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BHo&ESP LrEE-SEMEG %
L TR IEN = 8K, BE RS 5
SEPOPEE % SICHAEFEH T Coordination
52 LHRTE D (BRI 720, Bk
IR hawKIeEE RS &
BHECE S, L ¥, 2BR-SEES
DEFDED, BROBETHEHL D
RGBT T2 2 820 RIGEE  pigure1-1. % H84HKIC X 5 HH OH - iEHEAL
TOMB % EFBEBAREICR 2,

DX A kEEP LR E O RICIEFE AR cb BEEAEELEZONTEY, Ru %
Hwieon—oN— Ky v a RIOEREE CTIE, BERSTHRBRENICHTICS RRA L 212, =
FE~EBOBET 25452 T N-N MATHAIETT 2 LR ECIRIBEX LT3, 2

Cﬂiﬁ&ﬁ%%“ﬁ?%ﬂniﬁwﬁ:w772¢~%¢@KLb6ﬂT%to
Lavigne H 137 I Fv U ¥ v (NMePy) BLAZT-A3 face-capping L7z =T =7 L DAL
K= 7 7 A X — HRus(CO)o(s--NMePy) 25, ¥ 7 = = ATk F L vDk Frfi Il
DL 722 L Z#MEL T3, 3 LaLl, —NAI LR L7 7 22— 3BT X
STRIBEKD 7 Z7 7 AV T —vavaRIFTIERMONTEY, ZORKICAEL 28
ARG E LTV ARG A IR I N TCWb— T, BiEL -804 R
HUOABEE L 2RO H 2 RIGHE I Haic Rl it w e Bbn s,

Activation

\ /
Ox C/
~_H CO
Ph Ru = Ru(CO);

Ph Ru’”=Ru(CO),

Figure 1-2. =LAV R=V 7 FRAZ—=ICX 2T ArF O Fakir I LRI

! For examples: (a) Adams, R.; Cotton, F. A. Catalysis by Di- and Polynuclear Metal Cluster Complexes;
Wiley-VCH, New York, 1991. (b) Brian F. G. Johnson Faraday Dis. 1991, 92,241. (c) Powers, I. G.; Uyeda,
C.ACS Catal. 2017, 7, 936. (d) Braunstein, P.; Oro, L.A.; Raithby, P. R. Metal Clusters in Chemistry, Wiley-
VCH, New York, 1999 (e) Dyson, P. J. Coord. Chem. Rev. 2004, 248, 2443,

2 Cao, Z.; Wan, H.; Zhan, Q. J. Chem. Phys. 2003, 119, 9178.

3 Nombel, P.; Lugan, N.; Donnadieu, B.; Lavigne, G. Organometallics 1999, 18, 187.
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HAFZNY I AR —IE 1 BlED AR = VR T 2 BB 720 BB LOBTH
EAETLTW3, ZhICH LT, %KY e FY FEHAIZ, v VY FEGF2AHOE8ED
BTHERET I AVED, BETEEORVY FAX— 2T 5 LB TE L, 7.
EHORGE e F ) FERETFASBEZMEICHE O T 2720, AIAR=Ls T2 % — L LK
L CZDERDO MBI RGN TN,

He _H 1 ]

/<N _ 2[H] |

ML,

LM —_—> LM I\‘IIL
n \ n n
Hy S
Figure 1-3. %1% Y v VU NS L <o 2R O AL

A ) e FY PR D 5 —D20fH e LT, &k F Y FEALF23KESTF L LT,
H5VEAREIFEEDOKBEIC L >TrZ IR 2 — L blifid sz T, BiEL -4 L
CHEB DR IR B A R ICTZ E 5 ST b (Figure 1-3)e Z D72, %KY
v N Y F#fRIE, BRE &S mWITHEER L A o/ T RIEELcE 2 L ffE T
%,

HIEEE O SR D v F Y FEARTIX, BRI X 0 ART 2 B AN B 7o (K5 -
FEAIEHE ICE WRIGEZRT Z ERAALNRT WS, HlziE, Fryzuk b3 v 2 Ao e
F U FEARDPEFRD T & G L., end-on, side-on HOEFREREZEZ 5 L #REL TS
(eq. 1-1)o* 22 JNOLIX =477 b7 FY FEIRL ER D TFARKICT 5 2 & TN=N
EADPUMIENZ L ZWMEL TS (eq. 1-2) o ° Hou HIF = F £ v KU e F Y Fikfk
ET. BEHTDON=N fEHGPR VYYD CC HEEPUIMEIND Z L %HEL TS (eq.
1-3), ©

Ph
Ph 'ﬁ Ph Ph\ N P{'
M S./\/N H \P 90% N, M s./\/N N/\ P
Mee;ill/ \\Ta/HkTa/ \\ 10% H, Me:éi.I/N\\Ta/ \Ta/ \\
2 siM sim
o N7 i e N\ e 6D
Ilh PIhPh F\’h PIh Ph

1-2)

4 Fryzuk, M. D.; Johnson, S. A_; Patrick, B. O.; Albinati, A.; Mason, S. A.; Koetzle, T. F. J. Am. Chem.
Soc. 2001, 123, 3960.

5 Akagi, F.; Matsuo, T.; Kawaguchi, H. Angew. Chem. Int. Ed. 2007, 46, 8778.

® (a) Shima, T.; Hu, S.; Luo, G.; Kang, X.; Luo, Y.; Hou, Z. Science 2013, 340, 1549. (b) Hu, S.; Shima,
T.; Hou, Z. Nature 2014, 512, 413.
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Cp’
|
Ti
a7 |
N, (1 atm) |
- N
| rt, ~2H, /Ti< >Ti\ .
Cp Cp N Cp
| H
i
HH/ |\HH
AN
(e \\Ti CH,
ANT~H—' '
cp’ \:/ Cp’ H H
| CeHs H H
° A\
40°C, 36 h - _/T,\ /i
H/,TI\\/'
Cp’ = C5H,SiMe; AT
Cp’

N, (1 atm)
—_— =
180 °C

Clp'
-
HT/II\TH
N
PN |
Cp'/TI\N/TI\Cp
H
(1-3)
i
Ti
TH/ CH,
Cp —TQH
H H
H\'Ili
cp

FrlEifseE cld Cp E LI T T34 T =7 24K e Y FEA%Ep.LIC,
ZORIGHEEFTEL CE 2, R, ZBAT = AV 2 e F Y FEMKEITAB v ERIG L.
“ERIGE ECHEED C-H e CC EartUiians b 2HLPICL TE L

(Scheme 1-1), ’

H77 \L\:RH

Ru

o~ lu

Ru = RuCp*

_H2

Scheme 1-1. =7 = L ~_vZe N Pk EcoTrn vy oiEdlt

" For examples: Takao, T.; Suzuki, H. Bull. Chem. Soc. Jpn. 2014, 87, 443.
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EH RESELSHBER

B8 & s A E S O 7s 2 RSB ATlE. KEFRZRATEIEE & KX 7
wEHESER O MR L 728E - BSEaIc LY, A—8EZHVE EHrcizRonk
WIETEL A AIREIC R 2 & FE 2 b b, & il 21X Bergman i, Zr & Ir 2007 % BESE
TREER (LT Zolr ZEEIR e KEL T 2) AW E O EER G L 2 8RS L <
BO, Zr/lr KSR E T LV EDORIGTIZ d BTEEAEAYESEA NI 5 BihL
TEHZLEBHLL LR T WD, £72, CO, & DG TIE oxophilicity O &\ Fif JE 48 1
~TREFRENIT 5 2 LG I T b (Scheme 1-2), °

tBlu tBlu tBlu
N N N
H,C=C=CH, / \ Cco, / \
Cp,Zr. _-IrCp* —=& Cp,Zr IrCp* » Cp,yZr IrCp*
(/‘ /
\< O—C\\
0

Scheme 1-2. Zr/Ir — %4 I FES{k & HE & o G

RESEEER COREEE L CIE, MToERHE LVINNICESE 325 24 77213 Tk
(L2 20 EHLOBRIEN RS 2 LT, —TORBEHERNT D & ) ICEFFHEOKE %
72 L (metalloligand), /70 & BEXHELZERETLEULEZ 2T 224 THHEET S
(Figure 1-4), L7z23->C, Bff®EIALEEHD 2 20RRBOMFAIN IR 2RI I £ 2
eIt )8 &SRO T - BRGSO A G DEPEETH 5,

[T] [S]

M1 MZ M1/ \MZ
stereoelectronic combined effect of
effect of M2 on the M and M2 on
M'-[S] interaction substrate binding

Figure 1-4. G EHIE L CcodEh.0 & HEH DA

Caulton % Mathieu b ¥, T E TICkA B ERY e FY PGz AK L, Z0R
T % R0 OGS OISO WTH S 212 LT & 72, I Mathieu 513, Re & Ru 2> HH%
KEIND Ve FY iR A ORIGHEICOWTHFHRTEHE Y, Ru RITREET v F v 23
ML TCEKET2F ) FR4EL DL EHIC, ZEEL FY F~TAFUREAT LI &ETHE
LT AT v Re BIC n BMLT 2EkF2BIZEL T3 (eq. 1-4), 1°

8 (a) Wheatley, N.; Kalck, P. Chem. Rev. 1999, 99, 3379. (b) Cooper, B. G.; Napoline, J. W.; Thomas, C.
M. Catalysis Reviews: Science and Engineering 2012, 54, 1. (c) Buchwalter, P.; Rose, J.; Braunstein, P.
Chem. Rev. 2015, 115, 28. (d) Gade, L. H. Angew. Chem. Int. Ed. 2000, 39,2658. (e) Stephan, D. W. Coord.
Chem. Rev. 1989, 95, 41.

° Hanna, T. A.; Baranger, A. M.; Bergman, R. G. J. Am. Chem. Soc. 1995, 117, 11363.

10 (a) He, Z.; Plasseraud, L.: Moldes, 1.; Dahan, F.; Neibecker, D.; Etienne, M.; Mathieu, R. Angew. Chem.
Int. Ed. Engl. 1995, 34, 916. (b) He, Z.; Neibecker, D.; Lugan, N.; Mathleu, R. Organometallics, 1992, 11,
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i H
oc NCCH, K i "!
PhakR/ N //PPh3 =—R oc\R' {PPhs (1-4)
Ph;P / \ PPhs Phs:hap/ \\// \ PPh,

A i,

FR@EECd ., [Cp*Ru] == FZ2 BT RESEFRY e V) FEKEZEGRL, 7=
LDAHDEY v F Y FEke o RIGHEDENCTOWTIHL I LTE =, flz1E, LT
SYLTEFIERYREHA B Y7 22T F LY EDKIGTIE, B KV F 23 ink
L. 7% v Ru-Ru FESICH LEEICHAL L 229G 7 L F VEEARDZE SN D (eq. 1-5)1,
—J7 T, Ru & Ir ORI NE IV e FU MR C LY 7= AT FLVED
RIGTIEe FY P, ROV ICQEe FY FICT A3 v AT 52 & THEL
B VEED Ir IC o #EA. Ru I8 n BEAL L 28584 L 72 (eq. 1-6), 2 T X 5 ICKIG
LT 2 @EGoMMEIC Lo T, RILEETH > T RICKRAZ T 2 2 LS

NElmoTnh
//\\ PhCCPh
B W 2w q ¢\4;§£ -
\ _ PhccPh \ Ph Fa
{ \// /& (1-6)

6 15—8 HRESERE

—turF—ERe FarF—x¥ e vo 2RI, EHEPOI NG & - WS
B 7 A2 —FEEHELCnb, = brrF—¥OiEMERF0ICit [MoFe;SoC] 2= b D
FeMo-cofactor 2:F7ET B Z & BHIONE D, TNEBEML 2% ANV 7 4 FEERP AR X
NTE,B T/, F2 VD [MoFesSs] 7 7 AZ =¥ % [MosFeSs] 7 7 A% =1 Tl
E F7Y VD N-N fiEazUMT2cerEI LTS

817.
11 Omori, H.; Suzuki, H.; Kakigano, T.; Moro-oka, Y. Organometallics 1992, 11, 989.

125 REHI, %u o, H LIRS (2001).

18 (a) Lee, S. C.; Lo, W.; Holm, R. H. Chem. Rev. 2014, 114, 3579. (b) Ohta, S.; Ohki, Y. Coord. Chem.
Rev. 2017, 338, 207.

4 Demadis, K. D.; Malinak, S. M.; Coucouvanis, D. Inorg. Chem. 1996, 35, 4038.

15 Takei, I.; Dohki, K.; Kobayashi, K.; Suzuki, T.; Hidai, M. Inorg. Chem. 2005, 44, 3768.
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FEH X W/Ru —EEAN T 4 FEHKRE KBS T EDRIGEIT>TE Y, KES~T B
V74w 2 ICBREL, 4 I VR A F VN 7237 e b fbdi, Ru Bice FU PR
g3 2 e ZHLIC LT3 (eq. 1-7), 1

ARG 1Z FeoMo, BB ZFFORY v F U FERIC X 2 ER 0N > U A LG
FHRELTWDE, YV 2 olHEERIZL VT = FERIGL, BikFEICXD Mo 255&IT
Iz eebic, Mo IKRHEIL 724 V¥ T = PR D C-N LEMEED Fe IZ n Bifiz L
TR R 5 2 5 Z L BHL LT o T D (eq.1-8), T DfERIT, BER DT HEEEE
KOG ECHELEI NG 2 2RBLTW S,

g
N-Si—

H—Fe—H PMe, excess t,BU \S/—
// \\ CN'Bu N /2-;»,N e

N H = — N (1-8)
MS=H ! Mo\ —_— Mo Fe™ \Si/
Nek) 3

N

Me;P H—Fe——H Me,P

\
Sl‘N

\
Si—
/\

HANR=ZN T 722 —BEOMITEDOIREL LT, HEO IV R AT E 72 3FR 7
4 VBT DD 6 M-8 ERMESEHAIML AR INTEY, ¥ TArr v o RS
B R R I afba 8 omMiEEE 2 RT b0 HE I N TS, B HliE, ZFERRT 4

HiEE N 6EE Ru 2570 3 A TIE. M—Ru & (M=Mo, W) I X W /KFES
?75?{@‘@1[:3 N AELC7Ze FY FENIFE CO, BRRIET DT & TR AEKT 5 2 &3k
HINTW»3B (Scheme 1-3), 8

6 Ohki, Y.; Matsuura, N.; Marumoto, T.; Kawaguchi, H.; Tatsumi, K. J. Am. Chem. Soc. 2003, 125, 7978.
7 Ohki, Y.; Araki, Y.; Tada, M.; Sakai, Y. Chem. Eur. J. 2017, 23, 13240.

18 For examples: (a) Man, M.L.; Zhou, Z.Y.; Ng, S.M.; Lau, C.P. Dalton Trans. 2003, 3727. (b) Tooley, P.
A.; Arndt, L. W.; Darensbourg, M. Y. J. Am. Chem. Soc. 1985, 107, 2422. (c) He, Z.; Lugan, N.; Neibecker,
D.; Mathieu, R.; Bonnet, J.-J. J. Organomet. Chem. 1992, 426, 247.
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/
u M AN
I OC/, “~co Ph I|° I'LPhCO
Ph,P___PPh, N
R =H, Me HCOOH co,
M = Mo, W
_ H
HCOO o
RSX;E/H S: Rsf;\;\/o H\S:
N
e 7
oc \co oc ,\co
PhoP__PPh, Ph,P__PPh,

Scheme 1-3. M/Ru %85k (M =Mo, W) iC X 3 —fgfb ik D KEA G

fho 6 k-8 REEEBEAD AR & LT, Stone HITHHD 6 KT L+ ¥ vElHA
D M=C #e% B2 0 Ic L 24K RESEIEARGHK 21T > C\»5 (Figure 1-5), ¥

R R

| l i

Cp(OC),W=C—R
R = p-Tol / \ / A0

+ — » Cp(0OC),W Fe(CO), + Cp(OC);W—|——Fe(CO); Cp(OC)VlV\——7W(CO)2Cp

AN

Fe5(CO)q (0C);Fe—CO _C—Fé(co);
R

Figure 1-5. CpW(CO)(=CC¢HsMe) & Fex(CO) & DRIGTHE b L5 L i4EE R

FrEWIZEE Cl3 Cp* 2RI T-& L7z 6 K-8 K b74m s M, =8, WEFY e P
Y F#EA%E AR L (Figure 1-6). Z O MIGHEICOWTHEL T3, 2

R

H
H H M —Ru—
H=M<H H H
\,J,/_H\R e VH Hi// \\/HH 71N
S VA, N, A
H™H XNy X X in? { \M/ He
o
M = Mo, W M = Mo, W M = Mo, W

Figure 1-6. 6 -8 DO 5% %KY v F U FEEA

19 For examples: (a) Busetto, L.; Jeffery, J. C.; Mills, R. M.; Stone, F. G. A.; Went, M. J.; Woodward P. J.
Chem. Soc., Dalton Trans. 1983, 101. (b) Jeffery, J. C.; Mead, K. A.; Razay, H.; Stone, F. G. A.; Went, M.
J.; Woodward, P. J. Chem. Soc., Dalton Trans. 1984, 1383. (c) Garcia, M. E.; Tran-Huy, N. H.; Jeffery, J.

C.; Sherwood, P.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1987, 2201.

20 (a) R T, RS, HE TEE KRS (2004). (b) Shima, T;; Tto, J.; Suzuki, H. Organometallics

2001, 20, 10.
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W/Ru v Z e FY FEAL P 72272 F LY EDRIGTIE AR THA T AR
AL, EHRMBEREEDORIET C-O WHEVEREIND (eq.1-9), mAMHEETHZ Ir %
AL Rulr A PY e R FEATH, P72 ATHF LV EDRIGTAR T YA
INDBERT B0, BEHR L IIKIEL v (eq.1-10), MEEHMMEOE - 6 RIBESE DR
BRI LT, RIGHIGENSELEDD L Bbis,

oPh

H P
RO\
PhCCPh
w/\: w— —Ru W= -Ru (1-9)
\H H/
PhCCPh
\\// T s0c

Mo/Ru —f5~=v &t FVU Fiifke 7 3 v oIGTIE, BAKELZFECEREDS Mo FicT
IV T AT R I N (eq 1-11) 2D XIS AT I VOEMIIZ Ru/lr ZELHEHART
BEEIZNTESL T, 6 EEEOEWRKRETHZRIL TV,

_— no reaction (1-10)

H PrH,N  H
H \H ; 2
N\ I/H\R NH,/Pr \M{>/H\Ru 411
u—-— —_— ——
@ -, <

L2 L. Mo/Ru —A&SEARIZE R, W/Ru 8K IZ 120°C THRIKFEZ VL, 2 Z K
JOATE: R PURL S A~ & ZBL T 2 2 EDBHL I INT WD (eq. 1-12), T h vV RER
BT EDRERNITRIEMALT 27201013, 2D X5 Bz iH L, BikFEic Xk
THEL 72 OB A RIS Z RE S 2 LE2 D 5,

M M-
\\I/ \R A4 Ru/— >Ru + HH7M§HH (1-12)

M = Mo, W

10
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SR O CRFENL T2 2 bR 3 2 L T 2 O RIGHEZGIHT 2 2 23 TE %, il
X, Cp*  Cp™ (= CsMesEt) BSZIFIENL T TH L AT =V L7 b 7 F U FE M
B2 LT BT3B AMLNTWEA, EE Cpt (= CsBusHy) % SCHflchi 7 &
L72561%, 180°C T BB E N3 2 LS & 7> T3 (Scheme 1-4), &

)

%

Et Cps = CsMe,Et Cps = C5BusH,
Bu Bu
Ru Et D..D
e AN CeD12 CeD12 LN\
RO—|—Ru —Ru Ru—-
\ )( 180 °C 180 °C \D\’/D/
Et RG Hn Bu'Bu ‘Bu'Bu
Et
n=4,6

Scheme 1-4. MUV 7 =7 LKV b NV FEEA ECoKFELSTDOMEEE - £HINEG

BIE1X. Cp*, Cp ZHFRNLT & LAWUA T =7 A~FH e N Y Nk gL 7=
LT F 7 e R FERE PR, Cp* BN T22E T 7 FY FEAMANIICHEL
T e xEH L7 (Scheme1-5), 2 T D X5 L 5 Dlk, EFHLGRED E - Cp* %
DH VMR AT b 7 F Y F#k2ZE[ L, 8@y Cp* EakEL oI %
ML Ccwa vt EzZLNS,

Complex k1! k2
Ru Ru N
////\\\ , ///I\\\ Cp*sCpRus 1.4
Ru Ru —~ Ru Ru + H, Cp*2Cp2Rus  0.11
\¥b><;6 k2 \¥L><;4 Cp*CpsRus  0.09

3.8x10*

Ru = Cp*Ru or CpRu Cp4Ru4
Scheme 1-5. VUi% A7 =7 LK ) & F U FE5E L COKFESF OBEHE - ARG

Siiss-Fink &3, ~FHAFARVE Y BRI T & LizAFA v BArT =7 4 b
Ve FUF#RE 2 07D p-7ux54 72/ —ABKIEL, EAF 47— MilitkE 5 2
LT EEMELTWE, B it LT, RTDFBL % 3 DO P I XAFAFRT 4
VI T ICESR L 28HA TR 2 DT HD p-7uEF AT 2 7 — LD AR DH X
T/ FA4 7 - MERBIB LN,

2N B, A, R TEKRY (2017).
2 B2 B, AL, HATULHERE (2009).
23 Tschan, M. J.-L.; Chérioux, F.; Therrien, B.; Siiss-Fink G. Eur: J. Inorg. Chem. 2007, 509.

11
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HAlx. {Cp*Ru(u-H)2}, DR 77D Cp* %% 1,4,7-trimethyl-1,4,7-triazacyclononane (= Cn*)
B L 8RR AR L. 2 ORIBTEIC O W THEL T» 3,2 TERLRE L ORIETIE,
Cp* DHD 575 “MEHRIIER CRIG L R woIicxf L, Cp*/Cn* BATNAL 7R o %8
Rz, EPLHIC CO, ZELVIAAR, BRI~ — A% 5% 25 (Scheme 1-6), T 4Lit, i
W oo 5% ER TS Cn* B FOEANIC K > TEERISH O KRS M E L 2R, =
BALRFB~ORICEDREE o202 EZ LN D,

/H/ﬂ\ CO, (20 atm)
—Ru Ru—— no reaction
\H\/H' rt, 1 day
THF

14
N S\
PN /N:'L}, €O, (1 atm) °\/° °\,°/(N/
“rd’ R — Ru  Ru
\H\/H/ \N—/) rt, :_alr:mn -~ \H/ \NXN
b /N
/

Scheme 1-6. Cp*/Cn* RAFCNAI TR &k & CO, & DRIG

RESEIA T . FFRAL T OEHIC X o TRIGHEDSZAL T 2 BT3P X o TH
HEINTWD, Cp* ZHFHMALT L L7z Re/Ru KA Y v F U PRIz FLvickiL <
FOSHEZ R I e, L=y 40D Cp* BALF% triphos BLAZF (triphos = MeC(CH,PPh,)s)
ICEE L 2 IRAEAL TR SR I 80 °C T F LY ENMIGL -2 F L ViR E S 2 %
(Scheme 1-7), 202

HH H
\| A\ CoH,y )
/Re\\/Bu— —_— no reaction
Tath) 80 °C
H —
H
P | N\ CoH,y P— \
Re Ru—— —_— Re /Ru—
P" \H\/Hl 80 °C P ' \H\H/
P P
P =PPh,

Scheme 1-7. triphos/Cp* {RA BN T2 Re/Ru —#4l{A & CO, & DKL

DX ST, ZFRRCALF 2 EYNICEIRT 5 2 & T SRS OEE 22L&, XA
RO BRI TS WREHTE 2 X5 ich s LifFIn s,

24 Namura, K.; Ohashi, M.; Suzuki, H. Organometallics 2012, 31, 5979.

12
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FOE AHAEOEN

FIBRETCIEIAT =Y 22 BT RESEFR Y v N FiiEZ ZHRMICARL, 2K
JEHEICDOWTIEL CT& /2, Cp* ZHFRNIT & L7z bR Tid, wIhd BLhr ARl
7% 30 EFEAL Y, MAGbE 2 BEAFEMICAK 2 ICOoN TR F Y FEALT23
BINL, 6 BEBENT =T L5007k 25 KR TIE 3 DOKIEE FY FE2fEo 2 & 23
L toT\w3 (Figure 1-7), L2 L. M/Ru —AZ8A (M =Mo, W) 12Kk IC X H RiE
PR VUtGSEA 2 52 5 Z L RO E o T3, $72, ~T AT L DRIETIE, 6 EE
B L ToRKIGBETL, 2 DOBEHOLIEEIC/ERT 2 IGIBIE I LTy,

H H
ek ineuigh g e
k%\-ﬁf‘ : ot

Figure 1-7. Cp* % XFFE. T & LAY v F U Fiffk

ZNZENDOIRECALF & @D LD d BEFEOMBEWGAIC, BESEIEAF LT 2
D OEBEXMECER T 2 KIGHHEZR I TWw b, il 21X, Scheme 1-2 D Zr/Ir D %
A% Scheme 1-3 ® Mo/Ru #E Tk, ZNZTHNOBETLED Y DETHPFEL ko T
W5 (Figure 1-8),

4e(Zr) + 5e(Cp) X 2 9e(Ir) + 5e(Cp*)
=14e Cp, Zr IrCp* =14e

6e(Mo) + 5e(Cp) oc co (i‘.o
+2e(CO) X 2 CpMo
=15e

8e(Ru) + 5e(Cp) + 2e(CO)
RuCp =15e

PhaP__PPh,
Figure 1-8. i EAD ZNnZhoeEH.O Y OEFH

%:@ﬁﬁ%@u\6%@%&»%:7A@ﬁ&Ab@#6&5£@é R DR T
CEHLZ, “8Bzlidkd 6&%@«@ BV TR, 72, 2 2o&ET
@m;é%g@%ﬁk%ﬂ%:?ét ZiE. 2 2oRBEBHLOETFREIL DT 5 LB
%5&%2J®*Mﬁ?@5%?ﬁ5l@& DET# MG TE 3 ZFRNLT OEA %R
A L7z (Figure 1-9), 6 gL L Cid, B O PR LEWE ZFE L. BALF—2)EH
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1ot
o

DIELERBRNE ZBEEE (5d) TH B2V 72T v EHG, 20 X5 R % o8k,
INGTIEMALIC e D X 5 AR 52 2 0BT 5 2 L 2RO E L,

\\! 8e(Ru) + 5e(Cp*)
6e(W) + 5e(Cp*) \\/ —13e
=1le o
multi-electron donor
bulky
W—Ru *  Suppression of aggregation

Bimetallic activation

L = bridging ligand
Figure 1-9. W/Ru %A 0 & 45 #

B E TR I N CEASAT = LAy 2 e R FERIZ, 3 2OLTF = L4

D% R T L AR LIEE (LT 22 F 2T 5, flx v rsarvizyzve
DRIGTIE 2 DD Ru B 27u_y 2TV ZEIRL.D 5 —D2D Ru 22 C-C A xYIM
LT FerarRv AT viiikik 5225 #5250 T5 (Scheme 1-8), ® 2D X ) A=
M ETOmRAMBERET 2720, ZHAT=v L2y R FY VAL /NoT & DRIG
LW T HIETL 72,

R
Tﬂ&T @ C/\fRuf\H C—-C cleavage T/\Ru/\\H
_— _—
Ru/f;é'ﬁ’u -H, Rd'\H/\R|u RU\H/R{I

Ru = RuCp*
Scheme 1-8. =L 7 =V Lk L Cov rmyv 2y v oifEl

REXlE 5 B ORI NTEY,

1 BT, ZEEER LT, &F - IR o2 LG 2 B IO Wi &
bHIC, FHl WRu A D S EIEH 2R L 72,

B2 ETEH AV IRAT Y EICKRAT 4 VBN FEFFD WRu =y 2 e P Pk
EEML, RO T A BRSO KIS IC S5 2 2B IO OLWTHE L 72,

%3 ETIE, 2 DOREA I VRS F2FE> WRu KR Z G L. L BRI, Y
F v LAEE, GEITHl & O RIEEBET L 72,

B4 BT, SBAT VLRV R FY ik —ffis 7 v oG X Y ZEERE
v 7 VR, ZEUEY U AR E AR L, -Si-H fEE BRI X 15 BT & B
L7z,

%5 BCTEIMROMEELRIEL 72,

25 Khoroshun, D. V.; Inagaki, A.; Suzuki, H.; Vyboishchikov, S. F.; Musaev, D. G.; Morokuma, K. J. Am.
Chem. Soc. 2003, 125, 9910.
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B S

Ry Z Vv, CptyWHy Z XS T2 &, v FY PR TFOLEEE Cp* A F AR C-H
EEOUIMIAHET L, IV lio 7 VR VEERBPEOND (eq. 2-1), ¥ T/, ZEFRAT 4 v
BENLL7Z27 P78 FY FR Y TRAT VEER~ONIESClX, e FY V0L 2% iIcE
FOTHENLL., 0 OERIEAEIERLT 2 EBPMEINT VD (eq.2-2), 2 TN LD
FIGTIE, KESTFRBHIENWTEL T, Eo X htEce N P2 BEEL <22 138
LTI TR, 3 v F Y FEAMFOBEEIC X - T L 2 EEFififss C-H &0
Ui eE Rz Foffiie gl R FEeEx LN D,

j\/H hv

W
Q?ﬁ?“ ~2[H] @-1)
H\ /H
P—\,/ —P hv
W.
E“’// \:Pj 4 H] 2-2)
H
P =PPh,

HiJlliZ. WRuy, O@JEMLEFFO =AY v F VU VA LRSI 7 KGE % Bk 3
% 728 [{Cp*W(THF)}(Cp*Ru)a(-H)3(1-H)](BFs) ICH LV F U LY A Y TrEALT I FIC
Xaira b MLz iToz 2A, 2V IRATVICHEAL TS Cp* Mﬁ%i@ C-H i
AU, 7ARVEMADBRONZZ L2 MEL T3 (eq.2-3), * 2D X 5T, Cp*
EXFRCNLT & L7 2 v Z AT v id iR OGS 2 TS 2 HTICEN T Lo C-H #Hs
UianzdotEz2ohs,

>z =X

\i/s

W
H HH

WAL~ Y

(2-3)

! Cloke, F. G. N.; Day, I. P.; Green, J. C.; Morley, C. P.; Swain, A. C. J. Chem. Soc., Dalton Trans. 1991,
4, 789.

2 Pivovarov, A. P.; Gak, Y. V.; Doronina, T. N.; Makhaev, V. D.; Borisov, A. P.; Borod’ko, Y. G. Izv. Akad.
Nauk SSSR, Ser. Khim. 1981, 1207.

8 Perutz, R. N.; Procacci, B. Chem. Rev. 2016, 116, 8506.

I ORI, EArER S, AR (2008).
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RAT 4 VEREMTFIE, Y 7uxv a5 X ) HRIE Al SO 2 ZE L,
b N FEAED DBUKFE L 2RO RIGHED KE LSBT 2 L FE 2 b5, RETIE, LT
TWTHMENT WD Cp*WHa(u-H):RuCp* 205, EiEWER R 7 4 v 28 3 DEfLL7=% v 7
AT va=y MCiEfT 3 2 LT, W(2e)/Ru(13e) )G b T DR 1-iiZe BAE 4SS %
IGTEME D A B % 54 72 (Scheme 2-1),

Previous work

HH H - H T
\}"J\n/H\R i —H \M||V/H\R I
—Ru'—+ — —Ru''—
NN/ ~
et ¥/H’

Me 13e
L . aggreation
This work
" [
JYZEN RsP H 7 \
RaP\_\NbRu“— ------------------------------ ¢ JR P\;WI\I\_/BHH_
RS,';JF! W —H T W

12e 13e low-valent speacies

Scheme 2-1. % WRu KV v FV FE{ROZKE 78

6 EEEL 8 HEELOLBRINZEEREFRY v FY FEEOSHHIZIEF IR S
NTHEY, vy v e L THC 2 BKEOREZ IR, ZOARTELML T2 2 &b EE
R E RS, CNETICEMEEFRY e FY FEMAOSRHUTELE LT, 1) HBER) e ¥
U FEER & A ARIRIE & OGS, 2) HfZD T =4 v R D) v F Y FifkeE 7 4 FEsE
LoWitEA Yy 7 v 78 3) Hike F Y FREARRIOBOKES v 7Y v 77 4) BEe FY P
AL Trax VAL O T A a - Ay T Y v 78 5) e F Y FREEETTCONTA
FESARI D H v 7Y v 70 LuosEAnHLNTwE, & - FHEOICL > TERI N
Mo/Ru $#if&, W/Ru #5{&1% (5) @ LiBHs fFfE FTONT A4 FEiRE O A v 7Y v 7 &
STAHABINT VDA (eq.2-4). AFETIXHR T ClA UKHERIcO A v 7Y v 7ikekk 4
B O T FET X7 P EELCZENED Y, ERWICEESE fo ARG L L
ZHEL W,

° For example: Albinati, A.; Musco, A.; Naegeli, R.; Venanzi, L. M. Angew. Chem. Int. Ed. Engl. 1981, 20,
958.

® For examples: (a) Bruno, J.W.; Huffman, J. C.; Green, M. A.; Caulton, K. G. J. Am. Chem. Soc. 1984,
106, 8310. (b) Alvarez, D. Jr.; Lundquist, E. G.; Ziller, J. W.; Evans, W. J.; Caulton, K. G. J. Am. Chem.
Soc. 1989, 111, 8392. (c) Poulton, J. T.; Folting, K.; Caulton, K. G. Organometallics 1992, 11, 1364. (d)
Smith, P. W.; Ellis, S. R.; Handford, R. C.; Tilley, T. D. Organometallics 2019, 38, 336. (e) Ostapowicz, T.
G.; Fryzuk, M. D. Inorganic Chemistry 2015, 54, 2357.

" For examples: Radu, N. S.; Gantzel, P. K.; Tilley, T. D. J. Chem. Soc., Chem. Commun. 1994, 1175.

8 For examples: Sluys, L. S.; Miller, M. M.; Kubas, G. I.; Caulton, K. G. J. Am. Chem. Soc. 1991, 113,
2513.

® (a) Shima, T; Ito, J.; Suzuki, H. Organometallics 2001, 20, 10. (b) & BRI, “A07E3C, B LR
£, (2001). () DBk v5—, FZEm L, K LFERY: (2004).
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HH\H

H

1) LiBH A\VPZRN

cp'MCl, + [Cp*Rucl, 1 LiBHs MRy (2-2)
2) CH;O0H d \H\/H/

M = Mo, W

3DODFRAT 4 VBB LZEEOZ Y 7 AT vRY v FY FEHER2 Crabtreel® <
Wilkinson!! HIC X > THKEINTWE, RETIZ. b oFEREE A VT =Y L 222y |
ZHEEL LT HETRERY e VY FEMAOAREITo72, £, AL Z28Kico
W, ZDOBKERER IR & L2 KIGEIC DWW TRE L 72,

HH H HH
P\},(/zHH Me3P\\ //—PM
PTINCH MesP~/\\ &
p H H H
P =PPh,
Crabtree, R. H. Wilkinson, G.
(1993) (1985)

10 Michos, D.; Luo, X.-L.; Faller, J. W.; Crabtree, R. H. Inorg. Chem. 1993, 32, 1370.
1 Lyons, D.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1985, 587.
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FTH ZEXL—FRRT74 vEXFEMFE LT WRu KU £ FU FSEEOERK

triphos EEMIF 228 WRu KU & FU FEEDEK

AR L LCHBO X v 72T v RY e F Y FEEBSTFEET 22 &6, HINO %6
ROMEN R EEE LT, Biffio (1)~@) OERESEZOND, BRESEEWEEE
T BRRIC [Cp*Ru] == v b DJFEEIEEAR E L CHEHA XN S [Cp*Ru(ur-OMe), (2)*?,
[Cp*Ru(us-CD]a )2 Z#H VT, BEA Yy 7V v /B X U TAra—Ay 7Y v 7 DTk
AT L 72,

(triphos)WHe (1) 10 LT 05 fEFEAL DX M F VA 2 ZR)GSE/-LThH, HHWOD
W/Ru %KY e VU FEA (triphos)WHa(u-H)sRuCp* (4) &3z, 5K 4 225 triphos 73
AR L IZEEA 5 S 1.4 DL TE LR (eq. 2-5),

HH H W
P\, 112 [Cp*Ru(OMe)]; (2) p\\// N AN
P";"\\H > /I \\// ‘;V\\// (2-5)
p H toluene, rt, 7h P
P = PPh, — MeOH

Bk 225, WRu —iZEV e F Y FEEHK 4 DEIICALRETH 57201, o 7
o X ZAIc ko TR 5 RIS B, 2 2 CHREDKICEIIH L., 4k 4 ZEMECH
ﬁkj—éf’&b }imﬁ) JA?%)‘ uLTTTZ)H}EEfE'i? V4 7 ) /7 ;Ob‘f*ﬁnj‘bfuo

HH HH ]
p\}ﬂl/’ H Me;SiCH,Li P\\VJ/H L 06)
—_— -~ 1 -
PTINH —TMs PTINT
pH 4 H
P = PPh,
1 6 (100%)

WitiHh v 7Y v 7 ORiEMETH 27 =4 vIEFRY v FY FEHE Li[(triphos)WHs] (6) (X
A1 2 1 YBOoTAFA ) FULTH T P L E 83 2L TARLZ (eq.2-6), SR
6 X "H,¥PNMR A7 FUICKVFEEL, B FY Fov 7 Fuld §-521ppm ICPUERR
LT W toH T T4 re—2 (Uwn=37.6Hz) Zffo CHHl T N7z,

2 Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, B. E.; Luth, K. W. J. Am. Chem. Soc.
1989, 111,4712.
13 Fagan, P. ].; Michael, D. W.; Calabrese, J. C. J. Am. Chem. Soc. 1989, 111, 1698.
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= o HH
H H _Ru—/~
P\ Wl CI——RU THF, rt, 5 min SRR ZEN
P’W\H Lit  + 1/4 | ’ T e W —Ru—
[ ~—I=Ru_  -LiCl P
P RuZ—cr~ Cp P
Cp*
6 P=PPh, 3 4 (98%)

T=AVvERY) e FY F§ER 6 & [Cp*RuCl]s 3) L DOBUEAD v 7Y v /%G L7z &
A, KIBIE 5 4 CoEkE LISIR T (triphos)WHa(u-H);RuCp* (4) 255 N7z (eq.2-7).
& 4 1% "H,3'PNMR A7 I X O [EE L, BfES X BEEMEITIc X 0 2 o %2 RE
L7z, ZEIMTHIE L 72 3'PNMR A2 b L ClE, §16.4ppm IT triphos BT D 3 2D Y

VICHDK O T IR, RV TRATvEeDHT T4 =2 (Jw = 158 Hz) %> T

B X 7z, 'THNMR A= 7Z7 b LT triphos O X F L vIKFE L §2.25 ppm (T A I B
HlEnsz, e F) FRAFICESS Y27 FiE §-6.69 ppm (SH) 12, Vv eDhy 7Y v
7 (Jn=18Hz) RUIZ VI RAT VDY T 74 P =2 (Jwu=50Hz) %Ffo CHBUI I N7z,
b U FEALF oMM T 13 -30°C TRO/NIL<AD, ZOfHEIF 0275s £oiz, &
Db, A 4 o FY Fiif#liige F) FChH B LR ang,

A 4 DIRETZA 'THNMR 227 FATlE, Kk FU FEZEe FY Fod g + &
f2 (Scheme 2-2) MFIET 7201, {KiATlEe FY FEALFICHS v 7 FAand7e —F
=V 7T AR OMEER X 72 (Figure 2-2), 110 °C THRME FV FEZEEe F Y Fick
D IR L TR I N Ao/, Kk 4 D F ) FOMEICET 315Kz
BrolidcEhrboz, TNETTIKARINT [Cp*Ru] 2= v b 2O BESE &R
Y FU PR, 24&e FY VR 7% 3 2T 2ETH Y (Figure2-1°, Ru $H Y
ORI ARZH e T /T iE e R 2 5AICRILELRDL L EZOND, LB oT
4 ® 5250 F) FEMATFDIH 3 23 W & Ru LORICEBL, EHho 2 23 W
LRI F LT b Bbis, gilko X 5 DFT FHHEIC X - Td & RLHIER
BEFFEN T3

\\I/ N \ﬁ ké\ _\ﬁ ﬁ_ § Ru_\ﬁ
° RS

M = Mo, W

P =PPh,
Figure 2-1. [Cp*Ru] == v P Z 0 RERE KK Y v VU FEiE

14 ¢f)) Cp*WH3(u-H)sRUCp*: 0.440's, 0.288 s (~80 °C). % (triphos)WHe: 0.211 s (-90 °C).10
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5H
25 0C _JLL

_30°C M

—60°C N

-90°C
-110°C

‘ T | T | T T
-8.0 -7.0

Figure 2-2. #5{k 4 ORERZ 'H NMR
(v F VU FfES, 400 MHz, THF-ds: toluene-ds = 3: 1, d/ppm)

H H,
p\\l/ N p\\I/ e
I\\// ,\\//
site exchange
of hydride

Scheme 2-2. $&K 4 © W ORI 7O EYZEEH)

IR 4 OHTFREE

Wik 4 Z~FHVICEMIE 30°C THHET 2 Z ik oTREONARED T L — T
PRAG & > CEgE S X BREEREIT 21T - 72, ©° #4518 4 o9& % Figure2-3 ICE 7
e, fiaM% Table2-1 IC/R L7z,

Triphos BECAZFId X v 77 A T VICR L facial ICHCAZ L T/ (LP-W-P=80°), %7z, Cp*
Behz 713 W—Ru #5EICn LEREICHALL TW 2 DIcxf L, triphos FUAZ T W—Ru & IC
MLTRELMENTEY, W EORbne VY FEALFOFEZMOTRL Tz,

15 SHI5E i Rigaku R-AXIS RAPID [al4f%E{& % F\»C —101 °C TfT\>, Rigaku Process-AUTO
program IC X > CT7 — ZIRL 72, #&hh! iiﬂaaa% B L. ZERIREIE P2/c (#14) TH o7z, iR
Fricds\W»Cid, SHELXT-2014/5 7’0 27T L8y 77— R v, EEEIC XY FEKBIR T 0 s
ZIRTE L7z, SHELXL-2016/6 7' v 7' J L& v/ ﬁwu D REEAL L., IFKBEIR T % IESE
FHICEB L7, B EoskEIR HFIX 2~ Y Fic X Y185 L. SHELXL-2016/6 7' 1 7°F A
FHOER/NFERICLXOEE L, e VY FIEET 2283 TERd o7,
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Figure 2-3. $&{A 4 D4y 7R (left: top view, right: side view, 30% probability)

Table 2-1. $&f& 4 OELFEER A) &AM (O

Bond Lengths (A)

W(1)-Ru(1) 25578(10)  Ru(1)-Cen(l)  1.802

W(1)-P(1) 2.446(3) W(1)-P(2) 2.464(3) W(1)-P(3) 2.457(3)
Bond Angles (°)

P(I)-W(1)-Ru(l) 11838(7)  PQ)-W(I)-Ru(l) 105.76(8)  PG3)-W(1}-Ru(l)  155.50(8)
P(1)-W(1)}-PQ2)  8474(11)  PQ2)}-W(1)-P3)  79.98(11)  PQ3)-W(1)-P(1) 85.57(11)

W(1)-Ru(1)-Cen(1) 178.41

RV 7Ry 2T AR L OREAIEREL. @Ee 5 0k G o & L AHE
HHIEBHMbLNT WS, Fic, ¥ 7ux_v 2T AT UND 1 ZEMEDEN T %
Fifzlm w7 = v LA T, BP0 0RBEIC)E Uz AR OZL 3 BHE 1B X 1L,
Ru—Cen [HDHHEIX Ru(ll): 1.728-1.812 A, Ru(IIl): 1.806-1.845 A, Ru(IV): 1.877-1.901 A & .
Ru OELEEINT 2 1GENTY 7 u =y 2 T = VEMIF & o FREESBIN3 3 i m i
H5,0 ZoEAEEA 4 ICEATSE Ru & Cp* DtV o4 FoOREET 1.802A T
H5HT b, Ru FLOBRWEEEIT I Th Y., RO EAEIT WAIV)-Rudl)
LHEIVIRZ N TEDL, TNETAMINTE L [Cp*Ru] 2= F 2FFORMEEER Y
b MU FEfRICDO VTS, Ru-Cen MO AEEREIX 1.728-1.812 A OHFFHNICH Y (Figure
2-4), A7 = LMAOAGEE Ru(ll) ZHLD 32 EARB I N7,

© P B, SRS, R TR (2017).
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A & o
EOERE FIG

Ru-Cen: 1.802 A

Ru-Cen: 1.799 A

IR 74 VBRI TA2BET S WRu RYU B R R

\\l 7N \
/) \ /I}u —_— Re\\—/lsu

Ru-Cen: 1.789 A

R R

P = PPh,

Ru-Cen: 1.802 A

Figure 2-4. [Cp*Ru] == v b ZFo RS E

W-Ru fE&

Ru-Cen: 1.770 A

ARV e FY FEhfRo Ru-Cen #5&

1Z 2.5578(10) A &, W/RU %tk CIIEWEE 72 > 72 (Table 2-2),

Y AR/

G E AR Y v F Y PSR Cp*WHa(u-H)sRuCp* b [AERIC W-Ru #E&

INEHDO e ¥ FEALT- 2328

Bdascicko TRBHEHSHE - LDbDLEFEZD

b, ¥z, ik 4 % Cp*WHs(u-H)gRuCp* DEFET 30

W-Ru fHic ZEfEAZ o 2 L oEIc
7% W-Ru o % EiGGHEOHAER D 7%

Table 2-2. W-Ru Dy

B LA TH B 23,
6 ETORNAMAHEE x5, TDLS
I W-RuU fEEPEL oz bDBbh 3,

complexes W-Ru (A) references
(CsMesEt)W(1-CO)sRuCp* 2.410(1) 17
Cp*WHj3(u-H);RuCp* 2.5176(8) 9
(triphos)WH2(z-H)sRuCp™* (4) 2.5578(10) This Work
Cp*W(u-S)3;RuH(PPhs), 2.6106(3) 18
CpWCI(CO)(1-SPh)(u-Cl)Ru(PPh3)(CO), 2.7657(3) 19
(1= 1°: 1°-CsHa(CO)CsMes) W(CO)3Ru(CO), 2.978(2) 20
CpW(CO);Ru(CO)Cp 2.9974(3) 21
CpW(CO)(u-dppm)Ru(CO)Cp* 3.0695(4) 22

17 Amevor, S. F.; Hund, H.-U.; Salzer, A. J. Organomet. Chem. 1996, 520, 79.
18 Ohki, Y.; Matsuura, N.; Narumoto, T.; Kawaguchi, H.; Tatsumi, K. J. Am. Chem. Soc. 2003, 125, 7978.

19 Hossain, M. M.; Lin, H.-M.; Wang, C.-M.; Shyu, S.-G. Organometallics 2009, 28, 264.

20 Heck, J.; Kornich, J. J. Organomet. Chem. 1997, 543, 153.
2L Straub, T.; Haukka, M.; Pakkanen, T. A. J. Organomet. Chem. 2000, 612, 106.
22 Man, M. L.; Zhou, Z.; Ng, S. M.; Lau, C. P. Dalton Trans. 2003, 3727.
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ik 4 o DFT 51&

R 4 o FEEEEEZILIC DFT R AT o 72, 2 85K 4 oFoE L& % Figure2-5 1,
faROWE % Table 2-3 IR L7z, & FY FEMFIE, 2727V EIC 2 20 2v 7
ATV ENT =y LRIC 3 DORUAL L 72 i CRaB b L 72,

H(4)

Figure 2-5. 51K 4 o sl
(7 = = VBT ipso fZDAFKIR L, triphos, Cp* L DIKFEITFR72)

Table 2-3. #81& 4 O EZafEARK (EHIfE - 5H8fE) & Wiberg bond indices (WBI)

Bond lengths (A) Bond lengths (A)

Exp. Calcd. (WBI) Exp. Calcd. (WBI)

W(1)-Ru(1) 2.558 2558 (0.7728) | W(1)-P(1) 2.446 2.447 (0.9045)
Ru(l)-Cen(l) |  1.802 1.821 W(1)-P(2) 2.464 2,501 (0.8851)
W(1)-H(1)  1916(04883) | W(L-P@3) 2.457 2.470 (0.8848)

W(1)-H() . 1.901(05045) | Ru(1)-H(1) — 1.782(0.3088)

W(1)-HQ3) — 1013(05077) | Ru(1)-H() — 1.778(0.2990)

W(1)-H(4) — 1728(07324) | Ru(1)-H(@) — 1.733(0.3044)

W(1)-H(5) — 1727(07615) | H(4)-H() — 1.893(0.0370)

Ru $DVIEEMGEe FY FEN 2 3 OEfi3 5 e c=E=eT /R riiEsz & o Tw
72o W il TlZ triphos BLAZ 2% facial IC=MEHIL CTEH D, 3 2O E L FY KL 2 20D
Kifie U F2FEAE L2 8 B -7, [Cp*RuHs] % —2Dfiifii v d2E, W F
DY IZFE AT octahedral & & 2 b, P(1) @ F 7 v ZRHZIC H@) 25, PQR) O+ 7 v AL

2 FhEhoi L ic Bl L ClIslifk 4 o X SEERITIc X v eonldz vikhE e L, LB
©B97X-D, JLJEKBIZ W, Ru:SDD, P:6-31G(d), & F VU FENLT : 6-311G++(,p), % DAt : 6-31G
VTR LT o 72,
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H(5) 25, P(3) @k 7 v ZH7IC [Cp*RuH3] L= v b AFNL L Tz,
W-Ru [E]® WBI 1% 0.77 EIEHICKE L, HEOEEe VY F2RALL T35 7200 Tk
<. W-Ru NIV AEERARH 5 Z & BRI N7, fuaa*%l_@ Ru-Cen DfEEEDH

HERE L 72 %S R ol iz WAV)-Ru(Il) &7 5725, ZOEHAICIEENX H o H

Mici3FRD X H1C 2 2D W-Hofire 1 2D Ru-Ho fﬁ? ZH o \//“\

BELRT LN TE S, ZOMBHEZXBLL, W-H #i&D WBI 28 wN— Ry

0.5. Ru-H #i&® WBI 28 03 &, Z8fGe F U FERAFI1E W & X Dis \\H(HV

CHEBLTWE T ERRBINT, W= (triphos)W
Ru = RuCp*

SR 4 Dk E RIS

R 4 ZERCIEERIREETH BT CIRA L. KFEOREEZ > T ) VIETIC
B L 72k E LD C-H &Y E -y 7o X 2L bW % 5 2 72, CeD12 TG
ZBPRL 72 2 A, 25°C T 40 Ff#LICIZ 85% @ $EK 4 257HE X 41, 53% UK TR
5 %527 (eq. 2-8).

P\\// N -H, \ M e 08
/,\\// 25°C, 40 h I\\/’
CeD12
4 P = PPh, 85% conv. 5 (53% by NMR)

FER 5 13 H, P NMR A= 27 PViC XD AEGE L, Bifge X fEEfimic X v Zz ok %
PELT. SPNMR A7 b ATk 3 20 Y v 23 CIEFMICEHEl . Fficy 7 u X £
AMMEL72) VIRF DY 7 F s §85ppm 1, D 7' F v (544.0,45.6 ppm) & HE~THE
GBI Nz, VVIETICHHET 2 CH #artlisng 2 &, 5P NMR 2~<72
F VTl E Sl (5-80.3 ppm) ICEBLEI X5 Z LAY Green HIC X H
STHEINTLS  (HE) %, FRCHELE HNMR 22 P
PG, 85k 5 oL FY FEGT O 27 F A28 5-8.35 122 ‘Me3'°)4""\
BRI, )Y BLURY FAFVED Ny T) v IR, 20T
L 4Hz,60Hz TH > 7=,

PMez
6-80.3

24 Gibson, V. C.; Graimann, C. E.; Hare, P. M.; Green, M. L.; Bandy, J. A.; Grebenik, P. D.; Prout, K. J.
Chem. Soc., Dalton Trans. 1985, 2025.
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g - oI Lo TAMEI N WRu SR RIBUKSRIC X > TR T 225, FHEwe
triphos AL T ZE AT 2 2 & T BILZIFITZ 2 L BHL D ICTR o7z, Fz, B 4
BOIERAEBHICe N FEALTF2BHREST 2 2 & DL 2 L 75 7223, triphos FLAZ D X F L
VERLD C-H fEEBUINi S Nz 7 u X 2 bk 5 #5252 B8 0h o7z, K 5
DIKFIC X 281K 4 OFAEZRARHB, 8 5 13 1 JEOKFR L FEL KtET
(€q.2-9). WICHIEAT 2 & THIET 2 Z L HL LR o7,

H
P_| M\ H, (1 atm)

"} Ru—— . no reaction (2-9)
E, Ne7
P C¢D
612
5

K b DTS

PR B ZA~FHVICEEIE 30°C THRHET A2 diIcko oA Ly YD T
oy ZARA & R O CHEE X BRRRERMNT 21T o 72, P BiR 5 O THEE % Figure 2-6
CEREEGRE, #AMA% Table2-4 1R L7z,

T~ K

Figure 2-6. #5{& 5 D4 FH#iE (left: top view, right: side view, 30% probability)

2 HI7E 1T Rigaku R-AXIS RAPID [m[#7%#E % T 130 °C T{T\>. Rigaku Process-AUTO
program IC X o T7F — XMBRL 72, fH&bIZ =RWERICE L. ZERIEHE P-1 (#2) TH o7z, T
B WTlE, SHELXT-2014/5 70 7 J L8y 77— v, BEEEIZX D W, Ry, P,C R T DJE
BE% PE L7z, SHELXL-2014/7 7 v 27 A% /N Fkic X 0%l L, JEKRERT%IE
LhHMCEBL 72, fETPITiE 1 9T 0o~FF v FERLIREE LTI IAE N T W2, B
T Eo/KFEIZ HFIX a~<v Fickh, ¢l) LokFEoirEEry — 27 X ) EEEZIEE L.

SHELXL-2016/6 70 277 L FVER/N_FFEIC I OVEFEL L, e FY FIdEELssc i
TERD»o7,
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Table 2-4. $5{f 5 OEARFEAE (A) LHEEA O

Bond Lengths (A)

W(1)-Ru(1) 2.5393(4) Ru(l)-Cen(l) 1811

W(1)-P(1) 23655(10)  W(1)-PQ) 2.4274(11)  W(1)-PQ) 2.4617(11)
P(1)-C(1) 1.786(4) PQ2)-C(2) 1.834(4) P(3)-C(3) 1.871(4)
W(D)-C(1) 2.306(4) W(1)-C(2) 3.430(4) W(1)-C(3) 3.470(5)
Bond Angles (°)

P(I)-W(1)-Ru(l) 125.83(3) PQ2)-W(1)-Ru(l) 109.47(3) PG3)-W(1)»-Ru(l) 120.19(3)
P(1)-C(1-C(4)  130.903) PQ)-C(2)-C(4)  109.4(3) PG)-CR)-C(@)  107.903)
P(1)-W(1}-P(2)  88.24(4) PQ)-W(1)}-P(3)  83.41(4) PR)R-W(1)-P(1)  112.26(4)

W(1)-Ru(1)-Cen(1) 177.80

W-Ru AR 2.5393(4) A L. $fk 4 © W-Ru fEAE (2.5578(10) A) & FIBRICIEH
NS WEZR L7z, i, 85K 4 SFEERIC 3 2OREF{Ee FY FickoT 2 2088
BBEICH N T o720 TH 5, 27X zaflic X ->T W)-C(1) AV E
7=, ZOfEERIT 23064)A THY ., —E W-C AR (2.02~2.52A)% 1IN T %
bDFEotz, T2, 7 X EZAALIC X o T P(1)-C(1)-C(4) (130.9(3) ©) 1 fth DR (P(2)-
C(2)-C(4) 109.4(3) A, P(3)-C(3)-C(4) 107.9(3) A) L HERTKE (EATWS, P(1)-C(1) DA
AR (1.786(4) A) dfthd P-C #Eié (P(2)-C(2) 1.834(4) A, P(3)-C(3) 1.871(4) A) & Hk_TH
K> THEH P)-C) MO EMEEETET 2D DTH o7k, PB)-W()-P(1) A
(112.26(4)°) 23, P(1)-W(1)-P(2) (88.24(4) °), P(2)-W(1)-P(3) (83.41(4)°) L HE_KZ LA - T
WpIZenb, PQR) DT VALK FY FABRML TS EEZ LD,

$8K b @ DFT 5&

KEDTNEER D B 7 2 BYEA 5a-d ICOWT, ZNZFH DFT HE &7, & BIEARR
DI ANF—ZEHH L7 (Figure2-7) %7, 5a 13 W EICEie FU F25 1 >, W-Ru [
IC 3 DOHEL FY FAZUEL & TH 0, 5b 1 W R FkFE LR TFZ2FFH. 2

DG F Y F2frolid, 5¢ 12 4 20ZEe F Y FE2FOME, 56d v 7mv A2
Lz FTRIDOHEL 725, 2D S B ba BiDLETH Y D FPEARIL 14 kealmol ' LA
FEORLETH o7, ZOFER2 L. 5K 5 bk 4 LFEERIC 3 DOZER Y FENL
TEEOMETH 2 Z LRI NI,

% The Cambridge Structural Database (CSD)

7 FpEsor L Ic B L CIEsiR 5 o X BMEERITIC X v S o i d e wIkRE & L. LBIEK
©B97X-D, JLJEKBIZ W,Ru:SDD,P:6-31G(d), & F VU FENLT : 6-311G++(,p), % DAt : 631G
VTR LT o 72,
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A
/ \\/f ﬁ

H
p_ HH
45‘?’/\_;“% +Hy +28.38 kcal mol-!
P
5b P //\\ ﬁ/ H
S * e
+19.70 keal mol. AQ’ W

5c

+14.04 kcal mol-!
P\ | '\
P\,\!l/\; \ﬁ/ AQ ;\\//R”_ﬁ/ Hz

__ 4  P=PPh
—3.05 kcal mol-t

0.00 kcal mol-t

Figure 2-7. &K 5a-d O ¥ 7 AHH T A V¥ —7

DFT G5 Clx, 45k 4 L5k 5a ZHIET 2 é:)iﬁiﬁ‘ﬁ@ﬁﬂfzt 4 DJjH* 3.05 keal mol!
I ERETH 72, FEBRICIIEEEK 5 LKEL DRKIED S 5O N v, WAIV)-
Ru(Il) OZERE U b F U FREGESh L LEREETH B 2 LA DFT stE» RS iz,

Fifk 5a DRE(UHGE % Figure2-8 12, FiA R DK% Table2-5 IC/RT, Ru £H Y i
FER 4 LRIBRICEMe T VBT EEE L o T W £hViE. v 7 u X 2 a{b L7z P(),
C(l) & 2 DDFKRA7 4 v PQ),P3). K¥it FU F H@) & 3 DO4EEe VU F2EALL
TWwiz,

Figure 2-8. #{A& 5a o fbiflifE
(7 = = HiT ipso LD AFKIR L., triphos, Cp* EDIKFRIZFRV72)

29
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vrax a7 P()-C() G L. ftho PQR)-CQ) fid L PR)-CQR) fbH &4
2L, RRHARENEL Ao T3 DD, WBI OfEIZWTFND 09 Bk TH o7z, 2D

72, P(1)-C(1) ® —HEEAWOTFEGII/NE L, W Offifiiz IV THEEEZLL 2N,

/ P

P\ -~ I“-~wll/ \R —
£ /\\// PTIN
P

Figure 2-9. #&{4& 5 DGR &

Table 2-5. $&f& 5a O E e R (EHIE - FH5E) & Wiberg bond indices (WBI)

Bond lengths (A) Bond lengths (A)
Exp. Calcd. (WBI) Exp. Calcd. (WBI)
W(1)-Ru(1) 2.539 2.545 (0.8227) W(1)-P(1) 2.366 2.390 (0.8541)
Ru(1)-Cen(1) 1.811 1.827 W(1)-P(2) 2.427 2.478 (0.8656)
W(1)-H(1) e 1.911 (0.4770) W(1)-P(3) 2.462 2.445 (0.8838)
W(1)-H(2) e 1.909 (0.4649) Ru(1)-H(1) S 1.730 (0.3286)
W(1)-H(3) e 1.934 (0.4839) Ru(1)-H(2) S 1.764 (0.3118)
W(1)-H(4) e 1.718 (0.7623) Ru(1)-H(3) S 1.761 (0.3283)
W(1)-C(1) 2.306(4) 2.306 (0.7046) P(1)-C(1) 1.786 1.799 (0.9411)
P(2)-C(2) 1.834 1.841 (0.9113)
P(3)-C(3) 1.871 1.872 (0.8894)

PR 5 I3EEA 4 OBIKFBIC I WV ERT . ZORIGHEE LT 2 2OL—F23E 2
535 (Scheme 2-3), 1 2 HIX, K 4 OFKbie PV FEAL 258 CBiEEL . £ L 72K
JRFAffEAS triphos @ C-H #itr 2 VIKT 3 2B (pathA) TH 5, FERRIC, Cp* % FFALLL
T & L7 WRu AT R e Y FEALT-25EThIEEL . L zfmauﬂ}imm
TERHMBLENTVS (eq.2-10), ° LA L., ZoOfACIHMEE Mo wal) o4k %REd+
zlinb, WD) BOEREZRE LWV A X2y ZGIC X 3 BKEKRE (path B) %
Ezonzah, BRFETED L OMECHKESETT 20028 ET S LIFTE T

ALY
H PMe
H \H H 3
\}II’V'/H\R Pies MV'H\R (2-10)
—Ru —_— u -
f S
k Y7 “h, k S
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HH H H oy
P MAN PN
u—y P
/Lljl‘l’\H\/H/ 44 P
- 5

path B H---H H
metathesis Y RVUN —H,
1 > Ru—-—
““H

Scheme 2-3. #H{K& 5 DOHEE 4 B

PR 4 E NUAFILERRT7 4 v EDRIG

Scheme 2-3 @ PathA D X S i, Kk 4 2oL TOYIWIAHETT2 2R e FYF
DI 2 0% TRB70, PV AFAFRRT 4 vV EDIGERS L7z, $EKk 4 © CeDs
BRI LBFED PV AFAFRAT7 4 VERIGEIEL A, FPIAFAFRT 4 v
Bz L7288k 7 2525 2 L2395 o7 (eq. 2-11),

MesP
p\\// A -H, p\l/ e
’] \\// 25°C, 5d l\\// L -1
CeDs
P=PPh, 100% conv. 7 (78% by NMR)

WA 7 O THNMR 227 AT MY AFAFRRT7 4 VICIRBEINE S 7 F LD 6§
1.05 ppm IZ, e F Y FiClmBEE b v 7 FAn §-9.07 ppm ICBUHl S L7z, 72 3P
NMR A% bLCld triphos FLZFICIRHE I NS > 7 (516.9ppm) Ofiic, b Y X F
NERRAT 4 VICIRBEINDG 7 F AP 6247 ppm ICEHI & N7z,

IR 4 & —BRbiRSk & DRIG

R 4 D CeDs BT 1 XJED CO ZHAL, 'HNMR HIEIC X Y IGZBHRL 72 &
A, REEDHAR D #FC. WD AN RN EHE~NL 75 7 A v F—v a vHRiEI -
TW3Z EDHL 2L 572 (eq.2-12, Figure 2-10, 2-11, 2-12),
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HH b H
p\\v\{/H\R co P\V|v/ A
Uu— > -
P o
/ijl \H\ﬂ’ -H; L I\H\H,
P P
4 P =PPh, D

(2-12)

3 HIZICHIE L7z THNMR A~=7 FTld, $5E 4 O 7 F A28k L, #8F 9 1)
JEEd > 7 F s 5-10.09 ppm? Bl & iu7z (Figure 2-11), ¥ 72 Kt <id, FPREA
Dot F)FFNCHETEbDEELNE T u—Fhy 7 FAd §-7.65ppm ICHEINT,
SIPNMR A= 7 P ATk §0.6%° ICHiK 8 IWRBI NG IV FARR VY IRAT VYV EDYT
74 bE—72 Qwe=211Hz) %> CEUHIE L7z (Figure2-12), F 72+ [k D oV v EfL
FLEDONBZ L I FAN §-245 CXVIATVYEDHFTFI4 ¥ —2 (Jwp = 297 Hz) %
o TSI N, ICK THRORNMINA <7 Frclix, $Ek 8,9 WREI NS v /)
ADBZNZ I 1838,1930 cmt S OF 2001 cmt IS X 4v7- (Figure 2-10),

100

90

80 |

70

%T

60

50 |

v(CO) |
40 | 2001 ,1930, 1838 cm |

30
3600 3200 2800 2400 2000 1600 1200 800

Wave number [cm1]

Figure 2-10. #ifk 4 & CO L DIGTHONZEFYD IR A< + v (KBr)

2 For examples: (a) Nelson, G. O. Organometallics 1983, 2, 1474. (b) Stasunik, A.; Wilson, D. R.; Malisch,
W. J. Organomet. Chem. 1984, 270, C18.

2 For examples: (a) Piana, H.; Schubert, U. J. Organomet. Chem. 1991, 411, 303. (b) Chatt, J.; Watson, H.
R. J. Chem. Soc. 1961, 4980.
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04
o4
5 A A5
comAs — Ll | - A
15 min ‘LM.J%__A u JL
D
3h _L ol e e | o M A L
10h L o A J oy A A
3 U N O d _— n
toluene 9 H,0 9
3days —Nl_—ld_lk_ e | i
||||\‘|||||\\Illll\\‘lllll\\lllll\\ T T | T | T
2.50 1.50 0.50 ppm 5.0 -10.0 ppm

Figure 2-11. $4{& 4 £ CO & OO FEKFZ(L (*H NMR, 400 MHz, CsD)

CO E &l
l D
15 min l
3h 4 J L L
10h . | ‘
22h . 1 |
|
3 days L.
T T I T T T T I T T T T | T T
50 0 =50 ppm

Figure 2-12. #§{& 4 & CO & O KIGOMRERZA( (P{*H} NMR, 400 MHz, CeDg)

fifk 4 & CO LoRIETIE, BHO—BLKFEIIGL . WIRU — B33 L 72 b
DD, P NMR A7 FAVTCRY ATV EDYTITA P — 2 %o - —EHRPBE X
N7z b, EEYoE 8 ik D 13 triphos LD C-H FE&2 YR & dic
BYTAT VML TOWE R0 otz, . W OELEUI e F U F 23R T Bk
T35ZLT 4 flins 0 fli~EBEITTEIERHLLL R T2,
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DX HIC, 1 RO FLRICT 25EICIE, K 4 Ze VY F2FEET 52 &
TR MR SETR 025252 803007, L2LARBS, —BLKEE DRIGCTIIHE
Boe FY FRMFEABBEL Y 272 v7—vaviaRITIeBHLL R T
(Scheme 2-4), 7z, n AWM FBFEEL RWEE, e Y FEAFORRIC X > Ty
7 XZMACHBHEITLTCLE D 2 ehb, #iK 4 12X B3 RER/NDFOIEHALIZNEECTH
5T EPREINT,

_|.|2 p
~
WII —
I\\// ﬁ /E//\\/, ﬁ >, fragmentation

4 P =PPh,

Scheme 2-4. 51K 4 & 1 ZEMWENLT & O RIE D HEE )OS
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B MUXTFIRRT7 4 vEIFERUFE L2 WRU RYU B RFU REEOER

ZHiTiZ, WRu FY e FY ik 4 28 E T C triphos B FD Y 7 v X 2 afb%
BT ermli~7z, T, triphos LA T D 3 DDRFEHI KA FICHONEETH
D, RV ITRATVICEN T2 L TCERABEL -0 EbNS, £ I T, triphos Ofib
DI 3 DOHMEFRRT 4 VRN TEAHAWE L TRV I AT VvEDLY DERAEMBH L, A
Az e NV F@’%Hﬁ%ﬂﬁ’@% %% D& #E 7= (Figure 2-13),

H
P. H
\ |v Ru" P\W"/—\Ru” / l / \ u—
/L]’\\/I —H2 p/ \H\/H/ P ’\\/l

P =PPh, low-valent specie
HH R.P small molecule
\/ H 3 \ H activation
RP— v RsPy”
“wilV— Ryl X —_— 3P ~wl—Rull- S —_
R3P I\-I\// -H, " P/ \H\T-I/ —_—
3

low-valent specie

Figure 2-13. xR 7 4 ¥ ZXFFEALT- & L7228 WRu R U b F U FEERDHF T8

FUXFILRRT 4 v EFFRATE L2 WRu RY B R REEDER

3 DODHBEHFAT 4 vORY AT EY e FY FHifRE LT (MesP);WHg (10)!" 23R
HINTWS, [Cp*Ru] == F & LT, [Cp*Ru(x-OMe)|: (2) % HAZAR Y v F VU Fififk 10
ICRIGEE 2 Z 8T, 85% DINKTHIRD WRu ~¥ &t F U F§ifk (MesP);WHa(u-
H);RuCp* (11) %1572 (eq. 2-13).

e P \ // 1/2 [Cp*RuOMel, (2) M??P\\ AN
MeP~ N\ MooH . Megp” | S (2-13)
3 / \ -Me P W¥H
M93P
10 11 (85%)

R 10 (3 KH X 27w b yvifbick ), 7= vHEFI) e F U FEEHE
K[(MesP)sWHs] #5235 Z L 3HI LTV 5, [Cp*RuCl]s(3) &#5AK 10 2 KH f£{E T T
MIGEE23 22 Th, FHCERTET7 =AY ERI e FY FMEoliEH v 7Y v 2ic
XY EHE 11 M55 N7z (eq. 2-14),

1/4 [Cp*RuCl], (3) H

H
MesP— \// ~_pMe al >~ M?-sp\év/ “Ru (2-14)
3 Lol n I\
Me;P /\\ —KCI MesP” [ \N~77
M93P
10 11 (92%)
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FER 11 13 'H, 'PNMR A= Fov RAMRINA =7 v, JTEESICK O FRIEL ., H
fEdh X BRERERRTIC X W BE R IRE L 7z, 80 °C THMllIE L7z 'H NMR A2 b LTl
Kiie NV FEAMTE3E e F Y PR T2 2:3 offgatbc, 2z 5-4.9,-9.8ppm I
Yy edhy 7Y v X Y UER (Jey=40Hz, 11 Hz) CTEI% X 17- (Figure 2-14), triphos
Behr FAFeofR 4 L I3RZ Y Kine 224G NV POy A P RHo@EEIE NMR X 4 4
2T =N EHRTHIITEL hoTniz, KB XU 4EEe F ) FERAL D> 277 F i3l
EREORTEEbIT, ThEh Tu—Fov T3 H%s iz, 2Ee FY Fid
fifD> 7 F iz 80°C THEIALZZEETHo7225 Kifie NV FEA T 7 F i
—60°C T §-12 & 87ppm ICHH L7z, /-, EiRTIE 51.6 ppm ICFHMICBIE X N7z
FIRXAFNKRAT 4 v DAFAIED S 7 F b —60°C TlE §1.5 BXU 1.7ppm T 1:2
D2 KDY FAMTHEEL TR I N, ST, P Y AFAERRT 4 VRN TR
ik N Y FEAZ T Scheme?2-5 /R L7z & 91, W—Ru BEicxf L C; NFRICEN L 72 F R
74 VLT OARICE FY FEMF2RADRADL X5 RBINEEIZR> L Ex b5,

PLEofERIZ, 11 13 W—Ru 2 &THEE2 0 THICROBETH 20D, W EoXK
e K FFEMTHo7- 4 ERZZY, 11 © 2 DOKIe F Y FIZRAZBEICIET
2ZLERTHDTH o7, MRARINZA~7 b rTld, WW-H) KIRIES 2 2 FEEOK
NS Z N Z A 1699, 1775 cm™ ICERHI X 7z,

u-H
Cp* 3H
15H PMe,
27H W-H
"'l\ 2H
[ ] ! A
I
60 °C 1
A J'g_ . ,.J . R _ 1l
oC | I ’
40 N _J ‘\_ AL
25°C )| L BT l
I
0°C | | G B B mn
I M
-20 °C ‘L; _ 1L k
|
—40 °C _%-‘L\ At - L ﬂ I
60 °C | Moo A ‘”\
) *r“"“\—-f;f_»" M o W Al b
18H gy 1H 1H 2H
oec ) ® A N
A VAN A o o I i JW\L/‘
T T ‘ T T T T | T T ‘ T T T T | T T T

2.00 1.50 ppm 0.0 -5.0 —10 0 ppm

Figure 2-14. #5{& 11 OREN[Z 'HNMR A7 bV (400 MHz, toluene-ds)
(7£) : Cp*,PMes I, (#) : & NV Pl (@: HABOKIEY — 7, A: (MesP)sWHe)

36



TE XU RATVEICKRRAT7 4 VENFTEET S WRU RU e R RS

EDOERE RIG
Hb Hb P P1
P3 1 P3
R # Y1 \ R w
H,—W, Ru _— Ha_WghRU S H,—W Ru <— H, W\ Ru
Npt / My A R
p? Ru =RuCp* P? P? P2
side view
P3 P1
= W
P2
Scheme 2-5. #5118 11 © & v 7 A7 v ORI T DB ZEH)

Widih v 7Y v RGO T = LN T A4 FEARIC D T & | (PhsP);RUHCIE % Hif
BRfA L 32 Z & T, (MesP)sWHa(u-H)sRuH(PPhs), (12) 28 19% NMR UK T 5 L7 (eq. 2-
15)s

H HH (Ph3P);RUHCI H PPh,
Me3P\\ V4 oMo KW MT:P\\\N/ N\ / PPh, (2-15)
MesP/ \\ ’ THF-dg Me;P” \H\// \
—PPh;, - KCI Me,P
10

12 (19% by NMR)

A 12 @ 'HNMR Z_Z FATIE, 2 v 2727y EogRie F Y FEAI 7. 286Ee ¥
U VRN VT =7 L EDKGe U FEALF23IEEEAMIC 5 -4.08 (brq, Jen = 40 Hz, 2H,
W-H),—6.51 (br, 3H, p-H),—9.67 (brt, Jou =27 Hz, 1H, Ru—H) ppm (CBUHI X #1172, 72, 3'PNMR

ARZ MATIE 2 HEOKRAT 4 DY 7 FAD 5-15.2,69.1 ppm (CBUH X 7z,
FEIR 12 IO W TIZIRAEAZE NMR HIE 13T > Twawpd, EiRCTHIE L 72 NMR A<

2 MABIE 11 EEFRIC NMR DX A4 L A7 — A TG FY FERige KUY Fo¥ A4
FABLIE C X AW EARHL 2L o T,

%0 (a) Hallman, P. S.; McGarvey, B. R.; Wilkinson, G. J. Chem. Soc. A 1968, 3143-3150. (b) Manuel, J.-
T.; Carmen, P. M.; Pedro, V. Inorg. Chem. 1994, 33, 3515-3520.
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R 11 onTHEE

FER 11 ORVE VIR EW K VERFKIE S L THELNBERENZ WS
X MRS 21T - 72, 3L #5R 11 o7& % Figure 2-15 1<, E4EAR - GA%
Table2-6 1Z/R$, #&5(A 11 OFESFHE TiX. W), Ru(l), P(1) % & Tkt i 7 0 PRI 2577
EL 72,

Figure 2-15. #5{& 11 D7 FH5&E (30% probability)

Table 2-6. §i& 11 D EAFHEAE A) LHEAA ©

Bond Lengths (A)

W(1)-Ru(1) 2.5509(2)  Ru(1)-Cen(1) 1.795 W(1)-P(1) 2.4045(7)
W(1)-PQ2) 2.4313(5)

Bond Angles (°)

W(1)-Ru(1)-Cen(1) 179.45 Ru(1)-W(1)-P(1)  110.369(19) Ru(1)-W(1)-P(2) 101.688(11)

P(1)-W(1)-P(2) 100.376(13) P(2)-W(1)-P(2')  140.80(2)

SR 11 ORGEMENTCIX. B 4,5 TREMICTE b oz VY MR TF2ERHLT 2
TEBTE, TNFETICHEE L7z X 5 ICBMBAIC 3 oL Kighiic 2 DFET 2 2 L2 6
b inodz, K 4 TiE triphos BRI T 13 facial ICEAZ L TV 7228 (22T D LP-W-P=80°),
R 11 OF R 7 4 VEUIF T meridional ([T WESE CEMMZIL Tz, 720 B R U FAES

8 %Eﬂmci Rigaku R-AXIS RAPID IEIT &% M \W»T ~114 °C TfT\». Rigaku Process-AUTO
program IC X - CT7 — XA L 7z, #kdhl ilEﬁE‘ﬁEl;\?‘ CJEL. ZREEE Prma (#62) TH o7z,
Bric s vaTid. SHELXT-2014/5 XU SHELXL-2016/6 70 2" Loy r — 2 & v, [HIEEIC
X 0 IEKEIR T DFERE % RE L 72, SHELXL-2016/6 71 27" 7 L% FWwi/N " FiEIC X EEL
L. JEKRFBRTZIEESEICERL 72, B+ Eo/kEIZ HFIX a~<v Fickbh, e FU Fig
ZAKEAT « KIRlric B 3% v — 7 OFFEICHEE L. SHELXL-2016/6 7' v 77 L% FWi/h 5
B X W REELL 7=,
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BBV 72 PQQ)-W(1)-PQ") D&, VT = ADRHIlIC—2>F DENL L Tw7z, HiJE
FRRA7 4 VICEEbE LT, AR 7 4 VM THEOIAKEEZEBEI 2 LI
meridional BDONIHHER & o7-b D7 EZ LN D,

DFT FI8E32 1 X 2865k 11 omol(bHHE I, Hifha X G cf o n-fiEz R
CHBIL T, Rl{Liit% Figure2-16 12, fiG RO WEAL Table2-7 12773, Ru b
DiFTNE CORREFEIRICEMY 7Y 2 fATFHEL L >oTwi, W £ Y13, [Cp*RuHs]
2=y b E—DOlIF & AT LA octahedral #iEx &L > THY, P(1) DFTF VR
fiZic P(3) 235, PQ2) ® b 7 v AfLICKEe F Y F H@) 28, [Cp*RuH;] ==y FD FF VR
fricKime F Y F HG) 25EALL Tz,

Figure 2-16. #{& 11 OfFE{LHEE (Cp*, PMes £ C, HIEFIXFR72)

Table 2-7. #5(& 11 O FAafARE (EHME - 3HEME) & WBI

Bond lengths (A) Bond lengths (A)

Exp. Calcd. (WBI) Exp. Calcd. (WBI)

W(1)-Ru(1) 2.551 2556 (0.8227) | W(L)-P(1) 2.431 2.449 (0.8828)
Ru(l)-Cen(l) |  1.795 1.820 W(1)-P(2) 2.405 2.418 (0.9495)
W(L)-H(1) 1.82 1918 (0.5334) | W(L)-P(3) 2.431 2.449 (0.8828)

W(L)-H(2) .88 1.939 (0.4819) | Ru(1)-H(1) 1.75 1780 (0.2853)

W(1)-H(3) 1.82 1.918 (0.5334) | Ru()-H() 1.65 1758 (0.3348)

W(L)-H(4) 1.67 1,753 (0.7992) | Ru()-HE) 1.75 1780 (0.2853)

W(1)-H(5) 1.67 1,785 (0.7795) | H(4)-H(5) 1.92 1.988 (0.0289)

2 MhEmoi L Iic Bl L CiEslifR 11 o X BEERITICc X v SonEz vliihE e L. LB
¥ ©oBI7TX-D, FEJEBIH W,Ru:SDD,P:6-31G(d), & F U FEALLT : 6-311G++(,p), £ Dfth : 6-
31G FHOWTCEIREEZTT - 72,
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Triphos % XIFACAL T & L 728818 4 OF§E % FLIC, triphos AL T % PMes ICE 11 T
DFT FHEIC X 2 & RE\LZ{T o728 2 A3 DD PMes % facial TX v 7 AT VICHAL
LREEICIOR L7z, CofdE (1) &, 8 1 oA F—E 2R Thize T A, 188
kcal mol™t & 11 D3 ) BLE TH > 7= (Figure 2-17), T4, TR 7 4 v OEHED facial

2> 5 meridional ICTWEE L 2B 2 LT, TR T 4 VEDNIERKEMEIHT B 72077 L #F
bbb,

H H

H

Me;P ‘)v/ \ \//H\
Me,P—W, Ru—
Me3P P/ \-l\/' MeP \m\/H”
MEa ME3P
11 (mer) 11’ (fac)
0.00 kcal mol-! +18.80 kcal mol-!

Figure 2-17. #&5{&11 & 11" OF 7 AHHZ AV F —5

ik 11 OfikERIC

H
MesP__ \/ \ 120 °C 2-16)
H— > No Reaction 2-16
Me;P /\\// CeDs
Me3P

11
FTHWKESETT 2 4 LIFHRE D, 8 11 12 120°C THLRETH Y, KFED
FBfE B X e D o 72 (eq. 2-16), THLIX, #5R 11 oFKie NV FEAZF L2846 e RV
FEAZT-& DF A P2l Lz 2 & Te F Y FEALFREZNED K B2 L, ik
FLObLrokz®ZeEZ B 245 (Scheme 2-6),

vacant site

P\\// e e P\
it = e

P =PPh,
vacant site
H
H ¢ H
Me3P\‘\N PN —H, Me3P\V:v AN
> u—- - D S &
NN ~ IR
Me;P /H\H Me;P /H\H
Me3P Me3P

1"

Scheme 2-6. §5{& 4, 11 D fi/KZE G
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TR BER 11 L —RBLRFB L ORIGTD, £ DSUSHEIZIEF IR, $ER 4 & —&
LIRFE L OROETIZ, —HFZICIE 4 HIFIEETHARL TR, 1 JED CO FHAT T
bR 11 DERBRIT 24 REIT 6%, —BEIERTD 12% TH Y. 2O RIGHET 4 &
LTRZELET LTV (eq. 2-17)0

H
MesP\év/H\R CO (1 atm)
— u—-— > unidentified complex (2-17)
Me;P” / Sy CoDe, 1 week
Me;P 12% conv.

1"

HRZEER 10 RRITHRE TEM I N T W3 Cp*WHi(u-H):RuCp* 13 RAEFIRALAKE & K
JGF B DICHT L (eq. 2-18, 2-19), 339 ${k 11 TlIa  RICHHET L b > 7 (eq. 2-20),
TDZENDH, WIV) & FY Fiifkd b 0/KADRTHINEESNEECTH 5 2 L ARBI 1
770

Me;P H\ ;H @ Me P<“:$ PMe;
3 —=W—FPMe, > 3 =W (2-18)
MesP— / \\ 80 °C, 3d MesP | H

]
/H\ PhCCPh (2-19)
7
\H\H/
H
Milsl’\‘)v/H\R C,H, or PACCPh
— u—-— > no reaction (2-20)
MeP”/ < C¢De, 80 °C, 24 h
Me3P

1"

8 Green, M. L.H.; Parkin, G. J. Chem. Soc., Dalton Trans. 1987, 1611.
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R 11 ORI

JEMRBNIC X 28R 11 o v F U FEALFORiEE 2 BET L 72, #5448 11 @ Uv-vis A2
LTI AR IRINE R 23 386 nm ICBIHl & 7z & & A6 (Figure 2-18), #51A 11 @ C¢Ds AR
WAL 365nm % 405nm ® UV ZWE L7225, RICIEELETLAR2 o272, — /T, K
WNFEORKELZBH L2 A BIEOR Vv EV ERIEL, 7 = = A8k 13 2B L 72
(eq. 2-21),

250 300 350 400 450 500 550 600 650 700 750
A (nm)

Figure 2-18. UV-vis spectrum of 11
(THF, (a) 0.887 x 10> M (b) 0.887 x 10 M (c) 0.887 x 107> M).

H H Ph
H H
M?P—\év/ Sy ™ Iwesp\\m{/—\R (2-21)
e _ - u—r -
Me,P /\H\H' CHe, 1 days MesP /\H\/H/
Me;P Me;P
1 13

FER 13 © THNMR 22 F A Cld, FR7 4 vV EDIERFEIC K Y 7 = = Ao [z
BIEE Y, AN A 2o 7 a b vz nEnIEEMIC 1H FollEhz, k.
Kot MY FEAFE 8L F ) FERAL 2320 Z4 §-5.03, -9.40 ppm IZ 1:3 DL THL
HE Nz, Kie FY PRI Vveosy 7Y v 272X Y doublet of triplet (Jpy = 94
Hz,24Hz) CHlllE iz &h b, 8k 11 LB VA 13 Clix v 727 v Bk 7
A VI FOH A PRI E T L0 h o T,

Ry ORD Y ICEHAKFMR VY TRIGZEBIFLZE A, Kink VU FEALT-72
Fohal, BiEe F) PR DEKREBRINDE Z B0 o7z, 2D Eh b, KRBT
TG F Y FEAMFEe R FY FEMFOY 4 FRfas XK e F Y FEMFO
BB E TWB 2 LRI NI (Scheme 2-7),
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D CgDs site H CgDs CeDg D CgDs
H exchange / D _ / D
\VZ/ N J \W/ N CeDsH \W/ A
u ~ u ~ u
NN\ 7 \NN\7 NN\ 7
>H H\H H\H

W = W(PMe3;), Ru = RuCp*
Scheme 2-7. J¢HRH T Cco R 13 DEAKFE G

Green © (¥ Cp,WHy SRR LRV v CRIEHAZ/T5 2T, Z=z=r N M
K CpoWHPh 23442 2 &L ZME L T3 (eq.2-22), * £7-%LHIZ, Re/Ru MKV &
KU F§sAE R v 2 VAT CRIES3 2 2 & C, Re Kighic7 == kgl s e

ZHHO I L7z (eq2-23),
- { : H
Ph-H N (2-22)
Ph

&\ A —-H; &
H

AN
W w _— W,

<\J/ ~ hv (366 nm) Q/ N

HH
H H
\R‘|/ \R hy \R|e/ \R (0-23
é u—- _— > u—- -
v 7, ~ \ e
W CeHe W

Ry VYN DOBEE L LT &V THF, F VT v % HWCTERIGETT - 7225, 'THNMR
AR P VTIIER DO > 7 F AR B S NFEE XN 572, 7 u~FH v 2w
AT, R 11 O 7 FAEA L, 5-5.4,8.4,26.0ppm IZHEEMLAEY OERICHES 7
0— N7y 7P AnBllE N, ZOfFEIX, HE 13 OERGERE T, Bt 7 v Ak
BIERAER L, 2By ¥y D C-H #itzlkid 3 & 2R %L TWwa (Scheme 2-8),

H H y hv o Ph-H  H Ph
\VZ/ \R - [H°] |JV/ \R —-[H] \vé/ \R
u — u| /—/—— u
NN\ NN\ NN
>H }H }H
11 W = W(PMe;), Ru = RuCp* 13

Scheme 2-8. iR 13 D HERE 4 BB

34 Green, M. L. H.; Hare, D. O. Pure Appl. Chem. 1985, 57, 1897.
S ZH i, B, AR LEKRY (2012).
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R 11 oA k1

AU e FY FEE%E 7 m b vbd 25 L ckF2WiRE LB AR Z KT 5 2 &2
MohTwd, 22T, K 1 oYz F Lz —FAERICH L@ ED HBF, iz 72
A2 BT b AL EBUKERR Y VA F A VIR 14-E6O0 S 57 (eq.
2-24), 'THNMR A7 PATIE, PV AFAFRT 4 VDRAFAED Y 7 F A §1.79,1.84
ppm IC 2:1 O CEME N, £ BALLZ 2 DFOYZFAZ—TLDY T FAnEE
fificElZ I Nz e VI FALIZ—=TAIE W LT 7 VRICEMNLTWEDDEEZ
b,

H H HBF, * Et,0 Et,0 y "] (BFy)2
M?—P\\)v/—\R —>_2 He M I\:'e—:’P\vl\l/ \R (2-24)
u—p e u—r :
NN 3 1IN
Me,P /H\H Et,0 MesF | 0
Me,P Et,0
1 14-Et,0

REBERLEORIGTIE. BT =24V THEALEFL T — P ORBHEERE =D, AR
FUT—IRRYTATVICEALL 2R ERE 15 25 272 (eq. 2-25). #HK 15 X 'H
NMR A_Z bov, JTRAIIC X D FEE L. B X SRS Ic X W 2 e L 72,
'THNMR RA<7Z7 FATiE 2 O 7 c = VBB, PYRXFAVFRAT 4 v DAF L
Fix 61.52,1.75ppm € 2:1 DT, B F U FEALFIE 6-7.97 ppm (C doublet of triplet
TEHElE N7,

H PhCOO
Me3P\\/H\ 2 PhCO,H MesP | M\
—wi—Ru—X — »  PhCOO—WZ——Ru—Y (2-25)
NN 1IN
MesP /H\H THF Mes? | W T
Me3P Me3P
1 15

A 15 O AT VIR A ERCHIET S L CELNABAEEEE W CHEES X
PRSI IAANT 21T o 72, %8 851K 15 D FH§iE% Figure2-18 1T, EARfEA R - #i& M % Table
2-8 1Z/"T, Figure2-19 IR T X Hic, YT FLrz—T A8k 14-EL,0 L EAR D, 2 2D
ANEFS T — PEEF Y AR CELL T Tz,

% JMI%E 1X Rigaku R-AXIS RAPID [H[#7%&i&E % T —106 °C T{T\>, Rigaku Process-AUTO
program IZ X o CT7 — XML 7z, KifhiE =RERICE L. 20T PI#H2) TH o7z, fiF#bTIC
BWTlE, SHELXT-2014/5 MU SHELXL-2016/6 70 2 J Loxy 7 —J R v, EEFEICXY
JEKEIR T D JERE % RE L 7=, SHELXL-2016/6 71 7' F L% v/ FEIC X VEE L.
JEKRFBIRT 2 IEFESEICER L 72, BT LEOKFEIF HFIX <Y FiIck ), e FU FIZZ3EE
FICH 2= — 7 OIS E L, SHELXL-2016/6 70 7" L% Wi/ 3 kI X D AESR
L 7=,
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Figure 2-19. #{& 15 O FHEiE (30% probability)

Table 2-8. $&(k 15 D F AR A) LfEEMA (©)

Bond Lenghs (A)

W(1)-Ru(1) 2.5259(6)  Ru(1)-Cen(1) 1.820

W(1)-P(1) 2.5013(13)  W(1)-PQ2) 2.4867(12)  W(1)-P(3) 2.5222(12)
W(1)-0(1) 2.181(3)  W(1)-0(3) 2.113(3)

Bond Angles (°)

Ru(1)-W(1)-P(1) 96.32(3)  Ru(1)-W(1)-P2) 98.94(3) Ru(1)-W(1)-P(3)  95.97(3)
Ru(1)-W(1)-0(1) 107.92(8)  Ru(1)-W(1)-0(3) 177.52(8)  W(1)-Ru(1)-Cen(1) 175.05
P(1)-W(1)-P(2)  93.38(4)  PQ2)-W(1)-P(3)  98.94(4) P(3)-W(1)-P(1) 161.01(4)

P-W-P DFEH 93.38(4), 98.94(4), 161.01(4)° &, #5k 11 LHELTLY W TbH o
BeA7 A& 28 octahedral W& ICIE DWW 72, THiE, e P U PRV F2rLALRF 7 — i
BT F~EBWINEZ LT, NIAFAKRAT 4 VBN FERZTE LI hotzlz®
THh 5,
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PR 14-ELO 3B ZIC = — T VBN T OERRSHETT 2, €YYy TR, 2V IR T
vice ) YRR L 23R 14-py 2E DL L7 (eq. 2-26), FHEIE 14-py Tl Y ¥ VAL
Tov7Fan 2 BEHIE I, 14-E00 O X 5 IIRERML 728+ 7 v AL Clifr 3 %
TlE7e <, 5K 15 LFRIBRICY ALICHIE L T3 2 L ARB I iz,

Et,0 1 (BF4), py T (BFy)
H H
M nge3p\v|v/ \R IVI%P\vl\l/ b (2-26)
e;P—W——Ru— > py Ru—— -
’ b A Ve
MesP | I pyridine Mes? | W
Et,0 Me,P
14-Et,0 14-py (py = pyridine)

R 11 & ZBRfbir®k & OIS

WA 10 132 RRILRF L MG L, B X F A< — FEHA (MesP)sWHo(OCHO), %5 %
ML T WS, RIS, R 11 © CDs ARICH L 1 SUED FE{LiRHE %1
MEezzeT, Kk FU P~ 2 5F0 BLREPBARIC L, R FL~<— b EEK
(Me3P)sW(x-OCOH )o(u-H):RuCp* (16) 235 H 172 (eq. 2-27).

H HCOO H
e L™ €0 1 atm) ccl\)ngsp\v'v/ R (2-27)
e — —_— —  — -
M P/W\\//Ru c.D H 4 \\// u
€3 / H H 6Ds Me3P| H™H
Me;P 25 °C, 14 days MesP
1 71% conv. 16

FEIR 16 1X. A 11 L FWARIGIEZ 2L THLRRAKT 52 L AHKS, #iE 1
& TR R & D JOG Tl SOGEEE 23 GERME D AKD o 72208, ¥l & o SOGILERIIC
HEFT L 72 (eq.2-28), K 16 ® 'HNMR RZ~<7Z kATl 2 MO L~ — M 7Dk
#6584, 11.7ppm 70— KAy rFre LCEllEhnz, RIMRINR~Z b L TlE,
WCO) ICIRIE X N2 WINAS 1637, 1672 e ICELHI & L7z,

HCOO
MesP\\ MO HCO,H MesP | H
—WZ—Ru-Yt — > HCOO—W, Ru—Y- (2-29)
7
oot et |7
MesP 25 °C, 5 min MesP
1 16

%% P Pk e “BLRE L OIETIE. LIFLIZEE-2EE%Z Fr~— b 2545
L7=dtkigEon s, HlziE, Holland &3 8k v F VU FEA L “ILIREDSRIG L.
CABERL e — AR5 2 5 2L B RE L TV (eq. 2-29), ¥

% Yu, Y.; Sadique, A. R.; Smith, J. M.; Dugan, T. R.; Cowley, R. E.; Brennessel, W. W.; Flaschenriem, C.
J.; Bill, E.; Cundari, T. R.; Holland, P. L. J. Am. Chem. Soc. 2008, 130, 6624.
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\/\/ . (2-29)
/\/\ g ; 2
I’

Ar = 2,6- |Pr2 6H3_

—J7, 85R 11 13RO e Y FEAZFOABKIG L., 2B2f&e F Y FEA RSB S
Loz, ANEFL T — PERMTFARE TR SRR E Ro/Z i3, W RICH
ML 7-FECH LT Cp*Ru AR LICS W &% E L TH D, PsW-RuCp* OFI&I
IR EZ TR LICS WHETH 5 2 Lk X 7z,
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FEUE [Cn*Ru] 2=v FZ2E 2= WRuU RY b R FEEERDERK

ZAFI, 1,4,7-trimethyl-1,4,7-triazacyclononane (= Cn*) & v A 7 4 VAL DRABCHL T
HFA VLT =T Ly EZ e R Fﬁ%{zis [Cn*RuHsRu(PR3)]" Z AL T3, 8 &
A7 4 VIRALFA PBuMe THIEEICIE, Z8ME MY e MY PR E 1ZIERP ol

DTREBERMETFE2ETEBE e FY P fﬁfZIS F ~BMET 22 enHO LR T
(Scheme 2-9), Ru MO FELI T2 E 22 2 & T, 4Ge V) FEAMZTOMHE»IZE L, X
DRI S HICALZ R L D 2 BRESEEEIHETCZ 2D LFE 2, [Cn*Ru] 2= b
ZFD WRu Z“HH VU e F Y FEEROAKZ R L 72,

+ H +
Mez'BuP\\/ \\/fl%j o MeBup—_ M T \ :
MeZ‘BuP// \\/fu\ 2
H /

E F
Scheme 2-9. [Cn*RuHsRu(P'BuyMe),]” @ “F-fi

N/
~ Mez'BuP/7 \H/ ’ \N)j
H N7

5% 4R Y 13, BKEICX YA AREAELZ 5 2 5 [Cn*Ru(H)(H2)2](PFs) (17) & &
Ve F U FER Cp*IrHy, Cp*OsHs, Ru(H)2(H2)2(PR3), ZKIGEE 52 & T, KV e FY
N # & [Cn*Ru(u-H);IrCp*](PFs) (eq. 2-30), [Cn*Ru(u-H)3(H)OsCp*](PFs) (eq. 2-31),
[Cn*RuHsRu(PR3)](PFs) (eq. 2-32) &KL 7z, RIFKIC, 51K 17 & (MesP)sWHe (10) %}irﬁ
X528 T [Cn*Ru] ==Y F%FFD WRu KU b FY FERBELNS D D & HFF

hna,
~1PF PF
<~ o oSy 17
| \ I H\ —3H2 / \ //Nj )
Ir + —r” —_— —Ir\\//Ru (2-30)
u °
Y Coy- | —/ MeOH, 60 °C ~ \N/
HH Lo )
PF H PF
\Q pav 1P Y \Nib ] PFs
0 v Q] B — T, 0L —r{—™ (2-31)
2 = o /- -
H7 | N I;/N,R|u\/H MeOH, 70 °C N~ \N/
PF PF
, PO /\N: ~1PFg . - \ \\Nib — PFs
H/\Ru/\H + ¢ E‘ ;\R‘lu/\HH — oM cys P> \/\/Bu/ NJ (2-32)
Hay| M Co\- | ~ THF, rt V3 / \N/,

% (a) Namura, K.; Suzuki H. Organometallics 2014, 33, 2968. (b) AT 25, “FA7am s, BIR TH#ERY

(2014).
39 Shima, T.; Namura, K.; Kameo, H.; Kakuta, S.; Suzuki H. Organometallics 2010, 29, 337.
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FEIR 10 L 85{K 17 © THF W% 70 °C CTHEfET 2 2 L T, [Cn*Ru] == b 2D
7T A VERER 18 B LTz (eq.2-33), FHIR 18 (X 'H,3PNMR RA~=7 b, FRIMKIN
AT BV, JEHROMTIC X D REGE L. B X SRS IC X DG R E L 72,

H\ }H \/\T He oup F{ H \N:|>_|PF6
Me3P\W/_PM \R / HH _ 3H2 L [N} 3 \W/ \n //N7
Mop— es + (A u\/ > H— \\/.\u (2-33)
e; /\\ 7-N | THF Me,;P / 7\
H \H \ 4 H 70°C, 1da N
H » 1days Me;P /
10 17 18 (65%)

Cn* #51K 18 @ HNMR 27 FTld, Cp* #&fk 11 LEERICKIHE V) FEALT &
e P U FEAT25 2:3 OGS CIFFMICB T Nz, EEEMTIE. F) 250
FR7 4 vEe FY FERATFOZEBIGEI T, 2 DoKbe VU FECALFA3IE A 1< 8l
M X 7= (Figure2-20), & F U FECAF OREAIRHE T, (X, -60°C Ti/IMH 0.268s TH -
T2l eh b, HTKBHEEDOTG IRV LRI Nz, RABINA T b LTl 1798,
1826 cm™ 1T UW-H) IZHR)E T 4 2 WAL = 7z,

PM83

p-H
N-Me 27H 3H
9H ” W-H
. N-CH, H oH
. 6H 6H I
60 °C L e ﬁﬁb[\_‘* I )
M
s°C |l . N " M
| m \
2500 jk_yﬁbm SR . - A e
| |
0°C _Jr‘ kA - .gir I\___._ _ , JL_,__,.,_
| |
—20°C _|| B, A I\ _
| 44“
—0°c || Jiu L
| f L
_60 C Jl_ f“‘ —— /“ I\ A JI
. . 1H 1H L 3H
o ".
—80 C_ J’LJ\\; o gﬂHL, J‘L M n JI
LI | LI T T T 1 | T 7T | LI | T T | T T ‘ T T T T T T T | T T
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Figure 2-20. #5{& 18 OiRER[Z 'HNMR A7 b)v (400 MHz, THF-ds)
(f5) ; Cp*,PMe; fHI, (£5) ; v FY Pl (@ HFEHEOKE Y —7)
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iR 18 O TFiEE

#R 18 @ THF IS L, EbO ZW o K DIEEE ¥ % & & T b Lz AR tafl i % H
WCHIE R X BEEIRNT 2 1T o 72, 2 85k 18 0 TREE % Figure2-21 1T, FfEd
fEA A% Table2-9 IC/RT,

AT =7 L L ORFENL 2R E, S5A 18 138Kk 11 213 & A CTE UG T, W-Ru
AR 2508 A LEWEE R 572, Ru Y IE 6 FfLD octahedral fEiE%E & > Tz,
Cn* & DONMARKFICE D, 85 11 LI b Y XA F KRR T 4 VAT 239 i
WT W7z (8K 180 ZP(1)-W(1)-Ru(l), ZP3)-W(1)-Ru(l) = 110 °, ${E 11: ZPQ2)-W(1)-
Ru(1) = 101.7 ©),

Figure 2-21. #i{F 18 O/ FHiE (30% probability)
(WY v RZ—T=AvD PFs 13IHML )

Table 2-9. #1A 18 D ELRFEAERE A) LEAA )

Bond Lenghs (A)

W(1)-Ru(1) 2.50829(16)

W(1)-P(1) 2.4295(5)  W(1)-P(2) 2.4241(6)  W(1)-P(3) 2.4354(5)
Ru(1)-N(1) 2.1707(17)  Ru(1)-N(2) 2.1776(16)  Ru(1)-N(3) 2.1683(17)
Bond Angles (°)

Ru(1)-W(1)-P(1) 112.698(13) Ru(1)-W(1)-P(2) 109.403(13) Ru(1)-W(1)-P(3) 109.087(13)
P(1)-W(1)-P(2)  93.069(18) P(Q)-W(1)-P(3) 96.647(18) P(3)-W(1)-P(1)  130.779(18)

40 HI%E1x Rigaku Varimax [HI#725E % I\ C —150°C TfT\>, CrysAlis program I X > CT7 — 4%
JLER L 7=, fES T EARRICE L, ZRET C2e #15) TH o 7=, EHTICHBWTIE, SHELXT-
2014/5 KX U SHELXL-2016/6 70 7" L3y r — Y R v, EEEIC XY IEKBR T O BRI %
RIE L7z, SHELXL-2016/6 7' v 2" 7 L% v/ FRic X W EEl L, IEKRERTE2IEEFS
B L 72, B F LokFEIZ HFIX 2~ FIiIck b, b KU FIZEEN - Kighric» 2%
Y — 7 OFFEICRE L. SHELXL-2016/6 7' v 2" 7 A% v/ R X W EELL 72,
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R 18 @ DFT EHEZ1To 72, 4 A 18 oRE G % Figure2-22 12, HiA RO
% Table2-10 TR L7z, 30 Nz fod Ui 12, Bk5 X S o Rz B R
LTz, $K 4 % 11 L[EEEIC W-—Ru © WBI i3 0.85 (18)& K% (., W-Ru [HlIicHf»
WAEERZ® 2 E 2005, tE5k 11 & 18 FIAT =7 4 LOFFEN T 2R %, 13I1EH
URGETS o 7228, 86k 11 & By | #5A 18 TI4UE L F VU PN 7235 Ru N i7E
L CWw7z, TACN BAZFDEAICX 5T Ru LichF+H v EMBEL, £D72% Ru D

Lewis FEMERH L L 7272077 E 265,
H(4)

H(2)
‘{ PA1)

Figure 2-22. #{& 18 (B F 4 vif4r) OREHEE (Cn*, PMe; Lo C, HETFIZFRW72)

Table 2-10. 1K 18 O 745G RK (FZHIE - 5HE{E) & WBI

Bond lengths (A) Bond lengths (A)

Exp. Calcd. (WBI) Exp. Calcd. (WBI)
W(1)-Ru(1) 2,508 2,544 (0.8509) | W(1)-P(1) 2.430 2.456 (0.8986)
W(1)-H(1) 1.96 2,025 (0.4576) | W(L)-P(2) 2.424 2.450 (0.9226)
W(1)-H(2) 2.02 1.996 (0.4332) | W(L)-P(3) 2.435 2.456 (0.8865)
W(1)-H(@3) 2.00 1.992 (0.4632) | Ru(1)-H(1) 1.67 1.748 (0.4040)
W(1)-H(4) 1.73 1.737(0.7979) | Ru(1)-H(2) 1.69 1736 (0.4217)
W(1)-H(5) 1.66 1,754 (0.7671) | Ru(1)-H(@3) 1.76 1741 (0.3936)
Ru(1)-N(1) 2.171 2,199 (0.3500) | H(4)-H() 1.83 1.911 (0.0251)
Ru(1)-N(2) 2.178 2.206 (0.3418)
Ru(1)-N(3) 2.168 2.196 (0.3505)

4 RS ROEC B LTI RS X ST IC X 0 1S S i (1 T Vi) IR
& L. JBEIE ©B97X-D, FLEEE% W,Ru:SDD,P:6-31G(d), & F VU FENLT :6-311G++(,p), %
Dt :6-31G ZHWTEHEEIT- 72,
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PR 18 1XEER 11 LFIBRICBMICRETH D, 80°C TH KK ITHETE T, T F
Ly el RIGLAaE»>7-, Rk FU FENIFE2EEe VY PR F2AR-EBEL nw
&L LB OB WAV)-Ru(ll) EEITLI NI WT &b, BKERIGHETL 7%
PolzlzdiztEz2 b5 (eq.2—34)o

"] PFe
MesP. |> 80 °C
|'? \\ / \R//N\' —_— No Reaction (2-34)
Me;P /\\// \ 2 THF-dg

Me3P
16 /

IR 18 & ZBfbik% & ORIG

FEfR 18 @ THF HiICN L 1 [ED “BILIKARZEH S g2 A, 1 10 il
RFBEDHEASOC L BHiE+H v~ — R (MesP),W(=0)(u-OCH)2(u-H)RuCn* (19) 2343 5 41
72 (eq. 2-35)e TORILTIE. 1 DFD LMV AFNKRT 4 v EKRDVBHEL 72, 72, &
HICHFETAMBOKEKIGL 72720 EZ b5, W LICKA * VBT 2T &
Nz, #8548 19 13 'H,'PNMR R <72 kL, j?wy}zuyxfxﬁ F L. TEESTIC X W REIE L.
Hiftdh X BRSEMNTIC X O RS2 RE L7z, RAMRINA =27 b vCld, JEfGdr~— Mg

7D YCO) ICIiE XD > 7 F R 1573, 1585 em™ BRI & 117z,
H

H \N |> ~ | PFg o)\\o \ “ | PFg
MesP év/ NN CO (1atm), 60°C _ MeaP_ | H\ \uQN/J
MesP” /i \ THF, H,0 Me;P // H’ \\) (2-35)
Me,P /N - PMe,
18 2 days 19 (74%)

B 19 @ THFEIRIC EbO W o K DILER X & 5 2 & TR b N8 G i 2 H v T
i X RSN 21T o 72, 2 $8MK 19 OO FHHE L Figure2-23 1, EaEAE - #id
f% Table2-11 IR, fEE» O, XV 7R T Vv EIC 2 DD PV AFAFAT 4 v E
R T2EAL L, R~ — 2 W-Ru BIZZEEENLL Tw5 2L 2R L 72,

42 %Eﬂmci Rigaku R-AXIS RAPID [al4f%E{& % F\» T —101 °C Tf7\>, Rigaku Process-AUTO
program IC X o T7 — XU L 7o, #EfIZHERELRICE L, ZFRBHT P21/n #14) TH o7z, R
Fric s vaTid. SHELXT-2014/5 XU SHELXL-2016/6 7°1 2" Loy r — 2 & v, [HEEIC
X 0 IEKEIR T DFERE % RE L 72, SHELXL-2016/6 71 27" 7 L% FWwi/N " FiEIC X EEL
U, IEKFBRT 2 IEFEAECEM L 72, BB Fhic oMy it i2&A Tz, BT L
DIKFEIZ HFIX a~Y FIcX Y, e FY FIZZUHELLICH 252 v — 7 O R ICHEE L SHELXL-
2016/6 7'a 77 nEHWER/N_FERIC X WL L 72,
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Figure 2-23. #5{& 19 @ ORTEP X (30 % probability, PFs (ZR\>72)

Table 2-11. #{k 19 O E4fEERE A) LHEAA ©

mole 1

Bond Lengths (A)

W(1)-Ru(1) 2.6103(9)  W(1)-0(1) 1.710(6) W(1)-0(2) 2.218(7)
W(1)-P(1) 2.468(3) W(1)-P(2) 2.459(3) Ru(1)-0(3) 2.102(7)
Ru(1)-N(1) 2.115(7) Ru(1)-N(2) 2.149(8) Ru(1)-N(3) 2.158(8)
Bond Angles (A)

Ru(1)-W(1)-P(1) 124.58(7) Ru(1)-W(1)-P(2) 124.43(8) Ru(1)-W(1)-O(1) 114.0(2)
Ru(1)-W(1)-0(2) 81.6(2) 0Q)-W(1)-P(1)  78.2(2) 0Q)-W(1)-P(2)  74.3(2)
W(1)-Ru(1)-N(1) 105.1(2)  W(1)-Ru(1)-N(2) 140.1(2)  W(1)-Ru(1)-N(3) 138.3(2)
W(1)-Ru(1)-0(3) 88.3(2) 0(3)-Ru(1)-N(2)  86.6(3) 0(3)-Ru(1)-N(3)  87.4(3)

mole 2

Bond Lengths (A)

W(2)-Ru(2) 2.5984(9)  W(2)-0(4) 1.725(6)  W(2)-0(5) 2.223(6)
W(2)-P3) 2464(3)  W(2)-P(4) 24603)  Ru(2)-0(6) 2.131(7)
Ru(2)-N(4) 2.126(8)  Ru(2)-N(5) 2.125(10)  Ru(2)-N(6) 2.137(11)
Bond Angles (A)

Ru(2)-W(2)-P(3) 126.36(7) Ru(2)-W(2)-P(4) 12420(7) Ru(2)-W(2)-0(4) 113.5(2)
Ru(2)-W(2)-0(5) 82.23(19) O(5)-W(2)-P(3)  79.11(19) O(5)-W(2)-P(4)  74.13(18)
W(2)-Ru(2)-N@4) 1052(2)  W(2)-Ru(2-N(5) 137.2(3)  W(2)-Ru(2)-N(6) 142.2(4)
W(2)-Ru(2)-0(6)  87.6(2) 0(6)-Ru(2)-N(5)  86.4(3) 0(6)-Ru(2)-N(6)  87.0(4)
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W=0 fE&AHHEE, chEoliEInTcns 4 F VEEKROEEN (1.627-1.764 A) TH -
2o B F72, W-Ru fEiEEREIE 2604 A &, #5K 18 L POMEL Tt (#5F 18:
2.544 A), W,Ru ¥ Y I1ZZ LZ 1 octahedral & ORLHEEZ & > Tz,

IR 19 iSRG 2 FiC, DFT GHEZ21T- 72, * $85K 19 O {ti#i&E% Figure 2-24
I, EAEROWI % Table2-12 1T/R L7z, b N - UHLE X, Bk X SEERTT o
fERERCHEL Wk,

W-Ru #E&D WBI (X, #5K 18(0.899) & b~ L7z, £/, G HR L~ — ML T D
C-O #EHEDIEAR - WBI © M-O #E&6 D WBI &, v 727 Vil v =7 Ll cAE
HEFR LN 5T,

Figure 2-24. #§{& 19 © F#{ULHHE (Cn*, PMe;s L@ C, HEFIXFR72)

Table 2-12. $fA 19 OFG LG & FoBERHE DK AR & Wiberg bond indices

Bond lenghs (A) Bond lenghs (A)

exp. (A) caled. (WBI) exp. (A) caled. (WBI)
W()-Ru(l) | 2.604 2.666 (0.621) Ru()-N(1) | 2.121 2.167 (0.421)
W()-P(1) | 2.466 2.488 (0.832) Ru(1)NQ) | 2.137 2.169 (0.375)
W()-PQ) | 2.460 2.487 (0.834) Ru(1)-NG3) | 2.148 2.175 (0.371)
w()-o() | 1718 1736 (2.104) Ru(1)-03) | 2.117 2.136 (0.429)
W(1)»-02) | 2221 2.289 (0.389) Ru(1)}-H(1) | 1.71 1759 (0.418)
W)-H(1) | 1.94 1.937 (0.455) Ru()-HQR) | 173 1765 (0.413)
W()-H(1) | 1.90 1.940 (0.461) 0(3)-C(16) | 1215 1.274 (1.410)
0(2)-C(16) | 1253 1.282 (1.352)

4 The Cambridge Structural Database (CSD)

aa ﬁ%qutoLEéLf TEAES X BMEIERRNTIC X 0 1S O e iEE (O T A viER) R RIS
. NEEL ©B97X-D, FEEERHEL W, Ru.SDD,P.6 31G(d), v F U FESLF :6-311GH(p), £

o)ﬂﬁ 1 6-31G I WCEHHE 21T 2 72,
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FEfR 18 & “RBLIRFE L DRIG TR, FHARIGOMICH R 7 4 VENLT & KFES T O
ft, 2 v 727 v L ORISR ET Lz, Fric, BT 2 - r~— FENLFD 2 DD
SRERPOLICEBLZHEELY 5 2 7228, Tt TACN B F2AEAINEZ LT Ru D
Lewis BEERM EL 722 8 THALRF L I = BRI L R T o EZLN S,
F 72, Cp* BXFFENLF7Z oG5B el 1 27D CO, DMFAL 7R~ — b EiED 5
KBS L R0, G2 2EBMPEN LI EZONS, KFET S & ThEBT 2%
A2 e 2 X 5 v~ — PR TFORET 2L EZ LN N, TNICKVFRET S b
YRXRFNERRATZ 4 VEALTF & Cn* EDOVARRFEZBT L X IIC Y AFAFRT 4 VB
Wil L. MR TR L 72 d D &b (Scheme 2-10),

H H
|>'1PF6 o¢£§o \ ~1PFs o¢£§o \ ~1PFe
Me3P\\ //N\' Cco, MesP | H | /N/ [0] MesP | H._| N
——RuU —_ = W'Z—R \N) —_ = WVZ—RuZ_N J
Me3P /\\// \ ) _H, Me;P / H \<> — PMe, Me;P // ~hH \
Me;P / Me;P _g /N /N<>
18 19

Scheme 2-10. $51& 19 D H#EE 4= pBERE

55



TE XU RATVEICKRRAT7 4 VENFTEET S WRU RU e R RS
RDERE Rt

FRET WS

SFEEF L — bR R T 4 VAT XFRRAL T LR O X v SR T R Y v B Y RS
KT =y LR EHAGDYE S 2 & T, [(triphos)W] = b 2> W/Ru iKY b
FU FEAR 4 ZAEL 72 (eq. 2-36)0

HH

P\ 1 RLi P\\l/ A

=Wy o \\ —Ru (2-36)
FI' \H 2) [Cp*RuCl],, —L|CI I

, P=PPh

T/, PURAFARRT 4 VEXFRMTELEZZ Y Z7RTvyOR) e F Y Rk v
7= LR EHA G DE S Z & T, [MesPW] 2= F%#FFD WRu AV e P F
FHIR 11,18 2L 72 (eq. 2-37).

H
[Cp*RuOMel, MesP__ \ /H\
: H— W
— MeOH Me;P /\H\ﬂ'
H HH Me;P
Me3p\\W//—PMe — "
Me3P// \\ 3 @-37)
H
H o ONS > e
10 [Cn*RuH3][PF¢] MT_IsP ‘\N/ N/ NS
> u
- 3H, Me;P /\H\ﬂ/ \ -/)
y N
e3P /
18

FATHIZED Cp*WHs(u-H);RuCp* TEIHI X LCw 7z BALIG IR, W LoEfE % & =
7 4 VICEWRL 7285 4,11,18 TIEESBHlI R o7z, L LA 5, triphos $HiE 4
IR T LT C-H #AYVIBIAEIT L, 7 u X2tk 5 2527 (eq. 2-38) — /i
PMe; S5{K 11, 18 IXEVNICKETH Y, EilRTd e F Y FEAMLFIIEET 2 2 & 3o
7z (eq.2-39), Cp*WHs(u-H);RuCp* 134 L 7 4 VL HKIET 2 Z EXHLNT V3205, 8
11,18 Bz FL v ey RIGIET LR o7z, ZhiE Cp*W 2= 205 (MesP):W
2=y MCEMINE Z LT, Rk VY FEALFH 3 256 2 D~ XV IR TVENL
7=V LOBLEOEKIT +8 flin s +6 fli~& PCMEFMlE Y. e F Y FEALFO
EICHIBEDSEIT L Db ko2t E 2 b5,

P\\// A -H, . P I/ AN .38
o ] \\// rt. g AQ | \\//
CeD12
4 P =PPh, 5 (75% by NMR)
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H

MesP_ \/H\
H— W u—y > No Reacti 2-39
Me3P \\// 120 °C o Reaction (2-39)
HH
Me;P CeDs

1"

BER 11 OWRIETIE, RV ¥y D C-H EEsUah, 7z=r34K 13 2527~
(eq.2-40), TDOIIETIE, —F W-H EEHERZE L., FHIEESER L 2%, eV
CRIGLEEEEZ HbNG,

H H Ph
S 1 Y T . Mesp\\m{/ et (2-40)
MeP /\\/' CgHg, 1 days Me3p’/ \\//
Me;P Me;P
1 13

A 11 & ZRLRFE L ORIGTIE.2 2DOKEe F U FIC ELRFESFHAL 7z v Xk
V= — MR 16 5 272 (eq. 2-41)o —J7. H T A VA 18 & (LR FE L ORIET
1T, FASIGIC X W AERKT 2 R~ — b 24UE L 7288k 19 25 272 (eq. 2-42),

H HCOO

MesP._ | /H\ €O, (1 atm) MesR\ |~ H\ (2-41)
H—> w — —_— HCO \ i
Me3P / \H\H/ CGDG Me P | H
MeP 25 °C, 14 days Me3P
" 71% conv. 16 (36%)
H
How v 17 02'\\0 \ , IPFe
AR comtamarewen Fu Een
SN\ - I~ )
Me;P / Sy \ THF, H,0 Me,P // H \
Me,P /N - PMe;
18 2 days 19 (74%)

% ER 2 R T RESERICG LT 2 720, SR TFoEmE S L ETFRICE

L. #H WRu ZHAKRY e FV FEHAEREIT 27228, 2 DO&EI/INITICERT %
OSB3z & A EBIME L o7z, [Cp*Ru] ==Y b % [Cn*Ru] = MICE E Rz 28
k18 DFED A, “BRILIKRF L DRIGTHALRF L T — F BLEE L 72856055 & L7228,
INE RufllZhF v Eict32ET W LOEBTREDENEE o707 EEZD
nas,
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=8 & WRu EXA I FEEEOERE RG

B S

0B A 2 NEE

4 I FRIT B o ot GHRET  Q f i 7
THY, 2 20EMICEBLZEGA. /N\ /N\ /N@\
Figure3-1 © X 5 7, K% nliofibkz &2 M vooow Mom "
TEBHMoNTnS, 4 I FESLFD &
THEBPLICTETHGT S ETHE pigure3-1. 4 3 FELET 0 220
F-fifi 7 <8 g O e B AS BEA 7 4K B8 % R E
ftgFscenc&d, !t -, REHEOEREEZ 77X v e 4 I PR Z2EODT
52 LT, BFEELRRICHEDOEWHEERLIEO N LIARFI NS, 2G4 I Viiko®
B-ZFREEEZAHAL 72N FoiEHEriE I CE Y, IEEL X KZe Y v A, A4
VYT LDEEA I FESARKFEE~T ) T4 v ZiIiE Ll EBe FY FE T IR
Ta b v EAEKTLIEEREL TS (eq.3-1), 2 MO ICE > T, ZEALT =T L
2G4 I FEEARD Ru-N fi&ICABMFEABHAT I RIGHIMEI N TS, 3

R kS
(3-1)

264 I PRI TR EREToeE~ofiatklic X o TRfiom I 2321t 3 5, #ilx
i¥ Schrock & HXEHAD RALIC X D AEMT 5 [Mo(-NAN(OBu)ly 3 —%H 1% CTLIE
WKHTEL, AL 7 A VRFRAT 4 VERRIGET 777 A v T—vaviRiIhnie
FRELTCWE, ZhiEA I FENFRZRENOEEL o i, T HICEHE LD
BB ARN AL EH 0~ o fff5 L Tw3 Btype DR TH H. MBS
EEICHER SN T2 TH S, 4+ —/7 T, kA I VR Lo EF 024 5 —>oD
EI/ICHALL T3 C type DGR CIZAECAIFE AT A S ICfREEST 2 2 LM bR
TH Y. Ctype DEMEHR %2> [WCL(1-NPh)(=NBu)(NH,Bu)], %, eeuyyk@&m
KX VBB~ 77X v T = a vERITZEBREINT VS (eq. 3-2)

A (X,-type) B (X,L-type) C (X,L-type)

! (a) Li, Y.; Wong, W.-T. Coord. Chem. Rev. 2003, 243, 191. (b) Sharp, P. R. J. Chem. Soc., Dalton Trans.
2000, 2647. (c) Brask, J. K.; Chivers, T. Angew. Chem. Int. Ed. 2001, 40, 3960. (d) Wigley, D. E. Prog.
Inorg. Chem. 1994, 42, 239. (e) Eikey, R. A.; Abu-Omar, M. M. Coord. Chem. Rev. 2003, 243, 83. (f)
Lorber, C. Coord. Chem. Rev. 2016, 308, 76.

2 (a) Ishiwata, K.; Kuwata, S.; Ikariya, T. J. Am. Chem. Soc. 2009, 131, 5001. (b) Kimura, T.; Koiso,
N.; Ishiwata, K.; Kuwata, S.; Ikariya, T. J. Am. Chem. Soc. 2011, 133, 8880.

3 Takemoto, S.; Kobayashi, T.; Ito, T.; Inui, A.; Karitani, K.; Katagiri, S.; Masuhara, Y.; Matsuzaka, H.
Organometallics 2016, 30, 2160.

4 Robbins, J.; Bazan, G. C.; Murdzek, J. S.; O’Regan, M. B.; Schrock, R. R. Organometallics 1991, 10,
2902.
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11
0

Clpp N / —
cl | N " NH4Bu —/ \ 7/ ‘BuN | N~
\/W/ \W/ . 2 \/W/\ (3-2)
‘BuNH, ”\N‘/l\CI Ph-N/l N
) Ph ¢ ci —
‘Bu

REEEFE A I FER

AR R B O KA 2 FEERTIZ, 4 2 VPR T LoV ZE T WSS 5 —401 0
SEFOICKM T2 e TR LT 5720, B4 I FEMAZRERE L72% K D4R1E A4 3
FESMAD G AME I NT WS, Lo L., BiMERI L0 "B V23 hdz0, H
A I Ptk Z2 TR ESESKRZMEET 2 L3N 2y, ZoeEE cHAES
NTWBHIIERONT WS, T/, 2200&BOMENREALZIEE, TNZThLOEEF.OIC
B4 2 PR TOMECRYBECTCLES 2o, BB~ ML T RoTL
¥5&EZbNG, Lo L, MENCEEL ZEBESERGA I Fifdz G TE L. &=
Mo BT % G2 L 72 RIGHE 2~ 3 RS E SOGE O TR S AR © % %, F2FE. Bergman
X Ze-Ir 225722 k%A I ViR 2z G L. (LR FE e & /Ny & LB B i
T2 Z2HELTVD (eq. 3-3), ©

tBlu tBIu
N N
co
c rCo* 2 N, cor (3-3)
p2Zr IrCp » CpyZr /IGC
o0—cC
A\

EBEELREA I RO EMRFE

HESEEGA I VRO GRTFEICOWTHAT 2, FY v F U Nk e Rk, 8B
DA I FEEER L B AT & D RIS X W T 2 Fik () iR v 7Y v 7 (@)
Oftic, 2 FEOHEKLT I PSRBT I v EIEHE R 3 L CElfET 275 (O)., T
TIAERIN T3 BESEIERICT LA I VML FE2EAT 2 Fik (@) PlRE ST
%,
OHA T Falifk & BB 23R & O IGIC X 5 65K

Bergman O 23R#E L T35 Zr-Ir 4 I FHHEAS PeIr $iA7 . Hou HLAWHE L T2

/

5 For example, Clark, G. R.; Nielson, A. J.; Rickard, C. E. F. Polyhedron 1988, 7, 117.

® (a) Baranger, A. M.; Bergman, R. G. J. Am. Chem. Soc. 1993, 115, 7890. (b) Baranger, A. M.; Bergman,
R. G. J. Am. Chem. Soc. 1994, 116, 3822. (c¢) Hanna, T. A.; Baranger, A. M.; Bergman R. G. J. Am. Chem.
Soc. 1995, 117, 11363.

" Glueck, D. S.; Wu, J.; Hollander, F. J.; Bergman R. G. J. Am. Chem. Soc. 1991, 113, 2041.
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Lo-Ir 4 I F#§& (Ln = Lu, Sc)® 1&. 4 VY7 2DHKA I FEEE Cp*IrNBu 1< iz A A1 fE
ERIGTH L L THARINT VS (eq.3-4,eq.3-5) TDA Vv LEEAKIT 16 BT &AL
FIRI7 230, 4 I F Lo IEFX OFGIC X 2 A AEAEDOEM R tert-7 F VIEIC X 537
RN RRED DI B L2\, 2D, HALRYIEL DH v 7)) v 7 HHRETH 5,
NETIEFTIC Cp*INBu WG L 2 RE S Cnr vy, AR A I Vil
REICHRT 5 2 & CThRA n BEEEEGA I Fifkoal~LERTEZ 2 0 Ebi s,

SlMe3 SIMe3
Cp’Sc(CH,SiMe3),*(THF) + Cp*IrNBu ——> —Sc r—y (3-4)
— SiMe,
(Cp’ = CsMe SiMes)
’Bu
81%
Ph,
(dpPe)PH(CHy)  + CpHIrNBu — > i\ Y (3-5)
th
tBu

70%
QWA v 7V v 7T X B AR
VT oA VMD R TAT VA I VAL AT A ViR G S ¥ 5 2 & Thitfih v 7
Vv 7 RET L, RW ° POW OB EZ FOEME =4 I FifknBons o e
BEEINTVD (eq.3-1), * TOXHIlEA Yy 7Y v 7icsnTd, BIGECRESE
SEAR DA ARE L 72 B,

P
/N\ /N\
Li,[W(N'Bu);] + 2[(COD)RhCIl, — > (COD)RH w Rh(COD) (3-6)
- Licl \N yd \N yd
‘Blu 'Blu

86%

QR DT I ViR E —]T I v L DJIGIC X 5 AKX
Lotber . FZYDT7 I FkE N a=v 207 3 PRI LT—H]T 3 v %(E
HE 28T, TiZr 24 I VEAZAKL T3 (eq.3-2)s © L22L. ARIGIET 32
ﬂ?éﬁﬂ@@ﬂﬂ4kﬁwﬁ@&m Lo TEL T BEORL 2SR~
HIZmE S nTuizn,

8 Shima, T.; Yanagi, T.; Hou, Z. New J. Chem. 2015, 39, 7608.

® Choujaa, H.; Cosham, S. D.; Johnson, A. L.; Kafka, G. R.; Mahon, M. F.; Masters, S. L.; Molloy, K. C.;
Rankin, D. W. H.; Robertson, H. E.; Wann, D. A. Inorg. Chem. 2009, 48, 2289.

10 Lorber, C.; Vendier, L. Inorg. Chem. 2011, 50, 9927.
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4 I FEEERDERE RIS

T
N NMeZ
Ti(NMep), + Zr(NMe,) 2 RNH Heet / NHM
2)a 20s ———> ey
-4 Me,NH MezN/ \ / NMe 31
2
(R = 2,6-Pr,C¢gH;NH,)

R
65%

@EMEGEIEE~D A I AL DEA

R BRIt LTT

VFERRIGIE ST & TG I FEMAD BT 5 2 L S

XN T3, Thomas S ix NP “JERNI FCEE I N2 Zr—-Co “MLEERL AV FATUF

EDRIGH S, BIELLICA

I FEAL L 7 TR AL T B (eq. 3-3)
tert-7F VT Y FR p- b UANT I Voo T Y F vz

HonTniunh s, KFEOFEHAHKFIZRO LT

3) B LAL,
IZZRIE A I N RS

Pr iRr iPr\ Rr
N—\—FPr, N—\—RPr,
I N zTu g; ;im
==’: ’ 2 MesN PrN ==. B
P Co—N=N : |\Zr\ Co=N—Mes (3-8)
\ / BN g ST
N PPr, Mbs
Pr 67%
2 p-ToIN3
‘BuN,
iPr\ Rr iPr\ pr
N—\—FPr, N— \ —FPr2
2 N—= P’Pr2 : N—2 FVPrz
PN} / / =)
| 7t Bo=N—Mes p-Tol—N=7r©  ®Co=N—p-Tol
i / \
PrP Nxolo=N
N="tgy /N PPr,
ipy

I DEBEDH T, ODFEDI R D HIAES KA S T,
ha 5252t hb, RVIRT

b¥s LT, InE THwEN
SR DGR AR L7z, 7,
EIsZ e eAREOHMNLE LT,

2> D IR 1< SR A 5 JR 5
7TV OHZA I VR AN LT =Y L2l Aas
]~
4

DIRWR Y TAT VAT LG5 EEEA 2

BHoNnd WRu kA4 I FEERIic oW, Z o IsH %

1 Wu, B.; Sanchez, R. H.; Bezpalko, M. W.; Foxman, B. M.; Thomas, C. M. Inorg. Chem. 2014, 53
10021.
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F_f & WRu EXA I FEEOERK

(BuN)(C)W(u-NBu),RuCp* (21) dEHRL

WERHEILA I FEs{A L LT WENBuU)(-NHBu), (20) 2 28 S CH b, Sz Filik
fR& LB ARl & o G (FiEQ) Z8ET L 72, B ARz T =7 L§kfk L LT
[Cp*RuCl]s 3) ZHV, W:Ru=1:1 &7 %X 5IC THF FCTRALZEIA, 2 2D 4 3
FECAZ T2 W-Ru FRICZERB L 72 €2 4 T FEEAR 21 2L 72 (eq.3-9). 851K 21 v
FLT—F 0, 30 °C CTiHfET 5 2 & TRt e LT L7z, #F 21 12 'H, 3C
NMR, JCESHTIC XV FEE L, Hifbdh X SRS IC X 0 %2 I0E L 72,

Bu

I Cpl
N Ru——Cl ¢ p* B 'Bu
, uN

| CITRu’T P — 'BuNH, \\

W, + 1/4 —_— > “Ru—Cp* (3-9)
Bu-N"7 N |,CI— =Ru_ THF, rt, 18h e / P
Bu H N 4 *

e gy _Ru—ciI Cp e’
t/ Cp* Bu
Bu
20 3 21 (75%)

ik 21 on TS

FE1R 21 © MeCN/ELO RAVAER % —30°C TEHET 2 Z & T b Lz R tafl i & AV T
HREEY X BUEEIT 2 1T o 72, 18 881Kk 21 00 TH&E% Figure3-2 1T, JE - MIMHEEE - #5 &
f4% Table3-1 1T/ 3

3204 IFERMFDIB, 2 2D A I FENFI1Z W-Ru HICZEFEL, RV DA I FEC
MFB 2y 72T v FICKIELAL L w7z, AR 72 @i SF]LL’C e F NN
frF DI EBEFNRBEFEG T 2720, 2 2OLBEEEA I PR FII3IER—FE Lk
WAZIE L CH D . N(D)-W()-Ru(1)-NQ2) O [HAIE 172.0° THo7z, 72, K4 I FAC
T HANZETNDS W ~ETHE 922 & T WI)-NQG)-C(9) fA2S 167.8° & EERITIT
{ o Tz, IIGHTIE Ru 1AL L CTw/z 7 v e i 13, $5k 21 <13 W b~ & BE)
LTz, $5K 21 © W-Ru #5A13 2.6986(4)A L. KV e P FEHE 4 © 11 OftL
(ca. 255 A) LT 2 LR 5720 DD, ALK T T RZ—DFESE (ca. 3.00 A) &
Rzl 03A 15EHDro72. 4 I FEMTFOMVZEFNOBEFHGEZERL T, #iE

/

/

2 (a) Nugent, W. A.; Harlow, R. L. Inorg. Chem. 1980, 19, 777. (b) De Lima, G. M.; Duncalf, D. J.
Organometallics 1999, 18, 4884.
18 E 6i Rigaku R-AXIS RAPID IEHC}? S 2 i T -150 °C TfT >, Rigaku Process-AUTO
program I X > C7 — ZALB L 7=, #ESISESRICE L, BT P21212) (#19) TH - 72,
ﬁﬂ‘ﬁ FWTIlE, SHELXT-2014/5 KU SHELXL-2016/6 70 2 J LSy 7 —Y % v, BEEEE
CX Y IEKFEFE T OEEEA T L7z, SHELXL-2016/6 7 v 2" J L% Wi/ 3R X %
ﬂ:t KRBT 2 IEFEH IR L 72, @Eu%ﬁ@mé‘éci HFIX 2= FIc Xk higEL.
SHELXL-2016/6 7' v 27°7 L% Hwi/N_Feikic X 0 &L L 72,
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21 DEEIL 32 B ERMAEMTH Y, I W-Ru Blic_E#EEZFFOC &
TR G L %, 2D720, 2 DDZEEA I FEMIF & W-Ru D% EREAED
HAEERH D79, W-Ru fE& Ll ho7zbntBbns,

Figure 3-2. #i{k 21 O 7T (30% probability)

Table 3-1. #{k 21 DELMEEE (A) &AM (©)

Bond Lengths (A)

W(1)-Ru(1) 2.6986(4) Ru(1)-Cen(1) 1.824 W(1)-N(1) 1.856(4)
W(1)-NQ2) 1.8534)  W(I)-NQ3) 1.7644)  W(1)-CI(1) 2.3324(13)
Ru(1)-N(1) 2070(4)  Ru(1)-N(2) 2.069(4)

Bond Angles (°)

W(1)-Ru(1)-Cen(1) 179.29 Ru(1)-W(1)-N3)  124.41(14) Ru(1)-W(1)-CI(1)  128.43(4)
W(1)-N(3)-C(19)  168.0(4)

PR 21 DERGEFETIX, | DT D tert-7F AT I v Ot L 7 v vt T OEEf S
Z%, FUoOKIEE LT, Molloy 513 WENBu)(NHBuU), & ZnMe, & DRIET, AF L
EolmfizftloT, 2 204 I FEMTFIC X > TG I W - BESBEIARIEO NS 2 &
FWEL T3 (eq. 3-10), °

]
|u Bu
N
‘BuN N NH,Bu
V\|I + ZnMe \W/< \Z / (3-10)
—_— n .
'Bu'u// X *  Hexane, rt, 24h /' X/ \
St
NH Bu Me’ r;: Me
B} Bu

LROKIEDEBYITH 5 Me('BuHN)(‘BuN)W(u-N'Bu)Zn(NH, Bu)Me (¥, Zn & ZEE A
IVEROHKAIERE Zn 67 IV EORAHRRERIZ LA TFE LW L2 b, Z DRI
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/

[Me('BuN)W(N'Bu),]~ #° [Zn(NH2Bu)Me]" ICHLNZ L 72fEETH Y. Zn & Z24EA I FELT
MO AREIZTND Ni»Zn ORFEAETH L EEZ TS, /7, #K 21 © Ru-

fiarids X2 207A TH Y, —fKM% Ru-7 I ¥ DRECHLHS By
é\@ﬂﬁﬁﬁ (ca. 22A)14 IO dELCEDL, BES LI /'\
LA o ARG E 20N 5, ik 21 © DFT 3 'BuN)c|w§ ~RuCp*
T35, W-N,Ru-N #&D WBI Offiizs &% 1506 THY
(Table 3-2). 51k 21 OZEFEA I FEALTIE Btype & Ctype D
ZafERk R R oMRAESE 2 L FE X b b (), —HiTii~72 X 51T Ctype DOZERRIZ
FCAAS O MAREE L 2T\ 2 LA b, $8k 21 @ 2 DDOHEA I FEAI I, AR 2 20
SlEzmEENCZEE L. D 9 F /71t hemilabile ZRBdf & L CHEBET 2 Z & B3R IB I 7z,
¥ 72, COWEED S IIEBEFOOMEUT WVD)-Ru(l) TH 2 EHEI NS,

l
Bu

Table 3-2. #51k 21 o FAfEHE (A) & WBI
Bond Length (A)

(Exp.) (Calcd.) Wel
W(1)-Ru(l) 2.699 2.739 0.355
W(1)-N(1) 1.856 1.859 1.494
W(1)-N(2) 1.853 1.864 1.478
W(1)-N(3) 1.764 1.767 1.970
W(1)-CI(1) 2.332 2.362 1.013
Ru(1)-N(1) 2.070 2.104 0.570
Ru(1)-N(2) 2.069 2.095 0.588

Ru(1)-Cen(Cp*) 1.824 1.835

14 The Cambridge Structural Database (CSD)
B S moE B L Tl X BREERITIC X VIR o N EERVIIRGE & L7z, LB oBI7TX-
D. FEJEKES%. W,Ru: SDD, Cl: 6-31G (d), Z Dfth :6-31G ZHWCEIE % 1T - 72,
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Figure 3-3 1C1% DFT FHALIC X 285k 21 o biEid s HOMO,LUMO DX % . Figure
3-4 IR R EEBLEIC D W TR L 72, HOMO ° LUMO Tlk, 7 =7 4D d #l
BTG KRE Tz, T EHETIE, 364 I VP eEhie o o HASE
725 HOMO-3, 4, -7, -8 T, K4 I N e xv 727y o tHEER?2 HOMO-6, -7
KR b7z, HOMO-5 O#UETIX 2 20&ED d Sl oMHAER 2 BE% S, W-Ru
MK A O ANFRBEES 5 2 L AR S L7z,

Figure 3-3. (a) #{F 21 OfE LS OKFRIRTZRV2)
(b) #4K 21 ® HOMO & LUMO (isovalue: 0.04)
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MO #118 (HOMO-3, —0.300 eV) MO #117 (HOMO—4, —0.309 eV) MO #116 (HOMO-5, -0.313 eV)

N tBu t N tBu tBu
B
Bu W N/ u N Bu N w N
N .
/RU_CP* w Ru—Cp* Cp
ci /N ci N cli N Ru
Bu By Bu

Figure 3-4. $fi{k 21 OB FHLE (isovalue: 0.04)
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FE=f & WRu EXA I F#ERD Ru EToOKG

A4 I VENLF O E N OB G2 ERK L CTH . K 21 o@EF LB TFEIT 32
EEIAEIMTH %, Figure3-3(b) IC/R L7z X 91 LUMO DOHEICIE Ru & d Ll K
ECHELGL TR b, 2 BEFFF—toRIbIVT=v L ET#EfTT 2 & TFllE
%o

R 21 & L BT EDORIS

FEfR 21 O P AT VRIS L 1 SUEO—BLRFRZEAL L 2 A, RO EITHES
TR D EEA~Z L, Ru RIC—BBLERFEDENAL L 72 (‘BuN)(CI)W(u-NBu),Ru(L)Cp*
(22: L=CO) P L7, SO A v o7 = PR (23: L=CNBu), 27 4 V#fifk (24: L
=PMes) 1FICDWTHEBRICER L7 (eq.3-11), #8{A 22,23 1% 'H, 3CNMR R~ 7 b,
IROMBIN A~ 7 b v JEHEHTIC X D [FE U, Hifhdh X SREEMNT IC X ) E 2 IR0E L 72,
FEIR 24 1% 'H,BC,3'PNMR R~<727 v, JTHERSHTIC K Y EE L. HEfSE X SEETIC
L O REE R RE L 72, 85K 24 © 'THNMR Z-~<2 F A TlE, Cp* DY 7 F L35 PMes &
Dhy TV v 7IckoT, £7Ly e LCBME N (Jen=2Hz).

f B t
BuN N\ s g ‘BuN L‘IN N'Bu
N CO (1 atm), CN'Bu or PMe;3 UNSL . N L
\W/ \Ru—Cp* > \W/\Ru/ (3-11)
/ \N/ toluene / \
¢ 8Y Cl Cp*
21 22 (L = CO, 98%)

23 (L = CN'Bu, 69%)
24 (L = PMe;, 77%)

FEIR 22-24 DA FHEES

B 22162317 24" D HFERL X BAESEMT 21T o 72, A 22-24 D4 FHEE % Figure
3-5 1C. JETTEIERAEE - #iA A% Table 3-3 ICRT,

R 22-24 OffiERETIX. 2NN L MRS F23AT =0 A BICESIL Tnie, £ 72,
Ru HUOIEECAZEOR] 22 v 7 = v ZEEARICHUIN e =l v 7 2 R RIREIE & 72 o 72, L BIECHL
TR T 5 2 LT, Cp* B F2MEE (L W(1)-Ru(1)-Cen(1) = 127.66 ° (22), 129.68 ° (23),
130.66 ° (24)). Cp* BLli T & OIARKFEZBET 5 X 51 WRuN, 2 7 b FHlifEED» H & 7
TAREE L o T2, ZV ATV EDA I FEALTF D LW(A)-NB)-C19) X 175.1(5) °
177.6(7)°,176.1° &, #&fK 21(168.0°) &HELL., XV EFRITED Wz, i, © XA
DN T~ 5 IC X VD L2 @EP LOBTEEEZM S 720, K4 I FEALTO
MVEFNOEBEBFRGEOHFLENRKEL o dEEZOLND,

16§85k 22 © THF ARZ ER TEHE T 2 C L TR O N O Z VTR X S
W %475 72, MIE L Rigaku R-AXIS RAPID [HI#7%£i#E % V> T —150 °C T{T\>. Rigaku Process-
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Figure 3-5. $5{8 22 (a), 23 (b), 24 (c) D7 THiE& (30% probability)

AUTO program C X > CT7 — XA L 7=, A& IITESSRICE L, ZRE#HT P21212) #19) TH
277 FRHTIC B Tid, SHELXT-2014/5 XU SHELXL-2016/6 70 27" LSy 7 — Y HHw, A
Pk X 0 JEKE R DFERE A J5E L 72, SHELXL-2016/6 7'1 275 L% H i/ " fE#kic kb
FEAL U IFKRER T2 IEEEICER L 72, B L o/KF#EId HFIX a2~ FICX W iEEL.
SHELXL-2016/6 71 2" L% v/ 3EIC L W EELL 72,

17§k 23 @ toluene/MeCN RAAIR%Z —30°C FTHHET 2 Z L CELNA-EOMEZ W
THEEE X BHLERENT 21T - 72, HIE X Rigaku R-AXISRAPID [H[ff3E % T —150°C T
T\, Rigaku Process-AUTO program Z X > CT7 — ZALBE L 72, &3 RN RICE L, 22
X P2i/n(#14) TH o 7=, BHTIC I\ TIZ, SHELXT-2014/5 X' SHELXL-2016/6 71 "7 L%
v =Y RV, BERICX Y IPKERTFOREEZJGE L 72, SHELXL-2016/6 7’1 277 L% H
WiR/NFERIC X VIEEL L, FERBERETEZIEFESEICERML 72, Ru(l) £ Cp* Hicix7 4
AF =X =DBHEIEL D, TAAF =X —DHERE 5941 L322 & O ZRaBEL L 72,
¥72.N3) £ED Bu LD T 4 RAA—FX—DBHEHELEZEZD, T4 AF—X—D 5HX%
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Table 3-3. #1k 22-24 O E4LRFEAE A) LEAMA - A (©)
22 (L= CO) 23 (L=CNBu) 24 (L=PMe;s, avg.)

W(1)-Ru(1) 2.8252(7) 2.8058(6) 2.8396
Ru(1)-Cen(1) 1.892 1.850 1.860
W(1)-N(1) 1.836(5) 1.851(5) 1.840
W(1)-N(2) 1.843(5) 1.849(6) 1.837
W(1)-N(3) 1.741(6) 1.763(6) 1.761
Ru(1)-N(1) 2.199(5) 2.192(5) 2.246
Ru(1)-N(2) 2.187(5) 2.187(6) 2.214
W(1)-CI(1) 2.3354(18) 2.329(2) 2.3501
Ru(1)-C(23) 1.838(8) 1.921(7)
Ru(1)-P(1) 2.311
C(23)-0(1) 1.174(8)
C(23)-N(4) 1.162(8)
Bond Angles (°)

W(1)-Ru(1)-Cen(1) 127.66 129.68 130.66
Ru(1)-W(1)-N(3) 142.76(18) 144.00(2) 145.13
Ru(1)-W(1)-CI(1) 110.75(5) 111.14(8) 108.34
W(1)-N(3)-C(19) 175.1(5) 177.6(7) 176.1
W(1)-Ru(1)-C(23) 107.6(2) 105.1(2)

W(1)-Ru(1)-P(1) 100.66
Torsion Angle (°)
N(1)-Ru(1)-W(1)-N(2) 155.65 150.93 156.82

W-N EGOEIICHhT VEITR N WA, L BESIT 2304735 2 & C Ru-N #
. W-Ru #EE2 21 LT 01A DLEMEL 7z, DFT 3H8EY <k L BEAITFD Ru
b~ BLICtE WBI OfED /N E K 72 28T D3RR T & 72 (Table3-4), THid, 2&EFF

58:21:21 £33 C & CRE  m L L7z, BN Eo/KFEIX HFIX a2~ v FICXDIEEL.
SHELXL-2016/6 7'v 7'7 L% Hwi/N_Feikic X W BEL L 72,

18 gk 24 D toluene/MeCN RAAIR%Z —30°C FTHHET 2 Z & TEL NG Z H v
THfE S X SRS MT 21T - 72, HIE X Rigaku R-AXIS RAPID [RIH34E % F\v»T -150°C T
T\, Rigaku Process-AUTO program 1Z X > C7 — ZALB L 72, fEd 3 AN RICE L, 2
X P2i/n(#14) TH o 7=, BHTIC I\ TIE, SHELXT-2014/5 X' SHELXL-2016/6 7' 1 "7 L%
v =Y RV, BERIC XY IFKERTFOREEZJGE L 72, SHELXL-2016/6 7’1 277 L% H
WiR/NFERIC X WEEL L, FERBERTEZIEFESEICERML 72, Ru(l) £ Cp* Hicix7 4
AF =X —=DBHEEL D, TAAF =X —DHERE 5941 L322 & O ZRadE{b L7z,
F72.N3) LD Bu HICHT 4 RAA—FX—DBHEHELEEZD, T4 AF—FX—D 5HX%
58:21:21 £33 & CRE R imE L L7z, BT Eo/KFEIX HFIX a2~ v FICXDIEEL.,
SHELXL-2016/6 7'v 2" L& v/ 3EEiC L W EELL 72,

1 BEERGELICBI L T3 X AREEREITIC X VB o - s 2 WIS & L7z, JLBIE oB97X-
D, HLJEBI% W.Ru: SDD, CLP: 6-31G (d), Z Dfth : 6-31G Z AW TEIHEZ1T - 7=,
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F—#5 Ru LR 52 & Ru FOORGARANEASHS L, 4464 3 PRI 5
D n PEAED LK LB L DN D, BMOBEIL, 73— PR TR R
RERI 7 = 0 DR —BALKRHR L ORIETHERE LT3, @

Table 3-4. #5(& 21-24 DFEEE (A) & Wiberg bond indies O FL#E

Bond Length (WBI)

21 22 (L= CO) 23(L=CN'Bu) 24 (L=PMes)

W-Ru 2.739 (0.355) 2.836 (0.187) 2.817 (0.211) 2.850 (0.215)

W-N (bridging imido) ~ 1.859 (1.494) 1.855 (1.519) 1.857 (1.534) 1.852 (1.538)

1.864 (1.478) 1.855 (1.523) 1.856 (1.522) 1.849 (1.533)

Ru-N 2.104 (0.570) 2.199 (0.502) 2.211 (0.488) 2.257 (0.459)

2.095 (0.588) 2.203 (0.498) 2.183 (0.505) 2.231 (0.475)

W-N (terminal imido) ~ 1.767 (1.970) 1.759 (2.006) 1.762 (1.998) 1.770 (1.926)
Ru(1)-Cen(Cp*) 1.835 1.915 1.850 1.883

Figure 3-6. §{F 22 (a), 23 (b), 24 (c) DHLELIEE OKFRIFRT 2RV 72)

FER 22,23 DRINRINAZA~2Z P AZHIELZE T 5, LC=X) (22: X =0, 23: X =N) fiiffi
IRENCIREI N v 7Pz nzh 2 AN I/, 'THNMR A7 b CIEEER
ClEbNDE T F i 60°C ICBWTHBHHII NN 25, NMR HIED XA LA T
— VTR T BT 2 BYAEARTEET 5 2 L 2R % L T\ 5, DFT 825 3. Figure
3-8 I/RT X S ICHHEA I PN T LD ter- 7 F AR D IR EMEIR 227, 237 DG R D
IANF—=FEI/NE L, COVRBEMERD R JIED XA LR — A CRBHIENZD D
EFEZTWD, 72, K4 I FEAL & Cp* By i3 227,237 20T bfE
ot L, ZOF 7RAHHIALF %KD L T A, 13kealmol”! ML ERREN ST
Wb, VAROBRERDOFEIT RV DDOLEEZLND,

2 Yamaguchi, Y.; Nagashima, H. Organometallics 2000, 19, 725.
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100 100
20 | 90
80 | 80
70 70
- 60 | _ eo |
2 50 | ~e
=~ e 50 |
40 |
40 |
30 |
20 | v(CO) » 30 v(CN)
10 | 1914,1869 cm 20 | 2092 2060cm |
0 . . ) . ) . 10 . . . A .
3600 3200 2800 2400 20b0 1600 1200 800 3600 3200 2800 2400 2000 1600 1200
Wave number [cm™1] Wave number [cm~1]

Figure 3-7. $&{& 22 (left), 23 (right) ® IR A% b)L (KBr)

J\\ /* Y /)\ B
.+ 4
i N

L
rBUN%W'ﬂ\N\R L Bu N§W'ﬂ\N\R L W Rk,
u u
/ \ / \ 'BuN// }; *
Cl Cp* cl Cp* p
22 (L=CO) :0.00 kcal mol- 22' 1 0.42 kcal mol-! 22" : 14.42 kcal mol-!
23 (L= CNBu) : 0.00 kcal mol-* 23': -0.12 kcal mol’ 23" : 13.72 kcal mol-!

Figure 3-8. $&{& 22,23 L EMhkoz AL F—7%

$Ek 21 & CCl, & DG

B 21 13 L BUEAL - LASMIC b P LIRS & KBS 5, KEFEHAR T CRIGEI T2 8
A, 7R LDEREHFCRS L, Y7 uaiik 25 AL 72 (eq.3-12), FiHA 25
FEBMETH Y, Cp* DY 7 F AP 5698 ppm IZ, Bu D 7 F AN 51.34,6.98 I ppm
12 Ol TBElE Nz, T =7 LA L T BENL T Oy 7 P 3REL Y7 b L
e, AT=7 A0 Rul ((d9) 25 Rul (d5) ~EBlLEI Nz EARRB I
Too TOX D AT = L LGRS & O RIG T, B A BRI 2K Fiiv 7 = 7 L85 (A
TLIELIEHEI LTS, 2

tB tB t
‘BuN\ v ! y zce::m) BuN l"N N,B “
N, N . 2 "N A
Wl _Ru—Cp* ———— w Ru (3-12)
/N rt, C¢Dg / \
Cl ’ "
Bu - CHCI, cl Cp
21 25 (31%)

21 For examples, (a) Quebatte, L.; Solari, E.; Scopelliti, R.; Severin K. Organometallics 2005, 24,
1404. (b) Pfister, B.; Stauber, R.; Salzer, A. J. Organomet. Chem. 1997, 533, 131.
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A 25 DL A F L VR E 30 °C TTHET % 2 & TEb N ER GRS Z v
THIfES X BERERNT 21T - 72, 2 $&51K 25 O 7 Hi&% Figure3-9 (T, JF 1 [EIHEHAE - &5
A% Table3-5 IO T, fimiE X V., WREF2BLVT =0 A RICEM LTS Z e
Dhodz, T, B 22-24 L [EERIC, Ru FLOBENLABIRIED A T % 729 Ru-N #f
AR 21 (2.072,2.063 A) &R L 72,

Figure 3-9. #5{& 25 D/ FHEiE (30% probability)

Table 3-5. #5{k 25 O EAfEGER (A) LH#EA (©)

Bond Lengths (A)

W(1)-Ru(1) 2.7844(6)  Ru(1)-Cen(1) 1.879 W(1)-N(1) 1.837(5)
W(1)-N(2) 1.835(6)  W(1)-N(3) 1.750(6)  W(1)-CI(1) 2.3346(19)
Ru(1)-N(1) 2202(6)  Ru(1)-N(2) 2.138(5)  Ru(1)-Cl(2) 2.360(2)
Bond Angles (°)

W(1)-Ru(1)-Cen(1) 130.44 Ru(1)-W(1)-N(3) 144.60(19) Ru(1)-W(1)-Cl(1)  111.19(5)
W(1)-Ru(1)-C12)  107.66(6)  W(1)-N(3)-C(19) 174.9(5)

2 WI5E X Rigaku R-AXIS RAPID [6#7%5i& % H\» T —101 °C TfT7\>, Rigaku Process-AUTO
program IZ X o C7 — XML 72, A4 IE =R RICE L. Z2RIBEHT P21212) (#19) TH o 7=,
fEFTIC B Tlid, SHELXT-2014/5 U8 SHELXL-2016/6 70 275 L5y 7 — R R, [EiE
I X KRBT O A RE L7z, NQ2) LD Bu HiCiZTF 4 A4 —F—BHFEEL, T4 AF
—X—DEHEEEY 5545 L35 2 & CHEEZ OB L 72, SHELXL-2016/6 7' v 2" 7 L%\ ix
INCFERIC X DB L L, IEKRBIRTFEIEFEAEICEMRL 72, AL ED/KFEIX HFIX a~<v
FiZ X W #8%E L. SHELXL-2016/6 7 v 27" J L& wi/N_FiEIC X 0 L L 72,
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HPUE i WRu B4 I FiEE L REE RIS

R 21 & L AEEoRIG

L BB 23850 21 i LT =y il cRIGT 32—/ T, 2v7x7vlliciisr v
O FREET 5720, W ETOF I v AAZ MU ETT 20 b ifffans, 22
T, BE 21 LV F Y LRELORICETToET A, Junf BRI N
(‘BuN)(R)W(z-NBu),RuCp* (26: R = Me, 27: R = CH,SiMe;, 28: R = NMey) 2355 172 (eq. 3-
13), #E{K 26-28 13 'H, 3CNMR, JCHRAHTIC X 0 FAE L, HfE S X SRS IC X 0 g
ZHER L 7z, $51K 26,27 @ 'HNMR A7 FATlE, TAFAED o fKFEDOL 7 F v
i, BW D3 T 74 b —2 (26: 10 Hz, 27: 12 Hz) 2380l & 7=,

BuN ‘,Bu BuN '/Bu
\\ NG ) RLi (R = Me, Me;SiCH,, Me,N) \\W/N\R e 615
/W\N/Ru—Cp / \N/ u p
el R sl
21 26 (R =Me, 98%)

27 (R = CH,SiMes, 68%)
28 (R =NMe,, 89%)

TEOMIGD LS, $iHA 21 ox v 2Ty Eice B FEALTREATE UL, CO,
REDRENFES E IG5 EBMfFEING, £ 2T, TAFAEEK 26,27 1TxfL 1 A
JEOKFZIGTE2 LT Y FERGKZAA T, RIGITECETL Rd o7 (eq.
3-4), £7=, A 21 IR L LIHBEt ZMIGE¥32 & T, b F VU FEHK 20 AR HE
ENED, BIETERT v EDREESNEER -0, 29 ZHEET 223 TE b oTz, -
KASIE Fe ® Co 7 I FEfkicxfLeFa—ARI v EEHIE2 2L T FY P
FEBGWRL T3, 2 22T, FARICT I ViR 28 iIcxflLCeFa—rKRI vaRInE
e Zh, e P FEEE 29 BEIEETHE LN (eq. 3-5).

t
Bu N\ /Bu
AN N H, (1 atm)
/ N 2
W Ru—Cp* _— No reaction (3-14)
N ~
N CeDs
Bu
26 (R =Me)

27 (R = CH,SiMe,)

23 (a) Ohki, Y.; Takikawa, Y.; Hatanaka, T.; Tatsumi, K. Organometallics 2006, 25,3111. (b) Y. Ohki, Y.
Shimizu, R. Araake, M. Tada, W. M. C. Sameera, J. Ito, H. Nishiyama, Angew. Chem. Int. Ed. 2016, 55,
15821. (¢) R. Araake, K. Sakadani, M. Tada, Y. Sakai, Y. Ohki, J. Am. Chem. Soc. 2017, 139, 5596.
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0

o] W
B H—B/ Bu
‘BuN Y \ an ‘BuN ’
\\W/N\Ru—c * ° o \\W/N\Ru—Cp* (3-15)
N P / N
Me,N N hexane H ;o
2 Bu Bu
28 29 (93%)

FER 29 12 'H, BC NMR A2 bv, JTROWICX D FEE L. Bk X SREEET I
X0 REERMER L 72, 'THNMR A<Z7 FATld, & F Y FEALFIZIER IR IR Z w»
Uwn #1170 v 7ER (301 Hz) TS 7z (§8.72ppm). Z D X 5 7¢ 300~400 Hz FEJE
DREW Yyy By TV VT EREZFFOe FY FDO v 7 Fuid, Woleczanski H 23#iEs L C
W3 VIfliof IF-e FY Vv 727 viRici<bhTng,

$EK 26-29 DHFiEE
FEAR 2625, 2776, 2877, 2928 @ Hifh & X KREEMNT 21T o 72, 51K 2629 O FHEE %
Figure 3-10 1, JR-FREIEEEE - #5& /% Table 3-3 IC/R T,

Figure 3-10. #&{& 26 (a), 27 (b), 28 (c), 29 (d) D7 THEiE& (30% probability)

24 (a) Schafer II, D. F.; Wolczanski, P. T. J. Am. Chem. Soc. 1998, 120, 4881. (b) Holmes, S. M.;
Schafer II, D. F.; Wolczanski, P. T.; Lobkovsky, E. B. J. Am. Chem. Soc. 2001, 123, 10571. (c) Schafer
I, D. F.; Wolczanski, P. T.; Lobkovsky, E. B. Organometallics 2011, 30, 6539.
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Table 3-6. #5{F 2629 O EAfEER (A) LH5GA - ZHA ()
26 (R = Me) CIZJZS(iRM;) 28 (R=NMes) 29 (R =H)
W(1)-Ru(1) 2.7340(2) 2.7231(4) 2.7307(5) 2.7175(4)
Ru(1)-Cen(1) 1.818 1.812 1.813 1.816
W(1)-N(1) 1.854(2) 1.848(3) 1.864(6) 1.842(3)
W(1)-N(Q2) 1.856(2) 1.853(4) 1.862(6)
W(1)-N(3) 1.770(2) 1.756(4) 1.764(6) 1.767(3) !
Ru(1)-N(1) 2.099(2) 2.099(4) 2.074(5) 2.093(3)
Ru(1)-N(2) 2.092(2) 2.089(3) 2.081(5)
W(1)-C(23) 2.149(3) 2.143(4)
W(1)-N(4) 1.965(6)
W(1)-H(1) 1.68(5)
Bond Angles (°)
W(1)-Ru(1)-Cen(1) 179.62 179.16 177.87 177.6
Ru(1)-W(1)-N(3) 140.70(7) 136.50(12) 130.99(19) 141.71(11)*
Ru(1)-W(1)-C(23) 116.95(9) 119.45(13) 124.52(16)
W(1)-N(3)-C(19) 177.8(2) 172.93) 169.0(5) 176.4(3)"
Ru(1)-W(1)-N(4) 124.52(16)
Torsion Angle (°)
N(D)-Ru(1)-W(1)-N(2) 178.82 178.43 175.95 176.9"

(*1: W(1)-N(2), *2: Ru(1)-W(1)-N(2), *3: W(1)-N(3)-C(11), *4: N(1)-W(1)-Ru(1)-N(1"))

s §EK 26 DM AT V/TR P MY AEIKE 30°C THiET 2 Z & TELAZEOESEH
WCHRE R X RS RET 21T 5 2. (HUE I Rigaku R-AXIS RAPID IEI?)? G % VT —150 °C
TfT\>, Rigaku Process-AUTO program 1 & - C7 — ZUBEL 72, A IFE R ICE L, 2=/
HEIX P2i/n(#14) TH o 7z, EHTICE W TIX, SHELXT-2014/5 U SHELXL-2016/6 7' v© 7' J L
Ny =Y v BEGEIC X Y IFKRET OBEEEZRGE L 72, SHELXL-2016/6 7’0 7" Z L%
i/ =F8Eic X O EEL L, KRR T 2 IR IR L 72, BT Lok HFIX =
~ v FIZ X Y8 L, SHELXL-2016/6 7’1 2 7 L% /N _Feikic X v & L 7=,

%GR 27 O LT VTR b= R )RR E 30 °C THHET 2 C & TELhZEEENEH
WCHE R X BREET 21T o 72, HIE X Rigaku R-AXIS RAPID El?ﬁ%%%ﬁﬁwf -150 °C
TfT\>, Rigaku Process-AUTO program 1Z X > C7 — ZALBR L 72, fEd I E SR ICE L, 220
BEIZ P212121 (#19) TH o 7=, fEFTICEH W TIE, SHELXT-2014/5 XU SHELXL-2016/6 7’0 25
LSy ir =V % u‘mia X 0 IEKEIR T 0 FEEEZ BE L 72, SHELXL-2016/6 7’1 7°F A
VRN FEEIC X VBB L., IPKRETFZIEFETEICERM L 72, BT EoKFHEIZ HFIX
a~ v FIZX V{EE L, SHELXL-2016/6 7' v 7 7 L% Wi/ 3Ekic X Dfﬁﬂﬂﬁtto

2T BRR 28 DMATV/TEbF=FVAAERE -30°C THHET 2 2 &L EERKMSE
WCHEE R X SRS 21T o 72, HIE 13 Rigaku R-AXIS RAPID [HIF%EE % Fv>T —150 °c
TfT\>, Rigaku Process-AUTO program (Z X > C7 — ZALB L 72, fEdIdE A SR ICE L, 220
HIX P212121 (#19) TH o 7=, f#HTICEH ™ TIE, SHELXT-2014/5 X8 SHELXL-2016/6 7’1t 2" 7
Loy r =P R, I_T;r(jé X 0 IFKEIR T 0 W Z BGE L 72, SHELXL-2016/6 7’1 7°F A
VRN FEEIC X VBB L., IPKRETFZIEFETHICERM L 72, BT EoKFHEIZ HFIX
a~v FIZX V{EE L. SHELXL-2016/6 7' v 7 7 L% Wi/h ki X W i L 72,
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FEIR 26-29 1213 & A LEEA 21 LRIC XS AMEECTH Y, HAERCHEAMICKE 22
Ronkhot, 1 2FF 25 L niE, 8K 26,29 OKGA I FEALT D LW-N-C 23,
FEIR 21 (168.0°) L EUERL XV EMICED W2, ThIE, Zoafitfi o o 50874k
52T, KA I VEALF2 00 @ EFHE2EL hokkdEeEZONE, TIF
FEfk 28 TIX, KT I PR EOINIE TR & v 727 VL ~E ]G T 2729, N@)
JRF T sp? IR E 20, ZDJETE Y OFEEAIE 359.8° TH o7z, 72, 5K 28 DK
A4 I FENIF D LW-N-C I 169.0° TH Y, 7 ouffifk 21 LFEBRETH -7,

AFILEEER 26, £ R U Rk 29 & CO LIS

AFOVEEA 26 o v F U FEER 29 85K 21 L RIBRIC—BLIRFE L G L, ArR=
VEER (‘BuN)(R)W(u-N'Bu):Ru(CO)Cp* (30: R=Me, 31: R=H) %5 % 7z (eq.3-16), #&{& 30,
311 'THNMR A7 b X Y [EE L 7z,

B 1 4
B N\\ N’ ) ‘BuN BEN N'Bu
N . CO (1 atm) UNS . < co
W _Ru—cpt ——— Sy ey (3-16)
/N CeDs / \
R 4
Bu R Cp*

26 (R =Me) 30 (R =Me, 96% by NMR)
29 (R=H) 31 (R =H, 88% by NMR)

FEAR 30 © 'HNMR A7 b ATl $8K 26 EFRIERICAFALED > 7 F 01T Lwn=9
Hz D% 7 74 bv—273EE Iz, #ik 31 Tld, e FY FRLTFDO Y 7 F e Uyy=
261Hz DY 774 bv—2%, %72 3 204 I VST ED Bu v 7 FA2d §1.53
ppm (ZFEAMIC B X 7z,

b KU R#E 29 & CO, & DRIG

EFYREHA 29 B FL VST 2o AT HF Ly EHPeICKIG L7225, THNMR Z
7 PATEERO Y P AapnBlE N, FEIIRECH -7, —77, 8tk 29 & CO, &
DIIETIX, W-H FEH~ COy AL, F X — FEA 32 25 272 (eq.3-17) 'THNMR
A7 PV TIE 6859 ppm KRN A — bKFBICFEIND > 7 FARBHIE N,

28 $EIK 29 D CeDg IR A EIMTHET 2 2 L TH LN RER LW CHEAS X ks
FEMT % 4T - 72, HIE 1Z Rigaku R-AXIS RAPID E?ﬁ%%%ﬁﬁ W T —150°C TfTV>, Rigaku Process-
AUTO program IZ X > CT7 — XML L 72, FEfIZE S SR ICE L, 22[E#EE Pnma (#62) TH -
720 FRMTIC B\ TiZ, SHELXT-2014/5 & O SHELXL-2016/6 70 2" F LS o — 2 & v, [Ei
«2% X 0 IEKEIR T DPEREZ RTE L 72 W(1), Ru(1), NQ2) JE¥ EICRFRE2FE L T 7z, K

INENLT ED Bu HICET A4 RAA—F—=DBHFEEL. T4 AT =X —DHEEXRE 36:32:32 &
3‘5 oG % oflb L7z, SHELXL-2016/6 7' v 2" L% /N 3R X W EEL L,
TAAF =X =L T RFRTZRIFKFERTFZIEFEFECERL 2, B+ EoKkFEiT
HFIX a~Y Fickh, e FU FidEEY —27 0EEL € L, SHELXL-2016/6 7 v 7' L%
v/ i L gL 7=,
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t t
‘BuN Bu ‘BuN Bu
N\ N co, N\ N
W™ _Ru—Cpt ———> W™ __Ru—cp* (3-17)
H/ 'N rt, CGDG o / N

29 32 (58% by NMR)

A FILEEKR 26 Ot 70 b AL KIS

FEIR 21 LBFIED MeLi L ORIETIZW EDXFAED T v b v28 MeLi IZX - T
BRSrcs 2R T 2 e 3gh o7z, FHIC DME Ziii$ % 2 & T, RIGZ@&EH
TEILEXE, 2FALED | 207w bt vyRE RPN ZEBAFL VK
[(DME)Li][(‘BuN);W(u-NBu)(1-CH2)RuCp*] (33) % EIRMICIE 2 2 E A3 TE 72 (eq.3-18),
& 33 1% 'H, BC NMR A7 P X o CTHEGE L., Hfha X SRS IC X D S %2k
TE L7z EEWTLF MG 7% FF o8 27 1 L ThH, MeLi ° Mes;SiCHoLi 72 & 0¥
Heotic ka7 e b v AbERRET L7223, RICIEE K ETL7Rd 2 72 (eq. 3-19)0

g B / f H\ /H
BuN e ‘BuN e MeLi 3 JBu
\\\ N MeLi \\ N DME Nt N
w Ru—Cp* — w Ru—Cp* ——— LiZ w, Ru—cCp* (3-18)
il /SN NN
o we N - Me-H o, N
Bu ‘Bu \ Bu |
Bu
21 26 33 (100%)
" H /SiMe3
BuN Bu ent ‘Bu
N MeLi or Me;SiCH,Li  S°O!Vent, .N
\ - v TN (3-19)
W Ru—Cpt ————> LiZ /w\ /Ru—Cp* -
/N
Me;SiCHJ s - Me-H solvent B ril
Bu
27

fER 33 @ 'THNMR A2 FATIE, AFLVvKBRIREINS S ZF A §7.15 ppm
IZ 2H &Nz, 72, W-Ru BICZHEL T3 4 2 FERAL 725 5204 ppm I, Li*
EMAFEHL T a KA I FEALTFD tert-7F VEED 51.15ppm 1T, 122 DL THEHIE X
N7z, BCNMR A7 b AT AF L VRFED 51305 ppm & AKS I8l X 7z,

FEIR 33 13 MesSICHoLI & DIBIC X Y I b icfii 7w b vibkah, 7= vHoxF
Y Y vEER 34 5 277 (eq.3-20), #iHA 34 © 'THNMR A2 P A Tld, 5123 ITAF Y
PUKBLIRBINB L S FABRY AT VDY T I4 F¥—72 (AJwn = 46 Hz) %1
> CTHI X 7z,
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/ t H\ /H |:I
Bu
o} ;0 L . . c
\L """ N\w/ \R c e tBUN\\w/"\R c (3-20)
il u—Cp* —mmmm Li u—Cp* -
O/ \N/ \ / CGDG 2 tBuN/ \N/
L4
\‘Bu | -TMS |
Bu Bu
33 34

AF L UK 33 OHFREE

SRR 33 DRV X VIEREER T CHRBERIRAICERIE L L el b BOHME
F CHEEE X SREERRIT 21T - 72, 2 #ik 33 O 7FHE% Figure3-11 10, Fafbé
£ - &M% Table3-7 IR T,

Figuer 3-11. #i{& 33 Do 1HEd

Table 3-7. #51k 33 O EAMEERE A) &#EEA ()

Bond Lengths (°)

W(1)-Ru(1) 2.70763(19) Ru(1)-Cen(1) 1.814 W(1)-N(1) 1.9361(17)
W(1)-N(2) 1.8135(18)  W(1)-N(3) 1.8157(17) W(1)-C(23) 2.036(2)
Ru(1)-N(1) 1.9596(18)  Ru(1)-C(23) 2.155(2) N(2)-Li(1) 2.070(4)
N(3)-Li(1) 2.078(5)

Bond Angles (°)

W(1)-Ru(1)-Cen(1) 167.17 Ru(1)-W(1)-Li(1) 173.98(9)

2 JI7E 1% Rigaku R-AXIS RAPID #7354 % v T —117 °C T{T\>. Rigaku Process-AUTO
program C X o CT7 — X UBR L 7z, FEEIITETTERICE L. ZERIREL Pbca (#61) TH o7z, fif
Fric 3\ Tid, SHELXT-2014/5 XU SHELXL-2016/6 7' 1 "5 Loy o5 — & v, EHEIC
XV IEKRFBRTOBFEZPE L 72, NG) LD Bu HicTF 4 2 A —F =Bl I N2, 71E
63 :37 L9352 oiiErRE{L L7z, SHELXL-2016/6 71 27 J L%l vi/h " 3Ekic X
DREEAL L, IEKEBRTZIEETEICER L 72, B Eo/KEIR HFIX a~v FIck W iEE
L. SHELXL-2016/6 71 27" J L% /N _Feikic X 0 KL L 7=,
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X WSSO AF L VLT E A FEALF2S W-Ru BICAEL T, U F Y
LAFAVH 2 DOKNA L FRALFIC X > TR I N T 2 BP0 BIE I e, K
21 L EKEIC, WRu 1D 2 O O BEREEAT F 12 F— Vi LIcfii@E LTz (A N()-
W(1)-Ru(1)-C(23) = 177.18),

2 gss ﬁ 2.063 26 1.856 N 2.092 B 03 gz2155
W NN, WA, N
2.149
/1.&>N{072 l.S}N{O% 1.93>N(960
ci R Me R R
T
21 R 26 33 Ha
1478 N_ 0588 1483 N 0.577 1.187 C < 0.592
AN NN, 2042 ey
0.872
/1.@N{570 1.50>Nﬁi6 1%Nﬁ)9
ci R Me R

Figure 3-12. #{k 21,26,33 © 2 7H5 D (a) itk (A) & (b) WBI

kD 7 m w ik 21 X FVEER 26 &L 22464 I PRI T & @) & o AR
#t% Figure3-12(a) ISR T, 2 DDA I FEALFHAZEMBEL T 285k 21,26 TiE W-N #i
GUAEEIZR 1.85A TH D25, $8K 33 TiX 1.936A L eeMELZ, —H. Ru-N fE&iT
BLZ 01 A LM L7z, DFT 515 ¥ <k 7z WBI T, #k 33 © W-N #iHo
fH251.5 225 1175 ~EWA L. Ru-N FEEDMEIZ 057 225 0.81 ~EHIML 7= (Figure
3-12(b))e 2D X I BREEAROENIF, BBEA I PR TORMICX VP LELT =T 4
T LOEBTEEZMOI -0 EZONS, L L, 364 3 FVEALT & B oGS 134
2V TAT MDD T A, %V/@Bu%a 43 FEMFICK > TR N LT
=9 LEHA (Cp*Ru)z(u-CH2)(u-NPh)3t 2RI H I K o THE I T W 2 28, 2 DR D
Ru-N fEARIT 1.89A L&A 33 X0 DFE .

v IIRATVREBATFT L VRO W-C AR EI AL TwE b 0T
2.075~2.107 A 3 FRETH Y, K 33 O W-C ALV DEV, T/, MW AR &L

0 S ROELICBE L Tid X SREERITIC X VR o N EERVIIRGE & L7, B oBI7TX-
D. KB WRu:SDD, % DOt : 6-31G ZHW TR Z1T o 7%,

31 Takemoto, S.; Kobayashi, T.; Ito, T.; Inui, A.; Karitani, K.; Katagiri, S.; Masuhara, Y.; Matsuzaka, H.
Organometallics 2011, 30, 2160.

32 (a) Chisholm, M. H.; Streib, W. E.; Tiedtke, D. B.; Wu, D. Chem. Eur. J. 1988, 4, 1470. (b) Guzyr, O.1;
Prust, J.; Roesky, H. W.; Lehmann, C.; Teichert, M.; Cimpoesu, F. Organometallics 2000, 19, 1549.
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ZU LDLEEAF L VEEATIE, Ru-C #EAFEHEIEX 2.02~2.11 A 3* THH, FEEATF L
/ﬂﬁw F (Cp*Ru)2(u-CHo)(u-NPh) #&A D Ru-C FE&HE (2.06 A) & LR L T b 5k
33 ® Ru-C EAIFEWHEE o 72,88k 33 © W-C & e Ru-C #AD WBI fEICDE

VR oD LT, RFEAF L v EALT IR AUE A H H H H
UFRM TR LS IE, 2y 727V ERCHE N 4
FRLCHY . 4o &5 slRiEEos 52555 N T 0 N
e e
LELLND, | |
Bu ‘Bu

A UMERIBATFL VA 33 o0 ARG

$ik 33 o7 v b b ERITo7ze A, VFHLINTwDE 4 I KT e+ v LEZT,
ko4 fr’ﬁ‘*} F L VR (‘BuN)(‘BuHN)W(u-NBu)(1-CH2)RuCp* (35) 233 H 37z (eq. 3-21).
FEfR 35 13 'H, B*CNMR RA~27 Fb, JUHRIMIC X O EGE L7z, #ifR 33 rfcaEflic @i
INTZAFLVKERLKIA 2P LED tert-7F AFA, $8K 35 © 'THNMR Z~<_2 F AT
(ZFEEAM I BIZE & 7z (u-CHa: 8 7.72 and 6.94 ppm, ‘Bu: & 1.15 and 1.02 ppm),

/ t H\ /H N\ t

Bu HCI°@ BuN H
o ’ C o2
v N /'\ Pz \ / <

Li’ W Ru—Cp* > Ru—Cp* (3-21)
AR e \ /
9, 'N N toluene BuN
\ Bu | | 'Bu
tBu H
33 35 (85%)

SEMR 35 I A F K 26 DEMARTH D, DFT HE3® ko b o = 40 ¥
—7=1% 2.65kcal molt & $E{k 35 DT BALRETH 72, Lo L. $EfE 35 13 80°C iThnEh
LTHRIGET, 2 FN7 e b v BENC X 2885k 26 ~ORMEIFE S v o7 (eq. 3-
22).

Bu N\\ H2
80 °C
N
W\// Ru—Cp* o no reaction (3-22)
. N CeDg, 24 h
BuN !
| Bu
35

B LT OEA T L VEERIC O W TR, BRI R iRk X 5 L v R0 5s A AAER L =&
L L 7-EE D 72 O BRI L 72 {W(1-CH,)(=NC6H3CL)(3,3 -Bux-5,5",6,6'-Mes-1,1"-biphenyl-2,2"-
diolato)}», Arndt, S.; Schrock, R. R.; Muller, P. Organometallics 2007, 26, 1279.

3% The Cambridge Structural Database (CSD)

% §ik 33 OfiEMEE R HIC, Li(DME) S 2 KERFIcE 2z THEEZ VRS L L. IL
BI% »B97X-D. FLERIH WRu:SDD, % Oftt :6-31G ZH W CalH %2175 72,
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$EfR 35 o7 I FHEIFE ST e b vLEZT, BuOH & DORIGTII 7 v aF v FEE
36 DAL 72 (eq.3-23)0 —/7 Ty 4 I FEMZFI1Z BuOH I X% 7w b v LIZZ T 75h -
7z

BuN H, ) ‘BuN H,
BuOH
\\W/C\R * . N N *
u—Cp > w Ru—Cp (3-23)

SN rt, CD /S
£ » Y66 t
BuNH ¢ Buo” ¢

35 36 (quant. by NMR)

BER 33 LBFEIROY Y U VIERIE A NG X /2L 2 A, 'HNMR A7 b LV CHEHED
O FAREHHE N2, FEIIREETSH - 7=,
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FHA B WRu EXA I FEEEOBRTRIG

FUFICIE, R 21 & 2 YROAFAVFULLDORIET 1 DOHEEA I FEEHI T
DHRAL L, #6533 #5256 2 2ib~7z, 7 ool FoOiEE S . hemilabile 724 I FEC
%74 vECHiRT 5 2 Lk, BN AR AR RICE R TR T & 5 L&
Zbhd, 2T, #ik 21 LEITHI & ORISR L 72,

Figure 3-13 IC8HA 21 OH A 27V v 7 RN 27T Lk RT, Bl oL cil
(1% 25 <13V fhEICBE I N/, £ 2T F A A F A T80 b+ v (Cp*Co'/Cp*Co: —1.94V
vs. Fc/Fe*) Z#R | BITS) DE\IREITHl & O RIS Z1T - 72,

15 2
10 15
5 /‘ 1 L7
— g 05 . ,/ -
0 = S
S o0 =4
[
-5 Y. =
1st 3 05
10 1st
’ -1
-13 15
10 05 00 -05 -10 -15 -20 25 -30 -35 05 -0 15 =0
Potential vs Fc/Fc+ [mV] Potential vs Fc/Fc+ [mV]

Figure 3-13. ${k 21 0% A4 7V v 7 KA X £ 27T 4 (K 1.0 mM, HIERE: i, HIER
U THF, XFFEME: TBAPFs (0.1M), {EH & Pt, SIHEM: Ag/Ag+ (TBAPF/CH;CN), f
513 L 50, 100, 200, 400 mVs "), Resting Potential: -578 mV vs. Fc/Fc*, BE(LERTTHE (1) D Ep:
—1394 mV, Epc: —1147 mV, |ipe|/|ipa) = 1.43, Reversibility: quasi-reversible

R 21 LT HAFALI NPV F IV LFTRLE N EDRIGTIR, DL
BB EC 72720, EFPIZFRET 5 2 L IIWNEECTH -7z, T2, BRI (dppe)2W(N2)2
B R EART HBIGEITTH E LTHY LR S Mg & i3, £ ICHBEITL o7z, £
TC, R 21 TR L, 2 MED KCy L DRIGEMEI L7z 2 A, 7 v uft O —&E+
BMILHBETL, BEOXRXVEVYBRIELEZT =4 vHE7 =1 F I FiEK
K[('BuN)2(Ph)W(u-H)(1-N'Bu)RuCp*] (37) 233 H 4172 (eq. 3-24). A 37 1 'HNMR R
7 P K Y EGE L. BiGS X BEEREITIC X Y BE 2 RE L 72,

3 Chatt, J.; Heath, G. A.; Richards, R. L. J. Chem. Soc., Dalton Trans. 1974, 2074.
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0

E & WRu EXA I FEEDER & KIG

6 <
tBU N ,Bu . ,, ) :::N
Ny 2 G NN 620
W\ /Ru—Cp e /W Ru—Cp
N CeDs 'BuN/ \
el D
Bu
ds
K.
21 / 37-dg (51% by NMR)

PR 37 @ 'HNMR A7 P AT, FEBREBICT s =V EICREI NS ©— 7 23
5001 ppm ICEEL FY FIIRBINE v 7 FAnBIgE I N, Hice ¥ Y FRMFO >
TFLTIE, RV T AT VDY T T4 ¥ —72 (Uwn=35Hz) DB S iz, EARELR
VEVHTRIGEIToGA T, e N PN TFE 7 2 = v EoKBEPEKEZLLI N
785K 37-ds 28 51% PR TR LNz, 8k 37-ds ® 'HNMR A~X7Z7 P Tlk, e FU F
TR I7 TIRFEIRIC & 77 F B E e D o T2,

FEIR 37 D CeDe R ZHEIMTW o K VAFEI 2 2 L TRONB O Z WV CH
il X MRS 21T o720 ¥ HFNICIE 2 2O WRu 2=y FHFEEL, AV VY
LRZOD M=y b ORNMN T2 ORMEZT S LT, =y k2SR - TE
INT-, BEA 37 D4 TREE (Unit 1) % Figure 2 12, FESAERT — & % Figure 3-14 1,
F AR - #iAM% Table3-8 1T T,

Figure 3-14. #{F 37 O/ 1Hi&E (30% probability)

S JAIFE 1% Rigaku R-AXIS RAPID [HI#7%£#E % v T —117 °C T{T\>. Rigaku Process-AUTO
program C X o C7 — ZUBRL 72, &I HRNRRICE L. =BT P2i/n #14) TH o7z, R
Fric 3\ Tid. SHELXT-2014/5 XU SHELXL-2016/6 7' 1 2" Loy 5 — P & v, EHEIC
X 0 IEKER T DRI % RE L 72, SHELXL-2016/6 71 27 F L% Flvi/h ki X 0 iEE
L. JERBERTZIEEHEICERL 72, A7 ED/KFEZ HFIX 2~ Fickb, e FY P
KGRI IC B 2% v — 7 OEFEICHEE L. SHELXL-2016/6 71 275 L% Hwvwis/h B X b
&L 72,
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Table 3-8. #ifF 37 O EAFEARE A) LMEEA ©

Unit 1

Bond Lengths (°)

W(1)-Ru(1) 2.8465(3) Ru(1)-Cen(1) 1.831 W(1)-N(1) 2.000(3)
W(1)-N(2) 1.799(2) W(1)-N(3) 1.763(2) W(1)-C(23) 2.200(3)
W(1)-K(1) 3.5053(6) W(1)-H(1) 2.04(3) K(1)-Arene(2) 2.849
Ru(1)-N(1) 1.928(2) Ru(1)-K(1) 3.3554(7) Ru(1)-H(1) 1.71(4)
K(1)-N(1) 3.184(2) K(1)-N(2) 2.818(3) K(1)-H(1) 3.03
Bond Angles (°)

Ru(1)-W(1)-C(23)  88.61(8)  Ru(1)-W(1)-N(2) 114.058) Ru(1)-W(1)-N(3) 131.16(8)
W(1)-Ru(1)-Cen(1) 159.41 W(1)-N(Q2)-C(15) 147.68(19) W(1)-N(3)-C(19) 173.7(2)

Unit 2

Bond Lengths (°)

W(2)-Ru(2) 29117(3)  Ru(2)-Cen(2) 1.829 W(2)-N(4) 1.992(2)
W(2)-N(5) 1.804(2) W(2)-N(6) 1.768(2) W(2)-C(51) 2.192(3)
W(2)-K(2) 3.6007(8) W(2)-H(2) 1.98(2) K(2)-Arene(1) 3.087
Ru(2)-N(4) 1.9271(19) Ru(2)-K(2) 3.3565(8)  Ru(2)-H(2) 1.59(2)
K(2)-N4) 3.147(3) K(2)-N(5) 2.901(2) K(2)-H(2) 3.25
Bond Angles (°)

Ru(2)-W(2)-C(51)  96.05(6)  Ru(2)-W(2)-N(5) 110.92(7) Ru(2)-W(2)-N(6) 133.80(7)
W(2)-Ru(2)-Cen(2) 164.58 WQ)-NG)-C@3) 146.6(2)  W(2)-N(6)-C47) 171.4Q2)

ZfE A F L VAR 33 L FEIEEIC, Ru-W [ICiZ—2 D4 I FEALFOADBLZUEL TH D,
oD 2 204 I FEATFIE W ICEMLTWiz, VF 74082 2DKA I P+ &
-fﬁ LT w2k 33 LidEAb, 85k 37 oh ) v 2k LTid, —2DKIA I FEL

eG4 X VRO, D41 @ Ph HEABELLL T/, ZNE AV T LDHRY Fv
Ai@%%ﬁ/# ERRKE VD, B IV LT LMHEFHTE 2 X affiEicZo
Tl FEZ b5,

Ry D C-H #EEPUIMEN2 e CERT 7 =BT 32 vy 7 AT v ED
K7, & Y PRSI ZREADIC AL L T 7z, BA 37 %64 3 FEIT & &)@
D& OFEGHMY RCAhz e, 85K 33 L0 dIHIC WN #HEAESELC D, RuN 58
o TWwi, TNFETOEREEA I FEEfR L el L, 845K 37 OZ24E4 I PR T3
AR v T =7 b e ODHAFRAB I HICHE oz EZAOLND, ZNE TS
B ZLGHE L T/ A 2 PRI A F L Vi 72 086 e V) PR~ & & X b
272 & T, #iK 37 © W-Ru #EAIE 28 A ke, AKETHEL T3S W/Ru 2HEA
I VRO F TR ELS Bo T,

% Jia, Y. Q. J. Solid. State. Chem. 1991, 95, 184.
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FEfk 33 © 37 Tlk. 1 DOZUEA I FEULFAREGAL~ S HRAL T 2 RT3 BIR S 7z,
LD R)GE LT, Thomas % Zr, Co [HICZEMEL 72 3 2D phosphinoamide FLfiz ¥ (PN
TN ) A3 hemilabile ZRBCfi & LCHEREL . R A7 4 V2% Co O fEHEL PN
Behz 23 Zr 1T m?2 Bifi$ 2 2 & T, /N T L ORIGTEED 2 DOBEHRICEME L 7258
hKEH5252LEREL TS, ¥

39 (a) Thomas, C. M.; Napoline, J. W.; Rowe, G. T.; Foxman, B. M. Chem. Commun. 2010, 46, 5790.
(b) Krogman, J. P.; Foxman, B. M.; Thomas, C. M. J. Am. Chem. Soc. 2011, 133, 14582. (c) Napoline,
J. W.; Krogman, J. P.; Shi, R.; Kuppuswamy, S.; Bezpalko, M. W.; Foxman, B. M.; Thomas, C. M.
Eur. J. Inorg. Chem. 2013, 3874. (d) Marquard, S. L.; Bezpalko, M. W.; Foxman, B. M.; Thomas, C.
M. Organometallics 2014, 33, 2071. (e) Wu, B.; Sanchez, R. H.; Bezpalko, M. W.; Foxman, B. M.;
Thomas, C. M. Inorg. Chem. 2014, 53, 10021. (f) Zhang, H.; Wu, B.; Marquard, S. L.; Litle, E. D.;
Dickie, D. A.; Bezpalko, M. W.; Foxman, B. M.; Thomas, C. M. Organometallics 2017, 36, 3498.
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BE1 HEE

gD 2 v 7 AT v A4 I PR WENBu)(-NHBu), &AM LT =7 L§EK
[Cp*RuCl]s #KIEX 2B LT, 22004 I PR CHEBEI N WRu —HEEE 21 %
AL 72, B X SEERTS DFT SHEORR 2 6. 8k 21 o4 I FEAI I3 & v
JATVEBAFEGLTED, VT =T L~NEHCENIL TV B Z L ATRB I rz,

R 21 BEMIARIAMITH Y, CO R e L Ml KIGL, 2B FFF—ArT=
Y LICHNT L 78RR 5 A e, £ RV SR TF Y EO 7 0 afiifi O P 5 v A X Z ALK
JGIZ X o T, W RickkA BB ZEATE 5 2 & ZHL AT LT,

BuN ‘Bu

/
R-Li \\ /N\ L-type ligand
/W\N/Ru—Cp
cl 7
Bu
21
Bu Bu Bu
A Y /
‘BuN NN L
N N N
Ru—Cp* \/W/\Ru/
ci Cp*

Scheme 3-1. &k 21 O &&EH.LTONRIG

7 = A VAR D S R OBRICIZ, BG4 I NEI T hemilabile ZaPEE 2B X L7,
A FOUEER 26 LML DRIGTIZ, AFAEEDOKENGI EIHKPNT =4 v H2E 2 F
LUK 33 527, 2DEE, 1 DDEEEA I FEALF IR~ L HiRAE L 72,

fB / t] H\ I|-I
BuN ht MeLi o JBu ¢
N \ NN
N\, N OME )
o /Ru—Cp — > N " \./ e (3-25)
Me/ ; ~ Me-H O g N
tgh \ ‘Bu |
Bu
26 33

PR 21 & KCs & DRIGTHZREA I FEALAF DI B X L7z, T DiRITKIG T,
FHRCERT ZEETMECL > TRy ryDd CH Basilisn, 7= 7=
v R FEHE 37 BE LNz, EBODORIGICENTH, TAA )V EEA 4+ v & oMHEFER
D7D, FUHEA I VRN T OLT =7 L~DOEMNIBHE o2 bDEEZLND,
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“H# WRU EXA I FSEEOARE RS

/b tBIu
f <
BuN Bu Kss

\, AT S PN

* (3-26)
/S CeHe BuNT] \\
S :Z H

Bu
v
21 f 37

Dl kdic, KBTI INETTIKARIN TR WA I FEMVFTERIEXI N7 WRu
THESEE D RIEEIC O WTHE L 72, 2 DDEUEA 2 VRS T RS20, 4 DRIGTIE
“RICEET 2 oo&E L HEPHAER T AR IIBIR I NG o 208, BRERAL T

@ hemilabile Z&EEZEAT LT, 2 2ORBHHE T 2 RiESIE KHCE 2 BT
E ZAMREMEDS D B 2 & R Tz,
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ME =HEELETO=ZERES Y U VEEOEN

B S

BB T A RifE

2 DDLBREICHEME L 727 4 B % b 2 BBLSBIARIIEL AR INTE Y., 25
UL VR R IO BERE S V VEER TR Rk A4 IR BLAIREE O D D AAHI ST B Figure 4-1,
Fric 2 2l Lo Si-H &% oe Fey 7 v L BBESEHEARL OKIGTIR, 2 2 Of
JE & 3c2e WEBEAT D prfip-v 7 VR bAERI N TW3

Ph Ph
j y
H7 g tH H--S o
Wil oo A
OC—Rle\—Rle\—CO TI\ /TI /I}nr{ yln\
¢ o¢ % Qf H \6 o€ d uH L%
(] (o] 0] [o)
p-Silane complex! u-Silyl complex? u-Silylene complex®
‘Bu /DMAP e oh ICI
EtsP_ O Sl _PEts
Fé—Fe v \’/Pt\
Q; e \6 Et,P” N7~ PEt
C|/ Ph
) . u-Disilylene complex®
w-Silylyne complex (Bis(u-silylene) complex)
Figure 4-1. £k 4 2 BCAITE X % £50 7 A HREER
G A TSR BRL o X 5 ickk & RBUAIAR R & £ o LAY A3 T

BREINTHZDIIH L, 3 DL EOEEICENEG L - % EEUE T 4 Bk Si—n
DEBBNIIEF 1T DI, ¢ F 72 iR R cR O Tw S - M/ \ M
Si-H #5& 7 x AL EEET A RN F1E 3 O w-rP-v Y L VR M
BREINTREDHETH S, o

! For example: Hoyano, J. K.; Elder, M.; Graham, W. A. G. J. Am. Chem. Soc. 1969, 91, 4568.

2 For example: Aitken, C. T.; Harrod, J. F.; Samuel, E. J. Am. Chem. Soc. 1986, 108, 4059.

% For example: Herrman, W. A.; Voss, E.; Guggolz, E.; Ziegler, M. L. J. Organomet. Chem. 1985, 284, 47.
4 Kawano, Y.; Tobita, H.; Shimoi, M.; Ogino, H. J. Am. Chem. Soc. 1994, 116, 8575.

° For example: Zarate, E. A.; Tessier-Youngs, C. A.; Youngs, W. J. J. Am. Chem. Soc. 1988, 110, 4068.

® (a) 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. (b) Beck, R.; Johnson, S. A. Organometallics 2012, 31,
3599. (c) Hirotsu, M.; Nishida, T.; Sasaki, H.; Muraoka, T.; Yoshimura, T.; Ueno, K. Organometallics 2007,
26, 2495. (d) Anema, S. G.; Lee, S. K.; Mackay, K. M.; Nicholson, B. K. J. Organomet. Chem. 1993, 444,
211. (e) Schmid, G.; Bétzel, V.; Etzrodt, G. J. Organomet. Chem. 1976, 112, 345. (f) Tiel, M. V.; Mackay,
K. M.; Nicholson, B. K. J. Organomet. Chem. 1987, 326, C101. (g) Mackay, K. M.; Nicholson, B. K.; Sins.
A. W.; Tan, T. T. Acta Crystallogr, Sect. C 1987, C43, 633. (h) Anema, S. G.; Barris, G. C.; Mackay, K
M.; Nicholson, B. K. J. Organomet. Chem. 1988, 350, 207. (i) Evans, C.; Harfoot, G. J.; Mclndoe, J. S.;
McAdam, C. J.; MacKay, K. M.; Nicholson, B. K.; Robinson, B. H.; Tiel, M. L.V. J. Chem. Soc., Dalton,
Trans. 2002, 4678. (j) Arii, H.; Takahashi, M.; Nanjo, M.; Mochida, K. Organometallics 2009, 28, 4629.
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JEFIE, =T =v oy e FY Nk 38 &~y T vEeoRIbicL b, =BT
=Y LRIGHIC T A BBV IAENT: 15-7 A REEPBFEOND VAL LTS
(eq4-1), & LA L. HfEs X SN2 513 3 2D Ru-Si ABHRATEEZL DD,
EFY PR FOMNEEZFRET 2 LIITES, 20207 4 BT OB % E
THILIFTECWaAL»o7/z, IR A7 P "HNMR A7 FAhbd =BG A
RN FOLUEHAZRET 2 2 LB TET, BoN ZEERIH L WK% b o
- 7 VEERTH B 2 ERELSRB I N D DD, X ORNIEEEZRET B ITIZEDS L p

277,

// RSiH; (R = 'Bu, Ph) o |\ R
//

WY L

%ﬁﬁﬁitén&#otﬁ%&%ﬁaLf&)wfm%ﬂy?ym&%&wé%ﬁ&m
MEERTHBZ 25, PSINMR A7 bADILEY 7 bR biEERZRETE RV AL
QLN EEERRELRPTALETH Y IR HIERCTTEINTBRECTH > - H BB T 5N
b,

i - 551k 9 lEEBEEL Ru 25745 =K E B 7 v DRIGICE Y -
-t VABER R AR L TV B (eq.4-2). O T D DEEEDIREETIZE THNMR R 72 b
TEHE&ELOE FY F& RuSi IICEBLAZE FY FOoH 4 FREBABHIE N TE Y,
Scheme4-1 IC/R L7z X DT w-rfirfef-3 7 VIR L -1fif-> D VEEIRDFEHIC X D | &
FURBAREL T30 EeEZLNTWS, LaL, KETD 'THNMR R~<Z b LIC
BWTDH major 7 ps-v VAR L 28I SN TE S T, BN mw-> 7 VRO EHEIC
EE > Ty,

R
\
\ RSiH; (R = 'Bu, Ph) Si\H
> N
\ " / H-H~ 4-2)
7N Cp SN :—/RuCp*
)éb /f;( H—Ru—H
Cp*

=Co, Rh, Ir

(k) Yamada, T.; Mawatari, A.; Tanabe, M.; Osakada, K.; Tanase, T. Angew. Chem. Int. Ed. 2009, 48, 568.
(1) Yang, J.; Rosal, I. D.; Fasulo, M.; Sangtrirutnugul, P.; Maron, L.; Tilley, T. D. Organometallics 2010, 29,
5544. (m) Arii, H.; Takahashi, M.; Nanjo, M.; Mochida, K. Organometallics 2011, 30, 917. (n) Armbruster,
F.; Meyer, J.; Baldes, A.; Burgos, P. O.; Fernandez, 1.; Breher, F. Chem. Commun. 2011, 47, 221.

" (a) Corey, J. Y. Chem. Rev. 2016, 116, 11291. (b) Corey, J. Y. Chem. Rev. 2011, 111, 863. (c) Corey, J.
Y.; Braddock-Wilking, J. Chem. Rev. 1999, 99, 175.

8@%%&1Wt R, R TR (1996)

® (a) Nagaoka, M; Shima, T.; Takao, T; Suzuki, H. Organometallics 2014, 33, 7232. (b) &[if] 1E7Z,
?&ﬁi,%ﬁi%ﬁ?(mm)@é%hﬂl%u P %ﬁlﬁﬁ%(mM)
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R R R
\ | ]
/Si\TH H,fs'\TH H’s'\H
-1 HN -~ ’ H —~——
i sSSP <\
H—Ru™=H Ru—H H—Ru=H
uz-1P:mP-silyl ng-1P:mP:nP-silane uz-mP:mP-silyl”
R R R
| I |
H7 Si<H /Si\ H7 Si<-H
’ [FT) L 4 \ / g
, JAN ~ ’ H.IIH_ //H_th\
AN i Ry M IORY | 7= Cp*M (M = Co, Rh, 1)
H—Ry-H H—Ru—H H—Ru
_ *
ug-mPinPinP-silane uz-nPinP-silyl’ uz-P:n?inP-silane” u=Cp*Ru

Scheme 4-1. y3-> U VSR D B 25 H)

%5 £ OB A Si-H S ot Rt

EBEE LTS A-Si-H #ifid BRSO B REZBE L 20 LR
e nCTE LD, BBICY 7 vilitho A-Si-H #AZEUIBIL, ~ V-t FU FififdE &K
L7=BlER 5N T3, Kubas Bl n-v 7 VEMAR T2 7 4 v Eo@EfIEIC k> T I
tb)b?%k@¥ﬁ& MEL5 252 E2MELTVWED (eq.4-3). © 2D X5 7% Si-H
A OUINHERE O FEEIIE L L, %< DA TE OYMIZ—/71Ci %, 7-Si-H KA »sUI
Iz LBBEPLOBBDIEMT 225, £ 2 @RS R LE RIGE 138G D
TR DR EFFT DL L, FRCHILEEER ECHEE D 72-SiH fEE Ul X
N5 7=01Cid, ERT 2 @RS, b U < ISRl 72 S8 0 > 5k SR 2558 TR i
T5C & THEL RN ATINEEZ ZENT 2 LRBVETH 5,

O
SiHj
SiH ‘ / ( \ |
Mo(CO)(R,PC,H,PR,) — =4 5 / \ SiHy =~ = w /Mo/ (4-3)
R = Ph, iBu, Et P | R, H/‘
2 P
R
2 z
n’-silane complex silyl complex

BRI pfap-v 7 VSRR Le Fey 7 v 2B AT 3 2 L TRV &R Zpu-2 )
NEEERZ AR LTS, £, v U AVENLT (-HSIRy) L OEHIEL DS R = Ph, tol DEHIC
DH, MEAAKEHTTE HIT 12-Si-H OYIWIMET L, > VL vk~ Efaanz Z &
FRHELTWD (eq 4-4)o W prrff-v 7 VEERICH Le Fa v 7 v Cld il 7TxFL vk

10 Luo, X.-L.; Kubas, G. J.; Burns, C. J.; Bryan, J. C.; Unkefer, C. J. J. Am. Chem. Soc. 1995, 117, 1159.
1 (a) Suzuki, H.; Takao, T.; Tanaka, M.; Moro-oka, Y. J. Chem. Soc., Chem. Commun. 1992, 476. (b) Takao,

T.; Yoshida, S.; Suzuki, H. Organometallics 1995, 14, 3855. (¢) e BB, “FAiam>C, B LEKRY
(1995).
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RIGXE7-HETIE, TFLVYDBKET 7 72— LCHiET 22 & T SiH fEHoD
Ui s 0, vV L VEERDSER T 5 2 & b LT\ B (eq. 4-5), 1

R R R R R R
H—Si—n IR 8
—Si—| —Si i
|/ \| _ReSH, |/ \l 4,-H, AN
Ru\/Ru RU—H—Ru—- | =——— Ru\H,Ru— (4-4)
S —H2 |\/ H, \/
H—Si Si
/\ /\
R R R R
. . . Bis(u-Silylene)
p-Silane Bis(u-Silyl) (R = Ph, p-tol)
‘Bu 'Bu ‘Bu Bu ‘Bu Bu
S H H \S/ H \S'/
i—| —Si i
|/ \l CZHZ |/ \I 4 / \ (4 5)
Ri—H—Ru—-[ —— RIgRv—T -
\// \\// —H, \X'<
Vi H
u-Silane wu-Silyl u-Silylene

TROWE pr VL vk e Fus S v EDRIGICE Y -2 U AEMEK, prrfaf-o 5
VEEARE AL CTWwE, SORIGIFAENTH Y, 1A-Si-H FEE UM & v T v DIETTHIMG
HEIC X > CTAEL BRI ABIAMICH L. CO ZRfMIEE2 L TRENLTWEEEXSC
EMTE D (eq.4-6) ¥ F 7z, Braddock-Wilking & (IR (u-r2-> V) KD R R 7 4 v
AL F2ERT 52 & TR (v V)L Y) SR~ AL T2 (eq.4-7)e B TORIGT
IBIKSRIC X D AERT 2 R RIS R A 7 4 VSIS 5 & & TR L ELT %,

Tol Tol Tol Tol Tol_Tol
! ! !
i . —ol R
°c H'fo ~H - Tol,SiH, 0 H/,' — Tol,SiH,
HToIZS|—Ru\—Ru SiTolH HToIZSi—\R'u\—Ru(CO)?, (OC);RU—Ru(CO), (4-6)
| *co | “co + Tol,SiH, | co | + Tol,SiH,
Ph,P___PPh, -co PhoP___PPh, -co PhP___PPh,
hv hv
IMF, H IMR H
H—$ \/
4 PMe,Ph PhMe,P. / \ /PMezPh
Ph;P—Pt—Pt—PPh; —————————> 4-7
=2 PPh;, -H, PhMe, P/ \ ./ \PMezPh
i N
NP H IMP

(IMP = 2-isopropyl-6-methylphenyl)

12 Hashimoto, H.; Hayashi,Y.; Aratani, 1.; Kabuto, C.; Kira, M. Organometallics 2002, 21, 1534.
13 (a) Levchinsky, Y.; Rath, N. P.; Braddock-Wilking J. Organometallics 1999, 18, 2583. (b) Braddock-
Wilking, J.; Levchinsky, Y.; Rath, N. P. Inorg. Chim. Acta 2002, 330, 82.
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FRo&th RS L CEMKEAR ETY Si-H MA DB AUk Y, B —
Wy 7 vERGEZEGAICIE 3 20 Si-H fAOUIKNIC X > T=ERGS ) Y VA2 S
bNBEHDEEZOLNSE, LAL, — TV EHVEEATHS L DBAICIIRES )L
VAR ONBZDATH Y, —ihy T DETD Si-H #HEDYIMIC X 2% EEES Y
Y vEE RO ARG ES 2 BlIcE 5, BB L IXHLD Fe ik~ 7 v o KIGIC
X0 -V ) VEEARDIERT 5 2 EEHE L TV D (eq4-8). © F 7z Nicholson 5 I3k%
BANKR=ZLZ 22—t e Fus I VHLDORIERIT>TED ., Coy(CO)y &—s v
EDRIGTIE -2V ) VEMARAR T S 2 L 2R LT3 (eq.4-9), ¥ T HDKIET
i Si-H #&a»n% B0 o BALL 72 /LAEOFEIER R R I N2 b DD, ki —Y]
BREINTEL T, LRBEHOLTEBNIC—HKy 7 v BEE LI T IBRTF IS 21
ThTwian,

Cp
C)(’-"‘Fle"‘(-io
:Fe (Me3Si),NSiH; - Cp_F|e<s'>F|e_cp (4-8)
1
0C”/ siMe, hv coco
oc N
Me;Si~ SiMe,
I\I‘e
(oc) PN co
2 MeSiH, 3°/_\C°\( "
Cou(CO):, > cA XiIco 4-9)
rt (0C);3 °\\S_// °(co),
I
|
Me

ERiZ Rulr OBBHKEZRFD m-> ) VEEAE CO LDRISICE Y pwif-v ) L vl
REARLTWEA (eq. 4-10). Hi 77-Si-H FEAEDOYINIIC X 2 -2V U VRO AT
EE ST, $u-v 7 VEMRDRIGH EFIC X o THRET I T 2 28, MBS T T
T A BT ONBED ARHE TN TH Y -Si-H HEEOYIB IR S L Twiwy (eq. 4-
1), ’

Ph Ph
L CO (1at \
SI\\\H (1 atm) SI\\\H
ZHJ,H\ -H; ZH _
CrIriC |~ RuCp* = ORI\ Ruer 10
HRUZH rt, 20 h oC=Ru=H
Cp* Cp*
Ru Ru
I\ r 4 H ‘\\H
e
/ si > ARNY (4-11)

xu—r R%% heptane 3—\\ Ru\H/Ru i
6
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AEDOBK

FACHR Rz XS ICZFHRUE T A KGR0 Gl chEch v InTEL T, %
DOCYEICHE D F; 7200 % o FRIC pa-1PfinP-> 7 v $5IRIT Figure4-2 1R L7z & 9 ICfg(b
BIRIISIGIC XY -2 V) VAR 52 5 L PRTE 2D, 2D X9 & L wlithi 0%
PR AR T C L IEERE G, £/ 3 2D ASi-H EEDUIBIC X 3 -rpfirf-v 7 v
FRD D - ) ) VEHEANOEBIGOERIE, 74 RICR S TLEERICHE IC BT 25
HOWEMHEGEREZHEICT 2 L 0 MCTRICEETH L, T2 NblE, 7 7R X —{L¥FD
H7x b FTEEKRmMOY L BEENELS ., SERATOREOISICOWTHIREZE 2 5
BDTH2, DX BBEHS»L AL TIE O BFICLoTARINT YD ga-1Pirf:1p-
v 7 VESRDRE @ HED pP-Si-H A ORI AUIBIC X 2 -2V ) VRO A
D2 EEHNE LIFEEED 72,

R R

| | T i
|
—Si— Si—H Si—H Si
H,’ \\H ~ .
Me— ?i‘M — M/ ?H\M — M/ \ “w >M/ \\M
: iz S<v o Dz
~u” W <m” m><M/ m><M
7P nP-silane PinP-silyl n?-silylene silylyne

Figure 4-2. 13-+ 7 A D BB 72 BRAL R AN
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BT ZBIILToULRYEERY R$ékeE—R 5> EDRIG

us-nZmZin?-> 7 VEER O EE

JEF 2 LT3 X 5 icskfk 38 1ok L ‘BuSiHs, PhSiH; %#MlZ % & & TEREMNIC s
7 A BEERDBE SN (eq. 4-12). 'H, 1C, P°Si NMR, FRIMI e, TR, HEERS X iR
&M 5 X O DFT tEZHA v T, ik 38 & BuSiH; L DKIETIX - 7 VK
(Cp*Ru)z(zs- 1% 77 17-HSiBu)(u-H)s (39). PhSiH; & DG TIE -2 U AEHE (Cp*Ru)s(us-
1P P-HoSiPh)(H)(u-H)s (40) 23 CTH 2 Z & ZBH LT L Tz,

Bu
|
L H
hexane Cp* le/\ |:—/Ru Cp*
ﬁr r.t., 10 min H—Ru—H
Ru Cp*
H7//\H
\
— 39 (97%
/,H 8\ | (97%) (4-12)
Ru\ /Ru
H PI\1
38 PhSiH; (1.5 eq) Si\\\H
> * /H‘I'H *
hexane Cp R‘{ 'l_R“ Cp
rt., 5 min | ‘H>~g,ZH
Cp*
40 (94%)

FIRTHEL7Z 'THNMR R~<7 FATlX, &5 508K 3 D0 Cp* (I X
ni-, ¥72&Ebkoe FJ F& RuSi MICZEELZe FY Nz EFEfkanrse— ik
I FNELTENEI §-16.55 (39), —15.45 (40) ppm (CHBUHI X 172, ¥Si NMR A7 b
TIEEER 39 12 51755 ppm, K 40 13 5194.2 ppm IC 7 0 — F7x s 7 F AR BHHIE L
726

FER 39,40 IR CIHEHICARETH 5720, FRIMRINA =27 b A OPEICITHFERED
PVETH L, EBE, Zu—T7Ky 72T KBr ¥ 7AxFEElS 3L, DT kS icet
DHE L7z e 3R A7 %5 272, 5K 39 ORITINA <=7 +LTiE 1888
em™ fHEIC Si-H-Ru) IKIREE N2 70— Ny 7 F Al S 7z (Figure 4-3, 7).
b N U FaEKRUL 728K 39-ds DARIMRINA~ 27 b rTld, YSi-D-Ru) ICREX N2
T FNMFBMTE Do DD YSi-H-RU) DY ZFARED L TnwDb T L ERERL
7z (Figure 4-3, 7)o —77. BK 40 ORI A <=2 FrTlid 1790 em™ LD USi-H-
Ru) CiRBENZ Y 7 Frofic Ru-H) ICREZ NS> 7 F A2 1931 em™ ICBUHI &
N7z (Figure 4-4), ZDZ & HHEAR 40 13K P Y PR TFZHE LTV 2 L ARE X
N7z, IR 40-ds DFRABRINA <7 + Tl YSi-H-Ru) KX YRu-H) D 7 F L4
T3L LT Si-D-Ru) D 7 FAHEHE X Tz,
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100
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70 70 -
60 | L_E 60 |
50 ¢ 50 |
v(Si-H-Ru)
40 f 1888 cm 40
30 r 30
20 20
3600 3200 2800 2400 2000 1600 1200 800 3600 3200 2800 2400 2000 1600 1200
Wave number [cm~7] Wave number [cm~"]
. i o
Figure 4-3. #&5{K& 39 (/) & 85K 39-ds (7) DIRIMIN A~ 2 v
100 100
90 - 90
80 80 -~
70 | 70 -~
60 | 5 60 -
s | vRu-H) __| s |
1931 cm’
40 ¢ v(Si—H-Ru) 40 -
30 | 1790 cm* E v(Si-D-Ru)
1256 cm!
20 20 1 h
3600 3200 2800 2400 2000 1600 1200 800 3600 3200 2800 2400 2000 1600 1200
Wave number [em~1] Wave number [em™1]
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ZNZNOEEORE (KBr 1K) 2R CHOMEL IR MEx2fT-o728 25, kL
D USi-H-Ru), YRu-H) ¥ 7 F VIR THK Lz, T D& ZEEE 40 (air) Ok Tl
1500-2500 cm™' (ZFRGIRIZBIE X I in s o 7225, $EHA 39 (air) TIZHT/ZIT 1990 em! i
O FADBBHE N, CRIZETOHEL TwE IR HIEDRHEL KL TEH, K
39, 40 DZEKHP CTALETH 5701, FATHFE TIRIRIMBRIN A~ 27 P v ZIE L < BT
EhholzZl LAz B,

100

800

Figure 4-4. $5{K 40 (£) & #5K 40-ds (57) DRI A~ b v

BN 39 DTS
R 39 DRV A VIEWE 30°C THET 2 iIck v GonizEBEo 7 a v 7R
it % O CHARE Y X SRS 21T o 72, ¥ $51K 39 0o THEE % Figure 4-5 1< 3 7ok

14 JHI%E X Rigaku R-AXIS RAPID [EI#7%E#E % > T —150 °C T{T\>. Rigaku Process—AUTO
program IC X o T7 — XU L 7o, #EfIZHEREERICE L, ZRFHT P21/c #14) TH o7z, R
WricisWwTld, SHELX-97 Fu S a 3y —Y v, HEECXOAT =y L7, 7 4%
JRFOREERREL, 7=V THKIC X o TER 2 IFKERT OALIE % RE L 72, SHELX-97 7
077 L v/ TREIC K VREE L., AR ZIEETEICER L 72, BA&THIc 2
DOy TR EATED, molecule2 D Ru(4) ICHHLIL T3 Cp* ICT 4 AA—X =2/
biiz, B LEoskFEIZ HFIX 2~ v FICX W {5E L. SHELX-97 7' v 7 7 L% i/ _
TEICX VBB Lz, e FY FIIEELT 2 i3TcEindorz,
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Figure 4-5. $5{8 39 4 F#iE (molecule 1, 30% probability)

Table 4-1. #ifk 39 O E4FHEER (A) LHEM ()

Bond Lengths (A)

Ru(1)-Ru(2) 2.9827(6) Ru(2)-Ru(3) 2.9764(5) Ru(3)-Ru(l) 3.0530(5)
Ru(1)-Si(1) 23697(14) Ru(2)-Si(1) 23335(15) Ru(3)-Si(1) 2.4163(14)
Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 61.639(13) Ru(2)-Ru(3)-Ru(l) 59.282(13) Ru(3)-Ru(1)-Ru(2) 59.079(12)
Ru(1)-Si(1)-Ru2)  78.71(5)  Ru(2)-Si(1)-Ru(3) 77.58(4)  Ru(3)-Si(1)-Ru(l)  79.27(4)

3 O® Ru-Si fEAHEHEIXZ N2 2.3697(14),2.3335(15),2.4163(14) A TH Y, K&z
RSN 572, Cp* HiF Rus HICH LTy 7 vl & 3 Hiliciinihizs - TE b,
ZNZND Ru-Si FICELZe FU FEMLTFEDVAERKAERELTHWEEEXLNS,
BB OKBDOMNEENET S LI TE Ry oD - 7 VL TH B Z L
H3gH TR X 7z,

R 40 O TFHEE

FEIR 40 DRV X VIERE 30°C THET I LICK W {EonzBRtao 7 ey 7K
% FVCHfS S X SRS 21T o 72, 15 B8R 40 O FHEiE% Figure 4-6 ICE 75
o - A A% Table 4-2 1C/R L7z,

¥
M

15 JHI7E 13 Rigaku R-AXIS RAPID [EI#7%5i&E % > C —150 °C TT\>, Rigaku Process-AUTO
program I X > C7 — X ME L 72, fEGE=RERICE L, ER#IE P-1 #2) TH o7z, f#HT
B WX, SHELX-97 7u 2 L8y r =% v, BHEECL OV ALT =T LR, 74 ER
TOMEEZREL, 7— ) ZHKICX > TR S IEKRF T OMEZRE L 7z, SHELX-97 7' o
77 L e/ FEEIC X VBRI L., IFKERET ZIEETTEICER L 72, BifL 1 EokFEI
HFIX a2~=Y FicX b, & FY NGB - Rinfrich 2582 — 27 OBEEICHE L. SHELX-
97 7w rEHCER/NFEICXVEELL 72,

101



ME =HEELETO=ZERES Y U VEEOEN

Figure 4-6. #5{& 40 D7 1HEiE (30% probability)

Table 4-2. $5(& 40 O EAFEAERE (A) &AM (O

Bond Lengths (A)

Ru(1)-Ru(2) 3.0009(5) Ru(2)-Ru(3) 3.0956(5) Ru(3)-Ru(1) 2.9988(5)
Ru(1)-Si(1) 23394(13) Ru(2)-Si(1) 23561(13) Ru(3)-Si(1) 2.3759(12)
Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 58.906(12) Ru(2)-Ru(3)-Ru(l) 58.971(12) Ru(3)-Ru(l)-Ru(2) 62.123(12)
Ru(1)-Si(1)-Ru(2)  79.45(4)  Ru(2)-Si(1)-Ru(3) 81.71(4)  Ru(3)-Si(1)-Ru(l)  78.97(4)

3 DD Ru-Si FEEHEEIXZ N L 2.3394(13),2.3561(13),2.3759(12) A TH Y, K&z
IR onGmd o, LALEK 39 &38R ZA D, Ru(l) ICEALTW2 Cp* B -2 )
BTN 2 efEV TV 72 (Figure 4-7), #HfA 40 THIZE I N7z Cp* ELofdAiix 39 &
ZELZ2DD0THY, e FY FOLED 39 & 40 TIIEALZ L ZHIRKBLTWS, X
LG CciX 6 Do MU PR FOMEZEENLT 52 LATE, Ru(l) RicKine
FUFA, % Ru—Ru A LEICZEELe FY F25. Ru®@) & RuB) ETid Ru-H-Si &=
DB RAPER IR T, 7A4F LD 7 2 = A8 Ru(l) flich LEWTEY, 7
AFE 3 DOALT =y AROMENEEMTHE 2R LTVE, 2NbIE 1 2D Si-
H & OUINiic X - T Ru(l) LicKEie MU PR TF2REK L2720 TH 5, Z DGR,
Kifie U FEL IS0 < BIFIREN 2 BUH S 72 RPN A = 7 P v R & —F L
T3,
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+15.2°

-33.2°

Figure 4-7. #{k 39 (J£) KU 40 () O =f%FHL Cp* Lo

EE Bu #kE DO 39 TIE, Bu HE Cpr HE OVRNAKFIED DI 15-> T
VRO ER L o2 b D EZLNSE, 2RI L, Ph EDEATIE Ru(l) © Cp* Aifr
TFeRVEVERPDATICRE I NS 2 & CURKAEDPRE SN DL, ZOME, Si-H a2
U X gs-> U VEERDSERK L b D EEZ BN D,

$E1E 38 & RSIHy EDEIGICHEITET A Z EDBBREMNE

FER 39,40 OFEEREE O, FEK 38 L —ike T v L DRIGTIET A4 F EoER I DT
R B ic LY B s iR ofikz 52 2 2 3Rk En, LaL, o*Si-H) ©
B D T A0 ¥ —HEA D3\ 72 81T BuSiH; @ Si-H fEA DT BB LI < wizo,
B OB PN B I L) B 2ok r 52 e MRT s dTcE 5, %
CCEFMEGHTH Y. o VRIIC/NZ W "BuSiH; &G CEHA 38 L DRIERITD
ET, VRBRIRE BT AMEDO &L S RERY O REWICHEE L 5 2 T R
filiL 7=,

~ "

Ru .
H//\ ~4 "BuSiH; (1.3 eq) Si~H
AY
HA\ | >  JHiHN (4-13)
z- { r.t., hexane Cp Ru\\ :—/Ru c
Ru_——Ru | 'R, ZH
H H Cp*
38 41 (84%)

F51A 38 & "BuSiH; & O KIGTIIEEE 40 & RO BRNMIEATH 2 ZFEHEEE S U Lk
(Cp*Ru)s(ws-12: iP-HoSinBu)(H)(1-H); (41) 235 b7z, $HF 41 BER CTALETH o727
W, KGR ZE L L 0°C THEEBEEZIT> 72 (eq. 4-13),

FEER 41 12 'H, BPC,PSiNMR A2 b, A KES K OTCRERSITIC XV EE L 72,
FRTHIELZ 'THNMR A2 FA T, 3 20 Cp* FEMicElsnsz, 2881
Db FJ F& RuSi MICEBLAZe FY FizeTEgfkan7ue—-Fay 7 Fre LT §
~15.68ppm ICEHHI X L7z, PSINMR Z~=2 F A TiE §200.1 ppm I 70— K7 7 F R
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Bl X N7z, 8 41 ORI A~ 2 P ATiE 1790 em™ i€ YSi-H-Ru) CIREX N 3
7 F At 1981 em™ I YRu-H) ICIRB I L5 > 7 F AR S 7z (Figure 4-8), A
t P Y PR FOMERBIABE I N &b, B 41 13 m-rf-> ) AESHE DRSS
%ﬁbfwé’kﬁ%%#’&oto:®%%ﬁ/kV?V%WKU;mVUW%Wﬁ@f
EMEIR Si-H A obiliahed & Tidind, Fic 3 20 Cp* HE AR Lo@EAL
@J%ﬁ%:;ofiMénfméca%%Lfm

100

90 -

80 -

|
v(Ru—H)
1981 cm-1
v(Si-H-Ru)
1790 cm!

70 -

60

%T

50 -

40 -

30 -

20
3600 3200 2800 2400 2000 1600 1200 800

Wave number [cm™]

Figure 4-8. #&5{& 41 OIRHBINA~ 27 + v

FEKN 39-41 DENRYZEEE)

PR 39-41 OIERIZ 'THNMR HIEICL Y, € Lo FY FE Ru-Si FICZEEL 7=
e FY FAEe»ICH A PR C aﬁ%aénta@mﬂ9)#¢&rfi—uo
°C Ty Frigee7ua—F=v 7 Laboo L ah o7l &h b, v FY FEUL
T OV A PREBIEF ICHE N L3 h Db, 2o F U FEMFOHA FAZHIE, RuM M
= Co, Rh, Ir) O&BMHK%E b DA TIRIEI N T W2 b D L FEFRIC Si-H & oI & ff
FERICL WETT2bDEEZLNE, £72 —100°C T ¥Si DY T 74 b —72 (Jsin
=21 Hz) 2Bl T N7z © FY POV A PRI EFZEET 5 L. Jsin DEIZHI L Z 42Hz T
HY, TNRFEINTWD 3c2e FEAD Jsn DIEDHFIFHNTS -7z (20-140 Hz),
JiCEER 40 13 —120°C TY A 2:1:2:1 KHEEL TE Y G L FERICH TN

WHRHEZFFOMETH 5 L PR TE 2, THFETLIET 1 2OV 7 FVICHIAET
LR OBIR I N7, R 41 ORE R4 'THNMR A7 FLTiE -120°C TH e FY F
RO T Dy 7 FARGHRT 2 L3 hh o728, FHALL T T IBRE I N, 51
RiRIC T 2 2 & TR 40 LRIBRIC 2:1:2:1 I HT 2L FHEIND, SR TIREEE 39-41
De FY ForrFrignidnd 7e—F=v 7/ LTnwzdd, chidy o vilitker i
RO REIcX 2 bt EZLNS,

16 Schubert, U. Adv. Organomet. Chem. 1990, 30, 151.
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a b c
(a) . (b) o (©) .
20°C 25°C—M&~M~ 20°C
-30°C - " -60°C
-100°C
-100°C
-100°C N
2H 1H 2H 1H
—120°C 120°C. et N o -120°C
H‘HH‘HH'HH‘HH‘HI\'HH‘HH‘H | T T T T | T T T T | LI |IIIIIIIII|IIII|IIII|IIII|IIII|IIII
-16.50 —17.00 ppm -15.0 -20.0 ppm -140 -160 -180 ppm

Figure 4-9. 51K 39 (a) $E(K 40 (b) 5K 41 (c) DUREAZ 'HNMR RA~<7 b
(ke FV FfHEBEL 400 MHz)

R R
| \
— Si
H7 S||‘ \H Si-H bond Formation H \"\I-]\H
s H‘l N —— — ‘l\\
Cp* Ru—— =Ru Cp* = Cp* Ru 1—Ru Cp*
‘H> R|ué H Si-H bond Cleavage I\-I\H_Rlué H
Cp* Cp*

pz-silane complex p3-silyl complex

Scheme 4-2. §E{& 39-41 v F VY FEI T DBEIHIZES)

DTS - DFT 51&

PR 39-41 OWEEZ NS 2 729 1C, DFT GHEICK o TENETNDEIRIET 15-v T v
FEAR D -2 D VEEROREE R L Z TV, ZNODOZ AN F —ER I L 72, 85k 41
12 "Bu HOMED & ) CHBOREMELRIS 2o, "Bu H% Me FICiE X 1z 7-HE
TR Z1T o7z, MEREMICEL TiZ X FFRERITIC X VS o N -fhE (Me B ok
IZEEA 39 @ Bu HEEWL L 2ME) 2YIIAGE & L7z, JLBIEC B3PWIL, FLJERIEL Ru :
SDD, Si: 6-31G (d), & F VU F:6-311G++ (,p), % Dt : 6-31G ZHCEHZ{To72, 74
FREOBEWE L D 15 T VIR L -2 DV AVEERDO Z AV F —E R PSiNMR A7
LDy T2l —3 g ViER% Table 4-3 12, mELHE% Figure 4-10, 4-11, 4-12 12, &
EUHEE & i S O B G RO % Table 4-4,4-5 1R T,
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Figure 4-10. #8514 39 (> 7 V85 « fo, & U VEEIR © 45) D modflifi
(Cp* iZtv v 4 FOA, Bu ZRFEDAEFIRLZ)

Figure 4-11. $&5{K 40 (> 7 V85K /o, VVESER © ) ot
(Cp* IZtv v f FOA, Ph BKFEDOHAERRLT)

J

Si

Ru3 Ru1 Ru3

-9 &

~

9
Figure 4-12. X F > 7 Vilitk (J£) RUAF A ) AsER () ool i
(Cp* Zkv ruaAf FOAREFRRLT)
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Table 4-3. FELEED = A L F —7 (¥SINMR Z~<=7 P LD 7 )

R Ma-silane p-silyl
‘Bu +0.00 kcal/mol (6 166.6) +0.13 kcal/mol (6215.9)
Ph +4.94 kcal/mol (6138.9) +0.00 kcal/mol (6198.8)
Me +4.26 kcal/mol +0.00 kcal/mol

cf) ®SiNMR Z-~=7 b LDFEHIfE: ik 39 (5175.5), #ik 40 (5193.8)

Table 4-4. $i{F 39 DB UG & KRGO EAHER (A)

39 (us-silane) 39" (us-silyl) cf. 39 (exp.)
Ru(1)-Si(1) 2.508 2.358 2.3697(14)
Ru(2)-Si(1) 2.357 2.398 2.3335(15)
Ru(3)-Si(1) 2.326 2.401 2.4163(14)
Ru(1)-Ru(2) 3.054 3.030 2.9827(6)
Ru(2)-Ru(3) 3.117 3.110 2.9764(5)
Ru(3)-Ru(1) 3.043 3.024 3.0530(5)

Table 4-5. 1K 40 OFoE LG & fEREEDO T4aEE6E Q)

40" (1i-silane) 40 (us-silyl) cf. 40 (exp.)
Ru(1)-Si(1) 2.313 2.338 2.3394(13)
Ru(2)-Si(1) 2.343 2.373 2.3561(13)
Ru(3)-Si(1) 2.509 2.382 2.3759(12)
Ru(1)-Ru(2) 3.111 3.031 3.0009(5)
Ru(2)-Ru(3) 3.049 3.114 3.0956(5)
Ru(3)-Ru(1) 3.034 3.027 2.9988(5)

B\ Bu EROGE DB p-v ) VEHROREE DS AL EN T 2T A b 47z (Table 4-
3) £/ Ph HD p-> 7 VKL - ) LEEEAD T AL F -7 (4.94 keal/mol) & Me
D - 7 ViR E -2 ) VRO T AV ¥ — 7 (4.26 keal/mol) DfEIZIZ & A EED
b3, BFNARHEIH T VZT VI LN oT, Thid, EBRICHEL N0 FiED
i & —2 L T B,

PSiNMR A7 bADY I alb—2a Vv Tid, v 7 VBT XY -2 Y VBT D
FHMEREG I > 7 FADENBERTH 5 L BRBEI Nz, 72, ETHG5%ED Bu B
ETHAHPMMEHEGICY 7 P T2 EBHL L oz, RIT, $5E 39 230 D ERTH
Sl T BE, ZD PSi VI FITEEK 40 X0 BIEMIGICH NS L Db, LA L,
FHMECIXEFHGED Bu A FO8K 39 (¥Si NMR: 6 175.5) D /7 23854k 40 (*°Si
NMR: §193.8) & ik L Sl ic il <k h . ZHEUEGT 4 B0 fi#En 2k 3
TEEXFLTWS,
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W= T UEREN e U LERIR O RS E

Rz Rulr @B ERED us-v V) vilfke CO EDRIGICE Y, - U Viliik%
Ty WKFEZHEG 1 2D Si-H #EPEBRILIMINL 72 vV L VAR TN S 2 L
EREL TS (eq.4-14), Y Z T T -3 7 VEERS -2 ) AEKICH L CO ZEAT
5L T EUAINAETE 2 -2 ) L VEEIERR -2 ) ) VIR SO N D D EF X T,

Ph Ph H Ph
\ \/ \
/H-iH\\\ CO (1 atm) /H\\\ -H, c / H \\R c
Cp* 1I—RuCp* ———— > Cp* RuCp* ———— > Cp*Ir—\—RuCp* (4-14)
SR ZH rt, 10 min SR ZH rt, 20 h R
* (o)
Cp* (|:CP Cp*
(0]

PR 39 BXUN 40 O P AT VEICHL | SUED CO ZEALLE A RO MIZ
WP D REE~E B L 72, WRERMET 28T v 7 VIR (Cp*Ru)s(u-
17 177-H2SiHR)(CO)(-H)3 (42: R="Bu, 43: R = Ph) D/REEFEERIE S N7 (eq. 4-15),

tBlu
/, H~ H \
Cp* RU=—|=Ru Cp* ———
p ' 21 H R
H—Ru
Cp* \/
Si
H—-°'—<H
39 CO (1 atm) N
: > Cp*Ru\/\\/R'uCp* (4-15)
Ph rt, 1 min HRuZH
\ clch*
Cp*Ru/H“!>RuCp* — 42 (R = 'Bu, 98%)
\'HRLZH 43 (R = Ph, 94%)
H Cp*
40

FER 42,43 13 'H,BC,2PSiNMR A<=2Z P AIC X DEE L. SR 43 (395N X #iksd
FERTIC X D Z DREZHER L 720 WITNOHAD AP CTARRETH V| E7IIRE TR
FEMTONRT 5L MR L7z, EWMTHE L 'THNMR A7 P TiE, WIhoH
fRd v F Y FEBICHER, 2:12 © 3 oy 7 F Al dngg, 7206070 Tnke
Si-H fiADKFESZFNZFN §6.55,7.56ppm ICEHHI X N7z, BCNMR TIZARIHAS D A v
R AEFICREI NG v 7 F AR ZNZ §5206.6,205.6 ppm ICHELHI X 417z, 2SiNMR
A7 P ATIE 5185.4,152.8 ppm 1T - T VESLTICEEDS K v S F ARl T,

7 (a) Nagaoka, M; Shima, T.; Takao, T; Suzuki, H. Organometallics 2014, 33, 7232. (b) £l 1E%E,
P, B TR (2016).
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R 43 O TFIEE

PR 43 O~F Y VERE 30°C THET L LICX>CEbNZfRtiD 7y 7k
flidh & > CHLEE A X BREIEENT 2 1T 5 720 1 Ru-Ru [H]. Ru-Si BICZEfE Lz F U FEC
iy Si FOKEFEEEET L LKA o7, 5k 43 O THEiE% Figure 4-13 1T
ThitbRE, HEMA% Table4-6 IR L 7=,

Figure 4-13. #{& 43 O FHEiE (30% probability)

Table 4-6. #51& 43 D FEAfEEGERE (A) LEEGM (©)

Bond Lengths (A)

Ru(1)-Ru(2) 2.9713(14) Ru(2)-Ru(3) 3.0308(15) Ru(3)-Ru(1) 3.0112(14)
Ru(1)-Si(1) 23694)  Ru(2)-Si(1) 23604)  Ru3)-C(1) 1.794(16)
C(1)-0(1) 1.214(17)

Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 60.21(3)  Ru(2)-Ru(3)-Ru(l) 58.91(3)  Ru(3)-Ru(1)-Ru(2) 60.87(3)
Ru(1)-Si(1)-Ru(2)  77.84(13) Ru3)-C(1)-O(1)  172.4(11)

Ru(1)-Si(1), Ru(2)-Si(1) D JE1-HEHEEEIX 2.369 (4),2.360 (4)A LIz ALHLEZTHD,
w7 VRRETH B T EREEINS, A AR BN TIE Ru@3) I8 TR L T
BO, BCNMR A7 b LVOFER E—L 72,

18 JHI7E 13 Rigaku R-AXIS RAPID [EI#7%5i&E % > C —120 °C TfT\>, Rigaku Process-AUTO
program IZ X o T7 — XU L 72, FESLIZHRHGRICE L. 2ZRITHE P21/c(#14) TH o7z, fif
Bricds\v»Cid, SHELXT-2014/5 70 277 L8y 7 =% v, BEEECI Y ALT =Y LRTD
R ZRGE L, 77—V ZAIC & o TER 2 IEKFRIE T OALE % E L 72. SHELXL-2014/7 7=
77 Lk v/ ki X 0 IEEL L. IEKRIEFZ2IFETHICER L 72, Bifr 7 L oskFE T
HFIX 2~v FIiZ X W #§&E L. SHELXL-2014/7 7' v 7" L% A/ FEIC X W EELL 72,
EFY FIIEBELT 223 TERD o7,
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A 43 @ Ph FREMAHE L TWw 3 (Cp*Ru)(Cp*Ir)(1-H)s(u-HSiHPh)(CNBu) {4
LR Y, Ph A=K a7 ol ZEVTWwb, DFT 389 ¢id, Ph B2l [
T3 43-in DJFH, IMIZFIGT W 5 43-out £ D 0.82kcalmol™! 13 ELETH Y (Figure
4-14), X BREERNT ORER & —B L 72, — 77 RIADSERE L T 3 (Cp*Ru)a(Cp*Ir)(u-H)s(u-
HSiHPh)(CO) #4{& (G) TI¥?, Ph E2HNMZ VT W5 G-in X WIMIlZ VT3 G-
out DFiN% 0.64 keal mol™! 13 EALIETH -7z (Figure 4-15),

THIT, BBES IV ASETH B G-in DITDS Cp* & Ph H& DVANENKEL otz
72OTHY, T vMD 43 TiE Ru-H-Si & DIARKFEIC X - T Cp* £2S Rus HITH L
THEN 272 DFEAR 43-in DT RLREL 272D EZLNG,

43-in, 0.00 kcal mol~! 43-out, +0.82 kcal mol™!

Figure 4-14. $5(& 43 (43-in : /&, 43-out * i) DL iEE
(Cp* IZtv v 4 FDOAR, Ph HIFREDOAERKRLT)

1 WhERGEICBI L Tl X BMEEREITIC X 0 S o oS 2 I IIRSE & L7z, JLBEIEL oBITX-
D, FEJEES%L Ru:SDD, Si: 6-31G (d), & F U FELF R Y LIKSE @ 6-311G++ (,p), % DAttt -
6-31G #HWCEHEE{T- 72,

20 fEEROECICEE L TSR 43-in, 43-out OFHED Ru(l) JR 7% Ir JEFICEZHL2 . Ru(l)-
Si(1) DKFBRTFZERE L 2EEE2VIIRE L L7z, JLEE oB97X-D, J:JKBI% Ru,lr:SDD,
Si:6-31G (d), & FVU FEUNLFRY U AKE : 6-311G+H (,p), £ Dfth : 6-31G # W TEIHE %
1o 7=,

2 GEARE S L OBUEIL 43-in ZFMEL Lo F 7 AHBHZ AV ¥ — (at298.15 K and 1 atm)
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G-in, +0.64 kcal mol™! G-out, 0.00 kcal mol!

Figure 4-15. #5{f G (G-in : /5. G-out : £7) DI L5
(Cp* IFtv e 4 FOAR, Ph HIFRFEDOAERRLT)

SR 40 I —BRILIREDENLIL. —2D 12-Si-H fEADREEL 7272 2 512, EH4UE
Y7V EDT7 2= BB EHa T oMl EFI K, LA L, ST 43-in OSSO N
T2l eh b, R 43 XA D T v F v EER TR LT A B AL B pivotting motion 1T X
LEINEE 2RO L F 2 b D (Scheme 4-3),

Ru Ru
Ph /\ P|h\ \ Ph H\ /\\
Si ES—— ES—— _Si E Si
// Si \ // ~p
Ru Ru£|>R’|u Ru Ru RU Ru
H |
c c c c
o o o 43-in

43-out
Scheme 4-3. pivot motion 1 & % ZEZEREERAL D B R ZEH)
(Cp*, Si-H-Ru, & F U FENLFIZEWE L 72)

2 AR S L OBIEIE Gour ZHIEL LfEOF 7 AHME T AL F — (at298.15K and 1 atm)
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SR 42 DORKERIG

wpiap-tert-7 F 0> 7 VERR 42 IER T TIHIC CO ERIGT %, Ar FFSR T T
Wik#FE L Si-H #EE QBTN AEST L 7285 44 OERBHI S 7z, Co FHA T T
IKFBDTOWEEZ LR D X HIC CO BRIBL u-> VVEEE 45 % 5.2 72, (eq. 4-16)o

CO (1 atm), =2 H,

rt, 6 days l
‘Bu H Bu Bu H
\/ \ A
H/ I\\H I\\H H/ 1
H ~H AR 2¢c0 B
Cp*Ru /RuCp* — > | Cp*Ru ||=/Ru Cp* —H> Cp*Ru RuCp*
. . " . _ N :
HRu=H rt, 4 week OC_Ruc/tl 2 OC—Ru’cO (4-16)
| Cp* P cp*
Cc
(o)
42 44 (76% by NMR) 45 (49% by NMR)

FEWCHIE L7285k 44 © 'THNMR A7 bA Tl FY FRAETDOY 7 F AR 6
~16.54 ppm ICZAfICEIZ I N, £72 Cp* KDL F b §1.94ppm ICEAMICEIZ I Nz,
44 D7 A RN T OLEBRA IO W CEHll AR TE 2w, 42 25 1 D FDKEN
JigfE3 2 2 & ©, ERPEHE L TWwb (Cp*Ru)(Cp*Ir)(us-77-HSiPh)(u-H)»(CO) @ X 5 iT 2
OOBEEE F Y FEITE 1 DOREILVE- L2 b ofEL 72 b0 L BbI (eq. 4-
13) X 51T 44 D OKEPWEEL, 2 07D CO ZHDiAL Z & THHA 45 MERT 3,
FIRTHIE L 'THNMR A7 Tk, 3 MEOIEFEMZ Cp* HoL 7' F A pEIR X
N, £72 Ru & Si MICAELAZe FY Fov 7 F i3 §-1422ppm T, 7 4 H oK
KFED T 7 F i §5.67ppm ICBIEEI Tz, 44, 45 & HENAIMIZr 48 ETERETH D,
IKFEDOWBEIC T A RENL T OBERAD L L 72 2 LRI N5, 45 DD X HITHE
KFEXHDZETEZEEEY ) ) VEHERDO AR EZ AT, BT X o T 45 3oL,
MG 2 S CEMRBEY 2522 0RTH Y, v ) ) VKO AR EIHERET S LT
TERd» o7,

FEIR 43 O Ar BX U CO FEHA T CORICITERDERPER T % 7- D H—D k%

HEELFEET 5 C LR D o7z, 285K 42,43 % CO FFHR T TMEAL -2V Y
VISR DB R R AT, W R SO EM RSB ERT 20 HTH o 7,
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B ST LEZHATFO—RY T EDRIS

Hficih_ X 5 Rl =y 7 VMR L e T v RER 2 5 2 & T
Si-H #E&OUM»BEITT 522 L2 |EL TS (eq.4-3), TDE X, Py T ViIliKk
S VAL BERMARANEELENT S & & bic, KEREZEMET 2 2 & ChikEER
LTwaeExXbNDS, 22T, FHMiTHMLZ=ZEEMEGY 7 vk 39 C=HEBC Y
AR 40, 41 IR T v EIMA D Z T 12-Si-H #EEBAUIMIE s AL, $5HEA 38
CBEIEDO—RL T v DML EES L 7,

R 38 & ZHTFD BuSiH, & DG

Bu
Bu \
ﬂr I Si\—hH
PN t H’s'\H ‘Busi A
H /“ H BuS|H3 7 Ho .H\ BuSiH, 3 Cp*'RI\J\ ’.‘ Ru-Cp*  (4-17)
/H{ | —Hz cr” RUH\ l:| u CP - 2H, H\\/R‘u 4
—Ru’ ° ¥ Sixy
\ — 95 °C C Sic
" /;f cr i
Bu
39 46 (43%)

FA 38 IZEFEIE D BuSiH; & 95°C TRIGL., R (u-> V) #5K (Cp*Ru)s(us-
1P P-HaSiBu)a(u-H) (46) % 5 2. 7= (eq.4-17). $&51A 46 13 'H,3C,”SiNMR A7 b, 7k
HRINA = 7 b v, JTEERSHTIC X D EE L. % OffE 2 B X fEfimic X Y g L
72o BIMTHIE L7 'THNMR A7 b TlE Cp* IKHSLK 7T 12 KHRLTEH
.2 o0 Bu FEIFFEMBH SN, T/, @ EOL FY F& Ru-Si BICEBE L
FUFREeETEIbInTc7a—FAay 7 Fr e LTI Nz, PSINMR A<2 F LT

SHEBEGS VAR FICRIBINS > 7 F A §52022ppm ICHAL, Bu FoikE & EIR
WICHEST L 228580, e FY R T- DAy 7Y v ZIc X > TNERE LTl -,
Jsim 1Fe FU FOd A bfaic ko TRk n<Tcs ) B0 ED Jsu (3 14Hz TH o
oo BIBAMT =V LBICEBLEE V) VT AREDA Y TV V7% OHz & L., -
YAVENLFD 2 2D 172-Si-H #ED Jsu DEAEL W ERE L72HAEIC, ZOfEiL 35
Hz L RBED 2L TE, INFETIKWEINT VS 3c-2e AT D Jau DIEDHEIFAN
TH > 72 (20-140 Hz), FRIMRINA <27 b A Tid 2 FEfEO «Si-H-Ru) ICIRfEI N5 7 a—
Fins 7 F P 1698, 1871 em™ ICHIHI & #17- (Figure 4-16),
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v(Si-H-Ru) |

S 60 1871 cm-
50
40 v(Si—H-Ru)
1698 cm-'
30
20
3600 3200 2800 2400 2000 1600 1200 800

Wave number [cm™]

Figure 4-16. #i{k 46 DRI A =7 b v

R 46 O TFIEE

R 46 DMV VIARICT b= P U AERIEI R EICL o THRLNLRED T
oy 7R > CEEER X BMREERRT 21T 5 72,2 Ru-Si MD4U&e F U Fid7—Y
IHRICX OVEENT Z2 B8 TE LD, SEMOEEe FY FEFE(T LT
B otz HA 46 DTG % Figure 4-17 (T E R FT-RIEEAE, F5A A% Table 4-7 1T/
L7,

Figure 4-17. ${F 46 O FHEiE (30% probability)

2 HI7E 1X Rigaku R-AXIS RAPID [Al#rZ5i&E % > T —150 °C TT\>, Rigaku Process-AUTO
program IC X o TF — XJUBRL 72, ffh X HBGRICE L. ZRFHT P2y #4) TH o7z, fENT
ICEBWTIE, SHELXT-2014/5 70 77 L8y r—=Y % v, BRI Y LT =7 LR O
BaREL, 7V TAKIC X o TR 2 IFKERFONEZIRE L 7z, SHELXL-2014/7 71
7 ax e/ "FEIC X D REEA L. IEKRIETF 2 IR EICER L 72, Bfi+ EoskFEi
HFIX a~Y FicX b, Si-Ru ok FVU FidE#EY— 27 o BIEZ$EE L. SHELXL-2014/7 7
0277 aEHCR/NIRICL VEFE L, RuRu ot FY FEIEELTsLidcEn
o7,
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Table 4-7. 51K 46 o ERFETHEHEEE (A) &AM ©)

Bond Lengths (A)

Ru(1)-Ru(2) 3.0926(2) Ru(2)-Ru(3) 3.0575(2) Ru(3)-Ru(l) 4.0713(4)
Ru(1)-Si(1) 2.5082(6) Ru(2)-Si(1) 2.2860(6)  Ru(3)- Si(1) 2.5522(6)
Ru(1)-Si(2) 25032(6) Ru(2)-Si(2) 2.2895(5)  Ru(3)- Si(2) 2.5544(6)
Sil-Si2 2.8266(7)

Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 82.904(5) Ru(2)-Ru(3)-Ru(l) 48.92(1)  Ru(3)-Ru(1)-Ru(2) 48.18(1)
Ru(1)-Si(1)-Ru(2)  80.195(18) Ru(2)-Si(1)-Ru(3) 78.175(18) Ru(3)-Si(1)-Ru(l) 107.13(2)
Ru(1)-Si(2)-Ru(2)  80.237(17) Ru(2)-Si(2)-Ru(3) 78.067(16) Ru(3)-Si(2)-Ru(l) 107.216(19)

Ru(1)-Ru(2) (3.0926(2) A), Ru(2)-Ru(3) (3.0575(2) A) [EIE#fE & bk L Ru(3)-Ru(l) FEIEAHEZ
4.0713(HA &) 1A 13K < Ru@B)-Ru(l) fEEBUIBIENTWE Z e HL IR o7z,
¥ 72 w-rPip-v UV VORMIERICEERR L €, 3¢-2e fEA %22 Ru-Si fiarEadEl: 2.50-2.55
A THBEDITHL o FATH 2 Ru2)-Si(1), Ru)-Si(1) FHoFELIEHET 220 A LfEAE
IS X 7z,

Ru(3), Ru(1) FEIFEEED MRS 2 & & CHA 46 13 Si(1), SiQ)ANE D W& %>, 2D
Si(1)-Si(2) fHRHMEIX 2.8266(7) A & . Si-Si HFSEAHEHE (2228 A) XL v #) 25% BREMEREL
T35 H DD vander Waals DR 424) LHRTH2ARVELR->Tn3E, TDXIIC
FJEF I WEEE 7 A RREEEEE 2 R oAk 3T Pd, Pt OEERTHIS T WS, 2 Hild i3
(P2M)a(1-SiHa)2 (M = Pd, Pt; P, = (PH3),, PHoCoHsPH) D A cowfﬁﬁ%ﬁof:}so Pd

BHEIEY L VR Pt oA IRV ) L VRO ETH B LB XT3 (Figure 4-
18), % #f{K 46 ® DFT 8 TIE, Si-Si [f® Wiberg BondIndex (X 0.1 F2ETHH, 2 o
D - Y VBN FENCHBERA OFEER R S Niz0d, BEFEED T 77 T Vidih o
2 207 A FRMEICEHOHEITBIR I NT ., ge-v VIVENL RIS EREN A5 & 13 FTE L 720
T & B9 h o7z (Figure 4-19), %

H H H H
\ / \ /
HaP\Pd/s|l\Pd/PH3 I-|3P\Pt/sil\|=t/Pl-l3
HiP™  ™gi”" TPH, HP~ gi” PH,
/ \ / \
H H H H
p-Disilene Bis(u-silylene)

Figure 4-18. (P2M)y(1-SiH), (M = Pd, Pt) D Be{ii s

24 For example, Zarate, E. A.; Tessier-Youngs, C. A.; Youngs, W. I. J. Am. Chem. Soc. 1988, 110, 4068.
% Sakaki, S.; Yamaguchi, S.; Musashi, Y.; Sugimoto, M. J. Organomet. Chem. 2001, 635, 173.
26 FOR TR PEM TR ISR LR JINEEICETREZAE L 72,
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Figure 4-19. #1& 46 @ Si(1)-Ru(2)-Si(2) ‘FHIDEFHEED 7 77 > T v figHTIX

K 46 OBIRNZEH)

1A 46 DIRETIZ 'THNMR A7 L (Figure4-20) Tl¥, —80°C T 3 ffHo e NV
F23 2:2:1 oLl iz, FiRT 51CD09 40 °C AT Si-Ru ICHEFELAZE F
Y FIcEO K o 7P AnElié L7z, 20°C {135 T Ru-Ru IC8FEL7Ze F U FEORE D
&Nz, £/, Cp* fHETIZ -80°C T §1.7ppm fED 30H 53D 7/ FAns7o—
F=vZLTEh, FET2ICON SiRu ICHELZE FY F2EET 2 L FRIFFICY ¥ —
Ty I Fw Gz 7, KR T, Scheme4-4 @ X 51C Ru-Ru ICZEL 7= F U FEAT
T DY A PR, EIEMAITIT Scheme4-5 D X S ) AR+ D Si-H #HEaoUlr & H
ERIC X 2 BB SR E T3 EEZLNE, 2oL &L FY FRALTD Ru-Si fEE~
DIFAICKZL T V- VAR ERHT 2 520 E 25055 (Schemed-5), 7 V-
SR IITE AR A GEEC +4 i IFFITRE Tl 2 2720 V-2 ) L ViR %
M 3 2D BEHNELEZ LN,

tBI u tBI u
H—S—H . H-—S8i—H
e . =Rucp* - | ™.
~ u-H migration ™ | e
H> g, <H

H> g <H

|
‘Bu Bu

Scheme 4-4. $E& 46 OFZEE) (Ru-Ru 125 L7 F U FOH 4 FacHh)
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uE

Cp*

Cp*

t-Bu

R ETOZEREG U Y VEEDERL

40°C

havsung * = residual proton derived from the solvent

24 22 20 1.8 16

14 (ppm) -12.0 -13.0 -14.0 -15.0 —16.0 -17.0(ppm)

Figure 4-20. #i{& 46 (Cp* fHIL : /5, © F VU FHEs - f5) @
HFEERZE 'THNMR A2 kL (400 MHz, toluene-ds)

tBIu
H—SI—H Si-H bond
yd Ny formation
P i .
. —FRu X
N P

H‘\s I//"i-'

|
‘Bu

pz-silane-pus-silyl
Ruj; (IV)

Scheme 4-5. $&(K 46 DBIFIZEE) (Ru-Ru X Si-Ru ICZUEL 72t F ) FOH A b 3cfi)

tBIu

H—S—H

d
4 | ™

(~@-Ru—]

™ e
H>_g;—<H

|
Bu

fBIu

@

\\

e

‘_H_

H> g, —“H

|
Bu

bis(us-silyl)
Rug (VI)
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Si-H bond H——Si
cleavage ye | \

= RuCp*

p-H exchange ﬂ

tBlu
Si-H bond H/,/Si

formation | \

(—H—Fu—@-)
HA g H
o)

Bu

pz-silyl-us-silylene
Rug (VIII)
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R 46 DINEV G
SEIR 46 2 X 51T 180°C THMEAL 72 & 2 A, KEHDTWEEL &£ ToD Si-H FEEant)
WrEhizex (-2 UV v) #R (Cp*Ru)s(us-SiBu)a(u-H); (47) 235 572 (eq. 4-18),

Bu ‘Bu
|
Si— = —H Si
: N - HZ H
Cp*-Ru | Ru Cp* ¥ Cp*Ru— Ru Cp* (4-18)
\\\\ 1 / toluene, 180 °C, 4 days H>R ZH
) /
¥ Qj\—L~ I cp
Cp SILI’F \Si/
‘Bu 'Blu
46 47 (96%)

PR 47 13 H, BC, ¥Si NMR R~ bov, FRIMIINA <=2 b v, JTERAFCHEE L., H
FEEL X ARSI IC X ) 2 DG 2R L 72 'HNMR RA~<27 F A Tld 3 DD Cp* % 3
ZfGe FU K, 2 20 Bu FicHOL & 7 F 3 & CTEHMIC B X v, FER ISR
DEVEETH 572, PSINMR A7 FATIE -2 ) ) VEMTIRIBEBEI NS> 70
23 53555 ppm ICEIHI X Nz, ZaiE, BT D U VESER (532077, 32177, 339.177%) 0 ps-
v U VEER (6426.3%) & REBRICIER IS Bl S N CEB . £TD ~Si-H #Hd
Pra T3 2 L 2SR L T % RAMBIN A = 27 L C YSi-H-Ru) ICIRf& I3
T IF VB E N o Te

SR 4T OHFEE

FER 47 O~FH VAR % 30°C CTHHET 2 Z LicXoTfRbNBao T my 74k
flidmx O CHES L X SRS 21T o 7.2 28Fe P MR F2B%kdscLizT
o T, R 47 O FHEE % Figure 4-21 1T L7z,

Ru-Ru ##fix 2.990(3) A, Ru-Si FHEfIx 2.3486)A THH, ZhFTiIKEINLTNS
Ru-Sic #E& QPN (2.205-2.790) TH - 72,

27 (a) Filippou, A. C.; Chernov, O.; Stumpf, K. W.; Schnakenburg, G. Angew. Chem., Int. Ed. 2010, 49,
3296. (b) Hayes, P. G.; Xu, Z.; Beddie, C.; Keith, J. M.; Hall, M. B.; Tilley, T. D. J. Am. Chem. Soc. 2013,
135, 11780. (c) Fukuda, T.; Yoshimoto, T.; Hashimoto, H.; Tobita, H. Organometallics 2016, 35, 921.

28 JHE ai Rigaku R— AXIS RAPID [ 45 % FIv>C —150 °C CFT o, Rigaku Process—AUTO
program IC X o T7 — XU L 72, #E&EIIANTTERICIE L, BB P62c (#190) TH o7z, fif
Mric B Tld, SHELXT-2014/5 707 28y r—Y 2 v, BERCX Y LT =7 LFEFO
JERRZRE L. 7 — U ZHKIC X o TR 2 IKRIFEF DALE %2 € L 7z, SHELXL-2014/7 7’1
77 L Hei/NFEEIC X O ERE L. 3F7}<?’?ﬁ¥%#£ﬁ PEIC IR L 72, BCAL 7 ook 1T
HFIX a~v Fickbh, e FY Fi3&EY— 7 04 $5E L. SHELXL-2014/7 70 7' 7 L%
/N gk X ) R L 72,
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Figure 4-21. #i{F 47 O FHEiE (30% probability)

$BK 38 L ZHF D RSiH; (R ="Bu, Ph) & DRIt

i
si<H
Phs|H3 Cp* Ru<—H\>\R cp*
/ 1
- 2H, H—RuZH
rt .~ cp*
\;:2’ R ph—S
RSiH \ \
R . Si— H
H7I\H (R = Ph, "Bu) s H 48 (76%)
I H.‘i | Cp* Ru/_I-L;H>\Ru Cp* ) (4— ].9)
RIZ—Ru ~He PSS i
H—Ru—H
\H/ H Bu
Cp* |
38 40 (R = Ph) i
41 (R = "Bu) "BuSiH; Cp* Ru/H‘f Hzru cp*
/ '
—2H, HRUZH
rt Si/ Cp*
nBu/ \
H
49 (34%)

$Ek 38 LiEFE D RSiH; (R = Ph, "Bu)& DKIETIE m-> VL V- V) L vk
(Cp*Ru)s(13-7-HSiR)(1-SiHR)(u-H)3 (48: R =Ph, 49: R="Bu) 2’3 5N 7z (eq.4-19), #Hik 48,
49 ¥ 'H, BC, ¥SiNMR A7 b RBRIMINA =7 b A XY [EE L 7. F 7255k 48
(T X AREEMATIC X D Z OREEARGE L7, EIRTD 'THNMR A2 b TliEw
FTHOHEDL Cp* ICHSL L7 F A 12 oS TBllE N, -8 POl L
Ty > VL VRN D Si-H O Y 7 F A2 81K 48,49 TZ 2z §5.84,5.40 ppm
SN X Tz, 851K 48 @ PSi NMR A_Z PATlE v V) L VENTFE - ) L VED
MTICREIN S v 7 FAd 5107.2, 2545 ppm I, 51K 49 Tl 5165.9,275.4 ppm 1T %
NZENEH X 7,
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FEK 48 49 DBIRIEE)

$EK 48 @ —60 °C THIE L7 'HNMR Z-~<2Z F L ClE, Ru-Si MICHEBLAZE FYF
EEEEDOE P Y FRAZNEN §-11.28, -19.25, —19.50 ppm T 1:2:1 OFESLCHHEIE
TEY, FT 2ICON 3 DOY 7 FAPRMAET T8I I N7 (Figure4-22,d,e)e %
D=, ERElTIXEEA 39-41 LFRIBRIC Si-H AU E AR E Twb & Ebh
% (Scheme 4-6), %7z, Si-H-Ru IKJREE N3 §-11.28 ppm D> 7 F AT ¥Si L DH T
74— »BBl I N7 (Figure4-22,d), Ph HFEIK () Tld, 2 D Ph 23 X
NTHEY, “ERES )L VRN T L7 = = VEIE Cp* & OEKFEICE Y Si-C f5dr
DEEEAEE X, KRHITIEA A Mo 7 a b v §8.13,7.15ppm IS IEZAT IS X h
7z

() (d) (e)

(b)
e
—
=
S

I T T T T T T T
84 82 80 78 76 7.4 72 7.0 55 54 53 52 51 21 19 17 15 112 114 1941 193 195
(ppm) (ppm) (ppm) (ppm) (ppm)

Figure 4-22. ${£ 48 ((a) Ph (b) Si-H (c) Cp* (d,e) & F U FfHlK) DEERZ 'HNMR &~
7 F v (400 MHz, toluene-ds, o/ppm)

PR 49 OIREFZ 'THNMR <, &imfllclde FY F& Si-H-Ru © 4H 235 iffi ic 1
Hl X 7z (Figure4-23), 20°C Tlt 2 KD > 7 FAd 1:1 OECHEIE L, 0°C LLTFT
KIS D > 7 FApfic 7 e — F= v 7L T CBRFAEIIN S L7z, Eimfllcld, 854
48 L [FIFRIC, Scheme 4-6 (a) (TR d & 9 ZEIRYZEE) 25, (KIRMITiE Scheme 4-6 (b) 1T
K FRICERZRESE2HNEHPRE T E2 615, 40°C AN TlEe
FUFDvZ7Friidic, o L TWARW EEBL YL VAL TD Si-H e s
FInbTa—F=v 7L, TE v ) L VBALFD n-T FARRZR a TSk LA
%[N TW D 49-our & NI ZAINT 2 49-in DFMEIEL o2z R E 2 bR
% (Scheme 4-7),
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-20°C

-60°C

WVWHW o l'
[ I T T ! [ I T [ I I T 1
6.00 590 580 570 560 200 195 190 185 -150 -160  -17.0 -18.0 -19.0
(ppm) (ppm) (ppm)

Figure 4-23. #5{& 49 ORET[Z 'HNMR R~ b )L (400 MHz, toluene-ds)
e s -V Vv RLF @ Si-H, Hhe: Cp* i, 4 ¢ & F U i)

E LN ZH-N CHED

' Cp*Rut: /‘RuCp* - | Cp* Rut: /‘RuCp* Cp*Ru— —/R_uCp*
! \H;Ru—'H ) /Ru—'H

I Cp* Cp*
. Si P Si P

R~ R™S R™3\ -
H usz-silylene H H usz-silylene

49 (R ="Bu) us-silyl 49 (R = "Bu)

R R R
\ \ 1

Si=H si=H H~—Si~H

Cp* Ru’—H':g\Ru Cp* Cp* Ru’—H\=“Ru Cp* Cp* Rﬁ'— —“Ru Cp*
\H> Ru” = 'H}Ru’—l'-l — \H}Ru{-H
* * c *
o —Si Cp oS Cp o-si” P
- \

L \H ] \H uz-silylene L H ]

@ R=pn

___________________________________________________________________________________________________

Scheme 4-6. #{k 48,49 D v F U FEFDBIZEH)
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"Bu "Bu
| |
Si /SI

H- H.

Cc *Ru—:"I RuCp* __ Cp*Ru’t:H RuCp*
\H—Ru-""I \H—Ru—H
Si/ Cp* S'/ Cp*

"Bu” " H™ \'

H "Bu
49-out 49-in

Scheme 4-7. $&5(& 49 © 12V L VERA O BIHYZEE)

IR 48,49 DFRNPINZ ~ 7 kL

100
90 90
80 | 80 | v(Si-H) ]
2036 cm-!
70 70
=
=x .
60 |- 60 | v(Si—H-Ru)
—1
W(Si-H-Ru) 1814 cm
50 50
1773 cm! W(Si=H)
a0 | v(Si-H) _| a0 | -
2059 e 1963 cm
30 . 30
3600 3200 2800 2400 2000 1600 1200 800 3600 3200 2800 2400 2000 1600 1200 800
Wave number [cm-"] Wave number [cm-"]

Figure 4-24. $5{k 48 (/5) & #51F 49 () DIRIMINA <= 7 v (KBr)

cm

FEAR 48 DFRAMRIN A~ 2 b A TlE YSi-H) WA ICEES L v v =Ty 7 F A ps 2059
1T 3c-2e Mtk A L7z USi-H-Ru) ICHDOLK v 7 Fudd 1773 em™! ICBUEI X L7z

(Figure 4-24, 7£), $51K 49 OIRHMRINA <= 7 b orTid, SEFODICHA L Twia vy Si-H ff
HICFED L 7 F D 2036, 1963 em™! 1T YSi-H-Ru) FHEEICHES L ¥ 7 Fuh 1814 cm™!
ICHIHl X 7 (Figure4-24, H). 2 MERHD WSi-H) 238U X 172 Z & (3, Scheme4-7 TR L

72 49-out & 49-in D 2 ODBRMAEDBHFEET L L WIFEELFEL R,
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R 48 O TS

PR 48 O~F Y VERE 30°C THET L ICX > CHEbNzftiD 7y 7k
fhifh 2 O CHEER X BRESEMIT 21T 57,2 e F ) FRUT 4 R EOKEONHE® FEE
k32 lidTc&hdolz, Bk 48 D FREE%R Figure 425 ICEAMAEERE. HA%
Table 4-8 IZ/8 L 77,

Figure 4-25. #i{f 48 O FHEiE (30% probability)

TS 2 IR 48 DEHPEG L “HEBO S A RN FE AL T35 2 AL 2
o7z, Si(l) &7 =v LM OHEET 2.332(3),2.373(3),2.345(3) A L KRZ 3 -
7223, Si(2) & Ru(2) MoiE#EEIE 3.356(3) A &fthd Si(2)-Ru [HEHHE (2.383(3), 2.377(3) A)
EHARTAIBERELLSIQ) RPERBETH L EER LT, MiaEE2 51 Si-Ru M
CEBLTWS e FY FOMEBERRIETE R o7, w-v VL vEHo Ph B —EHEHE
I VEER 43 EHEAR ) AT =T L aTIen LM AN 72 S A & iz,

2 JHI7E 1% Rigaku R-AXIS RAPID [EI#7%5i&E % > C —150 °C TT\>, Rigaku Process-AUTO
program IC X o T7 — XU L 7o, #E@IIRITERICE L, ZERFHT 4ba2 #41) TH o7, R
Bricds\v»Cid, SHELXT-2014/5 70 277 L8y 7 =% v, BEEECI Y ALT =Y LRTD
R ZRGE L, 77—V ZAIC & o TR 2 IFKFRIE T OALE % E L 72o SHELXL-2014/7 7'\
77 Lk e/ _FaEIc X OEEN L, IFKBIRFZIFETEICER L 72, s icsik 2
DI L CTRERLIBIECH 2 ~F v 28 1| S FFEL Coiz, B Eo/KFEIX HFIX 2+
v FIc X V{8%E L, SHELXL-2014/7 70 7' 7 L Avi/N_FEICL WEE Lz, e FUF
K”OZEEES Y L v EN OKBIIEELT 223 TE R o7z,
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Table 4-8. 51K 48 o E 7 THEEEE (A) &AM ©)

Bond Lengths (A)

Ru(1)-Ru(2) 3.0470(14) Ru(2)-Ru(3) 3.0531(10) Ru(3)-Ru(l) 2.9358(12)
Ru(1)-Si(1) 23323)  Ru(2)-Si(1) 23733)  Ru(3)-Si(1) 2.345(3)
Ru(1)-Si(2) 23833)  Ru(2)-Si(2) 3356(3)  Ru(3)-Si(2) 237703)
Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 57.543)  Ru(2)-Ru(3)-Ru(l) 61.133)  Ru(3)-Ru(1)-Ru(2) 61.33(3)
Ru(1)-Si(1)-Ru(2)  80.72(9)  Ru(2)-Si(1)-Ru(3) 80.64(9)  Ru(3)-Si(1)-Ru(l)  77.75(9)
Ru(1)-Si(2)-Ru(2)  76.16(9)

FERN 48,49 DIMNERIS

A
si<H
H{_ —H
(o] *Ru/—\>RuC * 2
p* RUZ—|—Ru Cp
H—Ru—H 95°C
Si/ cp* 'T
Ph™7\ Si
H ' \
Cp*-Ru=——\=Ru-Cp* (4-20)
48
> R~g,ZH
\ /6"
"Bu Si
| |
Si R
\
Ho _ 50 (R = Ph, 93%)
* —~ """ iH- * H,
Cp*RUT—"CRuCp® | 51 (R = "Bu, 96%)
\H—Ru——H 95 °C
. Cp*
"Bu/SI
\
H
49

SR 48, 49 1ZINEAT 2 2 & CHifR 47 LRIBRICATO Si-H AUl e x
(uz-> Y U V) $8fK (Cp*Ru)s(u5-SiR)a(2-H); (50: R = Ph, 51: R="Bu) % 5 -2 7z (eq. 4-20), #&
& 50,51 (X 'H, PC,®SiNMR A7 b RHUBINA~=Z F v JeRaHric X Y IEE L.
FER 50 ICo W TITEET R X BEEERTIC X o T2 oS R TR L 72,

FEimTD 'HNMR A7 FTlk Cp*, 8 F U F, AR EoEBIICE S 7F
BENENFMICBE Sz, 72 PSINMR 27 FATIEZNZh §313.8, 329.7 ppm
I - ) ) VIRALFICEED K o P Bl T T, SRINRIR A =27 b v TlREER 47 &
[FERIC Si-H #i&ofiEiRENICRFE S 2 v 7 F A3 Blill E ik d - 7,

$8K B0 DHOFiEE
BER 50 OD~FH VIR E 30°C THETLIZ LIk THEONREBD 70 v 7IRE
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% O CHRE R, X RS 2T o7z, 0 e F) FofBE2MET 22 3TE R
Dotz A 50 DT % Figure 4-26 IC EAfEAR. A% Table4-9 1T/ L 7=,
Ru-Si A FEREIEX 2.3225(10)-2.3642(11) A L #51k 47 © Ru-Si #EHEK (2.348(6) A) L 131F
FLCTHo7,

Figure 4-26. #if&k 50 O FH#i& (Molecular 1, 30% probability)

Table 4-9. $5{& 50 O EAFEAER (A) &AM (O

Bond Lengths (A)

Ru(1)-Ru(2) 2.97094) Ru(2)-Ru(3) 2.9756(4) Ru(3)-Ru(l) 2.9623(4)
Ru(1)-Si(1) 23574(10) Ru(2)-Si(1) 23388(10) Ru(3)- Si(1) 2.3225(10)
Ru(1)-Si(2) 23359(10) Ru(2)-Si(2) 23518(10) Ru(3)- Si(2) 2.3642(11)
Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 59.756(9) Ru(2)-Ru(3)-Ru(l) 60.044(9) Ru(3)-Ru(1)-Ru(2) 60.200(9)
Ru(1)-Si(1)-Ru(2)  78.493)  Ru(2)-Si(1)-Ru(3) 79.343)  Ru(3)-Si(1)-Ru(l)  78.54(3)
Ru(1)-Si(2)-Ru(2)  78.66(3)  Ru(2)-Si(2)-Ru(3) 78.24(3)  Ru(3)-Si(2)-Ru(l) 78.13(3)

%0 JHI7E 1% Rigaku R-AXIS RAPID [RI#7%5i&E % > C —120 °C TfT\>, Rigaku Process-AUTO
program IC X o T7 — XU L 7o, #EEIIRITEARICE L, ZRFHT P2i/n #14) TH o7z, R
Bricds\wwCid, SHELXT-2014/5 70 277 L8y 7 =Y % v, BEECIOYALT =Y LRTD
R ZRGE L, 77—V ZAIC & o TR 2 IFKFRIE T OALE % E L 72o SHELXL-2014/7 7'\
77 Lk e/ _gaEic X OEEL L. IFKBIRFZIFETEICERL 72, BT 2
DOy TR EATED, molecule2 D Ru(4) ICHHLIL T3 Cp* ICT 4 AA—X =2/
L7z, FEEICEEA 2 T ICR L CRERILIBIEECTH 2 ~F v 1 D TFEL Tz, B
T ED/KFEIZ HFIX a~v Fickb, e F) Fi3EEY— 27 0% IEE L, SHELXL-2014/7
7a 77 LrEHCER/NIFEICX VBRI L 72,
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Fehlner 5 1. = Z#kEE(R [Fes(CO)(CHy)] LT tp-AF VPV - AF LV - A F N
SEADMNC A H 5 2 & #ME L T3 (Scheme4-8), 3t LA L.3 2D C-H A2 o
BAL L7z - A 2V EERIZBLIIICTZ Tty

not observed

H H H H
| Fe = Fe(CO), | I ‘l:
C— C—H C—H
H7 \%H N\ )
- N \ F/ W F/ \ . F/ \ i
e '—Fe AL&‘ e '— Fe=———= Fe——\— Fe=————= Fe —Fe
LS LS Ve e
T~k HoSES Hsze H3><Fe
us-1P:n?:n*-methane us-1P:n?-methyl us-1P-methylene uz-methylidyne

Scheme 4-8. =BG R(L/KRECNL T D B R &R

AW TR, —EHDO G D p-1ffap-2 7 VRS -2 U VSRS Si-H
BHREHEE LTI I NE 28T vV ) VEHA~N BT 2 2 L RRT LN TE
72 (Scheme 4-9), Z Ui =L #EAR L C—# > 7 v DERER 7 BEAL A1 % BLHI L 7= 9] T D
Blcdhsd, T, $5K 38 XTAHVERIET DI LDHIONT WS, 2 2 cibhi
ERIZ TAh v e EOREBR OB ICH VAT N a2 X ¢ 5, EEARAR T
H5,

R R R R
I l | |
Si— Si—H Si—H Si
H7 < H \h .
M \H > M L » M/ \ M > M/ \>M
v S e 7
\ M H>< M H2>< M H3>< M
pz-n:n?nP-silane uz-nP:nP-silyl uz-n*-silylene ug-silylyne

Scheme 4-9. 13- 7 v SR D ELFSH) 72 BRAL Y AT

31 (a) Dutta, T. K.; Vites, J. C.; Jacobsen, G. B.; Fehlner, T. P. Organometallics 1987, 6, 842. (b) Vites,
J. C.; Jacobsen, G.; Dutta, T. K.; Fehlner, T. P. J. Am. Chem. Soc. 1985, 107, 5563.

32 (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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2SI NMR X2 R LD LhE
PR 38 L TV EDRIGTHELNEZERE S 4 HiSAD P®SIiNMR 2272 kv
F—X%,  DFT #H8Ick 3y IaL—v 3 vofER s 4T Table4-10 IR L 770

Table 4-10. —FHZUE 7 4 BENL 7D PSINMR A2 P AL DILFEY 7 b (Ssilppm)

Exp. DFT cal.?
M3-Silane
(Cp*Ru)3(us-H3Si'Bu)(z-H)s (39) 175.5 175.5 (166.6°)
(Cp*Ru)s(us-H3SiPh)(u-H)3 — (138.9%)
u3-Silyl
(Cp*Ru)s(us-HaSi'Bu)(H)(1-H); — (215.9%)
(Cp*Ru)s(us-H2SiPh)(H)(u-H)s (40) 194.2 191.9 (198.8%)
(Cp*Ru)s(us-HoSi"Bu)(H)(u-H)3 (41) 200.1
(Cp*Ru)s3(us-HoSi'Bu)a(1-H) (46) 202.2 226.7,241.7
p3-Silylene
(Cp*Ru)3(us-HSiPh)(1-SiHPh)(1-H)3 (48) 254.5 248.7
(Cp*Ru)3(us-HoSi"Bu)(1-SiH"Bu)(u-H)2 (49) 275.4
p3-Silylyne
(Cp*Ru)s(us-Si'Bu)a(p-H)3 (47) 355.5 352.6,433.3
(Cp*Ru)s3(us-SiPh)a(1-H)3 (50) 313.8 346.1,372.5
(Cp*Ru)3(us-Si"Bu)a(u-H)s (51) 329.7

@ JLBIEL wB97X-D, BEERIEL Ru: SDD, Si: 6-31G(d), & F VU F:6-311G++(,p), % Dfth: 6-31G
b JFLESEL B3PWOL, BEERI4L Ru: SDD, Si: 6-31G(d), & F U F:6-311G++(,p), % Dfth: 6-31G

BSi D S FARRIEAEFE Y 7 PRl N, TAFREOBEIEICL o THRELE
k3270, FUEMERTH>TD 2Si NMR A7 b LT — & DA CHEEA % FE
T RREECTH L, Lo L, RiFE RO —ED ZEHEF T 41 RihofbEy 7 b
Tlx. 72-Si-H fEE AV L T (g &b gy 7 MHEHES I BN 2 Hm 38l < vz,
DFT StHEOMER D WNEAEAHHEL CTH Y., ORI % 3ZHF L Tz (Table 4-10),
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ZBREYT UEED OOk T v DREERIG
PPy 7 VEERIZBIE L 3 0D o BfIoATERN Z L CTH Y ZHEEEEN T
D =GR~ DRIEEIRZ CETE v e Bbs, L L, #51k 39,40 & 1 SEDK
FEDORIGTIX, WRIGIC X 2 —f]k> 7 v ORHEIEI X e d o 72,
%EuEX(#vuw)%%mﬁ L, BAhz@lEr2iio7 2 v v aMbdE 32
T, BRI & 2 e 7V BRI T 52 L2 MG L TWS (eq.4-21), ¥ 22T, —#k
/7/@%%%% L. ptert-7 F L 7 ViR 39 & PhSiHs, -7 = = U (K 40
& BuSiH; & DKIGEETL 77,

Ph Ph
\ /
AN EtSit, 4 |_S'\|
1F 2,
RI-H-RuY-) 227 uéH—Ru— (4-21)
I\ / — Ph,SiH,
H—/SI\ —SI

PR 39 1A LAY 3 f5EAD PhSiH; ZMARIGEEBIRL72& A, 15-7 = =N Y v
FEIR 40 23AERT 5 L & IC BuSiH; 2 AL Tw3d 2 &% 'H NMR HIE CHERR L 72
(eq. 4-22),

B Ph Ph
| \ Li<H
ys'\"' PhSiH, S'\\'\" H~\
Cp*RET gRuCp " > pusiH,  + cpriE@SRucy \\ R”C”* (4-22)
W ZH CgDg, 24 h AR 2 H; é‘ -
Cp* H Cp* Si P
Ph— \
H
39 conv. 93% 79% 40 (25%) 48 (33%)

- DV VESIR 40 D IEWIRRECIE - 7 VR L FiTICH 0 . — K> T v DORiEED
FCED, L2l ﬁ¢40&f&&H;a@&ffiPMM3@M%iﬁﬂén? =%
fRI1Z PhSiH; & BuSiH; 25 1 73 FEU D A T 72 850K (Cp*Ru)s(us-17: -HoSi'Bu)(us- 172 1fP-
H,SiPh)(u-H) (52) A32ER L 72 (eq. 4-23),

Bu
Ph \
\S siqu
i— t ; L
AR : BusTH, 28 ea) CpRA i RuCp (4-23)
Cp* Ru= |>Ru Cp* 60 °C, toluene, 5 h \H\\/R’u J
T, 2, cp Siic
Ph
40 52 (70%)

B RER, RS, R TR (1995).

128



ME =HEELETO=ZERES Y U VEEOEN

SR 40 2> 5 PhSiH; 23iBfEd 2 2 137 o 7205, TALIZEEHE 40 OFHA -2 )
FERICKZ {2 TH Y ZRRISHICESHEAL T30 TH 5, ZicxfL, fEE 39
DVHINE - 7 VEIRICR > T b 720, 2 P TFHDOY IV RRIETHT LT - 7 v
BCAZ 123 BuSiH; & LCHBEL 722 FE2x b b, 2D b, w-1fpfapf-> 7 VB
Wld—y 7 VB ERRIGEH b B3 SRR L AT e 3 C& 2, itz il ws-
v 7 VIR IEFE A3 E RS ICHU D A T 0 B WIHAEL RS & & 2 5415 (Scheme 4-10),

R
si i i
H—°'—H .
N H',’ Si\\\ H SI\-,\H
M M M—iHw M//‘HM
~n" ~m” H<m”
2t -silane 2 %-silyl

Scheme 4-10. =R SSHICEU Y AT N 2 — K T v OIEHACETRE

FEIR 52 13 'H, BC,¥SiNMR R~ 7 b, FRIMRIN A <= 7 b v R OTCHEHTIC L Y [FE
L. X MRSEMRITIC X ) 2 ORSE 2R L 72, D 'THNMR A7 FL Tl Cp* ICH
DT TR 12 ORI CBlllE N, $72e FY FEAZFIEHA Fficky 12
DT —= V=V 7Ly 7 FAn §-13.36ppm ICHBUHI X 4172, SiNMR A~ 2 F LTl
13- VIVEALFIC D > 77 F v s §180.2, 185.6 ppm ICEIHI X 47z, FRAMRIL A~ 27 b
LTI USI-H-Ru) KRB I NS 7 a—Fixy 7 1669, 1754, 1838, 1909 cm™ 1T 4
ARBH X 7z (Figure 4-27)o

100

90

80

70

v(Si—H-Ru)

%T

60 |-

50 |

40 -

30 . .
3600 3200 2800 2400 2000 1600 1200 800

Wave number [cm™]

Figure 4-27. #5{F 52 ORIRINA =2 v ([Si-H-Ru): 1669, 1754, 1838, 1909 cm™)
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R 52 O TFIEE

PR 52 O~F Y VERE 30°C THET LI LICX> b ZBED 7oy 7k
fEEE D CHESE X MRS RT3 e Y FofiE2BE(kd s i3 TcEn
Do Tz, SR 52 D4y THEE R Figure4-28 1 7R T-HIBEREE, 5A M % Tabled-11 IT/RL
7z

Figure 4-28. #i{f 52 O FH#iE (30% probability)

Table 4-11. #{k 52 O FEAJF TR A) &&EEH ()

Bond Lengths (A)

Ru(1)-Ru(2) 3.0652)  Ru(2)}-Ru(3) 3.079(2)  Ru(3)-Ru(l) 4.008(2)
Ru(1)-Si(1) 2555(5)  Ru(2)-Si(1) 2290(5)  Ru(3)-Si(1) 2.509(6)
Ru(1)-Si(2) 25156)  Ru(2)-Si(2) 2286(5)  Ru(3)-Si(2) 2.453(5)
Si(1)-Si(2) 2.823(7)

Bond Angles (°)

Ru(1)-Ru(2)-Ru(3) 81.43(6)  Ru(2)-Ru(3)-Ru(l) 49.134)  Ru(3)-Ru(1)-Ru(2) 49.44(4)
Ru(1)-Si(1)-Ru(2)  78.27(14) Ru(2)-Si(1)-Ru(3)  79.69(16) Ru(3)-Si(1)-Ru(l)  104.64(18)
Ru(1)-Si(2)-Ru(2)  79.20(17) Ru(2)-Si(2)-Ru(3) 80.97(17) Ru(3)-Si(2)-Ru(l) 107.57(19)

% JMI%E X Rigaku R-AXIS RAPID [HI#7%E#E % > T —120 °C T{T\>. Rigaku Process—AUTO
program IC X > CT7 — XU L 7=, SN ERICE L. Z=RIEHE P2i/c #14) TH o7z, iR
Bricds\v»Cid, SHELXT-2014/5 70 277 L8y 7 =% v, BEEECI Y ALT =Y LRTD
R ZRGE L, 77—V ZAIC & o TER 2 IEKFRIE T OALE % E L 72. SHELXL-2014/7 7=
77 Lk v/ ki X 0 IEEL L. IEKRIEFZ2IFETHICER L 72, Bifr 7 L oskFE T
HFIX 2~ v FIiZc X W #§7E L. SHELXL-2014/7 7' v 7" L% A/ FEIC X W EELL 72,
EFY FIIEBELT 223 TERD o7,
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FEPR 52 1F Ru(1)-Ru(3) k&2 72 < (4.0082) A). - V MBI T Si(1)-Si2) 23
L L TW3 (2.823(7)A) 7n &, 8Kk 47 L13L A CRIUEEN B MEZH L Tz, 72
72, BEmIDRLE - IR TFERI o T E 2 LT, Cp* BALF2S Bu & DR
FE% 52\ C pe-Ph ¥ U VL FHNCE S BRI S vz,

PEMR 52 (3EEMA 47 LRIBRIC, BT 3 2L TE R (- U U V) $EE (Cp*Ru)s(us-
Si'Bu)(us-SiPh)(u-H); (53) % 5-Z 72 (eq. 4-24).

‘Bu By
|
Si—H Si
| H\ -H; ~H- l
Cp RI—I—RuCpr ——— 3= Cp*RUE|=Ru-Cp
H\>Ru / toluene, 150 °C, 2 days H\>RuQH
cp* S N\ 1,Cp* (4-24)
SII
Ph Ph
52 53 (95%)

FEIR 53 1% 'H, BC,¥SiNMR A7 b v, FRIMIINA <= 27 b v R OTEFESHTIC X - CTH
EL7ze THNMR A7 FATiE, 3 D0 Cp* B F4EEe MU PR Fickko v 7
FARZNZNEMICBME X 7z, PSINMR A~=7 b AT, -> ) ) VENLFIciED <
> 7 F B §308.6, 353.0 ppm ICEHI X L7z, ARAMRIN A = 2 b VTl 1600-2200 cm™t IC
BRCIRINAEE X Nn o722 & R ERL TV 3,

us-> U U SRR R
v ) ) VEERD GG DI 2o Z ORISR O s D X HLEE A D & o TE
i 1 HlTH B, Tiley HI3HMEL Os VY vEHAE TA v R O =BG 2 oY
&@}im%ﬁofn‘o’b Si=M ft&ic (BRI s 3 c & 2HE LT3 (Scheme4-11),
¥ 22T, BR (u-v VY V) EEORIGHEERR S o SHEEE L O KRG L 72,

j Z B(cs 5)3 j Z Trip
’Prgp/

iPryp™” P pentane iPry P S"Trlp
=R ph—pp, \BUC=P
A = HB(CgFs)3 -

XS X R saxf

lprspn705\ . -Trip PI’3P OS\SI’TrIp 'PI’3P OS‘S|/T"P
\
H \ H Phg(Ph \g'
R

Scheme 4-11. %>V U v $EA o KoE

% Hayes, P. G.; Xu, Z.; Beddie, C.; Keith, J. M.; Hall, M. B.; Tilley, T. D. J. Am. Chem. Soc. 2013, 135,
11780.
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R (us- YV V) B 47,50 XL, Hy ° CO & DRIGEMER L7225, 180°C £ T
AL CHOMOKISED R o7z, TNIFE AT Y ) VEEKRDETHD 48e & HLfifd
MTHY, 2¢ HERNITERIET BB TERVEDELEZONS, LBLARDBDL,
PR 50 & 1 RUEDOT R F LY RNIGERLZLE A, TEFLYRT L EZLRICHML -8
& (Cp*Ru)s(us-1-HSiPh)(-Si(CoH)Ph)(u-H)s (54) 23EK L 72 (eq. 4-25).

Ph PIh
|
si Si—y
H- HC=CH (1 atm) H-\ N
Cp*R — \>R -Cp* Cp* Ru=——|=Ru Cp*
PRIV P L YO I Hu P (4-25)
H<—RuH 3 days, rt, CgDg \H——Ru’
\ //Cp .~ cp*
Si Si
| 7 >c
Ph Ph \\\C
N
H
50 54 (99% by NMR)

HER 54 © THNMR R~7 FATid Cp* FicEOK v 7 F 28 211 iC, 2 2D Ph
DSIEEAIC B X Iz, F72. KT AF v DKFEICHES L &2 F D 52.85 ppm I 1H
SElE Nz, e FY) FRIBEEINE Y 7 FABBElE N o0, -7 2=y )L
Vo7 z =y Y L vk 48 @ THNMR <=2 Pt IERICBITWE 2 Ehb (B R Y
F+Ph FA N MiDOKER 7o —F=v 7 LTwb i, Cpr OfL¥y 7 ), #k 54 8
48 LEIL XS w-v VL VBN FE v VL VBN FERAL TS dDLEEI LN
%,

TARLEOBEWRES R 28 47 PHE S1 3T FL v RRIRIGLAEr o7 T
b, ZORIBIET AR LOEBREOBEBFNAMEICKR IN T ExLND, £
7o, 5K S0 X7 2= ATk F LV E 170°C TRIET S Z ERMERELTWE25, £
DEEIFTE TR,

vzy ) ) vz, IR AETT +12 it EETH 3 DICHEDLLTZ

DRICHIRTT L Imdrofee SNIIEREHOARMEEMTH 2 2 L ITMAT, HEDov Y
U VR L L Si EORMEAHEMT 272072 Bbh s,
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BOE W=
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—2H, \\H>RU—H R
R =1
Ru= RuCp* . i oS 47 (R = 'Bu)
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—H \ ~ | —H
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Scheme 4-12. 5k 38 L —fh> T v ¢ DRIGICX BRI D ) VKD A iR

- 7 VIR - U VEEIRD S D 1 T Ov I v ERIST AT & T, KEDEITHY
Wiz 72 235 2-Si-H fEA YIS 4, B2 (-2 VYY) $itkx 522 2 L2 RN
L 7z (Scheme 4-12), Z @ & F&E\ BuSiHs OHéid, PRIAEMEEL LT 1 2D Ru-Ru
WAV L 72X (- V) $51k 46 %5 272, — /7 CT.PhSiH; % "BuSiH; OH& 1L,
1 20 Si-H &S BICHAIL TR\ - ) L v-p-v ) L ViR 48 B X UK
49 x5 27,

- 7 VEEIR 39 1cxf L PhSiH; ZKIGE 2 2 & T up-v 7 VENL T2 BuSiH; & L
THiRfES 2 2 & 2R L 72 (eq.4-26)e T AU, ps-v 7 VIIBLLL DY, —#> T v B3 =06
St O Wi 2 RIS & AT c e A3 T& 5,

133



ME =HEELETO=ZERES Y U VEEOEN

Bu Ph PQ
4 Si /;VH
H7°CH ; SH
N PhSiH, N * /H-\=‘ "
Cp*RuZ;I ‘igRuCp* —_— ‘BuSiH3 + Cp*Ru’—HsnguCp* + Cp Rl\j\ RluCp (4-26)
P CeDe, 24 h g ZH H—Ru—H
H—Ru 6Des H—Ru—! / Cp*
cp* H cp Si
Ph— \
H
39 conv. 93% 79% 40 (25%) 48 (33%)

AREZBLC, AR LTy 7 v D Si-H #EAEPEBERICERLMMmT 2 2 & 2H
LT LTz, 2OXIICEMETOEMD P-Si-H #EE& DOYIWI IS % 81l L 72 D 13 AfF5E
RO COWITH Y, FEEREKE R EERIOCHICE T 2 RE DR Y IAKICB] L CEEZRA
REBLILNTEL, COXICEHBOBEIEE L L EMHAL RO 0 TERL Tw»
CHRTZMER T 2 2 e B TE 2, TAILEER 39 23F Ui & XL F oA A b4
DPORDITAR—-THBEILT, TNTNOEBEBHLOBRBENEL L, — e 7 vicxL
TWERIMNICERc& 270t E 26N 5,
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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, diethyl ether, and methanol used in this study were
purchased from Kanto Chemicals and stored under an argon atmosphere. Benzene-ds, toluene-dg, and
tetrahydrofuran-ds were dried over sodiumbenzophenone ketyl and stored under an argon atmosphere.
CCls were dried over MS-4A and stored under an argon atmosphere. ‘BuSiH; was prepared by the
reduction of ‘BuSiCl; purchased from Aldrich Chemicals with LiAlH4. ‘BuSiD3 and PhSiD; were
prepared by the reduction of RSiCl; (R = ‘Bu, Ph) purchased from Aldrich Chemicals with LiAlDs4.
Acetonitrile, pyridine and ‘BuNH,were distilled from CaH; and dried over MS-4A and stored under
an argon atmosphere. Other materials used in this research were used as purchased. WCIl4(DME)?,
WCly(PPh3),*CH,Cl, 2, [Cp*Ru(u-OMe)]: (2) 3, [Cp*Ru(us-CDla (3) %, (MesP)WHs (10) °
(Ph3P);RuHCI®, [Cn*RuH(7%-H2)2](PFs) (17)7, W(=N'Bu)2(-NH'Bu), (20)%, (Cp*Ru)3(1-H)3(15-H)2
(38)° 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 as an internal standard. '*C NMR spectra were referenced to the
naturally abundant carbon signal of the employed solvent. 2’Si NMR spectra were recorded on Varian
400-MR with tetramethylsilane as an external standard under proton-decoupled conditions. 3'P NMR
spectra were referenced to H3PO4 (85% in water) as an external standard. The IR spectra were recorded
on a JASCO FT/IR-4200 spectrophotometer. Elemental analyses were performed on a Perkin-Elmer
2400II series CHN analyzer.

X-ray Diffraction Studies.
Single crystals suitable for the X-ray analyses were obtained from the conditions listed in Table S-

4. The crystals were mounted on nylon Cryoloops with Paraton-N (Hampton Research Corp.).

! Persson, C.; Andersson, C. Inorg. Chim. Acta. 1993, 203, 235.

2 Chatt, J.; Crichton, B. A. L.; Dilworth, J. R.; Dahlstrom, P.; Gutkoska, R.; Zubieta, J. Inorg. Chem.
1982, 21, 2383.

3 Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, B. E.; Luth, K. W. J. Am. Chem. Soc.
1989, 111,4712.

4 Chaudret, B.; Jalon, F. A. J. Chem. Soc., Chem. Commun. 1988, 711.

® Lyons, D.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1985, 587

® (a) Hallman, P. S.; McGarvey, B. R.; Wilkinson, G. J. Chem. Soc. A 1968, 3143. (b) Manuel, J.-T.; Carmen,
P. M.; Pedro, V. Inorg. Chem. 1994, 33, 3515.

7 Shima, T.; Namura, K.; Kameo, H.; Kakuta, S.; Suzuki, H. Organometallics 2010, 29, 337.

8 Nugent, W. A.; Harlow, R. L. Inorg. Chem. 1980, 19, 777.

® Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K.; Inagaki, A.; Oshima, M.; Takao, T. Bull.
Chem. Soc. Jpn. 2005, 78, 67.
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Diffraction experiments were performed on a Rigaku R-AXIS RAPID imaging plate diffractometer
with graphite-monochromated Mo K radiation (4 = 0.71069 A). In all samples without 18, cell
refinement and data reduction were performed using the PROCESS AUTO program.'® Single crystal
of 18 were immersed in immersion oil on micromount and transferred to a Rigaku Varimax with Saturn
system equipped a Rigaku GNNP low temperature device. Data were collected under a cold nitrogen
stream at 123 K using graphite-monochromated Mo K« radiation (I = 0.71073 A). Equivalent
reflections were merged, and the images were processed with the CrysAlisPro software. All intensity
data were corrected for Lorentz-polarization effects and for empirical absorption. The structures were
solved by using SHELXS-97 or SHELXT-2014/5 program package.!! The structures were refined
anisotropically for non-hydrogen atoms by full-matrix least-squares calculation on F? with all
measured reflections using SHELXL-97, 2014/7, 2016/4, or 2016/6 program packages.® Details of

crystal data and results of the analyses are listed in Table S-4.

Electrochemical Study.

Cyclic voltammogram was 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 Vycor tip and filled
with a 0.1 M solution of AgNO3 in acetonitrile. The concentration of 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. [N"Bus][PFs] (TBAPFs) was recrystallized from THF solution, dried under vacuum, and

stored under an argon atmosphere.

Chapter 2

Preparation of (triphos)WCL'?>. (Method A) WCl4(DME) (62.0 mg, 0.149 mmol) and triphos
(97.9 mg, 0.157 mmol) were charged in a 50 mL Schlenk tube, dissolved with dichloromethane (10
mL). After the stirring the mixture for 30 minute at room temperature, the solvent was removed under
reduced pressure, and the resulting solid was washed with diethyl ether (4 mL x 2). A yellow solid of
(triphos)WCls was obtained by dryness in vacuo (124.1 mg, 0.131 mmol, 88%).

(Method B) WCl4(PPh;3),*CH,Cl, (74.2 mg, 79.3 umol) and triphos (97.9 mg, 98.1 pumol) were
charged in a 50 mL Schlenk tube, dissolved with toluene (10 mL). The mixture was refluxed for 3

hours. Then, the solvent was removed under reduced pressure. The solid was recrystallization by

10 PROCESS-AUTO, Automatic Data Acquisition and Processing Package for Imaging Plate
Diffractometer; Rigaku Corporation: Tokyo (Japan), 1998.

11" (a) Sheldrick, G. M. Acta Cryst. 2015, C71, 3—8. (b) Sheldrick, G. M. Acta Cryst. 2008, A64,
112-122.

2 Michos, D.; Luo, X.-L.; Faller, J. W.; Crabtree, R. H. Inorg. Chem. 1993, 32, 1370.
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Et,O/CH,Cl; to give yellow solid of (triphos)WCl4 (53.5 mg, 56.3 umol, 71%).

"H NMR (400 MHz, C¢De, 25 °C, dppm): —8.66 (d, Jun = 15.2 Hz, 2H, CHH), —0.38 (s, 2H, CH),
1.74 (s, 3H, Me), 6.74-6.83 (m, 10H, o-Ph, m-Ph and p-Ph), 8.21 (t, Juu = 7.6 Hz, 4H, m-Ph), 8.35 (t,
Jun = 7.6 Hz, 2H, p-Ph), 8.48 (d, Jun = 14.8 Hz, 2H, CHH), 8.65 (t, Jun = 7.2 Hz, 2H, p-Ph), 9.64 (t,
Jun = 7.2 Hz, 4H, m-Ph), 14.41 (d, Juu = 7.2 Hz, 4H, 0-Ph), 16.61, (d, Jun = 7.2 Hz, 4H, 0-Ph).
3IP{'H} NMR (400 MHz, CDCl;, 25 °C, dppm): —4.0 (br, CH3C(CH,PPh,)(CH,PPh,),), —10.5 (br,
CH;3C(CH2PPhy)(CH2PPhy),).

Preparation of (triphos)WOCL. (triphos)WCls (490.5 mg, 0.516 mmol), toluene (20 mL) and
water (10 uL, 0.556 mmol) were charged in a 50 mL Schlenk tube. The mixture was refluxed for 3
hours. The solvent was removed under reduced pressure, and the resulting solid was washed with
diethyl ether (5 mL x 2). A grayish orange solid of (triphos)WOCI, was obtained by dryness in vacuo
(441.8mg, 0.493 mmol, 96%).

Preparation of (triphos)WH; (1)'2.  (triphos)WOCI, (107.2 mg, 0.120 mmol), LiAlH4 (35.6 mg,
938 umol, 7.8 eq) and Et,O (30 mL) were charged in a 50 mL Schlenk tube. After the stirring the
mixture for 16 hours at room temperature, the mixture was filtered through Cerite® in a glass flit. The
filtrate was removed under reduced pressure, and then dissolved with THF (10 mL). The solution was
cooled to 0 °C, and hydrolyzed by dropwise addition of H20 (0.06 mL) in THF (10 mL). The mixture
was dried with anhydrous NaySO4 and filtered through Celite®. The filtrate was then concentrated.
Addition of hexane (30 mL) and heptane (10 mL) resulted in the precipitation of a brownish white
solid. The precipitation was washed with heptane (5 mL x 2), and dried in vacuo (31.3 mg, 38.4 umol,
32%).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): —2.93 (q, Jeu = 22.9 Hz, Jwn = 30.0 Hz, 6H, hydride), 1.25
(s, 3H, CH;), 2.29 (s, 6H, CH,), 6.74-7.79 (m, 30H, Ph). *'P{'H} NMR (400 MHz, C¢Ds, 25 °C,
dppm): 9.4 (s, Jwp = 104.1 Hz, CH3C(CH2PPhy)3).

Notice: When (triphos)WCI4 is used as a precursor as in the reference 12, (triphos)WHe cannot be

obtained. It seems important to coordinate the triphos ligand once as a tridentate chelate ligand.

LiAIH,
i ﬁ
P! _ci H,0 P_ll ¢ LiAH, P\
P’VIV\CI Znel P";V\CI - P";v\\H
cl P p H
P

P =PPh,
1
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Reaction of complex 1 with complex 2. Complex 1 (16.4 mg, 20.1 umol), complex 2 (4.4 mg, 8.3
pmol) and toluene (3 mL) were charged in a 50 mL Schlenk tube. After the stirring the mixture for 12
hours at room temperature, the solvent was removed under reduced pressure, and the residue was
dissolved by C¢Ds (0.4 mL). The 'H NMR spectrum showed the formation of complex 4 and complex
5 (complex1:4:5=16.8:17.2:66.0).

Preparation of Li[(triphos)WH;s] (6). A 50 mL Schlenk tube was charged with complex 1 (108.4
mg, 0.133 mmol), Me3SiCH,Li (13.5 mg, 0.143 mmol) and THF (5 mL). After the stirring the mixture
for 5 min, the solvent was removed under reduced pressure. The residue was then washed with 5 mL
of pentane. Dryness in vacuo gave 6 (108.9 mg, 0.133 mmol, 100%).

'H NMR (400 MHz, THF-ds, 25 °C, o/ppm): —5.21 (q, Jpu = 21.6 Hz, Jwn = 37.6 Hz, 5H, M—H), 1.39
(s, 3H, Me), 2.27 (m, 6H, CH>), 6.53-8.22 (m, 30H, Ph). 3'P{'H} NMR (161 MHz, THF-ds, 25 °C,
dlppm): 25.1 (s, Jew = 154.6 Hz).

Synthesis of (triphos)WH;(¢-H);RuCp* (4). A 50 mL Schlenk tube was charged with 6 (48.0 mg,
58.5 umol), 3 (13.5 mg, 12.9 pmol) and THF (3 mL). After the stirring the mixture for 5 min, the
solvent was removed under reduced pressure. The residue was then extracted with 5 mL of toluene,
and the solution was filtered through a glass filter (G4). Removal of the solvent under reduced pressure,
and dryness in vacuo gave 4 as brown solid (60.2 mg, 57.3 umol, 98%).

'H NMR (400 MHz, THF-ds, 25 °C, o/ppm): —6.69 (q, Jpu = 18.4 Hz, Jwn = 50.4 Hz, 5H, M—H), 1.38
(s, 3H, Me), 1.90 (s, 15H, CsMes), 2.25 (m, 6H, CH,), 6.65-8.21 (m, 30H, Ph). *'P{'H} NMR (161
MHz, THF-ds, 25 °C, dppm): 16.4 (s, Jow = 157.6 Hz).

Anal. Calcd for Cs1HsoP3sRuW: C, 58.35; H, 5.66. Found: C, 58.58; H, 5.54.

Table S-1. T1 value of the hydrides in 10 and 5 (s).

Temp. 4 5
25 °C 0.577 £ 0.0327 0.736 £ 0.119
0 °C 0.348 £ 0.0198 0.685 + 0.0965
-30 °C 0.275 £ 0.0139 0.659 + 0.0855
—60 °C 0.435 + 0.0689 0.822 £ 0.0618

Thermolysis of complex 4. An NMR tube equipped with a Teflon valve was charged with 4 and
CsD12 (0.4 mL) with (Me3Si),CH> as an internal standard. The reaction was periodically monitored by
"H NMR spectroscopy. The 'H NMR spectrum recorded after 40 hours showed that complex 5 (53%)

was formed.
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'H NMR of 5 (400 MHz, C¢Ds, 25 °C, dppm): —8.35 (q, Jpn = 4.0 Hz, Jwn = 60.0 Hz, 4H, Hydride),
2.27 (s, 15H, CsMes), 2.76-2.82 (m, 2H, CH), 3.16-3.24 (m, 2H, CHy), 3.60-3.63 (m, 2H, CH), 6.50-
8.57 (m, 30H, Ph). 3'P{'H} NMR of 5 (161 MHz, C¢De, 25 °C, dlppm): 8.5 (d, Jep =19.0 Hz), 44.0
(dd, Jpp = 15.8 Hz, Jep = 19.0 Hz), 45.6 (d, Jpp = 15.8 Hz).

Reaction of complex 4 with PMes. An NMR tube equipped with Teflon valve was charged with 4,
CsD¢ (0.4 mL) and PMe; (300 eq. by NMR). The reaction was carried out at room temperature, and
the "TH NMR spectrum recorded after 5 days showed the formation of 7 (78% by NMR).

"H NMR (400 MHz, CsDs, 25 °C, dlppm): =9.07 (br, 3H, u-Hydride), 1.05 (d, Jon = 7.8 Hz, 9H, PMe3),
2.08 (s, 15H, CsMes), 2.44 (br, 6H, CHa), 6.80-7.79 (m, 30H, Ph). 3'P{'H} NMR (161 MHz, CsDs,
25 °C, dlppm): —24.7 (PMe3), 16.9 (s, triphos).

Reaction of complex 4 with CO. An NMR tube equipped with Teflon valve was charged with 4
and CsDs (0.4 mL). After the reaction tube was evacuated at —78 °C, an atmospheric pressure of CO
was admitted to tube. The reaction was carried out at room temperature, and the 'H NMR spectrum

recorded after 3 days showed the formation of (triphos)W(CO)3 and Cp*RuH(CO),.

Preparation of (Me3;P);WH, (10).> To a THF suspension (20 mL) of WCl4 (1.21 g, 3.72 mmol) was
added a toluene solution of PMes (1.0 M, 11.5 mL, 11.5 mmol, 3.1 eq.). After the mixture was stirred
overnight, the solvent was removed under reduced pressure. LiAlH4 (1.38 g) and Et,O (100 mL) were
added to the reaction tube, and stirred for 1 hour. The suspension was cooled to —78 °C, then Methanol
(5 mL) / Et,0O (5 mL) was added to the cooled suspension. After the mixture was stirred for 2 hours,
the suspension was slowly warmed to room temperature, and evaporated to dryness. The residue was
extracted with hexane (100 mL), and the solution was filtered through Cerite® in a glass flit. The
extracts were concentrated and cooled to —30 °C affording several crops of white crystals (603.0 mg,
1.44 mmol, 39%).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): —2.60 (q, Jeu = 37.6 Hz, Jwn = 27.2 Hz, 6H, hydride), 1.59
(m, 27H, PMe3). *'P{'H} NMR (400 MHz, C¢Ds, 25 °C, dppm): —18.2 (s, Jwp = 70.4 Hz, PMe3).

Synthesis of (Me3P); WH,(u-H);RuCp* (11). (Method A) A 50 mL Schlenk tube was charged with
10 (276.5 mg, 0.661 mmol) and complex 2 (194.0 mg, 0.726 mmol), and dissolved with THF (30 mL).
The solution turned from purple to dark orange. After the stirring the mixture for 24 hours, the solvent
was removed under reduced pressure. The residue was then extracted with 25 mL of hexane, and the
solution was filtered through Cerite® in a glass flit. After the solvent was removed under reduced
pressure, dryness in vacuo gave dark orange solid of 11 (404.6 mg, 0.619 mmol, 85%).

(Method B) A 50 mL Schlenk tube was charged with 10 (117.3 mg, 0.281 mmol) and complex 3 (74.2
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mg, 68.3 umol), and dissolved with THF (10 mL). An excess amount of KH was added to the solution
at —78 °C. The mixture was slowly warmed to room temperature and allowed to stir overnight. The
mixture was evaporated to dryness. The residue was then extracted with 15 mL of hexane, and the
solution was filtered through Cerite® in a glass flit. After the solvent was removed under reduced
pressure, dryness in vacuo gave dark orange solid of 11 (168.3 mg, 0.258 mmol, 92%).

'H NMR (400 MHz, C¢Ds, 25 °C, dppm): —9.71 (q, Jen = 10.5 Hz, Jwn = 56.2 Hz, 3H, u-Hydride),
—4.80 (br, 2H, Hydride), 1.63 (d, Jpu = 7.6 Hz, 27H, PMe3), 2.03 (s, 15H, CsMes). 'H NMR (400 MHz,
CeDs, —60 °C, dlppm): —9.61 (br, 3H, W—H-Ru), —8.68 (dtd, Jpu = 73.1 Hz, 30.0 Hz, Jun = 9.0 Hz,
1H, W-H), —1.18 (tdd, Jen = 43.4 Hz, 9.0 Hz, Jun = 9.0 Hz, 1H, W-H), 1.54 (d, Jen = 7.0 Hz, 9H,
PMes), 1.65 (d, Jeu = 7.0 Hz, 18H, PMe3), 2.06 (s, 15H, CsMes). *'P{'H} NMR (161 MHz, C¢Ds,
25 °C, dppm): —=19.4 (s, Jow = 215 Hz).

Anal. Calcd for CioH47P3RuUW: C, 34.93; H, 7.25. Found: C, 35.23; H, 7.45.

Table S-2. T1 value of the hydrides in 11 (5).

Temp. terminal hydride bridging hydride
0 °C R 0.962

-20 °C 0.451, 0.460 0.635

40 °C 0.337,0.348 0.428

-60 °C 0.346, 0.369 0.425

-80 °C 0.597, 0.638 0.699
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Figure S-1. VT-'"H NMR spectrum of 11 (black) and simulated NMR spectrum (red)
showing PMes region (left) and terminal hydride region (right).
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Reaction between complex 10 and (Ph;P);RuHCI with KH. An NMR tube equipped with a
Teflon valve was charged with 10, (PhsP);RuHCI, KH and THF-ds (0.4 mL). 'H NMR spectrum
recorded after 24 hours showed the formation of (MesP)sWHa(u-H)3;RuH(PPhs), (12) (19%).
'H NMR (400 MHz, C¢Dsg, rt, d/ppm): 7.50-6.94 (m, 30H, Ph), 1.44 (d, Jen = 6.8 Hz, 27H, PMe3),
—4.08 (brq, Jpu = 40.0 Hz, 2H, W-H), —6.51 (br, 3H, p-H), -9.67 (brt, Jpu = 27.4 Hz, 1H, Ru-H).
3P{'H} NMR (161 MHz, THF-ds, t, /ppm): 69.1 (s, Ru-P), —15.2 (s, Jew = 199 Hz, W-P).

Photoreaction of complex 11. An NMR tube equipped with a Teflon valve was charged with 11
and CsHe (0.4 mL). Irradiation of the solution at 25 °C was performed with a high-pressure mercury
lamp. After the irradiation for 2 days, the color of the solution was turned from orange to dark brown.
The solvent was removed under reduced pressure, dryness in vacuo, and dissolved with CsDi2 (0.4
mL). 'H NMR spectrum showed the formation of (Me;P); W(Ph)H(z-H);RuCp* (13).

'H NMR (400 MHz, THF-ds, 25 °C, o/ppm): —5.21 (q, Jpu = 21.6 Hz, Jwn = 37.6 Hz, 5H, M—H), 1.39
(s, 3H, Me), 2.27 (m, 6H, CH>), 6.53-8.22 (m, 30H, Ph). 3'P{'H} NMR (161 MHz, THF-ds, 25 °C,
dlppm): 25.1 (s, Jew = 154.6 Hz).

Photoreaction of complex 11 in C¢Ds. An NMR tube equipped with a Teflon valve was charged
with 11 and C¢Ds (0.4 mL). Irradiation of the solution at 25 °C was performed with a high-pressure
mercury lamp. After the irradiation for 2 days, 'H NMR spectrum showed the formation of

(MegP)3W(C6D5)D(,u-D)3RuCp* (1 3-d6).

Reaction of 11 with HBF4 in Et;0O. A 50 mL Schlenk tube was charged with 11 (11.9 mg, 18.2
pmol) and Et,O (5 mL). An excess amount of HBF4¢Et;O was then added with vigorous stirring at
ambient temperature. After 6 min of stirring, the orange precipitate was formed and washed two times
with 2 mL of Et;O. The residual solid was dried under reduced pressure, and 18.9 mg of 14-Et,0O
*HBF, was obtained as a pale orange solid (18.9 mg, 17.8 umol, 98%).

'H NMR of 14-Et,0 (400 MHz, CD;CN, 25 °C, d/ppm): —8.90 (dt, Jen = 20.7, 17.1 Hz, Jwn = 55.7
Hz, 3H, p-H), 1.50 (t, Jun = 7.2 Hz, 12H, (CH3CH>),0), 1.78-1.80 (m, 18H, PMe3), 1.89 (s, 15H,
CsMes), 1.84 (d, Jwu = 9.2 Hz, 9H, PMe3), 4.64 (q, Jun = 7.2 Hz, 8H, (CH3CH,),0).

Reaction of 14-Et,O with pyridine. A 50 mL Schlenk tube was charged with 11 (39.1 mg, 59.8
pmol) and Et,O (5 mL). An excess amount of HBF4+Et,O was added with vigorous stirring at ambient
temperature. After 6 min of stirring, the orange precipitate was formed and washed two times with 2
mL of Et,O. The residual solid was dried under reduced pressure, and 14-Et,O was obtained. Then,
pyridine (5 mL) was added, and the reaction mixture was stirred for 14h. Removal of the solvent under

reduced pressure, and dryness in vacuo gave crude compound of 14-py as orange solid (63.0 mg).
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'H NMR of 14-py (400 MHz, THF-ds, 25 °C, dppm): —8.50 (m, 3H, p-H), 1.34 (m, 18H, PMes), 1.80
(d, Jou = 8.3 Hz, 9H, PMes), 2.02 (s, 15H, CsMes), 7.46-10.03 (m, 10H, pyridine).

Reaction of 11 with PhCO;H. A 50 mL Schlenk tube was charged with 11 (61.7 mg, 94.4 umol)
and toluene (5 mL). PhCO,H (23.1 mg, 0.189 mmol, 2.0 eq.) in THF (2.4 mL) was added to the
solution, and the mixture was stirred at ambient temperature for 14h. After the stirring, the solvent was
removed under reduced pressure. Dryness in vacuo gave 15 as dark orange solid (63.2 mg, 70.7 umol,
75%).

"H NMR of 15 (400 MHz, C¢Ds, 25 °C, dppm): —7.97 (dt, Jpu = 21.1 Hz, 18.7 Hz, Jwu = 52.1 Hz, 3H,
u-Hydride), 1.52 (m, 18H, PMes), 1.75 (d, 9H, PMe3), 1.94 (s, 15H, CsMes), 7.00-7.31 (m, 6H, m-Ph,
p-Ph), 8.48 (d, Jun = 8.1 Hz, 2H, 0-Ph), 8.58 (d, Jun = 8.3 Hz, 2H, 0-Ph). *'P{'H} NMR (161 MHz,
CsDs, 25 °C, dppm): —24.7 (m, Jpw = 235 Hz, PMe3), —14.0 (m, Jpw = 219 Hz, PMe3).

Anal. Calcd for C33HssO4P3sRuW: C, 44.35; H, 6.20. Found: C, 44.66; H, 6.04.

Reaction of 11 with CO,. An NMR tube equipped with Teflon valve was charged with 11, CsMes
and C¢Ds (0.4 mL). After the reaction tube was evacuated at —78 °C, an atmospheric pressure of CO»
was admitted to tube. The reaction was carried out at room temperature, and the 'H NMR spectrum
recorded after 14 days showed the formation of 16 (36%).

'H NMR (400 MHz, C¢Ds¢, 25 °C, dlppm): —8.12 (td, Jpu = 18.0, 14.9 Hz, Jwn = 52.0 Hz, 3H, p-
Hydride), 1.40 (d, Jeu = 9.1 Hz, 9H, PMe3), 1.46 (m, 18H, PMe3), 1.76 (s, 15H, CsMes), 8.4 (br, 1H,
HCO,),11.7 (br, 1H, HCO»).
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Figure S-4. IR spectrum of 16 (KBr)
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Reaction of 11 with HCO;H. An NMR tube equipped with Teflon valve was charged with 11, C¢Ds
(0.4 mL) and excess HCO,H. The solution was suddenly changed from orange to dark orange. 'H
NMR spectrum showed the formation of 16 (quant.).

Synthesis of [(Me3;P);WH(1-H);RuCn*](PF¢) (18). (MesP);WHs (10) (193.2 mg, 0.462 mmol)
and [Cn*RuH(7%-H2)2](PFs) (17) (191.0 mg, 0.452 mmol) were charged in a glass tube equipped with
Teflon valve and dissolved with THF (10 mL). After the stirring the mixture at 70 °C for 24 hours, the
solvent was removed under reduced pressure. The residue was then extracted with 15 mL of THF, and
the solution was filtered through Cerite® in a glass flit. The filtrate was removed under reduced
pressure. The solid was recrystallization by EtoO/THF to give dark red crystalline of 18 (229.7 mg,
0.275 mmol, 60%).

"H NMR (400 MHz, THF-ds, rt, 8/ppm): —15.75 (q, Jeu = 4.7 Hz, Jwn = 60.8 Hz, 3H, u-H), —4.80 (brq,
Jou =45.6 Hz, 2H, W-H), 1.71 (d, Jpu = 8.1Hz, 27H, PMe3), 2.76-2.85 (m, 6H, NCHH), 3.00-3.08 (m,
6H NCHH), 3.44 (s, 9H, NMe). *'P{'H} NMR (161 MHz, THF-ds, rt, s/ppm): —19.2 (s, Jow = 227 Hz,
PMes), 143.4 (sept, Jpr = 705 Hz, PFs).

Anal. Calcd for CisHs3FsNsPsRuW: C, 25.91; H, 6.40; N, 5.04. Found: C, 25.54; H, 6.76; N, 5.01.

Table S-3. T1 value of the hydrides in 18 (5).

Temp. terminal hydride bridging hydride
25 °C 0.826 0.910
0 °C 0.515 0.609
-20 °C _— 0.447
—-40 °C e 0.346
—60 °C 0.268, 0.272 0.327
-80 °C 0.387, 0.396 0.483
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Figure S-5. IR spectrum of 18 (KBr)
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Reaction of complex 18 with CO,;. A 50 mL Schlenk tube equipped with a rubber balloon filled
with CO; was charged with 18 (28.4 mg, 34.0 umol) and THF (5 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 60 °C. After 2 days of stirring, the solution was filtered through Cerite® in a glass flit.
The filtrate was removed under reduced pressure. The solid was recrystallization by Et,O/THF to give
dark orange crystalline of 19 (20.5 mg, 25.1 umol, 74%).

'H NMR of 19 (400 MHz, THF-ds, 25 °C, dppm): —9.88 (m, 2H, u-Hydride), 1.68 (d, Jou = 8.8 Hz,
18H, PMe3), 2.87 (s, 6H, NMe), 2.98-3.28 (m, 15H, NMe, NCH,CH,N), 7.92 (s, 1H, OCHO).
3IP{TH} NMR of 19 (161 MHz, C¢Ds, 25 °C, dppm): —16.7 (PMes, Jow = 362 Hz), —144.3 (PFs).
Anal. Calcd for CsH42FsN3OsP3sRuW: C, 23.54; H, 5.19; N, 5.15. Found: C, 23.59; H, 5.12; N, 5.33.
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Figure S-6. IR spectrum of 19 (KBr)

Chapter 3

Synthesis of (‘BuN)(C)W(u-N'Bu);RuCp* (21). W(NHBu)>(N'Bu): (20) (1.185 g, 2.519 mmol)
and [Cp*RuCl]4 (3) (684.6 mg, 0.630 mmol) were charged in a 50 mL Schlenk tube and dissolved in
THF (30 mL). After 18h of stirring at room temperature, the solvent and ‘BuNH» were removed under
reduced pressure. The residual solid was recrystallized from Et,O at —30 °C to give dark red crystals
(1.265 mg, 1.891 mmol, 75%).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): 1.26 (s, 9H, N'Bu), 1.54 (s, 15H, CsMes), 1.97 (s, 18H, u-
N'Bu). BC{'H} NMR (100 MHz, C¢Ds, 25 °C, d/ppm): 12.7 (CsMes), 33.3 (NCMes), 35.1 (u-NCMe3),
66.5 (NCMe3), 67.1 (1-NCMe3), 82.9 (CsMes).

Anal. Calcd for CooH4CIN3RuW: C, 39.50; H, 6.33; N, 6.28. Found: C, 39.53; H, 6.72; N, 6.25.
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Synthesis of (‘BuN)(C)W(u-NBu);Ru(CO)Cp* (22). A 50mL Schlenk tube was charged with 21
(66.6 mg, 99.6 umol) and toluene (5 mL). After the tube was evacuated at —78 °C, an atmospheric
pressure of CO was introduced to the tube, and the reaction mixture was stirred at room temperature
at 10 min. The solution turned from black-red to yellowish orange. Removal of the solvent under
reduced pressure gave an orange solid of 22 (68.0 mg, 97.6 umol, 98%).

'H NMR (400 MHz, C¢Ds, 25 °C, dppm): 1.43 (s, 9H, N'Bu), 1.53 (s, 18H, x-N'Bu), 1.61 (s, 15H,
CsMes). BC{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm): 11.0 (CsMes), 33.0 (NCMe3), 36.1 (u-
NCMes), 66.4 (1-NCMes), 67.5 (NCMe3), 95.7 (CsMes), 212.1 (CO).

Anal. Calcd for Co3H4CIN3ORuW: C, 39.64; H, 6.07; N, 6.03. Found: C, 39.87; H, 6.16; N, 5.93.

Synthesis of (‘BuN)(C)W(u-N'Bu);Ru(CN‘Bu)Cp* (23). A 50mL Schlenk tube was charged with
21 (104.6 mg, 0.156 mmol) and toluene (6 mL). tert-Butyl isocyanide (25 pL, 0.221 mmol, 1.4 eq)
was added to the solution, and the reaction mixture was stirred at room temperature for 1 h. The
solution turned from black-red to yellowish orange. Removal of the solvent under reduced pressure
and recrystallization from toluene/CH;3CN at —30 °C gave an orange solid of 21 (81.2 mg, 0.108 mmol,
69%).

'H NMR (400 MHz, C¢Ds, 25 °C, dlppm): 1.07 (s, 9H, ‘BuNC), 1.52 (s, 9H, N'Bu), 1.60 (s, 18H, u-
N'Bu), 1.74 (s, 15H, CsMes). *C{'H} NMR (100 MHz, C6D6, 25 °C, dppm): 11.3 (CsMes), 31.2
(CNCMe3), 33.2 (NCMes), 36.6 (1-NCMes), 55.1 (CNCMe3), 65.6 (1-NCMes), 66.6 (NCMes), 89.8
(CsMes), 167.3 (CN'Bu).

Anal. Calcd for Co7Hs51CINsJRuW: C, 43.12; H, 6.84; N, 7.45. Found: C, 43.04; H, 6.81; N, 7.13.
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Synthesis of (‘BuN)(C)W(u-N'Bu);Ru(PMe;)Cp* (24). Complex 21 (58.3 mg, 87.2 umol) and
toluene (5 mL) were charged in a 50 mL Schlenk tube. 1 mL of PMes/toluene (9.6 mmol/L) was added
to the solution. The solution turned from dark red to pale orange. Removal of the solvent under reduced
pressure gave an orange solid. The residual solid was recrystallized from toluene/CH3CN at —30 °C to
give orange crystals of 24 (49.9 mg, 67.0 umol, 77%).

'H NMR (400 MHz, C¢Ds, 25 °C, dppm): 0.91 (br, 9H, PMes), 1.49 (s, 9H, N'Bu), 1.61 (d, Jpn =
1.5Hz, 15H, CsMes), 1.66 (s, 18H, x-N'Bu). 3'P{'H} NMR (161 MHz, C¢Ds, 25 °C, dppm): —2.2 (s,
PMes).

Anal. Calcd for CsHsCINsPRuW: C, 40.30; H, 6.90; N, 5.64. Found: C, 40.02; H, 6.94; N, 5.43.

Synthesis of (‘BuN)(C)W(z-NBu);Ru(Cl)Cp* (25). Complex 21 (72.5 mg, 0.108 mmol), toluene
(5 mL) and CCls (0.1 mL) were charged in a 50 mL Schlenk tube. After the tube was evacuated at —
78 °C, an atmospheric pressure of H, was introduced to the tube, and the reaction mixture was stirred
at room temperature. The solution turned from dark red to brown. After the stirring the mixture for 24
hours at room temperature, the solvent was removed under reduced pressure. The residual solid was
recrystallized from CH,Cl; at —30 °C to give pale brown crystals of 25 (23.6 mg, 33.5umol, 31%).
'H NMR (400 MHz, C¢Ds, rt, d/ppm): 1.34 (s, 9H, N'Bu), 5.91 (br, 15H, CsMes), 6.98 (br, 18H, p-
N'Bu).

Synthesis of (‘BuN)(Me)W(#-NBu);RuCp* (26). Complex 21 (68.5 mg, 0.102 mmol) and Et,O (2
mL) were charged in a 50 mL Schlenk tube. MeLi in Et;O (0.12 mL, 1.1 mol/L) was added to the
solution at —78 °C. The mixture was slowly warmed to room temperature, and then stirred overnight.
The solution turned from dark red to purple. Removal of the solvent under reduced pressure gave a
purple residual solid. The residue was then extracted three times with 3 mL of pentane, and the
combined solution was filtered through a glass filter (G4). Removal of the solvent under reduced
pressure gave 65.0 mg of 26 as a purple solid (0.100 mmol, 98%).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): 0.19 (s, Jwn = 4.8 Hz, 3H, Me) 1.41 (s, 9H, N'Bu), 1.63 (s,
15H, CsMes), 1.95 (s, 18H, x~N'Bu). BC{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm): 9.1 (Me), 13.0
(CsMes), 34.0 (NCMes), 35.9 (1-NCMes), 65.9 (NCMe3), 66.3 (u-NCMes), 80.7 (CsMes).

Anal. Calcd for Co3HasN3sRuW: C, 42.60; H, 6.99; N, 6.48. Found: C, 42.45; H, 7.31; N, 6.54.

Synthesis of (‘BuN)(Me3;SiCH2)W(u-NBu);RuCp* (27). Complex 21 (43.2 mg, 64.6 umol) and
MesSiCH,Li (6.0 mg, 63.7 umol, 1.0 eq) were charged in a NMR tube equipped a Teflon valve,
dissolved with CsDg (0.4 mL). The color of the solution immediately changed from black-red to purple.

Disappearance of 21 and generation of complex 27 and TMS were observed in '"H NMR spectrum.
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Removal of the solvent under reduced pressure and recrystallization from toluene/CH3CN at —30 °C
gave purple crystals of 27 (31.8 mg, 44.1 umol, 68%).

'H NMR (400 MHz, C¢Ds, 25 °C, dlppm): —0.07 (s, 9H, SiMes), 0.22 (s, 2H, CH,Si), 1.38 (s, 9H,
N'Bu), 1.64 (s, 15H, CsMes), 1.94 (s, 18H, -N'Bu). 3C{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm):
2.4 (CH,SiMes), 12.9 (CsMes), 20.2 (CH2SiMes), 33.8 (NCMes), 35.9 (u-NCMes), 65.9 (NCMe3),
66.4 (-NCMe3), 80.7 (CsMes).

Anal. Calcd for Co6HssN3SiRuW: C, 43.33; H, 7.41; N, 5.83. Found: C, 43.05; H, 7.81; N, 6.18.

Synthesis of (‘BuN)(Me:N)W(u-N'Bu);RuCp* (28). Complex 21 (188.0 mg, 0.281 mmol) and
Me,NLi (36.8 mg, 0.721 mmol, 2.6 eq.) were charged in a Schlenk tube and dissolved with toluene (7
mL). After the stirring the mixture for 24h at room temperature, the solvent was removed under
reduced pressure, the residue was then extracted two times with 10 mL of hexane, and the combined
solution was filtered through a glass filter (G4). After the solvent was removed under reduced pressure,
dryness in vacuo gave 28 as a purple solid (169.5 mg, 0.250 mmol, 89%).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): 1.29 (s, 9H, N'Bu), 1.70 (s, 15H, CsMes), 1.96 (s, 18H, u-
N'Bu), 2.94 (s, 6H, NMe,). *C{'H} NMR (100 MHz, C¢D¢, 25 °C, d/ppm): 13.3 (CsMes), 33.9
(NCMez), 36.1 (1-NCMes), 52.9 (NMez), 65.6 (NCMe3), 65.7 (u-NCMes), 80.2 (CsMes).

Anal. Calcd for CosHasN4sRuW: C, 42.54; H, 7.14; N, 8.27. Found: C, 42.29; H, 7.28; N, 8.09.

Synthesis of (BuN)(H)W(u-N'Bu);RuCp* (29). Complex 21 (165.8 mg, 0.245 mmol) was charged
in a Schlenk tube and dissolved with hexane (5 mL). Pinacol borane (0.5 ml, 3.5 mmol, 14 equiv.) was
then added to the solution at ambient temperature. After the stirring for 5 min, the solvent was removed
under reduced pressure, and the resulting solid was washed with acetonitrile (2 mL). A red solid of 29
was obtained by dryness in vacuo (145.5 mg, 0.229 mmol, 93%).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): 1.47 (s, 9H, N'Bu), 1.60 (s, 15H, CsMes), 1.95 (s, 18H, u-
N'Bu), 8.71 (s, Jwu = 301 Hz, 1H, W-H). C{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm): 12.9
(CsMes), 34.7 (NCMes), 36.5 (1-NCMes), 66.5 (NCMe3), 67.5 (u-NCMes), 81.2 (CsMes).

Anal. Calcd for C;oHasN3RuW: C, 41.64; H, 6.83; N, 6.62. Found: C, 41.87; H, 7.23; N, 6.54.

Reaction of complex 26 with CO. An NMR tube equipped with Teflon valve was charged with
26 and CsMeg, and dissolved with CsDs (0.4 mL). The mixture was then cooled to —78 °C. After the
Schlenk tube was evacuated, CO was introduced to tube. The reaction completed instantly at room
temperature, and the 'H NMR spectrum showed the formation of (‘BuN)(Me)W(u-NBu),Ru(CO)Cp*
(30) (96% by NMR).

"H NMR of 30 (400 MHz, C¢Ds, 25 °C, o/ppm): 0.39 (s, Jwn = 9.1 Hz, 3H, Me) 1.49 (s, 9H, N'Bu),
1.56 (s, 15H, CsMes), 1.59 (s, 18H, p-N'Bu).
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Reaction of complex 29 with CO. An NMR tube equipped with Teflon valve was charged with
29 and C¢Meg, and dissolved with CsDs (0.4 mL). The mixture was then cooled to —78 °C. After the
Schlenk tube was evacuated, CO was introduced to tube. The reaction completed instantly at room
temperature, and the '"H NMR spectrum showed the formation of (‘BuN)(H)W(u-NBu),Ru(CO)Cp*
(31) (88% by NMR).

'H NMR of 31 (400 MHz, C¢Ds, 25 °C, o/ppm): 1.53 (s, 27H, N'Bu and 1-N'Bu), 1.55 (s, 15H, CsMes),
11.91 (s, Jwn = 267 Hz, 1H, W-H).

Reaction of 29 with CO,. An NMR tube equipped with Teflon valve was charged with 29 and CsDs
(0.4 mL). After the reaction tube was evacuated at —78 °C, an atmospheric pressure of CO, was
admitted to tube. The reaction was carried out at room temperature, and the '"H NMR spectrum
recorded after 2.5 h showed the formation of 32 (58% by NMR).

'H NMR of 32 (400 MHz, C¢De, rt, dppm): 1.27 (s, 9H, N'Bu), 1.57 (s, 15H, CsMes), 1.93 (s, 18H,
1-N'Bu), 8.59 (s, Jwu = 10.4 Hz, 1H, H(CO)O).

Synthesis of [Li(DME)][('BuN)2W (u-N'Bu)(z-CH2)RuCp*] (33). Complex 21 (142.6 mg, 213 pumol)
and MeLi (14.5 mg, 660 umol, 3.1 eq.) were charged in a Schlenk tube and dissolved with THF (5 mL) and
DME (1 mL). The solution turned from dark red to purple. After the stirring the mixture for 24 hours at
room temperature, the solvent was removed under reduced pressure, the residue was then extracted with 5
mL of pentane, and the solution was filtered through a glass filter (G4). After the solvent was removed
under reduced pressure, dryness in vacuo gave purple solid of 33 (158.3 mg, 213 umol, 100%).

"HNMR (400 MHz, CsDg, 25 °C, dlppm): 1.15 (s, 18H, N'Bu), 1.96 (s, 15H, CsMes), 2.04 (s, 9H, 1~N'Bu),
2.79 (s, 4H, OCH>CH-0), 3.09 (s, 6H, OMe), 7.15 (s, 2H, p-CH,). BC{'H} NMR (100 MHz, C¢Ds, 25 °C,
dlppm): 12.7 (CsMes), 35.5 (NCMes), 36.5 (-NCMes), 59.1 (OMe), 61.0 (NCMes), 63.5 (-NCMes), 70.0
(OCH,CH;0), 80.5 (CsMes), 130.5 (x-CH,).

Anal. Calcd for Cy7Hs4LiN3ORuW: C, 43.55; H, 7.31; N, 5.64. Found: C, 42.93; H, 7.43; N, 5.45.

Reaction of 33 with Me3SiCH;Li. An NMR tube equipped with Teflon valve was charged with 33,
CsD¢ (0.4 mL) and MesSiCH;Li (4.7 eq. by NMR). The reaction was carried out at room temperature,
and the "TH NMR spectrum recorded after 21 h showed the signals of 33 and 34 (33 : 34 = 44 : 56).
'H NMR of 34 (400 MHz, C¢Dg, rt, dppm): 1.31 (s, 18H, N'Bu), 1.89 (s, 15H, CsMes), 2.03 (s, 9H,
u-N'Bu), 12.34 (s, 1H, CH, *Jwu = 46 Hz).

Synthesis of (‘BulN)(‘BuHN)W(u-NBu)(#-CH2)RuCp* (35). Complex 33 (157.3 mg, 0.211 mmol) and
pyridine hydrochloride (24.4 mg, 0.211 mmol, 1.0 eq.) were charged in a Schlenk tube, dissolved with
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toluene (5 mL). After the stirring the mixture for 3 h at room temperature, the solvent was removed under
reduced pressure, and the resulting solid was washed with acetonitrile (1 mL). A dark purple solid of 35
was obtained by dryness in vacuo (116.1 mg, 0.179 mmol, 85%).

'"H NMR (400 MHz, C¢Ds, 25 °C, dppm): 1.02 (s, 9H, N'Bu), 1.16 (s, 9H, N'Bu), 1.79 (s, 15H, CsMes),
1.88 (s, 9H, u-N'Bu), 4.62 (br, 1H, NH'Bu), 6.95 (d, Jun = 12.8 Hz, 1H, ¢-CHH), 7.73 (d, Jun = 12.8 Hz,
1H, 4#-CHH). BC{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm): 12.7 (CsMes), 33.2 (NCMes), 34.1
(NHCMes), 35.8 (-NCMes), 54.9 (NHCMes), 64.3 (u-NCMes), 65.9 (NCMes), 81.9 (CsMes), 134.7 (u-
CH,).

Anal. Calcd for Cy3HssNsRuW: C, 42.60; H, 6.99; N, 6.48. Found: C, 42.70; H, 7.06; N, 6.52.

Reaction of 35 with ‘BuOH. An NMR tube equipped with Teflon valve was charged with 35 (35.0
mg, 54.0 umol), C¢Ds (0.4 mL) and ‘BuOH/CsDs (0.1 mL, 629 mmol/L, 62.9 umol). The reaction was
carried out at room temperature, and the 'H NMR spectrum recorded after 21 h showed the formation
of 36 (quant. by NMR).

"H NMR of 36 (400 MHz, C¢Ds, 25 °C, dppm): 1.12 (s, 9H, O'Bu), 1.36 (s, 9H, N'Bu), 1.73 (s, 15H,
CsMes), 1.86 (s, 9H, 1-N'Bu), 7.16 (d, Jun = 12.4 Hz, Jwn = 6.8Hz, 1H, #-CHH), 8.09 (d, Jun = 12.4
Hz, Jwn = 8.8 Hz, 1H, x~CHH).

Synthesis of K[('BuN)2(Ph)W(u-N‘Bu)(z-H)RuCp*] (37). An NMR tube equipped with Teflon
valve was charged with 21 (212.3 mg, 0.317 mmol), CsHe (0.4 mL) and KCs (86.0 mg, 0.636 mmol,
2.0 eq.). The reaction was carried out at room temperature for 6 days. The solvent was removed under
reduced pressure, and the residue was dissolved by C¢Dg (0.4 mL). The 'H NMR spectrum showed
the formation of 37.

"H NMR (400 MHz, C¢Ds, 1t, d/ppm): 0.00 (br, 1H, z-H), 1.40 (s, 18H, N'Bu), 1.82 (s, 15H, CsMes),
1.83 (s, 9H, ~N'Bu), 7.19 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.43 (dd, Jun = 7.6Hz, 2H, m-Ph), 8.06 (d, Juu
=17.6 Hz, 2H, o-Ph).

Reaction of 21 with KCs. An NMR tube equipped with Teflon valve was charged with 21 (18.0 mg,
26.9 umol), C¢Ds (0.4 mL) and KCg (10.5 mg, 77.7 umol, 2.9 eq.) with cyclohexane as an internal
standard (0.98 eq. by NMR). The reaction was carried out at room temperature, and the 'H NMR
spectrum recorded after 6 days showed the formation of 37-ds (51% by NMR).

Chapter 4

Synthesis of (Cp*Ru)s(us-HsSi'Bu)(u-H)s (39). A 50-mL Schlenk tube was charged with 667 mg
of 38 (0.934 mmol) and hexane (40 mL). ‘BuSiH3 (0.2 mL, 1.70 mmol) was added to the solution, and
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the reaction mixture was stirred at room temperature for 5 min. The solution turned from brown to
dark brown. Removal of the solvent and remaining ‘BuSiH; under reduced pressure gave a dark brown
residual solid. The residue was then extracted three times with 20 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 5 mL of the methanol gave 725 mg of 37 as a dark brown solid
(0.906 mmol, 97%). The isotopomer 39-ds was prepared similarly in 92% yield using ‘BuSiD; instead
of ‘BuSiHj; and 38-ds instead of 38.

'H NMR (400 MHz, C¢Ds, 25 °C, dlppm): —16.51 (br, 6H, Ru~H-Si, u-H), 1.48 (s, 9H, CMe3), 2.01
(s, 45H, CsMes). '"H NMR (400 MHz, toluene-ds: THF-ds = 1:3, —100 °C, dppm): —16.81 (s, Jsi-n =
21 Hz, 6H, Ru-H-Si, u-H), 1.28 (s, 9H, CMe3), 1.94 (s, 45H, CsMes). *C{'H} NMR (100 MHz, C¢Ds,
25 °C, dlppm): 13.2 (CsMes), 21.6 (CMe3), 29.5 (CMes3), 88.8 (CsMes). PSi{'H} NMR (79.5 MHz,
CeDs, 25 °C, dlppm): 175.5 (us--17: 1% 177-H3Si'Bu).

IR of 39 (KBr, cm'): 587, 618, 815, 881, 938, 1026, 1070, 1155, 1189, 1356, 1373, 1403, 1456, 1888
(v(Si-H-Ru)), 1987, 2710, 2846, 2898, 2940, 2973.

IR of 39-ds (KBr, cm™'): 586, 616, 648, 815, 878, 918,938, 1027, 1071, 1155, 1188, 1262, 1357, 1372,
1424, 1458, 2711, 2846, 2899, 2939, 2973.

Anal. Calcd for C36Hs6SiRus: C, 52.72; H, 6.88. Found: C, 52.98; H; 7.06.

Synthesis of (Cp*Ru)s(us-H2SiPh)(H)(u-H)s (40). A 50-mL Schlenk tube was charged with 89.8
mg of 38 (126 umol) and hexane (10 mL). PhSiH; (25 pL, 203 umol) was added to the solution, and
the reaction mixture was stirred at room temperature for 5 min. The solution turned from brown to
purplish red. Removal of the solvent and remaining PhSiH3 under reduced pressure gave purplish red
residual solid. The residue was then extracted three times with 5 mL of hexane, and the combined
solution was filtered through a glass filter (G4). Removal of the solvent under reduced pressure
followed by washing with 5 mL of methanol gave 96.8 mg of 40 as a purplish red solid (118 pmol,
94%). A red single crystal used for the diffraction study was prepared by the recrystallization of the
pentane solution stored at —30 °C. The isotopomer 40-ds was prepared similarly in 82% yield using
PhSiD; instead of PhSiH3 and 38-ds instead of 38.

'H NMR (400 MHz, C¢Ds, 25 °C, dppm): —15.45 (br, 6H, Ru-H, u-H, Ru~H-Si), 1.95 (s, 45H,
CsMes), 7.25 (t, Ju—u = 8.0 Hz, 1H, p-Ph), 7.38 (dd , Ju-u = 8.0 Hz, 2H, m-Ph), 7.97 (d, Ju-u = 8.0 Hz,
2H, 0-Ph). "H NMR (400 MHz, toluene-ds: THF-ds = 1:5, —120 °C, dppm): —21.09 (br, 1H, u-H), —
19.08 (br, 2H, p-H),—13.29 (br, 1H, Ru-H), —11.56 (br, 2H, Ru—H-Si), 1.62 (s, 45H, CsMes), 7.33 (br,
1H, p-Ph), 7.37, (br, 2H, m-Ph), 7.66 (br, 2H, 0-Ph). 3C{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm):
12.9 (CsMes), 89.7 (CsMes), 127.5 (Ph), 128.2 (Ph), 135.6 (Ph), 146.2 (ipso-Ph). ®Si{'H} NMR (79.5
MHz, CDs, 25 °C, dlppm): 194.2 (13- 17%: 17-HaSiPh).

IR of 40 (KBr, cm™'): 700, 735, 1028, 1069, 1098, 1373, 1427, 1455, 1472, 1790 ({Si-H-Ru)), 1931
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(v(Ru-H)), 2711, 2853, 2899, 2954, 2977, 3046.

IR of 40-ds (KBr, cm™'): 699, 735, 822, 1028, 1071, 1100, 1256 ({Si-D—Ru)), 1292, 1374, 1427,
1456, 1475, 2711, 2849, 2899, 2954, 2977, 3048.

Anal. Calcd for C36Hs6SiRus: C, 52.72; H, 6.88. Found: C, 52.98; H, 7.06.

Synthesis of (Cp*Ru)s(usz-*:n7>-H,Si"Bu)(H)(u-H)3 (41). A 50 mL Schlenk tube was charged with
38 (0.207 g, 0.290 mmol) and hexane (5 mL). "BuSiH3 (50 pL, 0.390 mmol, 1.3 equiv) was added to
the solution, and the reaction mixture was stirred for 5 min at 25 °C. The solution turned from brown
to dark reddish purple. After the solvent and remaining "BuSiH3; were removed under reduced pressure,
the residual solid was washed two times with 5 mL of methanol at 0 °C. Dryness in vacuo gave 41 as
a reddish purple solid (0.196 g, 0.245 mmol, 84%).

"H NMR (400 MHz, C¢Ds, 25 °C, d/ppm): —15.68 (br, 6H, Ru—H—Si and u-H), 1.08 (t, Jun = 7.4 Hz,
3H, —CHs), 1.61-2.09 (m, 6H, —CH>—), 2.01 (s, 45H, CsMes). 3C{'H} NMR (100 MHz, C¢Ds, 25 °C,
dppm): 13.0 (CsMes), 14.4 ("Bu), 26.3 ("Bu), 32.0 ("Bu), 88.3 (CsMes). One of the four carbon signals
derived from the "Bu group could not be observed probably due to the obstruction by the Cp* signal.
»Si{'H} NMR (79.5 MHz, C¢Ds, 25 °C, dppm): 200.1 (u3-1*:n*-HaSi"Bu).

IR (KBr, cm™): 711, 897, 1027, 1071, 1373, 1455, 1463, 1790 (v(Ru—H-Si)), 1896, 1928, 1981
(v(Ru—H)), 2711, 2854, 2898, 2953, 2975.

Anal. Calcd for C3sHgoRusSi: C, 51.04; H, 7.56. Found: C, 51.10; H, 7.69.

Synthesis of (Cp*Ru)s3(u-777: 77-H2SiHBu)(CO)(u-H)3 (42). A 50 mL Schlenk tube was charged
with 39 (157.4 mg, 0.197 mmol) and toluene (5 mL). The mixture was then cooled to —78 °C. After
the Schlenk tube was evacuated, CO was introduced to tube. The resulting mixture was stirred for 10
minutes. Removal of the solvent under reduced pressure gave 160.3 mg of 42 as a purple solid (0.194
mmol, 98%).

"H NMR (400 MHz, C¢Ds, 25 °C, olppm): —21.57 (s, 2H, p-H), —13.53 (s, 1H, p-H), —11.74 (s, 2H,
Ru-F-Si), 1.36 (s, 9H, CMes), 1.78 (s, 15H, CsMes), 1.97 (s, 30H, CsMes), 6.55 (S, Jsin = 78.8 Hz,
1H, SiH). BC{'H} NMR (100 MHz, C¢Ds, 25 °C, o/ppm): 11.9 (CsMes), 12.2 (CsMes), 25.2 (CMe3),
30.7 (CMe3), 92.5 (CsMes), 93.7 (CsMes), 206.6 (CO). PSi{'H} NMR (79.5 MHz, C¢Ds, 25 °C,
dppm): 185.4 (u-n*:n*-HaSiBu).

Anal. Calcd for C35sHgOSiRus: C, 50.76; H, 7.30. Found: C, 51.15; H; 7.45.

Synthesis of (Cp*Ru)s(u-777:17-H2SiHPh)(CO)(u-H); (43). A 50 mL Schlenk tube was charged
with 40 (70.4 mg, 85.8 umol) and toluene (5 mL). The mixture was then cooled to —78 °C. After the
Schlenk tube was evacuated, CO was introduced to tube. The resulting mixture was stirred for 10

minutes. Removal of the solvent under reduced pressure gave 68.4 mg of 43 as a purple solid (80.6
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pumol, 94%).

"H NMR (400 MHz, C¢Ds, 25 °C, dlppm): —20.28 (s, 2H, w~H), —13.19 (s, 1H, u-H), -11.28 (s, 2H,
Ru-F-Si), 1.72 (s, 15H, CsMes), 2.01 (s, 30H, CsMes), 7.24 (t, Inn = 8.0 Hz, 1H, p-Ph), 7.36 (dd, JuH
= 8.0 Hz, 2H, m-Ph), 7.56 (s, 1H, SiH), 8.14 (d, Ju+ = 8.0 Hz, 2H, 0-Ph). *C{'H} NMR (100 MHz,
CeDs, 25 °C, dlppm): 11.6 (CsMes), 11.9 (CsMes), 92.6 (CsMes), 94.2 (CsMes), 127.2 (Ph), 127.3 (Ph),
134.8 (Ph), 149.4(Ph), 205.6 (CO). °Si{'H} NMR (79.5 MHz, C¢Ds, 25 °C, dlppm): 152.8 (-1*:n*-
H,SiHPh).

Anal. Calcd for C37Hs60SiRus: C, 52.40; H, 6.66. Found: C, 53.15; H; 6.90.

Thermolysis of complex 42. An NMR tube equipped with Teflon valve was charged with 40, and
dissolved with CsDs (0.4 mL). The reaction was carried out at room temperature, and the '"H NMR
spectrum recorded after 4 weeks showed the formation of 44 (76% by NMR).

'H NMR (400 MHz, C¢Ds, 25 °C, o/ppm): —16.54 (br, 4H, x-H, Ru-H-Si), 1.49 (s, 9H, CMes), 1.94
(s, 45H, CsMes).

Reaction of complex 42 with CO. An NMR tube equipped with Teflon valve was charged with 40,
and dissolved with C¢Ds (0.4 mL). The mixture was then cooled to —78 °C. After the Schlenk tube was
evacuated, CO was introduced to tube. The reaction was carried out at room temperature, and the 'H
NMR spectrum recorded after 6 days showed the formation of 45 (49% by NMR).

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): —14.22 (s, 1H, Ru—A-Si), 1.10 (s, 9H, CMes), 1.44 (s, 15H,
CsMes), 1.78 (s, 15H, CsMes), 1.91 (s, 15H, CsMes), 5.67 (S, Jsin = 76.0 Hz, 1H, SiH).

Synthesis of (Cp*Ru)s(us-n2:n*-H:Si'Bu)2(u-H) (46). A glass tube equipped with a Teflon valve
was charged with 38 (0.215 g, 0.302 mmol) and toluene (10 mL). ‘BuSiH3 (0.1 mL, 0.85 mmol, 2.8
equiv) was added to the solution, and the reaction mixture was stirred at 95 °C for 24 h. The solution
turned from red-brown to dark orange. Removal of the solvent under reduced pressure gave a brownish
yellow residual solid. The residue was then extracted three times with 10 mL of hexane, and the
combined solution was filtered through a glass filter (G4). After the solvent was removed under
reduced pressure, the residual solid was washed with 5 mL of hexane at 0 °C. Drying in vacuo gave
46 as a brownish yellow solid (0.114 g, 0.129 mmol, 43%). A single crystal used for the diffraction
study was prepared by the slow diffusion of acetonitrile into the toluene solution of 46 stored at 25 °C.
"H NMR (400 MHz, C4¢Ds, 25 °C, o/ppm): —13.74 (br, SH, u—H and Ru—H-Si), 1.40 (s, 18H, CMe3),
1.79 (s, 30H, CsMes), 2.27 (s, 15H, CsMes). '"H NMR (400 MHz, toluene-ds, —80 °C, dppm): —17.06
(s, 1H, u-H), —14.55 (br, 2H, Ru—H-Si), —12.78 (br, 2H, Ru—H-Si), 1.42 (s, 18H, CMe3), 1.70 (s, 30H,
CsMes), 2.03 (s, 15H, CsMes). *C{'H} NMR (100 MHz, C¢Ds, 25 °C, d/ppm): 13.1 (CsMes), 14.6
(CsMes), 26.9 (CMe3), 29.9 (CMes), 89.5 (CsMes), 92.7 (CsMes). °Si{'H} NMR (79.5 MHz, C¢Ds,
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25 °C, olppm): 202.2 (uz-n*:1*-H2Si'Bu).

IR (KBr, cm™'): 423, 606, 814, 1377, 1452, 1468, 1698 (v(Ru—H-Si)), 1871 (w(Ru—H-Si)), 2691,
2713, 2845, 2888, 2952, 2981.

Anal. Calcd for CssHgsRusSiz: C, 51.61; H, 7.75. Found: C, 51.85; H, 7.44

Synthesis of (Cp*Ru)s(u3-Si'Bu)2(u-H); (47). A glass tube equipped with a Teflon valve was
charged with 46 (0.108 g, 0.123 mmol) and toluene (10 mL), and the reaction mixture was stirred for
4 days at 180 °C. Removal of the solvent under reduced pressure gave a dark orange residual solid.
The residue was then extracted three times with 10 mL of hexane, and the combined solution was
filtered through a glass filter (G4). After the solvent was removed under reduced pressure, 47 was
obtained as a yellow-brown solid (0.104 g, 0.118 mmol, 96%). A single crystal used for the diffraction
study was prepared by the slow diffusion of acetonitrile into the toluene solution of 47 stored at 25 °C.
'H NMR (400 MHz, C¢Ds, 25 °C, dppm): —21.28 (s, 3H, u-H), 1.63 (s, 18H, CMes), 1.99 (s, 45H,
CsMes). '"H NMR (400 MHz, toluene-ds, —60 °C, d/ppm): —21.49 (s, 3H, u-H), 1.61 (s, 18H, CMes),
1.96 (s, 45H, CsMes). *C{'H} NMR (100 MHz, C¢Ds, 25 °C, dppm): 13.8 (CsMes), 29.7 (CMe3),
30.2 (CMe3), 92.7 (CsMes). ’Si{'H} NMR (79.5 MHz, C¢De, 25 °C, dppm): 355.4 (u3-Si'Bu).

IR (KBr, cm™'): 431, 620, 809, 934, 1000, 1025, 1067, 1266, 1370, 1379, 1455, 1486, 2848, 2898,
2953, 2979. (Figure S-8)

Anal. Calcd for CssHgsRusSiz: C, 51.73; H, 7.54. Found: C, 51.86; H, 7.61.
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Figure S-8. IR spectrum of 47 (KBr)

Synthesis of (Cp*Ru)3(uz-#>-HSiPh)(u-SiHPh)(u-H)3 (48). A 50 mL Schlenk tube was charged
with 38 (53.3 mg, 74.7 pmol) and toluene (5 mL). PhSiH3 (40 pL, 0.325 mmol, 4.4 equiv) was added
to the solution, and the reaction mixture was stirred for 4 days at 25 °C. The solution turned from
brown to dark orange. Removal of the solvent and remaining PhSiH3 under reduced pressure gave a
dark orange residual solid. The residue was then extracted two times with 10 mL of hexane, and the

combined solution was filtered through a glass filter (G4). Removal of the solvent under reduced
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pressure followed by washing with 3 mL of the hexane at —78 °C gave 48 as a dark orange solid (52.2
mg, 56.5 umol, 76%). A single crystal used for the diffraction study was obtained by recrystallization
from the hexane solution of 48 stored at —30 °C.

"H NMR (400 MHz, C¢Ds, 25 °C, dppm): —19.32 (br, 3H, u-H), —11.24 (br, 1H, Ru—H-Si), 1.68 (s,
30H, CsMes), 2.07 (s, 15H, CsMes), 5.41 (s, 1H, Si—H), 7.26 (t, Juu = 7.6 Hz, 1H, u-Si-p-Ph), 7.34 (m,
3H, u-Si-m-Ph and p3-Si-p-Ph), 7.46 (dd, Jun = 8.0, 8.0 Hz, 2H, u3-Si-m-Ph), 7.65 (br, 2H, u-Si-0-Ph),
8.10 (d, Jun = 8.0 Hz, 2H, u3-Si-0-Ph). '"H NMR (400 MHz, toluene-ds, —60 °C, d/ppm): —19.50 (br,
1H, u-H), —19.25 (br d, Juu = 4.0 Hz, 2H, u-H), —11.28 (s, Jsiu = 53 Hz,1H, Ru—H-Si), 1.65 (s, 30H,
CsMes), 2.04 (s, 15H, CsMes), 5.33 (br, 1H, Si—H), 7.15 (d, Juu = 8.0 Hz, 1H, u-Si-0-Ph), 7.24 (t, Juu
= 7.6 Hz, 1H, u-Si-p-Ph), 7.31 (m, 3H, u-Si-m-Ph and u3-Si-p-Ph), 7.43 (dd, Juu = 8.0, 8.0 Hz, 2H,
ws-Si-m-Ph), 8.08 (d, Jun = 8.0 Hz, 2H, u3-Si-0-Ph), 8.13 (d, Jun = 8.0 Hz, 1H, u-Si-o-Ph). BC{'H}
NMR (100 MHz, CsDs, 25 °C, dlppm): 12.4 (CsMes), 13.0 (CsMes), 87.4 (CsMes), 93.2 (CsMes),
126.7 (Ph), 127.1 (Ph), 127.5 (Ph), 128.6 (Ph), 136.9 (Ph), 137.0 (Ph), 142.9 (Ph), 150.4 (Ph).
»Si{'H} NMR (79.5 MHz, C¢Ds, 25 °C, dppm): 107.1 (u-SiHPh), 254.5 (u3-n*-HSiPh).

IR (KBr, cm™'): 502, 613, 633, 701, 737, 867, 1027, 1070, 1094, 1126, 1155, 1376, 1426, 1452, 1476,
1579, 1773 (w(Ru—H-S1)), 2059 (v(Si—H)), 2713, 2896, 2956, 2983, 3044, 3059.

Anal. Calcd for C42HgoRusSiz: C, 54.58; H, 6.54. Found: C, 54.87; H, 6.94.

Synthesis of (Cp*Ru)3(uz-#>-HSi"Bu)(u-SiH"Bu)(u-H); (49). A 50-mL Schlenk tube was charged
with 38 (202.0 g, 0.282 mmol) and toluene (10 mL). "BuSiH3 (0.10 mL, 0.77 mmol, 2.7 eq) was added
to the solution, and the reaction mixture was stirred for 4 days at 25 °C. The solution turned from
brown to dark red. Removal of the solvent and remaining "BuSiH3 under reduced pressure gave a dark
red residual solid. The residue was then extracted three times with 5 mL of hexane, and the combined
solution was filtered through a glass filter (G4). Removal of the solvent under reduced pressure
followed by washing with 1 mL of hexane at —78 °C gave 49 as a dark orange solid (85.4 mg, 96.6
pmol, 34%).

"H NMR (400 MHz, CgDs, 25 °C, o/ppm): —17.62 (br, 2H, -H), —16.39 (br, 2H, 1~H and Ru-H-Si),
1.18 (t, Jun = 7.2 Hz, 3H, —-CH3), 1.20 (t, Jun = 7.2 Hz, 3H, -CHs), 1.53-2.14 (m, 12H, -CH>-), 1.94
(s, 30H, CsMes), 1.98 (s, 15H, CsMes), 5.87 (t, Jun = 3.4 Hz, Jsiu = 150 Hz, 1H, Si-H). *C{'H} NMR
(100 MHz, C¢Dg, 25 °C, dlppm): 12.4 (CsMes), 13.1 (CsMes), 14.4 ("Bu), 14.7 ("Bu), 21.1 ("Bu), 25.2
("Bu), 27.1 ("Bu), 27.4 ("Bu), 31.6 ("Bu), 33.2 ("Bu), 86.9 (CsMes), 91.0 (CsMes). PSi{'H} NMR (79.5
MHz, C¢Ds, 25 °C, dppm): 165.9 (u-Si"BuH), 275.4 (us-n>-HSi"Bu).

IR (KBr, cm™): 684, 701, 710, 900, 1027, 1070, 1373, 1462, 1814 ({Ru-H-Si)), 1963 (Si-H)),
2036 (Si—H)), 2712, 2901, 2953.

Anal. Calcd for CssHgsRusSiz: C, 51.61; H, 7.75. Found: C, 51.25; H, 7.83.
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Synthesis of (Cp*Ru)s(u3-SiPh):(u-H); (50). A glass tube equipped with a Teflon valve was
charged with 48 (0.207 g, 0.224 mmol) and toluene (10 mL). The reaction mixture was stirred for 4
days at 90 °C. The solution turned from dark orange to dark yellow. Removal of the solvent under
reduced pressure gave a dark yellow residual solid. The residue was then extracted three times with
10 mL of hexane, and the combined solution was filtered through a glass filter (G4). Removal of the
solvent under reduced pressure gave 50 as a dark yellow solid (0.192 g, 0.208 mmol, 93%).
Microcrystals involving a 0.25 equiv amount of hexane used for the elemental analysis were prepared
by recrystallization from a hexane solution of 50 stored at —30 °C. The amount of hexane in the crystal
was assessed by the 'H NMR spectrum of the prepared microcrystals. A single crystal used for the
diffraction study was prepared by the slow diffusion of acetonitrile into the toluene solution of 50
stored at 25 °C.

'H NMR (400 MHz, CDs, 25 °C, dlppm): —20.04 (s, 3H, u-H), 1.95 (s, 45H, CsMes), 7.30 (t, Jun =
7.2 Hz, 2H, p-Ph), 7.45 (dd, Jun = 7.2, 7.2 Hz, 4H, m-Ph), 8.07 (d, Juu = 7.2 Hz, 4H, 0-Ph). *C{'H}
NMR (100 MHz, C¢Ds, 25 °C, dlppm): 13.2 (CsMes), 92.9 (CsMes), 127.5 (Ph), 128.1 (Ph), 135.2
(Ph), 145.8 (Ph). ®Si{'H} NMR (79.5 MHz, C¢Ds, 25 °C, dppm): 314.0 (u3-SiPh).

IR (KBr, cm™): 700, 733, 820, 1025, 1067, 1092, 1263, 1374, 1426, 1457, 1579, 2711, 2896, 2952,
2974, 3049, 3063. (Figure S-9)

Anal. Calcd for C42HssRu3Size1/4(CsHya): C, 55.36; H, 6.57. Found: C, 55.20; H, 6.75.

Synthesis of (Cp*Ru)s;(u3-Si"Bu)2(u-H); (51). A glass tube equipped with a Teflon valve was
charged with 49 (0.108 g, 0.123 mmol) and toluene (10 mL). The reaction mixture was stirred for 2
days at 90 °C. The solution turned from dark red to dark yellow. Removal of the solvent under reduced
pressure gave a dark yellow residual solid. The residue was then extracted two times with 5 mL of
hexane, and the combined solution was filtered through a glass filter (G4). Removal of the solvent
under reduced pressure gave 51 as a dark yellow solid (0.104 g, 0.118 mmol, 96%).

'H NMR (400 MHz, C¢Ds, 25 °C, d/ppm): —20.46 (s, 3H, u-H), 1.15 (t, Jun = 7.4 Hz, 6H, —CH),
1.64-1.69 (m, 4H, —CH,-), 1.86-2.01 (m, 8H, —CH,-), 2.04 (s, 45H, CsMes). *C{'H} NMR (100
MHz, C¢Ds, 25 °C, dlppm): 13.4 (CsMes), 14.2 ("Bu), 22.8 ("Bu), 27.4 ("Bu), 29.1 ("Bu), 92.5 (CsMes).
2Si{'H} NMR (79.5 MHz, C¢Ds, 25 °C, dppm): 329.7 (u3-Si"Bu).

IR (KBr, cm™!): 713, 760, 885, 964, 1025, 1071, 1165, 1373, 1457, 2713, 2898, 2954. (Figure S-9)
Anal. Calcd for CssHesRusSiz: C, 51.73; H, 7.54. Found: C, 51.90; H, 7.93
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Figure S-9. IR spectra of 50 (left) and 51 (right) (KBr).

Reaction of complex 39 with PhSiHs;. An NMR tube equipped with a Teflon valve was charged
with 39 (7.0 mg, 8.8 umol) and CsDs (0.42 mL) with hexamethyldisiloxane (0.27 uL, 1.3 umol) as an
internal standard. PhSiH; (3.6 pL, 29 umol) was added to the solution, and the reaction was
periodically monitored by *H NMR spectroscopy. The *H NMR spectrum recorded after 3 h showed
that ‘BuSiH3, 40 and 48 were formed in 33 % yield, 37% yield and 33% yield at the moment of 41 %

conversion of 39 (3.6 umol).

Reaction of complex 40 with 'BuSiHs. A glass tube equipped with a Teflon valve was charged with
40 (247.9 mg, 0.302 mmol), ‘BuSiH3 (0.1 mL, 0.85 mmol, 2.8 eq) and toluene (15 mL). The reaction
mixture was stirred for 5 hours at 60 °C. The solution turned to dark orange. After the removal of the
solvent under reduced pressure, the residue was extracted three times with 10 mL of hexane, and the
combined solution was filtered through a glass filter (G4). Removal of the solvent under reduced
pressure and recrystallization from a hexane solution stored at —30 °C gave a bis(us-silyl) complex,
(Cp*Ru)s(us- 17%: 1P-HaSiBu)(13- 1%: 177-HaSiPh)(u-H) (52), as an orange solid (191.5 mg, 0.212 mmol,
70%).

'H NMR of 52 (400 MHz, C¢Ds, 25 °C, dppm): —13.36 (br, 5H, u-H and Ru-H-Si), 1.37 (s, 9H,
CMe3), 1.70 (s, 30H, CsMes), 2.35 (s, 15H, CsMes), 7.23 (t, Juu = 7.2 Hz, 1H, p-Ph), 7.42 (dd, Juu =
7.2 Hz, 2H, m-Ph), 8.01 (d, Jun = 7.2 Hz, 2H, 0-Ph). *C{'H} NMR of 52 (100 MHz, C¢Ds, 25 °C,
dppm): 12.6 (CsMes), 14.5 (CsMes), 26.5 (CMes), 29.6 (CMes), 89.8 (CsMes), 92.8 (CsMes), 127.4
(m-Ph), 127.5 (p-Ph), 134.6 (0-Ph), 144.6 (ipso-Ph). **Si{'"H} NMR of 52 (79.5 MHz, C¢Ds, 25 °C,
dlppm): 180.2 (u3-H2SiPh), 185.6, (us-H2Si'Bu).

IR of 52 (KBr, cm™'): 624, 697, 732, 822, 1026, 1067, 1095, 1153, 1182, 1377, 1425, 1455, 1472, 1669
(ASi-H-Ru)), 1754 ((Si-H-Ru)), 1838 (Si—-H-Ru)), 1909 (Si—-H-Ru)), 2711, 2848, 2896, 2959,
2985, 3058.

166

800



Anal. Calcd for C4HssSi,Ru3 (52): C, 53.13; H, 7.13. Found: C, 53.51; H; 6.75.

Synthesis of (Cp*Ru)s(us-777: 77-SitBu) (us-177: 17-SiPh)(u-H)s (53). A glass tube equipped with a
Teflon valve was charged with 52 (18.6 mg, 20.6 umol) and toluene (10 mL). The reaction mixture
was stirred for 2 days at 150 °C. After the removal of the solvent under reduced pressure, the residue
was extracted three times with 10 mL of hexane, and the combined solution was filtered through a
glass filter (G4). Removal of the solvent under reduced pressure gave 53 as a dark orange solid (17.7
mg, 19.6 mmol, 95%).

'H NMR (400 MHz, C¢Ds, 25 °C, dppm): —20.56 (s, 3H, u-H), 1.56 (s, 9H, CMes), 1.96 (s, 45H,
CsMes), 7.32 (t, Juu = 7.6 Hz, 1H, p-Ph), 7.46 (dd, Jun = 7.6 Hz, 2H, m-Ph), 8.19 (d, Juu = 7.6 Hz,
2H, 0-Ph). *C{'H} NMR (100 MHz, CsDs, 25 °C, 8/ppm): 13.5 (CsMes), 28.2 (CMes), 29.6 (CMes),
92.7 (CsMes), 127.3 (m-Ph), 128.2 (p-Ph), 135.7 (0-Ph), 146.0 (ipso-Ph). *Si{'H} NMR (79.5 MHz,
CeDs, 25 °C, dlppm): 308.6 (u3-SiPh), 353.0, (3-Si'Bu).

IR (KBr, cm!): 627, 700, 733, 813, 1026, 1068, 1087, 1261, 1372, 1424, 1455, 1578, 2713, 2844,
2896, 2950, 2975, 3034, 3055. (Figure S-10)

Anal. Calcd for C4oHs2S12Rus: C, 53.25; H, 6.93. Found: C, 53.26; H; 7.17.
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Figure S-10. IR spectrum of 53 (KBr)

Reaction of complex 50 with HC=CH. An NMR tube equipped with Teflon valve was charged
with 50, and dissolved with C¢Ds (0.4 mL). The mixture was then cooled to —78 °C. After the Schlenk
tube was evacuated, acetylene was introduced to tube. The reaction was carried out at room
temperature, and the "TH NMR spectrum recorded after 3 days showed the formation of (Cp*Ru)s(us-
172-HSiPh)(1-Si(C2H)Ph)(1-H)3 (54) (99% by NMR).

"H NMR of 54 (400 MHz, C¢Ds, 25 °C, dppm): 1.66 (s, 30H, CsMes), 2.01 (s, 15H, CsMes), 2.85 (s,
1H, C=C-H), 7.47-7.15 (m, 6H, Ph), 8.03 (d, Jun = 8.0 Hz, 2H, 0-Ph). Hydride and o-Ph signal were

not observed (they might be broadening as in complex 48).
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Table S4. Crystallographic Data.

Complex 4 5 11 15 18

Empirical formula C51H59P3RUW C51H57P3R11W’C6H14 C19H47P3RuW C33H5704P3R11W C18H53F6N3P4RL1W
Formula weight 1049.81 1133.96 653.39 895.61 834.43

Cyrstal description Platelet Block Platelet Platelet platelet

Crystal color Red Orange Orange Orange red

Crystal size (mm) 0.194 x 0.183 x 0.040 0.018 x 0.011 x 0.010 0.084 x 0.063 x 0.022 0.115x0.104 x 0.023 0.101 x 0.052 x 0.002
Crystalizing solution Hexane (30 °C) Hexane (30 °C) Pentane (rt) Hexane (30 °C) THF/Et;O (rt)
Crystal system Monoclinic Triclinic Orthorhombic Triclinic Monoclinic

Space group P2i/c (#14) P1 (#2) Pnma (#62) P1 (#2) C2/c (#15)

a(A) 22.6626(9) 13.1531(7) 15.5470(3) 11.202(2) 28.8967(4)

b(A) 13.9201(6) 14.1400(7) 16.4981(3) 11.963(3) 8.52300(10)

c(A) 17.0268(7) 14.5943(7) 10.5112(2) 14.413(3) 25.4500(3)

a () _ 98.4320(10) _ 99.161(7) e

L) 104.514(7) 91.076(2) 90.200(6) 101.1970(10)

7(®) _ 108.5280(10) _ 100.530(7) _

Volume (A%) 5200.0(4) 2539.6(2) 2696.08(9) 1873.6(7) 6148.68(13)

Z value 4 2 4 2 8

Dealc (g/cm?) 1.341 1.483 1.610 1.588 1.803
Measurement temp. (°C) —101 —130 -114 -106 -150

1 (MoKa) (mm-) 2.623 2.691 5.002 3.631 4.487

Diffractometer
Radiation
Monochrometer
26max (°)

Reflections collected
Independent reflections

Reflections observed
(>20)
Abs. Correction type

Abs. Transmission

Ri (I>20(1))

wR> (1> 20(1))

R (all data)

wR, (all data)
Data/Restraints/Paramete
s

Goodness of fit on F2

Largest diff. Peak and
hole

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

79186

11713 (Rine = 0.1114)

9128

Empirical
0.6644 gmin)
1.0000 (max)
0.0970
0.2584
0.1208
0.2799

11713 /75/511
1.077
5.304 and —3.222 ¢-A~?

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

24625

11433 (Rine = 0.0397)
9545

Empirical

0.6679 Emin)

1.0000 (max)

0.0373

0.0778

0.0500

0.0839

11433/0/ 567
1.047
1.634 and —1.749 ¢- A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

41486

3188 (Rint = 0.0418)

2993

Empirical
0.7764 §min.),
1.0000 (max.)
0.0153
0.0407

0.0183

0.0413

7090/0/330
1.013
0.578 and —1.016 e-A~3

Rigaku R-AXIS RAPID
MoK ¢ (4 = 0.71069 A)
Graphite

55

26911

8520 (Rin¢ = 0.0599)
7108

Empirical

0.5113 §min)
1.0000 (max)
0.0364
0.0745
0.0499
0.0787

8520/0/405
1.024
1.314 and —-1.812 e-A73

Rigaku Varimax
MoK« (4 =0.71069 A)
Graphite

55

37008

7090 (Rine = 0.0280)
6828

Empirical

0.7544 gmin)
1.0000 (max)
0.0174

0.0311

0.0182

0.0317

7090/0/330
1.013
0.578 and —1.016 e- A3
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Table S4. (Continued)

Complex 19 21 22 23 24

Empirical formula C16H42F6N303P3RUW C22H42C1N3RHW C23H42C1N3OR11W C27H51C1N4RUW C25H51C1N3PRHW
Formula weight 816.35 668.95 696.96 752.08 745.02

Cyrstal description needle Block Platelet Needle Block

Crystal color orange Red Yellow Yellow Orange

Crystal size (mm) 0.404 x 0.050 % 0.043 0.235 x 0.208 x 0.102 0.106 x 0.061 x 0.032 0.249 x 0.128 x 0.043 0.328 % 0.305 x 0.247
Crystalizing solution THF/Et;O (rt) MeCN/Et,O (0 °C) THF (rt) toluene/MeCN (-30 °C)  toluene/MeCN (=30 °C)
Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic Triclinic

Space group P2i/n (#14) P2,2:2, (#19) P2,2,2; (#19) P2,/n (#14) P1 (#2)

a(A) 20.1060(13) 8.4502(3) A 9.9412(7) A 10.4301(4) A 10.2690(5)

b(A) 15.0503(9) 9.6416(3) A 15.8826(9) A 16.1829(7) A 13.7004(5)

c(A) 20.5719(11) 32.7566(9) A 17.1349(9) A 19.7621(7) A 21.8201(9)

a(®) e N R 83.132(6)

L) 112.586(8) 101.2020(10)° 85.096(6)

7(°) _ _ _ 86.217(6)

Volume (A%) 5747.6(7) 2668.79(15) 2705.5(3) 3272.1(2) 3031.8(2)

Z value 8 4 4 4 4

Deaic (g/cm?) 1.887 1.665 1.711 1.527 1.632

Measurement temp. (°C) —101 —150°C -150°C —150 °C —133

1 (MoKa) (mm-) 4.753 4.984 4.923 4.076 4.447

Diffractometer
Radiation
Monochrometer
26max (°)

Reflections collected
Independent reflections

Reflections observed
(>20)
Abs. Correction type

Abs. Transmission

Ri (I>20(1))

wR> (1> 20(1))

R (all data)

wR, (all data)
Data/Restraints/Paramete
s

Goodness of fit on F2

Largest diff. Peak and
hole

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

32641

13047 (Rine = 0.0777)
6658

Empirical

0.4782 gmin)

0.7471 (max)

0.0603

0.1038

0.1395

0.1237

13047 /0/ 636
0.996
1.813 and-1.313 e'A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

25754

6069 (Rine = 0.0392)
5827

Empirical

0.4542 Emin)

1.0000 (max)

0.0223

0.0509

0.0240

0.0515

6069 /0/268
1.051
3.352 and —0.593 ¢- A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

25471

6126 (Rine = 0.0742)
4892

Empirical

0.5278 gmin)

1.0000 (max)

0.0279

0.0411

0.0450

0.0440

6126/0/286
0.809
0.529 and —0.673 e-A3

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

31217

7464 (Rin = 0.0663)
5611

Empirical

0.5330 gmin)

1.0000 (max)

0.0494

0.1189

0.0726

0.1294

7464 / 0/ 341
1.046
2.305 and —1.509 e- A3

Rigaku R-AXIS RAPID
MoK (4 = 0.71069 A)
Graphite

55

29860

13784 (Rine = 0.0444)

11494

Empirical
0.6892 émin)
1.0000 (max)
0.0293
0.0611
0.0406
0.0650

13784 /0/ 611
1.018
1.535and -1.637 e:A™3
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Table S4. (Continued)

Complex 25 26 27 28 29

Empirical formula C22H42C12N3RUW C23H45N3RuW C26H53N3RuSiW C24H4gN4RuW C22H43N3RUW
Formula weight 704.40 648.54 720.72 677.58 634.51

Cyrstal description Needle Needle Needle Needle Block

Crystal color Brown Purple Purple Purple Red

Crystal size (mm) 0.338 x 0.043 x 0.035 0.235 x 0.208 x 0.102 0.148 x 0.044 x 0.040 0.748 x 0.080 x 0.080 0.010 x 0.010 x 0.010
Crystalizing solution CH,Cl, (30 °C) toluene/MeCN (=30 °C)  toluene/MeCN (=30 °C)  toluene/MeCN (30 °C)  C¢Dg (rt)
Crystal system Orthorhombic Monoclinic Orthorhombic Orthorhombic Orthorhombic
Space group P2,2,2, (#19) P2i/n (#14) P2,2,2; (#19) P2,2:2, (#19) Pnma (#62)
a(A) 10.0898(4) 10.2517(3) A 10.1146(3) A 8.8079(3) A 19.3357(10) A
b(A) 15.9084(6) 17.5904(5) A 16.6691(6) A 16.6238(6) A 16.7690(9) A
c(A) 16.8149(6) 14.6003(5) A 18.9497(6)A 19.9544(7) A 7.9960(4) A

a () _ _ _ _ _
L) 90.748(6)°

7©) L L L L L
Volume (A%) 2699.00(18) 2632.67(14) 3194.94(18) 2921.74(18) 2592.6(2)

Z value 4 4 4 4 4

Deaic (g/cm?) 1.734 1.636 1.498 1.540 1.626
Measurement temp. (°C) —101 -150 -150°C —150 °C -150°C

1 (MoKa) (mm-) 5.029 4.952 4.124 4.466 5.026

Diffractometer
Radiation
Monochrometer
26max (°)

Reflections collected
Independent reflections

Reflections observed
(>20)
Abs. Correction type

Abs. Transmission

Ri (I>20(1))

wR> (1> 20(1))

R (all data)

wR, (all data)
Data/Restraints/Paramete
s

Goodness of fit on F2

Largest diff. Peak and
hole

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

25813

6165 (Rint = 0.0515)
5551

Empirical

0.4367 gmin)

0.9997 (max)

0.0303

0.0640

0.0366

0.0665

6165/0/308
1.019
0.873 and —2.095 e-A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

25281

6005 (Rine = 0.0421)
5208

Empirical

0.7469 %min)

1.0000 (max)

0.0221

0.0418

0.0305

0.0437

6005/0/268
1.005
0.650 and —0.467 e- A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

30571

7235 (Rine = 0.0469)
6687

Empirical

0.5966 gmin)

1.0000 (max)

0.0206

0.0352

0.0258

0.0362

7235/0/307
0.924
0.330 and —0.412 ¢-A~?

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

27537

6710 (Rine = 0.0399)
6327

Empirical

0.3815 gmin)

1.0000 (max)

0.0258

0.0613

0.0295

0.0635

6710/0/288
0.940
0.774 and —1.005 e- A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

38451

3065 (Rine = 0.0807)
2558

Empirical

0.5046 Emin)

1.0000 (max)

0.0236

0.0513

0.0337

0.0535

3065/0/151
0.984
0.771 and —0.605 e- A3
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Table S4. (Continued)

Complex 33 37 39 40 43

Empirical formula C27H54LiN302RuW C28H43N3KRLIW C34H60Ru3Si C36H56RU3Si C35H550R1]3Si
Formula weight 744.59 750.71 800.12 820.11 848.15

Cyrstal description Platelet Block Block Block Block

Crystal color Purple Red Black Red Red

Crystal size (mm) 0.287 x 0.210 x 0.068 0.151 x 0.112 x 0.096 0.37x0.22 x0.12 0.29 x0.22 x 0.10 0.10 x 0.06 x 0.02
Crystalizing solution Pentane (rt) CeDe (1t) Pentane (30 °C) Pentane (30 °C) Hexane (30 °C)
Crystal system Orthorhombic Monoclinic Monoclinic Triclinic Monoclinic
Space group Pbca (#61) P2i/n (#14) P2i/c (#14) P-1(#2) P21/c (#14)
a(A) 16.7703(4) A 19.5343(4) A 17.5839(4) 10.7879(6) 11.5113(10)
b(A) 17.2870(4) A 16.4952(3) A 16.7776(4) 10.9284(5) 16.3154(14)
c(A) 23.3284(5) A 22.1899(5) A 24.3286(5) 16.6209(9) 20.0754(18)

a () _ _ 81.8850(16)

L) 117.108(8)° 90.1810(7) 73.3460(18) 103.762(3)

7(®) o e 72.3870(16)

Volume (A%) 6763.1(3) 6364.6(5) 7177.3(3) 1786.13(17) 3662.2(6)

Z value 8 8 8 2 4

Deaic (g/cm?) 1.463 1.567 1.481 1.525 1.527
Measurement temp. (°C) —117 -117 —150 -150 -120

1 (MoKa) (mm-) 3.869 4.236 1.299 1.308 1.280

Diffractometer
Radiation
Monochrometer
26max (°)

Reflections collected
Independent reflections

Reflections observed
(>20)
Abs. Correction type

Abs. Transmission

Ri (I>20(1))

wR> (1> 20(1))

R (all data)

wR, (all data)
Data/Restraints/Paramete
s

Goodness of fit on F2

Largest diff. Peak and
hole

Rigaku R-AXIS RAPID
MoK (4 =0.71069 A)
Graphite

55

103424

7700 (Rint = 0.0386)
6558

Empirical

0.5246 gmin)
1.0000 (max)
0.0182
0.0390
0.0262
0.0409

7700/0/363
1.012
0.422 and -0.339 ¢-A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

57642

14359 (Rine = 0.0482)
11262

Empirical

0.6391 Emin)

1.0000 (max)

0.0244

0.0359

0.0456

0.0392

14359/0/ 671
0.978
0.711 and -0.513 e-A~3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

71827

16996 (Rine = 0.0415)

13768

Numerical
0.8217 gmin)
0.8762 (max)
0.0506
0.1193
0.0617
0.1265

16428 /0/707
1.054
4.324 and —4.161 e-A3

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

17787

8116 (Rine = 0.0412)
6361

Empirical

0.6743 gmin)

1.0000 (max)

0.0414

0.0907

0.0589

0.1054

8108 /0/381
1.074
2.565 and —0.940 e- A3

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

35103

8322 (Rine = 0.2713)
3371

Empirical

0.2620 gmin)

1.0000 (max)

0.0835

0.1741

0.2173

0.2427

8322/0/395
0.969
1.785 and —1.585 e-A™3
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Table S4. (Continued)

Complex 46 47 48 50 52

Empirical formula C38H60RU3Si2 C38H66RLI3Si2‘CH3CN C42H60RU3Si2‘1/2(C6H14) C42H53RU3Si2'C7Hg C40H64RU3Si2
Formula weight 884.31 923.35 967.37 1014.40 904.33
Cyrstal description Block Block Block Block Block
Crystal color Red Orange Red Red Orange

Crystal size (mm)
Crystalizing solution
Crystal system
Space group

a(A)

b(A)

c(A)

a(®)

B ©)

7 (®)
Volume (A%)

Z value

Dcalc (g/Cm3)
Measurement temp. (°C)
1 (MoKa) (mm-)
Diffractometer
Radiation
Monochrometer

26max (°)

Reflections collected

Independent reflections
Reflections observed
(>20)

Abs. Correction type

Abs. Transmission

R (I>20(D))

wR> (1> 20(1))

R, (all data)

WR> (all data)
Data/Restraints/Paramete
s

Goodness of fit on 2

Largest diff. Peak and
hole

0.79x 0.52 x 0.50
Toluene/Acetonitrile (rt)
Monoclinic

P2, (#4)

10.9752(3)

15.7353(4)

11.6987(3)

97.3880(10)

1424.95(12)
2

1.478

-120

1.200

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

72153

19058 (Rine = 0.0504)
18295

Empirical

0.5345 gmin)

0.6685 (max)
0.0227

0.0517
0.0248
0.0530

19058 / 1/ 426
1.080
0.646 and —0.555 e-A™3

0.39 x 0.36 x 0.33
Toluene/Acetonitrile (rt)
Hexiagonal

P63/m (#176)
12.3752(2)

12.3752(2)

15.6994(3

2082.18(8)

2

1.473

—-150

1.159

Rigaku R-AXIS RAPID
MoK (4 =0.71069 A)
Graphite

55

148994

3461 (Rin=0.0303)

3334
Empirical

0.9437 gmin)
1.0000 (max)

0.0179
0.0427
0.0188
0.0430

3461/0/102
1.226
0.541 and —0.682 e- A3

0.12 x 0.07 x 0.06
Hexane (30 °C)
Orthorhombic
Aba2 (#41)
32.4903(11)
17.7395(7)
15.3590(7)

8852.3(6)

8

1.452

—-150

1.093

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

43160

10106 (Rine = 0.0953)

7493

Empirical
0.8811 (min)
0.9650 (max)

0.0464
0.0902
0.0926
0.1160

10106/ 6/ 465
1.132
1.136 and -1.033 e-A"3

0.040 x 0.038 x 0.022
Toluene/Acetonitrile (rt)
Monoclinic

P2/c (#13)

19.3230(5)

11.2126(3)

22.6076(7)

109.3520(10)

4621.4(2)

4

1.458

-150

1.051

Rigaku R-AXIS RAPID
MoK« (1 =0.71069 A)
Graphite

55

144798

17541 (Rine = 0.0505)

14925
Empirical

0.8925 gmin)
1.0000 (max)

0.0446
0.1263
0.0519
0.1308

17541/0/490
1.087
3.206 and —1.713 e.A3

0.06 x 0.05 x 0.04
Hexane (30 °C)
Monoclinic

P2i/c (#14)
18.3288(18)
10.6749(12)
21.843(3)

112.259(4)

3955.2(8)

4

1.700

-120

1.228

Rigaku R-AXIS RAPID
MoK« (4 =0.71069 A)
Graphite

55

38207

9071 (Rine = 0.2288)
4106

Empirical

0.3455 gmin)

1.0000 (max)
0.1666

0.3936
0.2523
0.4520

9071 /225/425
1.244
9.216 and -3.075 e. A
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