
B U O MERITEE SN o7, L L, 4R Y Zuda AFLE Y P L ORGTIEE
TR E Y PV SR (Cp*RU),(Cp*Co)(u-H)s{us-17°(I1)-CsHsNCFs} (38) 7343 B 4v 7= (eq.
5-12), B REMEEDOHEAIZL > T DABSENRELNTZZ LD, B DAMERDRE
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

BIZIZT T A Z—FRENOE Y PR ~OWEREETH D Z L BRI,

CF;
CF;
Bl e S
Co, ~ =
H7INH N TR
[/ H —_— Cp*—Ru4/ Co-Cp* (5-12)
70N AN |
/Ru\ /Ru\ toluene H—Ru—/—-H
H 100 °C, 63 h /
Cp*
_H2
1 38 (82%)

Btk 38 13 "H, PCNMR (L W RE L, B X SIS L > T OS2 MR L
7=o BEK 38 @ —40 °C THIE L7 'H NMR A2 LT, Cp* IS T F AN §
1.60,1.64,1.83 {2 1:1:1 O THINI S/, Ru-Co MICEE Lzt R FENLFIZESL
T F L, §-27.72, -17.76 |2, Ru-Ru MICZEME L7 R U FEANLFI1T 6 -11.83 IZZFh
FRBZRE T, 40°C THIEL7Z BCNMR A7 hLTlE, UV BICHET Sy
FLA3, §106.1, 117.0 (0, o = 31 Hz), 144.6, 150.1, 150.6 (285 S, B U D UVEBROD 4 (DK
FIZHONTIE, ¥F LBy 7V Y (9, der=31Hz) ZffEo TEIHIShT-,

84K 38 DHFEE

BEIR 38 DT X IR E —30 °C THET 5 Z & TH LMD T 1 v 7 IR 2 H
WCHLRE SR X S RRET 21T o 72, 2 SEIK 38 D4 THEEE %A Figure 5-13 IC ERREA R A
Table 5-9 (2”1,

Figure 5-13. $&{k 38 D4y 1-f%i& (30% probability)

% Al 1T Rigaku R-AXIS RAPID [BIr4#{E 4 VT —150 °C T4\, Rigaku PROCESS-AUTO
077 ALY T =20 L, fEEE ERNERICE L, R P-1#2) Thoto, fiEFTIC
BWTIX, SHELX-97 707 J AXy r—T v, BEEICL D &R OEEZRE L 7 —
U BRIC L > THRDIEKRFBIEFZRE LTZ, SHELX-97 7117 F A& AW THR/N _F|/IEIZLD
Kb U, JEKER T & IS HPEIC R Lz,
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5% RuCo M7 Tt FU NEMKICK D 4-ALEIRE ) U DOBKRIED v 7V & T ROG

Table 5-9. #&(K 38 O EARFEAE (A) &AM ()

Rul-Col 2.8822(4) Ru2-Col 2.6987(4) Rul-Ru2 2.8063(3)
Col-C1 1.903(3) Rul-N1 2.066(2) Ru2-N1 2.218(2)
Ru2-C1 2.152(3) C1-N1 1.406(3) C1-C2 1.435(4)
C2-C3 1.363(4) c3-c4 1.427(4) C4-C5 1.355(4)
C5-N1 1.383(3)

Rul-Col-Ru2  60.271(10) Col-Rul-Ru2  56.624(9) Rul-Ru2-Col 63.106(10)
Ru1-N1-C1 111.37(17) Ru1-N1-C5 127.74(18) Co1-C1-N1 112.10(18)
Co1-C1-C2 129.8(2) C1-N1-C5 120.3(2) N1-C1-C2 116.8(2)
C1-C2-C3 121.8(2) C2-C3-C4 119.4(3) C3-C4-C5 119.0(3)
N1-C5-C4 122.5(2)

Ru;Rh 3 LY Ruplr D[EIIEAR 36, 37 LIAIERIC, 851K 38 THABHLIZESLS T 4 A
— X —ldBERENR o, Thbb, Co 1T Y AR FO N TIERL, C LIBIRIIC
WAL TWAZENRHLMNE ST, Col & U PAENFO CL L ofHgfiE 1.903A TH
. #8136 @ Rh1-C1(2.003(3) A) L UE(A 37 @ Ir1-C1 (2.011(9) A) Lk LT, 0.1A
AV, Zhix Co DJF RO/ SIZRRERT b0 s, SR EIT.
Rul-Col: 2.8822(4) A, Ru2—Co1l: 2.6987(4) A, Rul-Ru2: 2.8063(3) A T& v ., Rul-Col [WIHgfix
Y UAERNAD o B K VR LTV, —FH, U VAR T o BALL TUH7Ze0
Ru2-9 4 @M HRET 9 AR O TN < K S v, #K 38 (Ru2-Col: 2.6987(4) A)
TIESEAR 36 (Ru2-Rh1: 2.8073(3) A) 5 L UMK 37 (Ru2-Irl: 2.8603(6) A) L v A 24,
BEA 38 T, N1=Cl R “HFEAN Ru2 12 n B L TWAHT-, B U VU BRICITRE A4S
BABZESNTWD (HEEAENAL: 1.435(4), 1.427(4), 1.383(3) A; —HiHA AL 1.406(3),
1.363(4), 1.355(4) A),

§E{K 38 DEIRIZEED

PR 38 DB Y DB FITIEEEE 36,37 & FEROBIRFEINBILZL S, SR 38 D
FER[Z 'THNMR A7 kL% Figure 5-14 12777,
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

Cp*Ru
Cp*Co
80°C

m

25°C MJL l
M@ N

Ru-H-Ru

Co-H-Ru

—40°C " l
““““ L B L B L
2.0 18 16 ppm - 19 -15 20 —p5  PPM

Figure 5-14. $&{K 38 o Cp* fiElk (/£) B LUk RV Rl () @
JEEAIZ THNMR 222 kL (400 MHz, toluene-dg)

—40 °C THIE L= A7 hL T, Ru IZELL7Z Cp* ICHKET D78 § 1.60,
1.83 IZBZE SN, INHD Y 7T /VTIERE O EFITHFVEEG Lz, & FU FBAL
(23S v 7 F L §-27.72 (Co-H-Ru), —17.76 (Co-H-Ru), -11.83 (Ru-H-Ru) {2 1:1:1 @
SR CHIE SN, ZNH0 3 DOV FuE, FHRICHEVEA T ARSI, Z
noov 7 FroZEbiE windshield wiper motion 1282t O EHERI S5, Ru IZENL L7
Cp* 2D U7 FILO@MAIRE (25 °C) MO HEH L8 g8 oEd b= x ¥ —%
AG' 08y = 13.8 kcal mol™* Tdo7=, ZHUTKF L, Ru,Rh Ak 36 TOTEMALT KL F—I%
AG¥pu3ky = 11.3 kcal mol™* TH o7z, BAIRENERD -, B /2 I TE RV,
windshield wiper motion [X85(A 38 DNV LAURENTZ, LN LR D, 8K 36 L4
& 38 L TlE, vV UVENL - EOBEBILN R D700 BB OWE AN T END 9 K
B DIENE I LTV D NI S TIERn,

Ru,Rh k(K 36 0> —80°C 725 25°C D AL~ /LT, windshield wiper motion (2 ¥
Rh-Ru (ZZ84B L=t RV RENL 2S5 2 2OV 7 FAo@E i g sn 52, Ru-Ru
MHNZZE L=k RV RENAL DY 7 FiziiE & A EEER AL, ZHZx L, Ru,Co
RIBEIR 38 TIE. HEAVMKIRSER D Ru-H-Ru @< 7 F /Lt Ru-H-Rh O 7L Likx
WZREA LR DRk 03 bivle, L7zdi-> T, 85K 38 T, &K 36 L0 bt U RNEUL
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%5 % RuCo BT hTt KU RESIKICE D 4l e ) DU OfikFED » 70 > 7 Kk

FOV A FPEENHELS BT L TWDAZENRHALNE T,

$R{K 38 DRIGHE

RIS S D A 1 = X BT 25 A 25572, Decomp.
$ER 38 DORULMEEFHA L7 (Scheme 5-11), $&1K A(ooc
38 DINENS L TIE, 140 °C TEHAD R HEFT L |
BARRUSITBER Shieino Tz, £z, tert-7 F /LA e BINC R
VT =R XY= MU N-AF A I — B m’
NS EGERIADE ORISERELES, NN
TS IS DOBEATIZA DR o T2, ZAUTKE L, I-‘—\/Ru—/—l-ll @‘c"
BifR 38 ZEAKFLE Y VUSRS E, 90 °C T v w0 ™ N
MES 2 & 81K 38 o RNV NENL D EKFEL
NEZ ST (eq 5-13), T OREEIE. S5k 38 117 Q‘\:,N
T HIEZBE LT RN D0, BRI 72 4o A 80°c

2 3 FHOEY VU ERVIAL, CD EEEY N-R.

WrLCWabZEalmEnk, 2B, ZOKGTIE Scheme 5-11. #8{& 38 D aME
v U VBN EOEKFITBIE I N o T,

CF, b CF,
N D~ | D / A\
/N/ D SN D
Cp*—l?u\ﬁ 'Hjclo—Cp* ——» Cp* —Ru /—Co Cp* (5-13)
H—Ru—H 90°C,24 h D—Ru—D
Cp*/ Cp*
38 38-d;3 (66% D)

FOSHNZHEIE Lz 'THNMR A8 bV Tk, BUKELE Y Vv o7 a bV EFEE— 2 OFff
IYFREEMN, AV AKX 3T =24:20:1.0 THHoM, 24 BEEHEIIE, AV b A
RT =27:20:1.0 IZBLL TV, LEER->T, BV DDAV ML TERMIC C-D #
AUWINEITL TS Z EEZHALNE L, ZhiE 1 DHOEZENE U YO N ZHiftd
HELEHITHET D 2 DBOE&REND AN MLO C-D fMEaazUIl+ 57207 EHHIESNS,

84 38 7O b VIERE

AR L7 K 912, Ruy B2 72X —DFRTiX, 48 A DOFATRANIA &Y VSR D INEIZ
KO BKFERISHHEIT L, 46 B OENIREFI72 e U AN SE N D, £io, BKFEL
OGS T 7w b ARIZ K > THH#ITL, ZO5ATE 46 B OREFNAE YU D LEHAD A AL
DHEFREIL TN D (Scheme 5-12),
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% 5% RuCo BT FF b RU RESKICK D 4B Y U DBAKED v 7V v FRIG

Scheme 5-12. Ru; M & U D ASEAOINEL KOV v koAb K 2 BiAFEEG

BEIR 38 TITIMNBMC X D BIKBILSUSIFBIER S Lo Topy, 7 b iAklz L0 BiksE b
BOSETTIUX, BALAEIRSEAR & 72 0 | ROStEDm EX3IFFCE 5, £ 2T, 8k 38 @
HBF, (2L %7 a hiAbRIGZEME LTz (eq. 5-14), TOFEER. £/ W F AP U DGk
[(Cp*Ru)o(Cp*Co)(1-H)4 {1317 (I)-CsHsNCFs}[BF4] (39) %75% = L3 T& 7=73, HI#% L 7= ik
FEBISRE Y DB DGR O EBGITBIZE S p o Tz,

BF,
CF, CF, T(BF)
Y A
= =
N HBF, N
- “H- .
Cp*—su\é/ﬁclo—cw ———=  cpr-Ru["=Co-Cp (5-14)
H—RuZ=—H diethyl ether H—Ru—-~*H
/ rt, 5 min /1 \N/
cp* cp* H
38 39 (95%)

PR 39 1L 'HNMR ([C XV IEE LT, $5%Kk 39 @ -80°C THIELZ '"HNMR 2~<” |
JLTIE, Cp* ITHSL 7T §1.73,1.97 12 2:1 OTERIS -, §1.73 TS
T2 7 FiE, Co IZRINL L7= Cp* & Ru IZEMZ L7z Cp* @ 1 O MEAE UL 7 MiT
BNt THY, $5K 39 28 C; I TH D72 Tid7evy, & RU NELFIZHS T
FLi, & —18.80 (Ru-H-Co), —18.38 (Ru-H-Co), —16.31 (Ru-H-Co), -12.52 (Ru-H-Ru) (Z 4 -
DY TFANBREENTZ LD, BAKEREDEITL TWRNZ AR L, BT
BRICHEA L1 bk, 3 2OV 7 F s §7.00,7.13,757 12 1:1:1 OMELTHES
ni-,

B X BEEMAT 21T 2R 1D T B U AR F S EATRAN. T D = & kI
RO TR, L, 5K 39 1T 48 B oMM TH DD, BEY UL
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%5 % RuCo BT hTt KU RESIKICE D 4l e ) DU OfikFED » 70 > 7 Kk

BT T IEEA TR T A ATREME R BV ZE 2 b b, ¥

$i4K 39 MBEFZE 'HNMR XRY kL

PR 39 OB Y UARN I HEIRIFEEIBIZE S, £ T windshield wiper motion & b
U FERLF OV A MBI LD b0 LIS NS, 5 39 OIRFEAZ 'THNMR %22
JV% Figure 5-15 (27”79,

cr, ]E

60°C

Figure 5-15. $&fk 39 @ Cp* fHl () BL Uk NV Nk () @
JREERIZE 'THNMR 222 kL (400 MHz, THF-dg)

2 RSERIC IR L2 T LR R D% <1, 48 ETSERDY A TR L 7 D,
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

—80 °C THlE LI A~Z FLTiL, Co (TR L7z Cp* IS 7T e Ru IZRAL
L7z Cp* ICHESL T F D 1 OBREY S1L73 IZBIIENTW D, JIERE D B
VW, Ru IZENL L7z Cp* ICHKT D 2 2OV 7 FHd@ée L, iR THIE LAY hr
TIX, 61.86 |2 30H 7y DOMETHIZE STz, ZD Cp* O 7 F/LdDZ{klE windshield wiper
motion (X5 H D EHERIS LD (Scheme 5-13), 7 FA SR 39 OEEAIRE (-55 °C) M
5 RS - BB OIFPEL T R L X —I3 AG¥pek) = 10.3 keal mol™™ TH V| kA 38
(AG' 0y = 13.8 keal mol ™) & Bl LC/hEWy, ZHUE, 71 Ak > TERBETLA G E
U OB A DG RGO LD e B2 b b,

Co Co
H%/\C\HD ﬂ\&.
NN = 1NN
Ru=/—Ru Ru Ru
.

H H M = Cp*M

Scheme 5-13. #&{k 39 Dt Y DAL F-OBNZEE) (windshield wiper motion)

v U VBN - windshield wiper motion (2> T, Ru-Co RIZZ4E L7z He, Hp D7
T H AN BT, —80 °C THIE L= A7 MLV T, He IS 7z
T UBRN D ORERNER A = T TR b mikSs (6 -18.80) 12, Hp IS 7 FiE 8
~16.31 ([ZENENBH S =28, 60°C TO AR RV T, §-17.75 IZRA LT 2H 9D
SR CElER SN,

Ru-Ru MICZEME L7 Ha & “HZUEMEIZIV Hg & OMICH B A LN, T DY
7 F L -80°C CTIRIRIRAUIZE L=, He & Hp D 7))L —40 °C CTEEICIKIRIR R 1o
LTWbZENG, Ha & Hg OAZH#I1E windshield wiper motion (Zf£5 He & Hp OAHA L
DHHNZ ARSI, Zaude FY FEALFREIEOY A FE&#TH D & Ebivsd (Scheme
5-14),

C Co
g/ i 7/ N
e\ NV N

Ru Ru=— Ru

N ~N

I\

H M= Cp*M

Scheme 5-14. #&{& 39 ot RV NEMIF DA FAsH

B 39 ORI

SEIR 39 OIS Z it L7273, 80°C THRA ORI k@l sni-, £/, 4
InFduaRry = Y e QRIS TR, Bl 28RO ERIIBIE SN o T2, tert-7 F /LA
VT = REE, |IBTIESUR Lo 7223, 80°C TIXSEIKR 39 BMrhxlc/ofifL, 1 Y&
D 4N TALFRAFAEY DU EHE X, N-NATF LA IXY— VL EDORILTIE, 7 m b
ALDEIT L, EEAICHMESR 38 [T S NS Z ER LN E o T,
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38-d;

D
Df\l[ D Decomp.
90°c \ D" N""D 80 7’
Decomp. 140 °C .
\ CF, CFy |

B [
= =
‘BuNC N H* N7 F—@—CN
N.R. -«—— Cp*—Ru=/—"=Co-Cp* — >  Cp*—Ru=/ =Co—Cp* —  » NR
°C P u\//: P -~ '_\//I 80 °C
H—Ru—~H N A Ru H
c */ \N/ N—H ~N \N Cp*/ \H
C}m P \—/ \—/

. 38 39

Scheme 5-15. $&{& 38,39 O LJiE

SEATECNIRL B U U LEEIR 38 BTN 39 i %A Scheme 5-15 1IZF & 6 5, FAEEEIA 38
TiE, EAELE Y VD HID RBSISHBIERI N5 2 2 FHOEY DR
MWLM ERoT=, L, ZNLANOIE E DR HIE, BAKBFEZITE Y DEML

F DZREARA DL 7R ERIESOE D A T = X LRI L CTH 728 3G b e o 7z,
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$ A K 1 & 4Fa) o EnERRD RSO DR ERETE-

—EDONATEANIRI ) D VEEKR 36-39 2 DId, RS D A T = R AREIAIC D72 B B
R EGSEDZEIXTTERhoTz, 2T, KIS EITTH8K 1 L 42 Lo
SO Z RSB LT & 2 A, RS O P RADS B S vz,

Bk 1 & 4-Ba) D EDBRRIE

BEIR 112X D 4-va ) OfBERIRAKIE D » 7Y 7 OB % kSR (180 °C) LD
HIKIE D 160 °C TIT - 1o W3 T O SUSTANE & B (SRR ME N 2RI T THOD #0, H
NMR A7 LUZ L0 4534 L7 (Figure 5-16),

Me [Ru,Co] (1) Me A
N (5 mol%) =N / \
z | e
N/ heptane \ Y N=
160 °C Me
_H2

0 |o

24h

10 0 -10 -20 -30 Pem
Figure 5-16. &K 1 12X 2 4-E2 U L ORBKFED » 7V > 7 KIS ORRRFZEAL
(400 MHz, benzene-dg, rt; A:1, O:40a, [1:44 - AF/L-22-E Y V)
(*H NMR I E R IER S 12 LT, )

FOSOMBNCEEAR 1 131 %E S, Zucftb > TEEBMESSRICH KT D> 7 5-28
fHEicEgz s (O, MBERISOEITHIX 6 28 (I v 7 /s IS8 S 7= 03,
PGS DR TIIR 2 LT DR DA LT, & OF BRSSO 0 B 5 70 fp A
ThdEEZ, MOSEER X OMISRESOSFM 24 Rt L, Z OSSR HEELZ 2T,
ZOREFEER 1 & 42 ) % MV UM S, 120°C T 21 RN 5 Z & T,
Co LT 44-TAFN22-L Y VU BN S iz WSS (Cp*Ru),(dmbpyCo)
(1-H)2(15-H) (40a) 23 HABEILER 27% TEHS 72 (eq. 5-15), #51K 40a @ HNMR ZHIE L7-
LA, Cp* 1TSS 7T Figure5-16 THLNT-OHIE 8925 Z & ZHER L=,
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Me Me
Me =\ [~
N A Y
Co \
I ~
Hk —_— (5-15)
\ U\ /RU\ toluene, 120 °C (ﬁH\
21 h —Ru Ru—
-Cp*-H
- H, 40a (27%)

BEIR 40a 1Z HNMR IZ XV [RIE L, HEER X SESERNTIC L > T oS &2 iR LT,
BEA 40a DOEILTHIE L7 H NMR 27 RV TlE, BRI 72 7 m— R =
T Uy 7’ 5-130 205 5120 12/ TH LT, Ru ICEINL L= Cp* 123 < v
F L §-27.68 12 30H Z3 OFESHERE TN S 417z, Co IZHEML L7z 4,4 - AF)L-22-EF
VO UEED Y 7 F AT A FARICHRT 5 7 F 0 §-129.08 (2 53 DFE 7 8L THl
WEi, BV PURICEBRA L7 1 b ik §34.81,81.47,116.26 (ZE N4 2H :2H : 2H
D THBNTZ, & R FENLFIZHEDS U7 FVdBlEZ s o7z, 7, -80°C Tl
ELT THNMR A2 b TH ALHY 7 bB IO 7L ORIRICEEE 2 LIZ A BT,
RREPEFRIIBIER SN o T2, BEK 40a % ML TR S, EiRB L ORIKEHIRE T
ESR ZHIE L7223, v 7Tl sniein-7-, Lo, Evans E2IC L0 k7 EHAKHE
LR TOMKE—AL ML 25 ig THY, INETE2 2 DL O—HERETHD
TERWBENERoT, BB, A 1 L AN -UATFA22-EEY VU L OIS DI
BEIR 40a I3 O o7z,

BEIR 40a 1ZZ42RUTKT L CHD THRUR CTH 0 | 22Kl D & 30T iR L CTHEELDO KR
EERE B 272, 51T, 770Ul d 2 & THHRX ICOMNBIE S, AR EHICR
IR EEIRNAR Lz, 85K 1 10X D42V VoOBiKED 7YV IRKIEET 70T
A—T AT EINTARE =T —F v T HEHNTITI &, 44 - ATFN-22-E Y DI
MRELSPDTHZ L2l Te, Zid, OSFHFF THERLTCEEA 40a ¥ 7 7w 2805y
RIS, KRiIETHEOE LRSS,

$B4K 402 D FHEE

IR 40a D m-F U LR E 30 °C THRE T S Z LIZ X VS SN OBCRAS S A
IV THS AL X BREEMRIT 21T > 7=, ¥ 38K 40a D4 FHEE% Figure 5-17 IZ ERFEAE
% Table 5-10 T~

% (a) Evans, D. F. J. Chem. Soc. 1959, 2003. (b) Schubert, E. M. J.Chem. Educ. 1992, 69, 62. (c) Grant, D.
H. J. Chem. Educ. 1995, 72,39.

B2 A=K bRHEN S ZEHREOMKET— AL b 28u5 TH D,

%0 HIE 1T Rigaku R-AXIS RAPID [BI4frtE 4 VT 145 °C “CTTI/\ Rigaku PROCESS-AUTO 7
B T7AMCED T BN LT, AT RERRICE L. EMERT P-1(#2) ThoTo, MRITIC
BWTIE, SHELX-97 71277 LRy r—VZ v, %Hz LV ERBIF T OEELZRE L 7 —
VTGRS L - TR D IFARFBIR T2 WRE Lz, ffmFIITssAs 40a 125 LT m-F Loy 15
SFHFIEL TV, SHELX-97 7177 A& W TR/ RIEICLVEBIL L, FEKERTE2IE
S PRI ERE LT,
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5 RuCo ™7 T b NV NEMKICK D 4ALEHRE Y O OBARFED v 7D & TG

Figure 5-17. 1K 40a D5y f-H#§i& (30% probability)

Table 5-10. #K 40a O EARHAEE (A) LHEA (0

Rul-Col 2.5617(3) Ru2-Col 2.5557(3) Rul-Ru2 2.5088(2)
Col-N1 1.9717(18) Col-N2 1.9718(17) C1-N1 1.369(3)
C1-C2 1.399(3) c2-C3 1.383(4) c3-c4 1.395(4)
C4-C5 1.368(4) C5-N1 1.354(3) C7-N2 1.370(3)
c7-C8 1.400(3) c8-C9 1.376(3) C9-C10 1.401(4)
C10-C11 1.369(3) C11-N2 1.353(3) C1-C7 1.456(3)
Rul-CEN1 1.7960 Ru2-CEN2 1.7959

Rul-Col-Ru2  58.715(8) Col-Rul-Ru2  60.524(8) Rul-Ru2-Col 60.761(8)
Ru2-Rul-CEN1 178.72 Rul-Ru2-CEN2 17854

Co IZHNL LTz 44 - AFN-22-EE ) V0% Ru,Co FmilZxf L CHEREIZEN LTV D
Tl AEMBLE, MUK VI Y URMFE2AT LI S EEELSRB MK
{(CO)sCr},(bpyCu)(u5-H) (bpy : 2,2 -bipyriding) D4y FHEENHE S TWDHN, ZOIKTH
Cu ICFMZ LT 22- 8 ) P URMET1E CrCu 2 st L CREICRNL LTV D, 3 sk
40a D4 JEFIEEEIX Rul-Col: 2.5617(3) A, Ru2—Col: 2.5557(3) A, Rul-Ru2: 2.5088(2) A &
Ru-Ru 2\ 50 = AE Th -T2, Cp*een-Ru DIEEEIX, £ 1.80 A THY . ki 5%
k1 OfEE 182 A) Lo bW &b, 85K 40a O Ru 385K 1 L0 IR TH
HIZ LR SN, 44 - AFN-22-E B D UENLO C1-C7 MR, 1.456(3) A T
HY . %95 Cp*Co(dmbpy) (34a) DEFEE (1.427(10) A) L L TR, LavL. FEfNL

81 Kliifers, P.; Wilhelm, U. J. Organomet. Chem. 1991, 421, 39.
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DAL -DAFN-22-BEY Py (1493 A) InidEWZ EnE, £ T =4I UL
(dmbpy)™ OIRFETH 5 Z L AR STz, FEERIZ, B6K 408 DA VEEMITNO S 44°-
CAFNR2-EEY Py FICKERACVBEEOSHNBE SN TWS (Figure 5-18), ¥
52, Co LITh A VEBMENRLNIZZ L, CoP (d) ThrbDEEZLND,

Figure 5-18. %ﬁ{zli 40a DAY UEEER OV (dmbpy)Co BEBAL D E 14 DA
BN o ACEE RN B AVVEEL L, )

§E4K 40a RS

btk A0a OHEE LR A Scheme 5-16 (TR, 4%k 1 & 4- RV ZAF O AFAEY ¥
YEDRISIZE T, TR E Y DGR 38 ME6NTVWDHZ Enb, ik 1 & 4-
Eal EDRISTS  BAKREZENRD OIATRAR Y Y DVEER A BRPICERT 5 b
DL Bbivd, Rus BOVATEARE U DABHA TR, BV VS KRDOIREZENBEIT 5 pivot
motion DIF(EN R INTWDH Z L5 (Scheme 5-9), $5f& A T pivot motion 2LV B
U VVEML T DRFED Co 7D Ru ICBEN L7 BMER B OFERBEZ LD, TDKk, —
HARBY Y DAVEN AR ZEHEE LR 2 5 FEOE Y DU ERVIATLZ T, B UL
U YUK C BT A2 LD EBZZLN5.2 nTHOE ) VU OEIXEEA 38 L EK
FILE U P &D HID REBUSNE b XFFESNTND, 2 pFHDOEY YD C-H G0
LRI In & Cp* BUAL OB TTHIBBENHEIT T2 2 L T, EAE Y UK D AR L,
BRI Co EvD Cp*-H e RIChiBET 2 & &b, v Y VBN /T C-C fanE
REIND Z & TR 40a 2527 b 0 EHERIS LD,

R AV EERRNTE DFT #BIC Ko TfF 572, DFT SRR SV Tk T 5,
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Me Me
7 B O
Co, _
H/liH SN NG
AN ——  pRuT[SCeor
/Ru\ /Ru\ -H, H—Ru H
H /
Cp
1 A
44e 48¢
Me Me Me
_/ \_ / ) H
\N N/ /,N\ , /’N\
\/ B — Cp*—Ru—[—Co=—_ D — * *
Co > 0 —  » Cp*—Ru—[——=Co—Cp
/I\ - Cp*H Hg//Ru// |'|3/Ru/ I
N /7 N
A * =z
—Ru»{Ru— Ce / Cp* ~ l
~H” N ™
D
40a Me c Me
48e 48e

Scheme 5-16. $51& 40a OHETE S5 AR

§E{k 40a @ DFT &%

PR 40a DAL ARIEDEWZ L A REMICOWTHRES S 720, A 40a O—FEE
& ZHIHD DFT BHHEAZATo7z, Hifish X SEEHATIC X > TIRE S8R 40a D41
R (2 S IR 2 5% L. Gaussian 09 program (Z & » TS o b s L OMEEhEHE 4
ITo7c, WBEEUZIT B3PWIL A8 M L. AEREIL&EIEF25 SDD, C, H, N J&FiX
6-31G(d,p) & L7, mwfbiiE% Figure 5-19 12, ERfEAE - MA A% Table 5-11 (21,

ﬂ

é,
CEN2 CEN1Y |

J

40a-singlet 40a-triplet
+31.1 kcalmol* 0.0 kcal mol-*
Figure 5-19. DFT J£I2 L % 40a-singlet 35 KX O 40a-triplet D fiii{bAfiE & 40a-triplet %
KL LEEBEoOX 7 AR R L¥—
(at298.15 K and 1 atm; fK&ITH & LI KRIFRFI3AME L7z, )

CEN2
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Table 5-11.  40a-singlet 3 X T* 40a-triplet DHELEEDEAERE (A) LHEAM (°)

40a-singlet 40a-triplet cf. 40a (X-ray)
(a) Bond Lengths (A)
Rul-Col 2.5506 2.5876 2.5617(3)
Ru2-Col 2.5434 2.5869 2.5557(3)
Rul-Ru2 2.5428 2.5035 2.5088(2)
Col-N1 1.8567 2.0147 1.9717(18)
Col-N2 1.8569 2.0147 1.9718(17)
N1-C1 1.3682 1.3721 1.370(3)
N2-C7 1.3682 1.3720 1.370(3)
C1-C7 1.4487 1.4468 1.456(3)
Col-H1 1.8682 2.1509 1.969
Col-H3 1.8700 2.1453 1.990
Rul-H2 1.7702 1.7837 1.789
Ru2-H2 1.7694 1.7836 1.817
Rul-CEN1 1.8015 1.8089 1.796
Ru2-CEN2 1.8035 1.8089 1.796
(b) Bond Angles (°)
Rul-Col-Ru2 59.891 57.869 58.715(8)
Col-Rul-Ru2 59.914 61.051 60.524(8)
Rul-Ru2-Col 60.195 61.080 60.761(8)
Ru2-Rul-CEN1 172,531 176.082 178.72
Rul-Ru2-CEN2 172.378 176.058 178.54

40a-triplet & 40a-singlet = F/L¥ —341% 31.1kcalmol™ TH Y, —FHIERIED 2 " B
PERITITZE A EFEL TWRNZ EARS N, ERFEPBIL SN, REHEEICER L
T, 40a-triplet OFNHFERE X FEEMITOMBREZ B BHEL Tz, #ilxIX, X #ifE
TERRHTIC L 0 PE SNU7-851K 40a @ Ru,Co =27 D& L Ru-Ru MW 550 = AETH
LN, TEFHBLTOD DL 40atriplet ThHDH, b KU RENLFOZENEIZ, EH50
RIE(EAEE TS ZHAED 2 O, Ru-Ru WO ZEHHREN 1 D Th Y | X SRAEEHT ORGH
E—HLTWb, LaL, 40a-triplet ® Col-H1, Col-H3 RIREEEIL, %53 % 40a-singlet T
DFFREE B LT 0.28A B< 7o Tz,

FEEIIBE SN TN, Co % Rh, Ir IZEH L7-85(K 41a,42a @ DFT FHHE H47-
2o TORER, Rh ZETeslA 4la TlE, 4la-singlet, 41a-triplet N2 EREE S L THE LN
3. Co MF LT/ | 4la-singlet D575 10.7 keal mol™* ZETH -1, /-, Ir &t
R TIE, —HIEREEOHE TR, 42a-triplet OANLEMHEE LTELNTZ, —HD
BE(R 40a, 41a, 42a DREMEZEEAR 1,2,3 LT 5 L. Co Z5&Te 40a-triplet O AME R
EHEL TRELSBEILTND Z ENRHL N E /2572 (Scheme 5-17),Rh BB XL Ir 25 e
BEIR 4la, 428 TIE, AEREICESFTHEFR LY 10 keal mol™ DU ERLELLL TS Z &
B GMnETeoTe, LIRoT, 886K 2,3 & 422V > OGN LESE 4la, 428 %155
ZElE BFERICREECH D 2 EHEEE S LD, Wieghardt ©1E 20 FELL o> 2,2-E Y
DV UBERDE %% ﬁﬁk%%?% EoTHIrL T, BRNPLERE Y UUEAL 1~

—BIBEIC LD RENRITTICE - ANER SR THRESNS Z 2R LTS, ¥ 2
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D b, Co ZETe 40a-triplet DZEILIZIX, Co MHEE U P UEfLF~D—E T
BN KRELEFELELTWELDLEEZBND,

M
/I\ + Cp*-H + H,
-{:(TRU%—{/\RU%?\
H

M = Co (40a), Rh (41a), Ir (42a)

+24.1 kcal/mol .
4la-triplet (M = Rh)

\flr +23.6 kcal/mol 42a-triplet (M = Ir)

M
H/|§H Z
AN 2]
R R N

&/(\"\H/ %\i M 4la-singlet (M = Rh)

M= Co (1), Rh (2), Ir (3)

+39kcal/mol 40a-singlet (M = Co)

0.0 kcal/mol

Scheme 5-17. $5%{K 40a, 41a, 42a DR & YL LI-BEOXF 7 AHH T R/ X —
(at 298.15 K and 1 atm)

8K 1 LEERAD AEEREY SV EDR

PR 1 & Atert-TF AN DU AV ATFATI I UBIOEBBOL Y DU LD
BUGTH Co RIZEE Y VUi SV E5K 40b,c,d DA BLEE S 17 (eq. 5-16),

R R R
P - =
=< Ny Y
Co R = tBu, NMe,, H (\:{;

H7|§H
L HQ

- > | \\ (5-16)
y RUT—Ru/ toluene, 120 °C —Ruj Q\Ru—
H e
- Cp*-H, -H, H
1

40b (R = tBu)
40c (R = NMe,)
40d (R = H)

$iA 40b,c,d HESR 40a &R U < WREAMESSATH Y . 'THNMR 227 FLTlE, Ru (2R
L7z Cp* ICHESL T F AN §-28 fHFICT r— Ry rFLe LCEllEne, ® o

¥ (a) 'H NMR spectra of 40b (400 MHz, C¢Ds, rt): 6-27.93 (br s, 30H, CsMesRu), 33.48 (br s, 2H, Ar),
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& 40b,c,d DHBEHITE RN o728, Cp* IZHEKT 5> 7 FAMEER 40a L IEFITITV LS
V7 MIBNEZ LD, SR 40bcd b BEIK 40a LREROMIEEZH T D Z ARSI
776

EHILIZ Me, tBu, NMe, 28925 U 20 CIEfEA 22K FE D » 7V o TS HETT L,
T ORUSHIINZITIET 85K 40 DBIEIND Z RN ERoTc, Zhucxi L, &
Ao 2 TS AT L b oo, g A 40d OERBBERSN TS, $A
40d (TEAFRPEDES | TN E L IEMICERT 5 Z LT TE o7, 85K 1 Lilf=
DY Vv MRS SAE TIECT % &L 5K 1 12x LT 73% @ Cp*Co(bpy) (34b)** H X
W 50% @ Cp*Ru (35) NEIZEI T (eq. 5-17), L7=n-> T, Kk 1 o) ¥ & DOIG
T, A2 » 77U O FROSIIEIT L TR0, LR ERAICIE 22-E 80 D URE
L TWD 2 EAURE LTz,

N ) =
| B (100 eq)
T/CIOXT N Clo fr
HQ
S

» Several (5-17)
X/g“\H/Rﬁ toluene:::,h 180 °C M products
1 34b 35
(73% by NMR)  (50% by NMR)
AR L7 X912, 85K 1 1% 4- b C R
U7 Aa AF e P, 4-X b \‘/ \'/
FUEDVVBLIOS Y =aTF N
R R Y R e R
e —Ru’JH\\Ru—
U CIIfdyE M2 R 97, 85K 40 SH”
YT 7B Bl EI N T 40
Wy, BEIR 1 & 4R U g e - cF,
AFAEY Vv EDORIETIE, T A N
pinl] i 3 P N R =CF, pZ
FAZRL U LSRR 38 D3RI AN N _ Cp*_Rué/NH\co .

TR L, 4-4 FFIEYDUBk &g(;“%
WA Y =aF Tl o
Tl RO RIRE S D A i e
AT % (Scheme 5-18), 4- ~ Y
TNFa AFLEY I N RO
REMEMENTZD, 2 3 FHOE Y
VU DR IABRPEIT LR 0T Scheme 5-18. ##f& 1 & 4-fiE#AL Y 2
DLEPND, 44 NRLEY D & DRIGE

R = OMe, COOEt Unidentified
products

83.46 (br s, 2H, Ar), 117.50 ppm (br s, 2H, Ar). (b) *H NMR spectra of 40c (400 MHz, C¢Dg, rt): 5§-29.31
ppm (br s, 30H, CsMesRu). (c) *H NMR spectra of 40d (400 MHz, C¢Dg, rt): & —27.11 ppm (br s, 30H,
CsMesRu).

¥ Kaim, W.; Reinhardt, R.; Waldhér, E.; Fiedler, J. J. Organomet. Chem. 1996, 524, 195.

192



% 5% RuCo BT hTt KU RESMRICE D 4l e Y DU ofikFED » 7V v 7 K

BIOS Y=aF oo L O TIE, BEREOE T2 LY L REIR T OBRNIME
DML, A M UEFERIFZ AT VN EZE L E T D40 8 A 2 AVZED I
DTS 5 2 & T, 5RO GIRE~DOIE N ST b D EEZ LD,

$E{K 40a DfmLEEME

SEIR 402 BSOS OHFRIIRTH D Z L 2R d 7=, HEEL 285K 40a &= HAv, fEx 0
ANEBEHE VDo Oh v 7)) TG ERG Lz, KISSEB L OSET 2 22-vE U v
YD % Table 5-12 (2777,

R 40a R
N (5 mol%) —N / \
2 —_—
| N/ heptane \ 7 N=
180 °C, 96 h R
-H,

Table 5-12. #&(K 40a 12 LD 4-NBEHE Y P OMAFE D v 7V v T RIS

entry R temp. [°C]  yield [%]*

i Me 180 79°
2 ‘Bu 180 70
3 NMe, 140 32
4 H 180 trace

2 Yield was determined by GC analysis. " Yield has been corrected from 84% to 79% because of the
presence of the dmbpy in molecule 40a.

PR 40a 1% 4- ) > Dh vV T ROMIH LCEER 1 (87%) L [RIFREDOTEMEE o
ZEPHBNET ST (entry 1), Ko T, $5K 408 13 > TV T RIGOHREIETH D Z &
DHER STz, S BT, $HIK 40a O HEFHIIEE AR 1 EFELL Tl Y, 4tert-7 F LB
VOUVBIRA-PATFATI YD ThRINT 5 22-E8 U U UFHE 5 X 72705 (entries
2and3), BV DN v Y I RIRNTIEE A EHEIT LR o7 (entry 4), 2D DOFEE )
B, 5K 40a I L DMEROS THEEAR 1 Z W L X LRI CIEHENEAE L TWDH oL
RS D, 77205, $6K 40a @ Co IZENL L2 VY ¥ U ENL 7%, SRHICIEENAFAE
THEY DAL o TEINDHDEE X HILDH (Scheme 5-19),
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Co
H77|I\H
H
7N
/Ru\H/Ru\ -Cp*-H R
=z
1 R R S I
— — N
M\
Ya¥
\/
Co
}
Me Me A
= ‘{:%RUJ RU% R
- \H/ N
M\ -
\N N/ 40 \ /_\ + H,
| (excess) R
R = Me, ‘Bu, NMe,
_g\){_ Ru_n' - dmbpy

Scheme 5-19. $&%(K 1 B L OMEIK 40a Ik 2 4@ ) PO v 7 7 RO

$E(K 40a D Co ITHINL LTz 44 -PAFN-22-L VY DU OBERNKIGETET D20, 8
& 40a (ZxF L CRFEIED 4tert-7F /L E Y DU ZRMLT 140 °C THEAL 7=, Z OFEE,
44 -DAFN22- ) DU DOEEE & BHITEAR 40b 23 20% AERKT D Z & AR LT
(eq.5-18), T 72> b $5A 40a D Co LD EE U P UHNIIERIENETH D Z LVRENT,

Me Me Bu Bu

\/ \/ Bu VAY

N N
(50 eq)

Co Me
A By -
+ / (5-18)
—Ru Ru— toluene _Ru‘ﬁli\Ru_ \ N —
SH” 140°C, 24 h S Me

40b (20% by NMR)

7B IR 1R

AR 11K D A ) U ORIKRFED v 7Y RIS THE, Co kiZ 22-E Y ¥
YGRS TCGER 40 SRR S L TFAE L. BEIR 40 OB e ) DU BN FIRERIEIET
bHoZENRESNT, TRODORIZHESE MBHINKE T v 7 ) o T ROGRD A T = K L
% Scheme 5-20 ® X 5 ICHEZR L 7=,
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=<

Co
HY |§
l/HQ

|
/Ru\ /Ru\
H
1

R
z
~ | -Hy
N
R
/ A = R
N - ]
cr R 2bo-or ~ N “
A Path Il
H_IR”—H —RU_—Ru— a
Cp* H H,
Cp*-H 40
(bpy)™~
42e
: | Co
Ru or / \
| N N
< 7 Nt N\ =
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Scheme 5-20. 8K 1 12X 5 4(iBHE Y P UHHDOWAKZE D » 7V TGO A T =X I

FTA 1 Y DU ERIG L, TR Y Y DUEEAR AR LCEER 40 25 %
Lo GER 40 OB Y DURMIFIE Co HD 1 BEAEEICKY, B T =A L MET O h L
(bpy)” THDLZLNBACUEEMITICEIVIALNE SNTWD, £7o, 861K 40 1 42 &
A THY . WD TERN A TH S, TDD, HBHEOKISIE. 3 5 FHEOE Y Vi
L& C-H #EOBIERMINTHL Z L rsnD (Pathl), 3 3 FHOE Y DU DEY A
AT EVAERTDEY DVEER A 1, EANCfafn/e 48 BEEEA L 72D, Fio, BETLOME
E#i% [RuCol™ TH Y, HBMEE M THD Z &b, BV Y DU+ ~DETBE
Vb o LRSS, 85K A D 4 3 FROE Y DU EBIAKRENETTLHZI LT, B
AV Y DR B BNAERTHLOEEZLRD (Path Hl), $51F B 1385k A LRILL, &
JE L OmREEIE [RuCol™” ThHDHZ &b, BB DU F~DETFBENL/AR <, (bpy)°
ThHHrHD LB, KZIZ, 2 DO Y ULVENL O C-C fEE &bl Co
5 22-tV Y VUnBiEET S 2 LT, 8K 40 AFATH O LHERIS NS (Path INN), 2,2°-
U U OBEEZES Path Il (FIERHTHY | 207, ARk L7z 22-EE U U UIC &
LEISORENBZEI N2> b D L Bbid,

7T AL — BRI 3R LT EER 34,35 OARIT, S5 40 (2L TE Y Y TidZe <., Co
EDDBIBEL 72 Cp*-H MEUST 5 2 & CHITT D, FRHCAMESIS O TIZ, BV P DR
FEMET L, SOREBEIICRD b0 LHERNES NS,
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%5 % RuCo BT hTt KU RESIKICE D 4l e ) DU OfikFED » 70 > 7 Kk

PEIR 1 LEBEHROEY UL OGS TIE, &R 22-v ) U oEIIBlE s D
LOO, R e T 7 T RONTEIT LR, ZAUE, B/ T = Eor e ) YU
RLT- (bpy)” 1 HFHEDEE Y DU ENLT (bpy)? ~DEHEIHET LI WD EEZ BN
Do $BIK 40 13/ T = A UMRREEO R Y VBN (bpy)” A LTV DA, il o
ATIEEE Y DU OBEBTFIRIEN (bpy)~ 725 (bpy)’ BB SR T T O Y Y P &
LB cx 720y, BLGHEEEZF T8 ) U THIUIEL, LUMO D)L F—HERL A
ENTZ, (bpy)” 25 (bpy)’ ~OZEHRS ST L CRMEAYIC 2,2-E ) DU AR X
DN, BAHEEMIEN R T, B T =AM e U UM (bpy) & HOSEA 40
SO EE Y P (bpy)’ & HOSA A ~OEBMAHEITICL < RV, RS ASETT L7
Mol-bDLHEREIND, REIIC, BERRO 22-EE Y UUENT (bpy)” AT DE5A
40d (X, Cp*-H UL T, MUK E/, T=A ke e ) PUBINL T (bpy)” A7 HEkK
4b ITEBIND Z ERHENE S TNND,

Ru, BUGEIR 4 & Eble U TEEIR 40 1%, Ruy ‘BH&I2 (bpy)Co NBEAINTWD 728, Ui
LNEE, LIRS T, BUSCEWAERLEZ 2,2-E8 Y DA X 5ES M Sz o
ElbND, SHIZ, Co 137 T AX—RISHTAE LT 22-v 8 ) VU8 MBI RS &
DA N ELTHEET S 2 & T, Rug BISER 5 & BTSN M E L7 b o L HEl Sh
el

% 5 B TIEL, RuCo M7 F7 kb RV RESA 1 2l LCTHW, v U 2 HHDOMKED
> 7Y T OGS RET D BEEPE 2 B L7z, 482 oy 7Y U UG T, SEIK 1
TRl U734, 87% DR T 44 -V AFL-22-v 80 P& b 2 RuRh BIEEK 2,
Rualr BUgE(R 3 BN Ru DA EEGTebER 4,5 KD L EIEETH D Z ERHL N E ST,
5T, BB 11X 4 LIS tert-T T VI, DAFAT I EEFTHEY UK LTHHF
FEE DR THINT S 22-t U P UHE 212,

A 2,3 & 43V L EDRUSTIE, 44 - AF 22 -E Y DU DRI - 7273,
SATEM AL e U DVERIR 36,37 g bivTe, £, $5AK 1 & 4R TG AT AT Y
v EDRIGETHIATENIA Y D VEEK 38 E bz, T H DB U VILEER 36-38 D
i, 858 1 ICKAWAKED v 7 T RISDORMIOE Y 22 25 OB AT RS LT
el

BEA 1 & 4-va ) ORI EMIESEL Y BIRE TR LIZEZ A, Co ki 44-T
AFN-22-E U DUNERSIZEHA 40a NESNTZ, $5A 40a T ZHIERETH Y |
LYY EE Co RIZENENARMNEFE DO ERRALMNE T, Fo, HEEL -84
K 40a 2T 4-2aVohy 7Y IO ERFILIZE ZA, 85K 1 2zl &z s
A OIEER RO Z L6 B5R 40a 1TMEERISOHRIETH S Z BB E o T,
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£ 6E #BE

B SE OSSR TIX, MG, RISMER KO Extin T 58 2 A NER
BIEOGER L i U TR DMEN LIELIZBIE ST\ D, ZhvD DR A SR DR EHE
FHIEENZEL Y AdLD Z & T, FHARUSEDRBUZ SR 5 b D LI D,

ERBER Y T A2 —I, BHET DEBOSBTLICE DL AN L SR SEAES T LT
ZEFBILY, HEMMAL TR RN CORGOFEHALN T E 25, FIBHfE=ET
ILZNETIZ, WT=U LRIV E R RITRAZ—DEMIEZMHELL, TNORT VIR
RUB VD RAKFEICKR L Ca=— 7 R R T 2 EH LN E LTER, L
ML, FHEEEEREOMICEEER SN AREIXIEFICHRECHY . 7 T AX =Kt ET
ST AR EER L TH ., ORI REMEE B R R~ & B C & 72X IEF IR 5T
Wb, B RY RZ T RAY—ORHEETED LTI SOR & Bl 3 5 72 DI2iE, /0 A% o 5
Bl 7 AX OGN BECNICHBESE S Z L NEBETH D, &L E L OfEE %5
O, MG OB AR 720, AR CTlE BB R OFE A 0395V — B ER 48
IZEH L,

1 E rim Tl B ANEBEROREB I ORI v R K7 T 22— FI7Z
%E@ﬁ@ﬁﬁ_owfﬁﬁb\mﬂ%%%%@#%ﬂéﬁ)t%)Fﬁ7x§—fi%g
OBBERREETH Y . DSOS OEE L/ > TWAHZ L 2Lz, AU ERY
R F AL —ORISEETED LTo A SOS OB IZIX, F—AEBRGROEARGHN TH
52L& Ru & Co Ok D BEEEEAROGHI LU, iz Hv o i) OB
W AMTROHIYE LTz,

% 2 #®IRuM 7 FZ b FU KA (M=Co, Rh, Ir) OARE L OMEE | Tid, Ru,Co !
7 h 7B U R (Cp*Ru)o(Cp*Co)(u-H)s(us-H) (1) OAERRIEZHESNL L, Ru & 9 EEE)
SRR SN D @O AL A B A (Cp*Ru)(Cp*M) (u-H)s(us-H) (1, M = Co; 2, M =Rh; 3, M =
Ir) (22T, HfEd X SEEMmIT. CV lE, DFT #EZHV., ZThEho s 7 24—
IS OME IOV CEREICHHE L7z,

PER 113 Ru, 5 h S b RV REERLHEE Co B XA F L gk Cp*Co(r*-CH,=CH,),
EDINZ L - T, EENIZELND Z L2 R LT (eq. 6-1), =F L Bl 1 i 4 F)
HT 5 BEGREHROEIT, 66K 2 OFKICHEATE, BERE D & E O BRI TR 2
WERTHZ EEWLNE LT,
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H_H ; 2 H, (1 atm C

7N I 2( ) HY |°\H
Ri_ RuL] o+ Co. ———> / N\ ©-1)
"\~ \/ \/ toluene R‘I/ \RI
u——Ru
80°C, 12 h i/{\ Spo X
- CH5-CH,

1 (>99%)

9 AR EOZFHENL 7% Cp** & L8k 17,2,3 OHEME X SEEmir» ok, &
EFNns 9 BEEROEMA In<IZT Ly, Ru-9 e EEEREEZ 1T T72 < Ru-Ru MR
BES RN ELS o THBY ., @R a7 2ENPIHEL TS Z ExHbNE Lis, F£72,
Cp*cen-Ru IO HEEIT, $5K 17 08K 37 12 CELSRD 26, G515 Ru i
RARIR I 722 2 EDRRB ST, T 72b b, 85K 1 » %i% KRRl By b/ AN
Ru", RU", M) 225 (RU", Ru", M"™) (M =Co, Rh, I) ®FEMODARITIEL 25 LD LHERS
7z (Figure 6-1),

VANRYANEVA

—|—R Ru—|—Ru Ru—|—Ru
1+ 4 4 H4 3+
/"”\ 1 2 3 /’V’\
Ru3+_|_Ru3+ Ru2+_|_Ru2+
H4 H4

Figure 6-1. &k 1,2,3 O&JE =7 OEMIIA

bEfR 1,2,3 @ CV HIETIE RuMY™t oERMITEEND 9 ﬁ%i)ﬁ%@@*ﬁ iR, 1F
EF—ETho7=0. RuM ™Y OBMIZEFEND 9 BEBOEMN Lo T LRV, &E
MRNE Y 7 b T DR A LR, Z ORI DFT §HRIC X Mz&bf:u%{ztx 1,2 3 ®
HOMO, LUMO @ = /LF —HEAL DA & —F LT,

PR 1,2,3 17 e hNUBEMAD L. B BT A UMK 8,9, 10 ’ME 5T (eq. 6-2),
bR 8,9,10 DIEFEAIZ 'THNMR 7251, & FU FEMLFOEE U T ¢ — PSSR 1,2,3
ICHARTEIICH ELTWDS Z ERH LN E 25T, £72, Co 5 Tesk{k 8-BF, TIIAY
VR, Tbb | WRMERE L OFEABIRE SN, T, UEOSRD NS mAY
RRBIZZR D RTWE—AMER SR ORM TH L LD D,

~= *;'r e

M

H7INH \

| LHQ | ? |/ | (6-2)
X/(SU\H/R% rt, 5 min \H/ u

Y = BF,, TfO

1(M=Co) 8-Y (M =Co)

2 (M =Rh) 9-Y (M = Rh)

3(M=1Ir) 10-Y (M = 1Ir)
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%6 AR

PEIR 8,9,10 @ DFT FHENDIE, eq. 62 (TR L7ZE FU RENLFDOZEENE B Ofthi
E bLETHD I MRS (Figure 6-2), SHIZ, Ir ZEFTeeA 10 T, Ir FVICE
KU RENL TR <ENL LT A D bLEEHEE LTEON, ORI, SEMoER
EROTTRERAARZ 20 LT WVWHEEEZ KL TS b0 EHEI D,

L i L R S
AN |/\| //\\l 77\\

e A S

Figure 6-2. #ffKk 8,9,10 ®t RV FEAN T DIENLE (M = Co, Rh, Ir)

BEIR 1, 2, 3 L —BMILRFLOKIETIE, NI AIAR= LT FY REERK
(Cp*Ru),(Cp*M)(1-H),(1-CO)5 (14, M = Co; 15, M=Rh; 16, M =1Ir) ZfH L T, 7 7 VAR
=LK (Cp*Ru),(Cp*M)(u-CO)3(15-CO) (11, M = Co; 12, M =Rh; 13, M = Ir) 2 &5 7= (eq.
6-3), Sk 11,12, 13 Tik, BEND 9 BB DO EERDBENTES < VR =/VENLF
DEERAROEAITBE SN e h o ey, @BMERER LS & VR = VRN & DR
B RO Z LRI BT,

e O
/IYH —H, CH’ \COCO —H, OC/|\CO

lHQ e \ \/ —_— |/.co\| (6-3)

i/(\ N> u/ rt, 10 min &/g”\H/R“\ 1,30 h X/gu\c/mﬁ
o

1(M = Co) 14 (M = Co) 11 (M = Co)

2 (M = Rh) 15 (M = Rh) 12 (M = Rh)

3(M=1r) 16 (M = Ir) 13 (M=1Ir)

% 3 & [RuM 7 N Z 6 RU RESERE T L% L OS] Tk, 86K 1, 2,3 &N
T F LN ERT L. FAEINRINT D REANI T L A A 15T (eq. 6-4),
Co, Rh # &8 IRTIET /L U EML 728 Ru-9 FR&BIICEME L7 BIEIR 17, 19 DN EET
Bole, Ir ZETEHATIT Ru-Ru BICEEE L2 MER 22 NEZETHLZ L EH LN E
L7,

= ~;er ‘fR’

M
H7 IiH PhC=CR ‘\PhH
L HQ I (6-4)
1(M= Co) 17 (M = Co) 18 (M = Co)
2 (M = Rh) 19 (M = Rh) 20 (M = Rh)
3(M=Ir) 21 (M=1r) 22 M=1r)
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H 6 T AR

ME AN T L RO AR 2R AR S0, Rk 1 & -7 =1
B e EDRIGEE THNMR ICE VB L7, & O F, BmEFNR T LF A 17b, 180 O
AERRITEE KRB FORBES T T 1-7 == -1-F e B ORE A BIE ST, £7-.
PR 1 LV T 2= T F L ORE TIRERERN T L E 85K 17a, 18a 12N T,
TNFXD C=C #EEOUIMMBAHEITL, BEAXR T Y VUK 23 2527,

IREEFTZE H NMR HIED HIE, 7V VBN O NI O @I &AM oo fE Bk 23 28 L
BRL=aroxy DA BEIT 5 switchback motion 23EUHI X v, = OBEHYEE)C L - T
K 17,19 E8HK 18,20 BEMALL TWAD Z EEB BN E Le, —H . Ir 3 T8EK 22a T
X, TV BRI DS Ru-Ir BICEE L2 VR ORI IR T E 2o 7228, IRE A4 H
NMR B & > TEDOFEDOFIEIC OV TIHEMNIT D Z LN T,

BRI O EVEIZRET 2 MR 255720, $5K 17-22 © DFT §HEZ1To72, £ Dk
R BRPOLET X UENA L OB EITITFET REENL LN ST DD, FEIL
59 BEROHEBICE>TE N FEAN.FORBMNENETLHZE2HbnE L
(Figure 6-3), R0 09Uy Ir Tk, B RU FEfZA & DA 2 %< o C O
WEETHDDICH LT, BEREMEENKE FH—AMESSEO Co TIHEE iikiEs
LT VWD, A DEENLEICRL2bD LMD, T72bb, v RY RO
BT F L OBGAEICRKREREELRIZLTWD Z NI BRI,

M M M
/,L\>C " \\>C AN
N R\ V2
Ru/ Ru Ru Ru RU_I—RU
~n— ~u— ¢ M = Co, Rh, Ir
A B c
[M—HJ[Ru-H] | 0.25 0.33 1 :>
Ru,Co Ru,Rh Ru,lr

Figure 6-3. FEERAAT L% AEEAOHIE L 9 REEH Y Ot Y FERAFOEIE

% 4 % IRuuM A7 FZ e R RESAE B Frv T OGN Tk, 88K 1,2,3 &t
FryZ v EDRIGERF LTIz, —fhk> 7 v & DORIGTIX, BKFEEZFENRN S, —HEEHE
T U VEEIR 25,26, 27 ’MELLTE (eq. 6-5), F 7z, SR 3 L tert-T 7‘/1/‘/7/3:0)&%\‘@
X, R E U CORE Y T U BE R 28 MG D ALTz, BE1R 25,26,27 TiX Si 1L 9 k&R L o
AT HELHIZ Ru & 3c-2e HAERALTRY, HHRr A ZORBHERXNHL M E 72
Sz, $BI 25, 26, 27 OFRIMFIL A7 h LT, v(RU-H-Si) I[ZH¥KT 57 17— K720
A3 1850-1700 cm ™ 12/ TS S iz, $5K 27 > 26> 25 DIEFET v(Ru-H-Si) D%k
V7 MBBIEINTEZEnD, BEND 9 BEEBOAMN EICWIZ LIEAW, Ru b
Si-H G ~OWL GRG0 b Z EBRENT, £, 8K 25, 26,27 Ot R Y FENZT
& RU-H-Si AL & ORITIET A MR AR LIV, ZHIEY T U8R Z#E L THEITL T
WH 2 EBHERI S T,
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Gt
[op]
1
i
o

Bt

RSiH;
(R =Ph, tBu) H/
Z=Mm—- Cp* (6-5)

M
|!I |
Yoy T TR
Cp*l

1 (M= Co) 25 (M = Co)
2 (M =Rh) 26 (M = Rh)
3(M=1r) 27 (M =1r)

SELEKE S Y VSR 25, 26, 27 IZBMAIEATNY 48 FEFEEATH DM, pP-Si-H 1ZA S TR
BEL . AR A B CE 5 2 ENIA SN E e oz, K 25, 26, 27 L HAKFE L ORIE

T, FIRTEAEORVIALZBHEITL, B RV REAL 738 LY Ru-H-Si #B70> HID #3#i
FOSDBE SN, £, Ir 25185k 27a & tert-7F LA VU7 = RB X O —@{bxRH
&@Jiﬁn‘?‘(“ TG U VERIR 29,30 B R ON=EHAR GV Y L SR 31 235 HAL7z (Scheme
6-1), —HED 7 A BENL A DESSE, T v ERIBILEMTH DT IV v & DREDET
NWEHIe T EINTE D,

|
M
H/ I \H H— SI
-H e
YVLRY 2 Ru—JrH_
Ru Ru I \ / M= Cp*M
SH” H—RyZ—H Ru = Cp*Ru
M= Co, Rh, Ir
44e u3-Silyl | 25-27
48e
RSiH, 1}
R H H R H R R
\Si/ H L/ H g/ |
Hy —Si —Si
\ L
A -H
/ Hy //Hl //H\> ’ / H\
I?u\‘l7{|/l e I‘?U\—M —_— Ru\ / {r —_— I?u\— —_—
HL‘QU/_/H H—Ru—/H L = tBuNC, CO H—Ru—H L= H-—RU\C/O
4 = M= ||_ co
u-Silane 28 w-Silyl -Silyl 29, 30 uz-Silylene 31
48e 46e 48e 48e
|

Scheme 6-1. Ru,M (M =Co,Rh, Ir) #157 h T & KU RESRE—Fk> T > & DG

SRR 1,2,3 L=y T v E DRI TIE, U VEERDOARRITBE I /e~ 7203, Al
7% Si-H GO - TERAEIT L TS Z a6 E L, _ODJiFJ'é%ﬁﬁi@Eé@fxv)
ARG ~E BT 5K 1 OMFTF TR =F v T v LfEa OIE L ORG & R
L7 ZAhH AV R=1D N-V U LIS DNEITT 2 Z &2 A LT, aﬁﬂifoé*séﬁﬂ‘@f*%
FRAETEPERRIEL Ru,Co ‘BRSO L W AE T2 HED Co FETHD I ENHER I N,
EEDEER 2 TIXT 7 AL —BHERFE LN LA v F—®D N-v U ALRIS ST LT
WHH D EHEER I (eq. 6-6),
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[Ru,Rh] (2)
(5 mol%)
(:[% + EtSH ——— N (6-6)
N heptane, 180 °C N
H (1.1eq) 72h \ .
SIEt3

-H; (88% by "H NMR)

% 5 % IRu,Co 7 7k RU REEIRICE D 4-(EHE Y DU DOBKFED v 7Y VTR
Ji) T, O 9 EEREE ST RuM BT N Z e KU REER 1,2,3 ZHNWTE Y DU
@%ﬁmmmﬁﬁyfuyﬁﬁm%ﬁﬁbtomﬁzuywwyfuyﬁﬁmfd\%ml
L L728A, 87% DOIURT 44 -V AFN-22-t U Prngonizn, R 9 K
ﬁ)@%é@ﬁ%ﬁi 2,3 TlL, ZNLFIL 16%, trace EUCENFE LA Lz, £72, Ru OH%
Bl KB L OZBSER 4,5 il L7281, AL EFUNERIT 53%, 48% Th o7z, 7
T AE =R~ Co OEANIZEY AR LT 2,2-v8 U VI K 5 GO HE D]
SNDHT EITINA T, 85K 5 LB L CARONHREN M ET 52 &2 bhnd Lo, o, 8
K 1LIL 4tert- 7 F LBV DV BIW AP AFAT I EI P Oh v 7Y U T RISIZEBN
THHREDOIRTHIGT D 22°-v Y Va5 272 (eq. 6-7),

R [Ru,Co] (1) R
(5 mol%)
2 | o _ = \ / / \ (6-7)
N/ H 140 -180 °C
heptane, 96 h R
-H, (87%, R = Me)
(76%, R = tBu)
(58%, R = NMe,)

BEIR 2, 3 DABLENEI TR > T2 b DD | Me
4= v L ORISR E Y X N\
DILEEK 36,37 BMEBNT, ETo. SEK m' >
1 & 4b ) TAFuAFLEY Uk » o' :"_‘Rlér o’
DEIETY, By 7V o TROSITE - 7e o’
<HEFTHET., b VI TR E Y & ;|2 gs zm = :2;1)
JVBEIR 38 MERL LT, b DK 36, TLX
37,38 DL, 851K 112 L BIAED y¥ "&{ - CF;

3
v 7Y T RIGORPIDOE Y 2 531D - 7N

1(M = Co) |

B0 IAFIZx LT D (Scheme 6-2), 2(M=Rh) \ SN N
o 3(M=1r) Cp* Ru£/—Co Cp*

SEIR 1 & 4-v ) v b DS A il

T, =
Gelfb 50 bISIRCRA LTz & = 5.Co E o
2 A4 - AFI22-L VY VUL 38
SNT-PEIR 40a NS LT, $EK 40a Scheme 6-2. $&{& 1,2,3 ¢ U L UHHD
FEEERECHY, BEY VL EE i S

Co LIZZENENAMEF 2O ENWBINEIRoT, Bl L7285k 40a 13868 1 & [R5
DFBHE 2R L2 Z &b SISO PRETH 5 Z LR Sz, B Y PVEEK 36, 37,
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%6 AR

38 BLUBEIKR 40a 25+ 2 C. HEEKSH#EME % Scheme 6-3 (Z/x L7z, Co 137 7 AHX —[X
e TAELT 22-B Y U AMIBICHEES TS0 E L THEEEL TWD H 0 & HEH
=iz,

R
& 0 ]
N/ \N | = |
N P Y R b
o Path Il
H_IRU—H —RUZ—Ru—
Cp* H H,
Cp*-H 40
(bpy)~
42e
Path Il
R
— N=
/)
\ N W/
(bpy)°

Scheme 6-3. 281K 1 12X 5 4B Y D UFHDOBAKTZED v 7V U TGO A T =X I

77 AB—FORYHIC Co ZBALILZ EIZED, i d % RhIr #5387 7 A4 —L0 %
SMBOSHOY A AN EL 2720 Th< $85K 1, 2,3 TEZ I AZ—% ML TWD
Ru,M &F# (M =Co, Rh, Ir) OFEM OIAIT HIEWRA LIz, TIVUXHE—EER SR OE
REMEORZINEELLL LD LBZZOND, £, FH—ANEREE TS T 558 .
B JANER AR L i L CR RN TR O AERTEL< 8D, ZOWENRKBES L, K
JE% TR U RELF. 7AF RN U AR FEOBIZFEENTIZ END 9 KR
DN EICW AT L7zl > THLS RN LN, & 5 BTR L 4LEHRE D Y
VHION ) U TRRNCEBWTE Co & 22-E VY D UBINA L OFEE DT S, il
PHom EICEEREEZH ST H0EE2 LN, SHIT, iSO TRETH 58
K 40 OREITIT, FH—AHER SR O FHMER L 5 2 0T WIEE BT b O & HEH
Ihd,
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Experimental Section

General Procedures.

All manipulations for air- and moisture-sensitive compounds were carried out under an argon
atmosphere using standard Schlenk techniques or in a glove box filled with nitrogen. Dehydrated
toluene, benzene, THF, pentane, hexane, heptane, acetone, diethyl ether, and methanol used in this
study were purchased from Kanto Chemicals and stored under an argon atmosphere. Octane, decane,
diglyme, 1,4-dioxane, m-xylene, mesitylene, benzene-dg, toluene-ds, and tetrahydrofuran-dg were dried
over sodiumbenzophenone ketyl and stored under an argon atmosphere. Acetone-ds, methanol-d,,
octane-dy,, pyridine-ds, and chloroform-d; were dried over MS-4A and stored under an argon
atmosphere. tBuSiH; was prepared by the reduction of tBuSiCls purchased from Aldrich Chemicals
with LiAlH,. Triethylsilane, pyridine, 2-picoline, 3-picoline, 4-picoline, 4-tert-butylpryridine, and
4-(trifluoromethyl)pyridine were distilled from CaH; and dried over MS-4A and stored under an argon
atmosphere. 4-Methoxypyridine and ethyl isonicotinate were dried over MS-4A and stored under an
argon atmosphere. 4-Dimethylaminopyridine was purified by sublimation and stored in the glove box.
Other materials used in this research were used as purchased. (Cp*Ru)y(Cp*Ir)(z-H)s(z5-H) (3),
(Cp*Ru)»(1-H)s (4),% and (Cp*Ru); (u-H)s(z5-H), (5)° were prepared according to the previously
published method. *H and **C NMR spectra were recorded on Varian INOVA 400 and Varian 400-MR
Fourier transform spectrometers. "H NMR spectra were referenced to tetramethylsilane an an internal
standard. **C NMR spectra were referenced to the naturally abundant carbon signal of the employed
solvent. 2Si NMR spectra were recorded on Varian 400-MR with tetramethylsilane as an external
standard under proton-decoupled conditions. The IR spectra were recorded on a JASCO FT/IR-4200
spectrophotometer. Elemental analyses were performed on a Perkin-Elmer 240011 series CHN analyzer.
GC spectra were obtained by means of Shimazu GC-2010 using TC-1 column. ESI-MS spectra were
recorded on a JEOL JMS-T100CS spectrometer.

X-ray Diffraction Studies.

Single crystals suitable for the X-ray analyses were obtained from the preparations described above
and mounted on nylon Cryoloops with Paratone-N (Hampton Research Corp.). Diffraction
experiments were performed on a Rigaku R-AXIS RAPID imaging plate diffractomater with
graphite-monochromated Mo Ka:. radiation (A = 0.71069 A). Cell refinement and data reduction were
performed using the PROCESS-AUTO program. * Intensity data were corrected for
Lorentz—polarization effects and empirical absorption. The structures were solved by the direct method

using the SHELXS-97 program and refined by the SHELX-97 program.®> All non-hydrogen atoms

! Shima, T.; Sugimura, Y. Organometallics 2009, 28, 871.

2 Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243.

3 Suzuki, H.; Kakigano, T.; Tada, K.; lIgarashi, M.; Matsubara, K.; Inagaki, A.; Oshima, M.; Takao, T. Bull.
Chem. Soc. Jpn. 2005, 78, 67.

* PROCESS, Automatic Data Acquisition and Processing Package for a Rigaku AFC

® (a) Sheldrick, G. M. SHELX-97, Program for Crystal Structure Detemination; University of Géttingen:
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were found by the difference Fourier synthesis. The refinement was carried out by the least-squares
methods based on F? with all measured reflections. Details of crystal data and results of the analyses
are listed in Table S1.

Electrochemical Studies.

Cyclic voltammograms were performed using a BAS CV-50W voltammetric analyzer at ambient
temperature. The working electrode was platinum, and the counter electrode was a platinum wire. The
reference electrode was a silver wire housed in a glass tube sealed with a porous VWcor tip and filled
with a 0.1 M solution of AgNOs; in acetonitrile. The concentration of each sample was prepared about
1.0 mM. The data obtained as relative to ferrocene, which was measured under the same conditions as
the same time. [NnBu,][PFs] (TBAPFs) was recrystallized from THF solution, dried under vacuum,
and stored under an argon atmosphere.

Chapter 2
Preparation of (Cp*Co),(u-Cl),.°

A 100 mL Schlenk tube was charged with 3.41 g of CoCl, (26.3 mmol) and 3.21 g of Cp*Li (22.6
mmol). THF (65 mL) was then added to the tube at 0 °C. The reaction mixture was warmed up to
ambient temperature and stirred for 2 h. Removal of the solvent under reduced pressure gave brown
residual solid. The residue was extracted with pentane/toluene = 2/1 and filtered by using a swivel
fritted filter (G4). Removal of the solvent under reduced pressure gave 4.17 g of (Cp*Co),(u-Cl), as a
brown solid (9.08 mmol, 80%). The ethyl-tetramethyl cyclopentadiene analogue, (Cp**Co),(u-Cl),,
was prepared similarly in a 76% yield using Cp**Li instead of Cp*L.i.
(Cp*Co),(2-Cl),: *H NMR (400 MHz, benzene-ds, rt): 538.25 ppm (br s, 30H, CsMes).
(Cp**C0),(1-Cl),: 'H NMR (400 MHz, benzene-dg, rt): 54.26 (br s, 3H, CHsCH,-), 22.92 (br s, 6H,
CsEtMey), 30.78 (br s, 2H, CH3CH,-), 46.75 ppm (br s, 6H, CsEtMe,).

Preparation of Cp*Co(7*-CH,=CH,),.”

A 100 mL Schlenk tube was charged with 573 mg of (Cp*Co),(x-Cl), (1.23 mmol) and 176 mg of
potassium metal (4.49 mmol). After the Schlenk tube was evacuated, ethylene gas was introduced to
the tube. THF (20 mL) was then added, and the reaction mixture was stirred for 2 h at ambient
temperature. Removal of the solvent under reduced pressure gave dark yellow residual solid. The
residue was extracted with toluene and filtered through Celite and alumina to remove insoluble salts.
Following removal of the solvent under reduced pressure gave 488 mg of Cp*Co(7*-CH,=CH,), as a
yellow solid (1.95 mmol, 78%). The ethyl-tetramethyl cyclopentadiene analogue,

Gottingen, Germany, 1997. (b) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112.

® (a) Halbert, T. R.; Leonowicz, M, E.;Maydonovich, D. J. J. Am. Chem. Soc. 1980, 102, 5101. (b) Kélle,
U.; Fuss, B.; Belting, M.; Raabe, E. Organometallics 1986, 5, 980.

" (a)Beevor, R. G.; Frith, S. A.; Spencer, J. L. J. Organomet. Chem. 1981, 221, C25. (b) Koelle, U.;
Khouzami, F.; Fuss, B. Angew. Chem. Int. Ed. Engl. 1982, 21, 131.
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Cp**Co(7*-CH,=CH,),, was prepared similarly in a 51% vyield using (Cp**Co),(x-Cl), instead of
(Cp*Co)2(1-Cl)z.

Cp*Co(rf—CHZ:CHZ)z: 'H NMR (400 MHz, benzene-dg, rt): §1.01 (m, 4H, CH,=CH,), 1.42 (s, 15H,
CsMes), 1.70 ppm (m, 4H, CH,=CH,).

(Cp**CO)z(ﬂz'CHZZCHg)Q: 'H NMR (400 MHz, benzene-ds, rt): & 0.92 (t, Jun = 7.6 Hz, 3H,
CH3CH,-), 0.97 (m, 4H, CH,=CH,), 1.38 (s, 6H, CsEtMe,), 1.46 (s, 6H, CsEtMe,), 1.74 (m, 4H,
CH,=CHy,), 2.03 ppm (q, Jun = 7.6 Hz, 2H, CH3;CHy-).

Preparation of (Cp*Ru),(Cp*Co)(x-H)s(15-H) (1).

A 50 mL Schlenk tube equipped with a rubber balloon filled with H, was charged with 0.896 g of
(Cp*Ru),(u-H),4 (1.88 mmol), 0.479 g of Cp*Co(r*-CH,=CH,), (1.91 mmol), and toluene (45 mL).
The mixture was then cooled to —78 °C. After the Schlenk tube was evacuated, H, was introduced to
the tube. The resulting mixture was stirred at 80 °C for 12 h. Removal of the solvent under reduced
pressure gave black residual solid. The residue was extracted with toluene and filtered through a glass
filter (G4) to remove insoluble material. Following removal of the solvent under reduced pressure
gave 1.27 g of 1 as a black solid (1.88 mmol, >99%). The ethyl-tetramethyl cyclopentadiene analogue,
(Cp*Ru)x(Cp**Co)(u-H)a(uz-H) (1), was prepared similarly in a 93% yield using
Cp**Co(7*-CH,=CHy,), instead of Cp*Co(#r’-CH,=CH,),.

1: 'H NMR (400 MHz, benzene-ds, rt): 6 —13.15 (s, 4H, u-H), 1.75 (s, 15H, CsMesCo), 2.02 ppm (s,
30H, CsMesRu). *H NMR (400 MHz, THF-dg/toluene-dg = 5/1, 120 °C): §-30.49 (br s, 1H, u5-H),
-10.90 (br s, 1H, Ru—H-Ru), —-6.12 (br s, 2H, Ru-H-Co), 1.76 (s, 15H, CsMesCo), 1.96 ppm (s, 30H,
CsMesRu). °C NMR (100 MHz, benzene-ds, rt): 6 11.8 (q, Jon = 126 Hz, CsMesCo), 13.5 (g, Jen =
126 Hz, CsMesRu), 84.9 (s, CsMesRu), 90.1 ppm (s, CsMesCo). Anal. Calcd for C3oH49Co Ru,: C,
53.72; H, 7.36. Found: C, 53.37; H, 7.70.

1": 'H NMR (400 MHz, benzene-dg, rt): §—13.09 (s, 4H, #-H), 0.96 (t, Juy = 7.6 Hz, 3H, CH3CH,-),
1.73 (s, 6H, CsMe4EtCo), 1.85 (s, 6H, CsMe4EtCo), 2.02 (s, 30H, CsMesRu), 2.43 ppm (q, Jun = 7.6
Hz, 2H, CH3sCH,-). *C NMR (100 MHz, benzene-ds, rt): 5 11.7 (g, Joy = 127 Hz, CsMe,EtCo), 11.8
(0, Jon = 127 Hz, CsMe,EtCo), 13.5 (0, Jon = 126 Hz, CsMesRu), 14.4 (g, Jen = 126 Hz, CH5CH,-),
20.1 (t, Jcy = 123 Hz, CH3CH,-), 84.9 (s, CsMesRu), 89.9 (s, CsMe4EtCo), 90.5 (s, CsMe4EtCo), 95.3
ppm (s, CsMe4EtCo).

Preparation of Cp*Rh(7’-CH,=CH,),.2

A 100 mL Schlenk tube was charged with 598 mg of (Cp*RhClI),(-Cl), (0.967 mmol), 647 mg of
zinc powder (9.89 mmol), and THF (25 mL). After the Schlenk tube was evacuated, ethylene gas was
introduced to the tube. The reaction mixture was stirred for 2 h at 65 °C. Removal of the solvent under
reduced pressure gave dark yellow residual solid. The residue was extracted with toluene and filtered

through Celite and alumina to remove insoluble salts. Following removal of the solvent under reduced

& Moseley, K.; Kang, J. W.; Maitlis, P. M. J. Chem. Soc. A, 1970, 2875.
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pressure gave 428 mg of Cp*Rh(7?-CH,=CH,), as a pale yellow solid (1.45 mmol, 75%).
Cp*Rh(nZ-CHZ:CHz)Z: 'H NMR (400 MHz, benzene-dg, rt): §1.52 (m, 4H, CH,=CH,), 1.58 (s, 15H,
CsMes), 1.97 ppm (m, 4H, CH,=CH,).

Preparation of Cp*Rh(5>-CH,=CHSiMe),.’

A 100 mL Schlenk tube was charged with 0.830 g of (Cp*RhClI),(-Cl), (1.34 mmol) and 1.037 mg
of zinc powder (15.9 mmol). H,C=CHSiMe; (2.0 mL, 13.8 mmol) and THF (13 mL) were added to the
tube. The reaction mixture was stirred for 20 h at ambient temperature. Removal of the solvent under
reduced pressure gave dark orange residual solid. The residue was extracted with toluene and filtered
through Celite and alumina to remove insoluble salts. Following removal of the solvent under reduced
pressure gave 0.960 mg of Cp*Rh(7*-CH,=CHSiMes), as an orange solid (2.19 mmol, 82%). The
ethyl-tetramethyl cyclopentadiene analogue, Cp**Rh(7*CH,=CHSiMes),, was prepared similarly in a
81% yield using (Cp**RhCl),(1-Cl), instead of (Cp*RhCl),(-Cl),.

Cp*Rh(ﬂZ-CHQZCHSiME3)2: 'H NMR (400 MHz, benzene-dg, rt): 50.28 (s, 18H, SiMe3), 1.24 (m,
2H, CH,=CHSiMes), 1.50, (m, 2H, CH,=CHSiMes), 1.51 (s, 15H, CsMes), 2.31 ppm (dd, Jyy = 11.6,
2.8 Hz, 2H, CH,=CHSiMey).

Cp**Rh(T]Z-CHZZCHSiMeg)Z: '"H NMR (400 MHz, benzene-dg, rt): 5 0.29 (s, 18H, SiMes), 0.87 (t,
Jun = 7.6 Hz, 3H, CH3CH,-),1.27 (m, 2H, CH,=CHSiMes), 1.47, (m, 2H, CH,=CHSiMe;), 1.52-1.53
(m, 12H, CsEtMey), 2.03 (0, Juy = 7.6 Hz, 2H, CH3CH,-), 2.34 ppm (dd, Jyy = 11.2, 2.4 Hz, 2H,
CH,=CHSiMe3).

Preparation of (Cp*Ru),(Cp*Rh)(u-H)s(us-H) (2).

A 50 mL Schlenk tube equipped with a rubber balloon filled with H, was charged with 116.4 mg of
(Cp*Ru),(u-H)4 (0.244 mmol), 161.7 mg of Cp*Rh(7°-CH,=CHSiMe;), (0.369 mmol), and toluene
(10 mL). The mixture was then cooled to —78 °C. After the Schlenk tube was evacuated, H, was
introduced to the tube. The resulting mixture was stirred at 100 °C for 4 h. After the solvent was
removed under reduced pressure, the black residual solid was dissolved in toluene and purified by
column chromatography on alumina with mixture of toluene and THF (20/1) as an eluent. Removal of
the solvent under reduced pressure gave 80.9 mg of 2 as a black solid (0.113 mmol, 46%). The
ethyl-tetramethyl cyclopentadiene analogue, (Cp*Ru),(Cp**Rh)(u-H)s(uz-H) (27), was prepared
similarly in a 41% vyield using Cp**Rh(7*-CH,=CHSiMes), instead of Cp*Rh(r*-CH,=CHSiMej),.

2: "H NMR (400 MHz, benzene-dg, rt): §—11.98 (d, Jrny = 26.8 Hz, 4H, -H), 1.79 (s, 15H, CsMesRh),
2.02 ppm (s, 30H, CsMesRu).

2": "H NMR (400 MHz, benzene-de, rt): 6—11.93 (d, Jrny = 26.8 Hz, 4H, -H), 0.95 (t, Jyy = 7.2 Hz,
3H, CH3CH,-), 1.77 (s, 6H, CsMe,EtRh), 1.89 (s, 6H, CsMe4EtRh), 2.02 (s, 30H, CsMesRu), 2.33 ppm
(q, Jun = 7.2 Hz, 2H, CH3CH,-).

° (a) Lenges, C. P.; White, P. S.; Brookhart, M. J. Am. Chem. Soc. 1999, 121, 4385. (b) Lenges, C. P.;
Brookhart, M. Angew. Chem. Int. Ed. 1999, 38, 3533.

212



EEROE

Reaction of 1 with HBF,4; Preparation of [(Cp*Ru),(Cp*Co)(u-H)4(us-H)](BF,) (8-BFy).

A 50 mL Schlenk tube was charged with 42.7 mg of 1 (0.0637 mmol) and diethyl ether (15 mL).
HBF,-diethyl ether complex (10 uL, 0.073 mmol) was then added with vigorous stirring at ambient
temperature. After 5 min of stirring, the dark red precipitate was formed and washed five times with 3
mL of diethyl ether. The residual solid was dried under reduced pressure, and 48.1 mg of 8-BF, was
obtained as a dark red solid (0.0634 mmol, > 99%). The ethyl-tetramethyl cyclopentadiene analogue,
[(Cp*Ru)o(Cp**Co)(1-H)4(5-H)] (BFs) (8 -BF,), was prepared similarly in a 98% yield using 1
instead of 1.
8-BF,;: "H NMR (400 MHz, THF-dg, rt): 5§-11.20 (s, 5H, u-H), 1.71 (s, 15H, CsMesCo), 2.05 ppm (s,
30H, CsMesRu). *C NMR (100 MHz, THF-dg, rt): 511.4 (q, Jcn = 128 Hz, CsMesCo), 12.3 (q, Jen =
127 Hz, CsMesRu), 95.3 (s, CsMesRu), 95.8 ppm (s, CsMesCo).
8-BF,;: 'H NMR (400 MHz, THF-dg, rt): §-11.16 (s, 5H, z-H), 0.98 (t, Jun = 7.6 Hz, 3H, CH3CH,-),
1.71 (s, 6H, CsMe4EtCo), 1.78 (s, 6H, CsMe4EtCo), 2.05 (s, 30H, CsMesRu), 2.40 ppm (Q, Jun = 7.6
Hz, 2H, CH3CH,-). *C NMR (100 MHz, THF-dg, rt): 511.0 (q, Jc = 128 Hz, CsMe,EtCo), 11.4 (q,
Jon = 128 Hz, CsMe,EtCo), 12.3 (g, Jon = 128 Hz, CsMesRu), 13.4 (g, Jon = 133 Hz, CH3CH,-), 20.0
(t, Jon = 128 Hz, CH;CH,-), 94.5 (s, CsEtMe,Co), 95.8 (s, CsMesRu), 96.4 (s, CsMe,EtCo), 100.2
ppm (s, CsMe4EtCo).

Reaction of 1 with TfOH; Preparation of [(Cp*Ru),(Cp*Co)(u-H)4(1s-H)](TfO) (8-TfO).

A 50 mL Schlenk tube was charged with 17.4 mg of 1 (0.0259 mmol), pentane (2 mL), and diethyl
ether (2 mL). TfOH (0.024 mmol in 0.22 mL of diethyl ether) was then added with vigorous stirring at
ambient temperature. After 5 min of stirring, the dark red precipitate was formed and washed four
times with 2 mL of pentane. The residual solid was dried under reduced pressure, and 16.6 mg of
8-TfO was obtained as a dark red solid (0.0202 mmol, 82%). The ethyl-tetramethyl cyclopentadiene
analogue, [(Cp*Ru),(Cp**Co)(u-H)4(u5-H)] (TfO) (8°-TFO), was prepared similarly in a 86% yield
using 1" instead of 1.
8-TfO: 'H NMR (400 MHz, acetone-dg, rt): 5—11.18 (s, 5H, #-H), 1.76 (s, 15H, CsMesCo), 2.09 ppm
(s, 30H, CsMesRu).

8 -TfO: 'H NMR (400 MHz, acetone-ds, rt): & —11.14 (s, 5H, wx-H), 0.99 (t, Juy = 7.6 Hz, 3H,
CH3CHy-), 1.75 (s, 6H, CsMe,EtCo), 1.83 (s, 6H, CsMe4EtCo), 2.09 (s, 30H, CsMesRu), 2.45 ppm (g,
Jun = 7.6 Hz, 2H, CH3CH,-).

Reaction of 2 with HBF,4; Preparation of [(Cp*Ru)(Cp*Rh)(u-H)4(us-H)1(BF4) (9-BF,).

A 50 mL Schlenk tube was charged with 20.6 mg of 2 (0.0288 mmol) and diethyl ether (7 mL).
HBF4-diethyl ether complex (5 uL, 0.04 mmol) was then added with vigorous stirring at ambient
temperature. After 5 min of stirring, the dark green precipitate was formed and washed five times with
3 mL of diethyl ether. The residual solid was dried under reduced pressure, and 22.3 mg of 9-BF, was
obtained as a dark green solid (0.0278 mmol, 96%).
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9-BF,;: 'H NMR (400 MHz, THF-dg, rt): & —10.70 (d, Jrau = 20.8 Hz, 5H, u-H), 1.88 (s, 15H,
CsMesRh), 2.01 ppm (s, 30H, CsMesRu). **C NMR (100 MHz, THF-dg, rt): §11.6 (q, Jon = 127 Hz,
CsMesRh), 12.3 (g, Jcy = 127 Hz, CsMesRu), 93.9 (s, CsMesRu), 102.9 ppm (d, Jrc = 6 Hz,
CsMesRh).

Reaction of 2° with TfOH; Preparation of [(Cp*Ru),(Cp**Rh)(z-H)4(z-H)](TFO) (9°-TfO).

A 50 mL Schlenk tube was charged with 21.1 mg of 2" (0.0259 mmol), pentane (2 mL), and diethyl
ether (2 mL). TfOH (0.028 mmol in 0.26 mL of diethyl ether) was then added with vigorous stirring at
ambient temperature. After 5 min of stirring, the dark green precipitate was formed and washed four
times with 2 mL of pentane. The residual solid was dried under reduced pressure, and 20.2 mg of
9"-TfO was obtained as a dark green solid (0.0230 mmol, 82%).
9"-TfO: 'H NMR (400 MHz, acetone-dg, rt): §—10.67 (d, Jrny = 20.8 Hz, 5H, z-H), 1.01 (t, Juy = 7.6
Hz, 3H, CH3CH,-), 1.93 (s, 6H, CsMe,EtRh), 1.98 (s, 6H, CsMe,EtRh), 2.04 (s, 30H, CsMesRu), 2.45
ppm (0, Jun = 7.6 Hz, 2H, CH3CH,-). *C NMR (100 MHz, THF-dg, rt): & 11.5 (q, Jen = 128 Hz,
CsMe4EtRh), 11.7 (g, Jen = 128 Hz, CsMe,EtRh), 12.4 (g, Jen = 128 Hz, CsMesRu), 13.9 (), Jon = 126
Hz, CHsCH,-), 19.8 (t, Joy = 128 Hz, CH3CH,-), 94.1 (s, CsMesRu), 102.2 (d, Jrnc = 7 Hz,
CsEtMe4Rh), 103.1 (d, Jrnc = 6 Hz, CsEtMe4Rh), 106.9 (d, Jrnc = 6 Hz, CsEtMe4Rh), 122.5 ppm (q,
Jcr = 322 Hz, CF3SO0y).

Reaction of 3" with TfOH; Preparation of [(Cp*Ru),(Cp**Ir)(u-H)4(1s-H)](TfO) (10"-TfO).

A 50 mL Schlenk tube was charged with 34.5 mg of 3" (0.0422 mmol), pentane (2 mL), and diethyl
ether (2 mL). TfOH (0.040 mmol in 0.36 mL of diethyl ether) was then added with vigorous stirring at
ambient temperature. After 5 min of stirring, the dark brown precipitate was formed and washed four
times with 2 mL of pentane. The residual solid was dried under reduced pressure, and 35.7 mg of
10"-TfO was obtained as a dark brown solid (0.0369 mmol, 93%).
10"-TfO: 'H NMR (400 MHz, acetone-ds, rt): & —11.23 (s, 5H, u-H), 1.15 (t, Jun = 7.6 Hz, 3H,
CH3CH»-), 2.01 (s, 30H, CsMesRu), 2.21 (s, 6H, CsMe4Etlr), 2.27 (s, 6H, CsMe4Etlr), 2.51 ppm (q,
Jun = 7.6 Hz, 2H, CHsCH,-). *C NMR (100 MHz, acetone-ds, rt): & 11.3 (q, Jen = 128 Hz,
CsMe,Etlr), 11.5 (q, Jon = 128 Hz, CsMeyEtlr), 12.3 (g, Jen = 128 Hz, CsMesRu), 15.1 (q, Jon = 125
Hz, CH3CH,-), 19.8 (t, Jcy = 128 Hz, CH3CH,-), 94.6 (s, CsMesRu), 96.9 (s, CsEtMeylr), 97.6 (s,
CsEtMeylr), 101.3 ppm (s, CsEtMeylr).

Reaction of 1 with CO; Preparation of (Cp*Ru),(Cp*Co)(u-CO)3(us-CO) (11).

A 50 mL Schlenk tube equipped with a rubber balloon filled with CO was charged with 21.9 mg of
1 (32.6 umol) and toluene (3 mL). The mixture was then cooled to —78 °C. After the Schlenk tube was
evacuated, CO was introduced to the tube. The resulting mixture was stirred at ambient temperature
for 30 h. The solution turned from brown to dark red. Removal of the solvent under reduced pressure

gave dark red residual solid. The residue was extracted with toluene and purified by column
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chromatography on alumina with mixture of toluene and THF (20/1) as an eluent. Complex 11 was
obtained as a dark red solid upon removal of the solvent under reduced pressure (19.3 mg, 24.8 mmol,
76%).

11: 'H NMR (400 MHz, benzene-dg, rt): & 1.51 (s, 15H, CsMesCo), 1.66 ppm (s, 30H, CsMesRu).
BC{"H} NMR (100 MHz, THF-dg, rt): § 8.1 (CsMesCo), 9.2 (CsMesRu), 100.9 (CsMesCo), 103.2
(CsMesRu), 252.7 (u-CO), 254.1 (u-CO), 271.5 ppm (u3-CO). IR (KBr): 1025, 1374, 1639 (v(C-0)),
1742 (v(C-0)), 1750 (v(C-0)), 1801 (v(C-0)), 2904, 2983 (cm ). Anal. Calcd for C3;H45C00,RUy:
C, 52.44; H, 5.82. Found: C, 52.28; H, 5.55. ESI-MS : m/z = 779.7 (M").

Reaction of 2 with CO; Preparation of (Cp*Ru),(Cp*Rh)(x-CO)3(15-CO) (12).

A 50 mL Schlenk tube equipped with a rubber balloon filled with CO was charged with 23.4 mg of
2 (32.7 umol) and toluene (3 mL). The mixture was then cooled to —78 °C. After the Schlenk tube was
evacuated, CO was introduced to the tube. The resulting mixture was stirred at ambient temperature
for 30 h. The solution turned from brown to dark green. Removal of the solvent under reduced
pressure gave dark green residual solid. The residue was extracted with toluene and purified by
column chromatography on alumina with mixture of toluene and THF (20/1) as an eluent. Complex 12
was obtained as a dark green solid upon removal of the solvent under reduced pressure (16.4 mg, 19.9
mmol, 61%). The ethyl-tetramethyl cyclopentadiene analogue, (Cp*Ru),(Cp**Rh)(z-CO)3(15-CO)
(127), was prepared similarly in a 76% yield using 2" instead of 2.
12: 'H NMR (400 MHz, benzene-dg, rt): & 1.64 (s, 15H, CsMesRh), 1.68 ppm (s, 30H, CsMesRu).
Bc{*H} NMR (100 MHz, benzene-dg, rt): 8.6 (CsMesRh), 8.8 (CsMesRu), 101.9 (CsMesRu), 104.8
(d, Jrnec = 5 Hz, CsMesRh), 241.3 (d, Jrnc = 33 Hz, Rh—CO-Ru), 253.1 ppm (Ru—CO-Ru). IR (KBr):
1027, 1374, 1638 (v(C-0)), 1739 (v(C-0)), 1759 (v(C-0)), 1802 (v(C-0)), 2906, 2981 (cm ).
ESI-MS : m/z = 823.2 (M").
12°: 'H NMR (400 MHz, benzene-ds, rt): & 0.95 (t, Juy = 7.4 Hz, 3H, CHsCH,-), 1.62 (s, 6H,
CsMe4EtRh), 1.69 (s, 30H, CsMesRu), 1.72 (s, 6H, CsMe,EtRh), 2.18 ppm (q, Juu = 7.4 Hz, 2H,
CH3CH,-). C{*H} NMR (100 MHz, benzene-ds, rt): & 8.2 (CsMe,EtRh), 8.6 (CsMesEtRh), 8.8
(CsMesRu), 14.0 (CH3CH,-), 17.5 (CH3CH,-), 102.0 (CsMesRu), 103.8 (d, Jrne = 5 Hz, CsEtMeyRh),
105.4 (d, Jrnc = 4 Hz, CsEtMe,Rh), 110.1 (d, Jrnc = 5 Hz, CsEtMeyRh), 241.2 (d, Jrnc = 34 Hz,
Rh-CO-Ru), 253.1 (Ru—CO-Ru). 260.3 ppm (d, Jrnc = 28 Hz, 15-CO). IR (KBr): 1028, 1374, 1639
(v(C-0)), 1738 (v(C-0)), 1758 (v(C-0)), 1802 (v(C-O)), 2905, 2971 (cm ™). Anal. Calcd for
CssH4704RhRuU,: C. 50.24; H, 5.66. Found: C, 50.63; H, 4.98.

Reaction of 3 with CO; Preparation of (Cp*Ru),(Cp*Ir)(u-CO)3(us-CO) (13).

A 50 mL Schlenk tube equipped with a rubber balloon filled with CO was charged with 22.6 mg of
3 (28.1 umol) and toluene (3 mL). The mixture was then cooled to —78 °C. After the Schlenk tube was
evacuated, CO was introduced to the tube. The resulting mixture was stirred at ambient temperature

for 30 h. The solution turned from brown to green. Removal of the solvent under reduced pressure
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gave green residual solid. The residue was extracted with toluene and purified by column
chromatography on alumina with mixture of toluene and THF (20/1) as an eluent. Complex 13 was
obtained as a green solid upon removal of the solvent under reduced pressure (24.4 mg, 26.8 mmol,
95%).

13: 'H NMR (400 MHz, benzene-dg, rt): & 1.63 (s, 15H, CsMeslr), 1.72 ppm (s, 30H, CsMesRu).
Bc{*H} NMR (100 MHz, benzene-ds, rt): & 7.6 (CsMeslr), 8.7 (CsMesRu), 100.8 (CsMeslr), 102.0
(CsMesRu), 233.2 (1-CO), 251.9 (u-CO), 255.4 ppm (13-CO). IR (KBr): 1027, 1374, 1618 (v(C-0)),
1728 (v(C-0)), 1734 (v(C-0)), 1782 (v(C-0)), 2908, 2982 (cm ). Anal. Calcd for Cg4H,5IrO4Ru;: C,
44.77; H, 4.97. Found: C, 44.77; H, 4.53. ESI-MS : m/z = 911.2 (M").

Reaction of 1 with CO in an NMR Tube.

An NMR tube equipped with a Teflon valve was charged with 1 (4.4 mg, 6.6 umol) and benzene-ds
(0.4 mL) with 2,2,4,4-tetramethylpentane (0.6 ulL) as an internal standard. The mixture was then
cooled to —78 °C. After the NMR tube was evacuated, CO was introduced to the tube. The reaction
was periodically monitored by *H NMR spectroscopy. The *H NMR spectrum recorded after 10 min
showed quantitative formation of 14. Ru,Rh and Ru,lr analogues, 15 and 16, were also observed by
the reaction of 2 and 3 with CO in 10 min.

14: 'H NMR (400 MHz, benzene-dg, rt): 5 —26.65 (s, 1H, x-H), —19.45 (s, 1H, u-H), 1.58 (s, 15H,
CsMes), 1.82 (s, 15H, CsMes), 1.86 ppm (s, 15H, CsMes). *C{*H} NMR (100 MHz, benzene-ds, rt): &
9.2 (CsMes), 10.5 (CsMes), 11.2 (CsMes), 96.4 (CsMes), 97.6 (CsMes), 99.3 (CsMes), 203.3 (CO),
261.2 (1-CO), 265.1 ppm (-CO).

15: *H NMR (400 MHz, benzene-dg, rt): 5-20.39 (d, Jran = 26.8 Hz, 1H, u-H), —19.34 (s, 1H, -H),
1.77 (s, 15H, CsMes), 1.80 (s, 15H, CsMes), 1.86 ppm (s, 15H, CsMes). C{*H} NMR (100 MHz,
benzene-dg, rt): 69.7 (CsMes), 10.2 (CsMes), 11.2 (CsMes), 95.3 (CsMes), 97.9 (CsMes), 102.5 (d, Jrnc
=5 Hz, CsMes), 203.8 ppm (CO).

16: 'H NMR (400 MHz, benzene-dg, rt): 5 -22.43 (s, 1H, x-H), -19.02 (s, 1H, x-H), 1.80 (s, 15H,
CsMes), 1.84 (s, 15H, CsMes), 1.91 ppm (s, 15H, CsMes). *C{"H} NMR (100 MHz, benzene-dg, rt): &
9.7 (CsMes), 10.2 (CsMes), 11.2 (CsMes), 95.3 (CsMes), 97.9 (CsMes), 102.6 (CsMes), 203.5 (CO),
237.5 (1-CO), 243.2 ppm (1-CO).

Chapter 3
Reaction of 1 with PhC=CPh; Preparation of (Cp*Ru),(Cp*Co)(u-H).{s-n°:%°(L)-PhC=CPh}
(17a, 18a).

A glass tube equipped with a Teflon valve was charged with 1 (117.1 mg, 0.175 mmol) and toluene
(5 mL). PhC=CPh (96.8 mg, 0.543 mmol) was then added to the solution at room temperature. The
reaction mixture was stirred at 120 °C for 40 h. The solution turned from brown to dark brown.
Removal of the solvent under reduced pressure gave a crude product including 17a and 18a. The

residue was then extracted with 3 mL of pentane three times, and the combined solution was filtered.
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After the filtrate was concentrated to about 3 mL, 4 mL of acetone was added to the solution. The
mixture of 17a and 18a was recrystallized from the cold solution stored at —30 °C as a black crystal
(95.5 mg, 0.113 mmol, 64%). The ratio between 17a and 18a was measured by the ‘H NMR spectrum
recorded at —30 °C as 78:22.
Averaged signals of 17a and 18a: 'H NMR (400 MHz, THF-dg, 70 °C): & 1.59 (s, 15H, CsMesCo),
1.67 (s, 30H, CsMesRu), 6.48 (d, Jun = 7.6 Hz, 4H, 0-Ph), 6.78 (t, Jun = 7.4 Hz, 2H, p-Ph), 6.92 ppm
(dd, Jyy = 7.6, 7.4 Hz, 4H, m-Ph). *C{*H} NMR (100 MHz, THF-dg, 65 °C): 511.7 (CsMesCo), 12.2
(CsMesRu), 89.9 (CsMesRu), 90.0 (CsMesCo), 123.1 (Ph), 126.9 (Ph), 128.7 (Ph), 149.5 ppm
(ipso-Ph).

Since the 'H signals derived from the Cp* and the phenyl groups were averaged and appeared as
broad peaks at —30 °C, only hydrido signals were assigned as follows.
17a: 'H NMR (400 MHz, THF-dg, —30 °C): §—22.61 (br, 1H, x-H), =5.21 ppm (br, 1H, z-H).
18a: "H NMR (400 MHz, THF-dg, —30 °C): 6—12.43 ppm (br, 2H, z-H).

Averaged signals for the Cp* signals were observed at 6 1.59 (br) and 1.66 (s), while those for the

phenyl groups were observed as humps of broad signals between 65.5 and 7.5 ppm.

Reaction of 1 with PhC=CMe; Preparation of (Cp*Ru),(Cp*Co)(u-H)x{15-1°: °(L)-PhC=CMe}
(17b, 18b).

A glass tube equipped with a Teflon valve was charged with 1 (36.6 mg, 54.6 umol) and toluene (4
mL). PhC=CMe (17 uL, 136 umol) was then added to the solution at room temperature. The reaction
mixture was stirred at 80 °C for 19 h. The solution turned from brown to purple. Removal of the
solvent under reduced pressure gave a crude product including 17b and 18b. The mixture of 17b and
18b was recrystallized from the cold pentane solution stored at —30 °C as a purple crystal (26.6 mg,
33.1 pmol, 61%). The ratio between 17b and 18b was measured by the "H NMR spectrum recorded at
—30 °C as 94:6.

Averaged signals of 17b and 18b: *H NMR (400 MHz, toluene-ds, 80 °C): §1.73 (s, 15H, CsMesCo),
1.76 (s, 30H, CsMesRu), 3.08 (s, 3H, PhCCMe), 5.36 (br, 2H, 0-Ph), 6.61 (t, Juy = 7.2 Hz, 1H, p-Ph),
6.88 ppm (dd, Ju = 7.6, 7.2 Hz, 2H, m-Ph).

17b: *H NMR (400 MHz, toluene-dg, —30 °C): §—20.63 (s, 1H, -H), —5.98 (s, 1H, p-H), 1.77 (s, 15H,
CsMes), 1.78 (s, 15H, CsMes), 1.80 (s, 15H, CsMes), 3.18 (s, 3H, PhCCMe), 4.99 (d, Juy = 8.0 Hz, 1H,
0-Ph), 5.79 (d, J = 7.6 Hz, 1H, 0-Ph), 6.72 (t, Jun = 7.4 Hz, 1H, p-Ph), 6.88 (dd, Juy = 7.6 Hz, 1H,
m-Ph), 7.05 ppm (1H, m-Ph, partly obscured by the residual proton signal of the solvent). *C{*H}
NMR (100 MHz, THF-dg, —50 °C): §12.1 (CsMes), 12.4 (CsMes), 12.7 (CsMes), 25.6 (PhCCMe), 75.5
(PhCCMe), 86.2 (CsMes), 89.1 (CsMes), 89.2 (CsMes), 121.3 (Ph), 123.4 (Ph), 124.9 (Ph), 126.8 (Ph),
126.9 (Ph), 148.5 (ipso-Ph), 181.1 ppm (PhCCMe).

18b: 'H NMR (400 MHz, toluene-dg, —30 °C): & —12.01 (s, 2H, x-H), 2.51 (s, 3H, PhCCMe), 5.66
ppm (br, 2H, o-Ph). Other signals derived from 18b were obscured by the signals derived from 17b.
Anal. Calcd for Cs9Hs5Co Ru,: C, 59.68; H, 7.06. Found: C, 59.92; H, 7.45.
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Reaction of 2 with PhC=CPh; Preparation of (Cp*Ru),(Cp*Rh)(u-H).{15-n°:°(L)-PhC=CPh}
(19a, 20a).

A glass tube equipped with a Teflon valve was charged with 2 (44.2 mg, 61.8 umol) and toluene (3

mL). PhC=CPh (12.2 mg, 68.5 umol) was then added to the solution at room temperature. The
reaction mixture was stirred at 80 °C for 36 h. The solution turned from brown to dark brown.
Removal of the solvent under reduced pressure followed by washing two times 2 mL of methanol gave
49.5 mg of 19a and 20a as a dark brown solid (55.6 umol, 90%). The ratio between 19a and 20a was
measured by the *H NMR spectrum recorded at —30 °C as 94:6.
Averaged signals of 19a and 20a: 'H NMR (400 MHz, THF-dg, 70 °C): & 1.64 (s, 30H, CsMesRu),
1.75 (s, 15H, CsMesRh), 6.50 (d, Juy = 7.6 Hz, 4H, 0-Ph), 6.76 (tt, Juy = 7.4, 1.2 Hz, 2H, p-Ph), 6.92
ppm (dd, Juy = 8.0 Hz, 4H, m-Ph). *C{"H} NMR (100 MHz, THF-dg, 65 °C): 511.6 (CsMesRh), 12.0
(CsMesRu), 87.6 (CsMesRu), 96.5 (d, Jrnc = 6 Hz, CsMesRh), 123.0 (Ph), 127.0 (Ph), 128.3 (Ph),
149.0 ppm (ipso-Ph).

Since the 'H signals derived from the Cp* and the phenyl groups were averaged and appeared as
broad peaks at —60 °C, only hydrido signals were assigned as follows.
19a: *H NMR (400 MHz, THF-dg, —60 °C): 6—20.92 (d, Jgny = 30.4 Hz, 1H, z-H), —=3.92 ppm (s, 1H,
u-H).
20a: 'H NMR (400 MHz, THF-dg, —60 °C): §—10.17 ppm (d, Jrnn = 26.0 Hz, 2H, z-H).

Averaged signals for the Cp* signals were observed at 6 1.60 (s, 30H, CsMesRu) and 1.81 (s, 15H,
CsMesRh), and for the phenyl groups were observed at 66.45 (br s, 4H), 6.79 (t, Juny = 7.6 Hz, 2H,
p-Ph), and 6.95 ppm (dd, Jun = 7.6 Hz, 4H, m-Ph). Anal.Calcd for C44Hs; RhRu,: C, 59.31; H, 6.45.
Found: C, 59.43; H, 6.63.

Reaction of 2 with PhC=CMe; Preparation of (Cp*Ru),(Cp*Rh)(u-H)x{15-n°:7°(L)-PhC=CMe}
(19b, 20b).

A glass tube equipped with a Teflon valve was charged with 2 (51.1 mg, 72.1 umol) and toluene (2
mL). PhC=CMe (12 uL, 100 umol) was then added to the solution at room temperature. The reaction
mixture was stirred at 80 °C for 19 h. The solution turned from brown to dark brown. Removal of the
solvent under reduced pressure followed by washing two times 2 mL of methanol gave 52.2 mg of 19b
and 20b as a dark brown solid (66.6 umol, 92%). The ratio between 19b and 20b was measured by the
'"H NMR spectrum recorded at —30 °C as 83:17.

Averaged signals of 19b and 20b: *H NMR (400 MHz, toluene-dg, 100 °C): §1.78 (s, 15H, CsMesRh),
1.81 (s, 30H, CsMesRu), 2.93 (s, 3H, PACCMe), 5.61 (d, Juw = 7.2 Hz, 2H, 0-Ph), 6.67 (t, Juy = 7.6 Hz,
1H, p-Ph), 6.88 ppm (dd, Jyy = 7.6 Hz, 2H, m-Ph).

19b: 'H NMR (400 MHz, toluene-dg, —20 °C): 6 —20.03 (d, Jrny = 30.8 Hz, 1H, u-H), —4.65 (s, 1H,
u-H), 1.77 (s, 15H, CsMes), 1.78 (s, 15H, CsMes), 1.82 (s, 15H, CsMes), 2 .85 (s, 3H, PhCCMe), 5.33
(d, Jun = 6.8 Hz, 1H, 0-Ph), 5.95 (d, Jun = 8.0 Hz, 1H, 0-Ph), 6.74 (t, Juy = 7.4 Hz, 1H, p-Ph), 7.08
ppm (m, 2H, m-Ph). *C{*H} NMR (100 MHz, THF-dg, =50 °C): §11.8 (CsMes), 12.2 (CsMes), 12.5
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(CsMes), 26.3 (PhCCMe), 76.8 (d, Jrnc = 23 Hz, PhCCMe), 85.0 (CsMesRu), 88.1 (CsMesRu), 95.0 (d,
Jrnc = 6 Hz, CsMesRh), 121.2 (Ph), 123.7 (Ph), 124.1 (Ph), 126.8 (Ph), 126.9 (Ph), 148.7 (ipso-Ph),
172.1 ppm (d, Jgnc = 20 Hz, PhCCMe).

20b: 'H NMR (400 MHz, toluene-dg, —20 °C): & —9.47 (d, Jrnn = 27.6 Hz, 2H, u-H), 3.18 (s, 3H,
PhCCMe), 5.62 ppm (br, 2H, o-Ph). Other signals derived from 20b were obscured by the signals
derived from 19b. Anal. Calcd for C;gHssRhRu,: C, 56.51; H, 6.69. Found: C, 56.21; H, 6.93.

Reaction of 3 with PhC=CPh; Preparation of (Cp*Ru),(Cp*Ir)(u-H).{1s-n’:7°(L)-PhC=CPh}
(22a).

A glass-tube equipped with a Teflon valve was charged with 3 (44.2 mg, 61.8 umol) and toluene (3
mL). PhC=CPh (12.2 mg, 68.5 umol) was then added to the solution at ambient temperature. The
reaction mixture was stirred at 80 °C for 36 h. The solution turned from brown to dark brown. After
the solvent was removed under reduced pressure, the residual solid was washed by three times with 5
mL of methanol. Dryness in vacuo gave 22a as dark brown solid (49.5 mg, 55.6 umol, 90%).
22a: '"H NMR (400 MHz, THF-dg, —30 °C): & -11.60 (s, 2H, x-H), 1.56 (s, 30H, CsMesRu), 1.85
(s,15H, CsMeslr), 5.61 (d, Jun = 6.8 Hz, 2H, 0-Ph™), 6.64 (t, Iy = 7.2 Hz, 1H, p-Ph™), 6.91 (dd, Ju =
7.8 Hz, 2H, m-Ph™), 6.97 (t, Jun = 7.2 Hz, 1H, p-Ph®™), 7.08 (dd, Juy = 7.6, 7.2 Hz, 2H, m-Ph®™), 7.54
ppm (d, Juy = 7.2 Hz, 2H, 0-Ph®™). 'H NMR (400 MHz, THF-dg, 90 °C): §—11.55 (s, 2H, u-H), 1.58
(s, 30H, CsMesRu), 1.88 (s, 15H, CsMeslr), 6.63 (br, 4H, 0-Ph), 6.77 (t, Juy = 7.0 Hz, 2H, p-Ph), 6.96
ppm (t, Jyn = 7.6 Hz, 4H, m-Ph). ®C{*H} NMR (100 MHz, THF-dg, —30 °C): §10.0 (CsMeslr), 12.4
(CsMesRu), 83.4 (CsMesRu), 94.0 (CsMeslr), 103.2 (PhC™CPh), 122.6 (Ph), 123.6 (Ph), 125.6 (Ph),
126.4 (Ph), 127.0 (Ph), 130.7 (Ph), 156.0 (ipso-Ph), 156.9 (ipso-Ph), 208.0 ppm (PhCC*"Ph). Anal.
Calcd for C44Hs7IrRu,: C, 53.91; H, 5.82. Found: C, 53.84; H, 5.81.

Reaction of 3 with PhC=CMe; Preparation of (Cp*Ru),(Cp*Ir)(x-H), {s-1°: 5°(L)-PhC=CMe}
(22b).

A 50-mL Schlenk tube was charged with 3 (51.1 mg, 72.1 umol) and toluene (2 mL). PhC=CMe (12
uL, 0.100 mmol) was then added to the solution at ambient temperature. The reaction mixture was
stirred at room temperature for 14 h. The solution turned from brown to dark brown. After the solvent
and the remaining alkyne were removed under reduced pressure, the residual solid was washed by
three times with 5 mL of methanol. Dryness in vacuo gave 22b as dark brown solid (52.2 mg, 66.6
umol, 92%).
22b: 'H NMR (400 MHz, THF-dg, —30 °C): & -11.82 (s, 2H, w-H), 1.79 (s, 15H, CsMeslr), 1.87 (s,
30H, CsMesRu), 3.35 (s, 3H, PhCCMe), 5.76 (d, Jun = 8.0 Hz, 2H, 0-Ph), 6.79 (t, Jun = 7.2 Hz, 1H,
p-Ph), 7.09 ppm (dd, Juy = 7.6 Hz, 2H, m-Ph). *C{"H} NMR (100 MHz, benzene-dg, rt): & 10.2
(CsMeslr), 12.5 (CsMesRu), 30.8 (PhCCMe), 82.8 (CsMesRu), 92.4 (CsMeslr), 102.4 (PhCCMe),
122.2 (Ph), 124.8 (Ph), 126.5 (Ph), 153.5 (ipso-Ph), 211.4 ppm (PhCCMe). Anal. Calcd for
C3gHs51rRu,: C, 51.01; H, 6.04. Found: C, 50.68; H, 6.00.
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Reaction of 1 with PhC=CMe in an NMR Tube.

An NMR tube equipped with a Teflon valve was charged with 1 (7.3 mg, 10.9 umol), PhC=CMe (11
uL, 87.5 umol), and benzene-ds (0.4 mL) with 2,2,4,4-tetramethylpentane (0.2 uL) as an internal
standard. The reaction tube was heated at 80 °C, and the reaction was periodically monitored by *H
NMR spectroscopy. The *H NMR spectrum recorded after 30 min showed that the mixture of 17b and
18b was formed in a 50% vyield (5.4 umol) and 5.8 umol of 1-phenyl-1-propyne was consumed. All of
1 was converted into the mixture of 17b and 18b in 4 h.

Reaction of 1 with PhC=CPh in an NMR Tube.

An NMR tube equipped with a Teflon valve was charged with 1 (1.8 mg, 2.7 umol), PhC=CPh (4.9
mg, 28 umol), and benzene-ds (0.45 mL) with 2,2,4,4-tetramethylpentane (0.2 pL) as an internal
standard. The reaction tube was heated at 120 °C, and the reaction was periodically monitored by *H
NMR spectroscopy. The *H NMR spectrum recorded after 96 h showed that 1 was consumed and the
mixture of 17a and 18a (68%), 23 (12%), and 24 (20%) were formed.

Reaction of 1 with PhC=CPh; Preparation of (Cp*Ru)(Cp*Co)(u-H).(us-CPh), (23).

A glass tube equipped with a Teflon valve was charged with 1 (113.3 mg, 0.169 mmol) and toluene

(9 mL). PhC=CPh (149.4 mg, 0.838 mmol) was then added to the solution at room temperature. The
reaction mixture was stirred at 120 °C for 35 h. Removal of the solvent under reduced pressure gave a
crude product. The residue was extracted with pentane and purified by column chromatography on
alumina with mixture of pentane and toluene (50/1) as an eluent. Complex 23 was obtained as a purple
solid upon removal of the solvent under reduced pressure (20.6 mg, 24.3 mmol, 14%).
23: 'H NMR (400 MHz, benzene-dg, rt): §—20.45 (s, 2H, x-H), 1.05 (s, 15H, CsMesCo), 1.91 (s, 30H,
CsMesRu), 7.24 (t, 2H, Juy = 7.2 Hz, p-Ph), 7.36 (dd, 4H, Jyy = 7.6 Hz, m-Ph), 7.56 ppm (d, 4H, Juy
= 7.6 Hz, 0-Ph). *C NMR (100 MHz, benzene-dg, rt): 9.1 (q, Jon = 126 Hz, CsMesCo), 12.9 (g, Jen
= 126 Hz, CsMesRu), 95.8 (s, CsMesCo), 98.2 (s, CsMesRu), 124.6 (d, Jcy = 159 Hz, Ph), 126.9 (d,
Jon = 150 Hz, Ph), 129.4 (d, Joi = 161 Hz, Ph), 158.1 (s, ipso-Ph), 293.1 ppm (s, CPh).

Chapter 4
Reaction of 1 with primary silanes; Preparation of (Cp*Ru),(Cp*Co)(u-H)s(us-H,SIiR) (253, R =
Ph; 25b, R = tBu).

A 50 mL Schlenk tube was charged with 77.1 mg of 1 (0.115 mmol) and toluene (5 mL). PhSiH; (20
uL, 0.16 mmol) was added to the solution, and the reaction mixture was stirred at ambient temperature
for 30 min. The solution turned from brown to purple. Removal of the solvent and the remaining
PhSiH; under reduced pressure gave a purple residual solid. The residue was then extracted three times
with 5 mL of pentane, and the combined solution was filtered through a glass filter (G4). Removal of

the solvent under reduced pressure followed by washing two times with 2 mL of methanol gave 78.5
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mg of 25a as a purple solid (0.101 mmol, 88%). The tert-butylsilane analogue 25b was prepared
similarly in 88% yield using tBuSiH; instead of PhSiHs.

25a: "H NMR (400 MHz, benzene-dg, rt): & —19.20 (s, Jsin = 35 Hz, 5H, x-H and Ru—H-Si), 1.77 (s,
15H, CsMesCo), 1.96 (s, 30H, CsMesRu), 7.35 (t, Juy = 7.2 Hz, 1H, p-Ph), 7.45 (dd, Juy = 7.2 Hz, 2H,
m-Ph), 8.25 ppm (d, Jun = 7.2 Hz, 2H, 0-Ph). "H NMR (400 MHz, THF-dg, —80 °C): §-19.31 (br s,
5H, x-H and Ru-H-Si), 1.58 (s, 15H, CsMesCo), 1.94 (s, 30H, CsMesRu), 7.41 (br, 2H, m-Ph), 7.91
ppm (br d, Juy = 3.6 Hz, 2H, 0-Ph). *C{"H} NMR (100 MHz, THF-dg, rt): §12.2 (CsMesCo), 13.3
(CsMesRu), 89.2 (CsMesRu), 89.8 (CsMesCo), 128.0 (Ph), 128.7 (Ph), 136.2 (Ph), 146.4 ppm
(ipso-Ph). #Si{*H} NMR (79.5 MHz, benzene-ds, rt): 5180.8 ppm. IR (KBr): 698, 734, 1025, 1095,
1375, 1426, 1454, 1793 (v(Si-H-Ru)), 2710, 2853, 2901, 2954, 2972, 3045 (cm*). Anal. Calcd for
C3sHs5CoRuLSI: C, 55.65; H, 7.13. Found: C, 55.36; H, 7.42.

25b: 'H NMR(400 MHz, THF-dg/toluene-dg (5/1), =100 °C): & 1.53 (s, 9H, -C(CHs)3), 1.85 (s, 15H,
CsMesCo), 1.94 ppm (s, 30H, CsMesRu). *H NMR (400 MHz, THF-dg/toluene-ds (5/1), 40 °C): & —
20.00 (s, Jsiy = 32 Hz, 5H, g-H and Ru—H-Si), 1.49 (s, 9H, -C(CHj3)3), 1.84 (s, 15H, CsMesCo), 1.95
ppm (s, 30H, CsMesRu). BC{*H} NMR (100 MHz, benzene-ds, rt): 5 12.8 (CsMesCo), 13.3
(CsMesRu), 23.6 (-C(CHa)s), 30.7 (-C(CHa)s), 88.5 (CsMesRu), 89.7 ppm (CsMesCo). “Si{*H} NMR
(79.5 MHz, benzene-ds, rt): 6203.2 ppm. IR (KBr): 814, 1026, 1372, 1456, 1833 (v(Si-H-Ru)), 2711,
2848, 2901, 2952 (cm’l). Anal. Calcd for C34Hs9CoRuU,SI: C, 53.95; H, 7.86. Found: C, 54.30; H, 8.14.

Reaction of 2 with primary silanes; Preparation of (Cp*Ru),(Cp*Rh)(u-H)s(us-H:SIR) (263, R =
Ph; 26b, R = tBu).

A 50 mL Schlenk tube was charged with 54.8 mg of 2 (76.7 umol) and toluene (4 mL). PhSiH; (15
ul, 120 umol) was added to the solution, and the reaction mixture was stirred at ambient temperature
for 30 min. The solution turned from brown to reddish brown. Removal of the solvent and the
remaining PhSiH; under reduced pressure gave a reddish brown residual solid. The residue was then
extracted three times with 5 mL of pentane, and the combined solution was filtered through a glass
filter (G4). Removal of the solvent under reduced pressure followed by washing two times with 2 mL
of methanol gave 60.1 mg of 26a as a reddish brown solid (73.2 umol, 95%). The tert-butylsilane
analogue 26b was prepared similarly in 87% yield using tBuSiH; instead of PhSiHs.
26a: "H NMR (400 MHz, THF-dg, —100 °C): §—21.93 (s, 1H, Ru—H-Ru), —21.04 (d, Jrny = 20.4 Hz,
2H, Ru—H-Rh), —10.67 (s, Jsiy = 65 Hz, 2H, Ru—H-Si), 1.68 (s, 15H, CsMesRh), 1.95 (s, 30H,
CsMesRu), 7.35-7.45 (m, 3H, m- and p-Ph), 7.69 ppm (d, Juy = 6.0 Hz, 2H, o-Ph). *H NMR (400
MHz, THF-dg, 60 °C): 5§—16.97 (br d, Jgnn = 6.0 Hz, 5H, u-H and Ru—H-Si), 1.74 (s, 15H, CsMesRh),
1.98 (s, 30H, CsMesRu), 7.25-7.33 (m, 3H, m- and p-Ph), 7.70 ppm (d, Juy = 6.8 Hz, 2H, 0-Ph).
BC{*H} NMR (100 MHz, THF-dg, rt): 5 11.7 (CsMesRh), 13.2 (CsMesRu), 87.9 (CsMesRu), 97.1 (d,
Jrne = 5 Hz, CsMesRh), 127.8 (Ph), 128.6 (Ph), 135.2 (Ph), 144.9 ppm (ipso-Ph). *Si{*"H} NMR
(79.5 MHz, benzene-ds, rt): ¢ 176.4 ppm (coupling constant of Jgpsi could not be determined). IR
(KBr): 698, 734, 1026, 1101, 1375, 1427, 1457, 1754 (v(Si-H—Ru)), 2710, 2900, 2973, 3047 (cm %).
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Anal. Calcd for C3HssRhRuU,Si: C, 52.67; H, 6.75. Found: C, 52.49; H, 6.57.

26b: 'H NMR (400 MHz, THF-dg/toluene-dg (5/1), —110 °C): §—21.95 (br s, 1H, Ru—H—Ru), —21.69
(br d, Jrny = 16.8 Hz, 2H, Ru—H-Rh), —11.73 (br s, 2H, Ru—H-Si), 1.30 (s, 9H, -C(CH)3), 1.94 (s,
30H, CsMesRu), 2.00 ppm (s, 15H, CsMesRh). *H NMR (400 MHz, THF-dg/toluene-dg (5/1), 60 °C): &
—17.48 (d, Jrny = 33.6 Hz, 5H, g-H and Ru—H-Si), 1.29 (s, 9H, -C(CHj3)3), 1.96 (s, 30H, CsMesRu),
2.01 ppm (s, 15H, CsMesRh). “*C{*H} NMR (100 MHz, THF-dg, rt): & 12.7 (CsMesRh), 13.3
(CsMesRu), 23.5 (-C(CHs)s), 29.7 (-C(CHj3)3), 87.4 (CsMesRu), 97.1 ppm (d, Jrnc = 5 Hz, CsMesRh).
2Si{"H} NMR (79.5 MHz, benzene-dg, rt): & 204.5 ppm (coupling constant of Jgnsi could not be
determined). IR (KBr): 622, 815, 1028, 1374, 1456, 1805 (v(Si-H—Ru)), 2710, 2848, 2897, 2952,
2972 (cm—1). Anal. Calcd for C34HsgRhRuU,SI: C, 50.98; H, 7.42. Found: C, 50.85; H, 7.51.

Reaction of 3 with PhSiHs; Preparation of (Cp*Ru),(Cp*Ir)(u-H)s(us-H,SiPh) (27a).

A 50 mL Schlenk tube was charged with 122.1 mg of 3 (0.152 mmol) and toluene (4 mL). PhSiH;
(28 uL, 0.23 mmol) was added to the solution, and the reaction mixture was stirred at ambient
temperature for 12 h. The solution turned from brown to dark red. Removal of the solvent and the
remaining PhSiH; under reduced pressure gave a dark red residual solid. The residue was then
extracted three times with 4 mL of pentane, and the combined solution was filtered through a glass
filter (G4). Removal of the solvent under reduced pressure followed by washing two times with 2 mL
of methanol gave 132.1 mg of 27a as a dark red solid (0.145 mmol, 95%).
27a: *H NMR (400 MHz, THF-dg, —40 °C): 6 —21.70 (s, 2H, Ru—H-Ir), —21.08 (s, 1H, Ru-H-Ru),
-10.29 (s, Jsiy = 68 Hz, 2H, Ru-H-Si), 1.83 (s, 15H, CsMeslr), 1.98 (s, 30H, CsMesRu), 7.28 (t, Jun =
7.6 Hz, 1H, p-Ph), 7.35 (dd, Juy = 7.6 Hz, 2H, m-Ph), 7.68 ppm (d, Juy = 7.6 Hz, 2H, o-Ph). *C{*H}
NMR (100 MHz, THF-dg, rt): & 11.4 (CsMeslr), 13.3 (CsMesRu), 86.1 (CsMesRu), 92.2 (CsMeslr),
127.6 (Ph), 128.5 (Ph), 135.6 (Ph), 142.4 ppm (ipso-Ph). ®Si{*H} NMR (79.5 MHz, benzene-ds, rt): &
147.0 ppm. IR (KBr): 698, 735, 1027, 1103, 1375, 1427, 1457, 1744 (v(Si—H-Ru)), 2711, 2899, 2976,
3046 (cm’l). Anal. Calcd for CssHssIrRu,Si: C, 47.50; H, 6.05. Found: C, 47.32; H, 6.03.

Reaction of 3 with tBuSiH; at 50 °C; Preparation of (Cp*Ru),(Cp*Ir)(u-H)s(us-H,SitBu) (27b).
A 50 mL Schlenk tube was charged with 57.4 mg of 3 (71.4 umol) and toluene (4 mL). tBuSiH; (13
uL, 0.11 mmol) was added to the solution, and the reaction mixture was stirred at 50 °C for 12 h. The
solution turned from brown to dark red. Removal of the solvent and the remaining tBuSiH3; under
reduced pressure gave a dark red residual solid. The residue was then extracted three times with 5 mL
of pentane, and the combined solution was filtered through a glass filter (G4). Removal of the solvent
under reduced pressure followed by washing two times with 2 mL of methanol gave 60.7 mg of 27b as
a dark red solid (68.2 umol, 95%).
27b: 'H NMR (400 MHz, toluene-dg, —40 °C): §-22.81 (s, 2H, Ru—H-Ir), —20.99 (s, 1H, Ru—H-Ru),
—11.18 (s, Jsiy = 59 Hz, Ru—H-Si), 1.58 (s, 9H, -(CHj3)3), 2.00 (s, 30H, CsMesRu), 2.09 ppm (s, 15H,
CsMeslr). *C{"H} NMR (100 MHz, benzene-ds, rt): & 12.4 (CsMeslr), 13.3 (CsMesRu), 19.5
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(-C(CH3)3), 30.0 (-C(CHs)s), 85.7 (CsMesRu), 91.8 ppm (CsMeslr). #Si{"H} NMR (79.5 MHz,
benzene-dg, rt): §167.8 ppm. IR (KBr): 625, 816, 1028, 1374, 1427, 1455, 1796 (v(Si-H-Ru)), 2710,
2848, 2897, 2953 (cm’l). Anal. Calcd for C34HsglrRU,SI: C, 45.87; H, 6.63. Found: C, 45.43; H, 6.53.

Reaction of 3 with tBuSiH; at ambient tenperature; Preparation of (Cp*Ru)y(Cp*Ir)
(e-H)4(1-H,SiHBuU) (28).

A 50 mL Schlenk tube was charged with 34.4 mg of 3 (42.8 umol) and pentane (5 mL). tBuSiH; (7

uL, 60 umol) was added to the solution, and the reaction mixture was stirred at room temperature for 5
min. The solution turned from brown to purple. The solution was filtered through a glass filter (G4) to
remove undissolved components, and removal of the solvent and the remaining tBuSiH; under
reduced pressure followed by washing two times with 2 mL of methanol gave 37.9 mg of 28 as a
purple solid (42.5 umol, 99%).
28: 'H NMR (400 MHz, toluene-ds, —80 °C): & —24.64 (br s, 2H, Ru-H-Ir), —=17.13 (br s, 1H, x-H),
-12.99 (s, 1H, p-H), —11.19 (br s, 2H, Ru—H-Si), 1.52 (s, 9H, -C(CHj3)3), 1.92 (s, 30H, CsMesRu),
2.02 (s, 15H, CsMeslr), 6.67 ppm (br s, 1H, SiH). *C{*H} NMR (100 MHz, toluene-ds, —30 °C): &
11.9 (CsMeslr), 12.4 (CsMesRu), 25.1 (-C(CHag)z), 30.2 (-C(CHs)3), 89.3 (CsMeslr), 91.6 ppm
(CsMesRu). PSi{*H} NMR (79.5 MHz, toluene-ds, rt): & 184.8 ppm. IR (KBr): 817, 849, 1030, 1070,
1372, 1456, 1938 (v(Si-H-Ru)), 2097 (v (Si—H)), 2712, 2844, 2898, 2952, 2978 (cm™). Anal. Calcd
for Ca4Hes1IrRU,SI: C, 45.77; H, 6.89. Found: C, 45.92; H, 6.85.

Themolysis of (Cp*Ru)(Cp*Ir)(u-H)4(us-H,SiHtBU) (28).

An NMR tube equipped with a Teflon valve was charged with 28 (3.7 mg, 4.2 umol) and toluene-dg
(0.45 mL) with 2,2,4,4-tetramethylpentane (0.6 pL) as an internal standard. The tube was heated to
50 °C, and the reaction was periodically monitored by "H NMR spectroscopy. The *H NMR spectrum
recorded after 1 h showed that 58% of 28 was consumed and 27b was formed in 54% yield. All of 28

was consumed in 5 h.

H/D Exchange between 25a with D,.

An NMR tube equipped with a Teflon valve was charged with 25a (3.4 mg, 4.4 umol) and
benzene-dg (0.45 mL) with 2,2,4,4-tetramethylpentane (0.6 plL) as an internal standard. After the
reaction tube was evacuated at —78 °C, an atmospheric pressure of D, gas was admitted to the tube.
The reaction was carried out at room temperature, and the *H NMR spectrum recorded after 8 h
showed the formation of 25a-d, (25a-dy: 5%, 25a-d;: 18%, 25a-d,: 30%, 25a-d3: 25%, 25a-d,: 13%,
25a-ds: 9%). H/D Exchange reaction was also observed between 25b, 26a, 26b, 27a, and 27b with D..

Reaction of 27a with tBUNC; Preparation of (Cp*Ru),(Cp*Ir) (z-H)s(u-HSiHPh)(tBuNC) (29).

A 50 mL Schlenk tube was charged with 42.2 mg of 27a (46.4 umol) and toluene (3 mL). tBuNC (9

ul, 80 umol) was added to the solution, and the reaction mixture was stirred at room temperature for 2
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h. The solution turned from dark red to purple. Removal of the solvent and the remaining tBuNC
under reduced pressure followed by washing two times with 2 mL of methanol gave 43.9 mg of 29 as
a purple solid (44.2 pmol, 95%).

29: 'H NMR (400 MHz, benzene-dg, rt): §—23.71 (m, 1H, z-H), —20.10 (m, 1H, z-H), —13.93 (m, 1H,
u-H), —=10.76 (m, Jsiy = 52 Hz, 1H, Ru—H-Si), 1.26 (s, 9H, -C(CHs)3), 1.97 (s, 15H, CsMes), 1.99 (s,
15H, CsMes), 2.13 (s, 15H, CsMes), 4.66 (m, 1H, SiH), 7.27 (t, Jun = 7.2 Hz, 1H, p-Ph), 7.35 (dd, Juu
= 7.2 Hz, 2H, m-Ph), 7.80 ppm (d, Jus = 7.2 Hz, 2H, 0-Ph). *C{*H} NMR (100 MHz, THF-dg, rt): &
11.8 (CsMes), 12.2 (CsMes), 12.9 (CsMes), 32.4 (-C(CHys)s), 55.4 (-C(CHa)s), 88.1 (CsMes), 88.8
(CsMes), 92.9 (CsMes), 126.8 (Ph), 127.5 (Ph), 137.0 (Ph), 149.1 (ipso-Ph), 172.5 ppm (tBuNC).
2Si{’"H} NMR (79.5 MHz, benzene-ds, rt): 556.8 ppm. IR (KBr): 703, 735, 857, 1027, 1093, 1207,
1370, 1426, 1456, 1995 (v(N—C)), 2900, 2979, 3047 (cm'). Anal. Calcd for C,HeslrNRu,Si: C,
49.57; H, 6.49; N, 1.41. Found: C, 49.57; H, 6.30; N, 1.08.

Reaction of 27a with CO at low temperature: Formation of (Cp*Ru)y(Cp*Ir)
(u-H)3(z~HSiHPh)(CO) (30).

An NMR tube equipped with a Teflon valve was charged with 27a (6.5 mg, 7.1 umol) and

benzene-dg (0.45 mL) with 2,2,4,4-tetramethylpentane (1.4 uL) as an internal standard. After the tube
was evacuated at —78 °C, an atmospheric pressure of CO was introduced to the tube. The reaction was
carried out at 0 °C, and the "H NMR spectrum recorded after 10 min showed the formation of 30 in
83% yield.
30: 'H NMR (400 MHz, benzene-dg, rt): & —22.66 (s, 1H, x-H), —20.53 (s, 1H, x-H), —13.55 (s, 1H,
u-H), —10.30 (m, Jsiy = 56 Hz, 1H, Ru—H-Si), 1.92 (s, 15H, CsMes), 1.95 (s, 15H, CsMes), 2.08 (s,
15H, CsMes), 4.51 (m, 1H, SiH), 7.23 (t, Juu = 7.2 Hz, 1H, p-Ph), 7.29 (dd, Juy = 7.2 Hz, 2H, m-Ph),
7.65 ppm (d, Jyn = 7.2 Hz, 2H, 0-Ph).

Reaction of 27a with CO: Preparation of (Cp*Ru),(Cp*Ir)(u-H)s(us-HSiPh)(u-CO) (31).

A 50 mL Schlenk tube equipped with a rubber balloon filled with CO was charged with 110.1 mg of
27a (0.121 mmol) and toluene (4 mL). The mixture was then cooled to —78 °C. After the Schlenk tube
was evacuated, CO was introduced to the tube. The resulting mixture was stirred at ambient
temperature for 10 min. The solution turned from dark red to purple. CO and the solvent were
removed under reduced pressure to circumvent the overreaction. The purple residue was dissolved in
toluene (4 mL) and the solution stirred at room temperature for 20 h under an argon atmosphere. The
solution turned from purple to dark orange. Removal of the solvent under reduced pressure gave a dark
orange viscous solid. The residue was then extracted five times with 3 mL of pentane, and the
combined solution was filtered through a glass filter (G4). Removal of the solvent under reduced
pressure followed by washing two times with 1 mL of methanol gave 100.3 mg of 31 as a dark orange
solid (0.107 mmol, 89%).

31: 'H NMR (400 MHz, THF-dg, rt): & —23.68 (s, 1H, x-H), —20.15 (s, 1H, z-H), —10.46 (s, Jsiy = 56
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Hz, 1H, Ru-H-Si), 1.81 (s, 15H, CsMes), 1.84 (s, 15H, CsMes), 1.97 (s, 15H, CsMes), 7.36 (t, Juy =
7.2 Hz, 1H, p-Ph), 7.44 (dd, Juy = 7.2 Hz, 2H, m-Ph), 7.95 ppm (d, Juy = 7.2 Hz, 2H, 0-Ph). *C{*H}
NMR (100 MHz, THF-dg, rt): & 10.1 (CsMes), 11.9 (CsMes), 12.6 (CsMes), 87.0 (CsMes), 94.3
(CsMes), 95.6 (CsMes), 128.1 (Ph), 129.4 (Ph), 137.0 (Ph), 141.8 (ipso-Ph), 234.1 ppm (u-CO).
25i{*"H} NMR (79.5 MHz, benzene-dg, rt): §237.4 ppm. IR (KBr): 647, 700, 1029, 1097, 1376, 1427,
1455, 1702 (v(C-0)), 2849, 2900, 2977, 3045 (cm ). Anal. Calcd for Ca;Hs3IfORULSI: C, 47.47; H,
5.71. Found: C, 47.75; H, 5.66.

Deuteration of Et;SiH with benzene-dg by 1.

An NMR tube equipped with a Teflon valve was charged with 1 (6.8 mg, 10 umol), Et3SiH (80 uL,
500 umol), and benzene-ds (0.45 mL). The reaction tube was heated at 100 °C, and the reaction was
periodically monitored by *H NMR spectroscopy. The *H NMR spectrum recorded after 24 h showed
that 78% of triethylsilane was converted into triethylsilane-d;. Deuteration of triethylsilane was also
observed by using 2 (89%) and 3 (34%) under the same conditions.

N-Silylation of indole with Et3SiH by 1.

A glass tube equipped with a Teflon valve was charged with 1 (29.3 mg, 43.8 umol), indole (102.2
mg, 872 umol), and heptane (5 mL). Et3SiH (150 uL, 944 umol) was then added to the solution at
room temperature. The solution was heated at 180 °C for 72 h. Removal of the volatile components
under reduced pressure gave brown viscous solid. The residue was extracted with hexane and purified
by column chromatography on alumina with hexane as an eluent. N-triethylsilylindole was obtained as

colorless oil upon removal of the solvent under reduced pressure (101.5 mg, 439 umol, 50%).

Preparation of (Cp*Co)s(u-H)s(us-H) (32).%°

A 100 mL Schlenk tube was charged with 409 mg of (Cp*Co),(x-Cl), (0.891 mmol) and diethyl
ether (16 mL). LiAlIH, (192 mg, 506 mmol) was then added at —78 °C. The reaction mixture was
warmed up to ambient temperature and stirred for 1 h. The mixture was cooled again to —78 °C, and 5
mL of EtOH was added dropwise to the cooled solution. After warming to ambient temperature,
removal of the solvent under reduced pressure gave dark purple residual solid. The residue was
extracted with toluene and filtered through Celite to remove insoluble salts. Following removal of the
solvent under reduced pressure exclusively afforded 338 mg of 32 as a dark purple solid (0.577 mmol,
97%).
32: 'H NMR (400 MHz, benzene-dg, rt): §62.11 ppm (br s, 45H, CsMes).

N-Silylation of indoles with Et;SiH.
The N-Silylation of indoles were performed in a glass-tube equipped with a Teflon-valve in

19 (a) Kersten, J. L.; Rheingold, A. L.; Theopold, K. H.; Casey, C. P.; Widenhoefer, R. A.; Hop, C. E. C. A.
Angew. Chem. Int. Ed. Engl. 1992, 31, 1341. (b) Casey, C. P.; Hallenbeck, S. L.; Widenhoefer, R. A. J. Am.
Chem. Soc. 1995, 117, 4607.
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appropriate reaction conditions. After the reaction, the solution was analyzed by *H NMR analysis.
The results are listed in Table 4-10. A typical reaction was carried out as follows (entry 1): A glass tube
equipped with a Teflon valve was charged with 1 (23.4 mg, 34.9 umol), indole (81.8 mg, 698 umol),
and heptane (4 mL). Et;SiH (120 pL, 755 umol) was then added to the solution at room temperature.
The solution was heated at 180 °C for 72 h. After the reaction, 1,3,5-trimethoxybenzene (564 umol in
2.0 mL of toluene) was then added as an internal standard. Formation of N-triethylsilylindole was
quantitatively analyzed by means ‘*H NMR analysis. After the purification by column chromatography
on alumina, N-silylindoles were analyzed by means of *H and **C NMR spectroscopy.
N-triethylsilylindole: *"H NMR (400 MHz, chloroform-dy, rt): §0.97-1.01 (m, 9H), 1.05-1.10 (m, 6H),
6.61 (d, Jun = 3.2 Hz, 1H), 7.11-7.19 (m, 3H), 7.51 (d, Jus = 7.6 Hz, 1H), 7.65 ppm (d, Juy = 7.6 Hz,
1H). BC{"H} NMR (400 MHz, chloroform-d,, rt): §4.3, 7.0, 104.6, 112.8, 119.8, 120.7, 121.3, 130.4,
131.4, 140.4 ppm.

N-triethylsilyl-2-methylindole: *H NMR (400 MHz, chloroform-dy, rt): §1.08 (t, Juy = 7.6 Hz, 9H),
1.23 (q, Jun = 7.6 Hz, 6H), 2.58 (s, 3H), 6.42 (s, 1H), 7.17-7.19 (m, 2H), 7.59-7.63 ppm (m, 2H).
Bc{"H} NMR (400 MHz, chloroform-dy, rt): §5.6, 7.0, 17.0, 105.9, 113.0, 119.4, 119.7, 120.5, 131.6,
141.9, 142.3 ppm.

N-triethylsilyl-3-methylindole: *H NMR (400 MHz, chloroform-d;, rt): & 1.05-1.09 (m, 9H),
1.12-1.20 (m, 6H), 2.43 (s, 3H), 7.03 (s, 1H), 7.22-7.29 (m, 2H), 7.55-7.56 (m, 1H), 7.66-7.69 ppm (m,
1H). ®C{*H} NMR (400 MHz, chloroform-d;, rt): 5 4.3, 6.7, 9.7, 112.7, 113.4, 118.8, 119.2, 121.2,
127.5, 131.8, 140.8 ppm.

Reaction of 2 with indole: Formation of (Cp*Ru),(Cp*Rh)(-H)s{zs-7°(/)-NCgHg} (33).

A glass-tube equipped with a Teflon valve was charged with 2 (19.5 mg, 27.3 umol) and toluene (2
mL). Indole (10.0 mg, 85.4 umol) was then added to the solution at ambient temperature. The reaction
mixture was stirred at 140 °C for 24 h. The solution turned from brown to dark blue. After the solvent
was removed under reduced pressure, the residual solid was analyzed by means "H NMR analysis.

33: 'H NMR (400 MHz, benzene-dg, rt): 5§ —21.39 (br s, 1H, Ru-H-Rh), —17.69 (br s, 1H, Ru—H-Rh),
—10.57 (s, 1H, Ru-H-Ru), 1.5-2.2 (br, 30H, CsMesRu), 1.93 (s, 15H, CsMesRh), 3.77 (s, 2H, C°H,),
6.70 (d, Jun = 7.6 Hz, 1H, Ar), 6.90 (dd , Juy = 7.2 Hz, 1H, Ar), 7.08 ppm (dd, Jun = 7.2 Hz, 1H, Ar).

Chapter 5
Dehydrogenative coupling of 4-picoline by 1.

The dehydrogenative coupling of 4-picoline by 1 were performed in a glass-tube equipped with a
Teflon-valve in appropriate reaction conditions. After the appropriate reaction time, the solution was
analyzed by GC analysis. The results are listed in Table 5-1. A typical reaction was carried out as
follows (entry 6): A glass tube equipped with a Teflon valve was charged with 1 (13.5 mg, 20.1 umol),
4-picoline (40 pL, 0.41 mmol), and heptane (4.5 mL). The solution was heated at 180 °C for 48 h.
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Biphenyl (0.059 umol in 5.0 mL of toluene) was then added to the tube as an internal standard.
Formation of 4,4"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC (75%).

Preparation of (Cp*Co),(x-H)s (6).

A 100 mL Schlenk tube was charged with 390 mg of (Cp*Co0),(x-Cl), (0.673 mmol) and THF (16
mL). LiAlIH, (185 mg, 409 mmol) was then added at —78 °C. The reaction mixture was warmed up to
ambient temperature and stirred for 1 h. The mixture was cooled again to —78 °C, and 5 mL of EtOH
was added dropwise to the cooled solution. After warming to ambient temperature, removal of the
solvent under reduced pressure gave dark purple residual solid. The residue was extracted with toluene
and filtered through Celite to remove insoluble salts. Following removal of the solvent under reduced
pressure gave a mixture of 6 and 32. Vacuum sublimation of the residue (115 °C, 102 mmHg) gave
35.4 mg of 6 as a purple solid (0.0905 mmol, 13%).

6: "H NMR (400 MHz, benzene-ds, rt): §29.48 ppm (br s, 30H, CsMes).

Dehydrogenative coupling of 4-picoline by polyhydrido complexes.

The reactions of several kinds of polyhydrido complexes with 20 equivalents of 4-picoline were
performed in a glass-tube equipped with a Teflon-valve at 180 °C for 96 h. After the reaction, the
solution was analyzed by GC analysis. The results are listed in Table 5-2. A typical reaction was
carried out as follows (entry 2): A glass tube equipped with a Teflon valve was charged with 2 (15.8
mg, 22.1 umol), 4-picoline (40 pL, 410 umol), and heptane (4.2 mL). The solution was heated at
180 °C for 96 h. Biphenyl (24.2 umol in 5.0 mL of toluene) was then added to the tube as an internal
standard. Formation of 4,4"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC
(16%).

Dehydrogenative coupling of 4-picoline by 1; Reaction monitoring with GC.

The reactions of 1 with 20 equivalents of 4-picoline were performed in a glass tube equipped with a
Teflon valve at 180 °C. After the appropriate reaction time, the solution was analyzed by GC analysis.
The results are listed in Table 5-3. A typical reaction was carried out as follows (entry 4): Complex 1
(73.9 mg, 0.110 mmol) and 4-picoline (215 plL, 2.2 mmol) were dissolved in 21 mL of heptane, and a
stock-solution of the reaction mixture was formed. A 3.0 mL amount of the stock-solution was charged
in a glass-tube equipped with a Teflon-valve, and the solution was heated at 180 °C for 24 h. Biphenyl
(0.121 mmol in 5.0 mL of toluene) was then added to the tube as an internal standard. Formation of

4,4’-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC (53%).

Dehydrogenative coupling of 4-picoline by 4; Reaction monitoring with GC.
The reactions of 4 with 20 equivalents of 4-picoline were performed in a glass tube equipped with a
Teflon valve at 180 °C. After the appropriate reaction time, the solution was analyzed by GC analysis.

The results are listed in Table 5-3. A typical reaction was carried out as follows (entry 11): Complex 4
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(81.4 mg, 0.171 mmol) and 4-picoline (330 uL, 3.4 mmol) were dissolved in 34 mL of heptane, and a
stock-solution of the reaction mixture was formed. A 3.0 mL amount of the stock-solution was charged
in a glass-tube equipped with a Teflon-valve, and the solution was heated at 180 °C for 24 h. Biphenyl
(48.4 umol in 2.0 mL of toluene) was then added to the tube as an internal standard. Formation of
4,4"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC (50%).

Dehydrogenative coupling of 4-picoline by 5; Reaction monitoring with GC.

The reactions of 5 with 20 equivalents of 4-picoline were performed in a glass tube equipped with a
Teflon valve at 180 °C. After the appropriate reaction time, the solution was analyzed by GC analysis.
The results are listed in Table 5-3. A typical reaction was carried out as follows (entry 18): Complex 5
(82.1 mg, 0.115 mmol) and 4-picoline (225 uL, 2.3 mmol) were dissolved in 22 mL of heptane, and a
stock-solution of the reaction mixture was formed. A 3.0 mL amount of the stock-solution was charged
in a glass-tube equipped with a Teflon-valve, and the solution was heated at 180 °C for 24 h. Biphenyl
(48.4 pmol in 2.0 mL of toluene) was then added to the tube as an internal standard. Formation of
4,4"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC (20%).

Dehydrogenative coupling of 3-picoline by 1.

A glass tube equipped with a Teflon valve was charged with 1 (42.0 mg, 62.6 umol), 3-picoline (120
pL, 1.25 mmol), and heptane (11 mL). The solution was heated at 180 °C for 96 h.
4,4”-Dimethoxybiphenyl (30 umol in 1.0 mL of toluene) was then added to the tube as an internal
standard. Formation of 5,5 -dimethyl-2,2"-bipyridine was quantitatively analyzed by means of 'H
NMR spectroscopy. The yield was estimated at 7% by comparing the signal intensities of the product
with those of the internal standard (4,4"-dimethoxybiphenyl).

5,5 -dimethyl-2,2"-bipyridine: *H NMR (400 MHz, benzene-ds, rt): §1.91 (s, 6H), 7.08 (d, Juy = 7.6
Hz, 2H), 8.48 (s, 2H), 8.74 ppm (d, Juy = 7.6 Hz, 2H).

Dehydrogenative coupling of 2-picoline by 1.

A glass tube equipped with a Teflon valve was charged with 1 (45.9 mg, 68.4 umol), 2-picoline (135
pL, 1.36 mmol), and heptane (12 mL). The solution was heated at 180 °C for 96 h.
4,4”-Dimethoxybiphenyl (30 umol in 1.0 mL of toluene) was then added to the tube as an internal
standard. Formation of 6,6"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of 'H
NMR spectroscopy. Trace amount of 6,6 -dimethyl-2,2"-bipyridine was detected by comparing the
signal intensities of the product with those of the internal standard (4,4"-dimethoxybiphenyl).
6,6"-dimethyl-2,2"-bipyridine: 'H NMR (400 MHz, benzene-dg, rt): 62.46 (s, 6H), 6.67 (d, Jyy = 7.6
Hz, 2H), 7.24 (dd, Juy = 7.6 Hz, 2H), 8.64 ppm (d, Jun = 7.6 Hz, 2H).

Dehydrogenative coupling of 4-picoline by 1; Isolation of 4,4"-dimethyl-2,2"-bipyridine.
A 100 mL glass tube equipped with a Teflon valve was charged with 1 (125.8 mg, 0.188 mmol),
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4-picoline (365 uL, 3.75 mmol) and heptane (35 mL). The solution was heated at 180 °C for 96 h.
Removal of the volatile components under reduced pressure gave brown solid. The residue was then
extracted with toluene, and the combined solution was filtered through Celite. Removal of the solvent
under reduced pressure followed by washing five times with 3 mL of pentane gave 257.3 mg of
4,4"-dimethyl-2,2"-bipyridine as a white solid (1.40 mmol, 74%).

4,4 -dimethyl-2,2"-bipyridine: '"H NMR (400 MHz, chloroform-dy, rt): §2.44 (s, 6H, C*Me), 7.13 (d,
Jun = 5.2 Hz, 2H, C°H), 8.23 (s, 2H, C*H), 8.54 ppm (d, Jun = 5.2 Hz, 2H, C°H). *C{"H} NMR (100
MHz, chloroform-dy, rt): 621.1, 122.0, 124.6, 148.1, 148.9, 156.0 ppm.

Dehydrogenative coupling of 4-tert-butylpyridine by 1.

The reactions of 1 with 20 equivalents of 4-tert-butylpyridine were performed in a glass tube
equipped with a Teflon valve at the appropriate temperature for 96 h. After the reaction, the solution
was analyzed by GC analysis. The results are listed in Table 5-4. A typical reaction was carried out as
follows (entry 4): Complex 1 (33.7 mg, 50.2 umol) and 4-tert-butylpyridine (100 pL, 1.0 mmol) were
dissolved in 15 mL of heptane, and a stock-solution of the reaction mixture was formed. A 4 mL
amount of the stock-solution was charged in a glass-tube equipped with a Teflon-valve, and the
solution was heated at 180 °C for 96 h. Biphenyl (0.123 mmol in 5.0 mL of toluene) was then added to
the tube as an internal standard. Formation of 4,4"-di-tert-butyl-2,2"-bipyridine was quantitatively
analyzed by means of GC (76%). After the solvent and unreacted 4-tert-butylpyridine were removed
under reduced pressure, the residual solid was analyzed by means of "H NMR spectroscopy.

4,4 -di-tert-butyl-2,2 -bipyridine: '"H NMR (400 MHz, chloroform-dy, rt): & 1.39 (s, 18H, C*tBu),
7.30 (dd, Juy = 5.2, 1.6 Hz, 2H, C°H), 8.40 (d, Jun = 1.2 Hz, 2H, C®H), 8.59 ppm (d, Jun = 5.2 Hz, 2H,
C°H).

Dehydrogenative coupling of 4-dimethylaminopyridine by 1.

The reactions of 1 with 20 equivalents of 4-dimethylaminopyridine were performed in a glass-tube
equipped with a Teflon-valve at the appropriate temperature for 96 h. After the reaction, the solution
was analyzed by GC analysis. The results are listed in Table 5-4. A typical reaction was carried out as
follows (entry 6): A glass tube equipped with a Teflon valve was charged with 1 (20.7 mg, 30.9 umol),
4-dimethylaminopyridine (75.3 mg, 0.616 mmol), and heptane (5 mL). The solution was heated at
140 °C for 96 h. Biphenyl (123 umol in 5.0 mL of toluene) was then added to the tube as an internal
standard. Formation of 4,4"-bis(dimethylamino)-2,2"-bipyridine was quantitatively analyzed by means
of GC (58%). After the solvent was removed under reduced pressure, the residual solid was analyzed
by means of "H NMR spectroscopy.

4,4 -bis(dimethylamino)-2,2"-bipyridine: 'H NMR (400 MHz, chloroform-dy, rt): & 3.08 (s, 12H,
C*NMe,), 6.51 (dd, Jyy = 6.0, 2.4 Hz, 2H, C°H), 7.67 (d, Ju = 2.4 Hz, 2H, C3H), 8.29 ppm (d, Iy =
6.0 Hz, 2H, C°H).
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Dehydrogenative coupling of 4-methoxypyridine by 1.

The reactions of 1 with 20 equivalents of 4-methoxypyridine were performed in a glass-tube
equipped with a Teflon-valve at the appropriate temperature for 96 h. After the reaction, the solution
was analyzed by means of *H NMR spectroscopy. The results are listed in Table 5-4. A typical reaction
was carried out as follows (entry 9): Complex 1 (41.4 mg, 61.7 umol) and 4-methoxypyridine (125 uL,
1.23 mmol) were dissolved in 12 mL of heptane, and a stock-solution of the reaction mixture was
formed. A 4 mL amount of the stock-solution was charged in a glass-tube equipped with a Teflon-valve,
and the solution was heated at 140 °C for 96 h. 4,4 -Dimethoxybiphenyl (30 umol in 1.0 mL of
toluene) was then added to the tube as an internal standard. Formation of
4,4 -bis(methoxy)-2,2"-bipyridine was quantitatively analyzed by means of *H NMR spectroscopy
(trace).

4,4 -bis(methoxy)-2,2 -bipyridine: *H NMR (400 MHz, chloroform-d;, rt): & 3.95 (s, 6H, C*OMe),
6.84 (dd, Jyy = 5.6, 2.4 Hz, 2H, C°H), 7.98 (d, Jun = 2.4 Hz, 2H, CH), 8.47 ppm (d, Juy = 5.6 Hz, 2H,
C°H).

Dehydrogenative coupling of pyridine by 1.

The reactions of 1 with 20 equivalents of pyridine were performed in a glass-tube equipped with a
Teflon-valve at the appropriate temperature for 96 h. After the reaction, the solution was analyzed by
means of ‘H NMR spectroscopy. The results are listed in Table 5-4. A typical reaction was carried out
as follows (entry 12): Complex 1 (31.4 mg, 46.8 umol) and pyridine (75 uplL, 0.94 mmol) were
dissolved in 10 mL of heptane, and a stock-solution of the reaction mixture was formed. A 4 mL
amount of the stock-solution was charged in a glass-tube equipped with a Teflon-valve, and the
solution was heated at 180 °C for 96 h. 4,4 -Dimethoxybiphenyl (60 umol in 2.0 mL of toluene) was
then added to the tube as an internal standard. Formation of 2,2 -bipyridine was quantitatively
analyzed by means of "H NMR spectroscopy (trace).

2,2 -bipyridine: *"H NMR (400 MHz, chloroform-dy, rt): §7.32 (ddd, Jun = 7.2, 4.8, 1.2 Hz, 2H, C°H),
7.83 (ddd, Juy = 8.0, 7.2, 2.0 Hz, 2H, C*H), 8.41 (ddd, Juy = 8.0, 1.2, 1.0 Hz, 2H, C°H), 8.69 ppm
(ddd, Jyn = 4.8, 1.2, 1.0 Hz, 2H, C°H).

Dehydrogenative coupling of ethyl isonicotinate by 1.

The reactions of 1 with 20 equivalents of ethyl isonicotinate were performed in a glass-tube
equipped with a Teflon-valve at the appropriate temperature for 96 h. After the reaction, the solution
was analyzed by means of *H NMR spectroscopy. The results are listed in Table 5-4. A typical reaction
was carried out as follows (entry 14): Complex 1 (38.2 mg, 56.9 umol) and ethyl isonicotinate (170 pL,
1.14 mmol) were dissolved in 12 mL of heptane, and a stock-solution of the reaction mixture was
formed. A 4 mL amount of the stock-solution was charged in a glass-tube equipped with a Teflon-valve,
and the solution was heated at 140 °C for 96 h. 4,4 -Dimethoxybiphenyl (30 pmol in 1.0 mL of
toluene) was then added to the tube as an internal standard. Formation of 4,4"-bis(ethoxycarbonyl)-
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2,2 -bipyridine was quantitatively analyzed by means of *H NMR spectroscopy (0%).

Dehydrogenative coupling of 4-(trifluoromethyl)pyridine by 1.

The reactions of 1 with 20 equivalents of 4-(trifuluoromethyl)pyridine were performed in a
glass-tube equipped with a Teflon-valve at the appropriate temperature for 96 h. After the reaction, the
solution was analyzed by means of *H NMR spectroscopy. The results are listed in Table 5-4. A typical
reaction was carried out as follows (entry 17): Complex 1 (342 mg, 51.0 umol) and
4-(trifuluoromethyl)pyridine (120 pL, 1.02 mmol) were dissolved in 10 mL of heptane, and a
stock-solution of the reaction mixture was formed. A 4 mL amount of the stock-solution was charged
in a glass-tube equipped with a Teflon-valve, and the solution was heated at the appropriate
temperature for 96 h. 4,4 -Dimethoxybiphenyl (30 umol in 1.0 mL of toluene) was then added to the
tube as an internal standard. Formation of 4,4"-bis(trifluoromethyl)-2,2"-bipyridine was quantitatively
analyzed by means of "H NMR spectroscopy (0%).

Reaction of 1 with 4-picoline; Formation of Cp*Co(dmbpy) (34a) and Cp*,Ru (35).

A glass tube equipped with a Teflon valve was charged with 1 (61.6 mg, 91.8 umol), 4-picoline (20
uL, 230 umol), and heptane (4 mL). The reaction mixture was heated at 180 °C for 96 h. The solution
turned from brown to purple. 4,4 -Dimethoxybiphenyl (45 pmol in 1.5 mL of toluene) was then added
to the tube as an internal standard. Formation of 34a (40%) and 35 (30%) were quantitatively analyzed
by means of "H NMR spectroscopy.
34a: 'H NMR (400 MHz, benzenedg, rt): 5 1.65 (s, 6H, Me), 1.91 (s, 15H, CsMesCo), 6.64 (d, Jun =
6.8 Hz, 2H, C°H), 7.07 (s, 2H, C*H), 9.97 ppm (d, Jun = 6.8 Hz, 2H, C°H).

35: 'H NMR (400 MHz, benzene-dg, rt): §1.65 ppm (s, 30H, CsMes).

Dehydrogenative coupling of 4-picoline by 34a.

Complex 34a (28.6 mg, 75.6 umol) and 4-picoline (150 uL, 1.50 mmol) were dissolved in 15 mL of
heptane, and a stock-solution of the reaction mixture was formed. A 5 mL amount of the stock-solution
was charged in a glass-tube equipped with a Teflon-valve, and the solution was heated at 180 °C for 96
h. Biphenyl (49.1 umol in 2.0 mL of toluene) was then added to the tube as an internal standard.
Formation of 4,4"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC (0%).

Dehydrogenative coupling of 4-picoline by 35.

A glass tube equipped with a Teflon valve was charged with 35 (10.2 mg, 27.5 umol), 4-picoline (55
uL, 570 umol), and heptane (5 mL). The solution was heated at 180 °C for 96 h. Biphenyl (49.1 umol
in 2.0 mL of toluene) was then added to the tube as an internal standard. Formation of

4,4’-dimethyl-2,2" -bipyridine was quantitatively analyzed by means of GC (0%).
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Reaction of 2 with 4-picoline; Preparation of (Cp*Ru),(Cp*Rh)(u-H)s{us-7°(//)-CsHsNMe} (36).
A glass tube equipped with a Teflon valve was charged with 2 (82.5 mg, 0.115 mmol), 4-picoline
(120 pL, 1.23 mmol) and toluene (5 mL). The reaction mixture was stirred at 100 °C for 48 h. The
solution turned from brown to purple. Removal of the solvent under reduced pressure gave a purple
residual solid. The residue was then extracted five times with 3 mL of hexane, and the combined
solution was filtered through a glass filter (G4). Removal of the solvent under reduced pressure
followed by washing three times with 2 mL of methanol gave 78.5 mg of 36 as a purple solid (0.0974
mmol, 85%).
36: 'H NMR (400 MHz, THF-dg, —80 °C): & —22.13 (dd, Jrnu = 32.4 Hz, Juy = 4.0 Hz, 1H, Rh—H-Ru),
—17.13 (d, Jgrnw = 21.1 Hz, 1H, Rh—H-Ru), —10.79 (s, 1H, Ru-H-Ru), 1.62 (s, 15H, CsMes), 1.81 (s,
15H, CsMes), 1.85 (s, 15H, CsMes), 2.04 (s, 3H, C*Me), 5.92 (dd, Juy = 6.4, 1.2 Hz, 1H, C°H), 6.41 (d,
Jun = 6.4 Hz, 1H, C°H), 6.92 ppm (s, 1H, C*H). *H NMR (400 MHz, THF-dg, rt): §-19.24 (br s, 2H,
Rh—-H-Ru), —10.46 (s, 1H, Ru—H-Ru), 1.74 (s, 30H, CsMesRu), 1.87 (s, 15H, CsMesRh), 2.02 (br s,
3H, C*Me), 5.87 (dd, Juy = 6.4, 2.0 Hz, 1H, C°H), 6.39 (d, Jun = 6.4 Hz, 1H, C°H), 6.96 ppm (s, 1H,
C*H). BC{"H} NMR (100 MHz, THF-dg, —80 °C): 5 11.4 (CsMes), 11.7 (CsMes), 12.9 (CsMes), 20.8
(C*Me), 80.0 (CsMesRu), 87.2 (CsMesRu), 96.4 (d, Jrnc = 4 Hz, CsMesRh), 114.4 (Ar), 127.3 (Ar),
141.0 (Ar), 151.4 (Ar), 154.9 ppm (d, Jgnc = 28 Hz, C?).

Reaction of 3 with 4-picoline; Preparation of (Cp*Ru),(Cp*Ir)(g-H)s{ - 77°(//)-CsHsNMe} (37).

A glass tube equipped with a Teflon valve was charged with 3 (139.4 mg, 0.173 mmol), 4-picoline
(170 pL, 1.75 mmol) and toluene (5 mL). The reaction mixture was stirred at 160 °C for 5 days. The
solution turned from brown to dark red. Removal of the solvent under reduced pressure gave a dark
red residual solid. The residue was extracted with hexane and purified by column chromatography on
alumina with mixture of hexane and toluene (10/1) as an eluent. Complex 37 was obtained as a dark
red solid upon removal of the solvent under reduced pressure (31.7 mg, 35.4 mmol, 20%).

37: 'H NMR (400 MHz, benzene-ds, rt): & —21.14 (br s, 2H, Ir-H-Ru), —10.04 (s, 1H, Ru—H-Ru),
1.88 (s, 30H, CsMesRu), 1.97 (s, 15H, CsMeslr), 2.02 (s, 3H, C*Me), 5.88 (dd, Juy = 6.4, 1.6 Hz, 1H,
C°H), 6.54 (d, Juy = 6.4 Hz, 1H, C°H), 6.86 ppm (s, 1H, C*H).

Reaction of 1 with 4-(trifluoromethyl)pyridine; Preparation of (Cp*Ru),(Cp*Co)
(u-H)s{ s~ (I1)-CsH;NCF3} (38).

A glass tube equipped with a Teflon valve was charged with 1 (72.7 mg, 0.108 mmol),
4-(trifluoromethyl)pyridine (40 pL, 0.35 mmol) and toluene (4 mL). The reaction mixture was stirred
at 100 °C for 63 h. The solution turned from brown to dark green. Removal of the solvent under
reduced pressure gave a dark green residual solid. The residue was then extracted five times with 2 mL
of hexane, and the combined solution was filtered through a glass filter (G4). Removal of the solvent
under reduced pressure followed by washing two times with 1 mL of methanol gave 71.9 mg of 38 as
a dark green solid (0.0881 mmol, 82%).
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38: 'H NMR (400 MHz, toluene-ds, —40 °C): 6 —27.72 (d, Jun = 10.0 Hz, 1H, u-H), —17.76 (s, 1H,
u-H), —11.83 (s, 1H, x-H), 1.60 (s, 15H, CsMes), 1.64 (s, 15H, CsMes), 1.83 (s, 15H, CsMes), 5.99 (d,
Jun = 6.8 Hz, 1H, Ar), 6.26 (d, Juy = 6.8 Hz, 1H, Ar), 7.67 ppm (s, 1H, C°H). *H NMR (400 MHz,
toluene-dg, 80 °C): 61.69 (s, 15H, CsMesCo), 1.76 (s, 30H, CsMesRu), 6.09 (d, Juy = 6.0 Hz, 1H, Ar),
6.45 (d, Juy = 6.0 Hz, 1H, Ar), 7.65 ppm (br s, 1H, C*H). *C{*H} NMR (100 MHz, THF-dg, —40 °C):
511.2 (CsMes), 11.6 (CsMes), 12.6 (CsMes), 82.7 (CsMes), 89.7 (CsMes), 91.1 (CsMes), 106.1 (Ar),
117.0 (q, Jcr = 31 Hz, C*%), 126.1 (q, Jce = 270 Hz, -CF3), 144.6 (Ar), 150.1 (Ar), 150.6 ppm (Ar).

Reaction of 38 with HBF,4; Preparation of [(Cp*Ru),(Cp*Co)(u-H).{ - 7°(/)-CsHsNCF3}] (39).

A 50 mL Schlenk tube was charged with 32.8 mg of 38 (40.2 umol) and diethyl ether (5 mL).

HBF,-diethyl ether complex (5 ul, 40 umol) was then added with vigorous stirring at ambient
temperature. After 5 min of stirring, the black precipitate was formed and washed three times with 2
mL of diethyl ether. The residual solid was dried under reduced pressure, and 34.4 mg of 39 was
obtained as a black solid (38.1 umol, 95%).
39: 'H NMR (400 MHz, THF-dg, —80 °C): 5 -18.80 (s, 1H, Ru-H-Co), —18.38 (s, 1H, Co-H-Ru),
~16.31 (s, 1H, Ru-H-Ru), -12.52 (s, 1H, Co-H-Ru), 1.73 (s, 30H, CsMesCo and CsMesRu), 1.97 (br s,
15H, CsMesRu), 7.00 (d, Juy = 6.8 Hz, 1H, Ar), 7.13 (s, 1H, C®H), 7.57 ppm (d, Jun = 6.8 Hz, 1H, Ar).
'H NMR (400 MHz, THF-dg, rt): 5-17.75 (br s, 2H, Co-H-Ru), 1.72 (s, 15H, CsMesCo), 1.85 (s, 30H,
CsMesRu), 7.00 (d, Jyn = 7.2 Hz, 1H, Ar), 7.15 (s, 1H, C3H), 7.52 ppm (d, Jun = 7.2 Hz, 1H, Ar). *H
NMR (400 MHz, THF-dg, 60 °C): & -17.75 (br s, 2H, Ru-H-Co and Ru-H-Ru), -15.12 (s, 2H,
Co-H-Ru), 1.73 (s, 15H, CsMesCo), 1.86 (s, 30H, CsMesRu), 6.99 (d, Juy = 6.8 Hz, 1H, Ar), 7.17 (s,
1H, C*H), 7.51 ppm (d, Ju = 6.8 Hz, 1H, Ar).

H/D Exchange between 38 with pyridine-ds.

An NMR tube equipped with a Teflon valve was charged with 38 (10.5 mg, 12.9 umol) and
pyridine-ds (0.50 mL) with 2,2,4,4-tetramethylpentane (1.7 uL) as an internal standard. The reaction
was carried out at 90 °C, and the *H NMR spectrum recorded after 24 h showed that 66% of the
hydrido ligand of 38 was deuterated.

Reaction of 1 with 4-picoline; Preparation of (Cp*Ru),(dmbpyCo)(u-H).(us-H) (40).

A glass tube equipped with a Teflon valve and with a glass-coated stir bar was charged with 1 (54.1
mg, 80.6 umol), 4-picoline (155 uL, 1.59 mmol), and toluene (8 mL). The reaction mixture was stirred
at 120 °C for 21 h by . The solution turned from brown to dark green. Removal of the solvent under
reduced pressure gave a dark green residual solid. The residue was washed five times of 4 mL of
pentane to remove unreacted 1. The residue was then extracted five times with 3 mL of toluene, and
the combined solution was filtered through a glass filter (G4). Removal of the solvent under reduced
pressure gave the crude product (29.6 mg, 41.2 umol, 51%). Complex 40a was obtained in pure form

by crystallization from toluene at —30 °C (16.5 mg, 23.0 umol, 27%).
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40a: 'H NMR (400 MHz, benzene-ds, rt): 5-129.08 (br s, 6H, C*Me), —27.68 (br s, 30H, CsMesRu),
34.81 (br s, 2H, Ar), 81.47 (br s, 2H, Ar), 116.26 ppm (br s, 2H, Ar). ues (Evans method, 298 K,
benzene-dg): 2.5 pg.

Reaction of 1 with pyridine; Formation of Cp*Co(bpy) (34b) and Cp*,Ru (35).

An NMR tube equipped with a Teflon valve was charged with 1 (4.8 mg, 7.2 umol), pyridine (60 uL,
720 umol), and toluene-dg (0.45 mL) with 2,2,4,4-tetramethylpentane (0.8 uL) as an internal standard.
The reaction was carried out at 180 °C, and the '"H NMR spectrum recorded after 46 h showed the
formation of 34b (73%) and 35 (50%).

Dehydrogenative coupling of 4-picoline by 40a.

A glass tube equipped with a Teflon valve was charged with 40a (13.4 mg, 18.6 umol), 4-picoline
(36 pL, 370 umoal), and heptane (3.5 mL). The reaction mixture was heated at 180 °C for 96 h.
Biphenyl (123 umol in 5.0 mL of toluene) was then added to the tube as an internal standard.
Formation of 4,4"-dimethyl-2,2"-bipyridine was quantitatively analyzed by means of GC (79%).

Dehydrogenative coupling of 4-tert-butylpyridine by 40a.

A glass tube equipped with a Teflon valve was charged with 40a (15.3 mg, 21.3 umol),
4-tert-butylpyridine (63 pL, 430 umol), and heptane (4.0 mL). The reaction mixture was heated at
180 °C for 96 h. Biphenyl (123 umol in 5.0 mL of toluene) was then added to the tube as an internal
standard. Formation of 4,4"-di-tert-butyl-2,2"-bipyridine was quantitatively analyzed by means of GC
(70%).

Dehydrogenative coupling of 4-dimethylaminopyridine by 40a.

A glass tube equipped with a Teflon valve was charged with 40a (15.1 mg, 21.0 umol),
4-dimethylaminopyridine (51.6 mg, 422 umol), and heptane (4.0 mL). The reaction mixture was
heated at 140 °C for 96 h. Biphenyl (123 umol in 5.0 mL of toluene) was then added to the tube as an
internal standard. Formation of 4,4 -bis(dimethylamino)-2,2"-bipyridine was quantitatively analyzed
by means of GC (32%).

Dehydrogenative coupling of pyridine by 40a.

A glass tube equipped with a Teflon valve was charged with 40a (15.1 mg, 21.0 umol), pyridine (34
uL, 420 umol), and heptane (4.0 mL). The reaction mixture was heated at 180 °C for 96 h. Biphenyl
(49.1 umol in 2.0 mL of toluene) was then added to the tube as an internal standard. Formation of
2,2 -bipyridine was quantitatively analyzed by means of GC (trace).

Reaction of 40a with 4-tert-butylpyridine; Formation of 40b.
A glass tube equipped with a Teflon valve was charged with 40a (29.2 mg, 40.6 umol),

4-tert-butylpyridine (120 pL, 820 umol), and toluene (2.5 mL) with hexamethylbenzene (4.7 mg, 29
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umol) as an internal standard. The reaction was carried out at 140 °C for 24 h. Removal of the solvent
under reduced pressure gave dark green residual solid. The *H NMR spectrum of the residual solid
showed the formation of 40b (20%).
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Table S1.

Crystallographic Data

Complex 1 2 7 8 -TfO 9°-TfO 10°-TfO
Empirical formula C31Hs5:CoRu, Cs31Hs:RhRuU, C3oH45C0o0,RU, C31Hs5,CoRu,-CO5F3S Cs1HsRhRu,-CF303S Cs1Hs,IrRu,-CF305S
Formula weight 684.79 728.77 698.73 834.87 878.85 968.14

Crystal description Platelet Platelet Block Platelet Platelet Block

Crystal color Black Brown Green Brown Green Black

Crystal size (mm)
Crystallizing solution

Crystal system

Space group

a(A)

b (A)

c(A)

a(®)

BC)

7(%)

Volume (A%)

Z value

Dcalc (g/cm3)
Measurement temp. (°C)
2 (Mo Ka) (mm™)
Diffractometer
Radiation
Monochromator

26 max (°)

Reflections collected
Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

R (1> 20(1))

WR, (I >24(1))

R, (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

0.07 x 0.06 x 0.04
Pentane (rt)
Triclinic

P-1 (#2)
10.8082(8)
11.1196(10)
15.43516(11)
68.590(3)
73.761(2)
61.346(2)
1494.9(2)

2

1.483

-150

1.562

R-AXIS RAPID
MoK e (1. = 0.71069 A)
Graphite

55

114307

6677 (Riy = 0.0645)
4381

Empirical

0.6366 (min.),
1.0000 (max.)
0.0470

0.0865

0.0916

0.1146
6677/0/385
1.089

1.144 and -1.275 e. A’

0.30 x 0.10 x 0.06
Heptane/THF=5/1
(—20°C)

Triclinic

P-1 (#2)
11.3171(9)
15.3383(12)
15.3976(13)
137.7020(17)
107.004(3)
94.440(3)
1530.5(2)

2

1.581

-150

1.523

R-AXIS RAPID
MoK e (1 = 0.71069 A)
Graphite

55

11429

5529 (Rjy; = 0.0348)
4649

Empirical

0.3161 (min.),
1.0000 (max.)
0.0391

0.0990

0.0482

0.1069

5529 /0/365
1.089

1.737 and -1.582 e. A3

0.15x0.04x0.02
Diethyl ether (rt)

Trigonal
R-3 (#148)
18.0899(10)

15.7969(10)

4476.9(5)

6

1.483

-120

1.572

R-AXIS RAPID
MoKa (L = 0.71069 A)
Graphite

55

14847

2271 (Riy = 0.0559)
1793

Empirical

0.6446 (min.),
1.0000 (max.)
0.0461

0.1275

0.0623

0.1435
2271/01/123
1.127

1.662 and —0.744 e A*®

0.14 x 0.13 x 0.04
THF/Pentane (rt)

Monoclinic
P2,/n (#14)
10.8524(3)
29.1146(8)
11.0972(4)

94.3770(11)

3496.08(18)

4

1.586

-150

1.427

R-AXIS RAPID
MoK (). = 0.71069 A)
Graphite

55

28789

6538 (Riy = 0.0493)
5512

Empirical

0.5633 (min.),
1.0000 (max.)
0.0549

0.1429

0.0632

0.1520
6538/0/354
1.054

1.462 and-1.210e. A

0.11 x 0.05 x 0.02
THF/Pentane (rt)

Monoclinic
P2,/n (#14)
11.0548(6)
29.0464(14)
11.1004(5)

94.9480(14)

3551.1(3)

4

1.644

-150

1.403

R-AXIS RAPID
MoK (). = 0.71069 A)
Graphite

55

39926

6639 (Riy = 0.0592)
5551

Empirical

0.6003 (min.),
1.0000 (max.)
0.0512

0.1191

0.0600

0.1247
6639/0/391

1.038

1.510 and -0.945 A3

0.14 x 0.12 x 0.06
THF/Pentane (rt)

Monoclinic
P2,/n (#14)
11.0581(4)
29.0337(9)
11.0826(3)

94.9720(11)

3544.8(2)

4

1.814

-150

4.690

R-AXIS RAPID
MoKe (A = 0.71069 A)
Graphite

55

32240

8094 (R, = 0.0406)
7145

Numerical

0.7074 (min.),
1.0000 (max.)
0.0465

0.1240

0.0531

0.1287

8094 /0/ 364
1.034

2.862 and —2.280 e. A3




8€¢

Table S1. (Continued)

Complex 11 12 13 17b 19b 22a
Empirical formula C34H45C00,4RU, C34H4504RNRuU, CasH4s1rO4RuU, Cs9Hs5CoRuU, CsHssRhRuU, CysHs71rRu,-C3HgO
Formula weight 778.77 822.75 912.04 784.90 828.88 1038.31

Crystal description Block Block Platelet Block Platelet Platelet

Crystal color Brown Green Green Purple Brown Brown

Crystal size (mm) 0.15x0.07x0.05 0.19x0.16x0.11 0.15x0.07x0.04 0.19 x 0.13 x 0.06 0.12 x 0.06 x 0.02 0.19 x 0.12 x 0.05
Crystallizing solution Hexane (rt) Hexane (rt) Hexane (rt) THF (rt) Toluene/Acetone (rt) Toluene/Acetone (rt)
Crystal system Tetragonal Tetragonal Tetragonal Monoclinic Monoclinic Monoclinic

Space group P432,2 (#96) P452,2 (#96) P432,2 (#96) C2/m (#12) C2/m (#12) P2,/c (#14)

a(A) 16.0133(3) 16.0479(3) 16.0381(4) 17.3373(6) 17.2562(7) 11.6615(3)

b (A) 17.9205(6) 18.72324(7) 14.7869(3)

c(A) 24.1520(5) 24.3317(5) 24.3113(6) 11.4374(5) 11.4688(5) 24.4040(7)

a(®)

B 102.8920(13) 103.4710(14) 93.0080(9)

7()

Volume (A%) 6193.2(2) 6266.3(2) 6253.4(3) 3463.9(2) 3509.1(2) 4202.37(18)

Z value 8 8 8 4 4 4

Dearc (g/cm®) 1.670 1.744 1.937 1.505 1.569 1.641

Measurement temp. (°C) -150 -150 -150 -120 -150 -150

1 (Mo Ka) (mm™) 1.529 1.509 5.236 1.359 1.340 3.902
Diffractometer R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID
Radiation MoK e (1. = 0.71069 A) MoK e (1 = 0.71069 A) MoKa (L = 0.71069 A) MoK (). = 0.71069 A) MoK (). = 0.71069 A) MoK (1. = 0.71069 A)
Monochromator Graphite Graphite Graphite Graphite Graphite Graphite

26 max (°) 55 55 55 55 55 55

Reflections collected 78427 47560 51603 17359 17237 41928

Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

R (1> 20(1))

WR, (I >24(1))

R, (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

5665 (Riy = 0.0613)
5513

Empirical

0.7735 (min.),
1.0000 (max.)
0.0194

0.0425

0.0204

0.0429

5665 /0 /428
1.081

0.321and -0.225e¢. A"

5722 (R;y; = 0.0603)
5610

Empirical

0.6671 (min.),
1.0000 (max.)
0.0195

0.0490

0.0201

0.0492

572270/ 428
1.035

0.421 and -0.341 e.A*®

5720 (Riy = 0.0638)
5485

Empirical

0.6439 (min.),
1.0000 (max.)
0.0314

0.0723

0.0334

0.0733
5720/0/429
1.035

0.691 and -0.515 e.A’®

4100 (R;y; = 0.0259)
3705

Empirical

0.6791 (min.),
1.0000 (max.)
0.0346

0.0942

0.0393

0.0984
4100/0/259

0.911

0.876 and —0.989 e.A’®

4146 (R;, = 0.0676)
3654

Empirical

0.5873 (min.),
1.0000 (max.)
0.0404

0.1070

0.0473

0.1149
4146/0/192

1.056

1.113 and -0.932 . A3

9996 (R, = 0.0443)
8852

Empirical

0.6202 (min.),
1.0000 (max.)
0.0290

0.0691

0.0328

0.0714

9996 /0/530
1.026

2.665 and -1.410 e. A3




6€¢C

Table S1. (Continued)

Complex 22b 23 25a 27a 29 31
Empirical formula CsoHssIrRu, CyHs;CoRu, CssHs5CoRuU,SI CasHssIrRu,Si C41HesNIrRu,Si C37H530IrRu,Si
Formula weight 918.17 846.97 776.96 910.23 993.36 1872.45

Crystal description Platelet Prism Platelet Platelet Platelet Needle

Crystal color Brown Purple Purple Red Purple Red

Crystal size (mm) 0.18 x 0.09 x 0.05 0.28 x 0.25 x 0.06 0.24 x 0.15 x 0.06 0.22 x0.20 x0.05 0.41 x 0.16 x 0.04 0.19 x 0.05 x 0.02
Crystallizing solution Toluene/Acetone (rt) '(I'o?!gfgt)e/Acetone = Heptane (30 °C) THF/MeOH (-30 °C) Heptane (30 °C) Heptane (30 °C)
Crystal system Monoclinic Orthorhombic Triclinic Triclinic Monoclinic Triclinic

Space group C2/m (#12) Pnma (#62) P-1 (#2) P-1 (#2) P2i/n (#14) P-1 (#2)

a(A) 17.1029(13) 22.1427(5) 10.3813(5) 10.3501(5) 11.0572(4) 11.2222(4)

b (A) 18.4441(11) 15.4237(4) 10.8049(5) 10.8439(4) 21.1799(6) 18.4539(7)

c(A) 11.3800(9) 11.0151(3) 17.3097(9) 17.4951(7) 17.6514(5) 19.4328(6)

a(®) 105.3380(14) 104.8870(14) 109.2980(12)
B 104.229(2) 97.3650(17) 96.2430(17) 98.0340(11) 98.0540(10)

7(©) 107.4590(16) 106.8660(17) 104.2660(12)
Volume (A%) 3479.7(4) 3761.90(17) 1740.14(14) 1780.02(13) 4093.2(2) 3571.5(2)

Z value 4 4 2 2 4 4

Dearc (g/cm®) 1.753 1.495 1.483 1.698 1.612 1.741
Measurement temp. (°C) -150 -150 -150 -150 -150 -150

2 (Mo Ka) (mm™) 4.697 1.258 1.385 4.622 4.028 4.612
Diffractometer R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID
Radiation MoK e (1. = 0.71069 A) MoK e (1 = 0.71069 A) MoKa (L = 0.71069 A) MoK (). = 0.71069 A) MoK (). = 0.71069 A) MoK (1. = 0.71069 A)
Monochromator Graphite Graphite Graphite Graphite Graphite Graphite

26 max (°) 55 55 55 55 55 55

Reflections collected 17112 28033 17374 17395 34733 54670

Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

R (1> 20(1))

WR, (I >24(1))

R, (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

4115 (Riy = 0.0527)
3625

Empirical

0.6380 (min.),
1.0000 (max.)
0.0303

0.0759

0.0375

0.0825
4115/0/214
1.096

1.434 and -0.817 e. A3

3878 (Ri = 0.0749)
3358

Empirical

0.4314 (min.),
1.0000 (max.)
0.0713

0.1784

0.0743

0.1811
3878/0/138
1.054

1.716 and -1.766 e.A”®

7899 (R;y = 0.0373)
6550

Empirical

0.5954 (min.),
1.0000 (max.)
0.0316

0.0692

0.0424

0.0742

7899 /0/ 426

1.139

0.618 and —0.641 e. A’

8071 (R;y = 0.0490)
7367

Empirical

0.6277 (min.),
1.0000 (max.)
0.0356

0.0872

0.0396

0.0905
8071/01/418

1.043

2.311and -1.889 e A*®

9629 (R;y = 0.0509)
8177

Empirical

0.4810 (min.),
1.0000 (max.)
0.0376

0.0796

0.0453

0.0830

9629/0/ 494
1.046

2.041 and -1.535e-A"°

16297 (Ri,; = 0.0681)
11988

Numerical

0.6503 (min.),
0.9277 (max.)
0.0518

0.1209

0.0788

0.1380
16297/0/733
1.042

3.103and -1.810 e-A3




ove

Table S1. (Continued)

Complex 34a 36 37 38 40a

Empirical formula CyH»N,Co C3sHssNRhRu, CssHsaIrNRu, Cs6Hs51CoF3NRuU, C3H45CoN,RU,-CooHys

Formula weight 378.39 805.84 895.14 815.85 878.01

Crystal description Platelet Platelet Platelet Block Platelet

Crystal color Purple Purple Purple Green Green

Crystal size (mm) 0.18x0.11x0.04 0.11 x 0.05 x 0.02 0.23 x 0.07 x 0.02 0.10 x0.09 x0.03 0.17 x0.09 x0.03

Crystallizing solution Diethyl ether (—30 °C) Toluene/Acetone = 2/1 - Acetone/ Toluene = 2/1 Heptane (-30 °C) m-Xylene (-30 °C)
(-30°C) (-30°C)

Crystal system Triclinic Monoclinic Triclinic Triclinic Triclinic

Space group P-1 (#2) P2,/n (#14) P-1 (#2) P-1 (#2) P-1 (#2)

a(A) 9.3575(12) 13.8717(5) 10.8621(11) 9.0941(4) 11.7127(6)

b (A) 10.5822(12) 17.7171(5) 11.0651(9) 10.9854(5) 13.9723(6)

c(A) 10.6591(12) 14.1363(6) 15.7699(13) 17.6963(8) 14.2409(8)

a (%) 113.522(3) 99.090(3) 84.2500(12) 73.4000(16)

B 106.077(4) 104.1440(14) 91.631(3) 88.1210(16) 74.3520(18)

7(°) 93.945(4) 113.366(3) 80.3400(16) 70.2350(14)

Volume (A%) 910.47(18) 3368.9(2) 1709.4(3) 1733.84(13) 2062.78(18)

Z value 2 4 2 2 2

Dearc (g/cm®) 1.380 1.589 1.739 1.563 1.414

Measurement temp. (°C) -150 -150 -150 -150 -145

2 (Mo Ka) (mm™) 0.949 3.902 4.779 1.374 1.151

Diffractometer R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID

Radiation MoK e (1. = 0.71069 A) MoK e (1 = 0.71069 A) MoKa (L = 0.71069 A) MoK (). = 0.71069 A) MoK (). = 0.71069 A)

Monochromator Graphite Graphite Graphite Graphite Graphite

26 max (°) 55 55 55 55 55

Reflections collected 6933 26559 17012 17219 20662

Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

R (1> 20(1))

WR, (I >24(1))

R, (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

3297 (Riy = 0.0869)
1957

Empirical

0.5807 (min.),

1.0000 (max.)

0.0820

0.1985

0.1480

0.2624

3297/0/253

1.139

0.872 and -1.047 . A*®

6383 (Riy = 0.0347)
5196

Empirical

0.6381 (min.),
1.0000 (max.)
0.0237

0.0513

0.0326

0.0555
6383/0/431
1.040

0.575and -0.431e.A*®

7776 (Riy = 0.0414)
6806

Empirical

0.5355 (min.),
1.0000 (max.)
0.0504

0.1279

0.0577

0.1331

777610/ 272
1.030

4.626 and —2.273 e A2

7873 (Riny = 0.0294)
6689

Empirical

0.6455 (min.),
1.0000 (max.)
0.0323

0.0743

0.0412

0.0791

787310/ 446
1.043

0.973 and -0.621 e. A

9394 (R, = 0.0215)
8443

Numerical

0.8981 (min.),
0.9779 (max.)
0.0281

0.0726

0.0319

0.0747

9394 /0/ 461
1.074

0.898 and —0.405 e. A’
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