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BT1E F
FB1EH FIUROEBETFREMHELZOFIA

13 RO THETH HHRTHEIT (1s)2s)2p) PEFEBELZHSHEEBTHY . (LAWT T
R EMORBTHIET D, D 13 ROTKRTHLITAI=ZU LTI VLA A2V
ULAEERY | RURIHMEET CIIAREETER LT VORI TH D,

MEFHN 3 THHZD, FHILEMOR UHE BITIZZED p BUENFET D, i
TR U ERRF LD CHERMEE TH Y, FAMETRUEORBICME L, AL
FOHLH R EE 2 R T L FE TH D IRFE & DRERZRENE AL L TN D,

FURITEFREEEAT 570, REOITFT TR LN WEA 25 Ak E Frofb
BEE x5, WZIE, BT BH:) IFHERE LTIFETE ST, PRIV BHg) O
ETIHEET D, ZAUIRUFENE AR RMEELZET 272010, BEWOKFERFZIL
BLIZZHL B THEAEBRT DI EICLDbDOTH D, Stock HITTRT > OINE iR
TIHEHEA 2R FEEMPERT L2 L2 RMLTWE, URT OB RIZE > T
B4H o, BsHo, BsHyy, BeHyo, BHy, BigH1y DA HER SN TN D, "2 DILEW TIIA Y
FE OREREN 4 B2 TEBY ., R L LIEEAET L TIEIN L OIEAMORE AR
 EFSKRETHZEIIARARETH S,

NA AL LTEIK AU RIINA AERETH D RER EHIE L, A7 T v b
Rl &7 3= E R MBI O R Y R EMThH LR L — N2 52 5,

ZOMEEISHLT, FURLEWERRA A B —E LTHWAIFZERRE AT
NTNB Ry H#EEZEL 7 BFRO—DOTHEIRE— LTIy X o= hF 4
LEBIIEDO R G HFENE 2 R ITILEM TH D, T DOFEO—DIIERF IR =R V¥ —
YLD LUMO 2HT 5 Z ENET 5., ‘LUMO B W TR THEDZED p #uE4#EL71-
Pt HEBTEET 2 2 & D EBREWE 71 - BB 2 2 r 3 2 s ST
Lo WABIXT U —NEEEHRILE LTHT LI YA — R, 7oA 400 A
FNFILLT I FOFETTIE 4 BLAR L — bAE ZOMELZBLSEHZ LT, F0%
AT LB KREL TN— 7 b TH5ZEZHALMILTND, *ZHIER L — b ~DZ
fBlzk v, LUMO =X —L LR ER L, ZOFE, HOMO-LUMO ¥ v 7 /31
KTHZEICEV L ENDBRTHD, ZNHDOEEWTIE, AL— D LUMO 125
WTC oz ENT Y —VEBIE FIZH AR TS T2, 365 nm OIS 21T - TR H:
A I BIREIRIC B D DN FHETH 5 (Figure 1-1-1),

"@) B OB, R 2, U, 2 T =T bR R R () (DU,
BRI (2008); (b) 32 FniT, TR R, FRE R, I, N R e T b L
2 (k) FEE 3 M, HEUEERIA (2012).

2 N.N. Greenwood, Chem. Soc. Rev. 1992, 21, 49-57.

3 E. Galbraith, T. D. James, Chem. Soc. Rev. 2010, 39, 3831-3842.

4 H, Braunschweig, T. Kupfer, Chem. Commun. 2011, 47, 10903-10914.

’S. Yamaguchi, T. Shirasaka, S. Akiyama, K. Tamao, J. Am. Chem. Soc. 2002, 124, 8816-8817.
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i Photograph of the solutions under irradiation

by 365 nm light. From left to right: A in THF
and DMF, B in THF and DMF, C in THF and DMF.

on Py-T* conjugation C:Ar= _O_O
in the LUMO S
mode A mode B

Figure 1-1-1. ¥ VR b — L OREELAGITLE S SO 2L S

o, R TuA R T 2= VIEFEOBRE AT LR U RPBROIVA AL LTOM
BxaHT 52 L 2R LT/ FIEHAICET 2R E AT TV D, Jeif L7
V. RURDONA Al L L TOMEITNA AEEPHINT 2 2 Lickvkbid, Linl,
WA AR FONA 2R OBHILZ FoEm< 75, HDWVITZENE DREIZAS—H—
BMATLHZEICED, SMERIZENDIXBAEWHSICHEET 5 Z EB KL< 20
A AR LIRS Z ORI BT SN D, ZiLb —#EDOLEWIX Frustrated Lewis
Pairs (FLPs) & PRI, KFEL “IRILIKE R E D/ F LA G FChRUST % 2 L35
STV 5, Stephan H 1% FLPs 23/KFE 1O H-H fEAONLERHAIE7-%., A
TR LTS, A I P OKFBIBOSICEMEZ R T Z & 2HmE LTS,
SStephan <> Erker Z I3 U &9 5% < OAFFEHIC L » THEX 72 FLPs 233 Sh., T
MR ENTWD (Scheme 1-1-1),

Et Et
Et_ _Et ~o”
R\ R'\ /H o < ¢
N N +
)I\ OH B(CeF) B(CeFs)3
6Fs)3
H/) ‘Ph )\ H,
H R R' R

F >=0

Et Et R’

B(cst)z R,P ‘Q’B(Ceﬁh No” 1}
Et Et | ketone .
F N = B(CeFo)s
/O"H"O\ o o R Y

ether >
Et Et )J\ o

@c R R R'

HB(C¢F L .
H, [HB(CgFs)s] o
[HB(CgFs)s]

Scheme 1-1-1. FLPs % A5 Tt L L CoOHWEA I B L0 b OAREILKIE

6 (a) G. C. Welch, R. R. S. Juan, J. D. Masuda, D. W. Stephan, Science 2006, 314, 1124-1126; (b) P.
A. Chase, G. C. Welch, T. Jurca, D. W. Stephan, Angew. Chem. Int. Ed. 2007, 46, 8050-8053; (c) T.
Mahdi, D. W. Stephan, J. Am. Chem. Soc. 2014, 136, 15809-15812.

" D.W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2015, 54, 6400-6441.
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RUZRIMMEAEY T ClEE =B H D WITUEN.ORENZETH Y . Z DM O
BHITHZ D Z L2t & WM EDORBORISERIE 2 B L2 AT TV 5,
ZAUCH U THREAIE O R VB bEm E LT, AU FE RIZERKEZ —SETET AR L
¥ (BR) BEILNTNWD, R LUIFR VR B ZHOOZED p #uE & —HOINLE X%
AT HRUERORFE M THY | RFEORIFE AL FFETH D I/ (:CRy) EHEEID
ame LTRBMINTND, IARVIELS PO ARERICBOTHEEICHWL, £
7. Arduengo ©(ZJ ¥ N-Heterocyclic Carbene (NHC) 23#] 8 CTHifh DI THUEE X LT LR,
SSERL ORI L E A I LD & L, BT 4 e CEREARRL &2 LCRIA S h
T&, "—F, BY L UAREREICUSENEVME R TH D 0O H> ONEEL L, £
DRI T 2R EE R T D L0 ) SICB VT, EERFORMARNTE S
TWHEEMTH D EHZEZBILD,

WEITIZ, RN Lo OMEOMRH, £ OLERB X OENEZ W SBETICE L, 2
NE TITONTE TMZEIZ DN TR D,

S AT Arduengo, III, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991, 113, 361-363.
? (a) W. A. Herrmann, C. Kocher, Angew. Chem. Int. Ed. 1997, 36, 2162-2187; (b) D. Bourissou, O.
Guerret, F. P. Gabbai, G. Bertrand, Chem. Rev. 2000, 100, 39-91.
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28 RNIVLVroLEREZomE

JN_ ((CRy) N DEH#IL R 0)%’?3 X —EHEAD LR L ZHEA VRS
ENDHOICK L, AU L2 (BR) IFEHE R ICELT —EHERENLETHD Z &N
Bettinger HIZ LKV /REN TS, 10DFT FFEICIVES N R=H 4R Y L (BH,
parent borylene) @ = HEIFIRAE & —HIEIRAE D = R /L ¥ —7 (26.0 kcal/mol) %, LARIIZ
Brazier (2 X 015572 5K (29.8 keal/mol) & K< HEFL TS, M

AU VATEFITE WIS EZ BT D720, RSB T TLIAERKRT 5 Z &K
VMEREFETH D, HIHI O TIEIEF ITEENSIRE T (1950-2000 °C, 1 mmHg), &7 3#

DOfEee E& =7 bR U R i3 5 Z & T boron monofluoride (BF) AT 5 Z & AVR
SN TV, PETFIORT Zo0FER IR ETICMON TV DR Y L U ARG
Th b,

BEREICEDRY LU DAER

West 513 RB(SiPhs), (R = CHs, CoHyy, SiPhs) (2% L CT7 /LA 07 L%, THFE 72 XD
PRALKFFIE T, —196°C T A=254nm DOEEOEINCEZRI T2 Z LIk D BSiPhy 2
A FICHARAENT —HO G R ZAEILEMPERT L2 E2HELTND
(Scheme 1-2-1),

RB(SiPh;),

hv
-196 °C
(ﬂ, =254 nm)l R= CH3, ch11, SiPh3

HsC2 CoHs

\C/ lPh3S|Bl Me;Si————SiMe;
VAR
H;C H
; ; S|Ph3
HsC> CoHs
\c/
\__H AR
H3C/ B~ A
| o Me3Si SiMe;
SiPh; ~B
|
SiPh;

Scheme 1-2-1. Y InZFH LR U Lo OA RS & BEILVE & O

ZORBISETIEAR Y b o OARRITEEMICIIBIEE STV R0, RB(SiPhs), 756
FHZEVAETTZARY Lo (PhsSiB:) BAEMELAM O C-C BLV C-H FHIHAT S, &

1% M. Krasowska, H. F. Bettinger, J. Am. Chem. Soc. 2012, 134, 17094-17103.

' C. R. Brazier, J. Mol. Spectrosc. 1996, 177, 90-105.

2 (a) P. L. Timms, J. Am. Chem. Soc. 1967, 89, 1629-1632; (b) P. L. Timms, J. Am. Chem. Soc.
1968, 90, 4585-4589; (c) P. L. Timms, Acc. Chem. Res. 1973, 6, 118-123.
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HUVNET L F L ORERRES IS D Z LR L NI SR TN, P

RNY L OEHEOBLEL Bettinger (2 X VAT TW5d, %13 diazidophenylborane
(PhB(N3),) (ZXfL 10K T 254 nm DR OIHRE 24T > 7ot RAMBRIN A~ 7 RV & JE
T5HZ LT, EEKYTHS nitreno-N-phenyliminoborane (Ph-N=B-N:) & & $i2, 7 ==/
AU LY (Ph-B:) MDEIAET S Z L EBIE L T3, Figure 1-2-1 ([ITEISIC L WS
HMAERD O FRHARNR AT v (FBE) & DFT stEICEVE B IAL
nitreno-N-phenyliminoborane D FRIMRIL A7~ (RBY) &7 Uiz, MARM DO ARSI
A7 PVTIE C-B MFERENIRE S 2 e 2 As 1225 B E O 1215 om™ (2#]
234, DFT SHRTHONMRLBETLL T, IR T == AR Y Lo ORI
SLLDOTHDHZEBRALNCERTNS,

N3

B/ .

N N=B-N 7
O, O

hv(A=254 nm)
N,, 10K

——— T

QB: 1800 1600 1400 1200 1000 800 600
~ Jem™!

Figure 1-2-1. diazidophenylborane (Z%f L C N, FRFH5( . 10K T 254 nm Ok DN 4
MR L7 BRIc 5 B D HUER I ORI A=Y~V (FE),
O 1% HN;, @ 1% Ph-B: I[ZHIKT B A7 L, LB:T DFT 3% (UB3LYP/6-311+G** level of theory) 2L 0 1G5 iL7-

nitreno-N-phenyliminoborane D IRIMFUL AT [ L,

ANV VAIFEFICARERFETH L7720, KRFIZE DAY Lo ORAIFKIR T T
1THOZENRMATH-T-, ZHUTKI L, FHEOITE U U B YEIRE S04 T CREEE L<od
BAFIAT2 L0488 06 &, PERIHIC LV ERT IR Lo DREMEED D101
SEARHIIZ i O E AL A AR 7 35 FIE A L2 TbtB(SeMe), % Scheme 1-2-2 (ZHEVVAL L
7m0 TEMEREORHRIZIZE > TOARWA 9,10-7 = F L hLuF /R ED T v FREkigz
T, TbtB(SeMe), {2kt L THIE FTOD 400 W FJEKIRT > 7% WIS Tk Me,Se,
DOEEZEEN2 N SR Y L UAIIEANE L D Z LM SN TW5, EEAGHE e ER

'3 B. Pachaly, R. West, Angew. Chem. Int. Ed. 1984, 23, 454-455.

'* H. F. Bettinger, J. Am. Chem. Soc. 2006, 128, 2534-2535.

5SS, Tomoda, M. Shimoda, Y. Takeuchi, Y. Kajii, K. Obi, I, Tanaka, K. Honda, J. Chem. Soc., Chem.
Commun. 1988, 910-912.
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B2 50T H D0, ZOWEITEY 20 Gt 2T A ERIETHLLREICRY Lo 2R A SHE
AHILEMTXLILERLTNS, ¢

1) LiAlH,
2) Cp,TiSes
3) Mel
TbtB(OMe), ———» TbtB(SeMe),

o O

hv ;g\t

o o

H .
D —— [ Tst:l — . TBt
CeDg, r.t. group

Scheme 1-2-2. TBt R LV LA REZZ T 2RV LU ORIR FIZBIT A4/ & OhfitE

WExHz AT hi~a S AURIRZ X DR Y Vo DAR

RV VHEEZRESEDL S ) —2OFEIL, BAlE ORISIZED /v RT O g
TACEFIHTHLOTHS, ZHUZONTHEWN L DDOFIRE S TNDEMNR, %< D
Gy BRERME LTHRLNLOEPREEE LTAERLERY LU BNt SN g AR v E
{bEM<TH 5, BlZIE Power HIXEEWEBRILZFFONNORT U THD 2,6-Mes,CsH;BX,
(Mes = 2,4,6-Me;CgHy) & Li X° Na 72 EOEGLAIZ KIGSH® 5 Z & TR N1 7V K
JRIZE DRV Lo mBEL, TR C-C FAICHATSEZ L THEERAR T VA 7 VREK
EN5DZ L EMEFR LTS (Scheme 1-2-3), 7#1Z Braunschweig 512X - T#H KCs ZiE T
AE LTHWDRERREAERESh T, ®

CI CI

Mes— /ﬁ Mes—
N Mes\N/ﬁ N/ﬁ
\—

Mes N M >\;N Mes H
\ 2 KCq A\ \

\
B—8B,, Mes _—  ~ B—B Mes [ 5 es
| e -2 Kcl ( 4) H
cl H ’
H
H

Scheme 1-2-3. iZ= LA & DISZ L DM N 7 oAbz HWW =AY Lo D4R

' M. Ito, N. Tokitoh, T. Kawashima, R. Okazaki, Tetrahedron Lett. 1999, 40, 5557-5560.

"7 W. J. Grigsby, P. P. Power, J. Am. Chem. Soc. 1996, 118, 7981-7988.

B p Bissinger, H. Braunschweig, A. Damme, R. D. Dewhurst, T. Kupfer, K. Radacki, K. Wanger, J.
Am. Chem. Soc. 2011, 133, 19044-19047.
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BT, AR OENIZ LD ZEENT O RT U EBETTHE VD FEZHVTR

UL OZEITED LTI HR N CTHE S 7z, Bertrand © 13 cyclic alkyl amino
carbene (CAAC) (Zxf L C BBr; Z{EH & H7=%%.

MU HT KCy ZHWTIEILT AT
L,

D CAAC DOEMLIC LV ZZE(L & 47z parent borylene ((BH) DA RIZAE) LTz,
PEaNTad B, FEE/R L% VT 2-oxazol-2-ylidene 12 L W ZEENIZT = =LK
VL v A LT, XI5 ORI TIE, BT & B SRR I 2, A BR
VLD oODZED p BB EMEERTHZETRY Lo A A@EEE EF<HTHH
L, ZOREMIZKIILI-bDEEZ LD,

Dlpp

/Dipp /Dipp H Dipp
BBr3 N 5 KCg, toluene N é }\l

> > —BBr; —————— 7"'\( 7

R N D|pp N N

Dipp = 2,6-diisopropylphenyl R

1) PhBCI,
2) 2 MeOTf

©
oTf
.
7[N/>—L' Pl
@\ Fl’h / ®

Adpdds =AML~ — A Ls

&mmL&4wwxywmm_i5$JV/cmo®£Em

ZOEDICELDHIEIZE DRI Lo DAEREMWEICET2MARGLNTE, R

L TBIRIRVME TR T o 2 DR T SUSTER SN2, ZE & iR T THHE

WS Z L3 THREETH D . S DITAERKMEBRFHRRDONREZ N, GRTVH

ICEMEANED 7R TR E L TR Lo 20D OTE Ly,

19 R Kinjyo, B. Donnadieu, M. A. Celik, G. Frenking, G. Bertrand, Science 2011, 333, 610-613.
° L. Kong, Y. Li, R. Ganguly, D. Vidovic, R. Kinjyo, Angew. Chem. Int. Ed. 2014, 53, 9280-9283.
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w3 H RNYLUUEMFOBEK

RYU L ORLEES EIIRBAINC BR 77 7 A2 hEEMFLE L TEBERBICHE S
W ERERA Y L U HRITHENZEICIRO A Db DONREL H Y, T OME I EFER
HHNHFFE SN TN D,

HEERY LUSERICEB T 2 8RR UHEBAE, AU LB O HOMO (2RI 5HR Y
FED sp RO o WLENLEBOZED d @Lﬁim@ gL EENORY L UEAL T
? LUMO DFEAYE p Wli~0 7 M52k vk | S EHBAMEEHERTN D, R
L U (BR) 1E CO Ffr+4 &7 A ymw/vwﬁ%f%\c:&;@ ZFigure 1-3-1 I N,,
CO, BF, BNH, OJF-{li#lliE D =R /LF—%FL L7223, LUMO D= /L¥ —¥ELLIZZ T E
KREREFTRVEDOD, HOMO DT f/LXF—YWEN MR Y L B+ (BF, BNH,) Tlifhk
DHRREFLTWDZ ENDN5, PZUIR ) LUBLFDS 7 ZREMEL VS o b
PRI B WENFTH D Z &R LTS, Musaeyv bk 9 fEEER U L UKD
B — B U EFEICONTHRAEZ AT L, AV L URMHII@BICxT 5 o fit
Bk DEIA AR BN W T2 OISR U RENIEICSH L, &R — K U EEANA LT UEE L
LTOMEEHOD Z a2 RL TS,

O 0 N, co BF BNH,
—”> B R 0
8@ 0 i -r =
O g 2T[_ on* 88

75 04 88

—>
G 50 -?+

5 H 90

30, 98
10 it

eV 50

Figure 1-3-1. &J& & ARV U U ENL T OFREETERICEE 20y 7HE (/)
& N,, CO, BF, BNH, DJF{lfiffliE D= F /L F— (F).
A ZEAL T TS BT B BTV DR FO#LE D %5084 2 Rd)>

R VRN F OREIE, BB D O OZ TR T IR U HE EOBEHILITRKE <
EBHFETHZETHD, RUFRLDOZED p WuBIZK L TEMGEENS 7 EFatido2L

*! (a) J. Uddin, C. Boehme, G. Frenking, Organometallics 2000, 19, 571-582; (b) C. Boehme, J.
Uddin, G. Frenking, Coord. Chem. Rev. 2000, 197, 249-276.

2. Braunschweig, K. Radacki, R. Shang, C. W. Tate, Angew. Chem. Int. Ed. 2013, 52, 729-733.

> A.W. Ehlers, E. J. Baerends, F. M. Bickelhaupt, U. Radius, Chem. Eur: J. 1998, 4, 210-221.

** K. K. Pandey, D. G. Musaev, Organometallics 2010, 29, 142-148.

¥ D.M.P. Mingos (series editor), Structure and bonding, T. B. Marder, Z. Lin (volume editor),
Contemporary metal boron chemistry I, 2008, 130, 1-27, Springer.
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TR L UBNL 2 LERT HZ ENRHRLIGAEITEBRERNORY U BN~ D Wil
BEOFREIIHAT D, WA VHE EOBBRENEO X D REEE2 -2 0WEAICE, &R
P35 O G- OEIE AN M L, M-B BOME/ERITELS 25, WThoBEICE
WTH, BBERERY LR EZRZEICRDT-OICIE M-B fiAORE 20MICERT 5
RO RZENZ FTIRT 5 Z EBMEATH D, LTI Z R LT 28, BERY Lo
PEIRTIL,

[1] 7 EF AL R B A R U FE RICHET L8R

[2] SCARAGIZIER I i O E L 22 AR 7 38 BICRF D8R
DNTNNOTRNTY TITE D b ONERIZER SN T WD, FRZ, mm\T 2 HEITE
FINZ RN b B Y LU SR A REIRT 5 2 RS T2, AU L gk E ARk
T2 ECIERbE LM FO—2 L L TR I TV D,

BARFIE LT, @7 2/ HEaEE [(CO)sCr{BN(SiMe;),}] & . 7 BHEGREIT MV
HEFITE BV ERILZEF [(CO)sCr=BSi(SiMes);] (2 OWTE#A1T 5 (Figure 1-3-2), *°Hi]
TR, WIRREBECHRABZEICHFEL, ZEXFTH—RHMIZEROIMV TS Z L2 H
KB, —HT, BEIZFEERRETHERCIIERHO S BICHET 2 2 ERHLMCER
TEY, MEOREMIZIINRY DENRSH D Z EWNRENTND, Cr-B MDA R,
[(CO)sCr{BN(SiMes),}] Tl 1.996 A ThH 25 DIZkF L. [(CO)sCr=BSi(SiMes);] Tl 1.878 A
LHL IR TND T ENENENOERDOHFE T X SMEEMRITIC L VLI Ty
Do ZHUT 7 BTG OEWEHRL L OBRE TITRBEN LR Y L BT~ Ok 73
FVME-STNDZEEERLTNS, BHKENZ LI "B NMR A< MUIZELTH
[(CO)sCr{BN(SiMe;),}] TlE & 92.3 ppm ([ZHIZEN D DITKE L, [(CO)sCr=BSi(SiMes);] T
% 52043 ppm ([ZEIER SN D72 WA OM CTHEREND D,

ocC Lo SiMe; ocC SCO SiMe;
OC—-=Cr B——=N OC—C?: B—Si.,,,
%, "r" "S|M93
oc’ co SiMe oc’ co SiMe
R
QMD--*Q‘..HQ ““““ \\\\R Q - /
~ M——B—-si.,,,
age 0 0 g% 0 \'R
R
d (M-B): 1.996 A d (M-B): 1.878 A
: 92.3 ppm dg: 204.3 ppm

Figure 1-3-2. [(CO)sCr{BN(SiMes),}] & [(CO)sCr=BSi(SiMe;)s] O i

%% (a) H. Braunschweig, C. kollann, U. Englert, Angew. Chem. Int. Ed. 1998, 37, 3179-3180; (b) H.
Braunschweig, M. Colling, C. Kollann, K. Merz, K. Radacki, Angew. Chem. Int. Ed. 2001, 40,
4198-4200.
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48 BEERYLVUEEOAR
INFETITHWESNZHERY L UEROABRIEIZOWTE LD D, HIEIZLLFICRT
EOIREL ST THEEND DN, KREDERINGERD WIS EZFHAT 2 D TH 5,

BBERISZFIA LR Y LUk A R

T =FUMEER L e R T L ORERISERITT 28 RIEEZWTEZ S ORY LU
KA & T 5, Braunschweig © 1% 1998 4 (2 Na[M(CO)] (M = Cr, W) &
Br,BN(SiMe;), & OFUGIZ LD BHEEAR Y L U 3HETH D [(CO)sM{BN(SiMe;),}] (M = Cr, W)
EAR L., FO5NFHEE 2 BEES X BESEMITIC L W IE L TS (Scheme 1-4-1), @
B2 mTHIRARDL0, 2D 6 HEARY L UBERITEMHE TETRY L 2oyt h
9% ‘borylene source’ & LTI Z &N LIS NTWD, ZOWEEZFMAL T, 6 K&
BA&RARY LR L@y B SRR EZ]E IS Z L2k, thohiETikonsg
TFRICT B Z ENHRAR1-72 VP Ry, 05, Co” Rh, Ir'’ 72 Ekx i@ 2R
U L UEERBNERE TV D,

ocC, £o SiMe3
Br,BN(SiMe;),
Na[M(CO)] — > | 0C——M=—=B=—N
toluene, 0 °C ,’
—2 NaBr ocC co SiM93
M=Cr,W
[CpV(CO),]
1) [CpCo(CO).],
hv/-30°C hv/-30°C
M=W
2)rt,14h M=Cr

/SiMe3 B /SiMes

Co——B——N V——B——N
C/l "’”’C Molecular structure of [(CO);W{BN(SiMe,),}]
o SiMe; "¢ o SiMe,
o

Scheme 1-4-1. GG ZFIH LT- 6 EEBERBAR Y L S AE R &
KIFHC LAY VB RIGEZFIH LA U U 8RO ARk

T2, Cr OV T =4 SR Nay[Cr(CO)s] & CLBSi(SiMes); DISIZ LD, FUFHE L
DOEWHE L LTEEV Si KA A S 7 [(CO)sCr=BSi(SiMes);] RS Tung, *©
X 51T K[Fe(CO);(PMe;)SiMes] & BrBDur (Dur = 2,3,4,6-Me,CH) # =L CTIRETH Z &

%7 H. Braunschweig, M. Colling, C. Hu, K. Radacki, Angew. Chem. Int. Ed. 2003, 42, 205-208.

B, Bertsch, R. Bertermann, H. Braunschweig, A. Damme, R. D. Dewhurst, A. K. Phukan, C.
Saalfrank, A. Vargas, B. Wennemann, Q. Ye, Angew. Chem. Int. Ed. 2014, 53, 4240-4243.

¥ . Braunschweig, M. Forster, K. Radacki, F. Seeler, G. R. Whittell, Angew. Chem. Int. Ed. 2007,
46, 5212-5214.

0y, Braunschweig, M. Forster, T. Kupfer, F. Seeler, Angew. Chem. Int. Ed. 2008, 47, 5981-5983.
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WX, Wi - e T RSN B THEITL, SEmWT Y — L Lo TR U E R
NLARHNTARE S N8O R Y L 3R D AR S22 & T 5 (Scheme 1-4-2), !

oc.  co SiMe;
CI,BSi(SiMes);
Na,[Cr(CO)s] > oC—Cr=—B—Si.,,,, _.
THF, -78 °C /™ \ SiMes
_2NaCl oC co SiMe;
co
Br,BDur |
K[Fe(CO)3(PMe;)SiMes] » Me;P—Fe——B
hexane, r.t. 3
— KBr, BrSiMe;, oc co

Scheme 1-4-2. GRS EZRFA L= UV vH A WIT L VAR EHEL L L THT 5
AU LR DE R

HRPOKIGE LT, B — R U RMCEES 2/ OR ) ASSEOBIESISIZE D A Y L
VR AR D RA, Aldridge HIZ K VITHIL TV 5, MesBBr, &E ./ 7 =4 U PESEKT
&5 Na[CpFe(CO),] Z4%T /N RIEA SH, Fe-B MICHFEAZAT 5 TrER U LA %215
7=, B S NTER U LB KD 7 moa Ji% Na[BAY,] (AY = 3,5-(CF;),CeHy) & HVTH| &
WL ZEWCk D, BTFAUMEERY VAR AR TS Z LI ERTND, PZo
FHEEFI A ART L LTT I EE2BEHRILE L CTHESLOICLEAAETH D, PrNBCL
Eoav R Ty L TCHWESACE., P F AT I RY LUK
[CpFe(CO)»(BN'Pry)|[BAY,] 733 541% (Scheme 1-4-3), **

3. Braunschweig, Q. Ye, K. Radacki, Chem. Commun. 2012, 48, 2701-2703.

%S, Aldridge, D. L. Coombs, C. Jones, Chem. Commun. 2002,856-857.

3 D.L. Coombs, S. Aldridge, C. Jones, D. J. Willock, J. Am. Chem. Soc. 2003, 125, 6356-6357.

* D. L. Kays (née Coombs), J. K. Day, L.-L. Ooi, S. Aldridge, Angew. Chem. Int. Ed. 2005, 44,
7457-7460.
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~<——— Na[(7°-CsR5)Fe(CO);] —

\
Fe—B
oc® ‘ N R=H R =Me

_( c!
N=B BBr,
[o]] (¢]] Br
ﬂ / ( /
Fe—B
oc’ ‘
oc

ocC —NaCl —-NaBr
Na[BAr,], -78 °C Na[BArf,], -78 °C
—NacCl —NaBr
_| . _l +
& >_ N
JFe=B=N Fe=B

oc" ‘ / oc® ‘

ocC ocC

Scheme 1-4-3. R U VEHARD BRI ZFIH LT F A4 PR U L U SR D Bk

BMBARKEEZRALEZRY U USEERDOARR

Sabo-Etienne o L 4) /K FE 85K CTdH %5 RuHCI(H,)(PCys), (kT2 T L F LR T v
(MesBH,) DER{LAIFINISIZ L0 BiAKFEZ VDD Ru-B BIIC ZEHEAGEZFFOAR Y L
$% & RuHCIBMes)PCys), W H N D 2 L aH®ELTWVWD, "B o0
RuHCI(BMes)(PCys), DMHE & L TR 72 Dix, KE & BERERICROGR L, By 1K
TR EFESEDLHCHD, KEFELEOKTITEVELNHLEHIE NMR 12XV [FE
ERNTWVWENR, ZhbDbaWIE MesBH, F/ F CHREZEBESES Z L THW
RuHCI(BMes)(PCy3), % 52 % mANRFIC BILBRZE Y,

CysP H CysP
Ho,,, |\ " H, Ho,, | “““ . “\\H
Ru —— Ru H
a”” | H, a”” | N,
H
CysP CysP
1) MesBH,, toluene H, -H,
2) vaccum —MesBH, MesBH,
Cy,P CysP
Hn,,,“ | H, H"'u,, | ‘\“\\\‘\\
“"Ru=—B — Ru B
a”” | H, v d | \/
CysP cy,p H

Scheme 1-4-4. 73 F/KFAFRDOBKFRIEEZMH LIV T =0 LR U L GHRD G

* (a) G. Alcaraz, U. Helmstedt, E. Clot, L. Vendier, S. Sabo-Etienne, J. Am. Chem. Soc. 2008, 130,
12878-12879; (b) M. L. Christ, S. Sabo-Etienne, B. Chaudret, Organometallics 1994, 13,
3800-3804.
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B _BSERDO SRS ERA LR Y LU SEEDO AR
Braunschweig © (% [{CpMn(CO,),}(u-BBu)] E%ENLED MY 7 B ~F LR AT 4
VERUPURTRTS® S Z EICE Y | [Cp(CO),Mn=BBu] 4T\ % (Scheme 1-4-5), *°
Joniohte~ > H R Y LoskRIT, Aldridge HIC &0 WG Sz h FA MR ) L
AT (Scheme 14-3) LTI THY | BITFIZENS K5 IR Y Lo SRORIGHE
L CHIBRDBRONDDORRETH D,
‘Bu

SN N =4

Nin Mn - e \‘Mn=B—tBu + ‘Mn—PCy3
QY) : ‘ reflux oc’ \ oc \

co oc CeHe co co

Scheme 1-4-5. " MZSHED RIS R Lic~ o AR Y b 3RO G

WRERY VR VA AR L DK

ZOXDITkkA R FIEERWTEBSRBA ) L UHER AR SN TN D, oA
L UKD BUSHED—DIZ v A AR E OGN FET s, Ziud, AU L BALFo
RUROREFHMEEEZRH LIEMKGETH D, EBE, bk lan A ZAERE ORISIZ LD
oA AHDIRY U BN DR T 3E BTN U728, ZnaBf#i e Lic A2y
AREDRHE STV D,

Aldridge 513 5EIC bk 7= F A U PER U L 2§ K [CpFe(CO)(BNPr,)|[BAY,] 73
PhsP=S X° Ph;As=0 &#HC/MIE L, Scheme 1-4-6 (IR T X DR A X B ARG AL Z
FTZEERMLTWS, B L LT PhP=0 ZHWIZHA ISR IELS . EEOMER
TR L EALA DR T FRIK U ORI LI Os TR 2155 2 L I2bZh LT
%o G547 PhyP=0 FAMEDHGESR X BAEMRIT 21T 72 L 25, Fe-B [HEEHEL 2.06
ARBRETHY, BE-FUEMOLERAMEDOK FRRB SN, REERRSTEELE LT
R T2 ) o EAWESAEICHLEIT L, ZOBAIET 2 R EOKBRFB7 oD
a R#E E~LEWBT O RBIE SN TS (Scheme 1-4-6),

6. Braunschweig, M. Burzler, T. Kuper, K. Radacki, F. Seeler, Angew. Chem. Int. Ed. 2007, 46,
7785-7787.

37 D. L. Kays (née Coombs), J. K. Day, S. Aldridge, R. W. Harrington, W. Clegg, Angew. Chem. Int.
Ed. 2006, 45, 3513-3516.
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1+
Ph3E=X ﬂ
—_— Fe—EPh;
—(Pr,NBXy),  oc" ‘
oc
E=P,X=8,n=2
E=As,X=0.n=3

H
Scheme 1-4-6. 1 F AL PESRAR U L IR L Lewis HRIED i

—7J5. Braunschweig 5%, [Cp(CO),Mn=BBu] &7 k3L DOKIGIZ LY Mn-B-0-C 7>

SR SN D MWEBRILAYZ TR E L TH X BICA X v ARGEHAH#EIT L, (‘BuBO);
BNDZ L ERELTWD, PRISHEIT DFT 5%

DEET D 2 & THNAN RN
MWTHLNZILTEY . 7 FOBRAFRFIZE DR Y VBT DR T FEA~DRELE

IR RSB END Z EARENTWSD (Scheme 1-4-7), ¥

ﬁ Ph,CO ﬁ\ B

\
n—B—Bu ———» Mn——:

oc” oc® / o)
co ocC :.l
c
l £\
Ph Ph
Bu

oc'/ \

-1/3 (‘BuBO
( )3 c
Ph Ph

",

@ Ph
\ M -
=< -
\“Mn n\c/
oc \ Ph
co

Scheme 1-4-7. <> H AR L UEKRE & b o & DFUGT KD R UBEHRDE L

¥ H. Braunschweig, M. Burzler, K. Radacki, F. Seeler, Angew. Chem. Int. Ed. 2007, 46, 8071-8073.
9. Bauer, H. Braunschweig, A. Damme, J. O. Carlos, Jimenez-Halla, T. Kramer, K. Radacki, R.

Shang, E. Siedler, Q. Ye, J. Am. Chem. Soc. 2013, 135, 8726-8734.
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5 8 ZEEAYLVUEEOERE DR

Baerends HIEZAR U U U SEAB KD ERNIE E A EHE I TV 1998 4Ei12, B+
E (E = CO, BE, BNH,, etc.) 2\ &BRIZZEHE L 7= [Fex(CO)s(1-E)] X [Mny(Cp)o(CO)y(1-E)] 72
EHETIKRE L THWTHEHGRHAEZIT> TS, E BNEBRICZEE LS A. E 21
KT HIEREOEEENKGENMNOLHE LD bOTHOLBELHELTWLZ L Enb
B E 3@ 0 Ot b2 10 212 IT T D 2 ERRSN TN 5D,

HRAR Y LUSEATIIARY VUL T LI, SCAERISEE WS OhkR v EITK
LT 52175 2 BHKD BOIZRES N TV =DIZR L, 24ER Y L R TIx
AR CITA DN WER A REBERIEZ G T2 ORERI LTS O:Mﬂ\%ﬁﬁm
L2 BEAHFEICHES 2 b, ZEBHLNOOERNLWMHEIZEID BERY L
B F LIS ND T EEZHND, LTNICHEBEDOZEMERY V/’fﬁﬁi@/\ﬁkfﬂk%OD
B DWW TRT,

BERGERA Lz R Y LU sERDARK
ROERBRENZNDIL, T=F MR E A mRT o HLIWNENr VR T ORER

ISEFIHT 2 HDOTHY, EIT Braunschweig 512 L W AE NI RITON TS, 7=

FVEBE R & L TIRERRO~ o T o DEER S IR FEEHZ -V 540 T (Scheme 1-5-1, 1-5-2),

40

o) o) o) o)
c c c c
@ B,R,Cl, @ : | 2 HCI |
2K Mn —_— —Mn—Mn —_— -I\I!n—Mn-"l
oc™ [ “x —2Kcl H / l —[Me,NH,]CI g\B/ (I:
oc § RS R = NMe, 5§ 6

X = SiPh,Me, H

NH

R = Bu, Ph R = Me, Et
Scheme 1-5-1. B INC LD "~ TR Vg RO ER & AR T3 ETOBESN

" (a) H. Braunschweig, T. Wagner, Angew. Chem. Int. Ed. 1995, 34, 825-826; (b) H. Braunschweig,
M. Miiller, Chem. Ber. 1997, 130, 1295-1298; (c) H. Braunschweig, C. Kollann, U. Englert, Eur. J.
Inorg. Chem. 1998, 465-468.
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Me;Si SiM

Cl e3 I\N/ iVies
R (SiMe;),N—B
< TN oc, A

cl AR

2Na Fo » R Fé Fe R

-2 NaCl
oc/ \co -co \% \8/ \co
R =H, Me

Scheme 1-5-2. WY SGIZ K 2 8RR Y L g RO AR

K[(77°-CsHMe)Mn(CO,X] & ByR,Cl, DR IZ & 0 4% B 7= [{(7-CsHsMe)Mn(CO),}
(u-BNMe,)] 1% LT AEE/ALD HCl Z1EHSES & [{(7-CsHMe)Mn(CO),} (1-BCD] 23
5% (Scheme 1-5-1), HEER Y LU SEATIZIZ DL 572K U L U BN EOEHLOS T
ELHESNTELT, Cl BEEHILE U TROR Y LUSEMROAESI L e, Zhik Cl
TR VA2 R ET 2BEHRIEL LTRSS THI DR EZ LN D,
72, ZOBBSISITZERY LR OR T FOMWE N EER L I RE S Biep 2 b
ZRLTWS, B5N7 [{(7-CsHMe)Mn(CO),} (1-BCD] 1E Scheme 1-5-1 (ZRT X 91T,
SHIC—hT I, Ta— KpELRISL, TNENKIET D -B=NHR, p-B=OR,
u-B=OH EN7 T-ZFFOEHA Y U bk~ L A S 528, SR TN 2 BRI L
LTHRORY LUEERBE BTV,

NG ER T HE ISR OMER U L S IRIL, T =4 SR L R T BX; (X C
Br) 226 HEBS 5415 (Scheme 1-5-3), Z D 51EIZ & - T Braunschweig H 137 rm e fikdH
HWNET BEREFOC RO AR Y LR A AR LT WS, E7-, Aldridge
512XV Na[CpRu(CO),] #HIZFEEIE L, =7 bR U E I F Lo —T LA L s &
¥5Z LT, uBF BN TEZEERY LUENL T & LTHT 2 LT =0 AEEMER AR S
ncTng, ¥

“4p Bissinger, H. Braunschweig, F. Seeler, Organometallics 2007, 26, 4700-4701.
2 D. Vidovic, S. Aldridge, Angew. Chem. Int. Ed. 2009, 48, 3669-3672.
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Cl

|
Cp B Cp
oc‘““"/Fe Feuumco 2 K[CpFe(CO),] E

od o 60 °C |
Kol 2 Na[CpRu(CO),] ocC, B Cco
Ru R

u

-78 °C Cp\.
2 Na[Mn(CO)s] _NaF | |
X -30°C Cp
co | oc co ocC
CcO —NaX

oc B
M

oc“““ l\co oc/ l “c0
co co

X=ClI, Br
Scheme 1-5-3. BX; & 7 =4 USSR O BUESIG 2 W TZZ2E R U L 8RO ARk

WA Y NEEERD DVIERY LU SEER~DERBEEERDOMMEFIA L 2ZERY L EERDOE
52

RNUNEEERS 5 VIEAR Y L U BERICK L CHIO@BEEER AN Z 5 2 & THICREERY
U UBEHR A S 5 b STV 5, Braunschweig S8 Y, R U VEL D B-X
FEA DY PA0) SEMRIC)E L CRB{EIfTINT 2 2 & ZFIH L7- Fe-Pd BFi&)E ARV L
BEERAREN TS, PE, 6 TP 7 BEOHBAR Y LU LT Pd0) &5
Pt(0) DHRAT ¢ UEHERIINT 5 Z LIV ERENRNGT D RS E ER DA

HATHI TV % (Scheme 1-5-4), ** #

* H. Braunschweig, K. Radacki, D. Rais, F. Seeler, K. Uttinger, J. Am. Chem. Soc. 2005, 127,

1386-1387.
* (a) H. Braunschweig, D. Pais, K. Uttinger, Angew. Chem. Int. Ed. 2005, 44, 3763-3766; (b) H.

Braunschweig, K. Radacki, D. Rais, K. Uttinger, Organometallics, 2006, 25, 5159-5164.

19



&
it
£

Fc ?r
I
B
N/ B\ / Br [Pd(PCy3).] \ X [Pd(PCys),] N/ B\ / '
ra g, > T Wl
oc’ \ﬁ \PCYa X=Fe oc / X=Br oc ﬁ Pevs
I oc o
MesSi_  SiMe,
4
N
oc, co coll
[M(PCys)]  OC_ 5 B\
OC—M—=B=—=N(SiMe3), —— > A W—PCys
—PCy, oc” | N
oc Yo co ©O
M= Cr, M' = Pd, Pt
M=W, M =Pd
Bu
oc ,|3
ﬁ\ [M'(PCy3),] AN
Mn—B—By —— > Mn M'—PCy;
oc’ ~PCys c/
co o
M’ = Pd, Pt

Scheme 1-5-4. R U ILHDHWVIR Y L gk L
10 JRE AR AT 4 UEERO G L2 "R Y L 3RO ARk

[PA(PCy3),] DIEBAIBEARY L U SMEA~OAIERIT, A TH 5 [Mny(17-CsHMe),
(CO)y(u-BX)] (X ="Bu, Cl) #HWIIGEIZHHETTT D, ZOHAITIEL PCy; OBiBEA fE e
N5 A% Mn $ERORBCIIENEIT L, —HEEEAR U L UEUNL &A1 D BfiA R =

PR L B Mn S54RI % (Scheme 1-5-5), *

o] o X

I | =
z Pd—|—~Pd + Mn,
| N oxsP ™| ""c0
8 | 8 OC—Mn—CO co

X C‘D\
X = Bu, CI 25% (X = 'Bu)
27% (X = Cl)

Scheme 1-5-5. KRV LUK L 10 BEE AR AT 4 VEEEROISIZ X 5
—HEEARY VBT ER T D S RO AR

3 (a) H. Braunschweig, C. Burschka, M. Burzler, S. Metz, K. Radacki, Angew. Chem. Int. Ed. 2006,
45, 4352-4355; (b) H. Braunschweig, M. Burzler, R. D. Dewhurst, K. Radacki, F. Seeler, Z. Anorg.

Allg. Chem. 2008, 634, 1875-1879.
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SHAUEAR Y L UENL A AT RIS L TIE ARG D L IEEBIERWE DN L
VY, Fehlner 512XV [CpCo(PPhs),] & ~%E/L?D BH;-THF % b/l —78°C TR
X5 Z LT w-BPh BN E AT % [(CpCo)s(1s-BPh)(15-PPh)] DGR HE SN TV D
(BB R 7%, Scheme 1-5-6), *°

?

B
6 BH,, —78 °C

3 [CpCo(PPh;);] ——————» Cp—Co—I|—Co—Cp
5 BH,-PPh, N
XCp

—CgHg, —H; I/

|

Ph

7%

Scheme 1-5-6. BH; # AR U R LT 2 ZBHEEER Y L UKD AR

F 72, Ghosh B IE 42 B8R TH D arachno-[(Cp*RuCO),B,Hy] & [Fey(CO)o] X°
MMﬂDM]@Eﬁwﬁ%w?7X&~%ﬁméﬁ;@M{EM¥%ﬁ¢é*ﬁ%6wiE
o BFESRIEROREYW %15 T\ 5, Scheme 1-5-7 \_/T@‘JZ 2N, AR DY DIE
DIXZNBLSME b RFAEOSEENER T H7-dTH D,

CO
B
oC
[Mn(CO)yq] \ I\ o9©
/ \ i > Rlu< —/Mn\ (o]0)
\ - hexane, 70 °C \ Ru co
] —_—
l\ oC \H/ \CO
co
28%
[Fe2(CO)o]

hexane, 70 °C

HB=—Ru—=B HB Fe
\ / oc I /c/ N l \{
RIS Fe o, 1 /X \ + e
I~ R FEE\-|/— \
o
16% 23% B

Ru = Cp*Ru, Fe = Fe(CO);

Scheme 1-5-7. ;5-BH % H 9 2 BB EEAR U L RO AR

%" J. Feilong, T. P. Fehlner, A. L. Reingold, Angew. Chem. Int. Ed. 1988, 27, 424-426.
7 K. Geetharani, S. K. Bose, B. Varghese, S. Ghosh, Chem. Eur:. J. 2010, 16, 11357-11366.
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Ghosh 23R LR THERTRE G, A UHE EOBEBRILBKFZEORY L U gh kN5
BNTWVWAEETH D, KEBRAIIIRY VBN A Z2 L BT HERKE L TINE TR
TE7LH 72, » BIOMERESCKR YR L2 LENICHRET 2B, #oT, 20
KO RFEELILLETHHRY LB ((BH) 1%, EEO&RE T L5 Ot 5 258 <
ZFHZETRENESNTED D EE ZHLDH, Frenking HIZ XY (CO)Fe-B(NH,) &
(CO)Fe-BH #ET /VEEAR & L THWBGREIR T, KFELZEHRILLET5R) Lo
N+ (BH) 1%, 72 /AR U LB+ (B-NHy) K0 b&BThLnbD 7 k52510
TUVENI 7 Th b Z LRSS TG, ®

* Y. Chen, G. Frenking, J. Chem. Soc., Dalton Trans. 2001, 434-440.
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5% 6 #i AMIEOHB

FIBMRETIIINETIC, EBEREMARIE R R I2Z—DAKE, TLbLE
RALKFLEDZIL LD m‘&.’m\ PFORUGHEZ MR L, HEZSE R & 1372 DA T ok
B OYIrEs LB Z FF 9 Bl e BOG & 280 L C& 7o, AFE THORICIRY ) 5 =
HAMER Y L UBL 2 AT 5 VT =T L8R (Cp*Ru)s(is-BH)(w-H); (4) 1. BV
T=ULT FT7E KU REHE (Cp*Ru)(u-H), (1) & HBF, & DORISICE VLN D B FAF
EAET B R Y REEK [(Cp*Ru)s(u-H)][BFs] (2) & FEx DIELE OISR S5,
¥2 LEELD NaBH, 2GS HD 2 L THRLNEETHD, ©

HBF,

= -;z—_'BF‘ —~ i

/\\ Neowme R“‘\H NaBH, R”'
/ Al | I/ \ I/ |/B\\|
BF4 4—R —NaBF4
~MeOH \H/ -3H,

Scheme 1-6-1.2 & 7T FU A X R RHDLWIKFEATHEF Y T LOREG

—HDOE N K7 TZ2AZ—DWFROWNDH T, N7 =0 LGEEK 3 1Tk L THx 72
HWORISER 2GRN T & U CHARTL Z L IT k0 7 9 A4 —DOMWE %2 22 b S ' 5
ZEEAMETAMENMTD, 13 REHE LTIARYHESTAI =L, H Y 75700
OGS O T EICZRIBRNL T & U CTHAA SN EEERN GRS L, EOMEE S
TE 7z, RYENEISAENT (Cp*Ru)s(1s-BR)(1-H)s (R = H (4), OMe, OEt, CN)? 07 /L 3
= ADEAAE N (Cp*Ru)s(1s-AIR)(1-H); (R = Me, Et)” 13 = BEAGRNL T D K RHHE I

¥ . Suzuki, T. Kakigano, K. Tada, M. Igarashi, K. Matsubara, A. Inagaki, M. Oshima, T. Takao,
Bull. Chem. Soc. Jpn. 2005, 78, 67-87.

** R. Okamura, K. Tada, K. Matsubara, M. Oshima, H. Suzuki, Organometallics 2001, 20,
4772-4774.

*' M. Ohashi, K. Matsubara, T. lizuka, H. Suzuki, Angew. Chem. Int. Ed. 2003, 42, 937-940.

>2 K. Tada, Doctor Thesis, Tokyo Institute of Technology (1997).

>3 (a) M. Ohashi, Doctor Thesis, Tokyo Institute of technology (2003), (b) T. lizuka, Master Thesis,
Tokyo Institute of technology (2004).
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S ELE DORNLR A FF ORI BN R 44 EAFETH D, TO2D, £ OBRALAEIFIME
AMM L. ZNETICEICARERAKE LAY & DRSBTS TE T,

H H H H H
S G RSN il PNl 40
- u_ [R— A u_ * o "\ e /e -— * * u_ e e u_ *
p NV P P*-RUT L Ru-Cp P N2 p
¢R|u \'R’lu ’Rlu
* \ * x \
Cp ||3 Cp \/TI Cp Gla
R R Me
R =H (4), OMe, OEt, CN R = Me, Et

Figure 1-6-1. 13 J& % —HAUEEL & LTAT D =T =7 L8E(K

FITHIBATo L DT, BEARY LU REZENNT 720121, AU R RImmE O E#R
BEZBANT L0, o EARRAEBELEATINEN D o7, ZHIERY L dkiks
AT HZEAEEHNE LICGEICITENTZERIE B2 b h, BIREOHIKIR S 5
. BONDRY L USEERNRT RIGHERCHEBEIIRES NI bD LD, ZhizxiL, £
ERPODICEN.SEDLZ LIk, RY L UENFIZE RS O EI2 X 0 RmIc 42
ELENDT-0, BBEARY U VBN O R U H#E BT EESEHAIITEA TE 20 L 9 7
Bex REHEZEANT DL ENAREERD, ZEAR Y LA TIIAR Y # ETOBERR
mE, BERY LVUEERTEBIEINRWIGERSIEEZ Sh 2l bRESN TR, £
A Z WD Z L2k 0 7 —DR Y LR E ETRE SR Y Lo 2SR
THETTIEHLNIT DI ENHEKRNER Y L ORMARDEEIZONWTIIET 52 &
DHREIZR D EEZ X LD,

AW TIIKF A BRI L T2BHEARLERARY L ((BH) &R L ETRERS
iz 4 \ZEB L, KFEEZEHILETHRY VAL, BREICE 2 ZE(RSHFTE
ROV OAREERRI L THY ., 4 TIE=2oDNT =7 Al bR RIS it 5. %25
JAHZEICEIVEELLENTND LD EEZLND, £ TR TIE, ZHLE TITbi
TELEARY LURoAR Y VUSRI REON AR E 2 72 T, AV LU B =S b 2
DEBICOVWTEIHME L, £4EEm ETO 4 8FFOR ) L2 ((BH) OMISZEHEEZ 52N
THZEEHEME LTHIER R LT,

WMREEDDIZHTY | mPNTT VF 2 BRI RO EE & LTRIR L, 4 LTV
XU DORISITBEICFIC L v T, TIAF UM FE2ATH LT = AR Lol
ETRELND ZERHOLNITENTWD, AR TITFHS, T VBN T2 6T 5RY
U USERDNBOGSFENCIER L ClRAE L7z, 2O/, tRHICkY 7722 —FETT L
FURMLF ERY VBTN v Y T Uis us-ip-BC, Z BB LT =7 LA
ETERENDZEEZRAOLNI LT, ZORISZREND ELT 4 L= BEY VU,

> R. Okamura, Doctor Thesis, Tokyo Institute of Technology (2002)
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K E DR E R Lz,

FRlC, 296 AR Y L UBNE 1ot L CKREERS® 5 2 L ¢ A Y LUENL % B-O M
SZEMEAEATDAFT YR Y ENL A (BO) ~EEBMTEXHZEEHLMNMTL, KXo
%ACik, ZEAEEA T YR I AN T2 AT 2 AT =0 LMEROARIEOMNL & &
OMEEOfRIAZ BE & U CTHFZEICE D fLA T,

PhCCH Pyridine

-T

\

T

T
= \\1
(@]

Scheme 1-6-2. AKia T 4 & OS2 MR L2 HE

AT FIORT 5 ECHE SN TRY . £EOMEIIUFO®Y Th 5,

B 1 ETEET. AUVROHEIZOWTES, ZORAfEZRTELbIZ, KU Lr
(:BR) &\ FEFIIARRERACFREDARL & Z OGOV TR~ 7z, kT, AY L
DEBER ETRELS NI BEB SRR Y L U RRO G E T OMREIC OV TR~ T,
EBIT, BERY LUBWIFEATHRY LUHAD AR E I oW TR~ 8GR Y
LR DR Y L VBN TIZ B S O 5 A SRR D Z L TRERISN TS
T L ER U, BBICHBIIEE IO TE AR Y £ RY R2 9 25— WD H
TORY U USEROAESIT & ARIFFEO HEIZ DWW Tl ~7z,

H2HETIE 4 L7 ATEFLVDORISICE DB LN T V¥ U8R (Cp*Ru);
{u5-112(/1)-PhCCH} (15-BH)(u-H)s (5) DI, I Z DSBSV Tib 7=, 5 (2%t
LC 436 nm OEROHIREZITH 2L T, /T AL —ET w-7-BC, BRI S
HZEEMLMI LIz, e, ZEREAX VRN TFEAT DT AF R (Cp*Ru);
{165-17°(//)-RCCR*} (113-O)(1-H) (11) DFJSHEC OV T S HFETHRA L. AR Y L U BT & A%
Y BT DIENT OWNTEL LT,

B3 ETIHE 2 ECHAONAMAEZEEX, R L= VORIEHEEZ LM
THZLEEAMEL, 4 EXRVY = NI N EDORISEZRGI LTz, 4 L= MY VOKIET
I31 3 FA VEEIK (Cp*Ru)s {ps-7°(/)-PhCNH} (15-BH)(1-H), (16) 233 B AL, £ O SUEHEZ 7
L, F2. 42 FAVEEK 16 & HBF, & OKIGIZE W ELNTZ 0 F 4 SR
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[(Cp*Ru)s{5-17°(//)-PhCNH} (155-BH)(u-H);1[BF4] (18) 125 L CH A I+ 5 2 & T, 7 5
AR — TR DA v TV TRISHEIT L, ps-7-BCN ZEBRNEREND Z &% i
HL7

B4 HBTIE 4 ZIILOETLMAT =0 NEEROY A7 U v 7Rz A b —#l
EZATV. WY VBN =SS IS G 2 DB R IO W TRHI L7z, F72,
BV U EDORIEEE LT, RY VRN LAY FE EOBERILNISICE 2 DA FE
BREGIZIREE L 72,

S BT CEHAEBARY LSRR EKEDIRIZE Y, ZEHEEEA T VYR Y VBN
FFo =T =0 MERO AN ATRETH D Z LA R LT, FRC 4 LKEDREE YT
FNUT IUFET, BIRTITY 2 LI L 0 ZFHAEEA X VYRV VBN 283 DB A
7z 44 BAEEA (Cp*Ru)s(15-BO)(u-H)s(us-H) (38) MAKTEHZ L EZH LML, £D
MOV T LTz,

6 ECTIIMIRAR LA L, FEROFICEBROFMZFL L7,
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SEEBRY VUVEBNTEET S
SBAVT =0 LAT IVE VEEIRO KRR



2 W CHEREARY LR AEAT D VT =T AT VR CEHE D ROGTE

%28 —EEBRIVVEMLFEEITLI=ZBAT=ULTAXVEROK
ot
B1HEH S
RIvruaraXjivrsanraXa VT4 r EEETHED 2r JOHEE 2R
THRANOERERILEM TH D, ET/MUELAEMTH D BCH; I[CBTLHMmARICLD &L &K
UEDZED p BLUEICH LKFED p $UEND 7 BFHAEG SN ZETCEEBRED 7 &
FIIRET D, ZORE. —BRZMHEKT 5 C-C #E (1.38 A) 1T—MA7Z C=C #}
A (133134 A) LV EL, #ic B-C #&EK (146 A) 1X B(CHs); @ B-C HfiaE
(1.56 A) L0 b4 225, 'Bisch HICX 0 iE@mnT U — LV EAEHRILL L TSR I v 7 n
TR PERS I, O TREENER S X ST LV RSh T, ZBREY
RERLT B &R OfE A& (B-C: 1.450, 1.464 A; C—C: 1.380 A) 13 FHEIC X v &SNPl
e k< —&LTW5, ®

R rma7aXroEhEGiEE LTUILLFIORTIESOFERM LTINS,

(1) =F =R T DN

hv I\llles
Mes\ (4=300 nm) B
/BTMGS > f E
Mes' THF or C¢Hg with pyridine Mes Mes

() JIRH FORAESEWEHEOAR Y L (B-SiPhy) & 7 /L% > ORI TOKIE?

hy SiPh,
(=254 nm) Me;Si—==—SiMe; é
RB(SiPhy), —————» | Ph3SiB: l >
~196 °C A=
Me;Si SiMe,

R= CH3, CgH11, SlPh3

(B) AFZ=AT XL ED B U IRT ORI

4 Bu

Bu Cl
R— SnM \B B B
——SnNe; + — >

Cl/ \tBu —Me3SnCI RAB/tBU

Cl
R = ‘Bu, SnMe;

'c.u. Pittman, Jr., A. Kress, T. B. Patterson, P. Walton, L.D. Kispert, J. Org. Chem. 1974, 39,
373-378.

2 a) J. J. Eisch, B. Shafii, A. L. Rheingold, J. Am. Chem. Soc. 1987, 109, 2526-2528; b) J. J. Eisch,
B. Shafii, J. D. Odom, A. L. Rheingold, J. Am. Chem. Soc. 1990, 112, 1847-1853.

> B. Pachaly, R. West, Angew. Chem. Int. Ed. 1984, 23, 454-455.

* C. Pues, A. Berndt, Angew. Chem. Int. Ed. 1984, 23, 313-314.
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4) 6 REBRGBRY LR EHNEZRY L T AT 7 —RUS

(D)-3) ODARTZ v r7uaraXUAEEL. AUEESHDLNET VX EOBEBIENHIR S

AT, PWRAEIIKITA2 DO THD, —FH T, (4) ORY L UsERE W Fiki, £E

WHABIGBIAL . AR LR R T v/ n7a o 2155 2 LR TE 5 004%
Mchs,

6 REBAFARY L A (CO)sM{B=N(SiMe;),} M =Cr, W) (F. R VU L o ZMDIyFIC
359 2 BLRROERE 2B 95 2 & % Braunschweig HIC K VAL NIZSTWS, AU L
Y DOZRME LTI Scheme 2-1-1 127 X 912 V, Co, Rh, Ir OHZEEEZ WD Z &0
AEETHY . ARISEHNWD Z EI2XD L@$$*§>éb\i EARY VRN HN D,
—F T, RV VL OZREE L TTAF U EEROESESICIIAR T 7 a a0 ngs
nn, OO SEETIE, KRFENDA v ERE L Lfﬁﬁw_ ICHEDNTHD Z ENRHE
L. BC, —BRZNDFNICZ2OFT 2 —HEOLEMNREIETHELINLDL Z LRI LTS
htnwsg, 2@

SiMe; oc, co SiMe, Me3Si\N/SiMea
4 / [CPV(CO)] \ ¢ / R—=—R I
V=—B=—N

- 0C——M——B——N [ — . B
/] hvi-30°C hv
ofd % . K3 AR
8 o SiMe; M=wW oc co SiMe; M = Cr, Mo

R = SiMeg, Ph, Et

S|Me3 M=M Me;Si SM
% o \\ \ e3Si "f iMe;
M—B—N
/ S

. B
[Cp*Co(CO),]
S|Me3 M=W R
M' =Rh, Ir
ﬁ
MesSi_ SiMes SiMe M
\N/ Me;Si_ / 3 Me3S|\ _SiMe; Me3S| SlMe3
N

| ! I M = Cr, Mo (R = SiMe;)

B B
/ \ s M = Cr (R = CgHs, 4-OMe-CgHy)
* — =
CP*~co—w(co)s \
R R

ocC

w

M =Cr, Mo (R
= 4-NMe,-CgHy,)

Scheme 2-1-1. 6 FEBEERY L SR EZ A WESFBIARY Ly v TR T 7 — KGO F]

Bettinger HIX7EF LT 548 Y L ((BR) OMIBISIZHIT LR Lo EoE

> a) H. Braunschweig, T. Herbst, D. Rais, F. Seeler, Angew. Chem.Int. Ed. 2005, 44, 7461-7463; b) C.
C. E. Anderson, H. Braunschweig, R. D. Dewhurst, Organometallics 2008, 27, 6381-6389; c) H.
Braunschweig, T. Herbst, D. Rais, S. Ghosh, T. Kupfer, K. Radacki, A. G. Crawforld, R. M. Ward, T.
B. Marder, I. Fernandez, G. Frenking, J. Am. Chem. Soc. 2009, 131, 8989-8999.
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BILOEBEZONT, FEAZEZAVCGEERICREL TV 5, ‘OFhoE#IE R 054
IZH, AU LU OIBISIIRE R EEETH 5, FFiC, AU LD LUMO O R/LF
— AL DMERT E |, IS OTEMEALERE XK S 720 | OB PR 2w bm<< 25
BHrnd s, R=H ORI L (:BH) TiE, IHMELEEREZ L (0 keal/mol) THRSEIT L,

A7y rmara~Xr (BCH;) B™MEbivsd & FFES 54T\ % (Table 2-1-1. Figure 2-1-2),

Table 2-1-1. Energy of LUMOs for :BR, and reaction barriers and

reaction energies computed for the addition of :BR with acetylene. 4
TRANSITION STATE Hr
. Reaction 5 g
R LUMO®! Barrierl®! energyt CEACTANTS o / o*‘
3, .
H -2.62 0 -96.1 —— T\ ) and
- N i i o
Ph -2.48 +1.0 -90.8 S PO i .
£ + B clmees &
CH -1.66 +1.6 -87.1 ® =3 i
2 i "*,‘l'-‘ PRODUCT -A
Br -2.38 +4.0 -75.1 = R=h Me, NH iR o
wi 1Y 53z Y
NH, -1.50 +5.5 -71.2 i o
| 71.2 /A\
NHMe -1.45 +4.7 -71.3 —— v
NMe, -1.23 +6.5 -71.0 =Lt 2]
Cl -2.17 +5.9 -70.9 -
1 110 = reaction coordinate
-1. +11. =J3. . . .-
F 47 Figure 2-1-1. Selected reaction paths for :BR addition
[a] eV, B3LYP/6-311+G** level of theory. to acetylene calculated at the CCSD(T)/aug-cc-pVTZ//
[b] keal/mol, CCSD(T)/aug-cc-pVTZ//MP2/cc-pVTZ + ZPE level of theory. MP2/cc-pVTZA+ZPE level of theory.

IHNBITHR L, BEBARY LSRR E T X2 EORILKRFE DT EOKSIFITE A EH
HIN TR, Ghosh HIFMUEZEARY LRI L TTY VR o2 EHESE5 2 LT
Ru-B fESICK LT AF U DBANERID AT FHART I TR —NELRH L
ERLTOD, L L RIS TIERREIEDCAY ORI G D 72D E R OULERITIEL |
PSHERE B 5 M2 ATV 7eWy (Scheme 2-1-2),

Ph cp
<|: HB F AR
e H I\ R
INer hvia=2sa3sonm | N/ hv(2=254-350nm)  o¢ \B/—c/
Ph—CZ—/Ru\—CcCO PhCCPh Fe RCCR' W, 4 | '
[N < yd \ » oc—Fé_\ | L —C—R
S&T R ~cpr Ru——|——=Ru od \\ B/
H \\/ / \ V N\ , “H
/F{e\co B /Ru\—/Fe,ll
“,
°¢" o H cp’ 7 \co
6 co
9% Fe = Fe(CO); 29% (R =Ph, R = Me)

34% (R, R' = Me)

Scheme 2-1-2. UEZE AR Y L AL alkyne & OFERRE T2k 1T 5 i

5 M. Krasowska, H. F. Bettinger, J. Am. Chem. Soc. 2012, 134, 17094-17103.
" K. Geetharani, V. Ramkumar, S. Ghosh, Organometallics 2012, 31, 6381-6387.
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—F . B RECIEEEER I LV T2 T 5 ST =7 AfhK
(Cp*Ru)3(15-BH)(i-H); (4) T AF LoV EDORISHRF SN TE, 4 L7 z=1
TEFLEDKIGETIH, —DFDT72=LTvF LN 4 ORGSR AT T
5 NELNDLDICKL, 4 ETBF LU EDRIETIE 0 FDOT 2F L 2w NI
L7ZZEE—F U O 8K (Cp*Ru)(us-BH) {15 7°(/)-HCCH} (i-CHCH3)(1-H) (A) 2 b5,
A % 180°C IZMEAT HZ L1k .7 T AX—FHOD Ru-Ru #EEBERIHNZEZE L . B-C
FEE DR STz (Cp*Ru)y(u-H), {Cp*Ru(-BHCHCMeCH-)} (B) % 5% %, *©

=1 | R
Ru-
|\ RCCH AT S .
| B\\| —>» Cp* Ru— —Ru Cp
Ru—Ru 0°~r.t. \ u-L;'l
H \l/ Cp*
H

C,H, (1 atm)

sz 180 °C
—_ U\H R=H
"'I\\// \\\\ 4—( ) Cp* -Ru — —Ru—
/ }l_,Ru
\—\ / Cp
H

R=H (A)
R=Ph

Scheme 2-1-3.4 & 7 V%40 & O

FLAGEHE, 4 O ERE B 2K TAZEEZHNE LT, ZOaT0TEFLIORDY
24 720 LDORISEIT> TV, ZOGTIEFRICKLT B i3If/bnt., =
FEghiR Bz BC, —BEBEMR SN C BWERT S, ZOKGTIE C Oz b B O
BRIV, C OB 17% LW, £/, 4 & 13- 7 u~FHhoo %z
FOS SH-BRICh BC, “EBBREZATHILEY D MEERTIEH HMERT D Z L35
MTENTND, O

¥ (a) R. Okamura, Doctor Thesis, Tokyo Institute of Technology (2002); (b) H. Suwa, Master Thesis,
Tokyo Institute of Technology (2012); (c¢) T. Takao, H. Suwa, R. Okamura, H. Suzuki,
Organometallics 2012, 31, 1825-1831.
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225 C H H_H  \ y/ = BF=
cp —RE—/LRu—c ~ CP*R'U</RUCP* Co —RI—/Ru—c
p*—Ru — u—Cp* €— “Ru)\—/>Ru- — Cp*—Ru —/=Ru—Cp*

SRUZ/ 120 °C N 120 °C SRUZ/

~ H v, u N \H

H™ h\ co\l H™ h\

Cp* P B cp*
H
c 4 D

Scheme 2-1-4.4 & B & OKIL

AWFFE TR T- L 910, BEARY L Ussikicxd 2 EBENZ LV S FRITORY
VUBEIRGNRZD ZEICER L, TAXR VRN F2AT 5 BT =0 LR L gl
A (Cp*Ru)s(us-BH) {t1s-17°(//)-PhCCH} (u-H)s (5) DISIEZHEBICIEH L CHIgE 2D 72,5 12
LT 436 nm DOWEONBI2{To7-L 25, ZRESME L TRY LB & T L%
BN DAy 7 2 T ROR N HEAT U, wy-i-BC, = BB DN B AR S v 72 5 B8 1k
(Cp*Ru)s {15-17-B(H)C(H)C(Ph)} (1-H); (9) DMK THOHND Z & BT Lz, DFT &
He PCNMR ORIEICE Y. 9 OFSZBBRIIAR T 7unra v 0z iik& < B
LMEERETLHZEEWOMNI LT, FLARETIE, 5§ OIMBESEM TIZBIT 2 KISHERS =
BEHEAR Y LB O VI ZEIREA X VBN T2 8T 5 7 V% VRO ST
DONTHRFI L, ZHEEEEN T RIET 7 7 A X —OHIEHEF DO THAE L,

H Ph H
Ph I H
— N _Ci  /
: hv(A=436 nm) ,(/:-, ----- <B\
S-H. \
Cp*-RuféjRu-Cp* Cp*—Ru—:— —~Ru—Cp*
|\ Ru / | \/R <
H™, 7~H HT> \ H
AL " epr
cp*’ B cp
P" H
5 9

Scheme 2-1-5.5 (2% % 436 nm DR DRI L D 15-17-BC, =BBROIEH
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28 ZERBRIVVEMTFEETLIZEANT=UL NI E NY F§&E
4 BXORTNLXUEEE 5 DERR

ATIBIFZEE DM X [(Cp*Ru)s(u-H)][Y] (Y = BE, (2), PFo) (2% L C—fE /LD KFER
UHES PV LAEEMSESLZLICLY (Cp*Ru)(us-BH)(w-H); (4) ZERLT2, °4 1%
(RuCp*)3(u-H)s(3-H), (3) ERIU L 44 B OEMNIALFIZ2EATH V. Rfafifsa Z2 R
KELEHESHIIKIET D, 4 7 2= T7TEF L2 EDORIEICED (Cp*Ru);
{13-17(/))-PhCCH} (1i5-BH)(1-H); (5) 73365 Z & BMAIC L v SNz s TN S, H©

H Ph
','l/"'\ H PhCCH con THR .
Cp* Ru\—/Ru Cp* —>» Cp*-Ru=—:—Ru-Cp*
\\Ru/ I\ Ru /I!I
neN| \l/
Cp E /

'
(3]

Eq2-2-1

ARETERY L UBBEISUSORBLZ HFFL T, 5§ OB NICBT 2 ]IGHIZ W THR
HL7Z, ETHOIC, 4 % X0 FEMER S GEINICAEKT 5 HIEORFICE Y AT,
BRBNAT 722 LIXLA ISR T A Th 5,

(1) 4 AT HBEOFEERTH D 2 IZIRAT H2MEORE (HBF,) #FR< 729D, Hfbism

BEIC KRR L 2 ZREtE LTHWA K icLizZ &

Q) 2 LARFIFATFEF N U LADOKIEEE R TITO 12O, K% THF 2O IEfRE N

ml, £2 4 ORUBASOREHEDOIRNA Y T o AT va— L~ ER L &

2 BLY 4 DERL

"] BF4
NaBH,

HBF4 Ru\H (1 equiv) /H
-R —>» C R\ /R C
\\/ l P NZ P

_78°C t. \H/ 'R|u/
— .

Cp* \ B

H

1 4

Eq. 2-2-2

? (a) R. Okamura, K. Tada, K. Matsubara, M. Oshima, H. Suzuki, Organometallics 2001, 20,
4772-4774. (b) K. Tada, Doctor Thesis, Tokyo Institute of Technology (1997).
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2131 & HBE, LORIGICEDEDZ ENHkD, EMED 2 2MV5Z 80 4 %
RIS D T2 OICEE TH D, HBF, BREBICRE IS N TWRW 2 AT (bR U ES
M DLAERIGEETLED &, MEIZEENTWD HBF, EKRFELARTRET MY U LN
FISTDHZEICEVELDIRT U, Bolz 4 ERUST D Z & T (Cp*Ru)s(us-BH),y(H)s
hHZTLED, EBRICT 4 & BHy THF ORISEIT D &, (Cp*Ru)s(us-BH)(H)s 23T
52 LB L Y RESh TG, @

H
H _H . B
H_H M BH5 THF AN
Cp*—Rui—/Ru-Cp* » Cp*~Ru—|——=Ru-Cp*
RCT Et,0, 15 min NRuY
P e 5
Cp* N\ _78°C—> rit. Cp* \1'3/
H H
4

Eq. 2-2-3

WEICFRE T %5 HBF, ZRET 5720, 2 ZHREEIC X R L7z, Bq. 222 12960
AR LTZ 2 & THF LH(LATF LU DORATRIECEMRS S, XUF 2SS E5Z LI
L0, 2 OREAFEREIE 91% TR,

BoNTEMED 2 ZHWTKEFTUHET N VAL DORIEEIToT, 4 ZEHKT 5
BRIC N E THA STV FIECIRSAERE S LC THE 20T e,y v 7o
NT NV aA— L& NEEE LTHWS Z & T, EBIRMIC 4 26T 52 LR rREL o
oo 2 134 Y70 AT N a— VICEWERIEZ R T2, 4 ORRDAT—NVT v 7'
FREE 2D, 1.7g D 2 EHWTHINEI T THIZIETEEMIC 4 2155 2 ERHER
(HBEE 73%)

-~ 1%

H—=Ru—p NaBH, (1 equiv) H P H
H H * ‘ N *
\| » Cp*-Ru\—/~Ru-Cp
| ) N\
\ RU—Ru 'PrOH, 23 h N\Ril /
N, 7 SN 2,
\H/ r.t. cp \!
H B
H
2 4
73%

Eq. 2-2-4

0y, Suzuki, T. Kakigano, K. Tada, M. Igarashi, K. Matsubara, A. Inagaki, M. Oshima, T. Takao,
Bull. Chem. Soc. Jpn. 2005, 78, 67-87.
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INFETICEHEMFIZELD, 4 EAX )= X ) — )V EDIRNITHIL, TNE
4 ORY LUEAL BICA R UE HDHNIET I\ﬂev%ﬁiﬁﬂéné:kﬁ%éMT
W5, Y4 LA B )= L DRIFIFRETHEITT 58, =& ) —/L L ORGIT=ERT
FEAEETET, 7T ZENETHEL-DITE 60 °C MET 2 MERNH 5 2 L Bk
DMESINTND, Y 7a T va— LSRRI E /O EREEZET 5720, 4 O
R FEETOBBMICHIHI SN DLEEZ B R D,

i i

_Ru-y EtOH or MeOH Ru-y
- e
\ig“—\“;[ THF Y}RTR&*{
6 (R = Me)
7 (R=Et)

Eq. 2-2-5

4 DLy THEE

4 OTVZFNT—TNVIRKRE -30°C THET HZ LI X0 ELN Bk sz AT
fEen X ST 21T o 72, AR FINICIE RO T EE L TV, 4 D4
THETE % Figure 2-2-1 (2, FifRFRT — 2 ROERF AR - #E8A% Table 2-2-1 (TR Lz,

"I 1T Rigaku R-AXIS RAPID [EIHF4EE # I C —130 °C CfTV>. Rigaku Process-Auto
program (2 8V 7 — & AU U7z, KEGR IR S RICIE L, Z2MIBEIT Pn2ia (#33) Th o7z,
fENTIZ SHELX-97 70 7T ho~3y r— U % F, BEHEIC L D VT =0 AR OAE % ik
EL, 7=V ZEMITE VIR DIKRFBRFOMEZIE LT, Ru@d) ITHEE L7 Cp* Bl
FANIT 4 AF—=F =L LTzl £DOEAHEE 7129 & L7z, SHELX-97 v/
LxERAV B/ CIREIC ISR L, 2 TOIRKRIR T2 IEE IR L,
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Figure 2-2-1. 4 D43 FH4iE (Molecule 1, 30% probability level)

Table 2-2-1. Selected bond lengths (A) and angles (°) of 4.

Molecular 1

Ru(1)-Ru(2) 2.6527(6)  Ru(2)-Ru(3) 2.6538(6)  Ru(3)-Ru(l) 2.6540(6)
Ru(1)-B(1) 2.103(7) Ru(2)-B(1) 2.121(7) Ru(3)-B(1) 2.120(6)
Ru(1)-Ru(2)-Ru(3)  60.020(16) Ru(2)-Ru(3)-Ru(l)  59.969(16)  Ru(3)-Ru(1)-Ru(2) 60.011(16)

Ru—zH(avg.) 1.72 B(1)-H(4) 1.1928

Molecular 2

Ru(4)-Ru(5) 2.6614(6) Ru(5)-Ru(6) 2.6676(6) Ru(6)-Ru(4) 2.6525(6)
Ru(4)-B(2) 2.103(7) Ru(5)-B(2) 2.129(6) Ru(6)-B(2) 2.145(7)

Ru(4)-Ru(5)-Ru(6)  59.702(16)  Ru(5)-Ru(6)-Ru(d)  60.033(17)  Ru(6)-Ru(4)-Ru(5) 60.27(2)

Ru—u-H (avg.) 1.70 B(2)-H(34) 1.2016
5 DAERR
H Ph
H _HH PhCCH in
Cp*-Ru> —/Ru—Cp* »  Cp*-Ru=—:i—Ru-Cp*
N u/ toluene, 18 h I!I\:\Ru:/I
co N, —40°C A%
H ¢ H
4 5
54%

Eq. 2-2-6
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4 L7 2= AT EFLID 0°C TORIKMZIEVELNT 5T AIFT AT L7m~< R
757 4—ERNDHZ L THERIRETH S 2 EBAMRESN TV, *OLnL 5 o—#3z
OEAEFIZT VI FITEELTLEY, ZRBIEOK T 28 < FKIZ 2 > TV iz, fREt
DFER A4 L7 2= VT EF L EORNREZ —40°C &322 & TUITBIRAIZ 5 ©
HEERTHIETELZ LA LN LT (HEENE 54%),

5 ®» —50°C THIELZ 'HNMR A7 MLZBWT=20t R REMTFD I H 5
1L 6 -13.62ppm & & —1322 ppm (ZHRIA/R S 7 /e LTHBIEINTEY, AUFREFHA
BRI 2 Z Emmeantz, "INy =y AME244ET 5 =>0t R NEAETFO I 5,
Ru(1)-Ru(2) f#], BB LT Ru(1)-Ru3) HEZEMET 25 >0t Y REAFNATVHEE A
TERT 2A0EIZH 2 L 5 IS AR E L, DFT FHAEIC X 2 WER#E(bZ2 1T o 7o, FEH
TEBRIENR T, 5Ol biiE L, MIEIETHRE Lzt Y FERALFDOALE D
REFENTEHD L5 THEY | NMR OWEIC LV BIEE IR A R L T,

5 DLFHE

5 ORUH VIR EFERTHET S Z LICE VGO BAaRESE AV CERS X R
HEERAT 24T > 72, PHAKFPNCIE TREE OIS FFEE L TV, 5 O k%
Figure 2-2-2 |2, ffuFHIT —Z RO ERESGE - #i6 A% Table2-2-2 [T LTz,

"2 JIEIE Rigaku R-AXIS RAPID [A[HE{E 2 AV T —150 °C TYT\), Rigaku Process-Auto
program (28 V7 —& Z WU U7z, fEdITHESRICE L, 2B P2/n (#14) Th o7,
fEMTIX SHELX-97 7’1 7T boXy r—UZ2 v, BEIEIZ LIV VT =0 LT ONE 2 iRk
EL, 7=V ERIC LV ERDIFKRBIR T OMEERE LI, 7 ==V EEEEFTR
WHDT NF VIRBINET 4 AF—F—D0FHELTZTD, 2O EFREZNENOMSIS)
FATR LT 74:26, 51:49 &35 2 L THEE LKL L7c, SHELX-97 7'u 2 J L& Hu,
/N RIEIC K 0 RESEL L. CAA) LIS DOETDIEKFEIF A% F IR LTz,
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Figure 2-2-2. 5 D43 FHiE (Molecule 1, 30% probability level)

Table 2-2-2. Selected bond lengths (A) and angles (°) of 5.

Molecule 1

Ru(1)-Ru(2) 2.8124(7)  Ru(2)-Ru(3) 2.8323(7)  Ru(3)-Ru(l) 2.7946(7)
Ru(1)-B(1) 2.278(10)  Ru(2)-B(1) 2.106(9) Ru(3)-B(1) 2.152(9)
Ru(1)-C(1) 2.052(9) Ru(1)-C(2) 2.153(6) Ru(2)-C(1) 2.052(9)
Ru(3)-C(2) 2.100(7) C(1)-C(2) 1.401(11)  C(1A)-C(2) 1.36(2)
C(2)-C(3) 1.477(9) B(1)-H(1) 1.33(8)

Ru(1)-Ru(2)-Ru(3)  59.350(18) Ru(2)-Ru(3)-Ru(l)  59.971(18)  Ru(3)-Ru(1)-Ru(2) 60.678(18)

Ru(1)-B(1)-Ru2)  79.73) Ru(2)-B(1)-Ru(3) 83.4(3) Ru(3)-B(1)-Ru(l)  782(3)
C(1)-C(2)-C(3) 123.9(6)

Molecule 2

Ru(4)-Ru(5) 2.8244(7)  Ru(5)-Ru(6) 2.8228(7)  Ru(6)-Ru(4) 2.7857(7)
Ru(4)-B(2) 2221(11)  Ru(5-B(2) 2.109(10)  Ru(6)-B(2) 2.214(11)
Ru(4)-C(39) 2.123(13)  Ru(4)-C(40) 2.128(7) Ru(5)-C(39) 2.086(14)
Ru(6)-C(40) 2.122(7) C(39)-C(40) 1378(14)  C(39A)-C(40) 1.417(14)
C(40)-C(41) 1.483(9) B(2)-H(2) 1.14(8)

Ru(4)-Ru(5)-Ru(6)  59.115(18)  Ru(5)-Ru(6)-Ru(4)  60.470(18)  Ru(6)-Ru(4)-Ru(5) 60.415(18)
Ru(4)-B(2)-Ru(5) 81.4(4) Ru(5)-B(2)-Ru(6) 81.5(4) Ru(6)-B(2)-Ru(4)  77.8(3)
C(39)-C(40)-C(41)  122.4(8)

TNXRHE C) (IET 4 AA—F = FEL T\, B R RENL T ONLE & FE AL
95 Z LiFHike o7,
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EI3H ZEERBRIVLVENMFERIAZSRILT=VLTILXUEER 5 O
N
5 ® UV-vis A7 FMLORIE & KK

B2 FEE 1 TR IR Y VBN OSEIRE T TN NIRRT Z 5
TEERMIFLT, 5 ONBH TIZB T DN EBICOVWTIHAET H72DI1C, £ 5 D
UVevis A7 RV ZHIE Lz, fiER% Figure 2-3-1 (R"$, 5 (FEEAMEDD 600 nm
IO W BIAEIR E TR A < WA FFOSERTH D Z & B3R STz,

\ 60000

4
(b)\ (c) 50000 \ 800 — |
3 \ 6000
40000 —
\ 4000
2 30000 2000 —
\ 0
20000 —

\ 380 430 480 530
1 N

(a) 1000 \

0 T T 0 . . "

250 350 450 550 650 250 350 450 550 650

A()

&(Micm?)

A (nm) A (nm)

Figure 2-3-1. UV-visible absorption spectra of 5 in THF at ambient temperature. The concentrations
of the solution were (a) 3.63x10” M, (b) 1.82x10* M and (c) 3.63x10™* M, respectively. The molar
extinction coefficient were determined to be 1.93x10° M'em™ at 313 nm and 4.10x10°> M'em™ at

436 nm.

FeRFEER DO NP & LTl 250W = EAREIEIR A2 % 725 B 70 ek N& ko REX-250
EREA LI, N RRRATZ g2 —%2FEHTH52 L1280 313 nm & 436 nm O _FEFHD
WEDNA 5§ OBENYUBEKICH L TENEFRER L, Mg 'H NMR % VTR
L7,

5 1IZ%7 % 313 nm DEEDXRH

FILT 313 nm OWEEDOHIBE 21T > - EICITEIRE & & BICRENTEE S, 28 HEH
BT Z DEAMEERIT 90% (T L, 8 MUK 45% THAM LI Z & 2R Lz, 8 1% 5 7
5250k RY FENLF2RETHINEE L 728K TH O | TAF BN F DM &E R =T
= L WE T 5 2k LT 90 FEREE L T,
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H Ph
hv
T (A=313 nm) o
- tic
Cp*-Ru=—:—Ru-Cp* — > Cp*- aramagne
-
|!I\7R|u/\/|!I CeDg, 28 h Complex
N~ r.t.
Cp* E
Conv. 90%
5 8
45%
Eq. 2-3-1

81X 5 % 80 °C THMELBRICELEKD & L THLNDLEERTHD Z ENMATIZED
PECRENTED Oz TREENIGEHC X 0 BRSSE X BHERT 2 VT LN E
nr-stkchn, ©

EAN HI| (Effective Atomic Number rule) (2L 5 & 5 [XENLEuFn7y 48 B 185K CTHD . 8
IXEL AR 72 46 BIEEARTH D, “KT7 T AX —OREBETHN 48 BT 5 46 BT
~NEEAT B DI, SRR T T LR R T ORI () LD
- (L) TN L 5 2 E RSN TS, Plavigne HIZ K5 =BT =7 LEED
Bl a L IR LT, KFEHDWIT—ELRFBOMINI N, =88R BIChfr L7y 7 =
ST T LU OFNAERD -7 (L) DS - () T~ LB b T 5, B

ocC [od
oc_| co | _C€o
Ru Ru
>N co >~
4 co . é/ H
ph7 \ ‘ 25°C Ph—; \
oc. co \ ‘ co
oc N7 TR, - O Rl E=RUC
|l pd | 60 °C [pH" | €0
thP\/Pth Ph,P—__~PPh,
48e 46e 48e

Scheme 2-3-1. —kZ8E K FCO T L VBT T OENIEER D 24, @

13 (a) S. Rivomanana, G. Lavigne, N. Lugan, J. Bonnet, /norg. Chem. 1991, 30, 4112-4117; (b) J.
Peng, S. Peng, G. Lee, Y. Chi, Organometallics 1995, 14, 626-633; (c) R. A. Harding, A. K. Smith, J.
Chem. Soc., Dalton Trans. 1996, 117-123; (d) T. Takao, S. Kakuta, R. Tenjimbayashi, T. Takemori, E.
Murotani, H. Suzuki, Organometallics 2004, 23, 6090-6093; T. Takao, M. Moriya, M. Kajigaya, H.
Suzuki, Organometallics 2010, 29, 4770-4773.
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5 1ZxF9 % 313 nm OFEEOHRBE TIX 8 LISMTIEH 51237, 12.88, 14.22, 14.86 ppm T
EY I A R R N d X L A ’fﬁﬁx@éﬁmﬁéﬁaﬁ%énko Z OEHMSERIIRZETHY
HEES 5 2 LIk o7, e R U REEARIC Tﬁé%%%m;DtRUme%ﬁ
TERXINZKFET I & Lfﬂﬁﬁ‘éﬁ“éﬁﬁi\i)w% ODE LTS, FINZ =T
BHIEAGT 57 a2 O S VEN A B RO VT = 0 ASERICK LT 313 nm
D REOHERITH L, FHMER D B RU REMERHROND Z LB LMNICSh T 5,

14

'Bu ‘Bu B
/H/\H‘ (A= 365 nm)
-Ru Ru— -Ru u—
\H\/HI
tButBu tButBu tButBu W "' tButBu

Eq. 2-3-2

F7o0 8 2 EEH 6 Hi T3 L 91T, (Cp*Ru)s{s-17(//)-PhCCPh} (15-0)(w-H) (11d) 1Z5%F L
T 313 nm OPFEEDOHREEFZITo7ZFRICb B R U REULF23BLEE L 72 FREMESEHAR S S
BHENHLNT ST,

Ph Ph
_ hv
: (A=313 nm)

Cp* -Ru—-—Ru Cp* ————— > Cp*-Ru-\-

N ‘“

cp* A\

P o
11d

Eq. 2-3-3

IhbELEIC, 8§ ~ONBHIC LV AEUFEIEY 7 uE, £/ 8 KU RESK 8 2
5t FUFREBEA TR KEZEIT I LVEL CHBEELEZ 45 ETHIEKTH D
(Cp*Ru)s{5-17:17°(L)-PhCCH} (115-BH) ITHIRT % & D TIFARW ) EHERI L 7=,

4 R. Simogawa, Master Thesis, Tokyo Institute of Technology (2014).
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hv (4 =313 nm)

‘Ru—Cp*
/ \

=7 4 -H

Eq. 2-3-4

25 436 nm DR OB

FIET 5 OENPUEIKICH LT 436 nm O EOYEIRE 2470, '"HNMR Z#I7E
52 IRV RISEBIFLE, 4 FEZIZIE 5§ DZERICHEEIHL, 8 &
(Cp*Ru)s{5-17-B(H)C(H)C(Ph)} (u-H)s (9) 3 FNZFHULER 8%, 92% THEKLTWH I L%
fless L7z,

H Ph H Ph H
Ph I H
NI -4
*H hv (4 =436 nm) U
Cp*-RUTE—Ru-Cp* —————> Cp* -Ru) Ru Cp* * Cp* —Rus—/ =Ru—Cp*
X u\/l CeDg, 44 h | = SR \
HS \\B/ rt. co N\, “H
Cp* H H
Conv. 100%
5 8 9
8% 92%
Eq. 2-3-5

2% LT 436 nm O EDONERE L7GA1cBR o s EEEMIE. S TNTRY L
VEMLT-E T AR VBN TN T L - -BCy, —EBRBER SN 9 ThoT,

(Cp*Ru)s{us-n°-B(H)C(H)C(Ph)}{(u-H)s (9) DIFIE
B L TIE 'H, PC, "TBNMR & FRAMRIL ALY L ORIEZFTV, TERSNEITD
& TCRE LTz, o3 FHEEICBI LTI S X SSEMAT 2179 2 & TR LT,

'HNMR 2A~2Z RLTIE Cp* £1% §1.63, 1.70, 1.84 ppm ([ZHW—FEHDO L 7 F L L
THIZSNT, b FY REALFIE 8§ —23.82 (dd, Juy = 4.4, 4.4 Hz), —20.15 (dd, Jyy = 4.4, 4.4
Hz), —19.08 (dd, Jun = 4.4, 4.4 Hz) ppm [ZBIE SNz, AU L EAF EDKFED NMR >~
TFMIKR TR EBEEFFOZ LI DM AR OREIC L VBT 5 Z LTk
STEML 9 DAL ALY RV TIE 2454 cm™ 12 B-H RSN S < SROIRIN A B 22
Iz,
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"B NMR A7 hLTClE 59.1 ppm (ZHRIAZR S 7L BER Sz, 5 O ZHEER Y
L UBEALF 0 "B NMR Off (5 80.9) & Ebl: LT 20 ppm FEEREE S 7 b LB ICH N
7=

BC{'H} NMR A~ MLV TIETAF U RFEO T 7 FANIUGRAE TH %R 7 #HICRET
HICHBEb 5T, 51422 ppm BE W 5155.8 ppm (ZHW—EHRO T 7L E LTHIE SN
7=

9 D& TS
9 DR UIRKREERTHET D Z LICX G onmafihze v, Bt X #
HEEMRMT 21T o 72, 9 Oy FHEE % Figure 2-3-2 12, ERkEAE A% Table2-3-1 12

RLUT,.

C(5)

Figure 2-3-2.9 D 7r1H#§1E (30% probability level)

'S 71T Rigaku R-AXIS RAPID [EIHT4EfE % I C ~150 °C TV . Rigaku Process-Auto
program (28 V7 —& AU U7z, fEdITHESRICE L, 2B P2/n (#14) Th o7,
fENTIZ SHELX-97 70 7T ho~3y r— U % F, BEHEIC L D VT =0 AR OAE % ik
EL, 7=V AR KV ERDIFKRFR T OMEERE LTz, SHELX-97 7'v /' J A%
U, BN CRIEIC LV EERL L, BTOIKFR T 2IFETMHITER L7, B(l) & CQ2) I
37 4 A —F =P FELTZTeDIZE D 5% B(1):C2A)=58:42 L L7z,
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Table 2-3-1. Selected bond lengths (A) and angles (°) of 9

Ru(1)-Ru(2) 2.7936(3)  Ru(2)-Ru(3) 2.8336(3)  Ru(3)-Ru(1) 2.8273(3)
Ru(1)-C(1) 2.113(3)  Ru(2)-C(1) 2.1123)  Ru(1)-B(1) 2.124(3)
Ru(3)-B(1) 2.1023)  Ru(2)-C(2) 2.1103)  Ru(3)-C(2) 2.096(3)
C(1)-B(1) 1.582(4)  C(2)-B(1) 1.632(5)  C(1)-C(2) 1.569(4)
C(1)-C(3) 1486(4)  Ru—u-H(avg.) 1.715 C(2)-H(39) 1.09(3)
B(1)-H(40) 1.07(3)

Ru(1)-Ru(2)-Ru(3)  60.317(8)  Ru(2)-Ru(3)-Ru(l) 59.140(8) ~ Ru(3)-Ru(1)-Ru(2) 60.542(8)
C(1)-B(1)-C(2) 58.41(18)  B(1)-C(2)-C(1) 59.18(19)  C(2)-C(1)-B(1) 62.41(19)
B(1)-C(1)-C(3) 122.62)  C(2)-C(1)-C(3) 121.3(2)

SRR B - -BC, SRR SN Z LI LN TH D, RE LR TEOW
WIS o OMERFVTZD B(l) & CQ) OfIEZ EFEICRET S 2 LidHskd. “B()
& CQRA) DIFFERN 58142 TT A AL —F—LTn5HLD L L TUEZIT- 72,

S FREERS, CERBREMRT A KR O AT OV T ORI M R A5 72012,
DFT &1 (B3PWOI1 level) & W THEERBE(L A 1T - 70, HifEfn X SEEMATIC L0 RiE
STz 9 O B WIS 27 L. Gaussian 09 Program 2 K& W #i& b, HRE)
BB L NBO BEEIT- 72, HEBEIILT =7 LJFT SDD, #OMomsE, &
F. KFER AT 6-31G(d) & Lz, REGFHEICEW CUIEEIRE N2 & 2R LT,
Figure 2-3-3 (2 b SN7-AEiE 97 27k L, Table2-3-2 IZZDOfEAE., fidfi L& NBO #
FAIZ X V1S5 7 Wiberg Bond Index OfEZ/RL7-, F7/o, IO DHIZ BC, —HER%FF
LG D = BB AR T H SR T OFA&E % Table 2-3-3 [2F L iz,

O BRI, X R ARG O TR X, HAHERE (1983); R UED off: 6.194, KFED o
fi#: 10.67.
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o ’ _

W8 Ru(1)

Figure 2-3-3.9 O 97 (B3PWOII level / C, B, H: 6-31G(d), Ru: SDD)

Table 2-3-2. Selected bond lengths (A) and angles (°) of 9”

Ru(1)-Ru(2) 2.82964 Ru(2)-Ru(3) 2.83412 Ru(3)-Ru(1) 2.87819
Ru(1)-C(1) 2.11808 Ru(2)-C(1) 2.13921 Ru(1)-B(1) 2.13099
Ru(3)-B(1) 2.11874 Ru(2)-C(2) 2.09393 Ru(3)-C(2) 2.07180
C(1)-B(1) 1.67230 C(2)-B(1) 1.66448 C(1H)-C(2) 1.50011
C(1)-C(3) 1.48756 Ru—z-H(avg.) 1.758 C(2)-H(39) 1.09229
B(1)-H(40) 1.20222

Ru(1)-Ru(2)-Ru(3)  61.085 Ru(2)-Ru(3)-Ru(1) 59.381 Ru(3)-Ru(1)-Ru(2) 59.534
C(1)-B(1)-C(2) 53.431 B(1)-C(2)-C(1) 63.551 C(2)-C(1)-B(1) 63.018
B(1)-C(1)-C(3) 121.926 C(2)-C(1)-C(3) 121.025

Bond Order (Wiberg Bond Index from NBO analysis)

B(1)-C(1) 0.5510 B(1)-C(2) 0.5577 C(DH)-C(2) 1.0135
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Table 2-3-3. BC, —HBEROK L DOFEA R D

=27 d (B-C) (A) d (C-C) (A) Ref.
9 1.664, 1.672 1.500 This work
A 1.659, 1.663 1.496 8(b)
B 1.596, 1.597 1.502 17
C 1.485 1.376 18
D 1.490 1.371 19
T ow \
Ph H M
\ f’_(_:SZ:B/ ./.’.(ESZ:B/ e\ _/_ic_;S::B/
\ N x\ /\\ OC, ’\ Q co
Cp*—Ru\< —/=Ru—Cp* Cp*—Ru<§u;/$u—Cp* OC—Fei—//—Fe Cco
HoSH\ H><y\'H oc \Ff\co co
Cp* Cp* OC co
9 A B
Me3Si \ /SIMe3 S@Z
W oc—'Fle*co
B B
Me;Si SiMe; Me;Si SiMe;
c D

K 90 DEBROZFVWDOEERIZZEAT =T LK A LR ERLEZ, 9 D=
BRIZZUOEV B-C 58 (1.664, 1.672 A) & — D% C-C #EE (1.500 A) L 0 HERL
STV, 9 OHEES X fEMITIC L VG oz C) &R EOMOIERE (1.582,
1.569 A) IZTEZNALOMOETHY, ZNONRT 4 AA—F =XV EHENnTWD
ZEEIKKRL W (T AA—F—%FBRELIEGAIIE C()-B() fAEEIE 1.62 A,
C(H)-CR) fEAREIX 1.53A LRBEL N,

9" O C-C fHEE (1.500 A) 1T—17 Csp’)-C(sp’) AR (1.54 A) Lo b hicE
WA, ws-alkyne BENZL DT VR U iRFE (C=C) BOFEEGRE (1.361-1.425 A) Ll 5 L4
BREWZ ERDMhoTe, =T, 9 @ B-C fiaE (1.664,1.672A) iX. FNU T /AFLRT
> D B-C fAE (1.57A) BT HENRVEWVETH 72,9 O w-17-BC, ZEED
%30 Wiberg Bond Index Dffiix C-C f5& 2% 1.0135 TH Y, B-C #HH2 0.5510 &

"7 X. Meng, T. P. Fehlner, A. L. Rheingold, Organometallics 1990, 9, 534-536.

oy, Braunschweig, T. Herbst, D. Rais, F. Seeler, Angew. Chem. Int. Ed. 2005, 44, 7461-7463.

¥ H. Braunschweig, 1. Fernandez, G. Frenking, K. Radacki, F. Seeler, Angew. Chem. Int. Ed. 2007,
46, 5215-5218.
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0.5577 Tholz, ZHUL C-C FENRIFHEMEEDOA—F—ThHY, B-C fianZthniy
HIIVHAERIZ L VRO ETHLZLERL TN D,

Fehlner HIZ XV GRSz B O=BROEHMAEREIL. 97 ° A L L TS0 ME
ThHhoHrZeRbhole, ZNIEBE L RO DR E S OEITER T 21# T
bHbHEEZDLND, 99 O Ru-Ru fEEDOFEHEIL 282 A TH L0, B @ Fe-Fe fiA 1Lk
D/INSTRJFA R A LT 258 A 720y, Zhd B O —BEBROFLOMEEEIC
LI bDEBEZBND,

9 DEZBREMERT 25 FHE

w-17-BC, ZEBRAF O ZRSHA L L TIE Fehlner 512XV B NEMICAK S, 7
WCATBMIREOMAAICLD 4 & 13- 7 a~FH Py EOMBRIGICE Y A BERK
INTND, LL, ZNETICZORRZR =ZBEOMSAHKNICET 23R E23Th
IWTWRho T,

BB O—E % Figure 2-3-4 (278 L7z, MO#134 O X D27 VF VIRFEN o B THEAE
TER L7cHuBEIER SN2 b DD, B-C fia AT 2fuBIxEICR Y RE T X U RFE
MO p BLUBIC K DMAEMFEHICL DD THD, MO#I64 X =BEROKROFD p #ulE
MIZERHY, TNETND p BUENLT =T LD d BB EFHAEH L TWAEETNET
B, 20X RHEOHFIENEV B-C fanElIhlz—KRThA A5 B bND,
72, MO#153 HIEHTREFEDO—2TH DH, ZOHIEITHRTVFED p, PuEN _HDOD/NLT
= ALD d HUB EBEEEORAEERZAETL2ZZ2RLTEY, 9 O —BBREMEKT LR
URNEERI L LTOWEEZRSZ 2R L TND,
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MO #168 (HOMO, —4.4 eV) MO #167 (HOMO-1, —4.5 eV) MO #164 (HOMO-4, -5.1 eV)
(Iso value 0.04, top view) (Iso value 0.04, top view) (Iso value 0.25, top view)

MO #153 (HOMO-15, 7.4 eV) MO #134 (HOMO-34, -9.9 eV)
(Iso value 0.06, side view) (Iso value 0.05, top view)
-0.36551

Figure 2-3-4. 9" DR 72 5y F-#HE

9 P=BE®D “CNMR 227 T B ELR

FAT BB L ST, 9 D BC NMR A R UZEW TR DI ws-1°-BC, =8
BERERT D REDO PCNMR > 7 F AN, WU Th 5 AU ENBHET S ICLED LT
N7 LTRSS EThD,

Table 2-3-4 |TRT LI, TNETICHESINTELLAT 7m0 g (keW C,
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D) DKFED “CNMR 7 FuiE, SURNBERET S 2 & T EMOMELZZ 57
W72y 7 LTINS D, BV BEINL0VLIrDELLENTH -T2,
INHOBEMSERIT 9 OB BRAR I 707 a ez L3R 2E00E ORK
WLV BEZONTEbDOTHDZ EERELTNS,

HOHEDO A — A UfER DR ST 2D OO JR-FIHE R & 2 £ O R & L
B s HETHAFT 5, - T 9 OZBBROKEDOT 7 FAR—ERE LTRSS
E1E 9 D B-C AT D s UEOFGOEIEMEL, ZOENY 7 a7 r /R ThH
HNDEOIRBH LT p BLUBEICLY BITHERINDOI DO THDLZ L AR LTS,

Table 2-3-4. BC, Eﬁﬁ%ﬁﬁ‘érﬂ:/ﬁ\f‘r@@ NMR BLXO IR 5—%

L& 513C{1H} (ppm) 5'"B (ppm) VBH (cm'l) Ref.
9 142.2 (s), 155.8 (s) 59.1 2454 This work
A 157.4 (s) 60.7 2452 8(b)
B 164.4 (s), 187.5 (s) 58.2 2560 17
C 199.0 (br s) 33.2 - 18
D not observed 63.5 - 19

2 J. W. Akitt, B. E. Mann, NMR and Chemistry Forth Edition, Stanley Thornes (2000)
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2B CEEGARY VUBNL T EET D AT =T AT VR RO RIS
', () '
Ph H M
N o Csen! BN Lol
T oc, G co
% \ U ) o Y
Cp*—Rué— ZRu—Cp* Cp*—Ru<\—/;\Ru—Cp* oc—Fe%— Cré—co
\“RuZ/ \N_RuZ/ Fe” ™
H”<y\H H><\H oc Fe “co
H H S\ Yo
Cp* Cp* OC co
9 A B
Me,Si SiMe S@Z
PN :
w OC'Fle\CO
B B
Me;Si SiMe, Me;Si SiMe,
c D
F72. 9 O PCNMR 27 MUZEBITS, KFELEHILEL LTHS BC, —BBROK
DIy TV TEE (Jen) VX 165 Hz ThoTz, —#HREIT Joy EIZREDFEAELIE D

B7e s P

ZRAFR L. @ sp’

R#FE D Joy MHIX

125 Hz, sp° %

FD Jey MEIX 160 Hz, sp

FD Joy 1T 240Hz THDHZ ENMOLN TS, onaEbllcEz 5L, 9 D=8
kT 5 IRFEIT sp°

Ry SE t1> %%&

PEEZHFRTNDL LB BND,

--BC, —EBORNAE L0 BREICT 570

Wz E*%é%{jgl‘;&:}%&éﬁf: [13-773-(:3 =

BEROFEICOWTGERD, =BT =0 AR B 1-7-C; ZBBR%E

HFFNE G, UHTAUMEEAR H Y Ernst CATEMFILE DEA,

EHT DA F,

SPARIS

LD ZhET

IERENTWD

s PINSDILEMDO EEBREHET S C-C AR 1.56-1.61 A D

(i) N PRI

WPTHROREAE blE D C-C HiEA X v E L, wm-7-BC, —BEO C-C n’i/\

XU HLHELTHDZ ENDND (Table 2-3-5 &),

£lo, TRENDOLEMD 153-15-Cs

“BBAERTARED Joy EIX 177-197 Hz

IS, ZOES mn

7-BC, —HBE®D

REHPTFT Joy LV B RERETH T2 0D, w-17-C; —BBRORFZTIT, LV s
PER EFH LTS ERRBENT, 2. V7= 2O CER T 5 DIZHEN

Jon TR T 2 MICH D Z & DR S 7,

FRHELILE 7 VEEK (CpRu)s(u-H)s(us-17-C3Hs) 122V C DFT #H5

AT, w-17-C3H;y %

2l E. D. Becker, High Resolution NMR Theory and Chemical Applications Second Edition,

Academic Press, New York, 1980.
2 (a) W. Trakarnpruk, A. M. Arif, R. D. Ernst, Organometallics 1994, 13,

A. Inagaki, E. Murotani, T. Imamura, H. Suzuki, Organometallics 2003, 22,

M. Moriya, H. Suzuki, Organometallics 2007, 26, 1349-1360.
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1361-1363; (c¢) T. Takao,
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T 2KFT, ZoDOVT =T LOMERGET 2N LTOMEE, 77
NE VAT LTOWE RS L2 LN LTNS, 20 2o o580,
w-m3-Cy —BERTIL w-m;3-BC, —BER IV LEWV C-C FAESCKREZ Joyg DENBIZ S
borEZBND,

ZHUCK LT, 9 O p--BC, ZBBRICIIAR T L/ n X uaX= il & LTOHREG RN
B2,z B C-C BICRER L, wr-C; ZBBREY b o7 -BC, ZHEBRTHE
C-C FEANL Y ZEMECGHEZID, ZERPER SN % ThoTh, BHNITEET L
FUBMF L LTOHFFEZALTVDL LD LB LMD,

Table 2-3-5. i5-i7-BC; B LN p3-7-C; ZBBROFEAER L O Joy H D HER

complex 9 B E complex F G H
Jen (Hz) 165 o] 167 Jen (Hz) 177 185 197
d(C-C) (A) 1.50011%  1.502(14) el d(C-C) (A) 1.558(7) 1.563(4) -
dB-C) (A) 1.66448%  1.596(15) el d(C-C) (A) 1.574(6) 1.571(4) -
dB-C) (A) 1.67230%  1.597(15) el d(C-C) (A)  1.599(6)  1.584(4) -
Ref. This work 17 8(b) Ref. 22(a) 22(b) 22(c)

[a] DFT FHICE V& ONZFRM; [b] HA5 STy [c] ZBEREZMEKT D mE &R
URITT 4 AL —H =D FET DO ERERESRITER TE 20,

i | H
Ph H Me H H
\ /’CQN\ / \ /ICQ‘\ / \ /ICQN /
R oc, LI co N
/4 \ “, \ / /4 A\
Cp*—Ru<\—/;\Ru—Cp* OC—Fei\—;Fe,—CO Cp*—Ru~<\—/;Ru—Cp*
\\\_"RuZ/ 7 Fe “, \\_"RuZ/
H/\H\H oC :\\CO co H/\H\H
Cp* OC co Cp*
9 B E
H Me B H T2
H I Me Me | H H I Me
\C/C\ / \ __Ci / \ /C\C/

N /N AN ]\\ NN
Cp*—Ru_ —/—Ru—Cp* Cp*—Ru=)-/=ZzRu—Cp* Cp*—Ru—_ —/—Ru—Cp*
RO \SRuZ SRIZZ |
cp* A\ H > H\H cpAl/ H
C Cp* C
(0] H
F G H

TDXEHIT, 9 D u--BC, ZEBRITEET LF VEAN T EBEARY LB & LT
DOFG MR, FD B-C fEHITHRUVREBLOIRFED p BUEDORKICE VRIS &V
I ODORXRFFREFFOZ ER DT,
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a4 RULVERK 58 BLU 9 OHEEEH
50 80°C TOMRRELELV8 LARLORIE

LHY o //\ X
-ROI=:— —  » C Ru——RuC + Cp*—Ru=>—/=Ru—Cp*
Cp*-Ru= -Ru- Cp* p* AV p* p {j\\Ru' u o]

| \-//l toluene, 1d \Q <!
——H HT H
/\I/ 80 °C cp* l\3/ H\cp*
H
5 8 9
48% 29%
Eq. 2-4-1

5 % 80°C THIEATZHZ L2k 8 & 9 DIREWEIFT=. 8 1T 5 NOHAKFENBBET S
Z & THAU DB 46 BHEIATH 5, Lavigne ©IZ K - Tl S iz fEEFl i
TR R L RIS PO, 8 bk L RRT D & TRUALEATN A PATRAIRL T L % LS
5 DEESNDZ RN oTz, ZHUIKFEORZEZNLT 5 & 8 X PHIchHhsrZ %
%% LTW5, [ARRZR BUS IR 7~ 21 otoﬁe&iénf:;;i; UEA TV Y UENL T AT

EFEA T L% R T HRER S LTV D,

Me Ph Me Ph
TH 120 °C, -H,
c Ru—-—Ru c >~  Cp*—Ru-\-|—Ru—Cp*
p* R p* = p = p
pY Ru=“-—H 80 °C /Ru
Cp* \|/ H, /1 atm Cp* L
5 H

Scheme 2-4-1. 7K3E DA & B2 £ 5 77L& 2 BlhL 1 OFNLER O 2

5 OIELOETH, 5 ITK LT 436 nm O EONE RS LI2GEICFERY & L THE
Sz BC, —BBREKAEATD 9 BNELDZ LRSI, 8 (Déﬁkk (TH20 .9
5 ORMALIZE S THELZLDOTHY , KFBORZIZES LW, £z, BALUSTIE 9
MH 5§ ~OEBITETET . RONTIEFTHR Th o7z,

8 1L 1 KEDPKFLERTHWD- VD ERIEL, 5 2525 L & BICS LITKFAEENE

» T. Takao, M. Moriya, M. Kajigaya, H. Suzuki, Organometallics 2010, 29, 4770-4773.
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TTH5ZETITAA—EMLET AT URNFNZTF AR EB o 2 UTCHEES 5 2 & T,
FUe RV REEK 4 527,

H Ph

\\R . H, /1 atm c*RI:-|<H\/|-|I Cor + C*R;H‘R Cor + CS
u-Cp* p*~Ru— ZRu-Cp p*-RUT:i—Ru-Cp

=7\ CeDe, 1 week \\’Ru7 hRuSL|

r.t. Cp* \lB *\ \\B//
H Cp H 4%

Conv. 77%
8 4 5
26% 51%

Eq. 2-4-2

— 5T 8 ZAKEFHAT 80 °C TMEALIZEZ A, WolzAld 5§ BWEKTDHHLDOD,
ZDENRIT 4 FERBICRKR 4T%) Lo m BRI 2 [T o Bl STz,
R0z 9 BAERKL, 64 R DOENLSHIL 8% IZHE LT, ZORE, DTN TIEH LN
TFNARBE MY B RY REER 4 OERBBIE SN,

H Ph
H -
Hy /1 atm o R',"_/ \.E o+ corrleMN
> P ~RuN——/ZRu-Cp p*-Ru—:—Ru-Cp*
NN N u//l
CGDG’ 64 h ’Ru H/\ \H
80 °C cp Al L
B Cp* B
H H
Conv. 98%
4 5
8% 2%
Tow
Ph
\ /,CQN\ /
IC-. ----- 3 B\
/
+ Cp*—Rué—éRu—Cp* +
\\/Ru\//
H S\ H
Cp*
9
88% 8%
Eq. 2-4-3
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5

m3

distribution (%)

04

40 50 60 70

time (h)

Figure 2-4-1.8 @ 80 °C |Z351F % /K & DRUS DB

ZOFERIL 80°C TIiX 8 MHDKFELRY LUBENC XKD BC, ZBEROIEKILHS
PINCHEIT 28, 5 & 8 IIAKFBORZEZN LI EHICH D=0, BT EALED 8
L5 ZFHELT 9 ~LEBHMEINTZHLDOLEHHATIZENTE D,

H Ph
Hy /1 atm —
80 °C HY
> Cp*-RIu\ﬁi—/Rlu-Cp*
Ru\
H/l/ H
Cp H
5
T oH
Ph
\C./.’.QSI:B/
80 °C 80 °C I/\ XY
Ru-Cp* —= 1 » Cp*—Ru=—">—-/=Ru—Cp*
\ \ N ZRu/
H H \H\H
Cp*
8 9
Scheme 2-4-2. 5 DOANENGEA: FIZH1T D e
9 MFRM
—J7 T, 9 12k L T 313 nm OYAEMS L725E121E, 9 @ BC, —BE&R,16 ZEHEEER

UL BT A S L, BERNLT VR B 8 2% 56% DR THAERT S Z L 2 hE
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B LTz, OREFIZIE § OERITE NN -T2 0D, 9 MHER: 8§ DAL TWDHD
N BHDHNE 5 ~OERMALERI-%, 8 BWEKRTHONERETHZ LIXRETH- -,
F72. 9 ICHTDHBEZIToHERICH, 8 NOKET VNS Z L TELKEE
B R OIND ISR OAER bR I,

H Ph
Ph | H
v\ _Ce 7 hy
9<"' .\ (A=313 nm) .

N S =
Cp*—Ru=\—/—Ru—Cp* — ¢ Ru-Cp* + Paramagnetic
P \X>RuZ/ P Ce¢De, 23 h P =7 4 P complex

H \H\H r.t
Cp* .t
Conv. 93%
9 8

Eq. 2-4-4

EHNOBE TT 9 O =BEROBERKIGNEZ 5 DIX, Figure 2-3-4 (/R L7-L 91, 9
® HOMO <> HOMO-1 O F#uE»O DEFRENSEZ 5 Z & T, 2 b OBLEFIZ A
LNLAEEM B-C fia OMIEOEFEENBADT 2 Z NG L TS EHRISLD, 9
® UV-vis A7 kL% Figure 2-4-2 | L7c, 9 (3FERAMEIE D 600 nm T2 ) THE
IR WINEHT D8R THDH Z L RO M7,

4 ] 25000
(b) (c)
40000 ———
20000 —
3 - 30000
—~ 15000 20000 |
— 9 E \ 10000
= P
Y \ 250 275 300 325 350
1 (a) \-’—\ o \_——\
0 —k‘ ‘ 0 ‘ ‘ ‘

250 350 450 550 650 250 350 450 550 650

A (nm) A(nm)

Figure 2-4-2. UV-visible absorption spectra of 9 in THF at ambient temperature. The concentrations
of the solution were (a) 1.96x10° M, (b) 1.96x10™* M, (c) 9.81x10™ M, respectively. The local
maximum value of the molar extinction coefficient was determined to be 3.45x10° M'em™ at 263
nm and 1.63x10° M'em™ at 471 nm. The molar extinction coefficient was determined to be
7.09x10* M'em™ at 313 nm.
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BC, ZEBROBBRNKIGE L TREEDOR T > 7 uF =L (45 5\ IEEEEHE D KOG
7% Braunschweig H125 Y #& STV 5,

[CI(PMe;),Pt{-BN(SiMe;),C=C}Ph] (A) IZ%9 % 210-600 nm DK DMK TIL, =8
BROSBHER L7248 DR U LEEA trans-[C1(PMes),PtBN(SiMe;),CCPh] (B) #5-2 5, 7=, —
fEENOWERE L D —70°C TOMISTIE, —BEROBEREZME D K C OEMPHEE ST
W5,

—J7 T, [Cp*(CO),Fe{-BN(SiMe;),C=C}Ph] (D) DY iiF-o oM it a5 2 5,
201-600 nm DR DN B Lo >EHBICHR L 7T HADFEANELT > 2 HAE IS
1T, —BLIRFBOTEEA > CEEBRPBEE L, 73 VA2 7 BB TEkIC
BZ L7~ [Cp*(CO)FeBN(SiMes)(7°-CC)Ph] (E) &5 TV 5, ZbAWicxt L, —ik
LIRFBEAEA S5 Z &C, BRI 708k U LS5 [Cp*(CO),FeBN(SiMe;),CCPh] (F) 73
Bohsd, BoNTERUAEEKT, T UFERKT., 80°C TMET 52 & T E #HO
Hz, EHIC—LRFBHTVAFHKXTFCTE % 80°C TMEAT I LItk bEtDRT v
raaXmVRBERTDH D NEETLHIIERRAEIN TS,

cl SiMes Me3Si\N/SiM93 MesSi_ _SiMe,
H B= em HCI ‘I3I hv E
c/ PMes a” “pMe, “ PMes
c A B

Me;Si._ _SiMes

4
O

T
*

Me;Si._ _SiMe;

g hv | co, r.t. ”
E— . Fe SiMe
~— oc/‘r \B N/ ivles __— Cp*\ /B
% 1 —_—
Cp N o, 80 °C i NgiMe. -~ CO:80°C Ee A
e — 3 7 N\
N oC
oc” 5o co
D E F

Scheme 2-4-3. RT v 7 v a RUBRERNL T & L TR &R I OBSEHAD KOst

PLERRTE7Z 5,8 BLW 9 O ME% Scheme 2-4-4 IZF & 7=, MEASLET, 5
WIS T oS ORI BICEH A RETH DL Z L 2L LT,

* (a) H. Braunschweig, Q. Ye, K. Radacki, P. Brenner, /norg. Chem. 2011, 50, 62; (b) H.
Braunschweig, Q. Ye, K. Radacki, T. Kupfer, Dalton. Trans. 2011, 40, 3666.
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i
[\
i

H Ph
H, /1 atm ___
80 °C g
» Cp*-Ru—:—Ru-Cp*
F
iSei]
Al
Cp H
5
80 °C 80 °C on 1 H
or hv or hv N _Ci 7

(2=313 nm) (1 =436 nm)

hv(A2=313 nm)

hv (4 =313 nm)

Paramagnetic complex

Scheme 2-4-4.5,8 BX N 9 OGO FE LD
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5 ZEERBAIXVEMLTFERETI=ZBLT=ULKET VXKD
B4

AT E CIE=EHAUE AR Y LUFNL T2 AT 5T X V85K 5 ORUGHEIZ DWW TR L7z,
FRIZ 5 12X LT 436 nm DR DN 21T 72BRITiT. 0 FHNTRY U U BN+ DR
PRV TREER BT p-p-BC, ZEBRMEREND Z L&A LT, 2 OBRRERK
JETIIEEBERIC ZERE LR Y LB A OMEEREEREH ZH TN EE XL
N5, FTEME=TlX 2 E T2, Li, B, CR,NR, O, MgR, AIR, S, GaR 7% P4k~ 73 = LG
B+ E DNEANINT =N T =0 AR (Cp*Ru);(wis-BE)H, HK L., TR blobd
7 AL —DOWEDEAICONWTHH L THIR 21T CT& 72, P2 2 TABITIEL, 2GR Y
U VB DOEEFENC DWW THELET L2012, A Y L UBML A2 2 T EEEEA X VEL
TN EREEE RSSO T EICE A SN T AT A E AR L. FDORISHEIZ DWW T A
L7,

Figure 2-5-1. A&iCTOMIED F5$t

CEHEGA X VLT A AT D T IVF R (Cp*Ru)s {us-17°(/)-RCCH} (13-0)(u-H) (11)
(R = Ph, "Pr, ‘Bu) 1%, (Cp*Ru)s{ss-17:1°(L)-RCCH}(1-H); (10) & e T2 RS HE5 2 &
kBN ZERERICEV RERTNS,

* (a) M. Ohashi, K. Matsubara, T. lizuka, H. Suwa, Angew. Chem. Int. Ed. 2003, 42, 937-940; (b)
9(a); (c) H. Suzuki, T. Kakigano, K. Tada, M. Igarashi, K. Matsubara, A. Inagaki, M. Oshima, T.
Takao, Bull. Chem. Soc. Jpn. 2005, 78, 67-87; Y. Nakajima, H. Kameo, H. Suzuki, Angew. Chem. Int.
Ed. 2006, 45, 950-952; (d) H. Suzuki, Eur. J. Inorg. Chem. 2002, 1009-1023; (e) K. Matsubara, A.
Inagaki, M. Tanaka, H. Suzuki, J. Am. Chem. Soc. 1999, 121, 7421-7422.

% E. Murotani, Master Thesis, Tokyo Institute of Technology (2000)
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N 0O,/1 atm :

N_[-H -HY
Cp —Ru-\— Ru Cp* ————» Cp* -Ru—-jRu Cp*
H//Rl{ = H toluene, 1 h co \’G
Cp* r.t.
10a-c 11a-c

R = Ph (11a), "Pr (11b), ‘Bu (11c)

Eq. 2-5-1

11 BELNDBRTIE 10 O =20t N FEALFD D HO 20, MRS FOmFE R
FELEBHITKELTHEEL TS EEZXLND, § D=2D%EL N RELFZ2FFDOD
R, 11 1 Z—20%Ee R REUNLF LR R0 SR CTh 5, ZHuT = E2UERL 1
DY T AZ—=ZxT DG EFROEN, TR0, AU L UENF R B GEAT
ThiroIx L, X VEMNAINEFREGEMNFELTSDEI ZLIZEDDHDTH S,
EAN HI| (Effective Atomic Number rule) (2L 2 & 5 X° 11 (Wb ENLEFIZ 48 &
BRTHY , TR EN I OZL < OFRMLEFN LT L F VPSR TR S LD D &R
2. —>® Ru-Ru AR L CHEATICRNLT B - () FLOBAiAERE L > T D, 7

11a OMEKS

AU LA 5 @ 80°C (2RI MBS TIE, =20t RYU REANLTFDH HO 20
WOTHINLEE L7 8 &L 5 MWEMAL L 9 ORAWNE LN (Eq.2-4-1), —H T, AxV
SEIR 11a 1% 180°C ICBWTHEL G Lo -7z,

H Ph
_E-H) .
Cp*-RuT—=—Ru-Cp* »  No reaction
Ru toluene-dg, 9 d
cp*\l 180 °C
(o)
11a

Eq. 2-5-2

%7 (a) S. Deabate, R. Giordano, E. Sappa, J. Cluster Sci. 1997, 8, 407-459; (b) D. M. Hoffman, R.
Hoffmann, C. R. Fisel, J. Am. Chem. Soc. 1982, 104, 3858-3875; (c) J.-F. Halet, J.-Y. Saillard, R.
Lissillour, M. J. McGlinchey, Inorg. Chem. 1985, 24, 218-224.
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5 O H ZFEYEEAF U D URNLF 2O T LF LA (Cp*Ru)s{s-177(//)-PhCCMe}
(15-CH)(u-H), DANEAIZ L0 . T o OBRAEERD -7 S wy-rff (L) T~
EBALT D Z ERWME SN TV D (Scheme 2-4-1), 11a 2SINEASAE Pz W Te L RS %
RS 7o TEHIT, 1la 4G RY REAL 2 — D LR WK Th 572012, &
KU REALADAKF & L CREITHINBECE o Telow &E X b D,

11a @ UV-vis A7 FMLVORAIE &R
11a ® THF 1 TOD UV-vis A2 kL% Figure 2-5-2 (TR L7, 5 DA &R, %
SIEIE) & IR AR (~680 nm) F TIE/A < WINZFF oA TH 5 Z L AVRS LT,

35 \ " 45000
3 \( ) (c) 40000 \\
\ 35000
25 \
\ — 30000 \'\
= 2 \ § 25000 \
< s £ 20000 \
. \ 15000 \
(a) \ 10000 \
> \\ 200 \
0 . : - : £ 0 " " T .
250 350 450 550 650 750 250 350 450 550 650 750
A (nm) A(nm)

Figure 2-5-2. UV-visible absorption spectra of 11a in THF at room temperature. The concentrations
of the solution were (a) 2.44x10™ M, (b) 2.44x10™ M, (c) 1.22x10™ M, respectively. The molar

extinction coefficient was determined to be 2.63x10* M'em™ at 293.4 nm.

11a ® THF AR LT 313 nm OFEDONHBK 2RIETITo72L Z A, MGIEP - <
V EHETT L. (Cp*Ru)s(us-17:7°-CCPh)(15-0) (12a) HNERL L7=, 7 H RGN 217 - 7214,
TNIFT T Lruv NI 74—2AWTHRT 52 LICED 12a 20 23% TR,
a (ZXT 2BHEIC L V284G e R U REUL T OBLEE S RS 7 L% VBN -0 C-H 56
A EIT L, 78TV REER 122 BEONTZLOEEZ LD,

H Ph Ph

Tiy hv(A=313 nm)

Cp*-Ru=—:—Ru-Cp* » Cp*-Ru-\-/—Ru-Cp*
\Ru”7 THF, 7 d NRu™
cp*"\l r.t. cp*’\l
o (o}
11a 12a
23%
Eq. 2-5-3
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12a L FAEROFNEER A RO T £ T U RESERIE, WA R=VT T AZ—TIEEL OAERK
W Do Bl Z1E . M3(CO) 12 2R M3(CO)W(MeCN) . 72 £ D H /LR = L85> (M = Ru, Os)
ERIGT VR AR L ORISIZE Y, RIGT VX 5+ C-H #EENUI S, 2246 1
U FENFE2ETD -7 8 F U REHERE SN TS, Sappa HICK V@G Shiz
Ruy(CO), & KRURT V¥ D% Scheme 2-5-1 17 L7z, 2@ SUSIZMEGAE T CHEAT
L. Rus(CO)o(p5-i77:77-CCR)(1-H) (R = Ph, ‘Bu) MEfT 5,

RCCH
Ru3(CO)1y —» (OC)3Rlil£ —-|——=Ru(CO); + Several products
4 H—Ru
(CO);
R = Ph, ‘Bu

Scheme 2-5-1. Rus(CO)yp, & R 7 /L% o & DG

— T, B EECAERENTE-=LT =L 2 R RESR 3 L RigT L
XU LEDORIETIE, TAF N - (L) BOK TEAL LIZSEENE LN DHTHY |
TEF U FEULF~E BB EN-EERITI N ETITELRTH R, ¥

** for example: [Ru] (a) E. Sappa, O. Gambino, L. Milone, G. Cetini, J. Organomet. Chem. 1972, 39,
169-172; (b) S. Ermer, R. Karpelus, S. Miura, E. Rosenberg, A. Tiripicchio, A. M. M. Lanfredi, J.
Organomet. Chem. 1980, 187, 81-90; (c) A. J. Deeming, G. Hogarth, M. (Venus) Lee, M. Saha, S. P.
Redmond, H. (Taya) Phetming, A. G. Orpen, Inorg. Chim. Acta 2000, 309, 109-112; (d) M. Akita, S.
Sugimoto, H. Hirakawa, S. Kato, M. Terada, M. Tanaka, Y. Moro-oka, Organometallics 2001, 20,
1555-1588; [Os] (a) O. Gambino, R. P. Ferrari, M. Chinone, G. A. Vaglio, Inorg. Chim. Acta 1975,
12,155-161; (b) W.-Y. Yen, J. R. Shapley, J. Organomet. Chem. 1986, 315, C29-C31.

* for example: [Ru] (a) A. J. Edwards, N. E. Leadbeater, J. Lewis, P. R. Raithby, J. Chem. Soc.,
Dalton Trans. 1995, 3785-3787; (b) G. A. Foulds, B. F. G. Johnson, J. Lewis, J. Organomet. Chem.
1985, 296, 147-153; (¢) M. Hernandez-Sandoval, G. Sanchez-Cabrera, M. J. Rosales-Hoz, M. A.
Leyva, V. Salazar, J. G. Alvarado-Rodriguez, F. J. Zuno-Cruz, Polyhedron 2013, 52, 170-182; [Os]
(d) B. F. G. Johnson, J. Lewis, M. Monari, D. Braga, F. Grepioni, J. Organomet. Chem. 1989, 377,
C1-C4; (e) J. Lewis, A. D. Massey, M. Monari, B. F. G. Johnson, D. Braga, F. Grepioni, J. Chem.
Soc., Dalton Trans. 1992, 249-254; (f) F. J. Zuno-Cruz, A. L. Carrasco, M. J. Rosales-Hoz,
Polyhedron 2002, 21, 1105-1115; (g) O. A. Kizas, E. A. Ivanova, 1. A. Godovikov, F. M. Dolgushin,
Inorg. Chim. Acta 2011, 370, 265-269.

% (a) T. Takao, Y. Takaya, E. Murotani, R. Tenjimbayashi, H. Suzuki, Organometallics 2004, 23,
6094-6096; (b) R. Tenjimbayashi, E. Murotani, T. Takemori, T. Takao, H. Suzuki, J. Organomet.
Chem. 2007, 692, 442-454.
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i
[\
i

H R
/1N RCCH \ LH
Cp*-Ru=—|——=Ru-Cp* —— > Cp*-Ru: Ru-Cp*
/AN // v rt ~ \
H—\/R‘u 7 H t. H—Ru H
* AY
cp* N Cp*
3 10

Scheme 2-5-2.3 & K7 /L% > & D

12a OFIE

12a 1% 'H, "CNMR OJIE & TR EATH 2 & TRE Lz, 0 &I 12a O~
VYRR A BIRCTHET S Z LI L VA DN AR A VT, BURSA X SRS IC X
D RERR L7z, SO SUEATRS T IE TR O ML A F0MFE(E LTV =, Figure 2-5-3 (2 D%y
FHEELZ TR L, EREGRI LEGM%E Table2-5-1 TR LTz,

Figure 2-5-3. 12a O3 {4#31E (Molecular 1, 30% probability level)

' I 1T Rigaku R-AXIS RAPID [EIH4E(E £ FIV T —150 °C TF\, Rigaku Process-Auto
program (28 V7 —Z Z /PR L7z, TS RICE L, ZZMEET P2i/n #14) Th o7,
fiENTIX SHELX-97 7' 7T LNy r— V%, RE— ARIZ XD VT =7 AR OfL
BEREL, 7=V TEHIC KV IELIFKRFERTOMNEZRE LTz, SHELX-97 7'u /' Z
LEHWV, /A FEICI D EENL L, £ TOIRKEBIRTEIEFE G IR LT,
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Table 2-5-1. Selected bond lengths (A) and angles (°) of 12a

Molecule 1
Ru(1)-Ru(2) 2.7706(7)  Ru(2)-Ru(3) 2.6608(7)  Ru(3)-Ru(l) 2.7769(7)
Ru(1)-C(1) 1.901(7)  Ru(1)-0(1) 1.993(5) Ru(2)-0(1) 2.016(5)
Ru(3)-0(1) 2.004(5)  Ru(2)-C(1) 2.170(7) Ru(2)-C(2) 2.168(7)
Ru(3)-C(1) 2.1736)  RuB3)-C(2) 2.169(7) C(1)-CQ) 1.313(9)

Ru(1)-Ru(2)-Ru(3)  61.458(19) Ru(2)-Ru(3)-Ru(l)  61.219(19)  Ru(3)-Ru(1)-Ru(2) 57.323(18)
Ru(1)-O(1)-Ru(2)  87.42(17)  Ru(2)-O(1)-Ru(3) 82.87(18)  Ru(3)-O(1)-Ru(l)  88.00(18)

Ru(1)-C(1)-C(2) 151.8(6) C(1)-C(2)-C(3) 138.3(6)

Molecule 2

Ru(4)-Ru(5) 2.7747(7) Ru(5)-Ru(6) 2.6556(7) Ru(6)-Ru(4) 2.7802(7)
Ru(4)-C(39) 1.881(7) Ru(4)-0(2) 1.994(4) Ru(5)-0(2) 2.010(5)
Ru(6)-0(2) 2.009(4) Ru(5)-C(39) 2.177(7) Ru(5)-C(40) 2.151(7)
Ru(6)-C(39) 2.179(7) Ru(6)-C(40) 2.164(7) C(39)-C(40) 1.322(10)

Ru(4)-Ru(5)-Ru(6)  61.546(19) Ru(5)-Ru(6)-Ru(d)  61.335(19)  Ru(6)-Ru(d)-Ru(5) 57.119(18)
Ru(4)-O(2)-Ru(5)  87.74(18)  Ru(5)-O(2)-Ru(6) 82.73(17)  Ru(6)-O(2)-Ru(4)  87.99(17)
Ru(4)-C(39)-C(40)  151.2(6) C(39)-C(40)-C(41)  137.1(6)

Ra [T =DODORRIESDOLT =T A—LT =0 LS 2ROk Tchy ., =h®
NOFS1E 2.777,2.771, 2.661 A (Molecule 1) Toh-o7=, ZOHFT, TEF VU FEL 2N ©
fEA L7Z Ru-Ru AR LEVEZ /R L TV, 12a R T HEAEOMBAIEL Rus(CO)
(-1 777-CC'Bu)(-H) (A) LlFRE < BB LD TH -7, Figure 2-5-4 (TR LI-HLAR=
NI FGAE— A T, 7EF U LT 7 e Lz oL T =0 AfofEa R
KU RENF2R2ET 252 LIk v fmEL (2.7923) A), Lo —~>® Ru-Ru fEADOE X
(2.795(3), 2.799(3) A) L HBI L THREARETIR LN T, P—FT, & R FEAT
WE|Z DI T =F U MESER [Rus(CO)o(1i5-17:17-CC'Bu)]” (B) Tld, 7T &F VU FEUZF
DN r BN LTV T =0 ARIORBEEN A X0 013 A BREL RoTWbHZ Enbhro
P INbE2EETHE 122 ITBWTT®F U REAL 728 7 B2 L7~ Ru2)-Ru(3) A
BVMEE 72 oo DX, 2128848 R REL 2RO ThiH LB BILD,

2 M. Catti, G. Gervasio, S. A. Mason, J. Chem. Soc. Dalton Trans. 1977, 2260-2264.
3 c. Barner-Thorsen, K. I. Hardcastle, E. Rosenberg, J. Siegel, A. M. M. Landfredi, A. Tiripicchio,
M. T. Camellini, Inorg. Chem. 1981, 20, 4306-4311.
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=~ g0 co o 1°
: .Co

\ : OC\ : ,CO

2W1A 2m5A | ffzmgA 2.800 A | 2.790 A
I— / co
S RTINS Y
2

C,
Ph tBu ‘Bu
2.661 A 2.792 A 2.665 A
12a A B

Figure 2-5-4. 7 F U REGEOFEA K DL

TEFY REALFD o DT 7 ORI EZ D2 LI2XY 122 DFEALT =T A
AR D52 RS BEZ N0, 122 D=ZOD/IVT =7 A—fRFFEE O HEEDOR
IR ERBEWVITIA LN >T (1.99-2.02 A),

JEFEWZE NMR ZH\\WT 0°C THIELZ 12a @ 'HNMR Z~<Z7 hLTlE 61.59 ppm
BELO 5194 ppm (T Cp* DO —EMMDO L 7T 2:11 OFESRELLTENTNBIESH
T=o ZHUE. BE Cs RIRZEORETTO 122 OREE L L FFE LRV R TH o2, —F
T, RERZE NMR ZHWTHIR LI EZ A, Z2oD0T 7 V3 RAICRHE L, 80 °C T
IEMRIA 72 —ERRDO T T FNA~ETBRBZEN LTz, ZHULTEF VU REUL 1D edge hopping
motion \Z XN L7 H INTZHDTH D, sFMIIfTEkC TiEmmd 2,

,“ \\
000°c
goo°c

60.0 °C \
40.0°C '1 \
30.0°C ; [

-
24.0°C || LN

i

10.0°C y‘“&\ .l

| I

0.0°CJ|_ )
2.000 1.900 1.800 1.700 1.600 1.500 2.000 1.900 1.800 1.700 1.600 1.500

Observed ppm Simulated &/ppm

Figure 2-5-5. % A[Z5 '"HNMR Z 7= 12a @ Cp* JEOFKREICBIT 5L 7 F D%
{b (%2, 400 MHz, toluene-dg) & gNMR Z W7o X o L— 3 VORGSR (F)

122 ® —H>DOT7EF VY RRED BCNMR A7 FUE, oD T = Ak LT =HF
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BKG LT-RFE (CY) 1T 5212.8 ppm (T, 7 = =/VEENFES L7k (CF) 1% 5121.7 ppm I
EFNENBEINT, ThhbEFINETICHREINTWDL T BT U FEEFRE
Rus(CO)o(u3-177:777-CoR)(u-H) AS7RTME (C% 5164-184; CF, 570-111) & bl LT, K& < KR4
Pz 7 LT, !

Ma OREBD 'HNMR % V728

1la OENE PRIZ OV TEIR TR 21T 572.5 126 LT 436 nm DR O
W EAT o 2 BUCITBNL T OB » 7' U v T OEDHELT L, pi-1-BC, —BERBER ST 9
DNBINAVIZESNA, 1a (2% LT 436 nm <° 365 nm DO REOIEIRE 21T - 2B iE
FOGIZIE & A EEITE T 128 DISNOF 7o 08RO AR il 2 2 L 1Tk 72D o 72, 11a
W% LC 313 nm DR OIEME 217 > 72 BRICITIS I, §25.3 ppm (ZIRA72> 7
W R ISR C DD HER ST, C DOEIGIE 6 FFZRIZHRK (36%) L7272
%, B L, HBE ZikET 5 2 & T 12a OEIENEINT HEFNBEZE S, 39
#%ITIX 66% L72-7-,'"HNMR ZHIET 5 Z & TRISZIB L= R % Figure 2-5-6 1278
L7oe HWRMERE C OAREIZOWTIX 6253 ppm ([ZBIR SNy 7 A E%Afi7 ZH>0
Cp* JEICHEKT LD EIE L CHEEITo7Z, & 7 S CORTRHEENDL, C 1T 11a 205
t FRYU REBEAMEFRERNBICKFEFT DL E L CHBEEL - 47 8 7K
(Cp*Ru)s{s-17:17°(L)-PhCCH} (15-0) TH 5 Z LW HEZ SN 5,

H Ph Ph
— hv hv
Cp*-Rufi—iRu—Cp* (=313 nm) > \Ru—Cp* m Cp*—MRu—Cp*
\/RU CeHe u/ CeHe \:Ru/
cp* \(|) r.t. r.t. Cp* \é)
11a C 12a
625.3 ppm 66%

Eq. 2-5-4

* (a) F. I. Zuno-Cruz, A. L. Carrasco, M. J. Rosales-Hoz, Polyhedron 2002, 21, 1105-1115; (b) M.
Hernandez-Sandoval, G. Sanchez-Cabrera, M. J. Rosales-Hoz, M. A. Leyva, V. Salazar, J. G.
Alvarado-Rodriguez, F. J. Zuno-Cruz, Polyhedron 2013, 52, 170-182; (c) M. Akita, S. Sugimoto, H.
Hirakawa, S. Kato, M. Terada, M. Tanaka, Y. Moro-oka, Organometallics 2001, 20, 1555-1568.
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6 ZEERBAIXVEMLTFEETIZBALT=ULINTET VX U 8EED
AR & SRS
(Cp*Ru)s{us-17°(I)-PhCCPh}(115-O)(p-H) (11d) DAL
122 OAERKIEHEEICET 2L 2557201, N7 AVXFUEM 2R T 5
(Cp*Ru)s {z3-17°(/))-PhCCPh} (15-0)(u-H) (11d) Z &R L. Z DI IS & Mat L7,
FKIROWEZBEIC L TER L 10d O MLV U RIRICH L, —KRIEDOBEREH A &
AL, JGEEEDHZET Id 28K L7, ZOKGTIE 11d & & I ML S RED
AL ERT D20, TAYIFT T LIu~ NI 77 40— HWCHEESN- 11d
DOIRIT 6% Efd TIRVME L 72572,

Ph Ph
0, /1 atm ey
Ru-Cp* — » Cp*—Rufszu—Cp*
= _H toluene, 4 h \ Ru
r.t. Cp*/\l
(o)
10d 11d

6%
Eq. 2-6-1

FFNE, 3 12 LS LVOBELSIEDLZ LI VELND (Cp*Ru)s(14s-0)(u-H);
(13) L RETF 2 ML T RIS ESES Z 21250 (Cp*Ru)s{us-7°(//)-RCCH}
(13-0)(u-H) (11) (R =Ph, "Pr, '‘Bu) WAW AT THH Z L 2R LTS, @ nhikssE
2, V7= A7 eF Lol 13 EORISIZE D 11d ORLERERRIEZFRE L, 11d DY
DYEE AT,

3 ® THF & A% ) — VOIREGEBAZ —60 °C T 3 (2% LT 1.1 {FE/NLDRERFEN A #1{E
AEE5Z2LT 3 & 13 & (Cp*Ru)s(15-0),(1-H) (14) % 14:65:221 DL TEHIEAM 15
7o ZOBRASWICKL, BEIEOY 7 2= TEF L2 MA, Mo 120°C TRIIG
EHLHZ LTI, 11d & 3 ISR L TUEE 31% THE7-,

Ph  Ph
H 0, —
Cp*—l/?u\(ﬁ i\\/Ry-Cp* M» Cp*—l}(u\\/H;Ry—Cp* ﬂ» Cp*—Ru\fé%Ru—Cp*
H )Ru—H THFIMe(ZH H /\Ru—H toluen% % |U
Cp* \|\_I 5h, —60 °C Cp* \(l)/ 4h, 120 °C cp* N\
3 13 11d

31%

Eq. 2-6-2
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(Cp*Ru)s{us-17"(I)-PhCCPh}(ss5-0)(p-H) (11d) DRIE

11d 1 '"H, "CNMR 27 MZRIEL., TESTEITH 2 &

(KO IRE LT, s

B LTI, B AL X SRS IC L 0 HERR L7, P 11d O FAEE % Figure 2-6-1 12,
FhefEA R LA A% Table 2-6-1 128 LT,

c(12)

Figure 2-6-1. 11d D% T-#§31& (30% probability level)

Table 2-6-1. Selected bond lengths (A) and angles (°) of 11d

Ru(1)-Ru(2)
Ru(1)-0(1)
Ru(1)-C(1)
Ru(3)-C(2)
Ru(3)-H(1)
Ru(3)-Ru(1)-Ru(2)
Ru(3)-O(1)-Ru(1)

2.6946(2)
1.9755(13)
2.1750(19)
2.0852(18)
1.70(3)
60.843(6)
85.69(5)

Ru(2)-Ru(3)
Ru(2)-0(1)
Ru(2)-C(1)
C(1)-CQ)
Ru(1)-Ru(2)-Ru(3)
Ru(1)-O(1)-Ru(2)
C2)-C(1)-C3)

2.7266(2)
1.9855(13)
2.0577(19)
1.413(3)
59.497(5)
85.73(5)
123.65(17)

Ru(3)-Ru(1)
Ru(3)-0(1)
Ru(1)-C(2)
Ru(2)-H(1)
Ru(2)-Ru(3)-Ru(1)
Ru(2)-O(1)-Ru(3)
C(1)-C(2)-C(9)

2.6901(2)
1.9805(13)
2.1470(18)
1.71 3)
59.660(5)
86.86(5)
125.80(17)

3 JEIE Rigaku R-AXIS RAPID [E[#72%40# % FIV\C ~150 °C TfF\). Rigaku Process-Auto
program |2 XV 7 —X PR L7, #EENIT =S ERICIE L, EREEE P-1 #2) ThoT=,

fiENTIX SHELX-97 7' 7T LNy r— V%, RE— ARIZ XD VT =7 AR OfL
BEEREL, 7— U BRI L VD IFKREIRFONEZRE LTz, SHELX-97 7'm 2/ Z
LxERAV B/ CIREIC ISR L, 2 TOIRKRIR T2 IEE IR L,
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'HNMR Z~2Z hLTIE Cp* 1T 51.49 ppm B LY §1.88 ppm (2 2:1 DOFESY R L
TENENBE SN, ZHUXRET., 11d Do FRERE2ET 52 2R LTW5D,

B X BEHIT CII =T =0 LT RS DORR S =20 Ru-Ru fiE1bH
%o TUW e (2.6946(2), 2.6901(2), 2.7266(2) A), & KU REML 1T, TAF VBN o Bl
ML ZoONT =0 ARICES 2 & THEMT 2 2 L3k, 11d 235 FWNEim 4 FF
O DICIFEEE Y REALFONME X Ru@) & RuB) OMICHD Z ENLETHD | H
fhidh X ARSI ORSERERIT 'THNMR 2527 ML ORIEICB W TR Sz Cp*
Ko7 FNOBNTG 2 X E e SAT 2 2 &Rtk s,

11d @ UV-vis A7 FLOREIE &R
11d @ THF 1 CT® UV-vis A7 kL% Figure 2-6-2 (ZRk L7z, 1la DA & FERIC,
SEAMENR ) D AR AR (~670 nm) F THEIA < W A2 Fi oK TH D Z L r & Tz,

35 40000
R \(b) (c) 35000 [}

A
)s \ 30000 \\ €000
' \ 25000 \ 4000 \ —
)\

10000
8000

2 i
= € 20000 2000 \\ |
< ol
15 s 0 L o—
£ 15000 -
\ 350 450 550 650 750
1

10000
05 ) \\ 5000 ¥\

0 . " 0 T : —
250 350 450 550 650 750 250 350 450 550 650 750

A (nm) A (nm)

Figure 2-6-2. UV-visible absorption spectra of 11d in THF at room temperature. The concentrations
of the solution were (a) 1.14x10™ M, (b) 1.14x10™* M, (c) 1.14x10™ M, respectively. The molar
extinction coefficient was determined to be 2.32x10* M'em™ at 313.0 nm and 4.85 x10> M'cm'at

602.8 nm.
1d 1 INET VX U EERCTH DT, BN F FIC A F U KEFBEZFZ20O0 11a & DE

WTHD, > T 1d [T HHEBH TIE, 122 DX H 727 vF VU REERITARET, B
KU ROHLMRB & R IT= i RBAESER N BER XD EHERI L T-,
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Ph Ph

iH hv(A=313 nm)
Cp*—Rufiju—Cp*

\/R’lu CeHg, 48 h
cp*’\ r.t.
P~ o
Conv. 91%
11d ’ 15

Eq. 2-6-3

11d @ CeDg WWIEIZKI L. ST 313 nm DEWREDONEERBE LI-L 24, 'HNMR A2
7 RV 81426 ppm (2T CTHRIAZR > 7 F V& 5 2 2 BPESER 15 OAERPEE S
oo ZOWRIRIRY 7T 15 D =20 Cp* EIZHEKTIHILDOTHDL EEZXDILD, 48 Ff
%ZIZIE 11d D9 D 91% IHE S, 15 OIERIT 71% & HH Sz,

15 D4y THEE

15 D5y 1A 2 BEE AL X BAEEAATIC K 0 R U7, BACKS NI REE OIS 72 5
FBRIFEL TV, 205 b~ Dy 1Hd% Figure 2-6-3 12, LERMAE LEAME
Table 2-6-2 {277 L7=,

3 JIEIE Rigaku R-AXIS RAPID [E[#72%40# % FIV\C ~150 °C TfF\ )., Rigaku Process-Auto
program (2K V7 —& Z B L7z, FEfIE=REERICE L, EMEET P-1 #2) Tholz,
fENTIZ SHELX-97 7'v 7T hoX3y r—U % v, BEHEIC L D VT =0 AR OAE % ik
EL, 77—V ZEKIC L VKD IEKRBIR T OMEZRE LT, HALRE T NIC FE O
SFREENTW, SHELX-97 71 7 F A& HW, /b RECIVERLL, &2To
FERFEIR T 2 FEE PRI REB LT,
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Figure 2-6-3. 15 O 7;14#1&E (30% probability level, Molecule 1)

Table 2-6-2. 15 D ERFEAE (A) LHEAA ()

B OCEHRERY VRN T AR T L AT = U LTV IR DO RGE

Molecule 1

Ru(1)-Ru(2) 2.7656(8)  Ru(2)-Ru(3) 2.6910(8)  Ru(3)-Ru(l) 2.7675(9)
Ru(1)-C(1) 2.101(8)  Ru(1)-O(1) 1.961(4)  Ru(2)-O(1) 2.001(5)
Ru(3)-0(1) 1.999(5)  Ru(2)-C(1) 2287(7)  Ru(2)-C(2) 2.039(7)
Ru(3)-C(1) 2293(7)  Ru(3)-C(2) 2026(7)  C(1)-C(2) 1.392(10)
Ru(1)-Ru@2)-Ru@)  60.93(2)  Ru(2)-Ru@3)-Ru(l)  60.86(2)  Ru(3)-Ru(1)-Ru(2)  5820(2)
Ru(1)-O(1)-Ru(2) 88.53(19)  Ru(2)-O(1)-Ru(3) 84.55(19)  Ru(3)-O(1)-Ru(1) 88.67(18)
C(1)-C(2)-C(9) 130.7(7)  C@2)-C(1)-C(3) 120.6(7)

Molecule 2

Ru(4)-Ru(5) 2.7737(8)  Ru(5)-Ru(6) 2.6802(8)  Ru(6)-Ru(4) 2.7599(9)
Ru(4)-C(45) 2.104(8)  Ru(4)-0O(2) 1.948(4)  Ru(5)-0(2) 2.013(5)
Ru(6)-0(2) 2.010(5)  Ru(5)-C(45) 2.280(7)  Ru(5)-C(46) 2.058(7)
Ru(6)-C(45) 2309(7)  Ru(6)-C(46) 2.037(8)  C(45)-C(46) 1.427(10)
Ru(4)-Ru(5)-Ru(6)  60.772)  Ru(5)-Ru(6)-Ru(4)  61292)  Ru(6)-Ru(d)-Ru(5)  57.94(2)
Ru(4)-0(2)-Ru(5) 88.90(18)  Ru(5)-O(2)-Ru(6) 83.62) Ru(6)-O(2)-Ru(4) 88.40(18)
C(45)-C(46)-C(53)  131.5(6)  C(46)-C(45)-C(47)  119.9(7)
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11d (292 313 nm OFEEOLBEIC LD | $HROETEN 48 B0 D 47 B~
WY LTEDIE T T, TAF VB FORMAERIT m-770) B S -7 B~ &
BT Enbhrol, BN EILLEEDIZEL LT, 15 O T F VB0
C()-CQ2) #EAE (1.392(10) A) 1%, 11d @ C(1)-C(2) FidE (1.413(3)A) LH# L TRk
BRI R N2t TEFU REHMA 12 DA LREEEIC. =250 Ru-Ru fEEDH H
TiX, 77X UEAAD r BEAL LT T =0 ARIOFEE R R B EWZ ERH LN o7,
X FftsfEEMNT e KU R FOFBEEZH L MNCT 5 2 L3 —BRICiIREETH 5,
UL, 15 BNEBMHESHETH D LW Z Lk, TAF VBN 04 % VEN Ot 581
BuEE2HE, 15 e R RENL T2 R0 8RB XN BEE~OE NI ROEEBIZ
£ % w-OH BN DR & TWRWZ EZ/RLTWA, RIZ 15 ke R U REANL %
%o&?5k15®A~%ﬁ T 48 L0 ERMITSREIESEAR L 22D, £12, 11d Xt
SRR N wOH FAL %2 FF Ok~ BMEANEZ, RIC
@ﬁm%@wﬁfummawmwﬁM)ﬂi&bkkbf%meim&%ﬁ3z@éwms
HEENM T THDL I EEEET DL L, R0 ERYIIBNES R E PRI, ERE
FEFIET D

19.08447
11.36851
§.67308

® 2,2,4,4-tetramethylpentane (internal standard)

® Complex 11d

1.66820
1.83610
1.79646
1.77315
1.66344
1.63886
54374 @
1.51810

——1.88319

6446
It ==

Y 0.1956
V. 588
00987
0.5407
n-1057

1

i
|

e hfilh
. 0.1318

Figure 2-6-4. 11d (2% L C 313 nm OFREDONBKHE2ITH Z L THOLND
15 ® 'HNMR A7 kb
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Figure 2-6-4 1213 11d (ZXI9 2 6MRE %2 48 BERTT - 721%. 156 AR D NMR
A MvER LU, ERBOKREDE 15 THY ., TRUSNORIEDITIEE A EBES
NI o T2, 81426 ppm ([CHNBMEILRY 7TV DOEE%R 45H 358, 5894, 11.43
ppm ([ZEIEE SNVTZMRIL 72 7 F VL, EAER 2H, 4H OFESRE TRl Sz, U
BEBHL 15 BEOT7 2=V EonTnno 7 a bl E S b D EEZ NS, ZLL
FoIRBEITY Z LIXREETH - T,

1d 2T R EITH) 2L TALD EEZXDNDKET VINDITH 2 60T
% Z EIIHRZR D 572, Brown ©id HW(CO)s(17-CsHs) DA /LR = /LEALF-A3, 400 nm LA
TOWREDHBIICE ST N TFIRRT ¢ ANTEBRSNDRISITIE, W-H F5HD%)%
FREZFBKIGE T 57 VO NVEHKIGHREGE LTS E%, NIFALrrT AR
(Ph;CCl) 1E7E T TS (4 = 358 nm) 2179 Z LICX Y CIW(CO)s(7-CsHs) MRS S
LR ECOFERERNHIRRE LTV D, T OWE TIE HW(CO)(17°-CsHs) @t R U RET
FIBE L 72 ICAERT D 17 B R AZEEBIZ LD TiErnwbon, £/ Y
REAL DA BN OB 2 LW ) BT 15 BAEKRTAISEFEEILTERBY . 11d (241
DHRENZ LY 15 RN L2 ERTHLDOTH D,

hyv

(1=311 nm)
HW(CO)3(7%-CsHs) ——————— W(CO);(7°-CsHs) + H

Scheme 2-6-1. JEIBHHZ LD H D W-H #5456 @ Homolysis

Osella 1%, 46 BETFIEARTH D Fes(CO)o{us-1-1°(L)-EtCCEt} (D) & 5\ T Os3(CO),
(dppm){zs5-1°-17°(L)-PhCCPh} (E) (dppm = 1,2-diphenylphosphinomethane) % &b &
FETTHILICEY, TIF VR ORNEERD -7 (L) TS -1 (/) T~ &
AL U= Fehrfamnis 48 B VT =A UM AER T D Z L AMEL T 5, D BEW
E OV A7V IHRNVEETT A (CV) ZRELIZEZ A, ZREEORTHPBIZE I L,
TNENDRTPINT BT OEMBE L) Z LRSI NTVD, E-T, D HHW
X E OB FERITSAEZ ZBCETRAEAE LT—EFRTR ThH D 47 B 15K AR
THZENRBIND,

BED 48 H DT 46 DT VX UENL T A RO SERSREERICEA L X E
TIZEZ L ODERBIN G DHDIZH L, 47 BT O T VF RO FREFNL 72\, 15 135 THE
WRRE SNIHDTD 47 BT HEBERT VX R THD L2 5,

7 N. W. Hoffman, T. L. Brown, Inorg. Chem. 1978, 17, 613-617.
¥ (a) D. Osella, R. Gobetto, P. Montangero, Organometallics 1986, 5, 1247-1253; (b) D. Osella, L.
Pospisil, J. Fiedler, Organometallics 1993, 12, 3140-3144.
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BOSHI BEOE 6 HIOMANEEZELHDLELLTOXIICD, —HEEEA X VEAL
FHEATH Na TS TICEO TR TRERMLEMTHY . &S E RS2
o123, 313 nm DR DI 21T S T2BRIII T A F VBN D A TF U ARKFEDOG EHRE
WZED 7TV REEK 12a 5272, —FH T, AF UKRFBEFFLRONET V¥ 85K
11d (239 28 DIBA TIX, v RV FEALF2TERXANTKFET D& UTHiBE L7
47 EAHRESSR 15 B 27, RV LU E AT VRN ~EER L LT, U
T AL —THRT DMHEEFED 2 D 4 ~EBIML, ZRUSHEVRY LUK 5 LA %
VEER 12a TIFZUEE RY FENLFOEPEL > TS, TOEWVN 5 & 11a OIS
TR 313 nm DR DI 21T > 72BRIAE BN D BUSERD OENE T b L2 R
ThhHIEEZLND, 72, Nla ONRISITENTIE 5 THEESNE m-7-BC, —B5
DIEHEIED & 9 72l RO > 7V v FROSTELS R IR o Te, % VEALF
EHT LT XN 11 ZHWTFEIC L0 SV T =0 KAESEIRICE AT 5 — HAUGED
A OB, HEF LT TEBAT =0 A5K ECORNL D v 7Y TG %
IO OEERGEL o TND I EEHLMNITT H I EBHIKT,

Ph Ph R Ph Ph
. hv — hv
) (A1=313 nm) [_EH) (A=313 nm) \
Cp*-Ru-\-[—Ru-Cp* ~«——— Cp*-Ru—:—Ru-Cp* —— » Cp*-Ru;\-/—=Ru-Cp*
\\ -7 = \\Ru/ = \~Ru/
,\Rlu R=Ph cor Al R=H cpul
C *
P PG 0
15 11a 12a
L_i__,
No reaction
R=H
Ph
: hv N hv ph 1 H
“ (2=313 nm) — (1 =436 nm) I 4
) . or A :H or A ,/'\ XY
Cp*-Ru-\-/—Ru-Cp* -— *-RU=—:—Ru-Cp* *_ —/—Ru—Cp*
P N P Ce R|u\\ 5 //R|u Cr Cr R{I\<Ru’/l$u Cp
,,\Q‘U/ H H/\RU\H H/\H\\H
Cp*\y Al Cp*
H cp” B
8 5 9

Scheme 2-6-2. R YU L U8R 5 BEX A VA 11a OISEDE &0
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%3 ZHEHAER Y VRN F AT L VT =T LA X R A VERRD RO

B 3E ZERBRVVVEMFERETI=ZBAT=U LA I FANEEED
Bt
F1E HE

¥ 1 mEOFm TR L 92, RY L (BR) FFEFICEEEMELFERETHY . C-C B
LU C-H #E~OIARIER, C=C #E~ORMBIEER T Z Lnmbn T D, |
T, R Lozttt s LT C-N A&~ AKIERHmE ST\ D,
Ghadwal 5%, *Power'® <> Braunschweig'® 23 = ik & AEEIC, R T o DOBitEK
JSIZ KD BAESETZARY LA C-N fEEICHA LTI Z&{k7T 5 Z & T, Scheme 3-1-1
R X0 RERIEEMZ Al L L THTWD,

B _ Dlpp
1 Dipp
. ~
/anp Dlpp B/ Dlpp H2
N / 4KCq N / 4KCq I\B/ (
2 ' >—CH2 tl—> 2 | >—c|-|2 —_— 2 [ >:CH2 s
oluene
N H-abstraction N B‘Dlpp
i dimerization I \
Dipp Dlpp Dlpp N iy
Dipp = 2,6-Pr,CgH; \Dipp

Scheme 3-1-1. FESIGICE VA LEZR Y LD C-N FEA~DFFA
B2 ECETAFT VRN TEATHARY LA (Cp*Ru)s(us-BH) {ws-17°(/)-PhCCH}
(u-H); (5) DHSIEZHEENCHOWTHHAEL, 5 126 LT 436 nm DR EBET5Z LT
RY LVUVENLTFE T AT BT DR v TV o TRISHEIT L, is-7-BC, —BBREAHTS
9 NENGRTERTHZEEZHLNI L, AETIET VX U EEEEEDO= K LT
HEHL, RV LVUVEBNLFE2BT D 7 7 AKX — ETO= bV VDo AR ISIZ DWW T
A LT,

: (a) P. L. Timms, J. Am. Chem. Soc. 1967, 89, 1629-1632; (b) B. Pachaly, R. West, Angew. Chem.
Int. Ed. 1984, 23, 454-455; (c) H. F. Bettinger, J. Am. Chem. Soc. 2006, 128, 2534-2535; (d) M. Ito,
N. Tokitoh, T. Kawashima, R. Okazaki, Tetrahedron Lett. 1999, 40, 5557-5560; (e) W. J. Grigsby, P.
P. Power, J. Am. Chem. Soc. 1996, 118, 7981-7988; (f) P. Bissinger, H. Braunschweig, A. Damme, R.
D. Dewhurst, T. Kupfer, K. Radacki, K. Wagner, J. Am. Chem. Soc. 2011, 133, 19044-19047.

2 R. S. Ghadwal, C. J. Schiirmann, F. Engelhardt, C. Steinmetzger, Eur. J. Inorg. Chem. 2014,
4921-4926.
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T
hy R——R' B
BR; or M=BR » :BR > f E
R R
H
H  ph Ph l H
hv Nl
1N (=436 nm) c RI/\ / R u—C
Cp*-RU=—|=Ru-Cp* p*—Ru=\—/=Ru—Cp*
P NP7 P \ NSRuZ/
H—RU‘(—H H \H\
\'/ Cp* Cp*
B
H
5 9

Scheme 3-1-2. RU L ETIF U DORISICE D BC, ZBERDIEK

= MU EERP OISR L TER EOINIE 32 HWTEAMAT 5 Z E BB TH S
AR OB OIS LTI VR L RRRIE 7 BT D 2 LB ITW D, K
%%Eﬁﬂ: TIE, N FNZICIN 2 TRB-ER=EHEEGD 7 BuE~OEEN D Ok
HAZTHZEICRVBBIC r B LIEAUGE= MY AVENL A2 52D, £72. B RV Rl
B ETIEE FU RESLAS= b U ABNAFOER BIZEBT 52 L1280 A I RAVEE
B Z, EBIT, HBEORNLFEBRSESETT A0 b s S Tn g’

Kaesz’® <2 Vahrenkamp®® 5138k 5V MILT =7 LD =BH VR = VK E IV D =
LT, EBEREY 7 AL — ET= R U BN BRSO TSI, A X FA L84 1'2139:
TNAXDTUT I REEREZRBRIC, ZEHRGEA I FEHADAERT 22 L 260
W5,

Me

@ |\|I|e H / Et

H MeCN H—c H, |
C N
| / N N (13.6 atm)
Fe2 » Fe—|—F e O —— FD
; e |/ e c Fe Fe e Fe /F\e
oc H H H—reZ 4
Fe = Fe(CO);

Scheme 3-1-3. Kaesz IZ LV RENT-EHLVAR=)LY FAZ— FETO= kU ILDOKFELKIE

(Cp*Ru)s(us-H)o(u-H); 3) &0 V' = MU LD T, TEANE = b U VSR AR

3 (a) M. A. Andrews, H. D. Kaesz, J. Am. Chem. Soc. 1977, 99, 6763-6765; (b) M. A. Andrews, H

D. Kaesz, J. Am. Chem. Soc. 1979, 101, 7238-7244; (c) W. Bernhardt, H. Vahrenkamp, Angew. Chem.
Int. Ed. 1984, 23, 381; (d) P. M. Lausarot, G. A. Vaglio, M. Valle, A. Tiripicchio, M. T. Camellini, J.

Chem. Soc., Chem. Commun. 1983, 1391-1392; (e) D. Cui, O. Tardif, Z. Hou, J. Am. Chem. Soc.

2004, 126, 1312-1313.
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[1]

BHOCEUER Y VBN A 2A T D BT =T LA I RA VRO RUSHE

L. SOIWICZEREN VY 707 2 RESEB LORERAT A I KA V5K~ & Bk
TLZEDRFRMAEEDNNEGLICLE > THESNTND, 2O L=FEEEFE VI T
7 X REERITKFRIC Ko THONIC ZBHEE RN DA I FER~ A S, S 61T
KFEMEZTDHZETRUDAT IV ESEZ D, — 5T, TBEENAA I FA VAN
BT 52 L TED C-N EEVUIB S, —HAUE= MU REEENELT 5, BllloKHE
FOREFIRE S OUIWTX, 7 AF A THBIZE SN TN LD THY , 7 FAFZ— T
IZ= R U AHDHVIEA I RA BN FITT A BT &P OREHZ o 2 & D3R

Ens, !
. (

N

RN

=Ru-Cp*
/l\:lp

Ph

A
c

Z-HO INC o
\Ru—Cp* —_— Cp*—Ru/= S —\Ru—Cp*
-\ 80 °C N Y

Scheme 3-1-4.3 &X' = N U LD E:
R = R VOKRENB I C=N #EEOUIMNC L5 =1V REEERDARL

RULUHALINIRY LUERETAF L EDRIEN LR EINTE=0 &P,
INHEDIEME=F IV EDRINE, TNFETDE ZARESIN TR, RETITI=

4 (a) T. Kawashima, T. Takao, H. Suzuki, Angew. Chem. Int. Ed. 2006, 45, 485-488; (b) T.
Kawashima, Doctor Thesis, Tokyo Institute of Technology (2007).
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[1]

BHOCEUER Y VBN A 2A T D BT =T LA I RA VRO RUSHE

FULE RU LA (Cp*Ru)s(15-BH)(u-H)s (4) OFUSIZE Y 15-BH BN+ % HFoA 2
RAVEER 16 25/ L, TONEEZRET L LICED ., 2GR Y L VBN O EFN
OWNWTEVESHEHMTHZ EZAME LT,

HARMIZIE,

(1) A I RANEEER 16 D 140 °C IZBITFT MBS L WX ERY L2 (BH) 23Xy
Y= kU C=N #ESMICHEA L7 {Cp*Ru(u-H)},[Cp*Ru{-CsH,4-C(H)-N(BH,)-}]
A7) BAEKTDHZ &

(2) 16 & HBF, G EE 5 Z L ICEVELALE [(Cp*Ru)s{us-17°(/))-PhCNH} (u3-BH)
(u-H);][BF4] (18) (2519 % A[4 ¢t (436 nm, 490 nm) DOMEIC L v, =K LT
w-7-BCN = BERDER SN 7= [(Cp*Ru)s{ -7 -B(H)C(Ph)N(H)} (1-H);1[BF4] (19) 734
5z &

DZRERHLMNIT L, BRI OWTEEMICHHE LT,

H Ph
\
H H H N.—
N \ PhCN / HY
Cp*—Ru-\—/Ru-Cp* —_— Cp*-Ru\ﬁiju-Cp*
R(ZT 80 °C \VRuZ/|
cp*'\|B Cp* \|//H
B
H H
4 16

H
H\ Ph ] BF, . 4 ,'1 /Ph_| BF,
N— N oM
H/\ (4> 436 nm) 113:---"\\-(\2\
Cp*-Rufé /\Ru—Cp* —_ = Cp*—Ru<\—/;Ru—Cp*
INNRuZ/ | \NZRuz/
HI/) >H H
Cp* - Cp*
H
18 19

Scheme 3-1-5. KEDWNE: 1 X RALEEK 16 OEkE . XY = U /LD C=N FHEH~
DRV LB T O AT L O =RSSA L TD w-7-BCN = BER O
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B2 ZEREA) VVEMTFEETDOIZBAT=U LA I FANERD
Bk
(Cp*Ru)s{us-(/1)-PhCNH}(15-BH)(1-H) (16) DR

B H Ph H P
\ \
HA PhCN /N=_ N==
N /1 _i-HJ E-HQ
Cp*—RuN\—/~Ru—-Cp* » | Cp*-RU=—=—Ru-Cp* ——= Cp*-Ru=—:i—Ru-Cp*
xRué heptane:THF = 10:1 \RU:/H |\:Ru//
e\ 30 h, 80 °C Cp* \||3// "'\\IIB/\Cp*
H H H
4 B 16-a 16-b
44% (16-a:16-b = 9:1)
Eq. 3-2-1

AU LR 4 Ly = R U VEER TG L7gho 7223, 80 °C ITEAT 5 Z &
T 4 DIZTEEMIC 16 ~LBHIND T 2R LTz, 16 Tl 4 =20t KU Nfd
PMADHI>HDO—DONEH LICBEIT L LI2E DA I RAVEMTRAERSL TS, 7
NIFHThru~ T T77 4 —SEHANTERT LT 16 2K 4% TR, 16
oW Tk 'H, PC, "BNMR & IR ZHIE L, TR EITH 2L TRIE L, SHICH
fhidh X MAEEAT 21T ) 2 & TEON TSGR R LT,

(Cp*Ru)s{us-n"(/)-PhCNH}(u5-BH)(1-H), (16) DRIE

I THE L7 'HNMR 227 RLTiE, 16 @ Cp* ML 1.67, 1.70, 1.84 ppm (& — &
MO T LTSN, 72, B KU REMNL 71X 6-20.91 ppm (wy, = 117 Hz) B X
O 5-13.29 ppm (wyp = 120 Hz) 2% LWREEDIRIL /RS 7 b LTERERBE SR,

&3




i
11t
[1]

BAUERY VBN T 20T 0 =T =0 54 I FA VRO RO

—

T T T T T T ) T T T T T
2.0 1.9 1.8 1.7 1.6 15  ppm -10 -12 -14 -16 -18 -20 -22  ppm

Figure 3-2-1. Variable-temperarure 'H NMR spectra of 16 showing the Cp* (left) and hydrido region
(right) (400 MHz, toluene-dg). *: solvent

JEEFZ "H NMR 2 W TEENSHRLAICIREEZ TIF TV & Cp* DO 7 Fhig
JRIZ 72> T B FMEIER &z, —80 °C Tidk KU REMLF OB D F 722 5 —FifHO R
PER 16-a 38 XN 16-b 2MFET D 2 ENRE STz,

16-a Ot KU FEAMLFIE 6 —14.11 ppm (br s, wi, = 10 Hz) 3 LY § —20.29 ppm (s) (Z—
BROV 7T ELTENENBILZ SN, §-14.11 ppm D> T FIARLRRMEILR SO L
LCHEESNEZDOIE, 2ot FY REMABRETVREHAEEALTWDLEOTHSL EEX
5z %5, 16-b X 16-a DEMAKRTHY | §-10.09, 2048 ppm (2t KU RENLF DL 7 F L
5 272, -80°C T 'HNMR ZHETHZ Lk, & RU FELF OV A S ASHIAE <
0. ThH O FEOBMEROFERINFREE ol b D B2 b5, —80 °C IZHIT 5
16 O " O BMADOFERITBE LT 911 Thoto, Cp* BNLFD L 7 F L, —30°C
FHENOIREZHFO T T TS ERIAIZR YD, —80 °C IZBW T HARIRRIUCET 5 Z L 1T
moiz,

—H T, BBODLFET DL Cp* KO 7 FAdH b, KbEBEMO L O &b (K
SO b OMRFEE L, —FEHES BT DT DBIE S Ve, 2 UL, windshield wiper motion
EWEIEN D ZRESEIR LIZEIAL LA 2 RA AVEML TR TEIREENCHEET 2 b0 TH 5,
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

SRARICENA X FA VBRI FDRFE AL L TEENR SDONT =7 L& AL HIC B8
T % windshield wiper motion INMFAET HZ & T, EREO X D R AT MABBF LN LD &
EZBND, FIBIFFEEOMEIL (Cp*Ru)s{us-17°(/))-MeCNH} (us-H)(u-H); DA I FA JLEL
AT 16 TR I L O REWISEENFET D 2 L ZIREZ NMR 25 2 &
THERL TV, ©

R R R R

/ /

o
M—{—M M—i—M  M=Metal

N NG

Scheme 3-2-1. 1 X RANVEMNLF D windshield wiper motion

BITBRD LA I FANVEAL A DERITIZT 4 A4 — X —DFE L=, HhEMm
X FAEEMATIZE Y 16 O KU REANL O EMERMEZRET S LT TE R -7,
ZZ T, DFT #tEZMWD Z &I2k Y, G FU FERALA OALE D R D =D D FEMEK
OBIFLEVEICB L T RESD 2 & 2R ATz,

b R REALALIAOER IR U IR G X B ERRIT I K 0 IRE S iz i i
(k) ZBHA L, & RV REN T2 —O0O&RMERET A EICEET S 2 & T220
BRI O YIEE Z M L7, 2 OB, TRENOHEIC OV T Ru(1)-RQ) B LR
Ru(1)-Ru(3) MIZZEMGE L7zt U REMLFICB L TIEA U R E bHAEERT M EICH D
HOEPEEEE Lz, 2451220 T Gaussian 09 Program (2 X U & fam b & IRENFHH
AT oTlz, KRBTV T = U AJFFA SDD, ZOMoKE, AUFR, BHFE, KFEFFIX
6-31G(d) & L7z, IREFHRICHE W TIEEIRE S 2 & 2 s8R L7z, Figure 3-2-2 121X
16'-a, 16-b’, 16-¢c” OFci{LiEE%, Table 3-2-1 [ZIZENLOERBARE LEGAZENE
R LT,

> (a) S. Aime, R. Gobetto, F. Padovan, M. Botta, E. Rosenberg, R. W. Gellert, Organometallics 1987,
6, 2074-2078; (b) C. P. Casey, R. A. Widenhoefer, S. L. Hallenbeck, R. K. Hayashi, J. A. Gavney, Jr.,
Organometallics 1994, 13,4720-4731.

% N. Kadota, Master Thesis, Tokyo Institute of Technology (2005)

7 Ru(2)-Ru(3). Ru(3)-Ru(l) Mlict RV FEN FZFH>RMIK%Z 16-a. Ru(1)-Ru(2).
Ru(2)-Ru(3) fliZ & R U REAMLF-ZFFOREMIAEZ 16'-b, Ru(1)-Ru(2). Ru(1)-Ru(3) izt
RU RENLTF 2RO RMERE 16-¢ & LTz,
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Ru(3) gy Rul@) |

o0

16’-c

Figure 3-2-2. 16 Oiie{bAgid 16° (B3PWO1 level / C, B, N, H: 6-31G(d), Ru: SDD)
Cp* BN D Me H:& Ph FEDOKFITEME Lz,
TEBIZRLZKTIEE BT Cp* B FDRFEAEME L TR LT,
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%3 E ZHEAERY VUBNLTEAT D AT =T LA X FAVERIRDORISHE

Table 3-2-1. 16" D ERFEAEE (A) EFEM (©

16"-a

Ru(1)-Ru(2) 2.77834  Ru(2)-Ru(3) 2.84394  Ru(3)-Ru(l) 2.79360
Ru(1)-N(1) 2.10314  Ru(2)-N(1) 2.01372  Ru(1)-C(1) 2.14952
Ru(3)-C(1) 2.05017  Ru(1)-B(1) 2.21986  Ru(2)-B(1) 2.04206
Ru(3)-B(1) 2.17056  N(1)-C(1) 138550  Ru(2)-H(1) 1.75284
Ru(3)-H(1) 1.78049  Ru(3)-H(2) 1.75284  Ru(1)-H(2) 1.79431
B(2)-H(2) 1.62307

Ru(1)-Ru(2)-Ru(3) 59.574 Ru(2)-Ru(3)-Ru(l) 59.045 Ru(3)-Ru(1)-Ru(2) 61.381
Ru(1)-B(1)-Ru(2)  81.254 Ru(2)-B(1)-Ru(3)  84.866 Ru(3)-B(1)-Ru(l)  79.024
16"-b

Ru(1)-Ru(2) 2.79889 Ru(2)-Ru(3) 2.85205  Ru(3)-Ru(l) 2.81073
Ru(1)-N(1) 2.09384 Ru(2)-N(1) 2.04839  Ru(1)-C(1) 2.19710
Ru(3)-C(1) 2.00506 Ru(1)-B(1) 220680  Ru(2)-B(1) 2.27197
Ru(3)-B(1) 2.00131 N(1)-C(1) 1.38697  Ru(1)-H(2) 1.79428
Ru(2)-H(2) 1.78589 Ru(2)-H(1) 1.80382  Ru(3)-H(1) 1.71005
B(1)-H(2) 1.54397

Ru(1)-Ru(2)-Ru(3) 59.646 Ru(2)-Ru(3)-Ru(1l) 59.237 Ru(3)-Ru(1)-Ru(2) 61.117
Ru(1)-B(1)-Ru(2)  77.338 Ru(2)-B(1)-Ru(3)  83.478 Ru(3)-B(1)-Ru(l)  83.663
16'-c

Ru(1)-Ru(2) 2.82473 Ru(2)-Ru(3) 2.87906  Ru(3)-Ru(l) 2.84608
Ru(1)-N(1) 2.12122 Ru(2)-N(1) 2.03608  Ru(1)-C(1) 2.23408
Ru(3)-C(1) 2.02706 Ru(l)- - -B(1) 278677  Ru(2)-B(1) 2.01480
Ru(3)-B(1) 2.00373  N(1)-C(1) 135666  Ru(1)-H(1) 1.84687
Ru(2)-H(1) 1.72557  Ru(3)-H(2) 1.71588  Ru(1)-H(2) 1.85361
B(1)-H(1) 1.94589  B(1)-H(2) 2.04024

Ru(1)-Ru(2)-Ru(3) 59.856 Ru(2)-Ru(3)-Ru(1) 59.124  Ru(3)-Ru(1)-Ru(2) 61.020
Ru(1)-B(1)-Ru(2)  69.969 Ru(2)-B(1)-Ru(3) 91.523  Ru(3)-B(1)-Ru(l)  70.756

16"-c (2B L i, #dfoi b oiafE < Ru(1)-B(1) M OIEEEAHE L, &EMIcE
T B LA T, Bl 2 L X SRR IEREAT O DL oy TS L bl L TR & < He
HHDIZoTLEST, 167-a ZHAEL LIEROK B O = 2L F—713 Figure
323 IR LY Th b, 16-¢ 1ZMD > BIEKITH A, FEFITEHZRXALE—THY
16 O L LTI REY Th o7z, bEIIFRNICLER 16-a NRERZ 'H NMR %
—80 °C THIE L7BRICBIZE S 47 16-a DREEAZR L TWVWHEBERHNDH, —80°C THIE
L7 16 ® '"HNMR ORIETIE, b FU FEAFO S5 §-14.11 ppm IZBZESNS O
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%3 ZHEHAER Y VRN F AT L VT =T LA X R A VERRD RO

I, AUFEEOMAERIC L EE 10 Hz Oy 7 F e LTRSS L&k
(TR ~_7=, DFT #REICL VLN 16™-a OfE(L#E TIE. Ru(1)-Ru3) MOZEMBE R
U REANLFR3 BT 5% E SRHAERT DA0EITFEL T,

H Ph H Ph H Ph
\ \ \
§—H\ E
Cp* Ru— 7Ru Cp* Cp*-Rufiju—Cp* Cp*-Ru—i—Ru-Cp*
SRuZZ| |SRu77 ISR /|
Cp* \I/ \\é/ Cp* \/\.
|-| H
16"-a 16'-b 16'-c
0 kcal/mol +1.4 kcal/mol +12.9 kcal/mol

Figure 3-2-3. $&1K 16" Ot RV FIENEL DK BIEOXF 7 A HZRLF—
(16"-a ZIEHEL L7235, 298.15K, 1 atm)

16™-a & 16-b O /X —ENLEH L7 16-a, 16-b ® —80 °C (21T H1E{EELIL 98:2
Tholz, EFIC NMR TEIZRINTWAARKKIT 911 THY ., HEICL VRO OEN-E
EHRERET ST,

AU LR EDKFED TH NMR &7 F /LT 61041 ppm (ZHEHE | rIJE R T F I
(W, = 279 Hz) & LCHIZE SNz, F72. 16 OFRNAEULAT SILORPEIZI VT 2401
em’ 12 B-H {H#ERENCIRE S5 5O AL Sz,

"B NMR A7 bV TiE, 16 DR Y L BN DR T FEOWILIR S 7 F W 5 119.2
ppm ([ZHEIZ ST,

A2 FANEMEFDEFE EDOT 1 h ik 'THNMR 227 FLTIE §7.21 ppm (THE A7
TN E UTBIE SN RN A7 RV ORE TIL N-H RS S b
MR 7RI A5 D 2 L idtiskie o Te, 16 LHBOWEZHT 54 2 RALelikE %
D S (ppm) B LR w (em™) D% Table 3-2-2 12F L iz,
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Table 3-2-2. A 3 FA ABNLT RC=NH ZH T 5 ZRGSAD 220 K LF—4

complex 16 A B C D E
S (ppm) 7.21 8.54 - - 6.70 11.24
i (cm™) - 3320 3272 3250 - -
Ref. This work 8 ? 10 4(a)
H Ph CF; N CH; y
\ /
=-H N N
Cp*-RU=—:—Ru-Cp* (0C);0s—[—0s(CO); (OC);Fe'—|—Fe(CO
S i ( )3’3\!( S(CO); )L’\Fle/ (CO);
cp* \é//“ (CO)s (CO)s
H
16 A B
CHy g 1o H o W
/ /
\N \N\
0C);Feé—|—Fe(CO «_RYI— | Ru-Cp*
(OC)3Fe I e(CO); cCp Ru\\ L/Ru Cp
(o), \é/\Cp*
H
c D E

A 2 FANEULT-D2EHE EOAKFED 'H NMR A~227 hL e LTIE E BROL0ERES fﬁ
WA HDHHOD, 16 IZBE LTI ZNE T THEDLH D b O L IZIZFRERONLE
%ﬁ RSNz, WVR=NT T AR —TIEA I A BN O N-H {fFERE 2 3300 cm™ £F

IS N TV, 16 LRI D X E 72 EFTBAFIEE THR SN A I FA LEEK
@ N-H fifaE LI 3Bl S o7,

16 DA I RFALRFZED BCNMR A7 RUE §165.9 ppm |2 %55 0 VUG F-HEFn o 548
T TRy 7l LTEIE STz, Table 3-2-3 124 2 RA VEERDA 2 KA VR
#OD PCNMR A7 MLEFR L, 16 DA I FANVRFZO(LFES 7 ML, ZHE THE
PTFDNT-A I FA NEERD R IEOHIAN Th - 7= (5155.2-179.9 ppm),

8 7. Dawoodi, M. J. Mays, P. R. Raithby, J. Organomet. Chem. 1981, 219, 103-113.
’ M. A. Andrews, H. D. Kaesz, J. Am. Chem. Soc. 1979, 101, 7238-7244.
' H. Kanda, T. Kawashima, T. Takao, H. Suzuki, Organometallics 2012, 31, 1917-1926.
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Table 3-2-3. 1i5-1°(//)-RC=NH BT DA I A /LikFE P"CNMR A2 kL

complex 16 D F G H I
Oc (ppm) 165.9 166.8 177.2 155.2 155.8 179.9
Ref. This work 10 1 12
Ph
H\ H q Ph  Me
N— / /
/ A \N\ H\N
Cp*-RU=:—Ru-Cp* Cp*-Ru\—I;Ru-Cp* Cp*-RUZ I=Ru Cp*
usZ | H—<Ru7 H—CRu>ZH
e\ \(l;/ Cp* cokl/
H H
16 D F  Si(OEt),
Bu H o H
/ /‘/
= P
cp* Co— —Co-Cp* Cp*-Co—|—Co-Cp* (OC)sRu —Ru(CO);
/Co H- \/Co/ H- \Rlu/
Cp* Cp* (CO)3
G H |

(Cp*Ru)s{us-1°(I)-PhCNH}(u15-BH) (u-H), (16) D 53 T-H

16 DX VR E 9 °C THET 5 Z LI X 0Bz v THAER X
HRE SRR 24T > 72, BHLT RS 7P 1T R OIS FTEIE L T2, 16 D4y THE
% Figure 3-2-4 [ZF AR LG M % Table 3-2-4 TR LT,

e P Casey, R. A. Widenhoefer, S. L. Hallenbeck, R. K. Hayashi, J. A. Gavney, Jr,

Organometallics 1994, 13, 4720-4731.
% G. Gervasio, D. Marabello, E. Sappa, A. Secco, J. Clust. Sci. 2007, 18, 67-85.

B OIEIE Rigaku R-AXIS RAPID [HI#73E{E 2 VT —150 °C T4V, Rigaku Process-Auto
program (28 V7 —& AR L7z, fEfITHLESRICE L, ZZMEET P2v/n (#14) Th o7,
fEATIZ SHELX-97 7'm 7 Z LXy o —2% v, HEAEIC LV VT =0 AR O E 2 TR
FEL, 77—V ERRIC L0 E D IEKER O E %&mtto%n%M®@4\%®%$
JFHIZT 4 AF—F—DIFE L2720, EAF% Molecule 1 (2B L Tl 57:43. Molecule 2
\ZBI LTl 55:45 & L7z, SHELX-97 7127 7 A& HWi/h " RIECLVEBILL, T4
A — B —INFAET D BRI LN DT DOIKRFEIFR T % IS SRR LT,
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Figure 3-2-4. 16 D43 F1#i& (Molecule 1, 30% probability level)

Table 3-2-4. Selected bond lengths (A) and angles (°) of 16

Molecule 1

Ru(1)-Ru(2) 2.7894(3)  Ru(2)-Ru(3) 2.7996(3) Ru(3)-Ru(l) 2.7580(3)
Ru(1)-N(1) 2.118(3) Ru(2)-N(1) 2.0193)  Ru(1)-C(1) 2.097(2)
Ru(3)-C(1) 2.086(3) Ru(2)-N(1A) 2.011(5) Ru(3)-N(1A) 2.163(5)
Ru(1)-B(1) 2.190(3) Ru(2)-B(1) 2.065(3)  Ru(3)-B(1) 2.174(3)
N(1)-C(1) 1.337(4) N(1A)-C(1) 1.365(5)  B(1)-H(1) 1.0712
Ru(1)-Ru(2)-Ru(3) 59.138(7)  Ru(2)-Ru(3)-Ru(l) 60.246(7) Ru(3)-Ru(1)-Ru(2) 60.616(7)
Ru(1)-B(1)-Ru(2)  81.88(10) Ru(2)-B(1)-Ru(3) 82.65(9) Ru(3)-B(1)-Ru(l) 78.41(9)
Molecule 2

Ru(4)-Ru(5) 2.7555(3)  Ru(5)-Ru(6) 2.7969(3) Ru(6)-Ru(4) 2.7908(3)
Ru(4)-N(2) 2.158(4) Ru(6)-N(2) 2.033(4)  Ru(4)-C(38) 2.100(3)
Ru(5)-C(38) 2.088(2) Ru(5)-N(2A) 2.128(4)  Ru(6)-N(2A) 2.008(4)
Ru(4)-B(2) 2.177(3) Ru(5)-B(2) 2.181(3)  Ru(6)-B(2) 2.066(3)
N(2)-C(38) 1.359(4) N(2A)—-C(38) 1.344(5)  B(2)-H(38) 1.1077
Ru(4)-Ru(5)-Ru(6) 60.342(7)  Ru(5)-Ru(6)-Ru(4) 59.095(7) Ru(6)-Ru(4)-Ru(5) 60.563(7)
Ru(4)-B(2)-Ru(5)  78.44(9) Ru(5)-B(2)-Ru(6)  82.34(10) Ru(6)-B(2)-Ru(4) 82.21(10)

BRI OT 4 AF—X—DFEEEE L THEB I 16 DA I FAVEN 1O C=N
WAREOWEHEIT 135 A THotl-, ZHITZINFE TICHE SN TV D ZEEBR SRR
(M = Fe, Co, Ru, Re, 0s) D 5-17-(//) RC=NR® BLAZ 70 C=N #HaE (1.255-1.415 A) @

HPENTH -7,
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[1]

BHOCEUER Y VBN A 2A T D BT =T LA I RA VRO RUSHE

B3 H ZEEBRIVVEMFERETDIZBAT=ULL I RANLEEREKD
N
16 @ UV-vis 27 FLOHEIE

16 Xt RV REMNLFO¥IIR 2D b 0D, 5 LEBFEEEHTHETHD, 77X
5 — |G - -BCN ZEBOGRAE 5 2 & 2815 LT 16 OYLUEHRENIC SN T
HE1TH-72, 16 O UV-vis A2 kL% Figure 3-3-1 127 L1z, 5 LI[RRRICERIMER) S
ARSI 20T TR E BT D8R TH D Z L R E T,

3.;1 \ 35000
. \\ \\(b) 30000
z.z \ \ 20000 \\
s \ \ 15000
1 \(a) \ 10000 \
\ \ 5000 \

A()

£(M1cm?)

0.5 \¥ \
0 T T T 0 T T T
250 350 450 550 650 750 250 350 450 550 650 750
A(nm) A(nm)

Figure 3-3-1. UV-visible absorption spectra of (Cp*Ru)s{zs-7°(//)-PhCNH} (15-BH)(u-H), (16) in
THF at room temperature. The concentrations of the solution were (a) 1.34x10™* M and (b) 1.34x107
M respectively. The molar extinction coefficient was determined to be 4.39x10° M'em™ at 436 nm,

and 3.78x10° M'em™ at 490 nm.

16 12X % 436 nm DIEEDOERE

H Ph
\
N._
ER N hv (A =436 nm)
Cp*-Ru=—: —Ru-Cp* > & -2.51 ppm
MRuzZl CeDg, 24 h
cp N2

H
16 Conv. 11%

Eq. 3-3-1

16 DERUPUFEIRICK LT 436 nm O REZ =R T 24 RERKN L=, 16 13IEFIC
o< D EHE S, 24 FFRIZD 16 DOIAEERIT 11% ThHo 7o, BUSEKIZIE § —2.51 ppm
\Zb KU RENL T D> TN % 5 2 DREEDSERD DT INERTHZ L 2R LT,
16 /X 5 LRUL 48 B TIEH D23, 5 123 LT 436 nm DFEEONEKNZIT-7-
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[1]

BHOCEUER Y VBN A 2A T D BT =T LA I RA VRO RUSHE

BIIZT VR VBN T R Y LUBME TR vy F Y L, 75 AF— FIT u-7-BC, =
EEBNERINTZDOICK L, 16 ~O 436 nm DOJEEOERE TITF 0 L 5 2l o b
IV TR BRWT & R LT,
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[1]

BHOCEUER Y VBN A 2A T D BT =T LA I RA VRO RUSHE

BAEH ZERBRVVVEMNFERETDI=ZBAT=U LA I RANLVEFD
TNEAF it

5 OMESIETIE, BIAKEKRTHD 8 1Tz, TAF BN LR Y LA T
DOH 7V TRISHNEIT L 9 BNREME LTHELNZ, 16 ZHAWVWTHRY LUk E
2B L7z = N U VOB N CTORISFEENZ DWW THHE L7,

Scheme 3-4-1.5 @ 80°C (28} DB s
(Cp*Ru)y(1-H)2[Cp*Ru{-C¢H4-C(H)-B(NH2)-}] (17) DA Bk

H Ph

o

L HY
Cp*-Ru\ﬁE /Ru—Cp*
\/Ru\/ I heptane:THF = 10:1
Cp* \||3//H 4.d,140 °C

H
16

Eq. 3-4-1

16 #~7 %2t THF % 10:1 OKFEL CTETRETABICIAfE S, 140°C T 4 HEEM
BT, TAVITFTATLa~x N7 T77 4 —F 2 W TRKRT 52 LT 17 ZHBEL7Z (X
£ 25%),

(Cp*Ru)z(-H)2[Cp*Ru{-CeH4-C(H)-B(NH2)-}1 (17) DFIE
17 {122V TiE 'H, °C, "BNMR EFRABIL ALY MV ERIE L, TR EITH & T
FE LT, 0 FHEEICE U CIEEASS X RS 2179 2 & Tl L7z,
SIRICEBIT S 'H NMR A2 R Tlde R U REALFIEL 6 —12.00 ppm (ZHEIA72 S 27
e LTHEEINT (wp=10Hz), Cp* KDL 7 FLix §1.47 ppm. 62.06 ppm (2 2:1 D
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

FMEL CHER SN, TR OIIRIEREBICBW T, 17 I FNBEENFETLIZ L&
ALTWD,

TRAMBIL A7 bV CiE N-H EIRENS (28 S 2 B 2RIl s vz d o 1o
7N, 'THNMR A7 MV TIREH EO > 0/KFEIL 50.78 ppm (ZIE L2 — RO 7 v
L LTHIZEINT (w)p=6Hz),

17 OEEBRNALT T A 7V EHET HKE (C) IZHATHKED 'HNMR v 7L
. BT D AR U BO WM REF O EL 2T ORIRIR /RS 7 ) v & LT §2.53-2.56 ppm
IcBiggsn, "CNMR 227 B TY C' O3 7 vk, BT 5 R v 3o P
SRR O X VIR T ERR (Jon = 159 Hz) DY 7 F v L TEIE SN O DNEH%H)
To o7z (68 43.9 ppm),

Figure 3-4-1 121% 17 LRBROLER A X T A 7 V2 FF o8RO NMR Ofk5 7 |k
BRLTC, AL THA I NVHFICETRLT NI =T AR EDRBUSNDFF G HDOT
X, FRCEN G DR FICBEET D RBICHES LT2KFED NMR 7T AR RFEELT =
T LDHBNODNVT T A 7 NVHOE T HKED NMR 7L gL T, K&
BT 7 NS N GRT A B Th o, BT 22 & 23 IR U #ERICA~T R
MEAENZZLI2LD "BNMR 7 FADd7 b4 RS ET, HHTREEERTHD,
23 OFRTHEEIZIIA PFVESEASINTND, 22 TIE & fElE 64.7ppm T D DITH
LT 23 TiE 188ppm ~& @SRy 7 FLTREEA TS, @

[EAEZ2E AL (Cp*Ru)s(us-BH)(w-H)s (3) & (Cp*Ru)s(1s-BOEt)(u-H); (7) THEIZLR ST
W5, 3 ® "BNMR A7 FLiE 51313 ppm (B SHDDICK L, 7 TiE §87.7 ppm
CEREEY T FLT S, M

ZOLIC BERTPHEETHZETHRUED "BNMR V7 A BEKESEY 7 NS
DIE, AUFEEOBEBBRIENOR TR ~OBTHENEZTCND I LICERT 285 TH D
LEZOLND, 23 OHEERMELN TV RWZ®, B-O BB W TiEmT 5 2 &3
KAV, T D B-O fEARIT 138 A THHZ EMMFHICLVHLMICEN TS, ik
vH#E-BREFEMOFBAREIZ. ZFEEA (B=0) 28 1.18-1.20 A, —HEFEA (B=0) 2% ~1.35 A,
HfEA (B-0) 28 ~147A CHESNTEY. "7 © B-O #AE (138A) TH#EAL &
MAEOEOETHLZ ERLND, ZhEHEXDLE 7 TiX B-O MiAaNETZEEGME
EHOTNASTZH.7 © "BNMR Dby 7 bd@lidhy 7 h LTBZR SN E 2 bh
%, "B NMR Ofb:o 7 oA S E 2T, 23 @ B-O fiAb 7 LFRICETLERS
BMEEZERTCHD Z LN SRS,

17 3R UHEECA~T R ThoH%EH (NH, ) NEASNEATHD, BT 5k
I, 17 DR Y FE-ERMOMEIT, M B-N BHES XL b ETZEEEEZHO

' R. Okamura, K. Tada, K. Matsubara, M. Oshima, H. Suzuki, Organometallics 2001, 20,
4772-4774.
"> D. K. Straub, J. Chem. Educ. 1995, 72, 494-497.
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EAETHDHEEZOLND, ZDTH 17T O & EIX.4 & 7 THLEINZOEFRERZ22 O
TV bmEisy 7 FLTBERISNEZbDEEZ BN D,

3@2—

New ey I
RS

17 20 21 22
8 6.17, ac 113.7 o,
6
4 5“?'2623’ 5 511.85, §c369 & 19.2 4262,
5 1223 5 22.3
5707, 6 5543, 5129.8
& 149.8 54761, 4 3
3 & 1322
oc 125.8 7 &1230 1445 ‘5’*3'88’ 2 6721
2 5765 3 5746 Y R”\
1 & 3.34
4.58, 4.30, B ’
' 542,54, 5, 43.9 23671 ?*068_3 [ doar %625
H2N/ %155 5H505 5 115.9 544.35, 55 118.0
5 0.78
;Ii ﬁR H _H_ H H _H_ H
H—Ru—H —Ru—% c R'\/ u-cpr '\/ e
BTN A I > i >
Ru---3- ;' --Ru Ru---- Al--Ruy Al N 1,
&i\ (W] /}\y ﬁ/{\ [/ By Cp B & 1313 Cp ? 5 87.7
OEt
23 24 4 7
4 221, 5317 4 271, 6347 B-O:1.38 A
3 % 130.5 3 6 131.9
2 413, 2 64 4.00, 565.5
Ru 5701 e
\B 1 84217, \ 1 841.24, & 38.4
5188 %618 !
MeO
. = = — — — e 1
Figure 3-4-1. LLEBRA X TV A I/ VEFT D =RV T =0 LERD NMR A2 h Lt

(Cp*Ru)z(u-H)2[Cp*Ru{-CcH4-C(H)-B(NH,)-}] (17) Doy FHEE
17 @ THF % 30 °C CTHET 5 Z LIC L G on=fBafkih sz HO CHEMS X
HRESERAT 21T 5 72, 17 D4y FAE % Figure 3-4-2 12, E/fEGR L f554 % Table 3-4-1

' (a) 20: E. Murotani, Master Thesis, Tokyo Institute of Technology (2000); (b) 21: A. Inagaki, T.
Takemori, M. Tanaka, H. Suzuki, Angew. Chem. Int. Ed. 2000, 39, 404-406; (c) 22: T. Takao, H.
Suwa, R. Okamura, H. Suzuki, Organometallics 2012, 31, 1825-1831; (d) 23: H. Suwa, Master
Thesis, Tokyo Institute of Technology (2012); (e) 24:T. lizuka, Master Thesis, Tokyo Institute of
Technology (2004).

7 M1 Rigaku R-AXIS RAPID IEIT)?% % T —150 °C TIFL,
program |2 XV 7 —& WP U7, fERIIRTERICE L, ZREEE Pemn (#62) ThH o 7=,
fENTIX SHELX-97 7'/ Z L%y /r—U 2V, BEIEICE DT =0 LT ONE 2R
EL, 7— VU ZEGRIC K VIR D IEKREBIR T OALE 2R E LT, 0 FPIZIE Ru(l), B(1), N(1),

Rigaku Process-Auto
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Figure 3-4-2. 17 ®O43f##§i&E (30 % probability level)

Table 3-4-1. Selected bond lengths (A) and angles (°) of 17

Ru(1)-Ru(2) 2.8537(5) Ru(2)-Ru(2#) 3.7601(5) Ru(1)-B(1) 2.218(7)
B(1)-N(1) 1.436(10) B(1)-C(1) 1.564(10) C(1)-C(2) 1.470(9)
C(2)-C(3) 1.4498)  C(3)-C(4) 1.351(10)  C(4)-C(5) 1.407(10)
C(5)-C(6) 1376(9)  C(6)-C(7) 1.439(8)  C(2)-C(7) 1.471(8)
C(7)-Ru(1) 2.082(5)  C(1)-H(1) 09800  Ru(1)-H(2) 1.7621

Ru(2)-H(2) 1.7932  B(1)-H(2) 1.8636  N(1)-H(24) 0.8229

N(1)-H(25) 0.8564

Ru(1)-Ru(2)-Ru(2#) 82.42 Ru(1)-Ru(2)-Ru(2#) 48.79 Ru(1)-B(1)-N(1)  127.0(5)
Ru(1)-B(1)-C(1) 110.2(4)  N(1)-B(1)-C(1) 122.8(6)  B(1)-C(1)-C(2) 117.2(5)
C(1)-C(2)-C(3) 126.0(5)  C(2)-C(3)-C(4) 119.9(6)  C(3)-C(4)-C(5) 120.6(6)
C(4)-C(5)-C(6) 121.3(6)  C(5)-C(6)-C(7) 122.9(6)  C(6)-C(7)-C(2) 113.9(5)
C(1)-C(2)-C(7) 112.6(5)  C(2)-C(7)-Ru(1) 120.5(4)  C(6)-C(7)-Ru(l)  125.6(4)

C(1), C(2), C(7), HQ24) 72 E DR %8 DB A F(E L7=, Ru2) ([ZHES L7z Cp* BfL 11T
ET A AA—F—NFELITD, O EEHEE 5248 L Lo, £, EF EOKE HQ25)
DIFFE-IE 50% & L7z, SHELX-97 v 7/ J A& Hv, /b REICEI VBB L, T+
AF—H—=INFEET D RuQ) ITHEA Lz Cp* BT DIRFEUSND LT DOIHKFEF T % I
SRR LT,
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(Cp*Ru)z(1-H)2[Cp*Ru{-CcHy-C(H)-B(NH2)-}] (17) @ DFT FHIC X D EKE L

17 DT REECHOWTHAEZED 572012 DFT #H5 (B3PWIL level) 1T & DA% i
{bZ2AT > 72, HfEd X SERITIC LV IRE I N0 FEE» G EIEIEZ R E L,
Gaussian 09 Program (Z X V) &k, #REIFHR I OV NBO MR Z1T-o72, HIERHIE
VT = LJEFDS SDD, T DOMODRKFE, AU, EHE, KFERFIT 6-31G(d) & L7z, IR
B EICB O LB EIRE N e = & 28 L7, Figure 3-4-3 |2 17 OfciifbfiEz R L.,
Table 3-4-2 ([ZZDE /2GR LA, NBO #HHEICE V155417 Wiberg Bond Index D
D—H&E R LT,

H(24

Cc(5)

Figure 3-4-3. 17 Db (Cp*Ru)(u-H),[Cp*Ru{-CsH,-C(H)-B(NH,)-1] (17")
(B3PW91 level / C, B, N, H: 6-31G(d), Ru: SDD)
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Table 3-4-2. Selected bond lengths (A) and angles (°) of 17°

BAUERY VBN T 20T 0 =T =0 54 I FA VRO RO

Ru(1)-Ru(2) 2.85574 Ru(1)-Ru(3) 291677 Ru(2)-Ru(3) 3.80513
Ru(1)-B(1) 2.25565 B(1)-N(1) 1.45666 B(1)-C(1) 1.55989
C(1)-C(2) 1.47192 C(2)-C(3) 1.44377 C(3)-C4) 1.36392
C4)-C(5) 1.42882 C(5)-C(6) 1.36962 C(6)-C(7) 1.44424
C(2)-C(7) 1.47522 C(7)-Ru(1) 2.08229 C(1)-H(1) 1.08966
Ru(1)-H(2) 1.71422 Ru(2)-H(2) 1.76871 B(1)-H(2) 2.23684
Ru(1)-H(3) 1.73650 Ru(3)-H(3) 1.87978 B(1)-H(3) 1.50164
N(1)-H(24) 1.01130 N(1)-H(25) 1.01286

Ru(2)-Ru(1)-Ru(3) 82.467 Ru(3)-Ru(2)-Ru(1) 49.457 Ru(1)-Ru(3)-Ru(2)  48.075
Ru(1)-B(1)-N(1) 127.784 Ru(1)-B(1)-C(1) 108.990 N(1)-B(1)-C(1) 123.185
B(1)-C(1)-C(2) 117.820 C(1)-C(2)-C(3) 125.480 C(2)-C(3)-C4) 120.319
C(3)-C4)-C(5) 120.180 C(4)-C(5)-C(6) 121.715 C(5)-C(6)-C(7) 123.490
C(6)-C(7)-C(2) 114.156 C(1)-C(2)-C(7) 113.375 C(2)-C(7)-Ru(1) 119.935
C(6)-C(7)-Ru(1) 125.870 B(1)-N(1)-H(24) [a] 116.843 B(1)-N(1)-H(25)[b] 117.410
H(24)-N(1)-H(25) [c] 110.574 [a] + [b] + [c] = 344.827

Bond Order (Wiberg Bond Index from NBO analysis)

B(1)-N(1) 0.9580 B(1)-C(1) 0.8805 C(1)-C(2) 1.0567
C(2)-C@3) 1.1265 C(3)-C4) 1.6352 C4)-C(5) 1.2302
C(5)-C(6) 1.6170 C(6)-C(7) 1.1761 C(2)-C(7) 1.1035

1.376

1.351
1.439

2.082 1.449

Ru 1.470

2.218\

1.564

1.436
H,N H,N

17 17

Figure 3-4-4. Selected bond lengths (A) of 17 and 17"

HEENVT T A 7 IVEML & BT O T 7ef G K% Figure 3-4-4 (2R L7, DFT #H&
IZR G oN RS, BAES X ST TR o TGO e B U RENALT2A
SNOEy % L FFHLL Tz,
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[1]

%3

BifES X BEEMIT B LN 17 O FREEICETEEE

16 MG 52 & T, XY = MU NBNLAF DT = = VFED AV MLD C-H FEH 1Y)
Wrav, 16 [ZHERNLT T A 7 AN I N 17 ~E B IS, ZOFRERER
WD, 7 2 = VRO HFHFBRICHEKT DAL (C(2)-C(3), C(3)-C(4), C(4)-C(5), C(5)-C(6),
C(6)-C(7)) DFEEGRITITFEALZBRNBEIZ/RY | FEEENS KON TV AT IBIE SN
7=

17 LHL OS2 R RO HEBRNLT A 7 VEy Ofi A K% Table 3-4-3 (/R L
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Table 3-4-3. 17 L FO¥ELULEMDO HEBNL T FH A 7 VS OFEES E

Bond lengths (A)
complex Ref.
Ru(1)-X(1) | X(D)-X(2) X(2)-X(3) X(3)-X4) | X(#)-Ru(l)
17 2.218(7) 1.564(10) 1.470(9) 1.471(8) 2.082(5) This work
20 2.062(9) 1.442(11) 1.449(12) 1.455(11) 2.057(7) 9(a)
21 2.055(13) 1.494(15) 1.449(17) 1.483(16) 2.056(10) 9(b)
22 2.241(7) 1.545(8) 1.447(8) 1.467(8) 2.059(6) 9(c)
24 2.5203(8) 1.971(2) 1.452(4) 1.475(3) 2.078(2) 9(e)

17 [ ZLAANZHGHIC K 0 s S 22 LRI IS PG F ok Th D 2 L7
bnotz, 17 ° 22 TiE, B()-C() M2 1.55-1.56 A &, BiEGOA—F—I1l/h-TH
V. ORFE—IREBMOFESHHEL Y GHLMHE LW, #6-oT, 17 OREERLVT
FTHA 7 NVTIE, 7 B OIEIIR Y FEEZRN T =ZDDRE LICORBREIND D
EEZDLND, —HT, 20 R° 21 OREBRLT TV A 7 VERERT D R — RO
1% 1.44-1.49 A OFPHIZH Y | FEERICKEREITIR N2 o7, 2T, 7 ETHLT
FHA T NERERT DO DKE FIZHERTEL L TV DHTDTH DL EEZ LD,

Figure 3-4-5 [CIIHR VHE —ERHEEB I ORvE -EF _HEAE2HELEYWOH %
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

RUT, ZROEOFITIE, iZ- & 0 LHEES L “HEAZXMNT S Z 03 kS, BLaL,
% < DILEH TITZERIT RyB-NR, ERED L) Ak vHE-ERMICHBESZ oL
EVNGHET D ETmTHY . BFRO 7 BB ARUVROZED p #uE~ERIVIAALTH
ERMRSY | ZEMAGEEZHRDGENRL, £D72H, R,B-NR, 8LV R,B=NR, D7k
U —ERMOR AT 1.37-1.45 A OHPHICH L HAD K TH D,

Single bond ¢
1.563(4) A N Bi”

Double bond Ph N "By
1.381(2) A Double bond \Bg \c/
\v 1.374(3) A || [
Me %:Be B.“u\\cl /N@ /N\
2 N —c Dipp” Mg By
1.563(2)AJ/ ‘\ 1.622(2) A |
M Bu

Single bond € Me Dative bond

Dipp = 2,6-diisopropylphenyl

Figure 3-4-5. EH — ARV RHES. HOWVIE_HFEELFH AW E LN OMEER

17 ® B(1)-N(1) fEAIX 144 A THotz, it B-N HEiEA L WO IZEW, &
AL LTEDRYEVWTHEICAIKEATHD EWVWR D, 17 © NBO fHE» LG LN
B-N #&& @ Wiberg Bond Index OffiX 09580 & 1 ([ZEHVMETH-72, TIHDFEREE
LT, 17 ® B-N fi&id, EHR LOINLE FXIPEFAUHE BIChithidie 2 & THES
X0 L ET L EEAEN LSS Th D Lt 7,

DFT #HETHEOLNE 17 OEEEGEICET 2 EE

DFT FHAE CTH LRl b E I BV T, EH)E D OFEEAOF (L(B(1)-N(1)-H(24)).
Z(B(1)-N(1)-H(25)). Z(H(24)-N(1)-H(25)) OAEDF) 134 345° Thotz, T, =
FE Y OFJFF D H BTN E 2R LTS, TNENOAEIL 111-117° OFPHIZ
b1, EHEE ORKENED sp’ PEIFWI LAVRBENT-, ZORE S, NH, FL 1T
IMSEE RN EFR EICRFEA LT 2 REMLFThDH Z AR LTS, 17 OREEME
X7 2 FEOKFEOCFEHRBRENIEEMTH Y . 0 FNICBEE R RS TH 5 2
EBRHBENERS T,

S X BEEMNT Tl e FU FENMLFIX, 20T =0 AR Y ROMERET 5
NEE TRIEALT 5 2 L BSHERTED . AKFBRFOBELR F-23/hSWesd, Akt R U REANL

18 (a) K. M. Anderson, M. J. G. Lesley, N. C. Norman, A. G. Orpen, J. Starbuck, New. J. Chem.
1999, 23, 1053-1055; (b) T. Chivers, C. Fedorchuk, M. Parvez, Organometallics 2005, 24, 580-586.
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T ONLE Z WAL X B EMRITIC X0 EfICIE T 5 2 STk,

DFT R Z24T o 72 BIiX, X BASEMNT CIRE L7 —E28G e N Y RN T2 H 7T 5
17 Z oSS & U ChRaifb 21T o 72, BREWZ 22, & KU REL 0 9 Ho—2Fr
T =AM EYETAAEIC, b DX oD T =T AT TR AT #EE B AE
% Fr o Chelfb S,

ZIVE TIZIR R 7= EBRA 72 W S, DFT SR THE O REbEED L o1, —20
ERY REMLFDI S, —ORRTHRLMHEEH L TWRWZ L E2HENDD LT TER
WS, ARICEIE T CTH Z OIEMFRRBN AR RN I L EME TH D L IET D & NMR%@
&)7”75%/\??%5@75)@@?‘675\@42 21T Cp* ot N RENL D 7 F 0 LR
NAHTDITIE, B R FENLFOLERE & = i%@%@%%b\ﬁc?ﬁ&u&#ﬁfﬁ“é_é:é‘/%x
HWED & D (Scheme 3-4-2),

RU\H Ru
AN N
| l
NH, NH,

Scheme 3-4-2.17 Ot KU RENL &7 2 7 Fo@hzsE) (XX L)

VS FIC BT, Scheme 3-4-2 (2R L= BB OF/E AR T D72, BEAZE 'H
NMR%mfﬁﬁ?@wE%ﬁﬁtonz%mu&_WMéﬁ\%OTTFHNMR@@E
Z1To72, NHy BOKFEOFEY 7 MPEETHIE L7ZBE L Hfg LT 0.15 ppm FEIKRELS
V7 MLEORBEINTEZLOD, TRENDO YT FIAORICKE BT A ST,
Scheme 3-4-2 T/ L7 BB DAL & FERAICHERR 52 2 L ITH k220 o 7,

AREAIZ &0 AR S 7= (Cp*Ru)y(u-H),[Cp*Ru{-B(H)-C(H)-C(Me)-C(H)-}] (22) (ZBIL TH
17 LR L~V T DFT §HRIC L DS RE(LEZ T o7& 2A, 17 LIFRARY, Zo0t
RYU RENZ 23 E I Z2DNT =7 A LR UFROMIC ZHEUE Lo R b 227 215
bz, P17 & 227 TRONZREEE OEWIR U EOBTHEEOEE KL T
HEEZOLND, Thbb, 22" TiE, AU EOBEBRENKFZETHLI-D, ZUHED § 1%
%ﬂ%?‘%ﬁ“f: 2. B RY RENLFR DL bR UREHEFEHL WD EEX BILD M,
177 OBEITIIR VR —ERMORAREOHEMREIT o TR bR L IC ERNEHRY
FA~DE %#5@#5ﬂﬁ?%5 LWL ARTHED & EMETF L, ZEMEE KU RB3—>

YR RS 220 OfARRHAAITEROEIIR LT,
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B OCERUERY VBT AT L SRV T =T bAoA X R A VEERD KRG

IRV FEREMAEENTOMENSONIZbDEEZDBND,

3 ;lz 7 P < E

H—Ru—H T—Ru—H

|
A4

I\N\UNH
|/_(‘ N 2 \ |
X N

17 22

Figure 3-4-6. 17 & 22 O b o ik

2B 17 OFFZLRUBZONEZHIZ L= (Cp*Ru)y(u-H),[Cp*Ru{-C¢Hy-C(H)-N(BH,)-} ]
ZHIHIEE & LT DFT 3HEA T o7 & 2 A, Hifld X SESEMmITic Lo Gonkt 17 ©
Oy T S IIRE < B B R bAEiE 177 S5z (Figure 3-4-7), 177 OHBELVT
T A T VBRI R RWEATEY . 177 1% 177 L LT 36.6 kcal/mol & R%
ERETH -7 (298.15K, 1 atm), NMR 5 THOLNTZ AT MAT—H L HbETHE
x5 &, BRNWHEBRLT TV A 7 VHICEENTERITAER LN LR RIE I N

77
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Figure 3-4-7. Optimized structure of (Cp*Ru),(x-H),[Cp*Ru{-CcHy4-C(H)-N(BH,)-}1, (177")
(B3PW91/C, B, N, H: 6-31G(d), Ru: SDD)
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[1]

=
=

# 5 fi (Cp*Ru)2(u-H)2[Cp*Ru{-CeHs-C(H)-B(NH,)-}] (17) DMtz R+
HELE

Ru = Cp*Ru

17

Scheme 3-5-1. 17 OH#EE AL RS

17 OHEEA M % Scheme 3-5-1 (TR L7z, 16 OB LV | HANINT =7 L)L
T = LFEADERSTENCBIR LR A 28 T= b U AVEML DR F-EHE A DUk
SNz B WEKT L EZEZBND,

FIBMIZEE Tk, “HEBERRI b R R 724 — ETORALKEENL T DRFE—
RF. B DVNERE —KFRES OUIWRLAR A 1 O RS A2 R IRICBRF L C& 7o, KR
PR AV U ADLEKD SR E VT, 80 °C MEGA: FC 2-7 T DR FHE — k&R
BGOSR 5 Z L 2 RAH LTS, P2 ORISITFERE UCBéEtEs )V &7 ) v
PEIR (Cp*Fe)y(Cp*Ir)(us-r: 17 -CMe-CH-CH,-)(u-H), DR A #6H L CHEITT %5, WSS X
FAEEEATIC L 0 | S-S AW IICBHR L, ZOME2T U VRN TG T kT
DBIESN TS, ZhIEY 7 AZ — G BEOIICAET S 2 L TTF U DRE—RHE
FEEOUWIN A REIZ R T2 Z L Z/RLTEY, 7 7 AX —FHEOZM 2 BERENIRT 2
ENTERHRERISTHD EVR D,

% A. Nagai, Master Thesis, Tokyo Institute of Technology (2006)
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11t
[1]

Me

e MeCCMe N_|-Hx,
Cp*-Fe—|—Ir—Cp* ——— > Cp*—Fe= Ir—Cp*
’ \ \ N |
H—Fe\/—H /FeéH
cp* Cp*
Me
H Me
H
40 °C L . ° A
— Cp*—Fe®|(% Ir—Cp* ————— Cp*-Fe—|—Fe—-Cp* + Paramagnetic complex
Fe—H H \lr\
H H\ l/°cp

L (Cp*Ru)s(-H)a(u-H)s 3) O EFORISGHIHACFIAT 5 Z & T, RALKFERA L
TOMABZOENEZ D Z 2 RH LTS, 3L T 17, XU F U %A
RIEREE5 2L THEOND (Cp*Ru)s{ws-r°(/))-CsH,CCH}Y (15-CC4Hy) DT b LT U IRE %
80°C THIEAT 2 = L1k V. w-17(/))-CsH,CCH FNT -0 A CH SN ET =7 b
VT O R Td D 1i-CCHy BEAL Tl ~ & B &) L. (Cp*Ru)s{us-177(/))-CsH,CCH}
(u3-CC3Hy) MAERT D, FeOXKFOHIZEEE XD L, ZORININVT =T A=V T =7 A
AN LIV T o7 n 7T =Lk E 2 CH#T45 LHERIS T
L, DFT #H#H ZHWiEd K E of&ERxE ik v, E 2% (Cp*Ru)
{15-17°(/))-CsH,CCH} (11-CC4Ho) LV & 18.03 keal/mol REEREFEETH D Z LIRS N
"Cl/\%)o 21

H

80 °C 80 °C [/
*_RuzH= —Cp* —— s R N\sRy—Cp* —_— *_ ,H_~; O
Cp Bg\ —Ru-Cp* —— Cp '3”\\ ) Ru HCp —_—= Cp |3u\\ —Ru-Cp

H~—Ru’~ H—}Ru H—Ru\

X[ cpr Cp* Cp*
H
E

Scheme 3-5-3. = /LT =0 LK E TFTORISEEFIA LTz
T IV BN O R S SR A R % SO

! (a) A. Tahara, M. Kajigaya, M. Moriya, T. Takao, H. Suzuki, Angew. Chem. Int. Ed. 2010, 49,
5898-5901; (b) A. Tahara, Doctor Thesis, Tokyo Institute of Technology (2013)
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IO O REE E 2 5 & Scheme 3-5-1 (2R L72 SUSHEE IV T, 17 OIIEVK
JRIZED A T B BMEoNHDEFZYTHLEEXDND, Hit\VT, B OEEROA
UMD C-H FEAOUIMIGESEITL, C B2 bnbtE26N5, ZOKK, B O=

HEENL T THD AT Y VBN TI1X, fE 1ﬁﬁﬁa4ﬁ%f&>5%v%f7 U VBT
F~EEAT D, EDID, EAN R &7 372 OIZIE =T = U LB O SO BT
L7 ws-17(//)-HB=NH B 13— aﬁ%&%ﬂﬂ%f%é —HAET I AR Y LB

CBT HMEN D D, C IIRNLEAFN7 48 BTEEAETH D, KT, ws-17(/)-HB=NH (L
TN ZEHEERT A I KB~ L7 D 252728958, A4 X NENLFHIUE T
&5%@%?@5&@1)@A~%@i50 wAL & ZHUIENI AR R LSRN & D
ZENAREREFETH D 48 HEATLE Y, BRI C ORMAIZEY 17 560
6k%x6ﬂéﬂ\%%iﬁ%@ﬁ¥@ﬁo%%if%\D%¢ﬁ%kbfﬁé:kﬁ%
ZIZ< WY,

BOGHEAE D 2 M2 a2 7291216 OEMAR A, B, C (B LT DFT #% (B3PWI1
level) |2 X DHEE R EFT - 7o, FIHIREEIX 2 E TIZy TEEDH Bz ST 5 8k
ROWEE S LI, TO—HZEY R CEET 52 L2 LI X VIERK L, Gaussian 09
Program |Z X V) ti&ic{b, IREIGHE 21T o7, SRR iw—*%w?AJ?%ﬁi SDD, M
fhoDiRFE, RUHFE, BHF, KERAIL 6-31G(d) & Lz, EHFHREIZE W TGRS H
WZ & ZHeER L7, Figure 3-5-1, 3-5-2, 3-5-3 (2 A, B, C @mﬁ%%@ A B, C &L,
Table 3-5-1, 3-5-2, 3-5-3 ([N OO ERFEARE EMEAAE R LI,

C(6) ¢ C(5)

Figure 3-5-1. Optimized structure of (Cp*Ru);(x-H), {-C(Ph)-N(H)-B(H)-} (A), A
(B3PW91/C, B, N, H: 6-31G(d), Ru: SDD)
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Table 3-5-1. Selected bond lengths (A) and angles (°) of A"

Ru(1)-Ru(2) 3.85863  Ru(2)-Ru(3) 277648  Ru(3)-Ru(l) 2.77648
Ru(3)-C(1) 2.16695  Ru(3)-B(1) 226090  C(1)-N(1) 1.46894
N(1)-B(1) 1.54475  N(1)-H(3) 1.01766  B(1)-H(4) 1.19836
Ru(1)-H(1) 1.69990  Ru(3)-H(1) 178270 Ru(2)-H(2) 1.69990
Ru(3)-H(2) 1.78271

Ru(3)-B(1)-N(1) 93333 B(1)-N(1)-C(1) 102.883  N(1)-C(1)-Ru(3)  99.498

Ru(1)-Ru(2)-Ru(3) 45983  Ru(3)-Ru(2)-Ru(l) 45983  Ru(1)-Ru(3)-Ru(2) 88.035

Figure 3-5-2. Optimized structure of (Cp*Ru)s(u-H), {115-17°(//)-HBNH} (113-CPh) (B), B’
(B3PWI1/C, B, N, H: 6-31G(d), Ru: SDD)

Table 3-5-2. Selected bond lengths (A) and angles (°) of B’

Ru(1)-Ru(2) 274007  Ru(2)-Ru(3) 281374  Ru(3)-Ru(1) 2.80824
Ru(1)-C(1) 2.10143  Ru(2)-C(1) 2.04163  Ru(3)-C(1) 2.02240
Ru(1)-B(1) 232859 Ru(1)-N(1) 2.09289  Ru(2)-N(1) 2.01836
Ru(3)-B(1) 2.11373  B(1)-N(1) 143950  N(1)-H(3) 1.01683
B(1)-H(4) 120569  Ru(1)-H(1) 177212 Ru(3)-H(1) 1.77127
Ru(2)-H(2) 1.75077 Ru(3)-H(2) 1.74200

Ru(l)-Ru(2)-Ru(3) 60.731  Ru(2)-Ru(3)-Ru(l) 58.338  Ru(3)-Ru(1)-Ru(2) 60.931
Ru(1)-C(1)-C(2) 121.721  Ru(2)-C(1)-C(2) 130375  Ru(3)-C(1)-C(2)  132.184
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Figure 3-5-3. Optimized structure of (Cp*Ru);(u-H),{z-n": 17°: '-CHC¢H,4} (u-BNH,) (C), C”
(B3PWI1/C, B, N, H: 6-31G(d), Ru: SDD)

Table 3-5-3. Selected bond lengths (A) and angles (°) of C”

Ru(1)-Ru(2) 2.87019  Ru(2)-Ru(3) 2.89496  Ru(3)-Ru(l) 2.81496
Ru(1)- - - B(1) 2.56904  Ru(2)-B(1) 2.02101  Ru(3)-B(1) 2.10332
B(1)-N(1) 142973 N(1)-H(@3) 1.01133  N(1)-H(4) 1.01108
Ru(2)-C(1) 195657  C(1)-C(2) 143834 C(2)-C(7) 1.44076
C(2)-C(3) 143562 C(3)-C(4) 136922 C(4)-C(5) 1.42016
C(5)-C(6) 1.37509  C(6)-C(7) 1.43406  C(7)-Ru(3) 2.07878
Ru(1)-C(1) 2.19031  Ru(1)-C(2) 230615  Ru(1)-C(7) 227171
Ru(1)-H(1) 1.85377  Ru(3)-H(1) 1.69267 Ru(2)-H(2) 1.73695
Ru(3)-H(2) 1.79519
Ru(1)-Ru(2)-Ru(3) 58452  Ru(2)-Ru(3)-Ru(l) 60334  Ru(3)-Ru(1)-Ru(2) 61.214
Ru(2)-C(1)-C(2) 128494  C(1)-C(2)-C(7) 117.548  C(2)-C(7)-Ru(3)  123.117
C(1)-C(2)-C(3) 121.801  C(2)-C(3)-C(4) 121133 C(3)-C(4)-C(5) 119.330
C(4)-C(5)-C(6) 120241 C(5)-C(6)-C(7) 123.048  C(6)-C(7)-Ru(3)  121.265
RENFH R ORE R D5 LUK IE C OB PR T — X 2 LT, 140 °C 28T D &85

KOFENXT AT —%2HH LT, 16™-a Z & (0 kcal/mol) & L7=FED, A’, B", C’,
17,17 @ 140°C 2B} D =R /)LX —f*HME% Figure 3-5-4 (2~ L7,
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B3 —EHAEARY LU T ERT D SBVT =0 A A I RAVEERO BOGHE
Ph
34 ) /NR
u=; u
i H—N ( A
33 \Rly H
B
32 — I‘-I
VoA
31 - \ 1
I
= ‘ Ph
o 30 H 30.4
E SN
~ Y VY
8 2 4 ZH |\
= RuZIZRY
O 1 \\\Ru /I H
~ 1 = 1 \"4B
1 N \
1 1 H
0 - ! H
0 1 B' 1
_ H Ph ! !
-1 \ | N
E_H —
-2 4 rRui=EZR -1.7
u R;u</|!lu
-3 - B//
H
16'-a

Figure 3-5-4.16™-a, A", B", C", 17",17" O {LEEDENLF T AT F L F—
(140 °C, kcal/mol, 16"-a % JLHEL 3 5)

INFETIORLEZHEGRAAEOMEOART 16 205 17 BNAERKRT D MOCHEE 2 52 2 IZFER 3
52 ENRHR D DI TIEAR VY, LA L, Figure 3-5-4 (2R L72 & 912, DFT #HETIX 177 2
BRI ZERBEARTH D Z E A LTSN, EBICERMICH 17 NRKERD
ELTHELNIZZ EiE. ZOHEREN —EDOEHEOBITAHLDTHLZLERLTND,

5 OMMBALIL TIEMKFELETH D 8 DN ALNT-DIZKI L, 16 OIMES T
PiARFALARNBRR SN N 12D T AZ —DMBEOENEE LT &2, R
UL VBRINLF2 L BN THHEEZDE 16 D Rus 271% 6 MicHV ., 8 flidd Rus
AT &HFFO 5 L LRI L 0D, D7D, 5 OMBALISTOAE B U REMLT
ORTTIIPLBENEIT L, BKFLK 8 25 27-bneEx b, —F T, 16 225
RFEPOSITEITE T, 140 °C (281 DIMESUS TIXRMALSOS S EAT LT 17 Z4ERM &
LChHzbotEZLND,
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EH N
Cp* Ru—=—Ru Cp* ————» Cp*-Ru'\- Ru-Cp*
|\/R \/| 80 °C N u// 4
/\\ // H, cp*’ \B/
¢ B H
5 8

Scheme 3-5-4.5 B LN 16 DOANEAS e D ELER

LD 7 T A Z = BIKBRICDEIT LT W E WO AL, 4 BELD 3 &
V2RI AR T =TT L E ORISR LTSI b Y TIEE S, 4 D Ruy 2

Tix 6 MiTHHOICKH L, 31X 8 fflid Ruy 27 2HT DK THD, 4 LY =hU
Ll 80 °C TOETIE 16 MEFHN, 4 L7 x2=ATE®F L2 EDOERTORIGTIE
5 ¥ELND, WTNOREEOSREIZH, BENYZ 7 A% — k| :ﬁﬂ&%@“é@ﬁ@%@
WK FBEOSITHEIT L2V, AL ITRIRAIZ, 3 & b EE & ORIGEAT » T2 ERIZIE
TNOBAITHBUKFE RO AR NBES LTS, @2

H Ph H Ph
\
— H H. H N__
L HY PhCCH N PhCN /i
Cp* Ru—-—Ru Cp* <«———— Cp* —Ruk—fRu Cp* — > Cp* Ru—-—R’lu Cp*
ISRZLT T e N2 N
y \\l// Cp* \1 Cp*"\ /
cp* B B g
H H H
5 4 16
H
PhCCH P INN PhCN
Ru Cp* <«———— Cp*-Ru=— —Ru Cp* ——— >
25°C H- \*Rlu/_/_H 25°C
(-Hy) " ~H

Scheme 3-5-5.4 BIWN 3 L7 2= AT BF LB Y = N ALVDKIG

2T Takao, Y. Takaya, E. Murotani, R. Tenjimbayashi, H. Suzuki, Organometallics 2004, 23,
6094-6096.
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

6 ZEERBRVVVEMTFEETDIIFAUE=ZBAT=ULL IR
A VEEER DA B

H Ph H Ph aF
\ L P Ten,
/N.— /N._
-HY HBF i\
Cp*—Ru\iéjRu—Cp* 4 > Cp*‘Ru\ﬁé /Ru—Cp*
c *\/SIU/\/'I* Et,0, 80 min I!I\/‘R|u/\/|-l|
p ~
B/ -78 °C ~r.t. Cp*/\\B/
H H
16 18
86%

Eq. 3-6-1

(Cp*Ru)s{ 1i5-17°(//)-PhCNH} (u-BH) (1-H), (16) 125t L. i3 &> HBF,-EtL,0 Z1EH S¥ 5
Z & T [(Cp*Ru)s{us-17°(//)-PhCNH} (15-BH)(u-H)s][BF,] (18) %4537 (LR 86%),

[(Cp*Ru)s{us-n*(//)-PhCNH}(15-BH)(1-H)3][BF 4] (18) DRFIE

18 {22\ TiE 'H, °C, "BNMR B X ORAMBIL AT MV EHIE L, TR 21T 72,
ST FREEICB LTI, HAEe X FEMIT 2179 2 LI R VR LT,

-80 °C THIE SN 7= 'HNMR TiX, Cp* &L §1.70, 1.79, 1.96 ppm (ZIEZEA 72— HEfR
Oy TFE LTRSS, Zol&, B RY REMTIT 62066 [Z—EME, 6-13.68
ppm (ZHAENE 5 Hz OWEJA7e — B, 6-10.99 ppm ([ZH-EIE 8 Hz OWEIL/R —EMRD T 7
FE L TENFNBESNT, /-, 7==/LED 'HNMR 7 F /i 7 ==L HDH
HEHERDME L L, HODKBENETIEEMR S 7T L& LTlgEI T,

IR 51.70 ppm B LY §1.96 ppm (ZEIE SN T2 Cp* DT 7 FLid, A 2
KA NVEAL O windshield wiper motion 2 XV 73 FPNITARABR 2B BRI LD 7=
coalesce L, 26 °C TiX 61.76 ppm (s) LY §1.86 ppm (w1, = 5.8 Hz) (ZFE/REELL 1:2
DT LTEESRZ, £/, B R REML O > 7 F 0 6 FHRICHEYY §-20.66 ppm
BEO 6-13.68 ppm (ZEIEZ SN TNV 7T IVDRIRIAZ/2 0, 26 °C IZHBWTIE § -10.81
ppm (ZHEME 47Hz O 1H 3O RELO > 7 A ORPEES T,

50 °C THIZE SN '"H NMR 227 L Tld, A 2 RAVERLF D windshield wiper
motion NE SHIZIMRENS Z LT, 1.86 ppm (ZHEEZ STV Cp* DT 7L ORiiE
1< 220 ([FIFIC =20k RY RENL O A RO INEEND 729, § —10.81 ppm |2
BEINTWE R RENL O 7 F T E BITRIAIZ 72> T o7z,
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ppm *: thf-d8 ppm ppm

Figure 3-6-1. Variable-temperarure 'H NMR spectra of 18 showing the Ph group (left),
Cp* (center) and hydrido region (right) (400 MHz, thf-ds, —80 ~ 50 °C).

SR TRIE L7 'HNMR TIEAR U L UBI T EDOKFED L 7T T §8.68 ppm (ZHEIA
T FE LTBIER SN (wp=224Hz), £72. 1 X FA VRN FDEFE EOKFEIT 6
10.20 ppm (ZHRIA72 Y 7V & L THIE S (wip=12Hz)

18 OFRNBIN AT MV ZRE LIZE Z A, B-H MfERENCIE S SRV 2479
em’ 12, N-H fERENCIES < HROGIRILAS 3240 em™ 12, TNENBIE SR,
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Figure 3-6-2. IR spectrum of 18 (ATR)

18 DAY LUEMLFDARTHED "B NMR &7 F /L% 90.2 ppm [ZHEIEZE S 2T
16 LI LT 29 ppm ml&HICT 7 B LTz,

18 DA X RAIVIKRFED Y 7 F VX, §186.5 ppm ITHEIE STz, 16 & H# LT 20 ppm
PR Y 7 FLTHEY, ZRETICHMLNATWD 4-7-RC=NR’ BN FDA 2 RA LR
FOFET 7 FELTUINRVIRVMETH 572 (Table 3-2-3 ZR), Ziid, VA AfEE L
TEIK RY VUREFITNZ, EBEMEES>Z Licky, B RERSN-ERETHD L
Ezbhb,

[(Cp*Ru)s{us-n*(I/)-PhCNH}(u3-BH)(1-H)31[BF 5] (18) D% T

[(Cp*Ru)s { 13- 17°(//)-PhCNH} (1-BH)(1-H); ][BEs] (18) @ THF #iti%Z —30 °C THrET %
IR 0L ER R E AT, B X RESERET 21T o 72, P18 Oy TG A
Figure 3-6-3 |2, fSERFHT — X ROVEREAE - fiG A% Table3-6-1 [Z/RL7=,

2 M7 Rigaku R-AXIS RAPID [EIH745E % FV\C —150 °C T4\ . Rigaku Process-Auto
program (2 8V 7 — & ZALER U7 KSR ITHAT A RITIE L ZEMIREIT P2)/c (#H14) Th o7,
fiENTIX SHELX-97 7'm 7T ANy /r— U %V, BEIEIZZ D VT =0 KON E 2R
EL, 7=V EKIC L VK DIFKRBIR O EZRE LT, R0 LT 01
@ THF DS EIEEE L L TH Tz, SHELX-97 7'1r 7/ 7 A& M, f/h _RIEIC X
DHEEL L. 2 TCTOIRKFRTFEIFEEITRER LT,
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Figure 3-6-3. 18 D7y fH§i& (30% probability level)
EENZEBWTIE Ru@) A Lz Cp* Bl F2EME L TR LT,

Table 3-6-1. Selected bond lengths (A) and angles (°) of 18

Ru(1)-Ru(2) 2.7818(2)  Ru(2)-Ru(3) 2.8384(3)  Ru(3)-Ru(1) 2.8091(2)
Ru(1)-B(1) 2372(3)  Ru(2)-B(1) 2.1293)  Ru(3)-B(1) 2.077(3)
Ru(1)-N(1) 2.1178(19) Ru(2)-N(1) 2.0427(18) Ru(1)-C(1) 2.191(2)
Ru(3)-C(1) 2.0622)  N(1)-C(1) 1364(3)  C(1)-C(2) 1.479(3)
B(2)-F(1) 1367(4)  B(2)-F(2) 1351(4)  B(2)-F(3) 1.400(3)
B(2)-F(4) 1.369(4)  Ru(2)-H(46) 1.7806 Ru(3)-H(46) 1.5179
Ru(1)-H(47) 1.6692 Ru(3)-H(47) 1.5806 B(1)-H(47) 1.5125
Ru(1)-H(48) 1.8276 Ru(2)-H(48) 1.6932 B(1)-H(48) 1.2811
B(1)-H(2) 1.2183 F(3)- - -H(1) 2.159

Ru(1)-Ru(2)-Ru(3) 59.965(6) Ru(2)-Ru(3)-Ru(l) 59.017(6)  Ru(3)-Ru(2)-Ru(l) 59.965(6)
Ru(1)-B(1)-Ru(2)  76.15(8)  Ru(2)-B(1)-Ru(3)  84.89(10)  Ru(3)-B(1)-Ru(l)  78.01(9)
N(1)-C(1)-C(2) 118.43(19)

18 ® C-N #EAMOHERIL 1364 A THY, 16 OFT 4 AA—X —%ZE LIZEOYY
i (135 A) L0 LR0RMEL TV DD, i-17(//) RCNR® Fifii D C=N fEARE L
THE I TWDHIE (1.255-1.415 A) OFEFHNIZH > 72,18 Dy THE1E TRIZFHEI 72 DX,
=50t FY FEAALFDOS L, Z20Ok U L7237 =0 ARNZAEBENL T 5720
T, RV VUM FORTRE BHEEH L TV AERTFABIEIN-ZEThDH, =
i —80°C THIE L7 '"HNMR (28T, 5-13.68 ppm & 5-10.99 ppm (ZBIZES 7=
SOt RY REMNFDT 7 F I, §-20.66 ppm [ZBEESNT-v 7T i LT, X
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IRy 7L e LTHEZONIEZ EEBFE LR, b R NENLF OZEMERR DOE
I% Ru-B i ORIICHEEL LG Tz, © Y R ZEEBOKATERM L TVD Z
& &L, Ru(1)-B(1) M (2.372(3) A) 2% Ru(2)-B(1) (2.129(3) A). Ru(3)-B(1) (2.077(3) A)
ALV BHELTWD Z RSN,

Flo A I RANENFOEFR EOKBRF LT =42 Thd BFy, O—2D7 v HER
+ (F(3)) DIMNC/KAFZEENBIE SN, H()-FQ3) MO 216 A Thotz, T DKFESE
BOHEIL, BF, © B-F fi6 ORI HEELLZ TS, BF, @ B(2)-FQ3) MDHH
EN, o =20 B-F fEA LB LT, 0.03A BHEL TV ABIEINT, 20K
FIEADIFEIL, A2 RANVENL T OEFZ LOKEN T T 4 v 7 EEEFFOZ L 2 F
DI EHERBELTND,
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BHOCEUER Y VBN A 2A T D BT =T LA I RA VRO RUSHE

BTH ZEEBRY VVEMTFERETAINTAUEEBAT=UALL IR
A NVEEE DI RG

18 (ZXF LT 436 nm H DV MT 490 nm DR DIHRE 21T o7& 2 A, AU LB+
EAIRANEBMFN T v TV L, 752K —FIC i-7-BCN ZEBRZ AT 5
[(Cp*Ru)s(u-H)s { is-17°-B(H)C(Ph)N(H)} [[BE,] (19) 2345k L7, MBS Z#51) TH 18 25Ed
WCHBIND Z LT hoTo 2 &b 19 BEIE T THO 18 ~ &AM I D WL
FETH 2 EDRB ST, 19 TRAICITOALZEREEERTH Y . 50 °C IS T T
SEL, EEORFEDEEZ G 27, £72, 19 1 5°C IZBWVWTHW-< W ETEHD
NIRT DB STz, LTS b e EREROFEM 2 7=,

H\ Ph " BF,

N=— hv \B=,’-"-N-‘§\- 4 A
Cp*- /ﬁé'_H‘ Cp* ————— . I/_\_ /N —cpt ———» Decomp.
p*-Ruz—=—Ru-Cp —~—— ©Cp Ru\\Ru,/Bu Cp
Ill\/‘Rlu\/H hv HSAH
Cp*\ 8 Cp*
H

(1 =436, 490 nm)
18 19

Scheme 3-7-1. AEIONE: 18 BL O 19 OISO FE LD
18 @ UV-vis A7 N OHEIE

18 % THF |[ZIBfRESH ., IR T UV-vis A7 MLVOHIEEIT->T-.5 0 16 & [FEEIC,
8 |ZEEAMEIRA D 650 nm fFITIZ/T TN ZFFOSIATH D Z ENBH LMo T2,
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Figure 3-7-1. UV-visible absorption spectra of 18 in THF at ambient temperature. The
concentrations of the solution were (a) 1.15x10™* M and (b) 1.75x10° M respectively. The local
maximum value of the molar extinction coefficient was determined to be 1.44x10* M'em™ at 295.7

nm
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18 1Zx4 % 436 nm DOEEDRH

18 OE THF WIFIZx LT 5°C T 436 nm DEEDHRKFE2I1T-728 2 A, 19 WA
Lz BT, BE T D o 2 BSEBIC AR O GE RO H L7272 ERE IR S his
ETIERVS, 19 OEIGIE 8 BRI 87% LRI L InoToth, T L, 31 B
I 82% &7,

o 18R H |  Ph L
/N_ hv SoooNas
ETA (1 =436 nm) N YA
Cp*-RU=i—Ru-Cp* > Cp*—Ru<\— ZRu-Cp*
INRuZ/ | 1 h, thf- \\SRuZ/
/Ru\ 3 ’ t d8 /\
H\‘\\I|3//H 5 °C H H\cp*
Cp*
H Conv. 88%
18 19
82%
Eq. 3-7-1

BT 19 OB R LZEMEIC DWW THRAEZ AT o 72, BT, 5 °C TRIGZBHF L 72
LA, 100 HEEFRERIB LI ZAT 19 ®9 b 5% FROSMABIE Sz, Z DO,
18 DEIG RN T DT B IRIRHCBIZ S iz, ZAUFEGE R T 19 O—#A 18 ~
LM SN D RISHEE Z DA HEMEZ R LTV 5, & 512 50°C T 110 BERIFLEMEL /-
EZA 19 BRI FERICHIRT DERFIBEE S LTz, 18 12X 5 436 nm DR DL
i L OBZ EVEDORRGEIZ BT 5 ROSBBIOFE R % Figure 3-7-2 IR L7,

hv(A=436 nm),5 °C 5°C
100 'gr

90

%0 =
R 70
S 60
2 18
3
5
5 m 19
2

50
40
30
20

I S——
10 kﬂ* — gé L 2
0 T T T T T 3( T T T T T 1
0 5 10 15 20 25 30 80 100 120 140 160 180
Time (h)

Figure 3-7-2. Time-course of the photo-irradiation of 436 nm light toward 18 and the decomposition
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11t
[1]

of 19 at5 °C

SRR ARG L TH 18 ITEAICHE ST, ZIF—EOHE THEL T\, Ziu
19 DRI 2 2 8T 18 25X DU USHFAET D A REMEN B D Z & 2R LT
Do TIT I8 IR L TRV RERONEZRKF T2 L1280, 19 23 18 ~EEHIND
BOGSZAH L, 19 OBPENRE ET25 2 L2 HFFL T, RIC 18 IZX LT 490 nm O E
DIRE 21T 7=,

18 IZ%9 % 490 nm DFEFEDI:RE

300 W St 7 A VT 490 nm DR DEE 5 °C T 18 OE THF HRITx L
THE L7, SEOBAEIRONT GRS D72 DR IS IERERETIX A2V, 31 FERH]
BITIX 18 @ 91% M SHL, 78% DILRT 19 ERLZZ % 'HNMR ZHIET 5
ZETHBMNI LT,

H Ph —|BF4

\N— hv 3 :’_"_':l_‘_\_c/
/_i-HY (1=490 nm) \ N
Cp*-Ru—: /Ru—Cp* » Cp*—Ru=—>—-/=Ru-Cp*
|\ RuZ/| 31 h, thf-dg \H\/\ U\\/I_{
H\/\\l//H 5°C H cp*

Cp* B
H Conv. 91%
18 19
78%

Eq. 3-7-2

FOGDKAKIZIBNT S 18 DERITIHE S D Z L1372 <, 436 nm DIFEEDONZ RS L
AL HE LT, BUSED 19 OILRE 18 OifbRICKE 2ETR LN o7, L
L, BRI TERNWH OO, 436 nm O EONZBE L2550 0 19 DL
BEE NN 2 & DRI S Tz,
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Figure 3-7-3. Time-course of the photo-irradiation of 490 nm light toward 18 at 5 °C

[(Cp*Ru)s(u-H)s{us-r°-B(H)C(Ph)N(H)}I[BF 4] (19) DB & [FIiE

18 @ THF %HRIZK L T=EIRT 436 nm OEEDNA 45 R L%, AT 19
@ THF %% 30 °C THHET 52 LICE V. 19-THF OB EAEERZ IR 61% TH,
19 122\ T 'H, C, "BNMR B LTSI A7 MV EZRIE L, TRENTEIT-72, £
72, 19 DG FREEIZ DUV TIRERE S X BREEMRNT 2 AV CRERE L7z,

'THNMR A7 R TlEb RU RENLFIE 6-21.73 (dd, Jyy = 4.4, 4.4 Hz), —19.32 (dd, Juy
=4.4,4.4Hz), -17.06 (dd, Jyy = 4.4, 4.4 Hz) ppm [ZBIZR ST, 2 O I3BEET 2 5% M7 b
KU REALFRIERZNZEN 44 Hz O 7)) T RFOTEDICBEINTELDTH D,
B RY NERFOT 7 FAOIGRIE 5 LIEFITEBILTH 0, S RIS - BCRg
L= =BBZF O b b R U RESMERICHSN R DO TH o7, 'H NMR A7 KL
EICBNT, RY LB EDOKFEDO NMR V7 VTR R L fEaafoZLicks
VUG FAEFNDFENC X W BIEET 2 Z S IRHIRZ2 D o 73, 19 OFRIMRILA T R L2 JIE
L7z& 2% 2505 cm™ 12 B-H {H#ERENCIES < SROIRIN AR+ 5 Z L 3 Hkiz, — T,
EF EOKFEDO HNMR ¥ 7 F v, g 17 Hz OFL7y 7 )0 LT §9.62 ppm
B S, AR AR B LIZEB W TS N-H e RENR U RS 2 i I A
3199 cm™ ICBlIEE NI,
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Figure 3-7-4. IR spectrum of 19 THF (ATR)

SEREMERTHRFEDO PC NMR ¥ 7 EBET D 2 ikt oz, BIORT
19 ® DFT ftROBREBEE 22 L. ZOZBREMKT 54 I RANVRBENRTEND
ST DVIB T AEFIOREIIH F D RES BN EBRHERSIND, LL, 43I RAVRHR
ITERICHEET I THLHY, 2D LN 19 OA I RAVRFED NMR BEZL T &
TWHFEKELTEZ LD,

CEBREHRT AR TFED NMR A7 UL 463 ppm ICBIZRSNT-, Zhix 5 2%
L, #EH=<° Fehlner 12XV &S Ve wi-m-BC, —BERZ AT H2HEULEW D~ 3E &
DY 14ppm FEEMES T 7 R L THEIZSLE (Table 2-3-4),

[(Cp*Ru)s(u-H)s{us-7°-B(H)C(Ph)N(H)}I[BF,] (19) D43 FHiE

19 &£ 18 % 84:16 DEIATETIEAW%E THF |JIAfRSH.-30°C DA kv —H T
BESEDZEICEVEONTT 19 ORBERERZ FVT, BSR X BHEET 217 - 72,219
Doy PG % Figure 3-7-5 |2, ERMGR &M A A% Table3-7-1 TR LT,

2 MI7E 1T Rigaku R-AXIS RAPID [EIH745E % FV\C —150 °C T4\ . Rigaku Process-Auto
program |2 XV 7 —Z Z R L7, fEEITRITERICE L, ZEHEE P-1#2) Thol,
fiENTIX SHELX-97 7'm 7T ANy /r— U %V, BEIEIZZ D VT =0 KON E 2R
EL, 7=V EKIC L VIR DIFKRBIR T OMEZRE LT, ER 0L a1
@ THF DS EIEEE L L TH Tz, SHELX-97 7'1r 7/ 7 A& M, f/h _RIEIC X
DHEEL L. 2 TOIRKFRFEIFEEITREA LT,
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[1]

F(2)

F4) g

Figure 3-7-5.19 D5y 1-#§i& (30% probability level)

Table 3-7-1. Selected bond lengths (A) and angles (°) of 19

Ru(1)-Ru(2) 2.8069(4)  Ru(2)-Ru(3) 2.8425(4)  Ru(3)-Ru(l) 2.7944(4)
Ru(1)-C(1) 2.117(4) Ru(2)-C(1) 2.090(4) Ru(1)-N(1) 2.119(3)
Ru(3)-N(1) 2.088(3) Ru(2)-B(1) 2.140(5) Ru(3)-B(1) 2.135(5)
C(1)-N(1) 1.479(5) N(1)-B(1) 1.631(6) B(1)-C(1) 1.719(6)
C(1)-CQ2) 1.482(6) Ru—z-H (avg.) 1.728 N(1)-F(1) 2.8560(49)
B(1)-H(1) 1.1039(541)  B(2)-F(1) 1.408(7) B(2)-F(2) 1.345(9)
B(2)-F(3) 1.348(8) B(2)-F(4) 1.364(8)

Ru(1)-Ru(2)-Ru(3)  59.289(10)  Ru(2)-Ru(3)-Ru(l)  59.722(10)  Ru(3)-Ru(1)-Ru(2)  60.989(10)
C(1)-N(1)-B(1) 66.9(3) N(1)-B(1)-C(1) 52.3(2) B(1)-C(1)-N(1) 60.8(3)

BREMS X A G CIZEFZ LOKEBONBEEZRTET D Z L ITH KR o720,
N(1)-F(1) [FEEEEA 2.8560 A Lir | £y ¥ —T =42 Thd BF, D BQ2)-F(1)
FEAMBLO Z DI HRT 0.04-005 A BRIEL TCW=Zta2Ex 5L, 18 LEEEIZ 19 T
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bEREOTE bl BE, O7 vy FEOMICIIKIBHAENS D BRI NI,
w--BCN = HBR (T, U C-N 58 (1.4795)A) &, BV B-N #4 (1.631(6) A) BLW
B-C #& (1.7196) A) IC X VSN D Z ENHL MM o7z, IRFBLEEHR, FUHELE
F. RURLRFBOLEEELEORNENEI 1.46,1.56,1.60 A THDHZ LEEBET S
ELPCN FEAIRIRITHEAESICHY L TR Y | B-C, B-N #aIAHBAEEOmE Y 0.1
A BEMELEFEATHD ZENHLMMNIESNT,

W2 EIZBWVT 9 O u-BC, ZEBRICITT AR VERLT EAHER Y LRI T & L
TOHFRERH Y, RE—FRUEBEIIEICZENZTNOFEAO p HLEOMAVERIC X 0K
ENDHZE%ERLE, 19 @ --BCN ZEBRICEH L TH., WA O &2 ZEMC
T 57912, DFT FHRIC L D AEdERE L (B3PWII level) 21T 7=,

19 OFF A AT U CHS S X BEEARITIC L0 E STy IR IED & W HIE
& Z PRGE L | Gaussian 09 Program |2 8 Y ffidifci{b, #RENGHAE S KOV NBO MR Z1T -7z,
KBTI T =7 KR8 SDD, DD R, R, KFER 1L 6-31G(d) & Lz,
RENGHEICB W CIEEIRE 2N N Z & 2 38 L 7o, Figure 3-7-6 (2 19 OO F A 550
Bt 197 277 L, Table 3-7-22 IZE DA R, G L NBO FHHEICEL VGO
Wiberg Bond Index DfEi% 7~ L7z,

25 . Pyykkd, M. Atsumi, Chem. Eur: J. 2009, 15, 186-197.
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Figure 3-7-6. Optimized structure of [(Cp*Ru)s(u-H)s{zs-7-B(H)N(H)C(Ph)}]" (19")
(B3PW91/C, B, N, H: 6-31G(d), Ru: SDD)

Table 3-7-2. Selected bond lengths (A) and angles (°) of 19”

Ru(1)-Ru(2) 2.83761  Ru(2)-Ru(3) 2.86941  Ru(3)-Ru(l) 2.82496
Ru(1)-C(1) 2.13178 Ru(2)-C(1) 2.07785 Ru(1)-N(1) 2.12422
Ru(3)-N(1) 2.11656 Ru(2)-B(1) 2.11453 Ru(3)-B(1) 2.12903
C(1)-N(1) 1.47572 N(D-B(1) 1.61500 B(1)-C(1) 1.76066
C(1)-C(2) 1.48399 Ru(1)-H(42) 1.76815 Ru(2)-H(42) 1.76011
Ru(2)-H(43) 1.75620 Ru(3)-H(43) 1.75731 Ru(3)-H(44) 1.77225
Ru(1)-H(44) 1.76103 Ru—z-H (avg.) 1.76 N(1)-H(2) 1.01977
B(1)-H(1) 1.19534

Ru(1)-Ru(2)-Ru(3) 59.336 Ru(2)-Ru(3)-Ru(l) 59.772 Ru(3)-Ru(1)-Ru(2) 60.892
C(1)-N(1)-B(1) 69.285 N(DH-B(1)-C(1) 51.626 B(1)-C(1)-N(1) 59.089
Bond Order (Wiberg Bond Index from NBO analysis)

C(1)-N(1) 0.9459 N(1)-B(1) 0.5393 B(1)-C(1) 0.4330
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B OCERUERY VBT AT L SRV T =T bAoA X R A VEERD KRG

19 OHFF S OFAE L, Bk X BEEHT cR o 19 O T4 5
IO EE AR L < FHELL TV, NBO §HEICE D 5472 Wiberg Bond Index D
X C()-N(1) #EED 0.9459, N(1)-B(1) FEAEHY 0.5393, B(1)-C(1) fEAD 04330 THY |
FUFR—EHRM, FUR-KBMBBHEEL BRSNS ZEBERTHHZLERL T
7=

MO #153 (HOMO-14, —-10.8 eV) MO #152 (HOMO-15, —-11.2 eV) MO #138 (HOMO-29, —12.4 eV)
(Iso value 0.07, side view) (Iso value 0.05, top view) (Iso value 0.05, top view)

Figure 3-7-7. 19" OFFE9 725y 1 HE

19" OB 725y TEED—#B% Figure 3-7-7 (Z/8 9, MO#138 DL 9124 I KA VBT
FDRFE L BHEMIT o BMOMAFENZFF 20 FHUEDNHGEE SN b DD 9 OGE & [k,
B-C fEAZMR T 2HIEILEICARVHE LA I FANVREDH D WVILEHZEMO p #uEDOER
DICEDHLONBLED EEZBND, MO#152 TlEA I RANVREZEBLOEENKRTHED
p WLE LA L TWDERFBIBIZE SN, £7o. MO#I53 XA TUHRD p, HUEN 2D
NT =T LD d WOl LG MEOMEERAZ TR R 6T, Ziud 197 O =B8R2 9
ERERIC, A X FANMENLF BB RY L E L TOREEZ/ALTNDLZ EERTHOT
&5

BCN ZEBR%*2A7 21LE&W
BCN =EBER& AT 2T, W OO NV—FIC LD ARENTE =, kL
LCIEERUTICARTEORMLN TN S,
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(1) BARKEIMEEHILZEST I /R T R,BNMe, (R = CF;, CeFs) &7 V' A% 2 DR

26

R’ R"
F3C R'
3 \B_N/ N —_— \C/
= +
/N : /\
F;C R" -N; (F3C).B NMe,
© ©

A (R' = CH,Ph, R" = SiMe;)
B (R' = H, R" = SiMe,)

) "R T EHWTERENC LD RE-F VB R‘EDOIEE E . < 3TN TD B—N
FEADIRRIZ L 5 = BB OBERY

es

H H H H H
H
X X Mes @ )\@
N Li  Mes,BF N B~ N 27
| M

Mes Mes

H Mes H Mes

M _n X "
-~ e
N B N——B
Mes
c

% (a) A. Ansorge, D. J. Brauer, H. Biirger, T. Hagen, G. Pawelke, Angew. Chem. Int. Ed. 1993, 32,
384-385; (b) D. J. Brauer, H. Biirger, S. Buchheim-Spiegel, G. Pawelke, Fur. J. Inorg. Chem. 1999,
255-261; (c) D. Winkelhaus, Y. V. Vishnevskiy, R. J. F. Berger, H.-G. Stammler, B. Neumann, N. W.
Mitzel, Z. Anorg. Allg. Chem. 2013, 639, 2086-2095.

2 1§, Dorké, E. Varga, T. Gati, T. Holczbauer, 1. Papai, H. Mehdi, T. Soés, Synlett 2014, 25,
1525-1528.
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B) RUE~DA VT = ROKELEL, k< B—C HDHWE B—M HEE~D1f
NS

H; H, N CoF
@ C\ /Cst CNR @ _C_ /Cer @/ AN o
o, ——— Ta~ B ¢ > Ta c—B
% H Gl - CH, i@ f 875 insertion QQ \C/ \
. CeFs
C into H,

/// B-C bond
N
/
L R
7 CsFs
R C6H11 \ wCeFs
onR ﬁ N ﬁ v T
—_— \Ta C_B::FCEN\R \C/C\
\C/ Z insertion \ \
H, CeFs . énlt;; ., Hz CgH14
- n
D
CN'Bu Cl cl
— st —— Yo
oc’ l cl S l N oc” \c/
Cco co \\N oc \\
\tBu \
Bu
cl cl
\ el \ el
\ /B“e \ /Bé
— Fe——C\l D . ® Fe=—=¢C l
o AT TNy
insertion oc Cco ®\ oc ¢co \
into t 4
B-Fe bond Bu Bu
E
(4) tri-tert-butylazadiboriridine (B,N'Bus) & —W{b x5 DIKIE TO G
R
R R @ © B ©
2CO B ) I/o\ S) ®/0\ / \\
) RN/ ) . RN—BJ SC—BR BZ ¢
Q—» R Jeo —= I 1O 1 I |—= © | [ e
BR _78°C / RB—Cy, OB—NR RN—C.____BR
B o 07| ® \/ o7 @
® R ©oB ©
R = tBu R
F

28 (a) K. S. Cook, W. E. Piers, P. G. Hayes, M. Parvez, Organometallics 2002, 21, 2422-2425; (b) H.
Braunschweig, W. C. Ewing, K. Ferkinghoff, A. Hermann, T. Kramer, R. Shang, E. Siedler, C.
Werner, Chem. Commun. 2015, 51, 13032-13035.

¥ P. Paetzold, B. Redenz-Stormanns, R. Boese, Angew. Chem. Int. Ed. 1990, 29, 900-902.
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B DOILEMHFES BCN ZBEROMEERE E NMR A7 KL% Table 3-6-3 |2F &
W, FNHORHENHLEY A-F, 18 % 1[IV OWNUDIZHFE L=, 18 LT 572012 9
DF —=HZHONWTHHE TR L,

Table 3-7-3. BNC Z—EBERO#EARE L %0 BC,"BNMR Z~<” kL

complex REE @) o (ppm) oc (ppm) Ref.
B-C B-N C-N
A 1.595 1.560 1.567 -14.2 not assigned 26(a)
| B 1.574 1.567 1.525 —-15.3 not assigned 26(c)
C 1.586 1.617 1.528 —8.1 not assigned 27
D 1.579 1.542 1.292 -16.6 " reported 28(a)
i E 1.579 1.484 1.294 —6.3 221.7 (s) 28(b)
11 F 1.551 1.329 1.459 28.4 or 48.1 not observed 29
18 1.719 1.631 1.479 46.3 not observed This work
v 9 1.664, 1.672 (B-C); 1.500 (C—C)™ 59.1 142.2 (d), 155.8 (s) | This work

[a] DFT FRICE0EONT- 9 Fil{biEE 9) @ w-7-BC, —BEROMAEEZT LT,

sFs
; : CeH \" . CeF
Ph SiMe H SiMe H Mes e wwels
N/ N/ § B
C H N Y T
® [©) Ta C \N
(F3C);B——NMe, (F3C);B——NMe, I\llles N \
o @ o @ H, CeHys
A B C D
Ro
€] B
H BF. H
cl cl P ANA HOoob on 155 Ph, &t M
ﬁ/ B¢ oo @ [ e ‘gt oSy
C B v N\ 4 X
Fe—Cgle B ®F9=c<| \/ \04(9 Cp*—R{I%—u;/su—Cp* Cp*—R{J%RT/,Ru—Cp*
oc co o\ o co N ©oB © H <H\H H”<H\H
‘Bu Bu R='Bu Cp* Cp*
E F 19 9

L&Y A-E ZWUERNLOR Y HEEGT D720, ZHOEAEHD "BNMR ¥ 7 Vidf
DFEIRICHN D, (LEW F X =B OFRUEEERIAEWTHY | Ef/elmBIIIThiT
WARWEDD, D "BNMR V7 F LT 5284 ppm B LN 548.1 ppm ICBIEEN D,

I [ZBET2{tE6% A-C @ BCN —BRIFFLOFEEGED 0.1 A NI E>TEY, IE
SARIEWVERER LTS, £io, EHR I OOBMREEZH T H{LEMTH D,

II IZET 2669 D, E TIIER LOBBEEN—>ThHY | RE-ERNPZEMSEGMH
ZHOTWDHTZD, b OR> BCN =HERIEL C-N #E& 258 (2 g~ & 28k L
TW5b, E CHEZOORBOFENEZEZLNHHN, ZBERO C-N faRix, BEG L 1X
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

BIEEZ SN2V EEAGDOA—F— (1294 A) THY . NBO #HHE TEHS - Wiberg
Bond Index Offi (1.64) & C-N #EGHICZEMAEMERH DL L EZRER L TWAHTIZD, FH
5% C-N Bz ZHEAES 2R IR0 F G N KERN TH 5 LiEmitT s,

L&YW F IZ=BBROSHKAED > H B-N a2k bEV BON —BRE2/HL, ZhET
WRARTZNTNOLAE L b R DR EA LT 5,

IV (28T 26AWIE w--BCX (X=NorC) =B&R%* = LIchT%, 2hbo
"BNMR o7 F/UFIEDO(LS Y 7 MERICEI, —EAUER Y U VBN T (u-BH) & R
HE, ORXEBS YT FLTBIESNIORREMTHD, 9 bED, INFETICHREIN
TV w--BC, —EBROARTEDY 7 F i 5§60 ppm (HEICEIEZE SN D, —FH T 18 D
“BBROEAIIIENI D LAY 7 R Lz § 463 ppm (B SN, IV ITET S =
BEBEOMAEEL LTI AUENEE LRV C-X (X=NorC) ek bEVMEEZ =T,
FOFA—F—ZHEEEL W) XV D LARBEICELS, 208 T I IZRT5EMm LT
KX BT, ZhE. BELL o0& RBT L0tz ky . 43I KA
B 1D C=N fEENKVHELEZZEICEDHDTHL EEILND, SHIZ, FURN
G Le=BRO JNOREES M ICETHLEmE R L TRESME LIZEEZRL
oo ZHUT 9 HDWE 19 O B-X (X=CorN) FEANEHE O p HLBEOERMIZ I 0L
ENDZLICEDTEOTHDLEEZLND, IV IZBTHBEORVRITITEBRY L
ELTOHERGMHY, TAXFrHDHNEA I FANVENL T EBEERY LoDk S s
72 —BRE2AT2LEMTH L VW2 5,

19 OB a f ARG

NF A NESERTH D 19 1% LT NaOH KiFEEEH &S E- L 2 A, EFE Eo7a b
VOB E e (Cp*Ru)s (-1 -BH)C(PhN} (1-H)s (A) &5 2 502 Fit P rEsE (R 2315
ENDZEEHLMNCLZ, A IZ2OWTIE 'H, °C, "BNMR LRI A2 kL OHIE
BLORREONEZIT) ZETRIE LT, A OICRIT 18 2L LTHEIMTH L 43% T
HoTz,

H Ph H | BF
\ e h MR A" ' N
N— v \ 227 S N ™~ /
. _ Bz-2-=-3 C R
//g,H\ (A= 436 nm) / /\ JA NaOH aq //\ G
Cp*-Ru—:—Ru-Cp* Cp*—Ru=—>-/=Ru—Cp* Cp*—Ru=>-/=Ru—Cp*
~ -~ \\ u>/ P \R - p
|\/\Ru\/| 45 h, THF \H/\ <Y 10 min, hexane NS “ﬁ_{
HIALLH rt. H\H ot TR N
cp’ B Cp Cp*
H
18 19 A

Scheme 3-7-1. 19 Ofi~7 v s 2 ALKG
'HNMR THE b RY REALFOL 7T A0, § 2337 (dd, Js = 4.4, 4.4 Hz), 5 ~20.08 (dd,
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

Jun=4.4,44Hz), 5 -17.73 (dd, Juu = 4.4, 44 Hz) (2B S nT-, ZHixZnE Tlak~<7z 9
19 Ot FY FEALTFEBET 20D THY . =K T 1-7-BCN = BB S
ITNDHZ EEBRIBLTND,

F 7o, IR Z 27 RV TIE 2456 ecm™ 12 B-H HEIRENC IR B S 405 3R WX AVE 22
S,

100
98 PP ———n N\

94
vBH
92 {

90
88
86
84
82
80

%T

3900 3400 2900 2400 1900 1400 900 400

cmt

Figure 3-7-8. IR spectrum of (Cp*Ru)s { z5-77-B(H)C(Ph)N (z-H); (A) (ATR)

NEIZHTFA ML I RANAGEREFT R T LA SR REDRINIZE Y, EHE Lok
FRBE P, THEA S RA VSRR AR T S 2 L AR L TWS (Scheme 3-7-2)*®),
Scheme 3-7-1 TR L72pUid, AL ORISIZE Y B R FTIEZRLS A I RA VBRI D
EHLEOKZEN T FE LTHIEHDPNT PSRBTSO N D KIS &V D JT Scheme
3-72 WR LT Us EFBIL T D,

H Ph | BF,

N—-.
IN |-R NaOMe
Cp*-Ru= ~Ru-Cp* —— C
N\ 7\ r.t. P
Ru H
cp*’\ll_l/

Scheme 3-7-2. [(Cp*Ru)s { giz-17: 177 (L)-PhCNH} (15-H)(u-H),1[BFs] DOBE7 12 b AU
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[1]

B ZEEEARY VBN T ERT LA T =0 Ao X R A VSEIRD FOGHE

8 & Z=EBRLELECOZEBROEEEEBCETIZLE

16 BL W 18 ORI

16 & 18 [XFILA I RANBERTH LN RKRE S BARDIICHEE 2T 2 & AW )
WZULTe, BTFAUMEA I RAVEER 18 123 5 436 nm DR DO NRH TILr 7 24—
BN - BCN ZEBRBEESNOIK L, A 2 RA R 16 12k 5 elE T
13 16 OHMERITES ZBROMELSUSITE Z bh o7,

H Ph H BF
\ —l BF4 hy H\ r!l /Ph _l 4
/Ng__ (1= 436 nm) 54-"---‘?(\3\
Cp*-Ru=:—Ru-Cp* ———> Cp*—Rué— —=Ru—Cp*
INRuZ/ | SRu7’/
AV H™SH\H
AL H
Cp* \B/ Cp*
H
18 19
H
ﬂ Fh H I Ph
N— hv \B _’_'_':l_‘ﬁ C/
iH (4 =436 nm) \ 3
Cp*-Ru?é—;IQIu-Cp* —» Cp*—Ru=) /;Ru—Cp*
u <
\/\|/>H H\C *
Cp* E Y
16

Scheme 3-8-1. 18 :3 LN 16 (ZxF9 5 436 nm DO E O NS

SHEEEIAR BT Z BBRIESUE O SUSHEEIC DWW TH L NS T 572012, #51K 16 B &
O 18 @ TD-DFT #H 2L D UVwvis A7 ML 2k iz, BRI
@BI7XD % V>, FEECEIEIZIE Ru:SDD; C, H, B, N: 6-31G(d) ZE:AH L7z, 18 2B L CTix
ZEDHFF L ERy DI ONTHEEIT- T,
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Table 3-8-1. The TD-DFT lowest excitation energies (nm), oscillator strengths (f), transitions, and

weights of 16 and 18
Complex  Wave length (nm)  Oscillator strength (f) Transitions Weight

HOMO-5 -> LUMO+3 0.03
HOMO-3 -> LUMO+3 0.08
HOMO-2 -> LUMO+3 0.09

16 439.86 0.0270
HOMO -> LUMO+2 0.02
HOMO -> LUMO+3 0.47
HOMO -> LUMO+4 0.04
HOMO-7 -> LUMO 0.08
HOMO-7 -> LUMO+3 0.04
HOMO-3 -> LUMO 0.04
HOMO-2 -> LUMO 0.07

18 431.54 0.0104
HOMO-1 -> LUMO 0.17
HOMO-1 -> LUMO+1 0.03
HOMO-1 -> LUMO+3 0.02
HOMO -> LUMO 0.28

HOMO-7 (MO#161); HOMO-5 (MO#163); HOMO-3 (MO#165); HOMO-2 (MO#166); HOMO-1
(MO#167); HOMO (MO#168); LUMO (MO#169); LUMO+1 (MO#170); LUMO+2 (MO#171);

LUMO+3 (MO#172); LUMO+4 (MO#173).

UV—VIS Spectrum

UV-VIS Spectrum
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Figure 3-8-2. TD-DFT
(f£:16; £:18)

Figure 3-8-3 (21X 16 B LY 18 @ UV-vis A7 ML EFHE LT,
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0 _/_/ 0 J‘/ T |
750 650 550 450 350 250 750 650 550 450 350 250
A(nm) A(nm)

Figure 3-8-3. 16 (/£) 3L 18 (4) ® THF . =R T® UV-vis A7 kL (758)
16: (a) 1.34x10™* M and (b) 1.34x107; 18: (a) 1.15x10™ M and (b) 1.75%10” M.

16 @ 439.86 nm DO TORME TIEEIZ HOMO (MO#168) 725 LUMO+3 (MO#172)
~OEBP LI TH D Z Ehborolz, ZiLbiaFiul & 2O % Figure 3-8-4 |
RUT, £, MoOBEBICEI L TH LUMO+3 (MO#172) ~DEBIZIFIE SN D H DN KE
NTHDH I ENRENT-, LUMO+3 (MO#172) TIEAR Y L BN 1D p BLED —H>DNLT
=T L0 d $UE EFEATEOBEF EERZ > T\ b, 207 16 (2125 436 nm D
WEOHBEICE Y, AV LB 723 =BG D ZEIEE~ & B E 2 2 2 268
R ATREME DS E 2 B AVRIR STz,

“
>
9 ¥ ]
2
&
\\\ 29 \ o
Ru Ru ]
\L/
H
H
Ru
\H
N—B—C
Ru/H\Ru H
\H/
N
HOMO (MO#168) —6.27 eV LUMO+3 MO#172) 1.69 eV

Figure 3-8-4.16 ® HOMO 3 X T8 LUMO+3 D4y Tl & = DO (Isovalue: 0.05)
— ). 18 ® 43154 nm O E TORHE TIEFEIZ HOMO-1 (MO#167) & HOMO
(MO#168) 7»5 LUMO (MO#169) ~DFEhENXZEM THD Z b hrotc, T HETE

ARG 55 1HiliE & = OIS % Figure 3-8-5 (2R L72,
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HOMO-1 (MO#167) —10.4 eV HOMO (MO#168) —10.1 eV LUMO (MO#169) —1.81 eV

Figure 3-8-5. 18 ® HOMO-1, HOMO £ X' LUMO D45y {-#lil & % OHES [
(Isovalue: 0.04)

18 DAY 16 LRk, BTEBNEXZEOHECRY LB FOFRTFED p
ML — 20N T =0 A0 d PUEOMIZHGEOWMEM NN R 6D Z Lbno
72, TD-DFT #HE THEOLNRERICE LTI EOFEMARMIT 2175 2 L IZREETH -
7eB3, 16 BE 18 1T 436 nm DI E DN A LIZBRIITZ N O 3R> —HAUER Y L
VB TEEER Y LB & ORESRRRE B L S B ATREME E 2 & AR
e,

L2rL, EBRIZIE 16 & 18 TIIRE S ERDNRISEBZ T Z ERBEINTND,
ZOENELHFEKE U THIBRSTIZRO —8R”E 2 55,

<A I NA VEUL T O BRI ZEh>>

18 1TxF3 2 MU THERLT 19 AT 2 HKRO—2121F 18 TiXA I R A VEML
A ZREEEIR E TR EE 2 DD Z ERETF BN D, BB THIE L7z Cp* &
® 'H NMR ¥ 27 F & RBAUSH L2 K 912, 16 DA 2 RAABRLFIFAT =7 L LR
72 kA2 L WD Dizxi L, 18 OA 2 KA NVENL 1 fluxional 78 E 2T 5,
18 TITHMRHFHT L VARV U BN 328G OB AR E & o 72 BRI A 2 RA VBT D
p HLUENRY L DED p Bl EFHEEHTE DA S ITRMEKNEZEZST VWD LT
BERMPEREINTZEZEZOND (D 7D 19 BAERKT i),
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N— —
/ >a36nm) | /= N N==
/:'H\ — ’H\ /:’H\ :-H
Ru—=—=Ru - Ru—=—Ru —> Ru=E—Ru — Ru=—: /\Ru
| \N"RuZ/ | INTRuZ/ | INRuZ/ | N\ ruZ |
HQX|/H HQ| />H HA SH HB— , —~
N2 AL QL2 \/ H
: : : "
18 \ A - B
| “
T pn 18R e
H Ph
s N/ H\ \
PN \ <
Ru=Cp*Ru Cp*—Ru<\— CRu-Cp* - W _EHY
NN Ru(|_|/ RuEi—Ru
H > HA\ \ RuZ_|
Cp* / H
H

Scheme 3-8-2. 18 DY:HRE FIZH1T A HEE G288

ZOBETIT B @ 5-BH 28 1p-BH ~ SRR L L2 T C OREA~E BT DR
(2 pH BN & O CILEOINE Z 2 LER D 5, T ORBUERIT RN R RS
R DM & G AR U VBEIR O AR A R CHEIT T O A R CHEIT T2 2 L 3B A D
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] BF, "] BF, "] BF, | BF,
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Scheme 3-8-4. 16 DOY:HRE FIZH1T 2 HEE G288

<<p-H BfL 1 & p-BH ENL T DSLARR FE>>

Scheme 3-8-2 IZ/”xL72 C % w-BH B & p-H BN DSARRFE D 8 5 7o DITIHER
MIZ D ~NeEHBINDEZEZDLILD, AKX L Scheme 3-8-4 (2R L7 G Tl u-BH
BOAZ 7232848 L72 Ru—Ru fEAIC w-H B FZ2Ffl7enizs, B R REML1 & ORI O
RFIZE D pBH BN FO7 ) v 7RI DI WZ BRSNS, ZD=H G &
H OFDOFHEARELS G Lo TWoHEEZX LI, ZHIZKY 16 TiX 18 LHE4Y
SR ETOCBRIBENSE Dol B BND,

5 OXRIG

5 1ZKT 5 436 nm OWRONHHTH 18 LIFMIC, SR ETo = BEROMEN
JERERE SN TWS, 5 I LTS TD-DFT #HEIZ LD UV-vis A7 MO E 2 7
T2 BRI 0BI7TXD Z vy, AJERIEIZIT Ru:SDD; C, H, B: 6-31G(d) ML
770

H Ph H
v Ho L Pn
e (1= 436 nm) B=.‘-’-->>\\
Cp*-RU=—Ru-Cp* ————> Cp*—Ru%E =Ru-Cp*
LAV H™ H\
Cp* \\B/ Cp*
H
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Table 3-8-2. The TD-DFT lowest excitation energies (nm), oscillator strengths (f), transitions, and

weights of 5

Complex Wave length (nm)  Oscillator strength (f)

Transitions

Weight

5 427.88 0.0103

HOMO-9 -> LUMO+4
HOMO-7 -> LUMO+4
HOMO-5 -> LUMO+4
HOMO-3 -> LUMO+2
HOMO-3 -> LUMO+6
HOMO-2 -> LUMO+2

0.02
0.04
0.05
0.04
0.02
0.03

HOMO-2 -> LUMO+4
HOMO-1 -> LUMO+2
HOMO-1 -> LUMO+4
HOMO-1 -> LUMO+5
HOMO-1 -> LUMO+6
HOMO -> LUMO+4

0.14
0.10
0.08
0.06
0.03
0.08

HOMO-9 (MO#159); HOMO-7 (MO#161); HOMO-5 (MO#163); HOMO-3 (MO#165); HOMO-2
(MO#166); HOMO—-1 (MO#167); HOMO (MO#168); LUMO+2 (MO#171); LUMO+4 (MO#173);

LUMO+5 (MO#174); LUMO+6 (MO#175).

UV—VIS Spectrum
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Excitation Energy (nm)

L L o T T T
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Figure 3-8-6. TD-DFT FHHEIZ L% 5 @ UV-vis A7 LDV I ab— a3y () &
5 @ THF H, =R THIE L7 UV-vis A7 ML
(F48, (a) 3.63x10° M, (b) 1.82x10™* M and (c) 3.63x10™ M)

Figure 3-8-6 (21X 5 @ UV-vis A7 RV H TR LTZ,

T EBICENE ORI RT UV-vis A7 bR L < HE L T\,
5 OEAIZIIERA 2HER OB FEESBEEG L TE0, 16 X° 18 DALY LT
FERITEMECTH 7208, AU LV UENLTORTED p WA 2O T =7 A0 d Ll
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LREATEDMEAER 2> LUMO+2 (MO#171) 3 X8 LUMO+4 (MO#173) ~DE B
DG LTS OBFET D Z & DRI,

LUMO+2 (MO#171) 1.56 eV LUMO+4 (MO#173) 1.90 eV

Figure 3-8-7.5 @ LUMO+2 B X' LUMO+4 D4yFjE & = OREISX (Isovalue: 0.03)

50318 LAUL RY B RY RESMATHY, 72, 'THNMR ALY ML T 5 D =50
Cp* IF=H|ETHME L, WA 7 TN ELTHEAZLNDZENLEHLN L ST, 5
DT N AT b RIS R BT 18 & [RIEE fluxional 2R E AT S, O 6T 18 &
AR 5 TH 436 nm OWEONBKFNE2Z 1752 L CEEERY L USRS AEKT S
ZohREEE LT, ZBBROBABICHBMG SN D AREENRE W 2R L TV,

H Ph H Ph H Ph H Ph
hv
>/_& (1= 436 nm) /\/;H'\\ )fﬂ\\ )z»g
Ru=i—Ru — RuZEZRu | ——— RuUZiZRu ——= Ru=i—Ru
INRuZ/ | INRuZ/ | INTRuZ | /\SRu” |
HQA| />H HQA /oH HQAL S HB—,
N G2 N> v
H H H
H
| Ph H Ph
v .G/ H
222573 \
\\ =
Cp-RI-LRu-Cp* \," ST
H <4\ \ R |
H Co* u—_
P / H
H
9

Scheme 3-8-6. 5 DYEHRST FIZI81) 2 HEE i 258
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BA4E RN UVVEMTFEOBRENRS SXZ—DHEICKIETEE
BAE OHEE

—EIEREN R L ERRY LT OWEERM L, 'R LB BB SRS L
T L BIEN & L CEAEGEITY LB 205, AR, &RN5FRUE EDOZED p #l
EA~OWHGEE2ZT5Z LIk, KRR Y LUk )d — R v E S Ix 2 EbE a2z
D, LL, 2O RY LUENL O o 52 TEREN D OW LG X558,
M-B f5&130MB L (LMS-B%), ZOMENRY Lodkae REERbD L LTS, 2
FORDHEERY VR ZET H-01%, 7/ EOL IR TRICH LT 7 &
TEMET D2 TETNRLENEKD Z E AR EREN, RY L BN TI2R
D RERIE DA T- DI A S F LD X 5 ISR IER I & WO E LA 5 A
HWEDNRD D,

007080 e Qo
a% O 0O R an 0
RORADEFHEICEIYREIE IR EICLIYREE

Figure 4-1-1. HiZAR U LU U8R A ZET D Z>D ik

—. BERY L UERALF TIIERO SR L6 Ok 5 X 5 REREZITH T &
T, Figure 4-1-1 (TR L7 ZODFHEA R WEBEZ AT 5 R LU SR ARl ST
W5, SHIZ, —HOEKIC OV TITHEBSHARTIIBE I TV RN YR EoBEHED
BEHSOENEZ 52 &b A STV 5, Braunschweig HIZ LD ARSI NZ4E84EG 7 v R
U VBN T 2AT D K~ v 85K Scheme 4-1-1 ISR T X HICT I o7 ba—
o KREBIET 2 Z ETHRYFELETOEBMMISHET L, ZIUTXVERA REBERY L
WikE 525, TLonL, HERY LUSMEOEL &, ZNETITbh CERY L
ERICRET 22213 U LR OAKRE BN E T2 bORKRETHY . RN L FL T
FoOBEILNSIENEC 2 D FEBIC OV TR 5 2 & IFREmBAICIT DI TR0,

'M. Krasowska, H. F. Bettinger, J. Am. Chem. Soc. 2012, 134, 17094-17103.

2 K. K. Pandey, D. G. Musaev, Organometallics 2010, 29, 142-148.

* (a) H. Braunschweig, T. Wagner, Angew. Chem. Int. Ed. 1995, 34, 825-826; (b) H. Braunschweig,
M. Miiller, Chem. Ber. 1997, 130, 1295-1298; (c) H. Braunschweig, C. Kollann, U. Englert, Eur. J.
Inorg. Chem. 1998, 465-468.
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[lle]e]
00

: B
c
RNH, 6 ¢¢ H,0
ROH
o o
c ¢c o o
] ' c (i:
Min—Win- o o
AN i g ¢ {pr—sff
A [ |
NHR AN /l 5 | o
éﬁc OH
R =By, Ph ° ORO
R = Me, Et

Scheme 4-1-1. ZE&AR U L AL - EOEHFL DO H

AIFFROFEN R TH D 4 ILEMICHETFICHRY L 2 RET DR AR
IRVKFREERILLETHRY VUENL 2RO SR TH D, T LI ICEBREICLS
LEACNEDNGD TRNA Y L AR AR TE 201, RY LUENLF R =2DNT =
U LAR LD DM G A ERIIIZ T A DI By, FE, U T OEEA
RIS T, KFEEEHIL LT HRY LUEN T (BH) ZFFo85RITE< SR I T,

4 ORY VBB ED LS BREEHRAT=2DLrT =0 L LGB L
TWVDEMIZOWTHLNCT D Z LT LV, R U Lot —\HIBRENKZER YT T
HHZLEEETD L, MIRETIT o0& BICR LT L BEAFE LTEMAL, %Y
ZODONT =T APLOWEEIC LD ZELS TS EEX NS, o T, I
SEHREAR Y VRN FIR LZ, BRI SRR D 2 E R D,

3-borylene as a LZ, type ligand

j v v
B B B
< Nk s
Cp*—RU Ru—Cp* == Cp*—RuU— Ru—Cp* == Cp*—Ru— Ru—Cp*
PRSP T TR T T SRR R TP
,Ru H, /Ru H, /Ru Hy
Cp* Cp Cp*

Figure 4-1-2. 4 O =FZEER Y L BT OGS ERENOfFEIR

AU VBN D 2 BIEAL & L COMEIZARY VBN FORTFEONLA AL L
TOMWE L BEBICERTHEEZOND, (o T, AU LIC 7 B2t L1525 EHIL
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EEATHZEICED, RUFEOLA AL LCOMWEIIRELSIE T2 LS D,

FTBATEEDZ ML 4 LAY ) —NOIGEITH 2L T, 4 OARYFE ETOBEBRSIE)
HEITL, A RFVENEAINT 6 MELNDZ & Z2HE Lo, (Cp*Ru)s(us-H)(u-H); (3),
4 BEW® 6 [ZoWTHA 7Y I HRNLVEEZT A (CV) ODUESLE Y Vo L D%
BAET 5 Z LIk, RUELEOBBRENRY L U ROMEEIC RIET 8 L = EEER
U L BN DEENZ W TR LT,

ARG MeOH AN
Cp*—Ru\—/Ru—Cp* — 3 Cp*-Ru-\—/=Ru-Cp*
R|u/ THF, r.t \‘R|u7
* \ * \
Cp B Cp B
H |
OMe
4 6

Scheme 4-1-2.4 & A% /) — )L & DN KL DRV F#E EORNL B #G
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B4 E R VRN EOBEBIEN 7 T A S —OMEIZKIT R

% 2 i CV AIEIC XD =ERERY L 5 DEFIRBOFIE

(Cp*Ru)s(ps-H)a(p-H)s (3), (Cp*Ru)s(14-BH)(1-H)s (4), (Cp*Ru)s(u5-BOMe)(u-H)s (6) DY A
7V IRV E AN — (CV) JMIEELTH Z & T, ZBAT =0 ARSI ZEBYAER
ULV UBNLFPAEASNTEZ IR D8R E, RY VU FOR YR EOBWEN =1
SEIRFURS OB TIRIBIC G 2 D B ATHE L7z, “Th2hosiiko Cv MIERF% Table
4-2-1, Figure 4-2-1, Figure 4-2-2 3 X O Figure 4-2-3 (TR LT,

Table 4-2-1. 3, 4, 6 DFER{LIETEN

resting scan

: Epa Epc E1/2 AEp . . T
complex pot[e\?]tlal : nrlzi';is] wave [mV] [mV] [mV] [mV] [Epal/lipel reversibility
50 -673 —788 =731 107 0.98
100 I -676 -800 =738 124 0.98 quasi-
3 -1.16 200 0+1) —671 -818 =745 147 0.93 reversible
400 —660 —841 =751 181 0.91
50 2™ -232 - - - - irreversible
50 —2511 —2671 -2591 160 0.62
100 I -2507 —2693 —2600 186 0.65 quasi-
4 112 200 0/-1) —2494 —2716 —2605 222 0.75 reversible
' 400 —2469 —2732 —2601 263 0.78
nd
50 ( 02/+I) —694 - - - - irreversible
50 -2599 =2727 -2663 128 0.42
100 1 —2585 -2716 -2651 131 0.58 quasi-
6 0.90 200 (0/~T) -2578 -2732 -2655 154 0.69 reversible
400 —2552 —2740 —2646 188 0.62
nd
50 ( 02/+I) —830 - - - - irreversible

YOV ORMEICE LTI, EAEBRICASMERNEMR, XEFEBEMELLT 01 M
["Bu),N][PFs)/THF, ZMEMITIT Ag/Ag™ (["Bu)sN][PFJ/CH;CN) % HV /-, PREREEHE L L
T 7z ZHO, TOYWEEN (B % 0V & LT,
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Current [pA]

Current [pA]

Current [pA]

15

10

-10

-15

15

10

4 E R LR EOBRIEN 2 T A4 — OME I RIET

—_ 1 e 50 MV/s
0 N\ @J %‘ 1 =100 mV/s
/\l,\f'\F § ——200 mV/s
5 / / ond 1% 3 3 ——200mV/s
-10
b.l 5
-15 -7 \/
0.5 -0.5 -1.5 -2.5 -3.5 -04 -06 -0.8 -1 -12
Potential (V vs. Fc/Fc+) [V] Potential (V vs. Fc/Fc*) [V]
Figure 4-2-1. (Cp*Ru)s(15-H)o(u-H); 3) @ CV i
() HIEHPH: —3.36 — +0.44 V, &5 #HEE: 50 mV/s;
(1) FEHPH: —1.11 - —0.36 V, f5 ] EL: 50, 100, 200, 400 mV/s.
7
5 / ;
3 /\J 6 ~
. I~
P—-—q g 4 ——50mV
-1
A/ . -
nd [ — m
S //" 2 5 0 =400 mV
-7 ”
9 2 -
-11 -4 V
05 0 -0.5 -1 -1.5 -2 -25 -3 -35 -2 25 -3 -35
Potential (V vs. Fe/Fc') [V] Potential (V vs. Fc/Fc*) [V]
Figure 4-2-2. (Cp*Ru)s(15-BH)(u-H); (4) ® CV il
(X)) HIEHPH: —3.33 - +0.47 V, 53 50 mV/s;
() HEHPE: —3.33 - -1.93 V, firg | EE: 50, 100, 200, 400 mV/s.
[ ‘
/ 7
< s 50 mV
=
'g' 3 100 mV
ond = § 1 ———200 mV
Fj ° . ——200 mV
' 3 \V/
05 ‘6-5 ’1‘-5 '£'5 ‘3'5 B 22 24 26 28 3 32

Potensial (V vs. Fc/Fc*) [V] Potential vs Fc/Fc* [V]
Figure 4-2-3. (Cp*Ru);(1-BOMe)(u-H); (6) © CV i
(ZEX) HIEHPA: —3.40 - +0.39 V, F5HEE: 50 mV/s;

(A ) JIEHPH: -3.10 - —2.21'V, #3513 50, 100, 200, 400 mV/s.

145



04 E R LVUBN A EOBEEIEN T T AKX — OB R RE

3 @ CVHIFRTIE Ru/Rus™ (SRS DHERNSH B LRTTIE A —0.73 V FhTIclgg &
i,

ZHUCH LT 4 © CV IR TIE —2.59 V 1T RuRus ISxHET 5 L EX bR LR
BRI BTN B ST, £, -0.69V 12 Ru"Rus™ 1ZxIEd 5 & E2 b DI
HI7R B LI MR STz,

6 © CV HfROIRIT 4 &L LTV, 2.66V IZ Rus’/Rus” IZxET 5 &2 5
N EE R RE T A B SN, £, —0.83V IZ RusRuy” (ST 5 &%
B AL IR R B L D BIER S T,

CV DOHIEREFR % Table 4-2-2 [ZF &7z, AV L UEAMF2 L MM+ THDLETDH
EL31F 46 LT =y LAaT OMBDRLR LT CV ORER % B IZFHET 5
TEIEHE LW, CV HIEDRERIT 4 0T =vAaTIiE 6 EHEL TR VbR
W<, BIEINRT LK 2o TNDHZ EZR LTV, ZHUE 4 TIERY U UBfL D
B (H) DO RURICHT HE LGNNI, RY LB A DR T EDO LA AR
ELTOWERERS, ZNICEVEBEHORY U UVEAF~OWEOFENRHER L, =
BT = haT7 PR 0EFRERIREICZR>TWAEZ EICED2bDTHLEEZLND,

BBt
Sl

Table 4-2-2.4,3,6 @ Ru;"/Ru;™, Ru;"/Ruy? 12kbisd A le{b v — 7 AL & e EAT

complex | Ep, or £y (0/4I) [mV]* E (0/-T) [ mV]*
3 =673 (Epa), —731 (E\p) -
4 —694 (Ep,) —2591
6 830 (Epa) —2663

* FR o HEE: 50 mV/s

Figure 4-2-4.3,4,6 O =KL T =7 La 7 OEFIRREDMER
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o4 R LUBN T EOBEHEN Y T A X — ORI RIE TR

B3 CEEBRY VUG LEY VUV EORIBIIBIT AR VR EOBEBRE
DR

3,4, 6 LBV DU EDORIGHEEFEST HZ LT, GG S EEUERA 2B AL
LI K DFEE . RY U UENL A OB D ZED SR D RISTEIZ 5 2 2 8 BIZ DT
MR LTz, ZOfEE., ZHEEAD HOMO O L X —HEMBMEVNE L Y D0 DOREK
BEZTRTWHRAA DL Z L& A ABEEDORmWERTREFFD 4 T, B DUN
AL N L7ZBRICE U D e R U RENL TR Y LB FIc L » THifE S, B U D
BUNZF DOIETTHIBEE IH S D &) ZREB G LT,

pyridine-ds /
Cp*—Ru=—|——=Ru-Cp* > Cp* —Ru‘ —Ru Cp*
“ﬁ /7‘ 3d,rt. /7‘
3 3-d
Eq. 4-3-1

CV HIEDFER, 3 1% 4 LFMRRMEICBIK Z RO TH D 2 &0 b =R o
HOMO O )VF—HEMNITIZIERETHD I LN RSNTZ, 3 LEEY VUVOERTOK
JGERE LIz 2 A, BICEY Y DU DAL MIOEKSE L OFT H/D ISR Z 5
ZLT3 O FY RENLFAEAFESN TOLSEFMRRINTZ, ZAKIIE 3 DIF
LAEETOE B RN FIFEKESLEH S, FRFICEE Y 0040 MLOKAT
'H NMR 7 )V OFEREE S A Z 08T in & bl L CRIEICHIINT 2B B s h
77

10 min 3d o
o m
m
4]
J p[ . JL JUL
I I I T T T
9.0 8.0 7.0 9.0 8.0 7.0
d/ppm d/ppm

Figure 4-3-1. Y U P DKy 7 /v DZ%AL (400 MHz, pyridine-ds, 25 °C)
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3 CEPVCUVORRIIBITANLCTIEE FY FENFOEKRBIEDEITTHDOHTH
0. U UNEEKOERITBIE ST,

(Cp*Ru)s(us-BH)(u-H)a(p-1"-NCsHy) (25) DA
A

H O T\

/ 1 —_H
Cp* Ru-—/ u-Cp* —> Cp*~Ru=—|——Ru-Cp*

NS ’ \ \
R toluene, 42 h H NP i
Cp*’\l r.t. * \l/
B
H l
H
4 25
20%

Eq. 4-3-2

4 LUt BRTORMIZ X mﬁﬁUVw@%«bW%m&m)
(u-H)4(u-17-NCsHy) (25) Z457= (HBEEIN R 29%), SOGIEEE THOMCHET L, 4 121F1F
EEINZ 25 ~EEHmIND Z L2l L=,

M;(CO);; X° M;3(CO)o(NCMe), (M = Ru, Os) Z 4] & L, Co, Mo, Ru, Re, Os 72 EBk 4 73
T BERFOBBER I NR =R ) DU EDORISICE Y - ) PIVENL
FEREOSEANAR SN TE 7, "Hong HICKVMESNTWD KL 9 A —Eofils+
(Scheme 4-3-1 [II]) ZFrE . ‘L DHITIIE Y Do DAL MLO C-H #EE DEALEIFIN
X0, BEe FY REERZAT2 ) UABERELNLTWD, Lewis b
0s3(CO)|(NCMe) & BV ¥ & OEIRIZI T DB AZHRIGIZ L D Os3(CO), (NCsHs) %
BELTWS, BoNARZINET S Z LI2LY Os;(CO) (u-177-NCsHy)(u-H) 25 b
722235, 70s5(CO), & B Y D0 L DRRIE Scheme 4-3-1[1] DL HITHEITTHEEZS

> For example, (a) C. C. Yon, A. J. Deeming, J. Chem. Soc., Dalton Trans, 1975, 2091-2096; (b) A.
J. Deeming, R. Peters, M. B. Hursthouse, J. D. J. Backer-Dirks, J. Chem. Soc., Dalton Trans, 1982,
787-791; (¢) A. Eisenstadt, C. M. Ciandomenico, M. F. Frederick, R. M. Laine, Organometallics
1985, 4, 2033-2039; (d) G. A. Foulds, B. F. G. Johnson, J. Lewis, J. Organomet. Chem. 1985, 294,
123-129; (e) T. Beringhelli, G. D’Alfonso, G. Ciani, D. M. Proserpio, A. Sironi, Organometallics
1993, 12, 4863-4870; (M. P. Cifuentes, M. G. Humphrey, B. W. Skelton, A. H. White, J.
Organomet. Chem. 1996, 513, 201-211; (g) K. A. Azam, A. R. Das, M. B. Hursthouse, S. E. kabir, K.
M. A. Malik, J. Organomet. Chem. 1998, 28, 283-288; (h) N. Begum, S. E. Kabir, G. M. G. Hossain,
A. F. M. M. Rahman, E. Rosenberg, Organometallics 2005, 24, 266-271.

* F-E. Hong, S.-C. Chen, Y.-T. Tsai, Y.-C. Chang, J. Organomet. Chem. 2002, 655, 172-181.

" B. F. G. Johnson, J. Lewis, D. A. Pippard, J. Chem. Soc., Dalton Trans, 1981, 407-412.
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5,
o S
o o
l N/ T IN\
(OC)4OS—OS(CO)4 —_— (oc)3os—os(co)4 —_— (OC)305— _OS(CO)4
Nos” -co Nos™” -co HNo
(CO)4 A (CO)4 A (CO);
AN
|\ oc P
N
oo “NSH OC,,,/'(! Co(CO) S,, | S
(o7 ] 8 —_— h o—]|——=(CO 3 + "'co“‘
rt. N e CN/ | s
/ | Sco =/ N
—/ co 7\

Scheme 4-3-1. p-17°- £ ) P VENL A % A3 5§l R D4 Rk

INEBEIC 4 V) T ORISOHEERICHREZ Scheme 4-3-2 (2R L7, 4 [ZEY
DU DREBREEZ T 2%, BET AT = AR T LODRICEVENIE Y VDA
VIO C-H fEENYIN S, 7 T8 RV ReRE 525, AT R T & KU REsK
DOt RNV FENLFD 5 BDO—20 A ABHEEDOEW 1-BH B FIZ L DRSNS 2
LT 25 ool BExbnd,

AN
0
z N H

Hj;

N |
Ru—/—R Ru—/—R
e R
\4 A\
| | Ru = Cp*Ru
T B
; )
4
/Y 7\
NS H, N>
; / R fast RI /,H\R
— u\ = U ——— lu\\ //I‘u
Ru H—Ru-="-—H
| N
B T
| H
H
25

Scheme 4-3-2.4 & %V 2 OHETE RS
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4 & 3 CTRUMEICEWAATUZEBE LTI, 3 12T 4 RV LUEMFOX I
A ABRELTIERA L. EY P oA L MO C-H AN SNBIcAETS e U RAEC
FMAZEDTEL L) BRBER W ERFETONS, 3 OLAICBLEsze R FE
MANEAFBLESND V) ERERIT, BV DR A 13AERTDE2H0D A BDREE
ThHILHERLTND,

| A / \
N/ NS
@ — I:"\’ R >~ R R
Ru Ru + u ~nu u— ~hu
-~ ~ Py N4 7
\Ra\H5 N \Ru\Hs RE “H,
3 A
Ru = Cp*Ru

Scheme 4-3-3.3 & BV 22 ORIR TOHEE SRS
B, 3 YD UDORIGE 80 °C TITH Z L2k, MAZFEZ NN =HEEY

U D VBER 26 NVERLT D 2 ERIBIC KV ERE SN TWD, 26 1ZEBITMEVLET S 2
Lk, Y CUNmEN LR E S 2D,

AN 7|
H |/ NS 7
N )

-HX H- > ool Ne= .
* e =_|a— - * * —_— - * - —_— -
Cp I/?u\\ /Ry Cp* — > Cp Bu\\ /R'u Cp* — Cp R;u\\:_V?u Cp
H—<Ru=“H 80 °C H—Ru=—H 80 °C —Ru—
P / A H—Ru H
cp N Cp* 'y !
H -H, Cp*
3 26

Scheme 4-3-4.3 U dD 80°C TO&

25 ORFE

25 [ZBIL Tt 'H, PC, "BNMR B KOS A RS MV ZBIE L, TR EITH
L TRE LTz, 25 Oy FAREICE LTI A X SIS 2179 2 & TR LT,

'H NMR A2 FLTld Cp* HiE §1.74, 1.77, 1.84 ppm ([ —FEMHRDO L 7 F L LTH
BENT, VU PAENADOKEDY 7 F T 56.08 (ddd), 6.54 (ddd), 6.87 (dd), 7.56 (dd)
ppm [ZENENBIE I NI, £/2, & YU FEAL X 5-15.47, —14.43, —12.12, —11.26 ppm

§ T Takao, T. Kawashima, H. Kanda, R. Okamura, H. Suzuki, Organometallics 2012, 31,
4817-4831.
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WZENRENBIZE SN, B R FEAL 7O S 6, @GO =20 7 id—ERo v
Jrrl LTBESh, IRbIERYREOHAEERZRZ/WERKE R REUNLFIC
AL TFNTHDI EERLTWD, —FHT 6-1126 ppm ([T IN-444EL FU K
BN D> 7 F i g 50 Hz OWEIL72 > 7 A Th Y AR UHEE GHAEMERZ RN
BIZHDH I &0 NMR ORI S 7z, —HER Y L BN+ EOREKFEIX §6.0-7.7
ppm (278 ¥ O MR O EEZ 52T THENR 263 Hz OMRIARS 7 b LTHlIES
i,

"B NMR A7 hLTCiE 6 88.6 ppm (2R U L U EALF DR 7 FEDNEIR 72 S 7 F VDML
g ENTm, Zhik, (Cp*Ru)s{us-7°(/)-PhCCH}(us-BH)(u-H); (5) (5 80.9 ppm) =°
[(Cp*Ru)s { 13- 17°(//)-PhCNH} (15-BH)(1-H);][BF4] (16) (590.2 ppm) 72 &, & KU REMLF& D
MHEHER S D ZHIEER Y V/@au%%:%oéﬂﬁié: M7 7 hOETH T,

TRIMRIL A7 RV TiE 2416 em™ (C B-H {F#EIRENCIES < SRR BIZL S, 1867

"SI WRu-H-B OMEIREN IR B I MR STz

100

W"—'—"\n\
95
/ VRu-H-B
90
[ Va-u
85
[
xX
80 i
75 1
70
65
3600 2600 1600 600
cmt

Figure 4-3-2. (Cp*Ru)s(ns-BH)(u-H)y(u-7°-NCsHy) (25) DARIMRIL A 22 ~ )L (ATR)

BC NMR 227 FATIIEBE U DABNMT DI B, LT =0 L EfEA LIZRHE (€
D> 7 F ML §197.0 ppm ([ZZEF OG- FHEFI D EEAE S T CIRIL /Yy 7k Lf% £
SN, — T, ZEEBEU DK 26 0 U DAENFDIL, LT =L LS
L7z (CY O 7 F I Y DA T O 7 A XV EREZ T 5729, 51689
ppm IZHBIREESNTEY, ZhiT 25 OXIST HmFEDO(TF L7 b LB LT 30 ppm &
Wy 7 N LTIZECTH -7,
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% 6.08, 551145 4 3 &4 6.54, 5 127.8

5

& 7.56, 5 148.8 2 &,6.87, 6 131.6

NY: & 1970

25

5.95, 5 109.9 4
M % 3 & 6.07, 5 114.8

& 6.58, 5 149.5 ° /

N>~
/ H 1\501689
Cp*-RuU—|=Ru-Cp*
RN S
H—Ru=_H
c *’\l
P" H

2 &4 6.85, &c 143.3

26

Figure 4-3-3.25 & 26 ® NMR A7 kLo ki

25 DLy FHERE

25 O MLV R A 30 °C THET 5 2 LIS X 0w R EEMRS 2 VT, B
i X RS 21T > 72, 25 D4y FHE % Figure 4-3-4 |12, EARMARE LA A% Table
43-1 1L, 0

’ WIE1E Rigaku R-AXIS RAPID [EHfrEE 2 VT —150 °C T{T\>, Rigaku Process-Auto
program |2 KV 7 — & ZALEE U7-, KESRITHSRICE L, ZEMIBET P2i/n (#14) Th o7z,
fEMTIX SHELX-97 7’1 7 J boXy r—UZ2 v, HEIEIZ LIV VT =0 LT ONE 2 iRk
EL, 7— U BRI KV 5D IFKBRTF ONLE A RE LTz, Ru2) ICRL L7z Cp* 127
A4 AF—=H—=DHFIELTTD, TOEEREZZNEIN 5347 L L1z, £/, BU VRO
BRI T 4 AF—F—=PFEELIZTD, TOEEEL 6832 £ 95 & THEZIHE
b L7, SHELX-97 71 7' J A& v, H/h FIEICIVREE/L L, Ru@Q) ITHEA LTS
Cp* BENLT DR FELSNDIE ARG F % FEE S MR LTz,
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Figure 4-3-4.25 D431 (30% probability level)

Table 4-3-1. Selected bond lengths (A) and angles (°) of 25

Ru(1)-Ru(2) 2.9488(4)  Ru(2)-Ru(3) 2.8266(4)  Ru(3)-Ru(1) 2.9414(4)
Ru(1)-B(1) 2.151(4) Ru(2)-B(1) 2.189(5) Ru(3)-B(1) 2.187(4)
Ru(2)-C(1) 2.073(4) Ru(3)-N(1) 2.074(4) C(1)-N(1) 1.363(5)
C(1)-C(Q2) 1.379(6) C(2)-CQ3) 1.380(7) C(3)-C(4) 1.386(7)
C(4)-C(5) 1.388(6) C(5)-N(1) 1.371(5) Ru(1)-H(6) 1.8271
Ru(2)-H(6) 1.6165 Ru(2)-H(7) 1.7209 Ru(3)-H(7) 1.5920
Ru(3)-H(8) 1.7358 Ru(1)-H(8) 1.7348 Ru(1)-H(9) 1.6280
B(1)-H(9) 1.3377 B(1)-H(10) 1.1279

Ru(1)-Ru@2)-Ru(3)  61.19(1) Ru(2)-Ru(3)-Ru(l) 61.453(10)  Ru(3)-Ru(1)-Ru(2)  57.357(10)

Ru(1)-B(1)-Ru(2)  85.59(16)  Ru(2)-B(1)-Ru(3)  80.46(15)  Ru(3)-B(1)-Ru(1) 85.38(16)

N(1)-C(1)-C(2) 119.0(4) C(1)-C(2)-C(3) 122.0(4) C(2)-C(3)-C(4) 118.9(4)
C(4)-C(5)-N(1) 121.8(4) C(5)-N(1)-C(1) 119.9(4)

CENTgyrw2-res—Ru(1)~CENTI 156.41 CENTRy.ru2-rus—RU(2)~CENT2 156.78
CENTgyrw2-res—Ru(3)~CENT3 156.81 CENTc; ni—CENTRu rus— 93.18

CENTRUI-RUZ-RU3
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Ru(2)-Ru(3) BDfEEFE L. Ru(1)-Ru2), Ru(3)-Ru(l) MOfEAE LY b VY P RAF
NEETHZLICED 01 A LLEEWEL 22> Tz, Ru(1)-B(1) MOFEAEEIX. B R
RECNLF 2284545 Z & T Ru(2)-B(1), Ru3)-B(1) BOfEEE LB LT 0.04 A ¥r< 4
{TgoTWe, BUDAEMMFD C-N HOMEERIT 1.3635) A THY, ZHUIINET
ICHESNTWD i U DB 28T 5 SRR O/MIET 5 C-N fAREOH
PHNT&H 72 (1.32-1.38A), £72 25 O Y PAEN AL NT =7 A ZBEHE O A ET
90 FEIZITVME & 72> T,

4 LEYY VUVORIG

H /H\ "‘l pyridine-ds |
Cp* Ru\—/Ru Cp* ——————— > Cp* Ru— ——Ru-Cp*
NN N 1
'R|u/ Ce¢Dg, 3 h Z \ Rlu/i/lz
* \ r.t. * \
Cp B
H l
z (Zs = HyD4)
4 25-d

Eq. 4-3-3

4 LUV EDKIGIZONWTEILIZHAEZH/LT-OIZ 4 ZEHE Y DL DRISEAT
STz, TORER, 4 NTEPPCEHEE Y VU RIS L. 25-d #5225 2 & binolz, 25-d T
Xt KU RENL 7200 Tid/e < u-BH BLFOKFEICH, EAENEAINTND Z RN
RENT,

'HNMR ZHIETAHZET 4 LEEY DUV ORIGA B LTz, 3 BRI S 584
L, &Y DUNEL LT 25-d T ERMICE S, 'THNMR 2227 hLORIEIC X
D, &TCOE RY FENLFAEHNCEKRICEE D> TWOEFABIRE I, 20
BR. w-BH BN DKFED S 7 F )V OFE R E & B4R T 5 2 LTk > 72235
Dt R FENLADOFESREZ %8 L T w-BH BN FDKFED I B, # 21% DNEKFEIC
BEHDOSTNDZ ENRB Iz, 2B, 25-d ITEE ) DU SIS E RSN b
e L7z,

AP 25 TiE 6-15.25, —14.27, —11.85 ppm (228G KU FENZF® 'H NMR
TR BEISND, T 25-d TIEAUFEEICEKENGEAINTRMAETH D
(Cp*Ru)s(13-BD)(u-H)a(p-77-NCsHy) \CHIRT 2L E 2 Hnb e RU RENL 7O '"HNMR &
TFN 25 ORETHE KU REMN O 7 & g LT, 0.01-0.03 ppm KBS H 5
WIEERBSRNC Y 7 P LCBIZR SN2, §-10.87 ppm ([CBIBRESNDHNLT =T LA ERTHED
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MHZZEREEAL L= R Y RENLAITEIA 72 7T A NBIER S NIE=DORTH Y . FRZFNA
DEREREST DV 7T VTR SN2 otz ZHULZOMEICEESNSE KU R
BN DT FANRE ED LIBETHAHT-0, MOZEE R REM TR O X D7
BEERRIMRS 7 MBI SN R To b D EEZ BN,

Ru-H-Ru Ru-H-Ru Ru-H-Ru
12%D 20%D 18%D
-11.8 -12.0
Ru-H-B 142 144 152 -154

29%D — = =z

WA ) L ey

T T T T T T T T T T T

-11.0 -12.0 -13.0 -14.0 -15.0
5/ ppm

Figure 4-3-5. (Cp*Ru)3(u3-BZ)(1+-2)4(u-17-NCsDy) (25-d) (Zs = HuDy) @
t U REML D 7 F L (400 MHz, C¢De/pyridine-ds = 4:1, 25 °C)

(Cp*Ru)s(us-BOMe)(u-H); (6) LEYL' Y VU DRIG
. R/H\/H\ﬂ?2 . pyridine-ds — cor /(Ho.slz;Do.Oé)s et
p*—Ru—\—/—Ru-Cp* p*—Ru—/——=Ru—Cp* + minor products
\Ru/ CGDG’ 3 d, r.t. \\Ru/
Al
Cp B

Al

|

OMe OMe
6

cp*\

6-d
89%
Eq. 4-3-4

6a$HUVV®ﬁm%@%Lt06@$&yf/“ﬁ ICEEY Y2, iR TK
Jok '"HNMR ZHWTEBL7Z, TOfE, 4 OBA LITREERY | - RERwix
FEAEALT. RUSBIE=R%D 6 OELEIT 11% LIEVMETH D Z EBH LT
o7, £, B U REALFO H/D RIS HIEE A EHEIT Lo Tz,

4 &L 6 12T 5 CV OWIERTE. 6 TIlLX VIKENMANC—EMEH Ol v’ — 7 BN 8l
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gZaxnl, RNY VUBALT BICA FRUENEAINTZZ EITEN A XU EOEBESER T
MHRTFE~OBEBGOFELENMDLZ LT, ERTOLNOLRY U UEN A ~Di k5
Nl Ens EEZONS, TOME, 6 OBKIGHIT 4 EHIELTEVETY vFIC
RolebDEBEZBND, ZHIZED, 6 TIEEE U DL DONT =0 A~OREMINE
D ERAIDEREN, BRI I VEIVIZK LS Ro T D L0 EHE LT, RICEY
VOUNEEY ULVEMNFE LTEMLZZELTH 4 DX DT A ABEEOEWER Y
FHLERT WO B ) O VBT OB STTHIBBEN BRI Z D, 25 O X 5 4G
U DNVEERDPNRENG DN NPT BEZ D X D,

Yy [ /\
| P N/ NS> H4
Hy N : Hy | /
Ru\Ru' //:u = Ru\—Ruszu . Ru:u7Ru e RQ;;RU
AN
N o Y g
ot
S G " | |
° -\ OMe OMe
Me
6 Ru = Cp*Ru

Scheme 4-3-4. 6 & BV 2L OHEE S bt

4°6 D CVEICLY, ZEHEGRY U UENL T EOBEIEN Y T A% —a T OET

WREICZ b Z KT T e 2 A LTe, AU HFE RIOKFELZERLE UTROAR D L USSR,
L0 ABPEEE RS E Z BB F & L COMREZ R D, 2B 5 DO Wit 5 2 ) Ri 5%
JARE T CLRESIAFET D Z EDRHRDBNFTHDHEEZXBILD, D ws-BH B
PF- DA AL L TCOMEITSEROMIGHZE 25 ETCHLEETHY, IV EDK
JRZBWTIEA U E EOBEHIGHRNBAE I THEL LT, 1-BH BN 2FF> 4 OLEITIE,
B YU EDRISIZBWT, ZOA N MIO C-H AN Sh=%, £C7ze RV i
PA-DO—2DMARY L UENL I L > THIE SN D Z &2k 0 25 DRI Lz, 3
R 6 ODHLEICITRRTIIE Y U DR LIALEMITAER Lo o Tz, BU U & DORIG
FERIIAR Y U BRI U CE TR EEL RT3 7210 Tl EnEHEM
non-innocent 7SN T & U CRISIZE G LIGD Z 2R L T 5,
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48 ZEEBRY LUK LEAKRRLEORG
4 LEKRLORIG

4 LEEYVCULEDORGTIE, BYY VU OEAKENE R REN A2 TEZRLSARY
VUBMEFORTUFERICHEASNDZ EICLY, RY LUADOE RY RENLFDO Y7
F /LT (Cp*Ru)s(3-BD)(u-H)a(-1-NCsHy) (25-d) DERKICHIRS 2 RINAES 7 b sleg
N5HZ & &SI~ (Figure 4-3-5),

4 TEAKFETAELKGEL, & RY REML 72T TRIAY VBN DR D FE EDKE
HEAKRICELL SR E 525 2 &£ #5002 LTz, (Cp*Ru)(u3-BD)(u-H); <> (Cp*Ru)
(13-BD)(u-H)y(1-D) S5 DEFEATIE, (Cp*Ru)(us-BH)(u-H)s (4) < (Cp*Ru)(3-BH) (u-H)o(12-D)
L v R FEANFOEMSGY 7 SPBIESND 2L Ed, 4 LEHAKFETALORINE
'THNMR % AW T 5 Z & THLIT LT,

(Ho.15D0.85)3
',-I /H\ |'|| D,/ 1 atm
*—Ru-= ZRu-Cp* —————» Cp*-Ru—/—Ru-Cp*
Cp Ru\ /Ru Cp o] ug — u-Cp
RU CeDg, 23 h c ,53
P4 ° *
cp N 25°C P™ g
H |
I:)mH1-m
4 4-d'
Eq. 4-4-1

4 ODERUCBUERICH L, | KUEQEKFZT AZEAL, | CRIGABF L7, Cp*
OV T FMIBILIZR SN -T2 DD, §-1.92 ppm IZEEEND 4 Ok R FEL
MFDL 7 FNNEPERNCEAE L SN T BEFABIE SN, B R FRLTFOV S
FIVORERIZAL % Figure 4-4-1 (278 L7z,
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500 min )
PSe) u A o - H gt 5192 ppm (Ru-H)

& —1.94 ppm (Ru-H)
& —1.98 ppm (Ru-H)

0---H B‘ID & —1.99 ppm (Ru-H)

A B’?H & —2.03 ppm (Ru-H)
D
D
A N/EXED 5508 ppm (Ru-H)
o 0.min °
IIIIIIIIIIIIIIIIIII O =CcpRu

-1.80 -1.85 -1.90 -1.95 -200 -2.05 -210 -2.15 pPpmM

Figure 4-4-1. 4 L H/AKFE T ADRISIZEIT %
4 Ot RV FEANFDOFIRDZAE (400 MHz, 25 °C, C¢Dg)

FHARETAZEALT 15 HLIRICIE 4 ORI AEOE B Y FRAFOT 7L
SNz, BFICHB LIz RU RO 7T ot znooflbs:y 7 hOENPGEZ T, =
BRERY LUFML T OFR T FEEOKBRICHEBABZENEAINTND Z LRI,
Figure 4-4-1 (TR L72 X D IR LTIESERDIRIB 21T o 7o, —EHZER Y L B EoK
FOV T FIIEICEBIE R bOTH D720, ZOFEAFEILFEE 'HNMR 227 hph
AfbLDZ L IREECTH 72,

A I FEER L KR L ORSHEE

BRI =L T =0 5 A 2 REHA (Cp*Ru)s(us-NH)(1-H); (27) EKFEH A & DORIGIT &
% H-H #EAOUIMnNERZ BEAFEMERIC LV ER LTS, 27 IRIETKES LD
S VRIS L, 26T 2 REER (Cp*Ru)s(u-NHy)(w-H), 28) % 52 5, BHAKFEHN A% VT
ZHET X NENL T EOKRENEARBASLEREINDEIEGEBIT L2 81280, 27 LKFHE
H AL DG KFESTF D H-H #EE D Heterolysis & CHITT 2 LD TA <, H-H %
A @ Homolysis ZFETHEITL TWAHZ EEZHASNCLTND, °

" H. Kameo, Y. Nakajima, H. Suzuki, Eur. J. Inorg. Chem. 2007, 1793-1798.
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heterolytic cleavage of H-H bond

H, H;
— — —_—f— —_—
Ru\ \,/ Ru - Ru\ — R\(l Ru\ \/Ru
\?u H Ru™ 7\ \Ru H

WMy, v H ] 4
N N_ N

H / “H / \

H H H
27 28

Scheme 4-4-1. 1 X REEIK 27 LKRFED T L DL

IFIIRTHRLEFRL 13 BB THILIT NI U AN AT =0 ARSHIC =BG
BOAL L72 (Cp*Ru)s(3-AlR)(u-H)s (29) (R = Me, Et) E/KFEN T L ONMIGEEIRTITH 2 L T,
IKFE 3 FHEERICE Y A E 72 (Cp*Ru)(us-AIR)(u-H)s (30) M+ 25 Z & 2B 5
LTW5, "30 ot KU RENLFOH A RSB fin TdE< . 'H NMR ¥ 27 JUTERIR T
ISy 7 LTS, —100°C I2BW T HKIRBFICEL 220,

Cp*-R Ru-C R T At c E - Ru-C
p*—Ru u-Cp* ———» Cp*-Ru u-Cp*
Nru>, rt. I N\ReZZ
cp*\1 / Hs H=N /|
AIJ Cp* Ai—H
& L
29 30 R = Me, Et

Scheme 4-4-2. —HZEET VI VBT E AT D 29 EAKFESTEDRIL

"' T. lizuka, Master Thesis, Tokyo Institute of Technology (2004)
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INBEH LT 4 EAKREHTFLEORIHEEZ L TICRT LD ICRRE LT, 4 LAKFEHT
EDRINZ LY, BMNCAR ETKED 2 Homolytic IZBHE L, X &b RU REEHE A
ZH 2%, WIZ, B RY RENMLFDO I HO—2ORT LI L gk 30 TRIESNZL D |
NT=ULERTFEORZYETHZ LT B 2525, 204 RY FEAFIE, B ©
RUREOREKFERMWTHZ LT C 252%5,C BFHOXZE NI REfikE 5 2 7-
%, KFEDTHBWBEET S22 LI2XKY 4 NEAET S,

H—H
]
H, |
* - * * * C C
Cp*-Ru \Ru Cp Cp*-Ru K,/Ru Cp p* Ru \,/Ru p*
> H - NV - SR V' /"Hs
cp’\1/ Hs H cp’\1/ Hs cp**\i
-2 B B
H H H
4 A
Hy
Cp*—Ru\\ ’,/Ru—Cp* Cp —Ru\—/;Ru—Cp Cp*-Ru\—/;Ru-Cp*
Ru” >y - RuZ, — \Ru
cpr\L /M \ cp* cp* \l
B Ha.——B B\Hb
H
HP H?
A (o3 B

Scheme 4-4-3. 4 & /K3 & OHEE S

B & C OMAEEMOBEME TR LIEL D 22 B L CE Y FRZ LR VHE EORK
SKFBOLZMNE Z D Z L2 Ex, 4 CEE Y VU ORGHEREZ Scheme 4-4-4 [THRE L
Too BE UV OAIN MIICHKT D EAEN 4 O Ru-B MEZE L%, mAUHE LEOR
SKFREEEXWHDDLZ LIZED, 25 ORY L UENL T EOKRRKZENEKE CELE SN
(Cp*Ru)s(15-BD)(1-H)a(1--NCsHy) DERT 5 & EZ BN 5,
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22
=

2 %
7

AEwR "

B
P

-
—

¢

AU VBT EOERBIEN 7 T A7 —OMHE

=
=

4

&

Ru =Cp*Ru

25-d

L& D OGRS

Scheme 4-4-4.4 L EE'Y
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%5 EAT YR )AL AT DMBR AT =0 LEEEDO G L € DIEE

5 E EEAIXYRNINVEBEMNFERETIHRR=BNVT=ULE R Fgg
EOEREZDOHE

BT1E S

Mond HIZ X W EHDO I AR NAEEETH S [NI(CO) 75 1890 EITF R & TLk, !
HHEA BT D3 B2 3T VR = VLT R O 4 8 0 &2 3R 2 @b 3
HEFNLFE LT, HDVIIINIRE E LTAS HWLNTE 72, DVR = VBN 1

— AN LK A DN D KIGENL DR TR L ST 2 DI A, BEOeE T LA B
THLGEIITZEN O OMELZEET HEMNERXEZ LD Z LML TS, ZIVE TS u4, s,
Uy 78 E O EZ G T UL OGNV R = NVGERPER SN TEBY, 77 A% —{b
ZICBWTH IR = BN FIFEERRMLFDO—D L > TW5D, *£72, CO L&EF
HiED NO™ ZEUMIF & T 5= oy /WERICOVWTHRBRICEEO AR BERH 5, =
k& VB FIE VAR = VBN UL B 7 B S WENL T TH D ERMLNT
BY . linear M, bent B &9 X 5 REMNIAF DR DI E, B ~DH BN
TACT 5 &) BREOEE 285, *E7-. AR BN T L RIS, = b oo L EihL
T b RKIRENL DO 272 b TG OB E E D Z ERAETHY . ZHICK VA5 HETIC
B < DG = Fu U AEERPHRE IR TN D,

O

Q = Metal
Figure 5-1-1. /LR =/L3 L= b & S VBN D FFE

INBIZR L, CO, NO™ LEFETHEED AT VAR Y L (BO) BN T % FF o851 TikT
FTEOHFEITM LN TV o dz, ZORE & L TIA VAR = VBN 2T — IR E
= ha UVENE ISR —BRIEE R [Mmﬁ4&m5£5’mﬁ%%%ﬁTé®’ﬂ%L
LT WVEBINFIET H DI L, A% YR U AN FITITE N Z R OMEO AR L
JEBIRFAE L2 E WD T ENRET B D, REIOBEMIZZZ V266 E LTiE, iz
X, X VAT RBO) BETHLNDHD, THITH 1| EBTORLEARY VUL, B

"L Mond, C. Langer, F. Quincke, J. Chem. Soc. Trans. 1890, 57, 749-753.

2 P. . Dyson, J. S. Mclndoe, Transition Metal Carbonyl Cluster Chemistry, Gordon and Breach
Science Publishers, Amsterdam, 2000.

* T.W. Hayton, P. Legzdins, W. B. Sharp, Chem. Rev. 2002, 102, 935-991.

* R. H Crabtree, The organometallic chemistry of the transition metals, fifth edition, WILEY, New
York, 2009.
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Tﬁﬁﬁ@%bk%@f%é:kﬂﬁ%ﬂfwéoﬁ%yﬁﬁymowfi%®ﬁ%wﬂ
kfﬂﬁ%%ﬁﬁﬁ@ﬁu%vy%ﬁifbi5tb\E%:ﬁ@ﬁa: m@@rm%
Thb, ’

Me
Me é
Me—BO O0—B Me—BO o~ Yo
B—O B B\
Me Me” Y07 m

1.220

1.538

1.222

3.013; |2.828

Figure 5-1-2. Me-BO & & DERALIKDHEE & =R /L F— (kcal/mol),
MP2/aug-cc-pVTZ level of theory”™®

2010 #£{Z Braunschweig © 1% [Pt(PCys),] {Z%f L C Br,BOSiMe; %GS5 Z LTk
DIESEND R Y VESA trans-[(CysP),BrPt{B(Br)OSiMe;}] M H o7 Uil 5 Z & ¢
RAIDOAF VR UK TH D trans-[(CysP),BrPt(BO)] &k L. T DOIGMEZ#HE LT
W5, O VR U VRN T DOBRF T LA AL L COME 25, B(CFs); X EBr; (E=
Al, Ga, In) & Scheme 5-1-1 | ZR"d & 912/ A A — Y AT A Z TR %, 'InBr; % 0.5
BEENVIMZTZEEI121E, InBry 2% LT 24 @ trans-[(Cy;P),BrPt(BO)] 230 L 7=
[{(Cy;P),BrPt(BO)},InBr;] % 5 % %, F 72, trans-[(CysP),BrPt(BO)] @ Br ElAf. ¥ %
Ag[AI{OC(CF;)3}4] ZHWTHED FRWZERICIX —BLIEDEIT L, B0, MERAZ ROV

> (a) H. F. Bettinger, Organometallics 2007, 26, 6263-6267; (b) H. Bock, L. Cederbaum, W. Nissen,
P. Paetzold, P. Rosmus, B. Solouki, Angew. Chem. Int. Ed. 1989, 28, 88-90;

S H. Braunschweig, K. Radacki, A. Schneider, Science 2010, 328, 345-347.

! (a) H. Braunschweig, K. Radacki, A. Schneider, Chem. Commun. 2010, 46, 6473-6475; (b) S
Bertsch, J. Brand, H. Braunschweig, F. Hupp, K. Radacki, Chem. Eur. J. 2015, 21, 6278-6285.

166
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T F A M TR AR [(CysP),Pt(BO,B)PHPCy;),] [AI{OC(CF3)3}4] M EFHN TV D,

PCy, OSiMe; PCy; OsiMe;
Pt + Br—B — » Br—Pt—B
PCy, Br PCy; Br

+ BrSiMe; 1L - BrSiMe;

PCy; Z = B(CgFs)3, EBr3 PCy; PCy,
(E = Al, Ga, In) [BuyN]SPh
Br—Pt—BO—>Z = Br—Pt—BO - PhS—Pt—BO
— [Bu,NIBr
PCy, PCy; PCy;
Ag[BAr]
2Ag[A{OC(CF
g[AI{OC(CF3)3}4] MeCN
- AgBr — AgBr
0.5 InBr:
PCy, PCy, [A{OC(CF3)3}4]2 3 PCy, [BAr,]
O,
VAR
Pt—B  B—Pt MeCN—Pt—BO
N PCys Br PCys
Pev O Py, | | Loy,

Br—Pt—BO — In «— OB—Pt—Br

PCy; Br aBr PCy;
Scheme 5-1-1. trans-[(Cy;P),BrPt(BO)] DAk & % DG

trans-[(CysP),BrPt(BO)] DAtk & 4% VR U VENL 1 DOMEEIZ SV T EHFE RN
RATE S b EERNFEAMRENITDOA TN D, b IXET VK E LT
[(MesP),BrPt(BO)], [(MesP),BrPt(CN)], [(MesP),BrPt(CO)]", [(MesP),BrPt(NO)*" % f \» 7=
DFT 15 %247\ Pt-Br M L3 2% Z & T NO" < CO < CN < BO ODJEIZ trans ¥
ﬁ%iﬁﬂm‘é ZEEWALMI LTS, BEEAZ RN T L(NOY, CO, CN, BO) #4y L5%0
&JEBERSY [MBr(PMes),]” (ICEI L2, TNENDON FELUEDOIIKE Z DB TEE L
Table 5-1-1 /R Lz, FEIZ Pt @ d, BN SEKS [PBr(PMe;),]” @ LUMO O N
E< (1.174e), BO @ 5c WLEDEFEENMBOEN T L X0 HAK0 (0.702e) D3R4
ThHd, ZIUIHLNZ BO @ S50 #uE"nH Pt O d, $LUE~OEMBENOZF G203 E0 2
EERBEL TS, —HT BO O 7%, 7% OEFEED EHSTDL Zhb 0fuE &
FHAEH LS % [PtBr(PMe;),]” @ HOMO < HOMO-3 D#E D 1% E DD /A 720
bbb, THHIFEREND BO ~DOHLERGH N EEAERL TS, FLTIN
HOFERMNG BO 1% o MR E L 7 ZBEMEORWENL T TH D & fbmihT 5T

H Braunschweig, K. Radacki, A. Schneider, Angew. Chem. Int. Ed. 2010, 49, 5993-5996.
’ G. Zeng, S. Sakaki, Inorg. Chem. 2012, 51, 4597-4605.
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%, "[PBr(PMes),]” ® LUMO @ Pt-Br f & XK MHEAMMETH D, ZD-D
[(Me;P),BrPt(BO)] %/ + &K L L TEZ7=HE, BO 60\ o ffihic kD
[PtBr(PMes),]” @ Pt-Br fi& 1L, OB L (NO', CO, CN) DA &l L Tl b 559D
bhbEEZLND, T, TITBRR rans FEBOFFIOFA L HFJE L2,

Table 5-1-1. [PtBrL(PMes),]" (L=BO, CN", CO,NO") (247 % [PBr(PMes),]” & L @
A TR T 22 5y B0E OBENSX & & O °

[PtBr(PMes),]" L
LUMO HOMO HOMO-3 50 7 5
PMe, PMe; PMe;
B Pt
o$#%j 6%*) 8_*% B O etc 8_8 C?{D
PMe3 PMe3 PMe3
BO™ 1.174 ¢ 1.946 ¢ 1.972 ¢ 0.702 e 0.068 e 0.042 ¢
CN™ 0.608 e 1.961 e 1.975 ¢ 1.4781 e 0.067 e 0.057 e
CcO 0413 ¢ 1.841 ¢ 1.881 e 1.636 ¢ 0.210 e 0.183 ¢
NO* 0.179 ¢ 1.497 e 1.564 ¢ 1.860 e 0.479 ¢ 0.530 e

LUMO DFEAEEIL 0 25 DM /REN TN D,

HOMO, HOMO-3, 50 fiE72 EOBFHEIL 2 225 Z ZICHTHMEE L LIZZ L2 BRL WD,

Li & King 5% DFT #HICE VRO HNT- Coy(BO)(CO);, DixEEMHEE LT >
D p-BO BNLT-&—2D p-CO BfLTZFFD {Co(CO);3}a(u-CO)u-BO), ZIHEEL TS,
U o OFERERIIA X VR Y BT T LR = VAT & AR B IC BB R T &
HZEERETHEDThoT=N, THVE TICEBRMIZEEAS Y RV VBN T2 HT 5
BERDI G R S T B,

CHET=EEBARY VRN 26T 5 BT =0 L8EROBUGHEIZ DWW TR T
X7, WA D 5T (Cp*Ru)s{ -1 177 (L)-PhCCH} (u-BH)(1-H) (8) (Z%f LT 313 nm D
WEORBNEZMEOKEEHT HEKFERN BRI TITolc L 2 A, “HEEA XY
R U IVENL T2 AT D HH 285K (Cp*Ru)s{s-177:17°(L)-PhCCH} (115-BO)(w-H), (31) AMEUY
FRVOAERTLHZ /A LT, ZORIEEE->0F & LT, AU L (BH) Bifii %
FX VRV L (BO) BN~ & EHT 2 FIEOBRBICED AT, RETIE, 24E4F Y
RUNABMEFEAETHE R R 525 —DAMBLOHEEL . Zh b OWEICOV TR

"BO" & N, CO, BF FAL 155 DR Tl o = 5L 5 — N7 & Ll + 2 FiEZ V5 2
L ClREEZ#5Fw S Baerends ©IZ X V&) LT 7=, A. W. Ehlers, E. J. Baerends, F. M.
Bickelhaupt, U. Radius, Chem. Eur. J. 1998, 4, 210-221.

X, Gong, Q. Li, Y. Xie, R. B. King, H. F. Schaefer 11, /norg. Chem. 2010, 49, 10820-10832.
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Scheme 5-1-2. 8 (2%t D /KA/FE F CTOEANNOREIC LD 31 OERK
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B2 CEEBAXIVYRINMEBEMNTEETIBANT=ULT I 8K
DERL

W5 2 ETIE (Cp*Ru)s {1777 (L)-PhCCH} (15-BH)(1-H) (8) 12519 % 313 nm DR D
N Z BB R TITY & REEDFBMESHEN LR T 5 2 &2k, ZOJKIES
TlE, BIEPICE ENDKOEE LY AN ENT D LBDhoTe, DTNITKE
EHLIZERE T 8 (26 LT 313nm DR OBHE1T- 2854 121%, REED
WREMESE R OMIZ, 6-3.25 ppm (2t RY REML DO 7 F R T 4% VA U LEEE 31
DHRREE DI (32%) CTHKT 2 Z L2 R Lz, 31 1343 VAR Y VBN A3 2846 DR
MR CTEBIICREE LI COMETH 5,

H Ph

hv(2=313 nm)

H,0 \ [ Hx
> Cp*-Ru\- Ru-Cp* + Paramagnetic complex
CeDg, 52 h, r.t. X, u// b
Cp*’ ‘B/
Conv. 83% o)
8 31
32%

Eq. 5-2-1

8 LIEFELOMIETIT 31 DA AR LW 2R L, Zhix 31 OMRBFRENE
FHFICHETHLDOTII RN L 2R RBR L TV 5,

FEBEIOR, 8 LAKEDKIEZEZ THF H1, 50 °C BACRTITY Z &2k b, 31 LY
RANZEBRTE D Z L EZH ST LTz, Eq. 522 [R5 TIE 31 ANFIEEINAICA
B L. IE 80% THEEL 7=,

BIBGRT 8 LAKEDRIEEATS Z LIZR Y | RISHIZHAET D KREN RN SN D
D TN 31 BREIICELEDICEETH L EEZLND,

H20 A ‘\\\
» Cp*-Ru\-/—Ru-Cp*
THF, 1 d, 50 °C \ u/// H
*2\|
H, CP* g
(0]
(open system)
31
80%

Eq. 5-2-2
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31 ORE

31 IZBELTIE 'H, PC, "B NMR 3B X UOFRSMRIL ALY ML ORE & TR EATH 2
CIZEVFE LT, A PREEIC W TITHRES X BEEMIT 2175 Z S lIc kW R L7z,

'"H NMR Z~%Z7 hLTIE 6-3.25 ppm ([t R FEALFD L 7 F N —FEROL 7 F L
ELTHEBgEINE, Cp* DT 7L §1.62ppm & 52.00 ppm [ZFENEH 1:2 DFESY
RIEL TR SN, ZAUnIiE 31 BRIRT T Cs XFROEEZ T2 2R L TE
| Bk D EEE X BSOS R EADETEX S L, v R RENFIE Ru(l) &
TAXVEMTFN 7 B L o0 T = A (Ru2) 3L Ru@) OE% 2 Einss
BLTWAEEZEZ NS, £/, 'H NMR A7 MZHENT, b R REAF I8 —
EROT 7 E LTRSS, 2T 31 Ot R FEANARTFEEHAEMR LA
VMLEICSH D Z L AR LTV D,

AT =0 DB et (L) BOBRTERAL LT VR U RFEO PC{'H} NMR
> 7 F V% Table 5-2-1 IR LT,

Table 5-2-1. gi5-17:17(L) RCCR’ BLfL 1% 520 =T =0 LEAD T L% v ikFED PC{'H)
NMR ¥ 27 F L& T IL% U BNFD C=C fEAE

SCM* | §CM* | d(C-C) ** Ref.
(Cp*Ru)s {115-17°: 7*(L)-PhCCH} (15-BO) (1-H), (31) 55.9 174.9 1.394(8) This work
(Cp*Ru)s{ 15-17°: 777 (L)-PhCCH)(15-BH)(1-H) (8) 82.7 199.0 | 1.351(10) This work
(Cp*Ru)s {115-17°: 77°(L)-PhCCMe)(15-CH) 108.9 | 223.6 1.410(6) 12
(Cp*Ru)s {15-77°: 77°(L)-PhCCH)(1H)5 66.3 178.7 1.392(7) 13
(Cp*Ru)s {15-17°: 7°(L)-"PrCCH)(1-H); 64.6 188.7 - 1
*: ppm, **: A,
s N H R
Ru(1)
\_Ph .
cn * -HS * * M X *
Cp*- Ru-Cp Cp*-Ru’\-/—=Ru-Cp
Ru(3)—|—Ru(2) | S b N 7
_RU
cout H \
\H Cp
1\ J

— RIS -t (L) TOBRNIEREZ ST AX VBN F O ZODRED H B, =BT
= L3 T ORMl (C™) ITALBET D RED S 7 F i, SMI (C) DFRE LT, K
XL EHSHY 7 P LTHESNDOBNERTH S, 31 O PC NMR A7 MUZ 50T

'2 T. Takao, M. Moriya, M. Kajigaya, H. Suzuki, Organometallics 2010, 29, 4770-4773.

" T. Takao, Y. Takaya, E. Murotani, R. Tenjimbayashi, H. Suzuki, Organometallics 2004, 23,
6094-6096.

' A. Inagaki, T. Takemori, M. Tanaka, H. Suzuki, Angew. Chem. Int. Ed. 2000, 39, 404-406.
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VX URFEOFES T R (CT, 5559 ppm; C, 5§ = 1749 ppm) IE 8 = (Cp*Ru);
{t5-17°:17-(L)-PhCCMe} (13-CH)(u-H), 72 & = BAHBECAL T 2 FF o8k & bl LT, Kok &
<@y 7 L TRIZEI N Z L hbnoT,

31 TIHREFZ 'H NMR Z AWV T 100 °C THIEZEIT - 2B S 7 v & VAL D)
HIZEENIBE ST, Cp* KO 7T /MInFNEEPIFET 52 & 2 KB LT 2:1 OFF
Sy T SNz, — 5 R Y LUBIL AR 8 @ Cp* k> 'HNMR ¥ 7 Vi,
TV UEL AN switchback motion & MHIXI D SRV T = U ARG b CRIREEE) A ok
72, =20 Cp* Kby 7 ME 25°C TIEENE 13 Hz OZffi/e s 7 s LTHEl
BENT, FEITEE 8 OT VX VELA OBIRIZEEENINE S 71, Cp* HE 80°C TiE—
FROV 7T ELTRBIERENTE, ZN5HiE 31 TiE 8 L0 L7 /L% VBN K Y 5 fE
W7 =0 L= BICEES TS Z AR L TWNAD,

"B NMR Z~Z7 FL Tl 31 OAF VRV IR FDORTHEIZHKTHL 7T AN §
427 ppm (ZHRIR72> 7 b LTRSSz, B-O MICZEEGE AT 280D & A
IZDOWTIIARES 5 #Hi Tk~ 5,

31 OFHFIMRN AR S DORIE

31 OFNRINART SERE L2 E 2 A, AURIC ZFEORMKBFIET D701
B-O fHfERENIFE SN WIS 1672 cm™ (V'B-0) & 1623 cm™ (V/'B-0) [Tz E&nT-,
KAV R U NVENL T % FFD  trans-[(CysP),BrPt(BO)] DARAMNLUL AT S ZHIT D
B-O fHfEEBIEEIL, 1853 cm™ (V'B-0) & 1797 ecm™ (V/'B-0) IZ#iZZsh T 5%, %31 @
B-O ffEiEEI L, —HEAEBORNEEREZ L 52 LT, &R, O oM ERBEML, R
i A% Y AR U VB 03RS O K0 KRR I Bl S s,

ZRRGRUNZIC K D AR A7 bV AR S 7 M FERAE 9 VAR = VBN D C-0
Mt Eh L FRIT 2 HE TH D, WA= VENL O C-O MfFERENE L, KiEhNLD D
T 1850-2120 em™, ZEABRIAZO H DT 1750-1850 cm”. = EHAUERAZO H DT 1600-1750
em! ICBIE SRS T E R RIICm bR TS,

8 & H,’0 % 50 °C MK T, MR TKIGEEE S Z LICX D (Cp*Ru);
{517 :17°(1)-PhCCH} (15-B*0)(u-H), (31-°0) %4372,
Ph Ph

~ H218O

) ~ TIQ
* N—f— - * — * - *
Cp*-Ru //Ry Cp Cp*-R ) //RP Cp
u H THF, 50 °C \5“ H
Cp*' \/ Cp*' \/
B -H, B
H 180
8 (Open system) 31
80%

Eq. 5-2-3
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31-%0 ® B-O {h#EIEEIREIT 1639 (V'B'0) I LT 1588 (V''B0) Ic#l2 sy, =
i 31 OXIET 5 B-O MfEIRENE S & i LT HiC 30 em” BEREE S 7 FLTW
7=o Figure 5-2-1 ® (A) 1% 31 OFIWRIL AT kv, (B) 1% 31-°0 ORI A~ |
L. (C) XS ZODSERDRANRIL Z L7 hLDFEZT [, (D) 1ZFD B-O i
BN AR DR Z R LT D, 2R HDOFRIEL 31 OA4F VR Y LVENL DO FEFEIR
DAKICHET D HDTHD Z & EZHEITR LTINS,

(A) (B)

100 100

\ "‘W‘\h l/‘\“\

90

90
i
5 % %
85
*
70 '
80 4
*
*
60 L L L L L ,*‘ = J 75 L L L L L L L )
3900 3400 2900 2400 1900 1400 900 400 3900 3400 2900 2400 1900 1400 900 400
[em?] [em]
0.1 r

0.05 r

%T

-0.05

-0.1

-0.15

*
1750 1650 1550 1450

3900 3400 2900 2400 1900 1400 900 400

[em™] [em]

Figure 5-2-1. #RFMRILZ 22 kL (KBr): (A), 31; (B), 31-"0; (C, D) 31 3L 31-%0 3%
A7 B by Yo 13 »B-°0) 2F L. K 1 uB-"0) 2ET

31 D4 FHEE
31 O E UIRIKREBIR THET A Z LI nE oAt m 2 AV CER X
RAREERRAT 21T o 7=, P31 D4y FHiE % Figure 5-2-2 |2, kAR L #A A% Table 5-2-2

'S M1 Rigaku R-AXIS RAPID 474 % IV C 150 °C TfT\>. Rigaku Process-Auto
program |Z XV 7 — & Z WP U7 A I H SRR UL ZEMBHT P2)/c (#14) Th o7,
fENTIZ SHELX-97 7'v 7T hoX3y r—U % v, BEHEIC L D VT =0 AR OAE % ik
EL, 7=V BRI KV D IFAKRFERFONEZPE LT, SHELX-97 7'r /' J Lz /j
W, BN CRIBICE OEEL L, 2 TOIEKFEIRT 2 IEZEHMEICERM LT,
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s Lie,

Figure 5-2-2. Molecular structure of 31 with thermal ellipsoids at the 30% probability level

Table 5-2-2. Selected bond lengths (A) and angles (°) of 31

Ru(1)-Ru(2) 2.7464(7)  Ru(2)-Ru(3) 2.8223(6)  Ru(3)-Ru(l) 2.7448(6)
Ru(2)-C(1) 2.030(6)  Ru(2)-C(2) 2243(6)  Ru(3)-C(1) 2.022(6)
Ru(3)-C(2) 2.246(6)  Ru(1)-C(2) 2.229(6)  Ru(1)-B(1) 2.420(7)
Ru(2)-B(1) 2.245(8)  Ru(3)-B(1) 2278(7)  B(1)-0(1) 1.229(9)
C(1)-C(2) 1.3948)  Ru(1)-H(1) 1.8532 Ru(2)-H(1) 1.3595
Ru(1)-H(2) 1.8181 Ru(3)-H(2) 1.4393 C(1)-H@3) 1.0220

Ru(1)-Ru(2)-Ru(3) 59.045(16) Ru(2)-Ru(3)-Ru(l)  59.099(16) ~Ru(3)-Ru(1)-Ru(2) 61.856(16)
Ru()-C(2)-C(1)  1253(5)  Ru(1)-C(2)-C(3) 110.8(4)  C(2)-C(1)-Ru(2)  79.5(4)

CQ)-C()-Ru(3)  79.9(4) Ru(2)-C(1)-Ru(3)  88.3(2) Ru(1)-B(1)-Ru(2)  72.0(2)
Ru(1)-B(1)-Ru(3)  71.4(2) Ru(2)-B(1)-Ru(3)  77.2(2) Ru(1)-B(1)-O(1)  132.4(5)
Ru(2)-B(1)-O(1)  138.8(5)  Ru3-B1-Ol 136.6(5)  C(1)-C(2)-C(3) 123.8(5)

T FR-BEMOMEREIL 1.2299) A THVH . ZhiT &7 B-0 HiEEE (~ 147
Ay Lot 024 A BREBWVECTH-T-, 4 LX) —NENESEDLZETHELNRD
(Cp*Ru);(13-BOEt)(u-H); (7) DA U FE—RROFMEER (1.374(13) A) LH#EELTH 0.15A
FEEE VB TdH - 72, "“Braunschweig HIC XV A SN RKEAF VR U LK
trans-[(CysP),(PhS)Pt(BO)] @ B-O #EidF (1.2103)A) & hi#kd 5 &, 31 @ B-O #Alx

16 R, Okamura, K. Tada, K. Matsubara, M. Oshima, H. Suzuki, Organometallics 2001, 20,
4772-4774.
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0.02 A FAHELTW2, ZUBENIIZ LD BRT LD A X YR Y VBN O ¢ B ~D
WS L2720 ThD EEZBND,

31 ([2OWT KV EEMARMRNT 24T 9 7291 DFT #HE5 (B3PWIL level) % VN THEIE i
bEATo 7=, B X BABEMATIC L D IRE Sz FED O PSS 2 R E L,
Gaussian 09 Program (Z X V) &b, #REIFHR I LY NBO MR Z1T o7z, HIEREIE
VT =0 LEFD SDD, EDOMMORSE, A YR, KERFIL 6-31G(d) & L7, IREEHA
WZBW CIEEIRE N I = & 2 fEs8 L7z, Figure 5-2-3 (2 31 D& kA% Z < L, Table
523 IZZDOFEGE., AL NBO #HHEICE W57 Wiberg Bond Index Dff% 7~ L7,

Figure 5-2-3. 31 O#ciifbA%iE 317 (B3PWI1 level / C, B, O, H: 6-31G(d), Ru: SDD)
TH#RIE Natural Charge %<9 (Cp* B 1B LT = = VIEOKFBFFITEME L TR L)
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Table 5-2-3.31" D ERFEEE (A)

Bond Lengths (A)

Ru(1)-Ru(2) 2.75789 Ru(2)-Ru(3) 2.85274 Ru(3)-Ru(1) 2.76486
Ru(1)-B(1) 2.39920 Ru(2)-B(1) 2.24014 Ru(3)-B(1) 2.24843
B(1)-0O(1) 1.25352 Ru(1)-H(1) 1.75722 Ru(2)-H(1) 1.71060
Ru(1)-H(2) 1.75521 Ru(3)-H(2) 1.71569 C(1)-C(2) 1.39563
Bond Order (Wiberg Bond Index from NBO analysis)

B(1)-0O(1) 1.5863

R U R —FEHEREES D Wiberg Bond Index OfEIL 1.5863 TH V., 31 @ B-O fEiENLE
WEEETAHZLEZRLTVE,

NBO #HEIC LV EONIKFE OB DA% Figure 5-2-4 (T8 Lz, RUFE—BRFHES
WCHEHLTAD E, AUHEIT 095096, BEFEIL 087666 & K& /ML TWDZ & Abh
oko:hﬁ\:hif:A&éhknm&@wm&ﬁ@m]@ﬁ#yﬁjwmu%%
WA ARBRIZ K > TEREN SN AT YR T VPR B-O fiG L biEoEETH D,
#%FETIL, k%<“ﬁLhB()#A®w4x%%mf%éM$ﬁ%:w4xME&ﬁ¢f
9252 & T B=0 MaNEELINTALFREE L CHES LT\ 5,

Ar

/z\

\ B—OH —> \

4
N
>
/\/\

r
Ar = 2,6-"Pr,CgH;, EX; = B(CgF5); or BCly

Scheme 5-2-1. /LA AT % 2 L 12k % B=0 fia ozl '

17 (a) D. Vidvic, J. A. Moore, J. N. Jones, A. H. Cowley, J. Am. Chem. Soc. 2005, 127, 4566-4567,
(b) Y. Wang, H. Hu, J. Zhang, C. Cui, Angew. Chem. Int. Ed. 2011, 50, 2816-2819.
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B3 EH CERBIXVYARINVEMNTFERETDIZENT =T LT X 8EED
ROt

DFT &I XD PRSI AF VR U VBN DOFEE DV A AR E L CTOVEE % iR
T 572012, 31 & HBF, EORIEERE LTz, ZOMER 4% VR Y EN OfEFE EIC
7u b A LT [(Cp*Ru)s{gs-17: 177(L)-PhCCH} (15-BOH)(1-H),|[BF,] (32) 23Rk L7= 2 &
N HZEDOEHENEIZONWTHERT D Z LN TX 2,

31 & HBF, O
31 OV F )T —FT)VREIRIZKI LT 0 °C T HBF4-EL,O Nz 52 &2k, A%V
R U NN FOfEHE LI 7 a FUREE Lz 32 2157 (IR 79%),

HBF,

Et,0, 5 min
0°C

Eq. 5-3-1

32 OFEE

32 13 'H NMR BE FBARILARZ MLZREL, T EITHI 2 & TRELE,
S FREEIC DWW TITHRE S X BSR4 17 5 2 & THERR L 7=,

32 TV D ERBEOREICN U CHETR2S 'THNMR A2 kL% 5 %7 & THF
TIE, 32 Ot FY FEANLFIE 6§ —4.06 ppm (2 —FMBEDO L 7 s LTSN, Cp* &
IX 51.60 ppm F LN §2.05 ppm 12 122 OFEGFREL TENETN—ERDOL 7L E LT
Bletxi, 31 CRBRICEE Cs XIFRD O THEEEZFFOZ LR SN, £/, B k¥
FEOIKFEIT 58.68 ppm | HHENE 13 Hz OIEL/72y 7T e LTBIE S, 31 OFRNE
WA MVERELZE 24, O-H MfERENCIRIE S 2 WILAS 3299 em™ IC@lZR S
77
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100

95 \V/V\dv/r N

90

85
I

[%T]

80

___i;k\>»

75

70
3600 2600 1600 600

[em™]

Figure 5-3-1. 32 OJRIMEIL A2 kL (ATR)

—F, HAZ ) —/HRTIE 32 Ok Y REANZAIE 5 -3.95 ppm (2 H-ENE 22 Hz OEIA
YT E LTI SN, Cp* DOV 7 UL §1.55 ppm & 52.04 ppm (ZHESy TR
12 ORIy 7 e UTBE S, HERIZZENZER 12 Hz & 17 Hz ThoTz,
Fl . T2 VT B F VUL DA F KFES §9.74 ppm (ZHEDE 21 Hz DOWRIRR S 7
Fab LTSN, 2T 32 OT VR UEMNL T OBIEENIC I D Lo TiEe <, 32
CEAL ) NVDOKRER-AICEIDTH 7 PEDEHICLDbDEEZDND, S HITHK
Bi7eDiE, 32 O RaXvEOKEOT 7 F it EA X ) —LhTidadBigsnisn
ZLETHhHDH, ThiE 32 Offf ot Rux EOKFELEAX ) — LD Fadx i (OD
By Lo THNAR HD RSB H#EAT L. [(Cp*Ru)s{us-17:17(L)-PhCCH}
(13-BOD)(u-H),][BF4] (32-d) DA LT Z & ZRBEL TV,

DFT R TR SN2 A % Y R Y VBN FDORRFEONA AEEE L ToMEE, 31 &
HBF, & OIRNCE Y 32 LN Z &0 ERICEAT 5 2 LAk,

Doy &L
32 DAX ) —)VIEKRE 30 °C THETHZ LI Eon-RBafkhs v, B
i X FRRREEMAT 21T o 72, 32 O FHEEL Figure 5-3-2 12, EAKAE LA ME

8 i Rigaku R-AXIS RAPID [FI#7#EE 4 AV T —150 °C TTV>. Rigaku Process-Auto
program (2 &V 7 — & Z AL LTz, fEA TS SRICE L, ZZHRIBEHT P2i/n (#14) Th o7z,
fEMTIX SHELX-97 7’1 7T boXy r—UZ2 v, BEIEIZ LIV VT =0 LT ONE 2 iRk
EL, 7—UZA/RRIZ LV EDIEKRER T ONMBEZRE LT, bt s L TOkB IO
A B )= IVREERIZKRE L C— o8& £ Tz, Ru(l) (ZEANL L7z Cp* 12T 4 A4 —
F—WNHEELTETO, TOEEEREZTNEN 5743 L3752 L CHEEEZREEL LR,
SHELX-97 717 7 A& W, /b BV EEH L, Ru(l) ITHEELTWD Cp* @
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Table 5-3-1 2R L7=,

C(6)

0(2) (H,0)
o@3
c(39) (3) O
O’Q(Meom

Figure 5-3-2. 32 O {H%i& (30% probability level)

Table 5-3-1. Selected bond lengths (A) and angles (°) of 32

Ru(1)-Ru(2) 2.7204(7)  Ru(2)-Ru(3) 2.7696(7)  Ru(3)-Ru(1) 2.7318(7)
Ru(2)-C(1) 2.013(6)  Ru(2)-C(2) 2.249(6)  Ru(3)-C(1) 2.009(7)
Ru(3)-C(2) 2242(6)  Ru(1)-C(2) 2213(7)  Ru(1)-B(1) 2.313(8)
Ru(2)-B(1) 2.154(8)  Ru(3)-B(1) 2.146(8)  C(1)-C(2) 1.394(9)
B(1)-0(1) 1317(9)  C(1)-H(1) 1.1439 O(1)-H(39) 0.8424
H(39)" - -0(2) 1.8263 0(2)- - -0(3) 2.509

Ru(1)-Ru(2)-Ru(3) 59.674(17) Ru(2)-Ru(3)-Ru(l) 59.268(17) Ru(3)-Ru(1)-Ru(2) 61.06(2)
Ru(1)-C(2)-C(1)  1247(5)  Ru(1)-C(2)-C(3)  112.1(#)  CQ2)-C(1)-Ru(2)  80.4(4)
C(2)-C(1)-Ru(3)  80.2(4) Ru(2)-C(1)-Ru(3)  87.0(3) Ru(1)-B(1)-Ru(2)  74.93)
Ru(1)-B(1)-Ru(3)  75.5(2) Ru(2)-B(1)-Ru(3)  80.2(3) Ru(1)-B(1)-O(1)  131.6(5)
Ru2)-B(1)-0(1)  139.9(5)  Ru(3)-B(1)-O(1)  1302(5)  C(1)-C(2)-C(3) 123.2(6)
B(1)-O(1)-H(39)  149.69

R EAEMIGBIEEE L THENTWE A ) — LD RFEB X OWHRUNOIEKBR T2 I
M RBE LTz,
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HALASFPICIERE IR & LT8R — 0 FICxf LT F DA X ) — L KR ENE
NEENTWE, B RFaxyRY LUEMADOKSE (HB9) &KDEERF (0Q) Mk
AEEREIT 1.83 A, KOBFEFRFL A X ) —LOBEERF (03)) MORATEMT 251 A #
EThol, ZNDDORRITHMEFHICEHEENTND 32 Ok KX U R Y L UEINL T,
KBELOALZ ) = VK BREEPFET HZ LR LTS,

NT =L ZEHEBE Fex R ) LUVBFORYFEEOHOFBARICERT S &
Ru(1)-B(1) M2Mod =520 0.15A BEMRE L TWD Z &R brolz, ZOMMAIL. 31 @
BAEELFEETHDMN, 32 OHFNETD Ru-B BORAEEN 31 Lod 01 A FBE< A
S>TWe, —HT, 32 ® B-O fEAEIF 1.31709) A THY . 31 OAF VR U ILENAD
ST % B-OfaREHKLT 0.1 A BEMEL W, ZhiE, 7u b 3@ Bioft
MLizZ &z k., X YR NVEMFOLEFEERHD LNIHRTHDL LB HN
%,

32 DOHFERS

32 [XERIRAE TR B 2RSSR 728l R L LCHV R D Z L 3 FIRETH B 4%, IR
HE CIT O MRSUSAEIT L, MR TH 5 (Cp*Ru)s{us-17°:7°(L)-PhCCH} (13-BOBF3)(1-H),
33) #h5x7,

Eq. 5-3-2

2 FEETFTHPoL D & 33 ~EBHINDA, 50 °C THEALIZE ZAFF YA
IVENL - DERFEIZKI LT BF; MM L7277 b 33 2EEMICEH 2 7= (BEEIR 88%),
33 13 32 o7 ALKREDBBEST D Z L THEKRT D EEZBND,

33 ONRRIG EHELOKIGED Bruno HICE W #HE SN TW5D, (7-CsHySiMes),
Nb(Cl)(77-CH,0) (A) & [PhsCl[BF,] @ K iZ £ v % 5 4 7= [(17-CsHaSiMe3),Nb(Cl)
(OCH,CPhy)][BF,] (B) M 7 1 ik /L AVEIE & 22512 & B4 & (17-CsH,SiMes),Nb(Cl)
(O-BF;) (D) 355, EH HIE [(17-CsHaSiMes),Nb(Cl)(OCH,CPhs)|[BEs] (B) &7k & DX
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JRIC Lo TAELUZE Fu oA Fr ol [(77-CsHySiMes),Nb(Cl) (OH)][BE,] (C) 7°5
7 oAb KREDBBLEET D Z & T (17°-CsHySiMe;),Nb(Cl)(O-BF;) (D) 23R L 7= & HEHI L T
60 19

Cl BF4
[Ph3C][BF,] 1
Cp',2Nb—O ——— > Cp',Nb
/ CH,Cl,
o] O—CH,CPh,
H H
A B
cl BF cl
H,0 / 18R
> | Cp'2Nb ——>» Cp',Nb
—Ph3CCH,OH \ _HF \
O—H O—BF;
c D

Cp' = C5H4SiMe3

Scheme 5-3-1. 7 v ALKFEDOBiBEZ 5 BF; AR AL

33 DREE

33 ICBILTIE 'H, PC,"BNMR ZIE L., TR EITH Z & TRIE Lz, o iiic
DUVVTIRHAE T X BEIEAT 2175 2 & THER LT,

'H NMR Tlit FVU FEANLFIT 6 -3.94 ppm ([Z—EHEBRDOTZF e LTHESNT,
Cp* &% 61.60ppm & §2.04ppm (T 122 OFEpBELLTETAENBE SN, TaFy
BN FD A F L IKFED T 7 F VT §9.73 ppm ([ —EMRDOT 7 F e LTRSS,

BCNMR TIET X URED OV FADH 5, a7 ONENCH DIREDN 65548
ppm (. AMANZH D RFEDN 5177.6 ppm ICEFNENBIEI N, ZHIE 31 OXfIET 5
TR URENTRIFET T b E B RE BT RoT (B1: 5 C" 559 ppm; 5 C 174.9
ppm).

"B NMR TliE, §64.2 ppm (& =DDILTF =7 KZHAGEL LT= A 7 BOWRIRR S 7 F L
NI, 31 OAF Y RYAENFORTEOT 7TV (& 42.7) £V H 20 ppm LL
FEBS Y7 P LTCW e, — 5T §-2.1 ppm (21% BF; SiCHKT 28— @ERO L 7S
ANBE SN, ZHUTHBEO B IUENLR ¥ R ISR 7T Th D,

¥ B. Thiyagarajan, M. E. Kerr, J. C. Bollinger, V. G. Young, Jr., J. W. Bruno, Organoimetallics 1997,
16, 1331-1334.
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33 OHTHE

33 OHALAF L URIEZRIBTHBET 5 Z L Ick 0 iEo - Bigkekiiha A CHES
il X BREEERAT 21T - 72, 33 O FHEE 4 Figure 5-3-3 12, ERMEAELEAAE
Table 5-3-2 2R L7=,

Figure 5-3-3.33 Oy 74#1E (30 % probability level)

20 JE1E Rigaku R-AXIS RAPID [E[#72%E0# % FIV\C ~150 °C TfT\ ). Rigaku Process-Auto
program (2 &V 7 =AML U7, AR ERICE L, ZEEFE P2,2:2) (#19) TH -
7o fENTIZ SHELX-97 7’17 T AoXw /r—U %V, BRI D VT =7 AJRT-OALE
ZREL, 7=V ZERIC K VKD IFKRFBRFOMELZRE LTz, SHELX-97 71 /T L
AV, g/ TIREIC IV BRI L, 2 TOIKBRFEIEESFEICRE L,
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Table 5-3-2. Selected bond lengths (A) and angles (°) of 33

Ru(1)-Ru(2) 2.7286(3)  Ru(2)-Ru(3) 2.7923(2) Ru(3)-Ru(1) 2.7336(3)
Ru(2)-C(1) 1.997(3) Ru(2)-C(2) 2.251(3) Ru(3)-C(1) 2.007(3)
Ru(3)-C(2) 2.215(3) Ru(1)-C(2) 2.2240(19)  Ru(1)-B(1) 2.388(2)
Ru(2)-B(1) 2.172(4) Ru(3)-B(1) 2.195(4) C(1)-C(2) 1.382(3)
B(1)-0(1) 1.272(3) O(1)-B(2) 1.470(3) B(2)-F(1) 1.382(6)
B(2)-F(2) 1.365(4) B(2)-F(1) 1.382(6) C(1)-H(1) 0.9474(259)
Ru—u-H (avg.) 1.681

Ru(1)-Ru(2)-Ru(3) 59.344(11) Ru(2)-Ru(3)-Ru(l) 59.168(11)  Ru(3)-Ru(l)-Ru(2) 61.488(6)
Ru(1)-C(2)-C(1)  124.52(15) Ru(1)-C(2)-C(3) 113.89(13)  C(2)-C(1)-Ru(2)  81.3(2)
C2)-C(1)-Ru(3)  79.3(2) Ru(2)-C(1)-Ru(3)  8845(8)  Ru(1)-B(1)-Ru(2)  73.34(9)
Ru(1)-B(1)-Ru()  73.119)  Ru(2)-B(1)-Ru@3)  79.508)  Ru(1)-B(1)-O(1)  131.86(16)
Ru(2)-B(1)-O(1)  136.9(4)  Ru(3)-B(1)-O(1) 135.8(4)  C(1)-C(2)-C(3) 121.58(18)

B(1)-0(1)-B(2) 173.72)  O(1)-B(2)-F(1) 109.54)  O(1)-B(2)-F(2) 109.5(2)
0(1)-B(2)-F(3) 108.73)  F(1)-B(2)-F(2) 110.1(3) F(2)-B(2)-F(3) 110.4(4)
F(3)-B(2)-F(1) 108.7(3)

33 @ B(1)-O(1) fEAEIX 1.2723)A TH V., 31 OAF VRV VENL T OXIET HEA
LU LT 004 A R L TWe, £72, BQ)-0(1) MOfEEREIL 14703)A THY |
ZOREED B-0 HEATHDH Z &R LTV, B(1)-0(1)-B2) MO#EAfAIE 173.7(2)
FE LAFITEARTITL 2o TUV e,

8,31,32,34 BLV 33 OHAFED—#E% Table 5-3-3 (2% & 07,
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Table 5-3-3. —EEBRY Lo BIOTX VYR VBN TFE2BHTLH =L T =0 LT ILF
PERDOR A OEREOE LD

Complex 8 31 32 33 34
Ru(1)-B(1) (A) 2.114(6) 2.420(7) 2.313(8) 2.388(2) 2.144(5)
Ru(2)-B(1) (A) 2.128(5) 2.245(8) 2.154(8) 2.172(4) 2.238(4)
Ru(3)-B(1) (A) 2.128(5) 2.278(7) 2.146(8) 2.195(4) 2.222(4)
B(1)-0(1) (A) - 1.229(9) 1.317(9) 1.272(3) 1.320(7)
O(1)-B(2) (A) - - - 1.470(3) -
C(1)-C(2) (A) 1.351(10) 1.394(8) 1.394(9) 1.382(3) 1.411(6)

Ref. 21 This work This work This work 2
Ph —I BF,
Cp*-Ru. \} cp* *—R -ﬁ$ cp*
P*=Ru /73 P u-:ag p
2 u/ H H

Cr g B

H |
OH
8 31 32
( 2\
Ph
H H Ph
CrReN 7/R§' i RuGBN\-[—Ru(1)
R\VZ : \3;/
Cr g ()

| B(1)
OMe |
(0]
33 34 |

B(2)

. J/

8 X° 34 OXHIT, ZEHEFBRY LUVEMITHDLVIEA MX AR Y LB T A2 FE S
BOGE, RUFRLD=ZD0DNVT =T LAENETNOMOMEERICKE REITRL,
Ru(1)-B(1) fEBMLD — D& T 5 L/ FTELS Lo TWDH Z &nbnd, —T, 31 X
32, 33 Ti% Ru(1)-B(1) MD#EAEED Ru@)-B(1) 5T Ru3)-B(1) & Hifgd 5 Lk
LTWAZENbhoto, ZHiE 32 R 33 O —EHEEERNL A B FHGENFTHD
AV VUL sy, —EFRGREMNTFThL AT YR VRN FISEWVEEEZ AT 5 2
LERTRELTND,

2T Kaneko, H. Suwa, T. Takao, H. Suzuki, Organometallics 2013, 32, 737-740.
2 R. Okamura, Doctor Thesis, Tokyo Institute of Technology (2002)
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32 L= FATIVORIG

H Ph —| BF, H Ph H Ph
p*- U‘-i-;— u-Cp* —> p*- u‘-i-;— u-Cp* ——— p*—RU'-i-;—Ru— p* + [Et;NH,][BF,
\Y u// h THF, 20 min %u// h %u// h
cp*’ |‘3/ 0°C cp*’ I\3/ Cp** I\3/
| Q I;I | BF4 o
OH %
., N,
32 "'Etl ‘Et 31
31-[Et,NH,][BF 4]

Ph

H
through "
column \N_[HS
B —— Cp*-Ru® - —\Ru—Cp*
% A7\

u H
Cp** \B/
o

31
87%

Scheme 5-3-2.32 &= F )T I L DN

32 LSS EEADVZTFATIVEMESEEEZA, BT e b ALKIE R EIT LT,
WE T CHMESEL 2 ETRRENCMA YT AT 2 2RO, 15D 7 Rk E R
% '"H NMR ZHWTHIT Lz E 24, ZFEOEOARMSHR S NZ, EAEKDIL 6
1.84 ppm B LT §2.29 ppm (ZZENLIHENE 15Hz & 22 Hz DiRIL7Ze Cp* oy 7 F
N ZDHRTHY ., ZHURERT T 31 & 31 O VR Y IVENL T OFEFHEIR 1%
L C [Et:NH,][BF,] DKFBHREGIZE D T X7 N &R LTz 31-[Et;NH,][BF,] & O FH1c X
HbDEEZLND, THNMR A7 MUV THESNIZE ) ~FEOAIT 33 THY
IS ZHEOMBEOARIT 937 Thotz, £, BEEROARFH EITFEELD
[ELNH,][X] (X=BF;0rF) ZEENTWAD Z EAMR LT, SO NTIREME ML Tl
HU. TV T TL7u~v b T 74—V THERTLZEI2XD 31 ZELLE (L
R 87%),

32 LVETFAT I UOKIGERICELNIIREMOE THF IERIZOWT, i THElE
ki L& A, 31 & [EuNH,|[BFy] O7 X7 s OFEIENH L, 33 OAREIEDHN
THERENBIE I N, ZOBIZIE 31 & [ENH,][BF,] OT7 X7 o Cp* Dy 7))
DI :;céﬁb\— HROT T N~ERELS B L, 20527 M 31 29RTE (52.00,
1.62 ppm) (2T 3N TWS 2 &R STz, 2T HITAHEH Tld 31- [EGNH|[BF] 725
[Et,NH,]F 73%%&#5_ & C 33 WAEKT DN E . 31-[ELNH,][BFy] 705 [Et,NH,][BF4]
DREEST 5 Z & T 31 DAERTLHIRICH L HIZD-< D E#ITTLZ 2R L TWD, 31
& 31-[Et,NH,|[BFy] OFEHEGM &, 33 ORI 126 KFH#&ICIL 72:28 &lroTz,
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S
N

Ru-Cp* + [Et,NH,][BF,]

\

31-[Et,NH,][BF ]

+ [EtzNHz]F

thf-dg
r.t.

C_ L &2,

1h M .. .
° M
15 min °

o thf-dg

o ° )\J\{\ o [} (o) [} [e)

I I I T T T T T T T T T
6.5 6.0 55 2.4 2.2 2.0 1.8 1.6
5/ ppm S/ ppm

Figure 5-3-4.32 & VT F LT I U DORSEITE BN L8ED 'THNMR & 7L
@: 31-[Et,NH,|[BF,], O: 33
(400 MHz, thf-ds, 25 °C, ZEKIZ 7 = =/VHE, AT Cp* By 7/ F 2%
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32 LKERIET F U U LDRIE

H Ph eF, Ph
NaOH aq I-i‘\\
Ru-Cp* —— 3 Cp*-Ru°\— Ru-Cp* + Cp /Ry—Cp*
THF, 20 min 4 ZH
0°C
i |
OH OBF;
32 31 33
31:33 =96:4
Eq. 5-3-3

32 &L 55 FENAOKET N U LERISSELE A T b AGBOSH LT LT,
JUE T CHR S5 2 & TRLNZERAEKEZ 'H NMR 2R 0T LizE 25, 31
L 33 DEREHR LT, LD ZOOERDARIIX 96:4 ThoTo, VEFAT IV E
FAWT 32 o7 e M ALZIToTZBRICBIE SN L O e li L8R & O AEAITBILE S
g, 31 & 33 O Cp* EozhnThoy 7 F L, & THF b i —E#R &
LCBlEsn, BonREME b= THHL, #5570~ 757 4 —2H0
THRT 52212k 31 ZEILLE (IR 70%),

33 LV FATIVORIE

Et,NH
—_—
THF, 24 h
B 80 °C
éBF;,
33 31

Eq. 5-3-4

3B LUZTAT I VDOMIGE 80°C TIToT, IE Pz St 2 Z & TR LIk E
BAFIZIE 31 & 33 28 90:10 DA TEHEN TV, 33 I L TV e =7 vikA Y
FENED LD L EMCEL ST, 33 DORBBEL7ZIZHONT, I MNCTHZ LT TE
BDSTENTZFAT I E BF; MBKISTHZETT I VAT UNMBEL., 31 234
LB 26D,
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8 L—BMKIRFE & DL

¥ 2 T HR LI Lavigne OB X 912, BEMAREIFZR w-ri (L) TV BB RIT—
WALiR B D L BRI F & FUS U ERACEIRN R -7 (/) TV 8RR 525 2 &b
NTWD, PEALAREARIZR 46 BT D (L) TAX U886 THS 8 1T —MfbsE Ll
RLNEE Uy BB VAR = VBT 2 B+ BRI -17(/)) 7V R 35 & E
=215 27,

H  Pn
CO/1atm OoC /Y
—>» Cp*-Ru_\~— jRu\-C *
toluene, 21 h Ru,/
t. I/°Cp*
r a5 p
H
35
quant.

Eq. 5-3-5

(Cp*Ru)s(us-17(/l)-PhCCH)(115-BH)(1-CO)(1-H) (35) DFIE

35 (22T 'H, PC, "B NMR B L OFRIMEIL ALY MVORIE & TR 21T H 2 &
TRIE LTz, o FHEEICB Ui R s X s i L0 MR L7,

'H NMR A7 hUZBWTE RU REAF1E 6 -13.35 ppm ([ —ERO 7L b L
THIZSNT, £72. Cp* HiT 61.60, 1.76, 1.80 ppm (ZIELEAM 22 —EfR DT 7 F Lk LT
BEans,

BCNMR A2 ML TIET VX U RFEDT 7 F UL §151.7 ppm B L §157.5 ppm (Z
Bl sz, £lo, BBV AR = VRN A DRFEO T 7 FE §239.8 ppm (ITHBIE STz,

TROMBUL ALY [ LTIt 1742 em™ 12 C-O ifiEiREh, 2424 em 1C B-H fiiffgfEshic i
SRV AR ST,

2. Rivomanana, G. Lavigne, N. Lugan, J. Bonnet, /norg. Chem. 1991, 30, 4112-4117.
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35 DL FHEE

35 OVZFNNZ—T )V NV URETREEAE 9 °C IZFHET I Z LIk o Be
RO CHGRE R X BMEERRIT 21T o 7, AT P RO MLy TN E £ T
W, D9 b0 % Figure 5-3-5 12 L, ERFEGE LA % Table 5-3-4
I~ L7e,

O(14)

Figure 5-3-5.35 D43 F1#i& (Molecule 1, 30% probability level)

* J7EIE Rigaku R-AXIS RAPID [HI#r35iE % IV T —130 °C T4TV . Rigaku Process-Auto
program (280 7 — & Z AR U7, fEE TS RICE L, ZEWMBET P2i/n (#14) Th o7z,
fENTIZ SHELX-97 70 7T hoXw r—U % v, BEEEIC LV VT =0 AR T O E 2k
EL, 7=V HBRIC K VD IFRFR O EAERE LTz, BTN RO
BENEGEENTWE, o, TNENOMSES DT VX VBN DT IVF VIRE & L
A= VB, 512, Ru (3) & Ru(6) IZH5H L7z Cp* BUfL 2T 4 AA— X —NBIFTE
L7272%, Molecule 1 IZBA L TIXEAFEZZNEI 60:40, 55:45 & L, Molecule2 (2B L
TiL, L Fh 54:46, 83:17 & L7-, SHELX-97 71 /' F L&AV, i/ FIEIC L 0K
B L, THAXUENADT VX RFE, VR =R, BEO Ru3). Ru(6) ([ZHEE
L7eT 4 A —H—LTWD Cp* BULTDO—FUNDETOIEKFIR 7% IEE IR
B L7,
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Table 5-3-4. Selected bond lengths (A) and angles (°) of 35

Molecule 1

Ru(1)-Ru(2) 2.7245(5)  Ru(2)-Ru(3) 2.7537(5)  Ru(3)-Ru(1) 2.7685(5)
Ru(1)-C(1) 2.083(6) Ru(3)-C(1) 2.017(7)  Ru(1)-C(2) 2.118(5)
Ru(2)-C(2) 2.114(5) Ru(2)-C(1A) 2.118(10)  Ru(3)-C(1A) 2.013(11)
Ru(1)-B(1) 2.167(6) Ru(2)-B(1) 2.178(6)  Ru(3)-B(1) 2.075(5)
C(1)-C2) 1.443(8) Ru(2)-C(9) 2.083(8)  Ru(3)-C(9) 2.039(8)
C(9)-0(1) 1.202(10)  Ru(1)-C(9A) 2.136(18)  Ru(3)-C(9A) 2.074(18)
C(OA)-O(1A) 1.24(2) Ru(1)-H(1) 1.75(5) Ru(2)-H(1) 1.73(5)
Ru(1)-Ru(2)-Ru(3) 60.709(14) Ru(2)-Ru(3)-Ru(l) 59.12(1)  Ru(3)-Ru(1)-Ru(2)  60.166(14)
Ru(1)-C(2)-Ru(2) 80.14(17)  Ru(1)-C(1)-Ru(3) 84.9(2) C(1)-C(2)-C(3) 124.2(5)
Ru(1)-B(1)-Ru(2) 77.66(18)  Ru(2)-B(1)-Ru(3) 80.67(19) Ru(3)-B(1)-Ru(1l) 81.5(2)
Ru(2)-C(9)-0(1) 136.8(7) Ru(3)-C(9)-0(1) 139.3(7)  Ru(2)-C(9)-Ru(3) 83.8(3)
Molecule 2

Ru(4)-Ru(5) 2.7255(6)  Ru(5)-Ru(6) 2.7563(5)  Ru(6)-Ru(4) 2.7716(5)
Ru(4)-C(40) 2.119(8) Ru(6)-C(40) 2.055(8)  Ru(4)-C(41) 2.128(5)
Ru(5)-C(41) 2.126(5) Ru(5)-C(40A) 2.130(9)  Ru(6)-C(40A) 2.008(9)
Ru(4)-B(2) 2.170(5) Ru(5)-B(2) 2.159(6)  Ru(6)-B(2) 2.078(6)
C(40)-C(41) 1.450(9) Ru(5)-C(48) 2.018(11)  Ru(6)-C(48) 2.027(11)
C(48)-0(2) 1.233(12)  Ru(4)-C(48A) 2.108(17)  Ru(6)-C(48A) 2.057(17)
C(48A)-0(2A) 1.273(19)  Ru(4)-H(40) 1.71(7) Ru(5)-H(40) 1.80(7)
Ru(4)-Ru(5)-Ru(6)  60.739(14)  Ru(5)-Ru(6)-Ru(4) 59.08(1)  Ru(6)-Ru(4)-Ru(5) 60.180(14)
Ru(4)-C(41)-Ru(5)  79.68(16)  Ru(4)-C(40)-Ru(6) 83.2(3) C(40)-C(41)-C(42) 124.7(5)
Ru(4)-B(2)-Ru(5) 78.02(18)  Ru(5)-B(2)-Ru(6) 81.1(2) Ru(6)-B(2)-Ru(4) 81.4(2)
Ru(5)-C(48)-0(2) 135.4(8) Ru(6)-C(48)-0(2) 138.5(8)  Ru(5)-C(48)-Ru(6) 85.9(4)

TR RHE L VR VBN ST 4 A A —F =N FEET B DA RS IOV T
MR 2T O OITEE LW, 35 28 s-12(l)) TV VBT, ZEAE I VAR = VB 3
OZFHEERY VBN T2 AT D2 RSN, 2, BB VR VEN 71X, 7
NXVIREN o BN LT ZoONT =7 AMZEZEBL NS Z EEH LML, 35 A
FFob RV REUNLFIZ T VF U RFE CQR) BiEA L7z T =7 A Ru(l) 8L RuR) @
MEZEBLTND Z ENRBENT,
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31 & —EBMbIRR L DX
8 N—MfbiRIHR LTSS LTz D LRI, 31 13— bikE & &< ISP EITL
o,

H CO /1 atm

A

Cp*-Ru* Ru-Cp* ——» No reaction
PN e 14
\Ru H 66>
Cp* |‘3/ r.t.
(0]
31

Eq. 5-3-6

31 TiEL 8 K07 TR K BEICLVT =0 A= Vm BICEES TS
ZEEE 2 it Tz, —WbRFE L 31 BDELUNMEE RIS RN oD, TR R
ALADEVBREIC =BT =0 AFRICEE SN TV D O EZZS B ST D
Z e, EMLRBENINT D L TERT S 48 B ThHD () TIVF e
KRELholzbDEBEZLND,

F 2V ARV VEAL FIFFEEL O E 2 FF OB T & i LT, o it GRED m W EAL T Th
52 ENERMICHLNZ SN TS, THEBEICAND E 31 TIEAF VARV VEUL
TP =BT =0 a7 ~OEFGIZLY, EBFY v FICRSTEKISEG NPT VX
BOAL PO G358 F D . T RN KV REIZ Y T A X —FRICHES L TWVD
ZEBHERIEND, LL, ZO—RORTRIGEDENEZTHT 2D A+H5THY .,
B OO 7= DITIIZEA X VARV VBN 2B 23R %2 S OIS T HERNSH S &5
bbb,
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B 48 CERBIXVYRINVEMNTFERETDIZENT =T LT LI 8EED
AR 5B
(Cp*Ru)3{u3-n3-B(0H)C(H)C(Ph)}(u-H)a (36) DA

8 LK E DML IT 2 AT BOSGERMIC KR E KF L TELT 2, Sz~
91z, 50 °C Bﬁﬁﬁzn’ﬁ 8 LAKEDKILNEITS BT 31 DZIEERMICELNZD
%f L. Table 5-4-1 IT/RT KD ICEDOMDEME T T 36 NEAERME L TH LI, %c:\
PASHSR 80 °C THULZAT - 72BRICIX 8 IXFERITHE S, EEMIIC 36 25252 L%
BT LTz, 8 EKEDUGIT L W KENFAE LB, HSR TG ThN B A1
IARFITRNCEE D, —FH T, BIBGRT 8 LKEDKIEEIT > BICITRAE LI kFE T

Wikt E s, RHPICHEET DREOFEN, WHOERY OFENE A LIz —K

ThdreEZLND,

Table 5-4-1. 8 & KD NIET i 5k )

distribution (%) (crude products)
entry system temperature (°C)
8 31 36
1 open 50 3 97 -
2 open 80 47 4 49
3 closed 50 49 1 50
4 closed 80 - - 100
[a] TNZENOFERTIIAELBE LT THF % 10mL, XZE L LT HO0% 1mL fEH L7,
T on
Ph
\C/ICQN‘ /
H20 I/-' ------ A Y
Ru-Cp* — Cp*—Ru—\—/;\Ru—Cp*
\ "R
THF,1d Ho< \ H
80 °C H %
(closed system)
36

Eq. 5-4-1

36 DFEE
IZBIL T 'H, °C, "BNMR L OHRARIL A7 MV EHIE L, TEINEIT 2
ECRE Lo, oy FREEITELAE A X BRI K 0 fER8 L7z,
36 ® 'HNMR A7 b Tl RU REULFO T 7T § —23.44 (dd, Jyy = 4.4, 4.4
Hz), —19.71 (dd, Jyy = 4.4, 4.4 Hz), —18.77 (dd, Juy = 4.4, 44 Hz) ppm ([ZBIZEINh/-, & Fu¥x
VIO T F X §34ppm (TEIE SNz, 36 DB RO IRIIMILA AT N VTR
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3691 cm 1 O-H HfERENCIF B S L 2B S v,

36 O w-r-BC, ZEEREMKT D _o0RFEO PC{'H} NMR ¥ 7 F /L, 8§ 2 =T
IRA_RTFPL O IEZFFOER L FRRIC, UM TH LR UV RICHEEL TV DI 5
T 01381 ppm & §51523 ppm IZENEN—HMO T L LTI SN, ZhiT 36
N9 LRITL s BUEOHFSGOEIEDEW B-C #EGE2ATHZ 2R LTND,

36 ® "BNMR A% LV TIE §57.6 ppm (HRIA72 S 7 FARNBIEE Sz, Z by
7 MIFUFEEICKFEEERIEE UTRD 9(8459.1 ppm) EIEIERERETH -T2, —F
T, B3 ETIE 6 X° 17,23 ETHEIND LT, FUR—~T r i MO ENE
HEEATEZH OB Z LT "BNMR DLy 7 MRERSEY 7 b5 2 L2 LM LT,
ZHIE 36 D B-O FEAIN. 6 ° 23 3FFO B-O fEA LITRAIMEAR O LA EKL
TW%, 36 ® B-O fEAEIX 142A THDHZ La, B X BESEMITIC L VLM
L7z (#%3K), ZOfEFIL, 36 ® B-O fEAICBIT AL EHMEAMEN 6 ° 23 @ B-O e
FOHETFTLTWAZLARLTEY, Zh 36 © "BNMR OfL2Ey 7 MBS Uiz
LOEEZLND,

dc 155.8 4 142.2 & Not observed 5 1523 &
HA/ H ] BF, H138)1
Ph | H Ph | H Ph | OH &, 3.4
N Gt N« 7/ N _Ce  /
CT3B, % 59.1 SN 3B 0546.3 C B % 57.6
N\ / AN
Cp*—Ru%— ;/I?u—Cp* Cp*—R{J%E ;/Ru—Cp* Cp* —Rus—/ Ru—Cp
H > g\ H H™<H\H H \H\
Cp* Cp* cp*
54 -23.82, -20.15, -19.08 84 —-21.73,-19.32, -17.07 S5y —23.44, ~19.71, ~18.77
(dd, Jyy = 4.4, 4.4 Hz) (dd, Juyy = 4.4, 4.4 Hz) (dd, Jup = 4.4, 4.4 Hz)
9 19 36

Figure 5-4-1. u5-7-BCX (X =C or N) ZEBZ AT 585KD NMR A~7 kL

MmN SN
Cp*—Ruk—%Ru—Cp* Cp*—Ru-\—/—Ru—Cp*
,Ru/ ’Ru/
o N o 431 o Ny 5717
H (lDMe
4 6

H—Ru—H H—Ru—H H— u—H

20TV EA S RN
W I gy

Figure 5-4-2. 7R 7 #E L~D~FT i 7O AIZ L% "BNMR ¥ 7 F L OEiEY 7 b
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36 Doy TS

36 O MLV UEIRE —30°C THE TS Z LICL 0B LB aRsE VT, B
X MRS ERRAT 24T - 72, P36 D4 THEE % Figure 5-4-3 |2, ERMAERE LFEA M % Table
5-4-2 TR LT=,

Figure 5-4-3.36 D4y {4#iE (30% probability level)

» MIZEIT Rigaku R-AXIS RAPID [EIH73E(E %4 HV T —150°C T{T\), Rigaku Process-Auto
program (T KV 7 —& ZALBR U7, #hdbiT =HaRICB L, ZEMBET P-1 ThoTo, f#fT
I% SHELX-97 7'u 7T Ly r—2% A0, EEREIZ KO VT =0 LRS- ONEZIRE L,
7=V EBIZ L VELFFKRFBRTFOMEEZRE LT, K2 THY —5TFD >
UMERLIAEEE LTE TV, RuR) ITFEE L2 Cp* BN FITIET 4 AA4—H—N
FELZED, TOEFERE 6139 L L, /2, LA CTH L v icb T 4 A4
— X =FAE LT T2, T D %R E 5743 L35 2 & CiEdEE %L LT, SHELX-97 7
n 77 LRV, BN FRIEIC I VB L, R TOIRKERTZIFF LR L,
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Table 5-4-2.36 DE2FEEE (A) EHEAHA (©)

Ru(1)-Ru(2) 2.8026(4) Ru(2)-Ru(3) 2.8293(5) Ru(3)-Ru(l) 2.8601(5)
Ru(1)-C(1) 2.127(4)  Ru(2)-C(1) 2.132(4)  Ru(1)-B(1) 2.133(5)
Ru(3)-B(1) 2.125(4)  Ru(2)-C(2) 2.088(4)  Ru(3)-C(2) 2.070(4)
C(1)-B(1) 1.681(6)  C(2)-B(1) 1.701(6)  C(2)-C(1) 1.506(6)
C(1)-C(3) 1.475(5)  B(1)-O(1) 1.420(6)  O(1)-H(39) 0.8482
C(2)-H(40) 1.0919  Ru—g-H (avg) 1.684

Ru(1)-Ru(2)-Ru(3) 61.04(1)  Ru(2)-Ru(3)-Ru(l) 59.02(1)  Ru(3)-Ru(1)-Ru(2) 59.941(11)
C(1)-B(1)-C(2) 5292)  B(1)-C(2)-C(1) 62.93)  C(2)-C(1)-B(1) 64.3(3)
B(1)-C(1)-C(3) 1212(3)  C(2)-C(1)-C(3) 121.0(4)  O(1)-B(1)-C(1) 122.8(3)
O(1)-B(1)-C(2) 123.6(4)

BFUFERICE PR N8 ANz Lok, B X S cE oz 36

DTREETIZIE 9 ONTZITSTZBRICRONTE LD BT 4 A4 —F —3FE L 72>

72. C(1)-B(1) #E& (1.681(6) A) BL T C2)-B(1) Hiid (1.701(6) A) 73 C(1)-C(2) (1.506(6)

A) BB L THELTEBY . u-7-BCX (X = C or N) = BB A EHo oY T

BN L RIS, 36 O ZHERIT B-C fiABNEVWSU=AFTHDZ LBbh-o
77

8 LKL DRULEICRET HEE

8 LAKEDGTIE, 15-BOH A HT DR L U ANHIAZ L CTERTLEELD
N5 AR LT8R D 1-BOH BN T-OKFNER E~EBEIT 52 L2k 15-BO BT
TR ENLDbDEBEZLND, ZZTKEBIZEZIRVWAZ ) —LEZHNT 8 &
DG ZEEFT 2 2 & T, PTRIBOAERZHERE L L 5 LT,

8 LXK ) — VORIt %E 80 °C Tiromt Z A, BN T VX 85k THh D
(Cp*Ru)(i5-17°(//)-PhCCH)(113-BOMe)(w-H)s (37) ik & U TR T 28k 428 LT, %
DEVFRIT 3 BRHIEIC 70% 2B %, B U, REITIE 37 22D BKE RS
ITL 34 ~EEMIN DR DER S LT,

H Ph Ph

" MeOH H\ "
Cp* —Ru\— —Ru- Cp* —m > Cp* -Ru\— =Ru -Cp* ——— > Cp* -Ru\— —Ru Cp*

|7\ THF H—xRuZH THF \5“// b
cp*’ I\3/ 80 °C \é/ cp* 80 °C e\
H | -H; |
OMe OMe
8 37 34
Eq. 5-4-2
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ol :

. e o

o X

40 / W37
AN

—~

Distribution (%)

30 34
2 Y \\I\
10 =
0 »L/ \’\r — : .
0 10 20 30 40 50
time (h)

Figure 5-4-4. Time-course of the reaction of 8 with MeOH at 80 °C.

IhEEsE 2. 8 EAKEDOHEE MR % Scheme 5-4-1 (2R 7=,

Ph
H H  pn H
Ph | OH
H,0 . N\ _Ci /
Ri \\R RUH; $Ru / T \ZB\
u\-[—Ru —> 7
NI T I, ANy
N i VSRZ,
B B H™ H
H I
OH 36 (48e)
8 (46¢) A (48e)
_H2
Ru = Cp*Ru —
H,

B (46e) 31 (46e)

Scheme 5-4-1.31 B X 36 OHEE A ks
AH )=V EDNIEEEETDHE, 8 EKEDKIGNT XD BRI BI D ARYITAKH
R BICREBES D 2 L THERTHENLEIFRR T LE U 8HA A THHEEZBND, A
X ) — )L DBAITIE. AKEREPELRICE DA 2 E CREERE LT 34 25271~
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DIZRE L, A 235 OBKFERIH SN DLEITIE. A ORMEEAHEIT L, 36 23T L &
LTEbNEbDEEZLND,

B2 ETIE S & 8 OMICHLKEORZ AN LI MR FIEL, KBEEREHKTT S &
IMEN LU T-BRDOBALERDIL 9 THDHZ & Zik~7-, PAFRTHEEITY) Z&I2LY B
5 A DAL, BREILZER 36 ~LEBRIN-HDEEZLND,

Ph
H H  Pn H
Ph H
. H, H\ “ \C /,CQ\B/
Cp*-Ru\-[—Ru-Cp* ——= Cp*-llau’\— ?Ry—Cp* —_— / /\ S
N H—\ Ru-%~H o Cp*—Ru=>-/=Ru—Cp*
u H -H, N 80°C VS /
Ccp*’ ‘B/ I/~Cp* H/\H\\
H 80 °C H Cp*
8 5 9

Scheme 5-4-2. 5 OMEGRAE TIZET 5 I

— 5T, 8 LAKEDKIEE 50 °C BIR TITo 73 &I2id, 31 BRI T 5 2 &
EALI LT, 2T A D B BNAEUBMCERT 2 KRIBNRIMNIEHEND Z LI
V. B 2o A ~ORVOKIENEZ LTI, SHIZAELTE B OREMEIZED 31 34
R LIzEBEZ D LT, FERERAAHEMICHIT 52 LR TE 5,

B, 9 EKIE 80 °C MBAAGLMETIZBWTH L MR Lo 7, ZHUTI=88 Eok
7 FADIKDEAZR LR SONTE Z 502 2R L TW5,

T oH
Ph

\ _/_/_95:: /

I/'\ 7\ H;0
Cp*—Ru=—>-/=Ru—Cp* » No reaction

\\/Ru\// o

H \H\H THF, 80 °C

Cp*
9

Eq. 5-4-3
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%58 CTERBAXYVAINVEMATFEETLI=BALT=ULT FFERYUF
SEERDE AR

8 L/KOMARIGIZ LY ZEEEA S VAR U A 31 2RMICAKRTE D L2
HU7ze 31 OFF VAR AENAOBERAT/VA AL UTEMA L, HBE, & DORIS
TlE7 e R EE B Le D F A oA Y RV VSRRSO D Z LB LN

L7,

H Ph H Ph H Ph —l BF,
W‘ H,0 . R;S i/;.yi‘\\R . HBF, K f/?H\
Cp*-Ru\-[—Ru-Cp* ——>» p*-Ru\-/—Ru-Cp* ] ———> Cp*-Ru:\-/——Ru-Cp*
: NN ~7 P N\ ~7 H P NV P

Ru7—H THF, 50 °C \Q \Qu—H
Cp* | Cp Cp* \/
E (open system) ?
OH
8
32

Scheme 5-5-1. =BG A VR U LR 31 OAF L HBE, & ORIG

FTxXIRINT TAL—Lkkx I BB & ORICEERFTT 5 2 & T, A% VAR U VEASL
TNT TAE—ICH 2 DB OWTIMI L CWO BERH 58, TDIDITIXT VF
BOAL D K 5 22 SRR 1 Z R 72 72 OB R BN 7e A5 Y AR U Vg IR &2 B kS D BN &
%, 38 1L 3 X° 4 LRAIULENAERR 44 BEARTHLT-0, FKEEDOEWIGHED
Mrish s,

ZHIT 4 EAX =V EDOKENERTHET L, EEMICA FFTRY LSRR 6 %
Hz5Z b RAHLTWD, “ChaBiEx. 4 EAKRZEBENGSEDZ LT, B Raxy
RY LR A OERERE LT EREA XY RY VBN FE2ETH5T FFE RY R
BEIR 38 ERT DO TIER AW EHERI L 72,
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H
AN MeOH AN
Cp*—Ru\—/Ru—Cp* —_— Cp*—Ru\—/Ru—Cp*
/7
R R
* \ * \
Cp B Cp
H |
OMe
4 6

Hydrogen
H migration
T'\/ 7'?
Cp*—Ruz ~Ru-Cp* — >
p \\ /- P
R/
* \
Cp ?
OH
A

Scheme 5-5-2. —HZEA X VRV AN 28T DH AT =0T M7 R RE&EER
38 DAL

TIVHEETICBITS 4 LXXKEDKRE
RNY VBN DR FZTNA AL LTE<, FlxiE Aldridge HIZ XKD I FF MR

U LR [CpFe(CO)(BNPL)|[BAY,] DA THICH LT Y 7= LR AT 4 VA F
ROSREWES 2 Z LR LNCER TS,

-
_| + \(
& N— Ph;P=0 ﬂ /N‘(
Fe=—B=N —_— Fe—B
oc” ‘ ) oc® ‘ \
oc oc
Ph;P

Scheme 5-5-3. R U L U SHRD R 7 F KT D A A AMIEOINEES

ol RY VUBEERD N A AR TH DA VRIS L, A ARPENLT D Z LT &
DEERENTZRY L UAEENE LTS, YRoper & Wright 51378 U VSR B 1%t

% D. L. Kays (née Coombs), J. K. Day, L.-L. Ooi, S. Aldridge, Angew. Chem. Int. Ed. 2005, 44,
7457-7460.

o (a) G. J. Irvine, C. E. F. Rickard, W. R. Roper, A. Williamson, L. J. Wright, Angew. Chem. Int. Ed.
2000, 39, 948-950; (b) C. E. F. Rickard, W. R. Roper, A. Williamson, L. J. Wright, Organometallics
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LT 8T I/F Va2 EASEDZ LICKVIEEORNICE W ZEbESnizRY L gl
& (base-stabilized borylene complex) C Z & L7z, C OARY L UEL DAY FRIT=H /
—IVDORBKBEEZTDHZETT U T I R USSR D ~EBHBEIND Z ENHG
MZEN TN D,

Scheme 5-5-4. base-stabilized borylene complex D& & =4 / —/L & Dk

o4 FETIE 4 O -HEERY L UENL - OFR UHEITR Y E EOBERIEICL HE TR
EALIREZ T enizd, VA AL L TOMEERERNZ L 2Rz, Bificix, &Y
V/éﬁﬁkakmiﬁ;rb RY L USEHRDR T FIZKT 5 KORBHEICL Y F[E X
nNoHZ xRl
IZAZ =V EFRRTHESCLICKIST 2DICR L, 4 LKEDKISITERTIXIZ
LA AT LW Z & ZERE L7z (Table 5-5-1, entry 1)

4 LKEDRISEMBASMH T (40-80 °C) TIT-o7=HAI2IX., 4 @:,ﬁmm Im ET5H0
D 3 OEREDOHEINGEET 2o T-, FFIZ 80 °C f}iméﬁt X3 BN E

A E LTHEL, 38 ZRPRMICERKRT 5 Z EIXHk72 /> 7= (Table 5-5-1, entry 2-4),

Figure 5-5-1 D(A) 121X 4 L/kE % 80 °C TGS HEIZELNIHAERY. B) (2
% 3 OFRPRINART a2 ZNZIR LTz, (C) IZIX (A) & (B) DEANT MLV ZIR
L7ce 2DOFEANRT R (D) IR LTeR VORI AT v —FH LT Z Lk,
4 LAKREDKIFIZEY 3 BNERTIBICITIRY VBN FOFR T FITATERE L ChiE
LTW5D Z &R STz,

2002, 21, 4862-4872.
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@ o B e
L —r An
- . LA Ly ; i i
\ L4 V 35 * *
78 i @
® 80
73 ** . !
(C) 0.005 h (D) 100
-0.005 A S | 35 IEm——
0015 w\ {ﬂ“‘*“"“‘ \ 1 | 50 \\ // l l\ // 1\
DY 1. o i
i -0.085 2 H \ *" d \! \l
-0.045 E ° H Z: ; ® OU-U
-0.055 . . ‘ L 65

Figure 5-5-1. ZRAMEUL AT KL (ATR): (A) 4 LK EDRINMZ L0 &S HARY; (B)
(Cp*Ru)s(ps-H)a(u-H); (3); (C) (A) & (B) DFEANZ bby (D) A TR,

Table 5-5-1. 4 & /K & OIESAETIZBIT 5 KIS

distribution (%)
entry temperature (°C) selectivity of 38
4 38 3
1 r.t. 80 10 10 50
2 40 58 29 13 69
3 50 37 31 32 49
4 80 1 0 99 0

80 °C TIL 4 It L TN O FRIET D2 & THERT DEEMER U LEER (Cp*Ru);
(-H)4{u-B(OH),} & =50 F H OKRPERLINIIET D 72012, AUBEE 3 AL TLE
STt EFEZHN5 (Scheme 5-5-5, FE%),

38 ZNRMNIRDT2OIIE 01D 4 1% LTy LA EOKRMEUER L2 USSR
EHZDIENEETHDLEEZDLOND, TZ T, AU LV UVENTORUELEFH S E
T 2668 L 2 O0RICHEMTHIERY Lk o7 %7 M apld b2 8T, —
FTHOKN 4 ERISTDHOEE T ENHRDDTIER WD EFH T2 (Scheme 5-5-5,
TE),
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H
o HH H;0 I'-I./H\\I-‘l H20 Ha H20 /|-A
Ru —/—\Ru ——>» Ru\—/=Ru ——>» Ru—/—Ru ——>» Ru=|——Ru
N 7 A N, 7 A N~ A S 72
\Rlu \Rlu \ R H=SRuZH
-B(OH
B B B (OH)s ||.|
H | HO/\
4 OH OH ,
\'\
HZO! L \Z\
Y
Ru = Cp*Ru
H _H H
A \\F" H,O e _H\
Rl\—/—Ru R — Ru=|——=Ru
N L /NN A7
\ Ru H—<Ru——H
/ \/
B B
/ ‘\L o
HO
38

Scheme 5-5-5. WA L OFEEIC LD 4 LKk EDRIGDEAL HETHERE)

BARMIZ1X Scheme 5-5-3 & Scheme 5-5-4 |27k L7 Aldridge & Wright DG % 5%
W2, TIVERMLT 4 EKREDRISERTT LT,

H,O
H H__H Et,NH (6 equiv)
0N 2 q AN AN
Cp*—R'u\—/R‘u—Cp* » Cp*-Ru=— LRu—Cp* + Cp*—l/?u\‘ %Ry-Cp*
\\Ru7 THF, 48 h H—SRuZZ M H—<Ru /—’ H
e .t. " s
Cp \'B r.t Cp \I‘?./ Cp \|‘_|
H o
4 38 3

86% 1%

Eq. 5-5-1
Table 5-5-2. 7 X VOHFETFIZE TS 4 LKEDKIE
temperature distribution (%)
entry additives selectivity of 38
(°O) 4 38 3

1 r.t. Et,NH (6 equiv) ¥ 3 86 11 89

2 r.t. EtNH, (6 equiv) 3 73 24 75

3 r.t. Et;N (6 equiv) ) 67 28 5 85

4 r.t. Pr,NH (6 equiv) ¥ 45 50 5 91

5 r.t. "Bu,NH (6 equiv) [ 18 73 9 89

[a] Et;NH, 3.9 pL (38 umol), [b] EtNH; 3.2 uL (38 pmol) (12 mol/L, H,O solution), [c] Et;N, 5.3 uL (38 pumol), [d]
Pr,NH, 5.3 pL (38 umol), [e] "Bu,NH, 6.4 pL (38 pmol).
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Table 5-5-2 @ entry 1 (TR TELHIC 4 IZXKLT 6 BFELDTZT AT IVERMLE
BRI BRI SR EIT L 86% DOEIGT 38 527, 2N L TC=F AT IV %
FAWEBICIE 4 OEERIZE WL OO, 3 OEREEOHIMLEERD STz (entry2), ~V
TFNALT IVERHWESGEIZE 4 OE(LERCZTFAT I VRO T AT I U EHANWEY
ALY HIEL, 38 DAEREE BIEN-T72 (entry 3), ZTHUE, PUZFILT I 3o — o
WZHERTZERE Y DRI E R OVENM - TEDNL TS Z Eic kD Cp* KL DNIRK
FIZEY |, ZEISHC TR TE WD ThHhDL LB 26D,

THET I LTI YA Y e e LT I (entry 4) & Van-T T LT I (entry 5)
EIRIMLT 4 EAKEDKIEETSTZ, ZNHEHAVEEAETH, 4 Ol L 38 DR
FNTNORIZBNTY entry 2 TRLULEVEFAT I VEBRZDIMREE G525 2 L1137k
Moz, THHDFERLT I VR RFOEHILO G E S 38 OAENRIGICKE R EL b
ZHZEERLTND,

(Cp*Ru)s(15-BO)(u-H)s(p5-H) (38) DEijE

H,0 (19 equiv) H H

oM Et,NH (6 equiv) AN AN
Cp*—Ruk—/Ru—Cp* > CpP-RuTE[T ZRu-Cp™ . Cp*-RuZ=|=—_ZRu-Cp*
\Ru/ THF, 7 d H;‘Ru/—/-H H \)R‘u/—’ H
N\ " *
Cp* \g r.t. Cp \|B P N
H 0
4 38 3

@ (10 equiv) /H\
“HY \

Cp*-Ru=["2=Ru-Cp* , Cp*-Ru=;——Ru-Cp*

> 7NN FHZ
THF,9 h H—SRuZZH |.'|_\R‘u£|.’|

r.t. Cp*/\l/ 1
B cp*
)
38 39
43%

Eq. 5-5-2

FIZHATZ LD, VTFAT I VERINT L2 LI2XY 38 OARRSIS BRI HE
TT2ZEE2WBMNIT LI, 4 IZRHLT 6 fFELDVTFLT IAFETR, EET 4 &
Kz 7 BEMIGSEDZ EICLY 4 3B BICHEESN, 38 & 3 % 87:13 OEIATET
IREW % T,

38 &L 3 BT LIIWEETH -T2, 4 1K LT 10 fFE/LD 13- 7 maF i
VI UEGELNREYO THF BRI A, =|iRT 9 KRGS EE 2 A, 3 BER
IZiHE &4 38 & (Cp*Ru)s (us-17: 17 17:-CeHo)(u-H)s (39) % 7921 DEIA TEHTEAWN
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BOALT, 38 MRRPMEREC 5 LTS E A R oIckt L, 39 1ZFABIIRIFEAL
W2 R &2, ZoMEEZFALT, 7T = U AZHWT 38 2 L7=%. b
Jbm i =30°C CTHASMmZITHY 28 T 38 & 43% DOINERTRARESE LTEHE,

(Cp*Ru)s(3-BO)(u-H)s(3-H) (38) DRIE

38 I LTIE 'H, C, "B NMR EFRABIL ALY MALORER L ORI EITH =
ETHE LTz, S BICHEN X BEEMITIC L0 s 2 iR LT,

25°C THIE L7 '"HNMR 227 FLTiEe B RELFIE, A DASSBRBIEET D7
W 5 -1.98 ppm (ZH-ENE 30 Hz DOEIL/RY 7 F v E U CEMICEE SN, £72, Cp* K&
D7 F L 5201 ppm (T —EMEO T 7 F L LTRIE I,

"B NMR A7 h/L Tl 6 33.3 ppm (24 % VR U LVEN A DR 7 FEORILR Y 7 F v
DB I, Zofb5 > 7 biE Braunschweig © 12 L U & X L7 trans-
[(CysP),BrPt(BO)] (ds 17 ppm) & 31 (83 42.7 ppm) DEDOAE & T -7, Table 5-5-3 (ZiLA
X YRV GEHEL OFEEB LA YR T D "BNMR 27 kLT —4%  BO i
EE £, B-O MOMAEL T b,

B HBEEOREIZLY 3 M 13-v 7 a~FH oo LEETHIG L, (Cp*Ru)
(=177 -CeHe)(i-H); (39) 2525 2 L NHME SN TS, A. Inagaki, Y. Takaya, T.
Takemori, H. Suzuki, J. Am. Chem. Soc. 1997, 119, 625-626.
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Table 5-5-3. BO $5{K L Z0OFHEMEB LA X VAR T VD AT MLTF—X LA E

"B NMR B-O IR (cm™)
compound Ref.
P (&/ppm) A) '°B-0) w''B-0)
31 42.7 1.229 1672 1623
This work
38 333 1.25 (avg.) 1663 1638
I 17 - 1853 1797 6
11 24 1.210 1849 1793
111 12 1.197 1885 1828
v 22 - 1773 1721 7
A\Y - 1.234 1784 1732
A | 40.1 1.304 - - 17(a)
A\ 11 19.8 1.296 - -
VIII 22.8 1.311 - - 17(b)
IX 223 1.370 - -
32 - 1.317 - -
This work
33 64.2 1.272 - -
H Ph
H\ PCys PCy; pcy, |[BAr
XA |HS _
Cp*—ngs— 7/R{J-Cp* Cp*—l;{u\\‘ H—/‘/Ry—Cp* Br—Pt—BO PhS—Pt—BO |MeCN—Pt—BO
u H H—=Ru=——mH
Cp*' \B/ CP*/\‘B/ PCy; PCy; PCy;
o o
n
31 38 I I

- =YY Yr YT
Br—Pt—BO—B(C¢F5)3; Br—Pt—BO—> BAI’f3 CGF!,-,/N\B/N\CGF5 AI'/N\B/N\Ar AI'/N\B/N\AI'
| Il I

o=
o=

PCy, PCy, p 00 .
Cl:Al H (CeFs)sB
v v \ ipr * ipr i
SN Né
H Ar = 2,6-Pr,C¢H,4
H O TIER w o Vil

Y

N N LH:. ATES
Ar” B MAr Cp*-Ru\"/|—Ru-Cp* Cp*-Ru\=/—Ru-Cp*
| N PR 7\ P
OH \RUZ“—H u H
cp N cp* N\
IX | ?
OH OBF,
32 33
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38 ® VI-'HNMR =<7 kv

-110 °C THIE L7~ 'H NMR AXZ hLTiE 38 @ 5-H 13 6 —24.02 ppm [ -EE
36 Hz OIEIR7e> 7 e LT, —FH T pH 1T §6.69 ppm (2N 18 Hz OIE/L7e 7
Tkl TeEnEnBlES N, FRT DIV s “fFEEO > 7 VdREia L, 0°C LA
FOBRETIIEMR Y I FE LTBEIND L)ootz wH B F R I{bEY 7
N OAE (5 6.69 ppm) (X2 E THIBIFEE TEMR SN TE SR RT B KU REAL
F DT 7 N OfE & R U CIER I ROER S VB ICBIE SN D b D Th o772,
FHERFEANTESEY 7 N O YL EE LT

FEANIER 9528 DET #5% (B3PWOI level / C, B, O, H: 6-31G(d), Ru: SDD) 1L V155
7= 38 O fbiEE (38) ZHWT NMR A7 h/L®d GIAO (Gause-independent
atomic orbital) FHEEIT-72, 38 L[F L UL TRESAZ TMS @ 'HNMR 7 F /L% 0
ppm & L7c& A, 38 @ ws-H, p-H OLF> 7 MIZEH 5§ -21.27 ppm, & 10.22 ppm
TR I NS L AR DAL, EREER (5-24.02,6.69 ppm) AR L B A, ¥

38 LRILL 44 B8RO 3 T w-H & pH OV A MAZHAH WO, RIRTIE 6
—7.22 ppm (ZEEMICBIZZ S N, JBEFZ NMR 2T -120°C THIELZZHBAETHLEN
OITEA e —EROT 7T L LTRESRD ZEAREShTn5,

38 LAEIERIC 3 122\ TH DFT FHAEIC K DRk (B3PWIL level / C, B, O, H:
6-31G(d), Ru: SDD) %1772, *'GIAO #H&#1TH> Z &Ik Y w-H & pwH OB KUK
B by 7 2R Uiz, w-H 13 6 —23.28 ppm, p-H X §10.74 ppm OfLF2 7 b
AREOL RS O, PIORERIT 38 Ot FU FEMFOFY 7 FofE s B L
THY, 38 ® prH ® 'HNMR 7 FADORKERMEBSE S 7 b3 115-BO BN 2 ET 5
ZEICE b0 TIERLS, B RY REMIFORBMEICL D 763N THLZ L
R LTS,

¥ Cp* oML 7 ME 51990 ppm & B ST,

0. Suzuki, T. Kakigano, K. Tada, M. Igarashi, K. Matsubara, A. Inagaki, M. Oshima, T. Takao,
Bull. Chem. Soc. Jpn. 2005, 78, 67-87.

33 ORGEUEE LT oA A, A RITEREICRT,

2 Cp* HoMLFET T T §1.940ppm & FH ST,
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C,M
sHies RuH
N k 50 °C
z o
* solvent —uL JL 5°C
0°C
A L —90 °C
l L J\ —100 °C
| -110°C
—110°C *
bd |- ‘ T 1T ‘ T 1T ‘ 1 T ‘ T T T T ‘ T T T T ‘ T T ‘\ T ‘ T T ‘ T T ‘ T T
80 7.0 6.5 &/ppm -1.0 2.0 &/ppm -23.0 -25.0  &/ppm
[N )J L

\ \ \ \ \ \ \ \ \ \ \ \ \ \
75 50 25 00 -25 -50 -75 -100 -125 -156.0 -175 -20.0 -22.5 -25.0 d/ppm

Figure 5-5-2.38 Ot N VU FEAIFOEEAIZ "THNMR 222 kL
(400 MHz, thf-dg:toluene-dg = 4:1, —110 ~ 50 °C)

IHNETHBRMEECHEIN TV EEELT =T AEROE KU RENL OV 7 ) v
X Oppm LY bEBIGHEIKICBIE SN bORKRETH-7, —F T, ISV =
7 LRV — MEROEMEE U REALF2S 'H NMR A2 hLT §-15.07 ppm & &

0.86 ppm (Z 2:1 OFF/EELTHEIND Z L 2HE L H

Tg, SR — MERTE KU RRLTA 50.86 Ao

ppm & AKBESEIRICBER SR L LTI, ZoE R _Ru_ _Ru

D RELL T ARG AL~ — MM T & R BB % §§~D<7ﬁ)%/
TeDRRIER N~ — FRNLF O 7 BRI AIA TN Z H\

CELY N 60.82 ppm
LRAEELTVEED THLEELLN TS, | PP
Figure 5-5-3. u-formato complex

38 3 @ pH EMTTHINERMKIC, B RY RE
MLFN=oDONT =7 L LIFIFR—FE EICHLZ L2, & Y FRALTFOFEST bz
K& RG> 7 b &=L/ > TS AlREMER S 5,

3 LIABEIC, 38 Db RU FENLF TS -Hy, $EEAZRHE LT i-H & uH O A bR
BN X 52 L2 XY | Figure 5-5-2 [2RT X972 'THNMR 2227 MARELNT-EEZD
o,

3R Simogawa, T. Takao, G. Konishi, H. Suzuki, Organometallics 2014, 33, 5066-5069.
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/Ha HaTHb H /Hb\
H - = / b\ H
,qu\—iﬁq == RiIZ—_Ru —= Ruf\—i'Ru.
Hg Ru Hp Ru>—H, H//——Ru>*—H,
\I 1/ \1/
B B B
(o) (0) (0]
Ru = Cp*Ru

Scheme 5-5-6.38 Ot KU RNENLF DY A b AHOHEEERE

38 DOFRMRINARZ b

38 OIFRIRIL ALY L% Figure 5-5-4 (TR LTz, RUEN FHEORNMKEZEFSZ &
ZRBELT 1663 cm™ 1Z »('°B-0). 1638 cm™ & u('B-0) (ZHIZET 2 FRWIRIN A BIZE S h
72, 38 @ YB-0) DML 31 @ WB-0) (1672, 1623 cm™) & Hlt L TR E A2 RIZR S
Mo TN, KA % VR U LA trans-[(CysP),BrPt(BO)] @ wB-0) (1853, 1797 ecm™) &tk
LT, RESEBEICY 7 PLTWD Z & afER LT,

100

95 Mf\/‘“\ /..r——"—"v""\
. |

80

a

&

%T

75

70

65

60

3600 3100 2600 2100 1600 1100 600

cml

Figure 5-5-4. IR spectrum of 38 (ATR)

72, AORDVIC H'*0 Z V5 Z & T (Cp*Ru)s(-BO) w-H)s(us-H) (38-"0) & Al
ICAE LT, 1629 em™ 12 WB-"%0) TS < W ABIZE ST, 38-80 ORI R~
kL% Figure 5-5-5 (1, 38 & 380 OFRIEILALT Frd B-O MfFRENCEE ST 5
WA OILKRIX % Figure 5-5-6 IR L7z, ZHUHD AT ML 38 OAF VAR Y LVEL
(LT ORRIF T KICHRT 5 2 L MR LTV 5,
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100

95*\/‘\f‘ \

90
. ™
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75
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3600 3100 2600 2100 1600 1100 600
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Figure 5-5-5. IR spectrum of 30-"*0 (ATR)

" géh?r;w\\
85—‘w'\ 7 i -

80 L S V

75 [
70
65 y
60
55

%T
(

—38'

1700 1500 1300 1100 900
cm!

Figure 5-5-6. 38, 38-'*0 » BO fFRENN DO FIALAT 7 ~ (ATR, 800-1900 cm™ % #7F)

38 D4y THERE

38 O MV URIRE 20 °C THETH Z LICk Ao BEffa s v, Bk
X BAEERAT 21T o Too BAKEFIITIZ RO IS 3238 4Tz, 38 DALy
D9 H—F Dy TFHEEE Figure 5-5-7 12, TAfEARE LEAA%E Table 5-5-4 (RL,

* JI7E T Rigaku R-AXIS RAPID [EIFr4EE 2 VT —150 °C TFTV>, Rigaku Process-Auto
program [Z XV 7 —& Z M U7, R EAGRICE L, ERBT P21/a #14) Th-oT-,
fiENTIX SHELX-97 717 T bhoXw /r—U %V, BEIEIZ L D VT =0 K- O E 2R
EL, 7=V ZEMIT IV KD IFARBR T ONEZRE LT, BAFAICIE fEOM
SR EBITEHA— BT 0 — A D RV U nNEER LA S L CE E N T,
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Figure 5-5-7. 38 D4y {-4#i& (Molecule 1, 30% probability level)

Table 5-5-4. Selected bond lengths (A) and angles (°) of 38

Molecule 1

Ru(1)-Ru(2) 2.7204(4)  Ru(2)-Ru(3) 2.7114(4)  Ru(3)-Ru(1) 2.7170(4)
Ru(1)-B(1) 2.303(5) Ru(2)-B(1) 2.322(6) Ru(3)-B(1) 2.302(5)
B(1)-O(1) 1.231(6) Ru—z-H (avg.) 1.652 Ru—5-H (avg.) 1.852

Ru(1)-Ru(2)-Ru(3) 60.028(11) Ru(2)-Ru@3)-Ru(l)  60.152(11)  Ru(3)-Ru(1)-Ru(2) 59.821(11)
Ru(1)-B(1)-O(1)  137.8(4)  Ru(2)-B(1)-O(1) 136.4(4)  Ru(3)-B(1)-0(1)  137.5(4)

Molecule 2

Ru(4)-Ru(5) 2.7113(4)  Ru(5)-Ru(6) 2.7134(4) Ru(6)-Ru(4) 2.7242(5)
Ru(4)-B(2) 2.331(7) Ru(5)-B(2) 2.269(8) Ru(6)-B(2) 2.189(7)
B(2)-0(2) 1.262(8) Ru—y-H (avg.) 1.637 Ru—y4-H (avg.) 1.976

Ru(4)-Ru(5)-Ru(6) 60.29(1)  Ru(5)-Ru(6)-Ru(4)  59.817(12) Ru(6)-Ru(4)-Ru(5) 59.894(11)
Ru(4)-B(2)-0(2)  136.0(5)  Ru(5)-B(2)-0(2) 1332(7)  Ru(6)-B(2)-0(2)  138.9(7)

38 O B-0O FEAEDOEHEIT 125 A Thotlr, BEBERMICIVEEBLOFX YR L

Ru(5) IZfEA L7z Cp* BN I2IET 4 A4 —F —=DMFELTZT20, TDOERHRE 66:34 &
T 52 & TREBIL LTz, SHELX-97 7’1 7' F A% W i/ “RIEIC L VBB L Ru®S) 12
A LTm Cp* BUALTF-LISN D4 T DIKBIR T4 IS 7 M B L 7=,
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BAL - ~D 7 BLE~OWHEE NS 2 2 & T, R4 F VA U VEEE wrans-
[(CysP),BrPt(BO)] @ B-O fi&AHE (1.2103)A) L bR Ll ThH -7,

38 @ Ru-Ru MODOFAEEDZEX 002 A DINIZINE>TEY . =7 =7 LAEKITIE
FIE=AEThHoT-, £7- 38 ® Ru-Ru HOFEEGEOFEHEIT 2.716 A TH-o7=h, =
AUTZARY L gBfR 4 @ Ru-Ru BIOFEFEAEE (2.657 A) L0 H00K&<, 38 1L 4 LY
RRRERZMNT =T LGS ER L TWD Z EBRHL N E R o T,

38 ® Ru-B MOFEEREOEHMMEIL 229A THh o724 ® Ru-B HOFEEEOEHIEIT
212A THDH=H, 38 OF 017 A BEMELTWD ZERHALMNIRoT, VT =D
LRI FEOIARELEORIL 210A THD, PnEEET 5L 38 O Ru-B MO
ARIIVT =0V A ERUZOKAERFBERZOMEID 02A BELEL, 4 ® Ru-B MDA
I Z N O O/ EROMEITTE LVETH DL Z bt

KAEIX Table 5-5-5 (" XK 91T, Bix 72 ZEEEGENL T E 2R =ML T =7 L8EK
AR L RS X BHERITIC LD 2050 THREEZ I 5N LTV 5, 2 DR R,
S HAUEEANL T E S B EENL T D B GENLT- £/ D 2 & T Ru-E B OfE
HAEOVEYEIZ, VT =U ALiHE E OLAGREEROMEIVBET BN L Z L%
RHLTWS, ZHIZ=ZEREENTF E 2D OAT =0 2T 5 5EETFEN BT 5
ZLT, Z0DONT =T LERTLERVEEREZTERT D ENHLI LD THD L
EzxHNTHW5,

3 P Pyykkd, M. Atsumi, Chem. Eur. J. 2009, 15, 186-197.
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BRAGA 2 Y W Y VBRI T2 A3 % e

“BVT =0 AEERO G & O

Table 5-5-5. Ru—E DO OFEEEOFHE (A) 8LV Ru & E OILFHEESLEROFIOLLEL

15-BO (38) | 1-ZnEt 15-Mg'Pr 15-Li 15-AlEt 15-GaMe 15-BH (4)
Type le donor 2e donor
Ru-E
2.29 2.66 2.77 2.78 2.48 2.48 2.12
(avg., A)
Sum of
covalent 2.10 2.43 2.64 2.58 2.51 2.49 2.10
radii (A)
Ref. This work 36 This work
H
oS a7 .
p*- u //Ry Cp* Cp —Rui\—%Ru—Cp

H. R( /
Ccp** \ / cp N\

E = BO, ZnEt, Mg'Pr, Li E = AIEt, GaMe, BH

38 OAF VRV INEN T —E LGN - THY ., 4 ORY L UENL 1 E
BN CTdh Db, 38 =2 4 237 L7 Ru-B fEHEOHEM)
BHIERNL T B D3RG ROMEmEFIE Lo T,

fit 5.
I, InFETHEIN TV A =

38 ([ZOWT KV EEMIZR R 21T 5 72901 DFT #H8 (B3PWOII level) % I\ CHE G A
fb&ATo 72, B X BAEEMATIC L D IRE SN0 TAEED SIS 2 R E L,
Gaussian 09 Program |2 & 0 #§d&fai{b, IRENFHE I LY NBO FHRZ1To 7, FREREEIX
T =0 NEFH SDD, EOMORSE, AUE, KER X 6-31G(d) & Lz, IREIFHHE
\CBW B IR N = & 2 fER8 L7=, Figure 5-5-8 12 38 Dixiifbii&Ez -k L. Table
5-5-6 IZZDOFEAREBIOWEGA L NBO #HHEICEVE B 4172 Wiberg Bond Index DfE%
~LTz,

36 (a) M. Ohashi, K. Matsubara, T. lizuka, H. Suzuki, Angew. Chem. Int. Ed. 2003, 42, 937-940; (b)
M. Ohashi, Doctor Thesis, Tokyo Institute of Technology (2003).
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Ru(2)

H(4
(4) —0.62235

0.17959

H(1)
0.19951

Figure 5-5-8. 38 D ixit{bA%iE 38 (B3PWOI1 level / C, B, O, H: 6-31G(d), Ru: SDD)

T#RZ Natural Charge 79 (Cp* BAfZ DKFERFITEME L TRLTR)

Table 5-5-6. Selected bond lengths (A) and angles (°) of 38"

Ru(1)-Ru(2) 2.73782  Ru(2)-Ru(3) 2.73759  Ru(3)-Ru(1)
Ru(1)-B(1) 231169  Ru(2)-B(1) 231242 Ru(3)-B(1)
B(1)-0O(1) 1.24660  Ru—u-H (avg.) 1.728 Ru—5-H (avg.)

Ru(1)-Ru(2)-Ru(3) 59.994  Ru(2)-Ru(3)-Ru(l) 60.007  Ru(3)-Ru(1)-Ru(2)
Ru(1)-B(1)-O(1)  136.854 Ru(2)-B(1)-O(1)  136.833 Ru(3)-B(1)-O(1)

2.73746
2.31147
1.955
59.999
136.918

Bond Order (Wiberg Bond Index from NBO analysis)

B(1)-0(1) 1.6326

38" OfcE IS T HRE S X BMEEREAT O S Loy TG A KL< FBLL T, B-O
FEE D Wiberg Bond Index DI 1.6326 T&H V., 38 @O B-O fANLEMEMEEZET D
TENELSKRBLEIN TV, 31 OGHE LIFEER, 38 OEFEITAOEMR (-0.85039) b,
R FITEDEM (0.94480) ZHFHZ L7 NBO L VW /REH., B-0 MICITKRE 225

PIAET D 2 LR STz,
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5B BEAT YRV A Z2ET OB LT =0 MERO A & € OME

6 fi —EREIXYRINENTFERATS=BAT=ULT FFEFRUF
SO T 5B 5

Hs
H _ - ——
H, a H, Ru—/—Ru
[ R;NH /
Ru\—/jRu H,0 RU\R//RU Ru—/—Ru [ 3 l \Ru
Ru - u - \R b,
1 é | 3
h--B -H0 Pt
N\ R;N, JO—H I +
NR; W L . B(OH),
B C D
H,0, 4 T
-NR; || NR; —Hz, -NR;3 He
Ru—/—Ru
\R;u/
H,0, 4
i i / A
Ru—/7Ru H,0 Ru— 7Ru HO OH
Ru > R,u F
é slow (r.t.) B
H I
A
Hy
- H,O Ru—/7Ru
[RsNH|[oH] =—— R;3N H, Ru
_H,0 1
0
- _ - 38
/H3 [RaNH| He  [RoNH]
Ru~/—Ru Ru—/—Ru
'\ \Ru SRu
L > i
H— B
\ |
OH B OH | Ru =Cp*Ru
E D

Scheme 5-6-1.4 L /K&EDRISIC X 2 38 BLOY 3 OHEEA RHERE

4 LK EDOHEER KL Scheme 5-6-1 IZ/x LTz, 4 AKX ) —)LEDORRIZEBIT AKX
JET, ARFURY LUBEK 6 BELNTHNDZEND, 4 EKEDKIETHRINTAER

THDOFE xR LSRR A THDEHE L, LT A OEMLIZED 38 2
HzbhbEEZT,
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H
H ROH H
c RI;|'/ \RI-|| Cp* —» C R|;I’/ 7;" Cp* ———=— Cp* Rué ’kRu Cp*
* u\———/"—Ru- * * u-\——/~Ru- £ - — -
" \Ru/ " " S u7 i - \\Ru/——/-‘
2, - Re = */‘
Cp* \||3 R =H or Me Cp \||3 R=H Cp \I‘B/
H l le)
OR
a4 R=H (A) 38
R = Me (6)

Scheme 5-6-2.4 L KBHDHWNEIA X ) —)LE DRIG

A O DFT HEAIC X 2 HERwE L

DFT & (B3PWO1 level) ZH W T A OfEREILZIT o7, MFIZEZ VLIS
T3 (Cp*Ru)s(13-BOEt)(u-H); (7) Dy % 3z, @) 7ei CH IS BT 5 2
EIZE VL7 A OIS % VT Gaussian 09 Program (2 L Y #dfifb, #REhET
BB L NBO #EAE{T- 72, HIERKITLT =7 LJFEFH SDD, T DOMDRFE, 7 3H,
KRFERAT 6-31G(d) & L7z, REFHRICE O CIIEEIRE S 2 & 2/ L7z, Figure
5-6-1 12 A Ofci{biiE %/~ L, Table 5-6-1 ([ZZDfEARE EEAAB L NBO #HHEIC X
V1% 5 4L7c Wiberg Bond Index DfEZRLTZ, A Dt Re X R LU FOKFEITT
n7 4y RWEEAETDHZ LN NBO ftEMNO RIS N, £/, AL 38 Lhd 89
keal/mol RZZEMEFFETH D Z ENHLMNI o7z, D7 38 & A ORI FMNH
DENET D E, TOVHIIRKEL 38 M- TS Z ERRBI T,

Figure 5-6-1. Optimized structure of (Cp*Ru);(15-BOH)(1~H); (A)
(B3PW91/C, B, O, H: 6-31G(d), Ru: SDD; Natural charges are underlined.)
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Table 5-6-1. Selected bond lengths (A) and angles (°) of DFT-optimized A.

Ru(1)-Ru(2) 2.66578  Ru(2)-Ru(3) 2.66057 Ru(3)-Ru(1) 2.66740
Ru(1)-B(1) 2.14603  Ru(2)-B(1) 2.12461  Ru(3)-B(1) 2.12705
B(1)-0(1) 1.54000  O(1)-H(4) 0.96000 Ru-—u-H (avg.) 1.896

Ru(1)-Ru(2)-Ru(3) 60.105  Ru(2)-Ru(3)-Ru(l) 60.045  Ru(3)-Ru(1)-Ru(2) 59.851
Ru(1)-B(1)-O(1) 142254 Ru(2)-B(1)-O(1)  133.762 Ru(3)-B(1)-O(1)  124.032

Bond Order (Wiberg Bond Index from NBO analysis)

B(1)-O(1) 0.8978
H H H
Cp* R, C 7R‘ Cp* Cp*-Ru= H=Ry Cp*
—RuN—ZRu- - _
P \\ Y, P / \\ // \
A R / SRS H
* \ *
Cp* N\g cp* " N\g
| o
E:’ OH
g A 38
1]
i 8.9 kcal/mol

Figure 5-6-1. Energy gap between (Cp*Ru);(z5-BOH)(u-H); (A) and (Cp*Ru);(13-BO)(1-H)s(15-H)
(38) (298.15 K, 1 atm)

T IUOERABEICET I EE

WS HITIX 4 EAKEDRISIZED 38 DERKIENT 2 OB LY K& RS
NHZEEHONI L, 7TIVOERBEE LTI @Y E 2615, —>HIE, Scheme
5-6-1 OFERE T T/RLTZE DT, RY LUK 4 [T LT I U EERZ L. B )
BL7=%, KEDBTHAOMABZNEZY (C). D #5250 HHDTHS, D N
AR U2, 7T IV EAKRENBEET S22 12k A BAEL, Hiid A OB BMEL
kv 38 WMELNDEEBEXOND, BE T 28H L CRISHAEIT LA, 73
Fo@EBEEOEE IBIGRERICRE R EBZRETEEZ2 N5, dEmVERLEFO
TIVOGEITIE 4 O Cp* L DNERKIIZEY B O X BRIMEZ T 5 D035
U<, AR ME L 72 B 702 E R HERI SN D, ZHUTERRICOA Y T e BT I U5,
BT X R HWIESAIT 38 OAERENEAD LIEERFEEL L FFE LRV D, 20
R EZRE LTS ETT A LB X HDFRYTHDH EEZ LD (Table 5-5-2 ),
Scheme 5-6-1 (ZFE# L7k 972, 4 &7 I U NEHEM M AR ZH LS B 346K
T551E, BRERIEOT I UHFET, "BNMR 2HET 52T 4 @ 45-BH B FOK

L==4
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TRICHRT BTN, TIVOERMIZCEY 7 M AR H D, UL, FEE
12 4 OBENUCP UKL, 74 BEADYF AT I UARMLT "BNMR OHIE %
AT, NMR V7T ALy 7 NI T v Z2MZ 720 4 HIMOEA & gL TR E
REIIHER ST, 7 I OB U RITKT HENL A REN T DRELE G D T &Ik
MmoTm,

HO—DOEZONHT I OIEMAMEE L TR I % Figure 5-6-1 IR L72, 2H5HD
OB TIE, 7 IV OWIMZ LV KON RKEL D ETALE Raxv T =4
Y4 DNVA AR TH LR R REKET H 2 L TRICHIEITT 2 L5 2 2T
b5, BE I TET7=A>Me Frd AR LUK E 25272, TOEMEIIZEY
AUT D OKFLT IUPNHRLNITHBET 22 LT A BET, A BEHLMNITEME(T
HT LT 38 PENRTDLEEZLND,

B I 28H L CRSOEITT 572 51, b Ru 7 =4 2Bmic 5 x5 KERL
TR U LAEERLE LTI LA IZIT L VRIS B2 b, L,
FRHZ 4 12K LT 6 FELOKREET N T AZERE L CRML TRIRZITo 72856
W21, 4 OFE{ERITED TR 38 OAERITIFEA EHRTE R2hoTz, EIEFITHT
DTIEH D03, §20.8 ppm (T HBEMESEROARKIZH KT DIRIAI S 7T DR ST,
ZhE, KEBIC X 0 ARk &7z (Cp*Ru)s(u-H)s(u5-H) (40) O Cp* D> 7k T 5
LOTHDEEZT, 0 ZOFEBERIZT I UNRE I IRT LD ICERTS 2 L
38 RN EZD70DLE 2> TNDEDIT TIEARNI 2R LTN5,

H,O (excess)

H
Cp*-Ru \Ru—Cp* -
HNe 74 THF, 2 d
Cp* \|/ r.t
B
H
4
/H\
H> -H H
C *_R = |—/——=R _C * + O — ~ * * — -~ *
p /U\ - }l P Cp Il?u\\ —//Ry Cp* + Cp ll?u /Ru Cp
> ‘u/ —\/R‘U7—' H /Ru
*7\ * 7\ *
Cp* g Cr Yy Cp
(o]
38 3 40 (520.8 ppm)

4:38:3:40=95:5:1:2

Eq. 5-6-1

INOEREWICER LT, BIRRTIET I IR 1 IORT X5 IT/EA LT 38 04
REAEL TOD LT 72,
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3 LARUVBOLEREEICETIELR

WIZ 3 EAHRUBROEREEICONTELET D, A X UART LR 6 12xF L Cilagl
BEDOAY ) —NAFET, BBV 80 °C TMEVE T-7-E 2 A, —#t KU REANLT
WHENEB LD HD ZHEINZ L > THAKFEL SN 3-d OERME L BT, AUBE
UAFLOERS 'H BLOQ "B NMR #HlET 52 & TR SNz, ZOFERIT, A »
B3 MBAERTDZEEBMS LTINS,

;'l AH MeOH (Ho.7Do.3)s

* e \\ *
Cp —Ru-\; /ZRu-Cp W Cp*—Ru\—Rl{;Ru—Cp* + B(OMe)s
CP*/\I‘a 80 °C cp*’
(|)Me Conv. 94%
6 3-d
77% 82%

Eq. 5-6-2

4 LAKED 80 °C ITBITDUSE 36 KFHITo7oL 2A, RISTIFEM L TEHT, £H
IZiZ 4, 3,38 2% 11:67:22 DAERTEENTWVWAZ L% 'HNMR THER L=, ZORA
W& B0 THF (CWfRSE mBRIEOKEZMZ T 80°C TEHIZ 36 FifRIs S5 & 'H
NMR A7 bLTHE 3 OBMPERME L THESNLD L)1 o7z,  ZORE LTk~
EHIT, 3 EEBITARVERL AR L TWD 2 EBNRARILALT MILOREICE VAL
DT 7o 7z (Figure 5-5-1 2M8), 7=, HEEL 7= 38 @ THF %HRICxH L TR Z M A THIZEL
Lize 2 A, 3 BNEARYE LTELNIZZ L2 'THNMR ZRIET S 2 & TGRS,

INHEIIT 4 LAKEDKISF, LLTFIZART Scheme 5-6-3 IZHEWVEITT 2 L HEE LT,
F O X9 7R4UEAR Y VEITFEROIZITBE STV, 38 LAKEDKISIZEY 3 24
R DB, 38 WEHE F 252500, HDW0E A ~ERML L%, KEKIETHZ
T F 252500 BRANICIRET S EIIRNEECTH > 72728, Scheme 5-6-3 TiL >
DFREMAEZ TR LTS,
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H H,0 H H,O
o s huror = oo o — oo e
p*—Ru_\——/>Ru—-Cp* p*—Ru_\—/>Ru—-Cp* p*—Ru— u—-Cp*
AN AN N
’Ru A ’Ru A Ru\
B B P
H | / \
OH HO
4 A F
2
/ H\ /
Cp*-Ru=[—"=Ru-Cp* Cp*-Ru=—[—=Ru-Cp* + B(OH
P /NN 7 P P N 0 P (OH);
H )R|u-/—H H—/\R|U7—H
*7 \ *7\
Cp B Cp H
(o)
38 3

Scheme 5-6-3.4 & 5% 38 &K & OHEE R SRS

38 DENRVEUVHDBVWIEAX ) —/LED HID ZZ#K R
38 IIFEIECTIFERVEB L EDOMT HD s E BRI SN2 &2t L,

Cp*-Ru=— ’H—\Ru—Cp* ——————» Noreaction

/ \N \

H \)RU’/—/H 6d, CGDG

Cp* \‘B/ r.t.
(0]

38
Eq. 5-6-3

— T, 38 LEAHX ) —)LEDRITIHP-L W E HD RSN EITL, 6 HEOAE
Bor B RERICIT 38 OFRINATH S 38-dy, 38-d, D 7 FIILNBE ST,

H (Ho.92D0.08)4
Cp*-Ru= >Ru-Cp* —_— Cp*—Ru—/—Ru—Cp*
/ \N \ N
H \/\R‘u//—/H 6 d, CD;0D \/R‘u/
*7\ *7\
Cp B r.t. Cp B
(0] (0}
38 38-d

Eq. 5-6-4
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do
d
d,
N .

0.75h

-2.0 25 -3.0 -35  &/ppm

Figure 5-6-2. "H NMR spectra of the hydride region in the H/D exchange reaction of 38
with CD;0D at ambient temperature (400 MHz, CD;0D, 25 °C)

AT 38 & A DRITEERH L Z LA RT ORI D EEZ HILD, BITRL
7912 A1 38 LV 89kecal/mol REERFHETHY A Ok FrF IR Ll
MAOKBIETaT 4 v 7 REEZAT DI ERHERINTVD, BELLLRZFHTHTM»
AT A WEAZ ) —/L0 OD K& DT H/D KIS ERI$TZ&I2ED 38 @
b KU RENLFICEAZN —DEASNT 38-dy WEKRTHEEZOND, ZEMYIK
FTZEITkY 38 ot FU FENZFBIEREKRFE~LEHBRIN TN LEZ LD,

H
\ H
-H * — *
Cp*-Ru=—|—=Ru-Cp* —— Cp*-Ru Ru-C
p /u\\ //9 P ~ Y TS Y
H—=Ru H H Ru——H
Cp*/\‘B/ Cp* \L/
o I
OH
38 A
CD;0D
CD;OH
H;D4 /H\
Cp*-Ru Ru-Cp*
Cp*-Ru—/—Ru-Cp* —— P N P
\ ) H -Ru——H
/RU Cp*/\‘/
cp N B
5 |
0 oD
38-d, A-d

Scheme 5-6-4. Plausible H/D exchange reaction mechanism of 38 with CD;0D
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38 & A BOEMA L= XX —DORE SITHL LTI AWVWD, BERETOT RLF—
EHEZDHE, ZOPEITIZEAEERIC 38 IR TWAHZ ENREREIND, 2k
EETHE 38 LEAX ) —/NLD HD RESULNIEFICP -V LT L Z & LR
T& 5,
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BT H CERBAX YV ARAINVEMATFEETSI=BAT=ULT FFERYUF
SEE DM

38 L —MbiRSE L DSINIZ LD VR = VAR B IviUE, & DIV R = VBN D
C-O MHEIRENR K ZMIET HZ & TEX YRV BN AFNT T AZ —DEAIRIEICE 25
HEIZOWTIHIT 2 Z ENAREE 72 5,

o
Cc
DN CO/1atm AR
Cp*—Rué ‘H—\Ru—Cp* --------------- » Cp*-Ru—|——Ru-Cp*

TSP HNe 27 4

~Ru H )Ru
Cp*/\‘/ Cp* \\/

B B
0] o

38
Scheme 5-7-1.38 & —f@fbjkE & DORUGNT L 0 ERA AR S5 VR = L gk

L2rL, ZEERIC 38 & —{LIRF L DORILEEAZ J—/LH 0°C TfTolcb 2A, =4
T O—FRACIRF YT DRI VAR = AENL - & LTSRS IAENT-4EAF VY R U v
IR 41 DEEMICHEOND Z MR LNT/2 Y Scheme 5-7-1 (TR LA L 13872 Bk
ENELNTZ, 41 1FE v U CIKIR TORLEICFET D Z E N RERMERTH Y |
31°C IZHIEAT 2 LECNEREE DFER~ L Uiz, £z, FERIREETH AL E A
THY, BET 7 FERIZEMET D & 41 TRB/ITHMEL, EAY ) —VITRERMEAY
~EBE LTz, —J5 T, 41 [TEA X /) — P TIEERICB O T H IR E 72 R BT
ET 52 ERHKZ, ZhidBEo g ZERE L LTEHL 41 OFF Y R Y VBT
DFERIZKILTAZ 7 =D RaX U ENKBR-EGEERTIZ EICXD, 41 OREL
DN TWNETEDOTHAI EEZBND,

(o)
H CO/1 at ? H
atm
~N
c *—Rué £§Ru-c * » Cp*-Ru=——Ru-Cp*
MNRruZZH toluene, 0 °C / N\
/\ / H Ru 1 BO
Cp* \\B Cp*/ | C
(o]
° ;
38 41
23%
Eq. 5-7-1

38 O MV URIRICKT LT 0 °C T—MbRFBAEH ST, WA RET D Z & TH
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DI REAFEERE T N ACIEMF ST, 30 °C ICHHILEFET L Z L2k 41 257
(LR 23%), 41 122\ TiE 'H, PC, "BNMR 3 L OURARILA 22 bV &2RIE L, T4y
WiaiT5 2 L CRE L, $7-. 41 &, 41 OFF VR U BTk LTk v BEAEL
L7z 41-B(OH); (2P L TZNLTNHFEH NGO NI T2 Z D5 FHEEE T 62N Lz,

41 ® NMR ZXZ kv

FTAXZ)—LHT 41 ® 'HEBLO "BNMR 227 kL &SR THIE L, HNMR %
A7 VT Cp* OV 7 F D 5191 ppm & 51.96 ppm (T 1:2 OFESIEE b CTHILE
Ei. B RYU RENLFIE 8 -17.03 ppm (& —EBROT 7 Ik LTRSS, "BNMR =
A7 RTS8 19.0 ppm A X VAR Y LRI F O R Y R IIRIE SN AIRIL Y 7 F AR
s nz,

FRLToH, 0°C THIELE 'H NMR A2 MLTiE Cp* oL 7 F i §1.74
ppm & S51.88ppm (T 122 OFLMELLTHEZE S, & U FERALFIE 6 -16.93 ppm (Z—
EHRO I e LTHEIN, £7-. "CNMR 2227 LTI, HLR =BT D
TR §206.4 ppm & §209.0 ppm (ZBIE SN, VD DT 7 FVITEIR T TR
D Cs XIHROWIEEZ BT HZ LERLTND,

Fo. RUBRLT X7 FEIELTZ 41-B(OH); (B L T TIdd 200 ERE X S ifig
Hrick oS 2R L, 41 & 41-B(OH); ([ZOW T, %R 2 K 9 ISR A=Y
ML ZERIE LT,

A DLy THEE & RAMRIA RS MV ORIE

R ATF L% 10011 OEFEL TETDRARENC 41 2R SHE,-30°C T
BT D Z LIk AL BARSRSZ AV CHEER X ST 21T o7, V4l o4+
W& % Figure 5-7-1 I[ZFERFEGR LG A% Table 5-7-1 1T LTz,

7 JEIE Rigaku R-AXIS RAPID [E[#72%E0# % FIV\C ~130 °C TfF\). Rigaku Process-Auto
program (2 8V 7 — & ZRUER L 72, K5 I3RT aRICE UL ZEMEET Pbea (#61) Th o7z,
fENTIZ SHELX-97 7'v 7T hoX3y r—U % v, BEHEIC L D VT =0 AR OAE % ik
EL, 7=V BRI KV D IFAKRFERFONEZPE LT, SHELX-97 7'r 7 J h#/j
W, BN CRIBICEOEEAL L, 2 TOIKEIRT 2 IEZE IR LT,

223



%5 EAT YR )AL AT DMBR AT =0 LEEEDO G L € DIEE

Figure 5-7-1. 41-B(OH); D7rf1%1& (30% probability level)

Table 5-7-1. Selected bond lengths (A) and angles (°) of 41

Ru(1)-Ru(2) 3.0175(3) Ru(2)-Ru(3) 2.9586(3) Ru(3)-Ru(1) 3.0149(3)
Ru(1)-C(1) 1.842(3)  Ru(2)-C(2) 1.853(4)  Ru(3)-C(3) 1.849(4)
C(1)-0(1) 1.153(4)  C(2)-0(2) 1.153(5)  C(3)-0(3) 1.145(4)
Ru(2)-B(1) 2.175(4)  Ru(3)-B(1) 2.1954)  B(1)-0(4) 1.236(5)
Ru(1)-H(1) 1.745 Ru(2)-H(1) 1.596 Ru(1)-H(2) 1.743
Ru(3)-H(2) 1.803

Ru(1)-Ru(2)-Ru(3) 60.586(8) Ru(2)-Ru(3)-Ru(l) 60.672(8) Ru(3)-Ru(1)-Ru(2) 58.741(8)
Ru(1)-C(1)-O(1)  173.2(3)  Ru(2)-C(2)-0(2)  172.1(3)  Ru(3)-C(3)-0(3)  174.5(3)
Ru(2)-B(1)-0(4) 136.8(3)  Ru(3)-B(1)-0(4) 138.0(3)  Ru(2)-B(1)-Ru(3) 85.23(14)

41 O=FNLT =7 LaT XIFE=ARITEVVERTHY, —OEIIT 3.0A BET
botlz, UL, 38 @ Ru-Ru fEEDFLMEN 2716 A THLHZLE2BETLH L. —k
IRFEEDEINZ LY, FOSHDOF A XBRESIERLIZZ EERLTWD, = DD LR
VR IR EN. CAT = U AR L TREG L TR Y . A% VAR U VENL 3286 D
BN AR L > TWD 2 L 2R Lz, 41 134X VR U VENL 2 “EHEBOK TEE
[ % 448 L7288 R OO TOE MBI Th 5,

41 ® B-O MOfEGEIX 1.236(5) A TH o7z, ZHUIKRMEAF VR Y VBN - Oxfsd
HREAE (12103)A) L0 HE<L. 38 OAGEDOEHE (125A (avg)) L0 HEWETH
277,

41 DTSRI ALY FIVERIE LTz & 24, 1939, 1910, 1889 cm™ (TR 4 /LR = /Ll
MrF D C-O MEIRE) (VCO). 1690 cm™ & 1640 cm™ (24 % VAR U ARSI FO B-O i
RE) (V'°B-0, v''B-0) |ZJiE SN AWINAThZN@ElE S /-, Figure 5-7-5 (TR L7Z 41
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DEGEALIEE DIRBI I RIC K VGO R L BT 52 & T, IAR= BRSO
C-O #EIREID 59 B, 1889 cm” I[ZBIZ SN - b DI Ru(l) ITFEA LIZ VR = LB+
® C-O M#EIRED, 1910 cm™ IZEIZL S N- DI RuR) BL RuB) LA LI R=/1
BN O FRAFIRED, 1939 cm™ ICBIER SN2 DI Ru@) BEL Y Ru3) LA Lz
R = VENL - DX FRHEIRENC LSS IR TH 5 Z L 2R LTz, 7B 2 DOFE, u-CO OIF
TEICHR T DI BIE S e h o7z,

41 ® VvBO i (1690, 1640 cm™) 1% 38 (1663, 1638 cm™) 23> ZEHZEAF VAR U JLEL
MADPRIE I D HRo0RKE < trans-[(CysP),BrP(BO)] 23 FF 2K ui 4% AR U /LENL A3
ARE (1853, 1797 ecm™) K0 bR 0 /NSUVMEZR L Z D, “EHEEAF VR L
BNL 2RI E LTRY RO THDL EEZLND, dbmf\f:a‘: T, HEYUED
VAR =VEALF D C-O (fEIRENE BT —%AIIC 1750-1850 cm™ ICBIZR S D 2 L 2 E K
THE, 41 O WBO DIEIL, #-BO A FRTEE LTIEDR D /NSWETHD L EZ
bD, 41 8 7 e LTI IVAR= AN+ 52 = 2bA L TWDICHEL LT, 2D
vBO fEZY, 31 <X° 38 72 15-BO LD B-O HfEiEEhH 5 & BRI MEZ R L7z 2

BUEA X Y R U MBI DIEF G 22 0T VWHEEEZH T 5 2 L AR LT
W5,

100 100

95 \'\' ] m A A N
' N o v/
90 1 90 { ) ”
85 85 ’ * v
[
g 80 I§ 30 J
75 p— 75 e
70 o 70
65 g 65 ~- O
60 ‘ ‘ ‘ < ‘ ‘ 60 -
3600 3100 2600 2100 1600 1100 600 2100 1900 1700 1500 1300
cm? cmt

Figure 5-7-2. 41 D#FAMNKILZ 22 L (ATR) 7K (600-4000 cm™),
£ (1100-2100 cm™). OlF 41 @ veo, Y5 1 41 D vy BFET

41-B(OH); D%y THETE LRIV A~ MLV ORIE
41 O M UEE%Z Latm O CO FFHA T, 30°C THETLHIZ LICLVELNTE
i 2 O THER X B EMAT 217 - 72, 8EHE 41-B(OH); D4y 713 % Figure

3 JEIE Rigaku R-AXIS RAPID [E[#72%0# % FIV\C ~135 °C TfF\ )., Rigaku Process-Auto
program (2 8V 7 — & ZALER U7 KSR ITHAT A RITIE L ZEMIREIT P2)/c (#H14) Th o7,
fEMTIZ SHELX-97 7'v 7T hXy r— 2 Fv, BB LD VT =0 LJRFONE Z IR
EL, 7=V =AML VERDIFKRBRFOMEZRE LT, FAHEFFIZIET—0F0
toluene & B(OH); 23& £ TV =, SHELX-97 717/ J A&k, i/ “RIEIC X0 K%
L, 2 TOIFKFRTZIFEHTTETREE LT,
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5-7-3 [ ERMEERE &AM % Table 5-7-2 (TR LT,

Ot
el o()
B(2)
0(5)
7 . 7

0(6)\' %H(M) 0(2)

H(42)

H(41)
(f B(2) 6
_.(%m
0(52yd
o

H(43)

Figure 5-7-3. 41-B(OH); D7 {##1& (30% probability level)

Table 5-7-2. Selected bond lengths (A) and angles (°) of 41-B(OH)3

Ru(1)-Ru(2) 2.9907(4)  Ru(2)-Ru(3) 2.9668(4)  Ru(3)-Ru(l) 3.0001(4)
Ru(1)-C(1) 1.830(4) Ru(2)-C(2) 1.836(4) Ru(3)-C(3) 1.851(5)
C(1)-0(1) 1.154(5) C(2)-0(2) 1.157(5) C(3)-0(3) 1.133(5)
Ru(2)-B(1) 2.140(4) Ru(3)-B(1) 2.152(4) B(1)-O(4) 1.259(4)
Ru(1)-H(1) 1.69(4) Ru(2)-H(1) 1.70(4) Ru(1)-H(2) 1.63(4)
Ru(3)-H(2) 1.67(4) B(2)-0(5) 1.367(5) B(2)-0(6) 1.359(5)
B(2)-0(7) 1.355(5) O(5)-H(41) 0.83(5) 0(6)-H(42) 0.88(5)
O(7)-H(43) 0.72(4) H(41)" - -O(4) 1.98(5) H(42)- - - O(4) 1.82(5)

Ru(1)-Ru(2)-Ru(3)  60.472(9)  Ru(2)-Ru(3)-Ru(l)  60.158(9)  Ru(3)-Ru(1)-Ru2)  59.370(8)
Ru(1)-C(1)-O(1) 172.5(3) Ru(2)-C(2)-0(2) 172.9(4) Ru(3)-C(3)-0(3) 173.6(4)
Ru(2)-B(1)-0(4) 135.4(3) Ru(3)-B(1)-0(4) 137.1(3) Ru(2)-B(1)-Ru(3) 87.5(1)

R UBRITFERE OB, 41 O—EBAKREICL VT D TELTELDLEEZTWD,
NA AHFEE L COMEBERTRNAF VR Y VBN FOBER X, & vEROKE S KERE
AL VAR L TV A EIE S 72, 41-B(OH); DA% VR U LEANLFD B-O i
ARIL 1.259@)A THY ., 41(1.236(5) A) <° 38 (1.25 A (avg)) MFFOFHLEEA X VAR Y
JVEEAL T B-O RIHRHE & i L CTORME L2EE2 R LT,

F7-. 41-B(OH); D f DRI ALY ML ERIE L& 25 2979 cm™ (24 7EED
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O-H {hfE#EE) (VOH). 1952, 1919, 1900 cm’ (TR A LR = /VEANLF D C-O {hfEHIES)
(VCO), 1614 cm™ & 1569 cm™ (24 VRV AEALF D B-O (H#EES (V/°B-0, v/'B-0) 1T
IHIE SN DWW ENENEE ST (Figure 5-7-3), 41 OFRFMEULA Y ML OFER L L
W5 L, C-O MiEREIREIIRE < 220, B-O MiFEEEEIT L v/ &SR EE R TV
DT Enbing,

RUBEDOKFZENAF VRV VBN OMEFR EKBREAEEKRTHZ EICED, AF VR
U VBN AFRTC BB 20D B bND, TOME, VT =0 AhbAF VR
U VB ~DOHE GBI 2 & & b, IR = VBN ~OWft 53 L, £ 0
fER Figure 5-7-4 (/R X 912 C-O D\ B-O MfFEI Oy 7 vl sn L
BEZohb,

100 100

95 \/ \‘V /',-,“ 95 \ PPN

0 ° | ﬂ,vm o Yk V\vr\ A y

o .. !/ AV
[
x 80 - ! § 80 oI v U “J

75 ¥ 75 ] * U

70 70

gt
65 0O 65 [oNa)
60 ' ' ' ' ' ' ' 60
3600 3100 2600 2100 1600 1100 600 2100 1900 1700 1500 1300
cm? cml

Figure 5-7-4. 41-B(OH); DOARHIL AT KL (ATR)
721X (600-4000 cm™), 51X (11002100 cm™).
@® X B(OH); @ vou, OlE 41-B(OH); D v, Y5 X 41-B(OH); D vy HFEKT

41 » DFT #HEIC L 2EREL

DFT &5 (B3PWII level) Z VT 41 OffdEmE k21T > 70, Bffdh X G ©
Boilz 41 O i Z YIRS & L C Gaussian 09 Program |2 X 0 # i b, fRENGT
BB L NBO #HHEZIT- 72, FWEMBUILT =7 LR SDD, = OO KFE, R #E,
KFF 1T 6-31G(d) & L7z, REGFHRICB W COIEEIRE N W 2 & 2 /iR L7-, Figure
5-7-5 12 41 OfgifbEiEz R L, Table 5-7-3 IZZOfEARE EMEAAB LV NBO #HHEIC K
D #5541 72 Wiberg Bond Index D% 7~ L7z,
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-0.48799

Figure 5-7-5. 41 Dfcia Ak
(B3PW91/C, B, O, H: 6-31G(d), Ru: SDD; Natural charges are underlined.)

Table 5-7-3. Selected bond lengths (A) and angles (°) of 41

Ru(1)-Ru(2) 3.06320 Ru(2)-Ru(3) 2.98777 Ru(3)-Ru(1) 3.05857
Ru(1)-C(1) 1.82494 Ru(2)-C(2) 1.83213 Ru(3)-C(3) 1.83014
C(1)-0(1) 1.17121 C(2)-0(2) 1.16379 C(3)-0(3) 1.16538
Ru(2)-B(1) 2.16291 Ru(3)-B(1) 2.16929 B(1)-0(4) 1.24853
Ru(1)-H(1) 1.70545 Ru(2)-H(1) 1.73598 Ru(1)-H(2) 1.69933
Ru(3)-H(2) 1.74125

Ru(1)-Ru@2)-Ru(3)  60.710 Ru(2)-Ru(3)-Ru(l)  60.865 Ru(3)-Ru(l)-Ru(2)  58.426
Ru(1)-C(1)-0(1) 173.667 Ru(2)-C(2)-0(2) 172.562 Ru(3)-C(3)-0(3) 173.083
Ru(2)-B(1)-0(4) 136.385  Ru(3)-B(1)-0(4) 136.363  Ru(2)-B(1)-Ru(3)  87.207

Bond Order (Wiberg Bond Index from NBO analysis)

C(1)-0(1)
B(1)-0(1)

1.9738 C(2)-0(2) 2.0358 C(3)-0(3) 2.0214
1.6146

X VR Y NVEAFOEFRIZIRICET 2 E8
DFT #tHEZHND Z & TAHF Y RV NVENFIE o GO EWENLFTh 5 Z &3
i enTnD, X RNV AR o REEOESWEN - THD ETH7: 51 38
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DEMRISYHE, 38 LRI 44 BFHEETH YV @RBOMBLE LY 3 O =BG E
L TEVEFY v FIRoTND I ERMIFFENLD, LA, 38 O CV JIETIE—E
Bt B DML E— 2 BAL (Ep) 25 3° (Eip= —731mV, E,y= —673mV) L0 b&EEMAITH S
=366 mV [ZBIZENTHY 38 13 3 LV BN K RoTWND Z ENREBINT,

5 //

1 st

Current (pA)
wv

Bl

-15

05 -05 -15 -25 35
Potential (V vs. Fc/Fc*) [mV]

) N\ .
° ’ /
£ ——50mV R ——50mV
= 2 =
= ——100 mV
§ 100 mv § 4
3 4 e 200 mv 3 , 200 mv
e 400 MV e 400 MV
6 \/ s
-8 -7
-0.1 -0.3 -05 -0.7 -0.9 -2 -22 -24 -26 -28
Potential (V vs. F¢/Fc*) [mV] Potential (V vs. Fc/Fc*) [mV]

Figure 5-7-6. Cyclic voltammogram of 1.0 mM of 38 in THF at 25 °C, containing TBAPF¢ (0.1 M)
as an electrolyte.”’ (center) scan range: —3.27 — +0.53 V, scan rate: 50 mV/s;
(left) scan range: —0.87 = —0.07 V, scan rate: 50, 100, 200, 400 mV/s;
(right) scan range: —2.77 — —1.97 V, scan rate: 50, 100, 200, 400 mV/s.

P30 Ccv ERRITE 4 EORLE,
* The working electrode was platinum and the counter electrode was a platinum wire. The reference

electrode was a silver wire with a 0.1 M solution of AgNO; in acetonitrile. The potentials were
referenced to Fc/Fc'.
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Table 5-7-4. Selected parameters of a cyclic voltammogram for (Cp*Ru);(z5-BO)(1-H)s(15-H) (38)

resting scan E E E AE
complex potential  rate  wave s b 12 P lipal/lipe]  reversibility
V] [mV/s] [mV] [mV] [mV] [mV]
50 1 —2331 2442 2386 111 0.69
100 1 -2312 2444 2378 132 0.89 Jasioreversible
200 0 —2307 2453 2380 146 097 1
400 —2295 2471 2383 176 0.74

100 nd —367 —482 —424 115 1.3
200 (0/1) -361 —489 —425 128 -
400 —347 —499 —423 152 -

quasi-reversible

50 31 -6 - - - - irreversible

F7-. DFT ftE CTHEH O 41 @ HOMO (. —ODNT =0 A4 F VR U LENLF
O 7 BEEMHAEEAL TS LT TENDS, ZiuUdd s YR U VBN FD3 B LR =
VBN E[ARRIC 7 iR L COMEEZ R T2 L2 RmRT 25 R TH D,

Figure 5-7-7.41 @ HOMO D743 {-#liE (iso value: 0.03; —4.94 eV)

A XY ARV NVENLFEFINCED X D 72 E EZ R OB U I E M e it 217

IMENDLEMETIXH LN, R LLZERT LI REMTHZLICLVERND
DO E- 25217 TN D Z EIIFENWR WD, 7 T AX —OETEELZ &SI T S8
TWHZEITMETHAD E&E2DBND,

41 TIIAF VAR Y VENLFITZEAEENL L. T VAR = VB IR REAL L TN S, BRAL
AU ENA U #A E LI O8RSk T 2 5E T HIOEWVRSH D Z E N KE
WeEEZ LD,
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Ru- MeOH Ru
H7, I\I-‘I ° > H7 |R
I /o\ 70 °C | /H\ I
e u\H/Ru\ /Ru\c/Ru\
o
13 42

Eq. 5-7-2

S IX (Cp*Ru)s(13-O)(w-H)s (13) & A X /7 — )b E DOUSIZ LY . (Cp*Ru)s(u-CO)(us-H)
(u-H), (42) AR LTV D, Y42 13 38 LRI 44 BFEHATH LN, 42 DI ALR=)L
BONL TN BAEEINL L TV D DTk L,y 38 DA Y AR U VB I = ARG ENL - & L T4
BRI 2246 L C\b, £7-. Li & King 51T CoxBO),(CO);, DEZEMEE LT DD
u-BO BN F & —DD p-CO BN F%EFFD {Co(CO);},(u-CO)u-BO), % DFT FHHEIZLY
BELCND ZEEARER | fiTikA7z, " FHELWEIEALAICSh T RN DD,
BONTFEMARI VR = AEN L0 A% VR Y VBN 2GRN LT v 2 &
R LTS,

38 LIAILL 44 BFEEERTHD 3 L —(LRFE L OIS TIE, —BRILRFE D U5y 18
(RIZHL Y SA F VT F RENEZRAG T VR = LB 43 VR LTV D,

—i —i

/Ru\ Ru
H7/I'\"H MeOH oc”, lgco
RI "H’{‘Rlu 70 °C 1/CQl

\_ u\H/ J /Ru\—C,RU\
o)
3
43

Eq. 5-7-3

43 OIIVIR =NV FIIERE S 5 W —ERE ORI TL T =y A AL TE
0. 41 THIEIND XD RN VAR = VRN A Z RO RIIAE L ATy, ZThbo
Bl B HEEGENMNFCTHLINR=AEN LY b B GENTHDHAX VR
NWBALF DR KD R OSBTOMEZEBLLoTVHEEEZ AT L2 & 2R LT D, 38
E—MbIRFE E DRISNITE Y 41 AR LBBIIARATH S0, 4% VAR VBN T3 D
NARZAENL T KD b BB 284G LT VWHEERREREEL X TWDHZ LB BN
Do Stk MExRIFE L ORISPEZWMFEL TWL T, BG4 X Y R U BN TFOMEED

' Y. Nakajima, Doctor Thesis, Tokyo Institute of Technology (2005)
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fRAD T & b D EHIFFSND,
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RNY VAR TFE RICZED p $ulEEZ SR OEFICALERMETETH DL, TF., EB
GEARY U UEEANAR S, RY L OWER LV FEMICAFE TE D X IR oTE T,
HERD LUk TlX, $ihozEttzm Esws2oic, R L UBMADORTFHE RIC
i WVERIEL B AT 5, ARV RICKH LT r B AU G AR ERE S S
LUERD ST, ZUHDOFEMIEIRY LM F2 6T 28E0OEMAE B LTcA IS
ITEILIZBRIG & B 2 b s, BEEOHNN S 550, HoNbHAR Y L UsERINRT G
PESHEIZRE SN b D ERDEZZBND, — T, SEEERTIIARY L o ffr 71
BEOER» S OWM G 2R ZIT 5 2 L TRERSNTEY, RUFE LT EEE
ETIZAONARVEL RERENEA SN TS, TORD, LEEEEH VS Z LTk
D, ZV—0ORY L URBEESER ETREINTEARY L 2T 57200 TIEH LT
T2 ZEBHRBRVRY L ORI DMWEIZOWTHIET 2 2 ENARICRD EERD
N5,

free borylene molecule terminal borylene complex  bridging borylene complex

M—B M—

:B-R
/SiMe3 oM
Cp*—Ru\—/Ru-Cp*
NS
M=——Bz=——=—===N \'RIU/
\

W*B

SiMes I

H

4

Figure 6-1-1. "YU L > LR U L U gER

AFRTIZZINETORY Lo OMREORNERE 2. 2B LICEM LAY L
B F-OMWEEZH ONZTHZ L2 HNE LTHIEIZED AT,

INETIZ, RY LRHERY LR E T X0, RIBIN TSI 5 KISMERE
MIZHFZESNTWD, £Z T, 4 LORISERFITHEE L LTT v F 2R L, s
Ehahic, TOk, TLAX R TRF—EZMZEEEGELATHLEHTHL= 1
UNMZH L TEZER ETRY LR ED X SITEAT 200 BFEL, 2N HZBELETHRY
VYT TAZ =S G2 D B2 LT, 2hbid b &1, w-BH B 7230 A
Al L COMWEZAT D non-innocent 72BLT-& U TRINZEG T Z L 2B 6L,
ZOMEEFIHL T w-BH B2 L CREERASED Z & TRY U UEALT28 B-O
MICZEEGEATOREA X YR AENL T~ EEBRIND Z L2 R L, ABFZED

235



Rl
(o)
it
5y
R

BECIE, SRAT =0 ASERREA S VR Y KO AR RO L. Z OME AR
BANCT BT A HEE LCHRO KA,

PhCCH Pyridine

N\\_ o~
/ RI
PhCN cp N\l H20

Scheme 6-1-2. ARG THFZEXR S & LT HE

\&
/

F 1 ETIEIARUVADOREE COEFREMEICLY 72D SN DB OV THRRD
LBt FUBORIEFAIETH LR Y Lo OAERTTIE L DO RIGHEIZEE T 20 FE s R
EELO, £, RU VUPREB@REME ETLEMSNIZBER Y L Uikl JU0%
BARD L USEROAIRIEE TN 0 OWEIZOW TR, 2R Y U SR TIIkk ~ 7l
BRR Y FEICEAWRETH D Z L 2R LIz, RZEICHTBAIIIEER TITHON T 28K
DIFFEDOTTORY L GER 4 OMLEST 2k~ ABIED ARy Z R LT,

B2 ETIEIINETIZRI LU WA LUK E T VX OB Tkl
B EOGHERFHEHICAFE SN CE - REA R E 2. 28RN LR Y U B 123
THFX LRI T TED XS RIS E TR THERFIT 272012, TAF 85K 5 OX
FOGZEE 2828 L7, 5 12k LT 436 nm DR OEMRF ZHmEt L& 2 A, 45N TH
MFOH TV TRISBREIT L, 7T A% — ET wy-n-BC, —BEMBFRINDZ L%
R L7z, DFT #E= C NMR OHEENS, —BRAZHBRT IR VENEERY L &
LTOWEEZAL, 77X REFELEFEIC p BUEDRMICEVFERTEHR L TNDHZLEHE
MM L7z,

5 ORI DAEBPNTRE I RIZ L > TEE L, 313nm OFEEOKZE S L7-35
BITIE 5 MOBKBSIENEIT LT X 88K 8 WA T Z L aHLMNI L, F
7205 & 80°C ITEAT D2 LT 8 L9 DIRAEMNEOLND Z EEHBLMI LT,

IHIT, =BT =0 LTV F UEHAD SO BN X =B SOG ISR RN L 7o = E 2R
BRI T OBV LD RESERLZLEZHLNC LT, AU VUEML oDV ICAF
VENLTEEA LT 1la OFAIZIE 313 mm OFEORREHZ I v R Y RENL & 70
X UBINLF DA F L IKBRBI NN -7 8 F VU REEAK 12a MERTHZ 2R L
7o Ma 1Tk 2 RS CITERMESS A DA R b RIFHCBIZE SN TS 2 & 2, 15-0
NTEATHNET VX EEEROKBEHIZ LY | 47 B EBEESEAR GO TND Z 0
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5 1la (26T 25K TlZ, B RY RENLFDKET Db L TOREEZE R TRISH I
1TT5E5%7,

Ph H Ph H
H hv : ( hv Ph | H
< (1=313 nm) — (1 =436 nm) \C-.{’ES:EB/
Cp*-REN|—Ru-C o cpRl=ittRucr —2 0 o cp—rl—LRu—cp
*~RU\-|—Ru-Cp* <«——— Cp*-Ru=—=—Ru-Cp* ———— > Cp*—Ru=>5/=Ru—Cp*
p \\ P2 P I\\Ru//l \\/Ru(/
¢Rl“/ H H7|/\H H <y \H
* \ ~, \ .
e o’ B cp
H H
8 5 9
R Ph [ Ph 7 on
hyv
TH (A=313 nm) \\
Cp*-RU=i—Ru-Cp* ———— | Cp*-Ru\/—Ru-Cp*| —————>  Cp*~Ru\/—Ru-Cp*
Sl
X N N
* * \ "
Cp \0 Cp S Cp 4
11a - - 12a

Scheme 6-1-3. = HEZEGEENL F2HTHT7 /X 885K S5 BELO 1la OHIL

3 ETEITAFAMATRE-EZMZERF AT IILEMTHL=FI v
EREELTHOTRY LR 4 LORISZHRRI LTc, R LrHDHWNEIRY L gk
ETNF 2 L ORIEHFFFMICRHABITOA T I b Db LT, Zhbe =R en
RIS ZHE TITORTW AN, 4 ER_VY = MY L LEDRIGICEY £ R Y RERL T
DIHIHLO—DON= KN NVOREFHE IR Lo A I FA VSR 16 21572, 16 % 140 °C I
B L= L 25 R LURRLF23A 2 RA AT O C-N EARICIA L KER LT
THAINEH/T D 17T 257,

—J7 T, 16 IZX LT HBF, #RSEH5Z & THOLND I F A MEBER 18 12k L TH
B (4> 436 nm) O EIT 7oL ZAH, 9 LEBEDIEHAET L, R Y L7 & A
S RANMEMTF Ry TV L, 7T AZ—ET wi--BCN ZEERMEREIND Z L%
R L7, DFT HAEZHAWD Z & T, 19 © BCON =BT DR T ENEERY L
ELTOMEEZAL, A RAVRFEBLOEFRE FIZ p PuBEDOIRKIZE VSR L T
WHZEEHLMI LT,
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H Ph
\N
H _HH PhCN / Em
Cp*—Ru-\—fRu-Cp* —_— p*-Ru\ﬁiju-C * ——— Cp*—Ru
R 80 °C \/Ru\/ | 140 °C
ke *
Cp* \‘B Cp \é//
H H
4 16
HBF,
H\ Ph ] BF, 4 H Ph_| BF,
hy \ N7
N— 227N
/ ) (1> 436 nm) I/-' """ \‘\\
Cp*-Ruféj\Ru—Cp* —_ Cp*—Ru<\— —Ru—Cp*
|\/‘Ru\/| \H\/\R\\//
HIZ] oM H ot
Cp* E
18 19

Scheme 6-1-4.4 &X' =L EDRGICE D
A I RANEHE 16 OERYE FDRISHE

5 OMESUE TIEBAKELA 8 OERMBEINZDIZH LT, 16 THEEME(LRIEIZ
v 17 ™ME5NT, 17 1Z_ Y =R U LD C-N FEAISH L TRY Lo 3B RAICHEA
THZELICEVEONIETH D, 17T D B-N R ITETOLEREMEEHTTILHDOD,
TR EROBABERNRSICTEI D ENDLLHLNRE I, 1FE A CEBEAICIVEE
ATHDHZ L B X BEEEAAT, DFT 35, "BNMR 27 hLORIEZENSH 5
T Ip o Tz,

16 & 18 ONISHEFHDIEWIZOWTIIERICHER T HITIIE S o 7208, liFZ DA
L RANENL D7 T AL — ETOEBNRFEOZESCE KU RENL OO ZERTH DK
JEPEDFEVNC B E 5. 2 TOWDHAREMERH 5 Z 2R LT,

H 4 ETIE 4 ORY LURMNLA BRI T =0 AUSHIC S 2 5 B I 72 BE & S
T 572D CV JIEEITO L& bICE ) YU E DG ERF LTz, 4 & (Cp*Ru)s(us-H),
wﬂkmj&uﬁmmemBmmmgmm)@CV%E@%%%%@LK&:%\4@

IEFEREREFBEEDO BB EATHDIZ L, 6 ZTLVETY v TF RN
ﬁTé EARIBENT, ZHUT 6 TIEARY LB TF EOBHETHD A R HEND
BRUFE~D 7 BEFOMEICLY, SIS DAY L BN~ Wi 53 Uiz ik
RblebEncbDThHD k%z bivd,

4 LV EDORIETIRE Y DDA MLO C-H FEANEBALFIINT 5 2 & T
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Uizt B U FEALFA, A ZABRMEEO@mV -BH BULFOR VRIS DLZ LT
W DVBER 25 WELHZEEHLMNC L, 3 13 4 LEEAREFIREEORICSE A
THN, BETREI DU EDORICE Y B Y DAHENE LD DD, HLNIE T
BT 2 2 ENEE Y P EDORINEIT) Z IRV RENT, T b O IR R
w3-BH BELF73 non-innocent 728+ & U CRISICEAGET 22 L 2R LTV 5,

® <
NS
~
H /H\.I-ni N —H c
Cp*—Ru\—/Ru—Cp* —3» Cp*-Ru= =Ru-Cp*
\\ 7 LN A7)
Ru r.t. H——Ru=—"—H
C *’\l C *’\'/ /
P B P B/H
H |
H
4 25

Scheme 6-1-5.4 & U 0 & OIS

¥ 5 ECIIEEAX YRV NABNFERT DT =0 LEEROGBIEDORENL & Z OV
BEHLMNZTDHZ 2 BE L CEEIT o712, 8 L/KEDRIEEBIIGR 50 °C MEGAt:
TTITH 2 LT, IZTEEMIC 8 BNAXFYRULEEK 31 ~eBHIhbZ 2R LT,
31 OAF VAR U NVENL - OFRFFT- 13V A AHSAE U TER L, HBF, & OGTIEY
v R EEE IS U F A SR 32 MG STz, 32 IR CTREETH Y |
50°C THIEAL = & = AT ERAINC HE DSBLEE L 7= tPEssik 33 ~LZHsnr-,

Scheme 6-1-7.31 & HBF, & ORI
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—%. 8 LKL DRISEBSR 80°C TIFH & 31 [HF LA LHELNTIC, u--BC, =
BBREZATD 36 DIFERMICERTDLZEEZHOLMNC LI, 8 LKE DS TIIAN
RY L UENL DR UHE FICRER RSS2 TALLE Raxv R Y LUENL 28T
HECNLEAFN R T L AR (A) ZRHE L CEIT T2 LM, 8 E AKX ) —ILOKIET
(Cp*Ru) (15-77°(//)-PhCCH)(1-BOMe)(u-H); (37) AHREA L LTHEL NI Z EnbRESh

—o

Ph
H H  pn H
Ph I OH
\\ H.0 i N \C_/_’_E:S::B/
RINAf—Ru —> RU—|ZRu —— y N
§@/7h 4 HJ%WLH é%ﬂ;ﬂ
I 7/
H
OH 36 (48e)
8 (46e) A (48e)
H Ph
_H2 \\\
= * > RU\- >
Ru = Cp*Ru A // \
H, \@/ H
B
|
OH
B (46e) 31 (46e)

Scheme 6-1-8. 8 7K & DOHEE St

A VAR VAR OME A X FEMICEARE T 2 72 DX T ¥ VB E RS 7R O RD
MLAREAFNIR A Y R U NBERZ G L, BEH L ORISHEZ R T 20ERH D EE R T,
TDD 4 EREBEHELSEDLZLEICLY ., 13-BO BN T2 AT 57 7k FU REER
38 DEMERAT, METORR, 4 LKEDRIEEZEIRTYZTF AT I VOFE T Z
EITE D, 38 BEEMICERT L LR LT,

38 (X 4 LAREDRISIZEVAELDE Ry R Y LUK (Cp*Ru)s(us-BOH)(u-H); 73
RN EMALTHZ ECTAER LI EHE LT, TIVOE@EmIN 38 OAERIZKE el
BhEHEZDZEERALNIL, TREVKEDOKIET 38 PNERTIECIET 7IL 4
DEEN 2 A FHPNEEREEZ R LT D 2 ERREB I T,
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H H H H,O H H H
C . R’ _/ \ R| C . 2 c . R, / 7R| C - — Cp*—Ru‘ ‘H\Ru_cp*
—Ru-\——/=Ru- — —Ru-\——/=Ru-
P S 4 P P S L P —~— X 7
,R|u Et,NH ’R|u / V% H
* \ * \ *
Cp B Cp B Cp B
H | le)
OH
4 38

Scheme 6-1-9. 4 & 7K & OHETE SO FERE

F7-. 38 IZ=F O bR LIS Ly =D KRG VR = )VENL A & — D
DLEFGEAX VY RINEN F2HT 5V R RESER 41 25252 %MLz, 38 @
CV HIEDFERS 41 © HOMO DI G AF Y AR U BN A EEICE2ET 5 2 &
IZRY, VT =0 ALOREELX Y R VBN ~OWEGEDOFENRKREL e =L
T2 ARISHOBEBFEE LR T SETOWBARENNRH 5 Z LR Sz,

(o)
\ CO /1 at (|: H
atm
- ~N
Cp*—Rué iRu—Cp* > Cp*—Ru/ Ru-Cp*
H. \\Ru// 4 0°C I_I/ \Ru/ |\Bo
s ]
o) < 0
38 11

Scheme 6-1-10. 38 & —f#{bikdE & D

St 38 LA RIEE EDORUSHERRFISND 2L T, A% VAR Y VBN FOMEEOR
RHEENELR LD LIRSS,
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SEBAT U AERETOTEF Y FEAMFOBIRZEE)

TEF VU REER 12a @ Cp* KOBIRITITEERGFENROND Z L 25 2 &= 5 Hi
Tk ~7z, FRIZHEN 2D 7 FIIIRIAIZ72 Y 80°C LT coalesce L, —HEHRD >
TF o~ LT, BB OB BRI EAEZ 5 720 (Cp*Ru)s {s-17°(//)-RCCH}
(13-O)(u-H) (11) (11b: R ="Pr; 1le: R =Bu) Z AL, "N 5124 LT 313 nm OFEEDN
MR 21T 2 EICLY -7 BT U REEIK 12b, 12¢ 2 NZENET2,

11b, 11¢c @ UV-vis A2 ML ORIE

11b BEL W 1le @ THF HFCTPH UV-vis A7 kL% Figure Al,A2 |/~ L7, 1la DY
A EFU < A I B Al EIR (~680 nm) & CTHEIL < WA FFOSMATH 5 Z L AVRE
iz, Ma, 11b B X 1le @ UV-vis A7 MLOFIRICITERIL R ICX2ETR N7
MoTm,

3.5 35000
o \w e o0 |

z,z \ 25000 \ N

1.5 \ 15000

.1 (a) \ 10000 \

0.5 \,\ \ 5000 \
N— S —

0 T T T T ¥ 0 .
250 350 450 550 650 750 250 350 450 550 650 750

A(nm) A(nm)

o0 |\
\

A()

g(Mecm)

Figure Al. UV-visible absorption spectra of 11b in THF at room temperature. The concentrations of
the solution were (a) 2.54x10° M, (b) 2.54x10* M, (c) 1.27x10° M, respectively. The molar

extinction coefficient was determined to be 2.69x10* M'em™ at 300.9 nm.

' E. Murotani, Master Thesis, Tokyo Institute of Technology (2000)
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v
4 \ 40000
o
35 \ 35000
3 \ 30000 \
25 -~ 25000
= 2 \ 5 20000 M
< \ 2 15000 \
15 \_ S \
1 10000 N_
05 N 5000 ~
0 ‘ - : . ‘ 0 : ‘ —
250 350 450 550 650 750 250 350 450 550 650 750
A(nm) A(nm)

Figure A2. UV-visible absorption spectra of 11¢ in THF at room temperature. The concentrations of
the solution were (a) 1.78x10° M, (b) 1.78x10™ M, (c) 8.92x10™* M, respectively. The molar

extinction coefficient was determined to be 2.36x10* M'em™ at 306.1 nm.

11b, 11c IZ*x9 % 313 nm OEE DB

11b B X 1le @ THF AKIZH LTEIRT 313nm OFEEONE 7 BEMRH L, &
O, TNMNITFTHTZLra~v b7 7 =052 L TTEFY REEK 12b BLO 12¢
ZUIUH 35%, 53% TEANEIVHEEL 72,

R
hv(A=313 nm) \
THF, 7 d >~ CIE’*_Ru\:R-u7m_cp*
r.t. Cp*'\(|)
11b,c 12b (35%)

12c (53%)

Eq. Al

12b, 12¢ D[FEE

12b BL 12¢ ([22WTIE 'H, "CNMR Z#liE L, THEHNEITH) Z & TRELR, £
7o ENEIOGERD 53 TREEIZ DWW CITHRS A X SMEEMIT 2175 2 LIC K D B L 7=,

12b O THIE L7 'H NMR A7 MLV TIET B F U RENL T B 2R B S AR
5 Z LT, Cp* BT 7T uiE 1.48-1.92 ppm (/T THRIAZR S 7 b LTRlE &
Nize ZOY 7 FIMTIRERZ NMR 2 W T —20°C THIELZEZ A, 51.68ppm & &
2.07 ppm (T 2:1 OFEEETENTN—ERO L 7L LTRSS,

12b DR THE L "C NMR 2227 MATRT7®F U FREO L 7 F T =>DL
F = ARSIV (C% 1E 52083 ppm (2. &9 —HD "Pr BNEES LI=F (CP) 1E
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5125.0 ppm I[ZEIER SNz,

—J. 12¢ ORFTHIE L7 'H NMR A7 ML TIE7 v F U REALF OB ZEE) )
12b k0 <, Cp* DT FF L S1.71 ppm ([Z&ffi7e —BHEMRO L 7 I L LTHIES
Ni-e £7-.Bu FiT 51.67 ppm ([C—EMMO L ZF L L LTHE SN, BEATZE NMR %
VT =90 °C THIE L& 2 A, Cp* DT 7 F L% §1.71 ppm & 61.89 ppm 12 2:1
O RELLTENETN—ERO V7T LTSN, ZOEETIE Bu &0 C-C
FEAOEHRNELS 2D LICE D VT FAPIRIEIZRY, OV T FAEITZ->ED LR
T 52 LIFHkRR o7,

12¢ DEFETHIEL ®C NMR 27 MATIET B F U RIRED oD T F LD H
B C% X §221.1 ppm 12, C° 1% 51384 ppm (TBIZE ST,

12b, 12c D4 FHERE

12b DX IRIRE BIR CTHET LA LIV LN AEES A2 TV THEES X
TSR 21T > 72, *12b D4 FHEXE % Figure A3 |2, ERFEA R LA % Table A3 |2
R~LUT,

Figure A3. 12b D43 T4 (30% probability level)

> T Rigaku R-AXIS RAPID [EIf3EE % VT —150 °C TYTV>, Rigaku Process-Auto
program (28 V7 —Z Z /PR L7z, I THAT AR ICE L, ZZMBET P2i/n #14) Th o7,
fiENTIX SHELX-97 7'm 7 Z A%y /r—T %V, BEIEIZE D VT =0 A ONLE 2Rk
EL, 7— U 2GR E VD IFKRFIR T ONEZRE LTz, SHELX-97 7'v /T L% [
W/ TIREIC K O EBIL L, & COIFRKERT 2L IEICRRE L,
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Table A2. Selected bond lengths (A) and angles (°) of 12b

Ru(1)-Ru(2) 2.7854(4) Ru(2)-Ru(3) 2.6666(4)  Ru(3)-Ru(1) 2.7818(4)
Ru(1)-C(1) 1.915(4)  Ru(1)-0O(1) 1.990(2)  Ru(2)-0(1) 2.012(2)
Ru(3)-0(1) 2.002(2)  Ru(2)-C(1) 2.1713)  Ru(2)-C(2) 2.191(3)
Ru(3)-C(1) 2.174(3)  Ru(3)-C(2) 2.1623)  C(1)-C(2) 1.302(5)

Ru(1)-Ru(2)-Ru(3) 61.314(9) Ru(2)-Ru(3)-Ru(l) 61.449(9) Ru(3)-Ru(1)-Ru(2) 57.237(9)
Ru(1)-O(1)-Ru(2)  88.22(9) Ru(2)-O(1)-Ru(3) 83.27(9)  Ru(3)-O(1)-Ru(l) 88.37(9)
Ru()-C(1)-C(2)  1523(3)  C(1)-C(2)-C(3) 141.2(3)

12¢ DX UK EBR CTHRHET 5 Z LICX VGO AR Z AW THERER X
RAREERRAT 21T o 72, "12¢ Doy FHEE % Figure A4 (2, ERFEER LA A% Table A3 I
R~LTe,

Figure A4. 12¢ D43 1-H1& (30% probability level)

3 MIE1X Rigaku R-AXIS RAPID [EI#73E{& 4 AU C —150 °C T4T\ . Rigaku Process-Auto
program (T KV 7 —& Z WU U7- fhdb i T R U ZZMBHE P2)/c (#14) Th o7z,
fiENTIX SHELX-97 7'm 7T bhoXw r— UV, BEIEIZ L D VT =0 AR ONLE 2R
EL, 77— U EMIZ I VD IKRFRTF OMNEZRE LTz, Ru(l) ([ZEAZ L7 Cp* AT
T A AT —=H—=DBFELTzTe, T EEFEE 7129 & L7, £72, Ru@) (ZhfZ L7 Cp*
HIZHT 4 AF—F—=PFEELITD, TOHEFEE 6238 L3562 & THEEEZRERLL
72 SHELX-97 717 7 L&, /b ZFIEIZ XV REE/HL Ru@B) IZFHE& L TWS Cp*
L Ru(l) ITHEE L THD—J7D Cp* BEDORFELSNOETOIKFZIRT % IEEFEIC R
B L7,
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Table A3. Selected bond lengths (A) and angles (°) of 12¢

Ru(1)-Ru(2) 2.7878(4)  Ru(2)-Ru(3) 2.6706(4) Ru(3)-Ru(1) 2.7934(4)
Ru(1)-C(1) 1.891(4)  Ru(1)-0O(1) 1.988(3)  Ru(2)-0(1) 2.006(2)
Ru(3)-0(1) 2.010(3)  Ru(2)-C(1) 2.183(4)  Ru(2)-C(2) 2.210(4)
Ru(3)-C(1) 2.164(4)  Ru(3)-C(2) 2.236(4)  C(1)-C(2) 1.313(5)

Ru(1)-Ru(2)-Ru(3) 61.519(11) Ru(2)-Ru(3)-Ru(1) 61.31(1)  Ru(3)-Ru(1)-Ru(2) 57.18(1)
Ru(1)-O(1)-Ru(2)  88.50(10) Ru(2)-O(1)-Ru(3) 83.36(9)  Ru(3)-O(1)-Ru(l)  88.64(10)
Ru()-C(1)-C(2)  1558(3)  C(1)-C(2)-C(3) 133.2(4)
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Figure A5. Variable-temperature 'H NMR spectra of 12a in toluene-ds showing Cp* signals (left)

with results of simulation (right).
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Figure A6. Variable-temperature 'H NMR spectra of 12b in toluene-ds showing Cp* signals (left)

with results of simulation (right).
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Figure A7. Variable-temperature '"H NMR spectra of 12¢ in toluene-ds showing Cp* signals (left)

with results of simulation (right).

TAV L TZTOREHNDZ & T 12a-c DT EBF U RENLFOEFIZEB OTEMAL ST A —
AL ENOEHAVWTCEHBEENS 298K IZBITAEMH AL T AR X —2 LD L H (T
HH L7,

12a: AH =73.5+ 0.8 kI mol”, AS* =5.0+2.2 T mol K'!, AG* = 72.0 kJ mol™
12b: AH* = 64.6 + 0.2 kJ mol™, AS*=5.8 0.8 J mol” K!, AG* = 62.9 kJ mol”!
12¢: AH = 44.2 £ 0.5 kJ mol™", AS* = —14.0 £2.2 I mol K™, AG* = 48.4 kJ mol

SBTHIE L7 122 ® '"H NMR A2 R LTk Cp* X o DgRERY 7L e L
THIZEINT-DITH L 12¢ TIEFMR—EROT 7 F e LTBEINTWD Z L 2R
2N, WEOEREEORIRICE T AEMEX T AT R A X =0T 24k mol! HH B Z
ERHLBMNTENT,

"Pr EAENIRENC G 2 D E IR EIT Bu AOZN LML CRERETRNEE
ZBHIAHM, 12b & 12¢ ORIETOFMELF T AT FF—121F 15 kI mol! FRDOZEMNA
CTW5, ZOfRIT, “BER EToOT7 8T FEALFOEIIZEENILEHEL R ONK
7 BRNRKE REEEL 5252 L AR LTINS,

Chi 51% CpWRuy(CO)s(zs-17:17-CCR) DT & F U RENL OB A TE L, 7k F
U NENL T8 & D@EBIRIE L LTI 78 F U NENL 708 = P b |EICY D BN -7
p-C=C-R DEARRE & o T EEN R BHE LN EZREL TS, ‘20 =64k
TOT7®F Y NENLTFOBIZEENT edge hopping motion & FETIV TS,

*D.K Hweng, Y. Chi, S. M. Peng, G. H. Lee, Organometallics 1990, 9, 2709-2718.
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12¢ O7EF Y FEAFOEHIZHEB) DOTEHEALF 7 A= R F =N b/NSWEZ R LT
DX, Chi HOWEE HFIE LR, 12a-¢ OHIER X SAEEMNT OFE RS D=0 715
HEIZBIT D Ru(1)-C(1)-C2) & C(1)-C2)-C(3) DENEFNDAHELR LT L L 12¢ TIX
ZNEI 155.8(3)°, 133.2(4)° THHDITxI L, 12a Tl 151.8(6)°, 138.3(6)°. 12b TIiZ
152.3(3)°, 141.2(3)° L 72> Tz, ZHHDEIX 12¢ @ Bu K23, Cp* JEE OINIRKIFEN
OEHILL U HRENWTZDIZ 12 DT EF VU NEUNL 1T =SS0 D e b BENL T AL
WD LA R LTS, £72. 12¢ ® AH* O 12a, 12b &l L CEF/NE 22l %
RLTWDEDIE, 12¢ DT EFV RENLFDILT =7 MIHT D 7 BAL2S 12a, 12b &b
WL TN & &b —HT5,Chi HIZL-o TIREINLT BT U REUL 7O =#Z85k EC
OB OBEBIRIEICH 2D 15-7 & F VY NENL T E2FFOSERIL, FIC 11 BERBEZ &L
SRR TOREFN L L CERLSMIAT =T AL E ) TF bR D BEA B
(CpRu)y(CpMo)(1-CO)s[ 115-C=C{(CpRu)(CO)2}1° & Niz(u-dppm)s(u3-C=CPh),” D #1743 &

> for example: [Cu] M. P. Gamasa, J. Gimeno, E. Lastra, A. Aguirre, S. Garcia-Granda, J.
Organomet. Chem. 1989, 378, C11-C14; J. Diéz, M. P. Gamasa, J. Gimeno, A. Aguirre, S.
Garcia-Granda, Organonetallics 1991, 10, 380-382; V. W.-W. Yam, W.-K. Lee, T.-F. Lai,
Organometallics 1993, 12, 2383-2387; [Ag] C.-F. Wang, S.-M. Peng, C.-K. Chan, C.-M. Che,
Polyhedron, 1996, 15, 1853-1858, V. W.-W. Yam, W. K.-M. Fung, K.-K. Cheung, Organometallics
1997, 16, 2032-2037.

6c.s. Griffith, G. A. Koutsantonis, B. W. Skelton, A. H. White, Chem. Commun. 1998, 1805-1806.
7 M. Maekawa, M. Munakata, T. Kuroda-Sowa, K. Hachiya, Inorg. Chim. Acta 1995, 233, 1-4.
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General Procedures

All air and moisture-sensitive compounds were manipulated using standard Schlenk and
high-vacuum line techniques under an argon atmosphere or a glove box filled with dry argon (H,O
level < 1 ppm, O, level < 1 ppm). Dehydrated pentane, hexane, heptane, dichloromethane,
acetonitrile, acetone, methanol, toluene, tetrahydrofuran (THF) and diethyl ether were purchased
from Kanto Chemicals and stored under an argon atmosphere. Benzene, benzene-dg,
tetrahydrofuran-ds, and toluene-dy were dried over sodium-benzophenoneketyl or Na-K alloy and
stored under an argon atmosphere. Pyridine-ds and CD,Cl, were dried over MS-4A and stored under
an argon atmosphere. Methanol-d, was dried over MS-3A and stored under an argon atmosphere.
Aqueous sodium hydroxide was deoxygenated by bubbling with argon. Et,NH were dried over
LiAlH,4 and stored an argon atmosphere after distillation. Phenylacetylene, benzonitrile, pyridine and
1.3-cyclohexadiene were stored under an argon atmosphere. Water was degassed by distillation and
stored under an argon atmosphere. Other materials used in this research were used as purchased.

'H, C, and "B spectra were recorded on Varian INOVA-400 and Varian 400-MR spectrometer.
'"H NMR spectra were referenced to tetramethylsilane as an internal standard. >C NMR spectra were
referenced to the natural-abundant carbon signal of the solvent employed. "'B NMR spectra were
referenced to BF;-Et,O as an external standard. Infrared spectra were recorded on a JASCO
FT/IR-4200 spectrometer. UV-vis spectra were recorded on a SHIMADZU UV-2550
spectrophotometer. Elemental analysis was performed on a Perkin-Elmer 240011 series CHN
analyzer. Photo-irradiation experiments were performed using Asahi Spectra REX-250 high power
mercury light source and Asahi Spectra MAX-303 xenon light source attached with a band-pass filter.
(Cp*Ru)y(1-H); (1)' and (Cp*Ru)s{zs-77°:77°(L)-RCCH}(-H); (10a: R = Ph; 10b: R = "Pr; 10c: R
= 'Bu)’* and (Cp*Ru);{z-17°(/)-RCCH}(11-O)(-H) (11a: R = Ph; 11b: R = "Pr; 11c: R = ‘Bu)’
were prepared according to previously published methods. [(Cp*Ru)y(u-H)el[BFs] (2), *
(Cp*Ru)s(us-BH)(u-H)s (4),” (Cp*Ru)s {p5-17°(/))-PhCCH} (us-BH)(u-H)s  (5)© and (Cp*Ru)s
{15-177:7°(L)-PhCCPh}(1-H); (10d)’ were prepared using minor modifications to literature

procedures.

"' H. Suzuki, H. Omori, D. H. Lee, Y. Yoshida, Y. Moro-oka, Organometallics 1988, 7, 2243-2245.

? (a) T. Toshiro, Y. Takaya, E. Murotani, R. Tenjimbayashi, H. Suzuki, Organometallics 2004, 23,
6094-6096; (b) R. Tenjimbayashi, E. Murotani, T. Takemori, T. Takao, H. Suzuki, J. Organomet.
Chem. 2007, 692, 442-454,

* E. Murotani, Master Thesis, Tokyo Institute of Technology (2000).

* H. Suzuki, T. Kakigano, K. Tada, M. Igarashi, K. Matsubara, A. Inagaki, M. Oshima, T. Takao,
Bull. Chem. Soc. Jpn. 2005, 78, 67-87.

> R. Okamura, K. Tada, K. Matsubara, M. Oshima, H. Suzuki, Organometallics 2001, 20,
4772-4774.

S T. Takao, H. Suwa, R. Okamura, H. Suzuki, Organometallics 2012, 31, 1825-1831.

7 R. Tenjimbayashi, Doctor Thesis, Tokyo Institute of Technology (2007).
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Chapter 2

Preparation of [(Cp*Ru)s(u-H)s][BF 4] (2)

(Cp*Ru)y(-H)4 (1) (2.22 g, 4.66 mmol) and THF (90 mL) were placed in a 300 mL Schlenk tube.
HBF,4:Et,0 complex (1.0 mL, 7.3 mmol, 2.3 equiv) was added to the solution at =78 °C. The
solution was gradually warmed to ambient temperature and stirred for 1 hour. The color of the
solution turned from red to dark purple. After removal of the solvent under reduced pressure, the
residual black solids were washed with Et,O (total 100 mL). Drying under reduced pressure, THF
(23 mL) and CH,Cl, (2.5 mL) were added to the residue and pentane (10 mL) was slowly defused to
the solution at ambient temperature. A 2.28 g amount of 2 was obtained as black crystals (2.84 mmol,

91%).

Preparation of (Cp*Ru)s(u3-BH)(u-H); (4)

[(Cp*Ru)s(-H)6][BF4] (2) (1.73 g, 2.16 mmol), NaBH,4 (85.1 mg, 2.25 mmol, 1.0 equiv) and
2-propanol (50 mL) were placed in a 100 mL Schlenk tube equipped with a J-YOUNG valve. The
solution was stirred for 23 hours at ambient temperature. The color of the solution turned from dark
purple to dark blown. Drying under reduced pressure, the residue was extracted with hexane (80 mL)
and filtered through a short column packed with Celite. Drying under reduced pressure, the residue
was dissolved in Et,0 (40 mL) and then the solution was stored at =30 °C. A 1.14 g amount of 4
was obtained as a dark blown solid (1.58 mmol, 73%). A black single crystal used for the diffraction
study was prepared by the slow evaporation of the Et,O solution of 4 stored at =30 °C.

Anal. calcd for C3o0H49B Rus: C 49.79, H 6.82; found: C 49.65, H 7.07.

Preparation of (Cp*Ru)3{,u3-r]z(ll)-PhCCH}(;13-BH)(,u-H)3 (5)

(Cp*Ru)z(15-BH)(1-H)s (3) (196.6 mg, 271.6 pmol) and toluene (15 mL) were placed in 50 mL
Schlenk tube and PhCCH (300 pl, 2.73 mmol, 10 equiv) was added to the solution at =78 °C. The
solution was stirred for 18 hours at —40 °C. The color of the solution was turned from dark orange to
brownish orange. After removal of the solvent, the residue was dissolved in Et,O (8 mL) and then
the solution was stored at —30 °C for several days. The solvent was removed by using a syringe.
Drying under reduced pressure afforded 5 as an orange solid (120.5 mg, 145.7 umol, 54%). An
orange single crystal used for the diffraction study was prepared by the slow evaporation of the

pentane solution of 5 stored at ambient temperature.

Irradiation of (Cp*Ru)3{,u3-r;z(ll)-PhCCH}(y3-BH)(y-H)3 (5) with 313 nm light in an NMR
tube
5 (3.2 mg, 3.9 umol) and C¢Dg¢ (0.4 mL) were placed in an NMR tube equipped with J-YOUNG

valve together with 2,2,4,4-tetramethylpentane as an internal standard. Irradiation of this solution at
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room temperature was performed with a high-pressure mercury lamp equipped with a band-path
filter transmitting 313 nm light. The reaction was periodically monitored by means of 'H NMR
spectroscopy. After irradiation for 28 hours, 90% of 5 was consumed, and formation of (Cp*Ru);
{,u3-772:772(J_)—PhCCH}(,u3—BH)(,u—H) (8) and several unidentified paramagnetic by-products were
observed in 'H NMR spectrum. The yield of 8 was estimated at 45% by comparing the intensity of
the signal derived from 8 with that of the internal standard.

'H NMR spectrum data for the paramagnetic complex (400 MHz, C¢Ds, 25 °C): 6 12.37 (brs, wy, =
58.8 Hz, 5H), 12.88 (br s, wy, = 11.8 Hz, 6H), 14.22 (br s, wy, = 56.3 Hz, 4H), 14.86 (br s, wy, =
105.3 Hz, 3H), 17.49 ppm (br s, w, = 243.8 Hz, 30H).

Irradiation of (Cp*Ru)3{y3-n2(ll)-PhCCH}(y3-BH)(y-H)3 (5) with 436 nm light in an NMR
tube

5 (2.0 mg, 2.4 pmol) and C¢Ds (0.4 mL) were placed in an NMR tube equipped with J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. Irradiation of this solution at
room temperature was performed with a high-pressure mercury lamp equipped with a band-path
filter transmitting 436 nm light. The reaction was periodically monitored by means of 'H NMR
spectroscopy. After irradiation for 44 hours, 5 was consumed completely and formation of
(Cp*Ru)s{p3-17":177'(1)-PhCCH} (15-BH)(+-H) (8) and (Cp*Ru)s {z3-17-B(H)C(H)C(Ph)} (1-H)s (9)
were observed in the '"H NMR spectroscopy. The yields of 8 and 9 were estimated at 8 and 92%,
respectively by comparing the intensities of signals derived from them with that of the internal

standard.

Preparation of (Cp*Ru)s{u3-n°-B(H)C(H)C(Ph)}(x-H); (9)

(Cp*Ru)s{15-17°(//)-PhCCH} (115-BH)(1-H); (5) (21.3 mg, 25.8 pmol) and toluene (4.0 mL) were
placed in a Schlenk tube equipped with J-YOUNG valve. Irradiation of this solution at room
temperature was performed with a high-pressure mercury lamp equipped with a band-path filter
transmitting 436 nm light for 5 days with vigorous stirring. The color of the solution turned from
brownish orange to orange. The solvent was then removed under reduced pressure. The residual
solid was extracted with pentane and purified by column chromatography on alumina (Merk, Art. No.
1097) using toluene as an eluent. The first orange band containing (Cp*Ru);
{517 -B(H)C(H)C(Ph)} (1-H); (9) was collected. Drying under reduced pressure afforded 9 as an
orange solid (10.4 mg, 12.6 pmol, 49% yield). An orange single crystal used for the diffraction study
was prepared by the slow evaporation of the pentane solution of 9 stored at ambient temperature.

'H NMR (400 MHz, thf-ds, 25 °C): 5-23.82 (dd, Juy = 4.4, 4.4 Hz, 1H, RuH), —20.15 (dd, Juy =
4.4,4.4Hz, 1H, RuH), —19.08 (dd, Jyy = 4.4, 4.4 Hz, 1H, RuH), 1.63 (s, 15H, CsMes), 1.70 (s, 15H,
CsMes), 1.84 (s, 15H, CsMes), 6.95 (tt, Jun = 7.2, 1.7 Hz, 1H, p-Ph), 7.02 (dd, Jyun = 7.2, 7.2 Hz, 2H,
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m-Ph), 7.15 (d, Juy = 7.2 Hz, 2H, 0-Ph), 7.32 ppm (d, Juy = 2.0 Hz, 1H, PhCCH). C NMR (100
MHz, thf-ds, 25 °C): 5 11.5 (q, Jeu = 126 Hz, CsMes), 11.8 (q, Joy = 126 Hz, CsMes), 11.9 (q, Jop =
126 Hz, CsMes), 91.2 (s, CsMes), 91.4 (s, CsMes), 92.1 (s, CsMes), 125.0 (dt, Joy = 158, 7.6 Hz,
p-Ph), 126.6 (dd, Joy = 157, 7.6 Hz, m-Ph), 129.5 (ddd, Joy = 157, 6.9, 6.9 Hz, 0-Ph), 142.2 (d, Jcu
= 165 Hz, PhCCH), 154.2 (s, ipso-Ph), 155.8 ppm (s, PACCH). "B{'H} NMR (128.7 MHz, C¢Ds,
25 °C): §59.1 ppm (br s, BH). gHMQC (thf-ds 25 °C) &y-6c / 6.95-125.0, 7.02-126.6, 7.15-129.5,
7.32-142.2. gHMBC (thf-dg, 25 °C) dy-oc / 7.15-154.2, 7.32-155.8. Anal. calcd for C;3HssB Rus: C
55.26, H 6.71; found: C 55.56, H 6.67. IR (KBr, cm™): 3061, 2976, 2952, 2900, 2713, 2454 (vgp),
1595, 1482, 1455, 1373, 1239, 1069, 1028, 813, 703.

Preparation of (Cp*Ru)s{us-7%: 1°(1)-PhCCH}(15-BH)(1-H) (8)
(Cp*Ru)3{y3—nz(//)—PhCCH}(,u3—BH)(,u—H)3 (5) (45.2 mg, 54.7 pmol) and toluene (5.0 mL) were
placed in a Schlenk tube equipped with J-YOUNG valve. The Schlenk tube was wrapped by
aluminum foil to protect from light. The solution was then heated at 80 °C for 24 hours with
vigorous stirring and the color of the solution turned from brownish orange to yellowish brown. The
solvent was removed under reduced pressure. The 'H NMR spectrum of the residual solid showed
that 8 and (Cp*Ru);{ ,u3—773—B(H)C(H)C(Ph)}(,u—H)3 (9) was formed in a ratio of 65:35. The residual
solid was extracted with mixed solvent of pentane and toluene in a ratio of 10:1, and purified by
column chromatography on alumina (Merck, Art. No. 1097) using the mixed solvent as an eluent.
The first yellowish brown band containing 8 and the second orange band containing 9 were
respectively collected. Drying under reduced pressure afforded 8 as a yellowish brown solid (21.7
mg, 26.3 mmol, 48% yield) and 9 as an orange solid (13.2 mg, 16.0 pmol, 29% yield).

'H NMR (400 MHz, thf-dg, 25 °C): 5-8.13 (s, 1H, RuH), 1.75 (br s, wy, = 13.3 Hz, 45H, CsMes),
5.66 (d, Juy = 7.2 Hz, 2H, 0-Ph), 6.52 (t, Jyy = 7.2 Hz, 1H, p-Ph), 6.79 (dd, Jyy = 7.2, 7.2 Hz, 2H,
m-Ph), 10.09 ppm (s, 1H, P\CCH). 'H NMR (400 MHz, thf-ds, —80 °C): §-8.12 (s, 1H, RuH), 1.49
(s, 15H, CsMes), 1.83 (s, 15H, CsMes), 1.89 (s, 15H, CsMes), 5.44 (d, Juy = 7.2 Hz, 1H, 0-Ph), 5.80
(d, Jun = 7.6 Hz, 1H, 0-Ph), 6.54 (t, Jyn = 7.2 Hz, 1H, p-Ph), 6.78 (dd, Jyy = 7.0, 7.0 Hz, 1H, m-Ph),
6.87 (dd, Juyy = 7.6, 7.2 Hz, 1H, m-Ph), 10.12 ppm (s, 1H, PhCCH). >C NMR (100 MHz, thf-ds,
25°C): 612.0 (q, Jcu = 125 Hz, CsMes), 84.5 (s, PhCCH), 92.2 (s, CsMes), 121.6 (dt, Jcy = 156, 7.8
Hz, p-Ph), 125.4 (ddd, Jcy = 156, 7.7, 7.7 Hz, 0-Ph), 126.8 (dd, Jcy = 153, 6.9 Hz, m-Ph), 145.1 (s,
ipso-Ph), 200.2 ppm (d, Joy = 183 Hz, PACCH). >C NMR (100 MHz, thf-ds, —80 °C): 5 11.7 (q, Jen
=126 Hz, CsMes), 12.3 (q, Jcu = 126 Hz, CsMes), 12.8 (q, Jcu = 126 Hz, CsMes), 82.7 (s, PhCCH),
90.8 (s, CsMes), 92.4 (s, CsMes), 92.5 (s, CsMes), 121.6 (d, Jon = 159, p-Ph), 124.9 (m, 0-Ph), 125.3
(m, 0-Ph), 126.8 (m, m-Ph), 127.2 (m, m-Ph), 145.0 (s, ipso-Ph), 200.2 ppm (d, Jcy = 183 Hz,
PhCCH). "B{'H} NMR (128.7 MHz, C¢D, 25 °C): §138.9 ppm (br s, BH). gHMQC (thf-d, 25 °C)
ou-oc / 1.75-12.0, 5.66-125.4, 6.52-121.5, 6.79-126.8, 10.09-200.2. gHMBC (thf-ds, 25 °C) dy-oc /
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1.75-92.2, 10.09-84.5. Anal. calcd for (%) for C3sHs3B Rus: C 55.40, H 6.48; found: C 55.02, H 6.72.
IR (KBr, cm™): 3058, 2969, 2902, 2424 (viy), 1587, 1474, 1371, 1277, 1102, 1024, 754, 698.

Reaction of (Cp*Ru)s{ss-r%:7°(L)-PhCCH}(us-BH)(1-H) (8) with H, at ambient
temperature

8 (3.2 mg, 3.9 umol) and C¢Dg (0.4 mL) were placed in an NMR tube equipped with J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. After the solution was
evacuated using a liquid N, bath, 1 atm of H, gas was transferred into the tube. The NMR tube was
wrapped by aluminum foil to protect from light. The reaction was performed at ambient temperature
for 1 week. The color of the solution turned from yellowish brown to orange. The reaction was
periodically monitored by means of "H NMR spectroscopy. 1 week later, the conversion of 8 was
77% and formation of (Cp*Ru);(145-BH)(-H); (4), (Cp*Ru)s {,u3—nz(//)—PhCCH}(,u3—BH)(,u—H)3 (5)
and ethyl benzene were observed in the "H NMR spectroscopy. The yields of them were estimated at
26, 51 and 4% respectively by comparing the intensities of signals derived from them with that of

the internal standard.

Reaction of (Cp*Ru)s{us-1%: 7°(L)-PhCCH}(us-BH)(-H) (8) with H, at 80 °C

8 (7.9 mg, 9.6 umol) and C¢D¢ (0.4 mL) were placed in an NMR tube equipped with J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. After the solution was
evacuated using a liquid N, bath, 1 atm of H, gas was transferred into the tube. The NMR tube was
wrapped by aluminum foil to protect from light. The reaction was performed at 80 °C for 64 hours.
The color of the solution turned from yellowish brown to orange. The reaction was periodically
monitored by means of "H NMR spectroscopy. 64 hours later, the conversion of 8 was 98% and
formation of (Cp*Ru)s(ss-BH)(u-H);  (4), (Cp*Ru)s{pss-17°(//)-PhCCH} (1s-BH)(u-H); ~ (5),
(Cp*Ru)s{5-17-B(H)C(H)C(Ph)} («-H); (9) and ethyl benzene were observed in the 'H NMR
spectroscopy. The yields of them were estimated at 8, 2, 88 and 8%, respectively by comparing the
intensities of signals derived from them with that of the internal standard. The maximum yield of §
reached 47% after heating the solution for 4 hours, and then the population of 5 was gradually

decreased.

Irradiation of (Cp*Ru)3{,u3-7]3-B(H)C(H)C(Ph)}(,u-H)3 (9) with 313 nm light in an NMR
tube

9 (3.6 mg, 4.4 umol) and C¢Dg¢ (0.4 mL) were placed in an NMR tube equipped with J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. Irradiation of this solution at
ambient temperature was performed with a high-pressure mercury lamp equipped with a band-path

filter transmitting 313 nm light. The reaction was periodically monitored by means of '"H NMR
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spectroscopy. After 23 hours irradiation at ambient temperature, 9 was consumed by 93%, and
formation of (Cp*Ru)s{ ,u3—772: nz(J_)—PhCCH}(yg—BH)(y—H) (8) and several unidentified
paramagnetic by-products were observed in the 'H NMR spectrum. The yield of 8 was estimated at
56% by comparing the intensity of the signal derived from 8 with that of the internal standard.

'H NMR spectrum data for the paramagnetic complex (400 MHz, C¢Ds, 25 °C): 6 12.06 (br s, wy;, =
58.8 Hz, 2.7H), 12.32-12.44 (br, 2H), 12.88 (brs, wy, = 11.8 Hz, 3.6H), 14.86 (br s, w;, = 105.3 Hz,
4H), 17.49 ppm (br s, wy, = 243.8 Hz, 45H).

Irradiation of (Cp*Ru)3{;13-773-B(H)C(H)C(Ph)}(y-H)3 (9) with 436 nm light in an NMR
tube

9 and C¢Dg (0.4 mL) were placed in an NMR tube equipped with J-YOUNG valve together with
2,2,4 4-tetramethylpentane as an internal standard. Irradiation of this solution at ambient temperature
was performed with a high-pressure mercury lamp equipped with a band-path filter transmitting 436

nm light. After 12 hours irradiation, "H NMR spectrum showed that 9 remained unchanged.

Heating the solution of (Cp*Ru)3{,u3-7]3-B(H)C(H)C(Ph)}(p-H)3 (9) at 80 °C

9 (14.1 mg, 17.1 pmol) and THF (2.0 mL) were placed in a Schlenk tube equipped with J-YOUNG
valve. The solution was heated at 80 °C for 56 hours with vigorous stirring. The solvent was then
removed under reduced pressure. The residual orange solid was analyzed by means of 'H NMR

spectroscopy, and the "H NMR spectrum showed that all of 9 remained unchanged.

Thermolysis of (Cp*Ru)3{;13-772(11)-PhCCH}(,u3-O)(,u-H) (11a)

(Cp*Ru)s{i5-17°(//)-PhCCH} (115-O)(-H) (11a) (3.6 mg, 4.3 pmol) and toluene-ds (0.4 mL) were
placed in an NMR sample tube equipped with J-YOUNG valve together with
2,2,4 4-tetramethylpentane as an internal standard. The tube was wrapped by aluminum foil to
protect from light. Then the solution was heated at 180 °C for 9 days. The 'H NMR spectrum

showed that all of 11a remained unchanged.

Preparation of (Cp*Ru)3(y3-n2-CCPh)(y3-O) (12a)

(Cp*Ru)s{13-17°(/))-PhCCH} (153-O)(u-H) (11a) (21.0 mg, 26.0 umol) and THF (20 mL) were placed
in a quartz tube equipped with a three-way valve. Irradiation of the solution at 25 °C was performed
with a high-pressure mercury lamp equipped with a band-pass filter transmitting 313 nm light for 7
days with vigorous stirring. The color of the solution remained unchanged. After the solution was
removed under reduced pressure, the residual solid containing 11a and 12a in a ratio of 58:42, was
extracted with toluene and purified by column chromatography on alumina (Merck, Art. No. 1097).

After the first brownish yellow band containing 11a in the column was removed with the mixed
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solvent of toluene and THF (100:1) as an eluent, the second brown band containing 12a in the
column was collected with THF as an eluent. After drying under reduced pressure, 12a was obtained
as a brown solid (5.0 mg, 6.1 pmol, 23%). A brown single crystal used for the diffraction study was
prepared by the slow evaporation of the pentane solution of 12a placed at ambient temperature.

'H NMR (400 MHz, thf-dg, 25 °C): 5= 1.52 (br s, wy, = 2.7 Hz, 30H, CsMes), 1.88 (br s, w;, = 4.0
Hz, 30H, CsMes), 7.21 (t, Juy = 7.4 Hz, 1H, p-Ph), 7.33 (dd, Jyq = 7.4, 7.4 Hz, 2H, m-Ph), 7.63 ppm
(br d, Jyy = 7.4 Hz, 2H, o-Ph). 'H NMR (400 MHz, toluene-ds, 0 °C): o= 1.59 (s, 30H, CsMes),
1.94 (s, 15H, CsMes), 7.15 (t, Jun = 7.4 Hz, 1H, p-Ph), 7.28 (dd, Juy = 7.4, 7.4 Hz, 2H, m-Ph), 7.83
ppm (br s, wi, = 31 Hz, 2H, 0-Ph). °C NMR (100 MHz, thf-ds, 25 °C): §=11.2 (q, Joy = 125 Hz,
CsMes), 13.1 (q, Jcy = 125 Hz, CsMes), 89.3 (s, CsMes), 92.7 (s, CsMes), 121.7 (t, Jcy = 4.9 Hz,
RuCC), 126.6 (dt, Jcy = 159, 7.9 Hz, p-Ph), 128.6 (dd, Jcy = 156, 8.0 Hz, m-Ph), 133.9 (ddd, Jcy =
157, 6.2, 6.2 Hz, 0-Ph), 141.1 (t, Jcy = 7.6 Hz, ipso-Ph), 212.8 ppm (s, RuCC). gHMQC (thf-ds,
25 °C) &y-6c / 7.21-126.6, 7.33-128.6, 7.63-133.9. gHMBC (thf-ds, 25 °C) &y-6c / 7.33-141.1,
7.63-121.7. Anal. calcd for CsgHsoORus: C, 55.25; H, 6.10; found: C, 54.83; H, 6.31.

Irradiation of 11a with 313, 365 and 436 nm light respectively

(Cp*Ru)s{5-17°(//)-PhCCH} (115-O)(w-H) (11a) (2.6 mg, 3.1 pmol) and C¢Dg (1.2 mL) were placed
in 20 mL Schlenk tube together with 2,2,4,4-tetramethylpentane as an internal standard. The solution
was evenly divided into three NMR tubes equipped with a J-YOUNG valve. Photo-irradiation
experiments shown below were performed.

[313 nm light irradiation]

Irradiation to one of the tube at room temperature was performed with a high-pressure mercury lamp
equipped with a band-path filter transmitting 313 nm light. The reaction was periodically monitored
by means of "H NMR spectroscopy. 39 hours later, the conversion of 11a was 82% and formation of
12a and a paramagnetic complex were observed in the 'H NMR spectroscopy. The yield of the
products were estimated at 66% and 10%, respectively by comparing the intensities of signals
derived from them with that of the internal standard. The maximum yield of the paramagnetic
complex reached 36% after irradiation of the solution for 6 hours, and then the population was
gradually decreased. The yield of the paramagnetic complex was roughly estimated considering the
broad signal observed at §25.3 ppm (w;, = 321 Hz) as the Cp* signal (45H).

[365 nm light irradiation]

In order to equalize the light intensity to the 313 nm emission line of the high-pressure mercury lamp,
the power of the light source were reduced by 43% when the photo-irradiation was performed at
room temperature with a high-pressure mercury lamp equipped with a band-path filter transmitting
365 nm light. 39 hours later, the yield of 12a was estimated at 8% by comparing the intensities of

signals derived from 12a with that of the internal standard.
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[436 nm light irradiation]

In order to equalize the light intensity to the 313 nm emission line of the high-pressure mercury lamp,
the power of the light source were reduced by 45% when the photo-irradiation was performed at
room temperature with a high-pressure mercury lamp equipped with a band-path filter transmitting
436 nm light. 39 hours later, the yield of 12a was estimated at 6% by comparing the intensities of

signals derived from 12a with that of the internal standard.

Preparation of (Cp*Ru)s{us-r%7°(1)-PhCCPh}(x-H); (10d)

3 (349.4 mg, 489.4 umol), diphenylacetylene (173.6 mg, 974.0 umol, 2 eq.) and toluene (7 mL)
were placed in a Schlenk tube equipped with a J-YOUNG valve. The solution was stirred at 100 °C
for 48 hours. Then the color of the solution turned from dark brown to black. The solvent was then
removed under reduced pressure, and the residual solid was extracted with hexane and purified by
column chromatography on alumina (Merk Art. No. 1097). After the first black band containing of
10d in the column was collected with the mixed solvent of hexane and toluene (100:1) as an eluent,
drying under reduced pressure and sublimation in a vacuum at 120 °C to remove diphenylacetylene
and trans-stilbene, afforded 10d as a black solid. The residue was purified by crystallization from
pentane solution at —30 °C. 144.0 mg amount of 10d was obtained as a black crystal (159.3 umol,
33%). '"H NMR (400 MHz, thf-ds, —40 °C): 5§-25.51 (t, Jun = 4 Hz, 1H, RuH), —9.88 (d, Juy = 4 Hz,
1H, Ru-H), 1.51 (s, 15H, CsMes), 1.71 (s, 30H, CsMes), 5.63 (d, Juy = 7.2 Hz, 2H, m-Ph), 6.58 (t,
Jun = 7.2 Hz, 1H, p-Ph), 6.84 (dd, Juy = 7.2, 7.2 Hz, 2H, m-Ph), 6.90-7.12 ppm (m, 5H, Ph). °C
NMR (100 MHz, thf-dg, —40 °C): 6 11.5 (q, Jcu = 126 Hz, CsMes), 12.2 (q, Jcu = 126 Hz, CsMes),
74.6 (s), 86.1 (s, CsMes), 92.0 (s, CsMes), 120.9 (d, Jcy = 158 Hz, Ph), 124.4 (d, Jcy = 159 Hz, Ph),
125.0 (dt, Joy = 158, 8 Hz, Ph), 126.6 (dd, Jcy = 157, 8 Hz, Ph), 127.4 (dd, Jcy = 155, 8 Hz, Ph),
130.6 (d, Jcy = 161 Hz, Ph), 149.0 (s), 150. 4 (s), 173.6 ppm (s). Anal. caled for C44HsgRus: C,
59.37; H, 6.57. Found: C, 59.23; H, 6.69.

Preparation of (Cp*Ru)s{u5-r%(//)-PhCCPh}(15-0)(z-H) (11d)

[method 1] (Cp*Ru)s {15-17:17°(L)-PhCCPh} (-H); (10d) (498.8 mg, 551.7 umol) and toluene (15
mL) were placed in a 100 mL Schlenk tube. After the solution was evacuated using a liquid-N, bath,
1 atm of oxygen gas was transferred into the tube. The solution was allowed to stir for 4 hours at
ambient temperature. Then the color of the solution was turned from black to yellowish black.
During the reaction, small amount of unidentified black precipitates were also formed. After the
solvent was removed under reduced pressure, the residual solid was extracted with toluene and
purified by column chromatography on alumina (Merck, Art. No. 1097). After the first yellowish
brown band containing 11d in the column was collected with the mixed solvent of toluene and THF

(100:1) as an eluent, the solvent was removed under reduced pressure and the residue was purified
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by crystallization from toluene solution at =30 °C. The solvent was removed and drying under
reduced pressure afforded 11d (31.3 mg, 35.2 umol, 6%) as a black solid.

[method 1] (Cp*Ru);(z-H)(w-H); (3) (115.9 mg, 159.2 pumol), THF (7 mL) and methanol (0.3
mL) were placed in a 50 mL Schlenk tube. After the solution was evacuated using a liquid-N, bath,
1.1 equiv of oxygen gas (4 mL) was admitted to the tube at —60 °C using a vacuum line. The solution
was allowed to stir for 5 hours at —60 °C. Then, the solvent was removed under reduced pressure at
ambient temperature. A dark green solid was obtained as a mixture of 7, (Cp*Ru);(u3-O)(1-H); (13),
and (Cp*Ru);(15-O)2(¢-H) (14) in a ratio of 14:65:21. Then the mixture, toluene (10 mL), and
diphenylacetylene (62.2 mg, 349 umol) were placed in the Schlenk tube equipped with a J-YOUNG
valve. The solution was then heated at 120 °C for 4h. After the solvent was removed under reduced
pressure, the residual solid was extracted with toluene and purified by column chromatography on
alumina (Merck, Art. No. 1097). The first brownish yellow band containing 11d in the column was
collected with the mixed solvent of toluene and THF (100:1) as an eluent, and then the solvent was
removed under reduced pressure. After the sublimation in a vacuum at 120 °C to remove remaining
diphenylacetylene was performed, the residue was purified by recrystallization from cold toluene
solution stored at —30 °C. Removal of the solvent and subsequent dryness under reduced pressure
afforded 11d as a black crystalline solid (44.7 mg, 49.4 nmol, 31%).

'H NMR (400 MHz, thf-dg, 25 °C): §= —25.68 (s, 1H, RuH), 1.49 (s, 30H, CsMes), 1.87 (s, 15H,
CsMes), 6.75 (tt, Juy = 6.8, 1.6 Hz, 2H, p-Ph), 6.90-7.01 ppm (m, 8H, m and o-Ph). >C NMR (100
MHz, thf-dg, 25 °C): 6= 11.2 (q, Jcu = 126 Hz, CsMes), 12.0 (q, Jcu = 126 Hz, CsMes), 94.1 (s,
CsMes), 96.1 (s, CsMes), 123.5 (dt, Jey = 160, 6.9 Hz, p-Ph), 126.2 (dd, Jcy = 157, 6.4 Hz, o or
m-Ph), 130.5 (ddd, Jcy = 156, 6.3, 6.3 Hz, 0 or m-Ph), 150.8 (t, Jcy = 7.1 Hz, ipso-Ph), 158.5 ppm (s,
Ph-C). gHMQC (thf-dg, 25 °C) Sy-oc / 6.75-123.5. gHMBC (thf-ds, 25 °C) dy-Oc / (6.90-7.01)-155.8.
Anal. calcd for C44Hs¢ORus: C, 58.45; H, 6.24. Found: C, 58.38; H, 6.43.

Preparation of (Cp*Ru)s{u5-r*-1°(1)-PhCCPh}(15-0) (15)

A benzene (1.2 mL) solution of (Cp*Ru)s { 113-17°(//)-PhCCPh} (15-O)(u-H) (11d) (7.2 mg, 8.0 pmol)
was evenly divided into three NMR tubes equipped with a J-YOUNG valve. Irradiation of each
solution at 25 °C was performed with a high-pressure mercury lamp equipped with a band-pass filter
transmitting 313 nm light. After irradiation of the light for 4 days, the color of the solution was
turned from brownish yellow to dark brown. After the irradiation, the reaction mixtures were
combined into a 50 mL Schlenk tube. The solvent was then removed under reduced pressure, and the
residue was dissolved into pentane (2 mL). A black single crystal of (Cp*Ru),
{15-17°:7°(L)-PhCCPh} (113-O) (15) was obtained from cold pentane solution stored at —20 °C.
Removal of the solvent followed by dryness under reduced pressure afforded a 2.9 mg amount of 15

as a black crystalline solid (3.2 umol, 40%).
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"H NMR (400 MHz, C4¢Dg, 25 °C): 68.94 (br s, wy, = 61 Hz, 2H), 11.43 (br s, wy, = 75 Hz, 4H), 14-26
ppm (br, 45H). Anal. calcd for C44Hss0Ru;: C, 58.52; H, 6.14. Found: C, 57.59; H, 5.77.

Irradiation of (Cp*Ru)s{is-1%(//)-PhCCPh}(15-0)(u-H) (11d) with 313 nm light

11d (2.0 mg, 2.3 pmol) and C¢Dg (0.4 mL) were placed in an NMR tube equipped with a J-YOUNG
valve together with 2,2.4,4-tetramethylpentane as an internal standard. Irradiation of the solution at
25 °C was performed with a high-pressure mercury lamp equipped with a band-pass filter
transmitting 313 nm light. After the irradiation of 313 nm light for 48 h, the color of the solution was
turned from brownish yellow to dark brown. The "H NMR spectrum showed that 91% of 11d was
consumed and (Cp*Ru)s{ss-77°:77°(L)-PhCCPh}(15-0) (15) was formed. The yield of 15 was
roughly estimated at 71% considering the broad signal observed between ¢ 14 and 26 ppm as the
Cp* signals of 15 (45H).

Chapter 3

Preparation of (Cp*Ru)3{y3-7]2(ll)-PhCNH}(yg-BH)(,u-H)z (16)

(Cp*Ru)s(15-BH)(1-H)s (4) (410.8 mg, 567.6 umol), heptane (10 mL), THF (1 mL) and PhCN (86
uL, 8.3x10% pmol, 1.5 equiv) were placed in a 50 mL Schlenk tube equipped with a J-YOUNG valve.
The solution was heated at 80 °C for 30 hours with vigorous stirring. The color of the solution turned
from dark orange to brownish orange. The solution was then removed under reduced pressure. The
residue was extracted with toluene (2mL), and purified by column chromatography on alumina
(Merck, Art. No. 1076) using a mixed solvent of toluene and THF in a ratio of 20:1 as an eluent.
After the first orange band was collected, drying under reduced pressure afforded dark brown solid
containing (Cp*Ru)s {z55-77°(//)-PhCNH} (11-BH)(1-H), (16) as a major product. The residue was
purified by the recrystallization from a cold Et,O solution (5§ mL) stored at —30 °C. A 205.5 mg
amount of 16 (248.5 umol, 44%) was obtained as a dark brown crystalline solid. An orange single
crystal used for the diffraction study was prepared by the slow evaporation of the pentane solution of
16 placed at 9 °C.

'H NMR (400 MHz, thf-dg, 25 °C): §-20.91 (br s, wy, = 117 Hz, 1H, RuH), —13.29 (br s, wy =
120 Hz, 1H, RuH), 1.67 (s, 15H, CsMes), 1.70 (s, 15H, CsMes), 1.84 (s, 15H, CsMes), 6.96 (d, Jyg =
8 Hz, 2H, 0-Ph), 6.97 (t, Juy = 8 Hz, 1H, p-Ph), 7.13 (dd, Jyy = 7.2, 2H, m-Ph), 7.21 (br s, wy, = 9.5
Hz, 1H, NH), 10.41 ppm (br s, wi» = 279 Hz, 1H, BH). °C NMR (100 MHz, thf-ds, 25 °C): 511.4
(9, Jen = 126 Hz, CsMes), 11.7 (q, Jcu = 125 Hz, CsMes), 12.1 (q, Jeu = 125 Hz, CsMes), 90.0 (s,
CsMes), 91.9 (s, CsMes), 92.9 (s, CsMes), 124.5 (ddd, Jop = 160, 7.9, 7.9 Hz, 0-Ph), 126.6 (d, Jcy =
157 Hz, p-Ph), 127.5 (dd, Jey = 159, 9.8 Hz, m-Ph), 151.8 (s, ipso-Ph), 165.9 ppm (s, CPh). 'B{'H}
NMR (128.7 MHz, C¢Dg, 25 °C): 6 = 119.2 ppm (br s, BH). gHMQC (thf-dg, 25 °C) oy-oc /
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(6.96-6.97)-124.5, (6.96-6.97)-126.6, 7.13-127.5. gHMBC (thf-ds, 25 °C) Sy-oc / 6.96-126.6,
6.96-165.9, 6.97-124.5, 7.13-124.5, 7.13-126.6, 7.13-151.8. Anal. calcd for C3;Hs4B;N;Rus: C 53.75,
H 6.58, N 1.69; found: C 53.80, H 6.20, N 1.82. IR (ATR): 3046, 2976, 2950, 2892, 2847, 2401
(ven), 1736, 1594, 1487, 1456, 1441, 1371, 1320, 1175, 1151, 1068, 1023, 810, 751, 701, 674, 613

-1
cm .

Preparation of (Cp*Ru),(u-H)2[Cp*Ru{-C¢H,4-C(H)-B(NH2)-}] (17)

(Cp*Ru)s{ 1i5-17°(//)-PhCNH} (115-BH)(1-H), (16) (110.4 mg, 133.5 pmol), heptane (10 mL) and THF
(1 mL) were placed in a 50 mL Schlenk tube equipped with a J-YOUNG valve. The solution was
heated at 140 °C for 4 days with vigorous stirring. The color of the solution turned from dark orange
to reddish brown. The solution was then removed under reduced pressure. The residual solid was
extracted with toluene (5 mL), and purified by column chromatography on alumina (Merck, Art. No.
1097) using THF as an eluent. After the last red band was collected, drying reduced pressure
afforded a dark red solid. The residue was purified by the recrystallization from a cold THF (1.2 mL)
solution stored at =30 °C. Drying under reduced pressure afforded dark red crystals of 17 (28.0 mg,
33.9 umol, 25%). An orange single crystal used for the diffraction study was prepared by the slow
evaporation of the THF solution of 17 placed at =30 °C. 'H NMR (400
MHz, thf-dg, 25 °C): 6-12.00 (br s, wy, = 10 Hz, 2H, RuH), 0.78 (br s, wy,
=6 Hz, 2H, NH,) 1.47 (s, 30H, CsMes), 2.06 (s, 15H, CsMes), 2.53-2.56 (br,
1H, H"), 6.17 (ddd, Juy = 8.8, 6.0, 1.2 Hz, 1H, H’), 6.63 (ddd, Jiy = 8.8, 6.0,
1.2 Hz, 1H, H*, 7.07 (d, Jun = 8.8 Hz, 1H, H°), 7.61 ppm (ddd, Jiyy; = 8.8,
1.2, 1.2 Hz, 1H, H°). °C NMR (100 MHz, thf-dg, 25 °C): 5 10.3 (q, Jen =
126Hz, CsMes), 12.3 (q, Jcu = 126 Hz, CsMes), 43.9 (br d, Jcy = 159 Hz,
C"), 76.5 (s, C*), 81.3 (s, CsMes), 91.6 (s, CsMes), 113.7 (dd, Jey = 156, 8.5
Hz, C°), 122.3 (dd, Joy = 155, 9.0 Hz, C*), 125.8 (s, C7), 132.2 (dd, Joy = 158, 6.6 Hz, C°), 149.8 (dd,
Jen =153, 7.2 Hz, C°). "B{'H} NMR (128.7 MHz, thf-ds, 25 °C): 5= 15.5 ppm (br s, BH). gHMQC
(thf-dg, 25 °C) oy-oc / (2.53-2.56)-43.9, 6.17-113.7, 6.63-122.3, 7.07-149.8, 7.61-132.2. gHMBC
(thf-dg, 25 °C) Sy-oc / (2.53-2.56)-125.8, 6.17-125.8, 6.17-132.2, 6.63-149.8, 7.07-122.3, 7.07-125.8,
7.61-113.7, 7.61-125.8. Anal. calcd for C3;Hs4sBNRus: C 53.75, H 6.58, N 1.69; found: C 53.82, H
6.74, N 1.77. IR (ATR): 2970, 2894, 2710, 1569, 1471, 1458, 1423, 1372, 1310, 1244, 1211, 1112,
1024, 959, 744 cm’™.

Irradiation of (Cp*Ru)3{,u3-r]z(ll)-PhCNH}(yg,-BH)(,u-H)z (16) with 436 nm light
16 (1.9 mg, 2.3 pmol) and C¢Dg (0.4 mL) were placed in an NMR tube equipped with J-YOUNG
valve together with 2,2.4,4-tetramethylpentane as an internal standard. Irradiation of this solution at

ambient temperature was performed with a high-pressure mercury lamp equipped with a band-path
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filter transmitting 436 nm light. After 24 hours irradiation, 'H NMR spectrum showed that 16 was
consumed by 11%, and an unidentified complex was formed in 2% yield.

"H NMR data for the product (400 MHz, C¢Dg, 25 °C): 6—2.51 (s, 2H, RuH), 1.63 (s, 15H, CsMes),
2.06 (s, 30H, CsMes), 6.00 (d, Jyy = 7.5 Hz, 2H, 0-Ph), 6.73 (t, Juy = 7.5 Hz, 2H, p-Ph), 6.90 ppm
(dd, Juyy = 7.5, 7.5 Hz, 2H, m-Ph).

Preparation of [(Cp*Ru)s{us-7°(//)-PhCNH}(15-BH)(u-H)s][BF 4] (18)
(Cp*Ru)3{y3—nz(//)—PhCNH}(,u3—BH)(,u—H)2 (16) (102.6 mg, 124.1 pumol) and Et,0 (20 mL) were
placed in a 50 mL Schlenk tube. HBF,-Et,0 complex (50 pL, 0.36 mmol) was added to the solution
at 0 °C and the solution was gradually warmed to ambient temperature and stirred for 20 minutes.
Then powdery orange solid was formed in the tube. The solid and Et,O were transferred into another
Schlenk tube and stirred for 60 minutes at ambient temperature. After removal of the solvent, the
residual solid was rinsed with Et,O. Drying under reduced pressure afforded orange solid of 18 (97.8
mg, 107 umol, 86%). An orange single crystal used for the diffraction study was prepared by the
slow evaporation of the THF solution of 18 stored at —30 °C.

'H NMR (400 MHz, thf-ds, 25 °C): 5-10.81 (wy,, = br s, 47 Hz, 1H, RuH), 1.76 (s, 15H, CsMes),
1.86 (br s, w, = 5.8 Hz, 30H, CsMes), 7.18-7.24 (m, 1H, p-Ph), 7.28-7.37 (m, 4H, 0-Ph & m-Ph),
8.68 (br s, wy» =224 Hz, 1H, BH), 10.20 ppm (br s, w;, = 12 Hz, 1H, NH). "H NMR (400 MHz,
thf-dg, —80 °C): 6-20.66 (s, 1H, RuH), —13.68 (br s, wy, =5 Hz, 1H, RuH), —10.99 (br s, wi, = 8
Hz, 1H, RuH), 1.70 (s, 15H, CsMes), 1.79 (s, 15H, CsMes), 1.96 (s, 15H, CsMes), 6.66 (d, Jyy = 7.5
Hz, 1H, 0-Ph), 7.25 (t, Jyq = 7.5 Hz, 1H, p-Ph), 7.32 (dd, Jyq = 7.5, 7.5 Hz, 1H, m-Ph), 7.39 (dd,
Jun = 7.5, 7.5 Hz, 1H, m-Ph), 7.97 (d, Jyu = 7.5 Hz, 1H, 0-Ph), 8.62 (br s, wy, = 33 Hz, 1H, BH),
10.20 ppm (br s, wi, = 5 Hz, 1H, NH). >C NMR (100 MHz, thf-dg, 25 °C): 5 11.1 (br q, Joy = 127
Hz, CsMes), 11.3 (q, Jcy = 126 Hz, CsMes), 96.4 (s, CsMes), 98.1 (s, CsMes), 128.2 (m, Ph), 128.3
(m, Ph), 128.6 (m, Ph), 146.1 (s, ipso-Ph), 186.5 ppm (s, CPh). °C NMR (100 MHz, thf-ds, —
80 °C): 6 10.6 (q, Jcu = 127 Hz, CsMes), 11.4 (q, Jeu = 127 Hz, CsMes), 11.5 (q, Jcy = 127 Hz,
CsMes), 96.0 (s, CsMes), 96.3 (s, CsMes), 97.8 (s, CsMes), 124.8 (d, Jcy = 163 Hz, 0-Ph), 126.8 (d,
Jeu = 159 Hz, m-Ph), 128.4 (d, Jcy = 161 Hz, p-Ph), 129.3 (d, Jcy = 118 Hz, m-Ph), 132.0 (d, Jcy =
157 Hz, 0-Ph), 145.6 (s, ipso-Ph), 184.6 ppm (s, CPh). "B{'H} NMR (128.7 MHz, thf-dg, 25 °C): &
= —1.0 ppm (s, BF,), 90.2 ppm (br s, BH). gHMQC (thf-ds, —80 °C) dy-oc / 6.66-132.0, 7.25-128.4,
7.32-126.8, 7.39-129.3, 7.97-124.8. gHMBC (thf-ds, —80 °C) oy-oc / 7.32-145.6, 7.39-145.6,
10.20-184.6. Anal. calcd for Cs37HssBoF4sN Rus: C 48.59, H 6.06, N 1.53; found: C 48.27, H 5.90, N
1.74. IR (ATR): 3240 (wnn), 2981, 2958, 2904, 2470 (van), 1474, 1455, 1379, 1333, 1283, 1256,
1226, 1115, 1072, 1014, 889, 839, 767, 704 cm’.

Preparation of [(Cp*Ru)s(u-H)s{us-7"-B(H)N(H)C(Ph)}I[BF] (19)
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[(Cp*Ru)s{-17°(//)-PhCNH} (155-BH)(1-H);][BF4] (18) (21.4 mg, 23.4 pmol) and THF (5.0 mL)
were placed in a 50 mL Schlenk tube. Irradiation of this solution at room temperature was performed
with a high-pressure mercury lamp equipped with a band-path filter transmitting 436 nm light for 45
hours with vigorous stirring. The color of the solution changed from reddish orange to orange. After
the removal of the solvent under reduced pressure, the residue was dissolved in THF (1.8 mL). Slow
cooling of the solution at —30 °C gave 14.0 mg amount of 19- THF (14.2 umol, 61%).

'H NMR (400 MHz, thf-ds, 25 °C): 6-21.73 (dd, Juy = 4.4, 4.4 Hz, 1H, RuH), —19.32 (dd, Jiyy =
4.4,4.4 Hz, 1H, RuH), —17.06 (dd, Juy = 4.4, 4.4 Hz, 1H, RuA), 1.68 (s, 15H, CsMes), 1.83 (s, 15H,
CsMes), 1.92 (s, 15H, CsMes), 7.20 (t, Jug = 7.2 Hz, 1H, p-Ph), 7.26 (dd, Jyy = 7.2, 7.2 Hz, 2H,
m-Ph), 7.49 (d, Jun = 7.2 Hz, 2H, 0-Ph), 9.62 ppm (br s, w,» = 17 Hz, 1H, NH). *C{'H} NMR (100
MHz, thf-dg, 25 °C): & 10.8 (CsMes), 11.4 (CsMes), 94.6 (CsMes), 95.3 (CsMes), 97.7 (CsMes),
127.7 (Ph), 128.0 (Ph), 128.5 (Ph), 149.0 ppm (ipso-Ph). "'B{'H} NMR (128.7 MHz, acetone-ds,
25 °C): 6= —0.194 (s, BF,), 46.3 ppm (br s, BH). IR (ATR): 3199 (wm), 2981, 2909, 2859, 2505
(vsn), 1457, 1377, 1244, 1195, 1175, 1117, 1065, 1026, 988, 909, 814, 762, 697, 652, 621 cm™'. Anal.
calcd for C37HssB,F4N Ruz - C4HgO4: C 49.90, H 6.44, N 1.42; found: C 49.71, H 6.48, N 1.76.

Irradiation of [(Cp*RU)3{ﬂ3-T]2(”)-PhCNH}(/l3-BH)(/l-H)3][BF4] (18) with 436 nm light at
5 °C, and decomposition of [(Cp*Ru)3(;1-H)3{p3-773-B(H)N(H)C(Ph)}][BF4] (19) under
thermal conditions

18 (3.7 mg, 4.0 umol) and thf-ds (0.45 mL) were placed in an NMR tube equipped with a J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. Irradiation of this solution at
5 °C was performed with a high-pressure mercury lamp equipped with a band-path filter transmitting
436 nm light. The reaction was periodically monitored by means of 'H NMR spectroscopy. After 31
hours irradiation at 5 °C, 18 was consumed by 88%, and formation of 19 was observed in the 'H
NMR spectrum together with small amount of orange precipitates. The yield of 19 was estimated at
82% by comparing the intensity of the signals of 19 with that of the internal standard. The maximum
yield of 19 was 87% after 8 hours irradiation, and the population was slightly decreased by further
irradiation. After the irradiation of light, the NMR tube was wrapped by aluminum foil to protect
from light, and kept at 5 °C for several hours. The reaction was also periodically monitored. 94 hours
later, the '"H NMR spectrum showed that the yield of 18 and 19 were estimated at 17 and 75%,
respectively. Then, the solution was heated at 50 °C for 107 hours. The almost full decomposition of

19 and formation of several unidentified species were observed by means of "H NMR spectroscopy.

Irradiation of [(Cp*Ru)g{/l:;'T]Z(”)'PhCNH}(/lg'BH)(/l'H)3][BF4] (18) with 490 nm light at
5°C
18 (3.5 mg, 3.8 umol) and thf-ds (0.45 mL) were placed in an NMR tube equipped with a J-YOUNG
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valve together with 2,2,4,4-tetramethylpentane as an internal standard. Irradiation of this solution at
5 °C was performed with a high-pressure mercury lamp equipped with a band-path filter transmitting
490 nm light. The reaction was periodically monitored by means of 'H NMR spectroscopy. After 31
hours irradiation at 5 °C, 18 was consumed by 91%, and formation of 19 was observed in the 'H
NMR spectrum together with small amount of orange precipitates. The yield of 19 was estimated at
77% by comparing the intensity of the signals of 19 with that of the internal standard. The maximum
yield of 19 was 78% after 20.5 hours irradiation, and the population was slightly decreased by

further irradiation.

Deprotonation of [(Cp*Ru)3(y-H)3{,u3-7]3-B(H)N(H)C(Ph)}][BF4] (19)

[(Cp*Ru); {,u3—772(//)—PhCNH}(,u3—BH)(,u—H)3][BF4] (18) (20.8 mg, 22.7 pmol) and THF (5.0 mL)
were placed in a 50 mL Schlenk tube. Irradiation of this solution at room temperature was performed
with a high-pressure mercury lamp equipped with a band-path filter transmitting 436 nm light for 45
hours with vigorous stirring. The color of the solution changed from reddish orange to orange. After
the removal of the solvent under reduced pressure, the residue was dissolved in THF (5.0 mL). Then,
0.1 M NaOH (300 pul, 30 pumol, 1.3 equiv) was added to the solution and the solvent was stirred for
10 minutes. The color of the solution immediately changed from orange to yellowish brown. After
removal of the solvent under reduced pressure, the residue was extracted with hexane (15 mL) and
filtrated through a short column packed with Celite. Drying under reduced pressure, the residue was
dissolved in THF (0.1 mL) and stored at —30 °C for several days. A 9.0 mg amount of an yellowish
brown solid proposed to be (Cp*Ru); {,u;—ff—B(H)C(Ph)N}(y—H)g was obtained (9.8 pumol, 47%).

'H NMR (400 MHz, thf-ds, 25 °C): §-23.37 (dd, Juy = 4.4, 4.4 Hz, 1H, RuH), —20.08 (dd, Jiy =
4.4,4.4 Hz, 1H, RuH), —17.73 (dd, Jyn = 4.4, 4.4 Hz, 1H, RuH), 1.55 (s, 15H, CsMes), 1.78 (s, 15H,
CsMes), 1.83 (s, 15H, CsMes), 6.99 (t, Juy = 7.2 Hz, 1H, p-Ph), 7.07 (dd, Juy = 7.2, 7.2 Hz, 2H,
m-Ph), 7.40 ppm (d, Juy = 7.2 Hz, 2H, 0-Ph). >C NMR (100 MHz, thf-dg, 25 °C): 5 11.0 (q, Jeyu =
126 Hz, CsMes), 11.5 (q, Jcy = 125 Hz, CsMes), 11.8 (q, Jcg = 125 Hz, CsMes), 91.5 (s, CsMes),
91.6 (s, CsMes), 93.7 (s, CsMes), 125.1 (d, Jeu = 158 Hz, Ph), 126.5 (d, Jcy = 155 Hz, Ph), 128.8 (d,
Jen =158 Hz, Ph), 155.5 ppm (s, ipso-Ph). "B{'"H} NMR (128.7 MHz, thf-ds, 25 °C): 5= 58.6 ppm
(br s, BH). IR (ATR, cm’™"): 3063, 2976, 2952, 2898, 2456 (VBH), 1595, 1481, 1442, 1372, 1208,
1069, 1024, 921, 900, 820, 777, 727, 701, 666, 635, 618, 605. Anal. calcd for C;;Hs4B{N;Ru;: C
53.75,H 6.58, N 1.69; found: C 53.36, H 6.58, N 1.86.

Chapter 4
Preparation of (Cp*Ru)s(us-BH)(1-H)4(u-12-NC5Hy) (25)
(Cp*Ru)z(15-BH)(1-H); (4) (44.8 mg, 61.9 umol), toluene (5.0 mL) and pyridine (150 ul, 1.86
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mmol, 30 equiv) were placed in a Schlenk tube equipped with a J-YOUNG valve. The solution was

stirred for 42 hours at ambient temperature. The color of the 4 3
solution turned from dark orange to dark red. After the solvent was 5 / \

2
removed under reduced pressure, the residual solid was extracted N~

1

with toluene and filtrated through a short column packed with Cp* Ru —|=H~ ~Ru-Cp*

Celite. Drying under reduced pressure, the residue was purified by H \ // I
the recrystallization from toluene (2 mL) solution stored at —30 °C. p* \l / i
A 14.3 mg amount of 25 was obtained as dark red crystals (17.8 I!I

pmol, 29%). 25

'H NMR (400 MHz, thf-dg, 25 °C): §—15.47 (s, 1H, RuHRu), —

14.43 (s, 1H, RuHRu), —12.12 (s, 1H, RuHRu), —11.26 (br s, wy» = 50 Hz, 1H, RuHB), 1.74 (s,
15H, CsMes), 1.77 (s, 15H, CsMes), 1.88 (s, 15H, CsMes), 6.08 (ddd, Juyy = 6.0, 7.0, 1.4 Hz, 1H,
C*H), 6.54 (ddd, Juyy = 7.0, 7.7, 1.3 Hz, 1H, C’H), 6.87 (dd, Jun = 7.7, 1.4 Hz, 1H, C*H), 7.56 (dd,
Jun = 6.0, 1.3 Hz, 1H, C’H), 6-7.7 ppm (br s, wy» = 263 Hz, 1H, BH). °*C NMR (100 MHz, thf-ds,
25 °C): 6 11.3 (q, Jon = 126 Hz, CsMes), 11.8 (q, Jou = 126 Hz, CsMes), 12.8 (q, Joy = 126 Hz,
CsMes), 87.7 (s, CsMes), 90.8 (s, CsMes), 93.6 (s, CsMes), 114.5 (dd, Jey = 162, 7 Hz, C*), 127.8 (dd,
Jen =157, 7 Hz, C%), 131.6 (dd, Jey = 159, 6 Hz, C%), 148.8 (d, Joy = 173, C%), 197.0 ppm (s, C").
"B{'H} NMR (128.7 MHz, thf-ds, 25 °C): 88.6 ppm (br s, z5-BH). gHMQC (thf-ds, 25 °C) &y-6c /
6.08-114.5, 6.54-127.8, 6.87-131.6, 7.56-148.8. gHMBC (thf-ds, 25 °C) &-6c / 6.08-148.8,
6.08-131.6, 6.54-148.8, 6.54-197.0, 6.87-114.5, 6.87-197.0, 7.56-114.5, 7.56-127.8, 7.56-197.0. Anal.
calcd for C35Hs4B N Ru;: C 52.36, H 6.78, N 1.74; found: C 52.65, H 6.89, N 1.85. IR (ATR, cm'l):
2973, 2950, 2893, 2845, 2711, 2416 (vi), 1867 (Viunos), 1568, 1537, 1474, 1456, 1436, 1402,
1370, 1260, 1253, 1205, 1149, 1100, 1066, 1024, 947, 857, 821, 733, 671.

Reaction of (Cp*Ru);(u3-BH)(u-H); (4) with pyridine-ds at ambient temperature

4 (2.3 mg, 3.2 pmol), C¢D¢ (0.4 mL) and pyridine-ds (0.1 mL) were placed in an NMR tube
equipped with a J-YOUNG valve. The reaction was periodically monitored by means of 'H NMR
spectroscopy. The color of the solution turned from brown to dark red. 3 hours later, 4 was consumed
completely and formation of (Cp*Ru)s(t5-BZ)(u-Z)4(1-1°-NCsDy) (25-d) (Zs = HyD,) was observed
by means of '"H NMR spectroscopy.

Reaction of (Cp*Ru)s(u3-H)2(u-H); (3) with pyridine-ds at ambient temperature

(Cp*Ru)z(15-H)o(1-H)s (3) (5.6 mg, 7.8 umol) and pyridine-ds (0.4 mL) were placed in an NMR
tube equipped with a J-YOUNG valve. The reaction was periodically monitored by means of 'H
NMR spectroscopy. H/D exchange reaction between 3 and mainly hydrogen atoms at ortho position

of pyridine-ds proceeded. 3 days later, almost all hydrido ligands of 3 were deuterated to produce
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(Cp*Ru)s(15-D)2(1-D); (3-d). Small amount of an unidentified complex (6 1.66 ppm) was also

formed.

Reaction of (Cp*Ru);(u3-BOMe)(u-H); (6) with pyridine-ds at ambient temperature

6 (2.1 mg, 2.8 pmol), C¢Ds (0.4 mL) and pyridine-ds (0.1 mL) were placed in an NMR tube
equipped with a J-YOUNG valve together with 2,2 4 4-tetramethylpentane as an internal standard.
The reaction was periodically monitored by means of "H NMR spectroscopy. 3 days later, 11% of 6
was consumed and small amount of unidentified products (6 1.80, 1.87, 1.98 ppm) were formed.
H/D exchange reaction of 6 also very slowly proceeded and 8% of hydrido protons of 6 was

deuterated.

Reaction of (Cp*Ru);(u3-BH)(u-H); (4) with D,

4 (9.0 mg, 12 gmol) and C¢Dg¢ (0.4 mL) were placed in an NMR tube equipped with a J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. After the solution was
evacuated using a dry ice / MeOH bath, 1 atm of D, gas was transferred into the tube. The reaction
was periodically monitored by means of 'H NMR spectroscopy at ambient temperature. The
appearance of hydrido signals derived from (Cp*Ru);(15-BD)(1~H)s, (Cp*Ru);(153-BH)(1-H),(1-D),
(Cp*Ru)s(13-BD)(1-H)o(4-D), (Cp*Ru)s(u5-BH)(1-H)(1-D), and (Cp*Ru)s(u3-BD)(1-H)(1-D), was
observed as the reaction proceeded. 23 hours later, 85% of the hydrido signal of 4 was deuterated.
Although it was difficult to estimate the exact value of the deuterated rate of 15-BH proton, most of

them were considered to be deuterated after the reaction.

Chapter 5

Irradiation of (Cp*Ru)s{ss-1%7°(L)-PhCCH}(5-BH)(1-H) (8) with 313 nm light in the
presence of H,0

(Cp*Ru)s{5-17: 177 (L)-PhCCH} (115-BH)(1-H) (8) (2.4 mg, 2.9 umol) and C¢Ds (0.4 mL), containing
small amount of H,O (0.8 equiv), were placed in an NMR sample tube equipped with a J-YOUNG
valve together with 2,2.4 4-tetramethylpentane as an internal standard. After the solution was
evacuated using a liquid dry ice / methanol bath, 1 atm of argon gas was transferred into the tube.
Irradiation of this solution at room temperature was performed with a high-pressure mercury lamp
equipped with a band-pass filter transmitting 313 nm light. After irradiation for 52 hours, 83% of 8
was consumed, and formation of (Cp*Ru)s{us-17:1°(L)-PhCCH}(15-BO)(u-H), (31) and several
unidentified paramagnetic by-products were observed in 'H NMR spectrum. The yield of 31 was
estimated at 32% by comparing the intensity of the signal derived from 31 with that of the internal

standard.
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Reaction of (Cp*Ru)s{us-1%: 7°(L)-PhCCH}(us-BH)(1-H) (8) with oxygen gas

8 (3.0 mg, 3.6 umol) and C¢Dg (0.4 mL), was placed in an NMR sample tube equipped with a
J-YOUNG valve together with 2,2,4,4-tetramethylpentane as an internal standard. After the solution
was evacuated using a liquid dry ice / methanol bath, 1 atm of oxygen gas was transferred into the
tube. The reaction was periodically monitored by means of "H NMR spectroscopy for 3 days. 8 was
gradually decomposed, and unidentified several products were observed in 'H NMR spectrum.

(Cp*Ru)s {317 1°(L)-PhCCH } (15-BO)(1-H), (31) was not formed at all.

Preparation of (Cp*Ru)s{us-n% 7°(L)-PhCCH}(15-BO)(u-H); (31)
(Cp*Ru)s{5-17:17°(L)-PhCCH} (15-BH)(1-H) (8) (36.8 mg, 44.7 umol), THF (10 mL), and H,0 (1
mL) were placed in a 50 mL Schlenk tube equipped with a reflux condenser connected to an argon
line and sealed with a paraffin bubbler, and the solution was heated at 50 °C for 24 hours with
vigorous stirring. The color of the solution turned from brown to dark-green. The solvent was then
removed under reduced pressure, and the residual solid, containing 31 and 8 in a ratio of 97:3, was
extracted with toluene (2 mL) and purified by column chromatography on alumina (Merck, Art. No.
1097). After the first brown band containing 8 in the column had been removed with toluene, the
second green band containing 31 was collected with THF as an eluent. Drying under reduced
pressure afforded 31 as a dark-green solid (30.0 mg, 35.7 umol, 80%).

'H NMR (400 MHz, thf-ds, 25 °C): §-3.25 (s, 1H, RuH), 1.62 (s, 15H, CsMes), 2.00 (s, 30H,
CsMes), 5.48 (d, Juy = 7.6 Hz, 2H, 0-Ph), 6.49 (t, Jyq = 7.6 Hz, 1H, p-Ph), 6.72 (dd, Juy = 7.6, 7.6
Hz, 2H, m-Ph), 9.57 ppm (s, 1H, PhCCH). °C NMR (100 MHz, thf-ds, 25 °C): 5 11.0 (q, Jon = 126
Hz, CsMes), 11.7 (q, Jcu = 126 Hz, CsMes), 55.9 (s, PhCCH), 89.2 (s, CsMes), 93.8 (s, CsMes),
121.7 (d, Jeu = 156 Hz, p-Ph), 124.7 (ddd, Jcy = 155, 6.8, 6.8 Hz, 0-Ph), 126.9 (dd, Jcy = 154, 8.1
Hz, m-Ph), 144.4 (s, ipso-Ph), 174.9 ppm (d, Jcy = 186 Hz, PhCCH). "B{'H} NMR (128.7 MHz,
CeDg, 25 °C): 6 42.7 ppm (br s, BO). gHMQC (thf-dg, 25 °C) oy-Oc / 5.48-124.7, 6.49-121.7,
6.72-126.9, 9.57-174.9. gHMBC (thf-ds, 25 °C) Sy-Oc / 9.57-55.9. Anal. calcd for C33Hs3B10Rus: C,
54.34; H, 6.36. Found: C, 54.18; H, 6.34. IR (KBr, cm™): 3052, 2975, 2956, 2898, 2714, 1672(viep0),
1623(v1180), 1586, 1469, 1374, 1261, 1072, 1029, 804, 753, 697, 410.

Preparation of (Cp*Ru)s{u3-r% 7°(1)-PhCCH}(1-B"20)(1-H), (31-'20)

(Cp*Ru)s{i5-17:17°(L)-PhCCH} (15-BH)(-H) (8) (16.0 mg, 19.4 pumol), THF (2.5 ml) and H,'*O
(100 pl, 5.6 mmol) were placed in a 50 mL Schlenk tube equipped with a reflux condenser
connected to an argon line and sealed with a paraffin bubbler. The solution was heated at 50 °C for
24 hours with vigorous stirring. The color of the solution turned from brown to dark-green. The
solvent was then removed under reduced pressure, and the residual solid, containing 31-'*0 as a

major product, was extracted with toluene (2 mL) and purified by column chromatography on
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alumina (Merck, Art. No. 1097). After the green band containing 31-"*0 in the column was collected
with THF as an eluent, drying under reduced pressure afforded 31-'*0 as a dark-green solid (30.0
mg, 35.7 umol, 80%).

IR (KBr, cm™): 2977, 2954, 2899, 1639 (v'°B"*0), 1588 (v''B'*0), 1471, 1374, 1204, 1071, 1029,
753, 697.

Preparation of [(Cp*Ru)s{us-7°: 1°(1)-PhCCH}(15-BOH)(u-H)1[BF 4] (32)

(Cp*Ru); {y3—772:UZ(J_)—PhCCH}(,uyBO)(/J—H)z (31) (29.3 mg, 35.4 pmol) and Et,O (15 mL) were
placed in a 50 mL Schlenk tube. Et,O solution of HBF, (0.5 mL, 187 umol) was then added slowly
to the solution at 0 °C. The solution was stirred for 5 minutes. Then dark green precipitate was
formed in the tube. After removal of the solvent at 0 °C, the residual solid was rinsed with Et,O at
0 °C. Drying under reduced pressure afforded 32 as a green solid (25.8 mg, 27.8 umol, 79%).

'"H NMR (400 MHz, CD;0D, 25 °C): § —3.95 (br s, wy, = 22 Hz, 2H, RuH), 1.60 (br s, w;,, = 12 Hz,
15H, CsMes), 2.06 (br s, wy, = 17 Hz, 30H, CsMes), 5.61 (br d, Jug = 7.6 Hz, 2H, 0-Ph), 6.70 (br t,
Jun = 7.6 Hz, 1H, p-Ph), 6.92 (dd, Juyy = 7.6, 7.6 Hz, 2H, m-Ph), 9.74 ppm (br s, wy, = 21 Hz, 1H,
PhCCH). 'H NMR (400 MHz, CD;0D, —60 °C): § —3.91 (br s, wy, = 13 Hz, 2H, RuH), 1.55 (s,
CsMes), 2.04 (s, 30H, CsMes), 5.60 (d, Jyy = 7.4 Hz, 2H, o-Ph), 6.68 (t, Jyy = 7.4 Hz, 1H, p-Ph),
6.92 (dd, Jyy = 7.4, 7.4 Hz, 2H, m-Ph), 9.84 ppm (br s, wi, = 6 Hz, 1H, PhCCH). 'H NMR (400
MHz, thf-dg, 25 °C): 6 —4.06 (s, 2H, RuH), 1.60 (s, 15H, CsMes), 2.05 (s, 30H, CsMes), 5.62 (d, Juu
= 7.2 Hz, 2H, 0-Ph), 6.68 (t, Jun = 7.2 Hz, 1H, p-Ph), 6.90 (dd, Jyy = 7.2, 7.2 Hz, 2H, m-Ph), 8.68
(br s, wy, = 13 Hz, 1H, OH), 9.78 ppm (s, 1H, PhCCH). IR (ATR, cm™): 3299 (von), 2955, 2901,
1588, 1479, 1375, 1340, 1124, 1082, 1024, 1082, 1024, 985, 858, 759, 699. Anal. calcd for
CigHs4BoF,01Ru;: C 49.20, H 5.87; found: C 49.22, H 6.02.

Preparation of (Cp*Ru)g{pg-rf:nz-(J_)-PhCCH}(,uyBOBF3)(y-H)2 (33)

[(Cp*Ru)s { 13- 177:17°(L)-PhCCH} (115-BOH)(1-H),][BF4] (32) (20.4 mg, 22.0 pmol) and THF (10
mL) were placed in a Schlenk tube equipped with a J-YOUNG valve. The solution was allowed to
stir for 5 hours at 50 °C. The color of the solution did not change. Then the solvent was removed
under reduced pressure, the residue solid, containing 33 as a major product, was extracted with THF
(5 mL) and purified by column chromatography on alumina (Merck, Art. No. 1097). After the green
band containing 33 in the column was collected with THF as an eluent, drying under reduced
pressure afforded 33 as a dark-green solid (17.5 mg, 19.3 umol, 88%).

'H NMR (400 MHz, thf-ds, 25 °C): & —3.94 (s, 2H, RuH), 1.60 (s, 15H, CsMes), 2.04 (s, 30H,
CsMes), 5.60 (d, Jyn = 7.2 Hz, 2H, 0-Ph), 6.61 (t, Juy = 7.2 Hz, 1H, p-Ph ), 6.84 (dd, Juyn =7.2, 7.2
Hz, 2H, m-Ph), 9.73 ppm (s, 1H, PhACCH). '"H NMR (400 MHz, CD,Cl,, 25 °C): §= —4.03 (s, 2H,
RuH), 1.57 (s, 15H, CsMes), 2.01 (s, 30H, CsMes), 5.55 (d, Jun = 7.2 Hz, 2H, 0-Ph), 6.66, (t, Jun =
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7.2 Hz, 1H, p-Ph ), 6.88 (dd, Juy = 7.2, 7.2 Hz, 2H, m-Ph), 9.60 ppm (s, 1H, PhCCH). °C NMR
(100 MHz, thf-dg, 25 °C): §10.7 (q, Jeu = 126 Hz, CsMes), 11.5 (q, Jeu = 126 Hz, CsMes), 54.8 (s,
PhCCH), 91.8 (s, CsMes), 97.4 (s, CsMes), 122.9 (d, Joy = 156 Hz, p-Ph), 124.9 (d, Jey = 155 Hz,
0-Ph), 127.7 (dd, Jey = 157, 8.5 Hz, m-Ph), 141.2 (s, ipso-Ph), 177.6 ppm (d, Joy = 192 Hz,
PhCCH). *C NMR (100 MHz, CD,Cl,, 25 °C): 5§10.5 (q, Jeu = 126 Hz, CsMes), 11.5 (q, Jey = 126
Hz, CsMes), 54.2 (s, PhCCH)*, 91.6 (s, CsMes), 97.1 (s, CsMes), 122.5 (d, Joy = 156 Hz, p-Ph),
124.3 (d, Jey = 155 Hz, 0-Ph), 127.5 (dd, Jey = 155 Hz, m-Ph), 140.3 (s, ipso-Ph), 177.5 ppm (d,
Jen = 191 Hz, PhCCH). * confirmed by gHMBC. ''B{'H} NMR (128.7 MHz, thf-ds, 25 °C): 6= —
2.1 (s, BF3), 64.2 ppm (br, BO). "'B{'"H} NMR (128.7 MHz, CD,Cl,, 25 °C): §= —2.7 (s, BF), 66.8
ppm (br, BO). gHMQC (thf-ds, 25 °C) &y-6c / 5.59-124.9, 6.61-122.9, 6.84-127.7, 9.74-177.6
gHMBC (thf-dg, 25 °C) 8y-6c / 9.74-54.8. gHMQC (CD,Cly, 25 °C) &8¢ / 5.55-124.3, 6.88-127.5.
gHMBC (CD,Cl,, 25 °C) 8y-dc / 5.55-122.5, 6.66-124.3, 6.88-140.3, 9.60-54.2. Anal. calcd for
C;3Hs3B,F30:Rus: C 50.28, H 5.89; found: C 50.27, H 5.95.

Reaction of [(Cp*Ru)s{is-1: 7°(L)-PhCCH}(u5-BOH)(1-H)-1[BF 4] (32) with Et,NH

32 (49.3 mg, 53.1 pumol) and THF (12 mL) were place in a 50 mL Schlenk tube. Et;NH (30 pL, 5.5
equiv) were added to the solution at 0 °C and stirred for 20 minutes at the temperature. Then the
solvent was removed under reduced pressure and a dark green solid containing 31-[Et,NH,][BF,]
and 33 in a ratio of 93:7 was obtained.® The residue was extracted with toluene (20 mL) and purified
by column chromatography on alumina (Merck, Art. No. 1097). After the first light green band
containing 33 (1.4 mg) in the column was removed with the mixed solvent of THF and toluene in a
ratio of 1:1, the second green band containing 31 was collected with THF as an eluent. Drying under

reduced pressure afforded 31 as a dark-green solid (38.7 mg, 46.0 umol, 87%).

Reaction of [(Cp*Ru)3{,u3-772: T]z(J_)'PhCCH}(ﬂg'BOH)(/[‘H)z][BF4] (32) with NaOH
32 (26.6 mg, 28.7 umol) and THF (12 mL) were place in a 50 mL Schlenk tube. 0.1 M NaOH aq

(1.6 mL, 5.5 equiv) were added to the solution at 0 °C and stirred for 20 minutes at the temperature.

¥ In thf-dy at room temperature, 31-[Et,NH;][BF4] was slowly converted to 33. After 126 hours
later, '"H NMR spectrum showed that the ratio of 31-[Et,NH,][BF,] and 33 was estimated at 72:28,
and the Cp* signals derived from 31-[Et,NH,][BF,] was shifted and the line width became narrow
owing to the proceeding of the dissociation reaction of [Et;NH,][BF;] from the complex.
31-[Et,NH;][BF,] (after 15 min): 'H NMR (400 MHz, thf-dg, 25 °C): 6 1.26 (t, Jyy = 7.2 Hz, 6H,
NCH,CH»), 1.84 (br s, wy» = 14 Hz, 15H, CsMes), 2.29 (br s, wy;, = 22 Hz, 30H, CsMes), 2.99 (q,
Jun = 7.2 Hz, 4H, NCH,CH3), 5.43 (d, Juu = 7.6 Hz, 2H, o-Ph), 6.47 (t, Juy = 7.6 Hz, 1H, p-Ph ),
6.74 (dd, Jug = 7.6, 7.6 Hz, 2H, m-Ph).

31-[Et,NH,][BF,] (after 126 h): 'H NMR (400 MHz, thf-ds, 25 °C): & —3.41 (br s, w1, = 54 Hz, 2H,
RuH), 1.28 (t, Juy = 7.2 Hz, 6H, NCH,CH5), 1.62 (s, 15H, CsMes), 2.01 (s, 30H, CsMes), 3.02 (q,
Jun = 7.2 Hz, 4H, NCH,CH5), 5.49 (d, Jyq = 7.2 Hz, 2H, 0-Ph), 6.51 (t, Jyy = 7.2 Hz, 1H, p-Ph ),
6.74 (dd, Juy = 7.2, 7.2 Hz, 2H, m-Ph), 9.58 (br s, wy, = 18 Hz, 1H, PhCCH).

273



Then the solvent was removed under reduced pressure and a dark green solid containing 31 and 33
in a ratio of 96:4 was obtained. The residue was extracted with toluene (20 mL) and purified by
column chromatography on alumina (Merck, Art. No. 1097). After the first light green band
containing 33 (2.0 mg) in the column was removed with the mixed solvent of THF and toluene in a
ratio of 1:1, the second green band containing 31 was collected with THF as an eluent. Drying under

reduced pressure afforded 31 as a dark-green solid (16.8 mg, 20.0 umol, 70%).

Decomposition of (Cp*Ru)3{,u3-7]2:T]Z(J_)-PhCCH}(,u;:,-BOBF3)(y-H)2 (33) with Et,NH at
80 °C

(Cp*Ru)s{5-17:17°(L)-PhCCH} (15-BOBF;3)(-H), (33) (15.9 mg, 17.5 pmol), THF (8 mL) and
Et,NH (250 ul, 2.42 mmol) were placed in a Schlenk tube equipped with a J-YOUNG valve. The
solution was heated at 80 °C for 24 hours with vigorous stirring and then the solvent was removed
under reduced pressure. The 'H NMR spectrum of the residual solid showed that 31 and 33 were

formed in a ratio of 90:10.

Reaction of (Cp*Ru)3{;13-7]2:7]2(J_)-PhCCH}(;zg-BO)(,u-H)z (31) with CO gas

31 (3.0 mg, 3.6 umol) and C¢Dg (0.4 mL) were placed in an NMR tube equipped with J-YOUNG
valve together with 2,2,4,4-tetramethylpentane as an internal standard. After the solution was
evacuated using a liquid N, bath, 1 atm of CO gas was transferred into the tube. The reaction was
performed at ambient temperature for 1 day. 'H NMR spectrum showed that 31 remained

unchanged.

Preparation of (Cp*Ru)s{us-n%(//)-PhCCH}(u5-BH)(4-CO)(u-H) (35)
(Cp*Ru)3{,u3—772:nz(J_)—PhCCH}(,u—BH)(,u—H) (8) (33.0 mg, 40.1 umol) and toluene (4 mL) were
placed in a 50 mL Schlenk tube. After the solution was evacuated using a liquid N, bath, 1 atm of
CO gas was transferred into the tube. The reaction was performed at ambient temperature for 21
hours. Then the color of the solution turned from yellowish brown to orange. Drying under reduced
pressure afforded (Cp*Ru)s{u-17°(//)-PhCCH} (15-BH)(1-CO)(1-H) (35) as an orange solid (33.9
mg, 39.8 umol, 99%).

'"H NMR (400 MHz, thf-ds, 25 °C): §= —13.35 (s, RuH), 1.60 (s, 15H, CsMes), 1.76 (s, 15H, CsMes),
1.80 (s, 15H, CsMes), 6.85 (dd, Juy = 7.2, 1.2 Hz, 2H, 0-Ph), 6.90 (tt, Jyy = 7.2, 1.2 Hz, 1H, p-Ph),
7.03 (t, Jun = 7.2 Hz, 2H, m-Ph), 7.94 ppm (s, 1H, PhACCH). >C NMR (100 MHz, thf-ds, 25 °C): 5=
10.5 (g, Jon = 125 Hz, CsMes), 10.8 (q, Jcu = 125 Hz, CsMes), 11.8 (q, Jen = 125 Hz, CsMes), 95.1
(s, CsMes), 96.5 (s, CsMes), 97.2 (s, CsMes), 124.1 (dt, Jey = 158, 8 Hz, m-Ph), 127.2 (dd, Jcy = 156,
8 Hz, 0-Ph), 129.2 (dt, Jon = 157, 8 Hz, p-Ph), 151.7 (s, PhACCH), 157.5 (s, ipso-Ph), 162.0 (d, Jon =
151 Hz, PhCCH), 239.8 ppm (s, #~-CO). ""B{'"H} NMR (128.7 MHz, C¢Ds, 25 °C): = 121.1 ppm
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(br, t5-BH). gHMQC (thf-ds, 25 °C) dy-oc / 6.90-129.2, 7.94, 162. gHMBC (thf-ds, 25 °C) oy-oc /
6.90-124.1, 7.03-127.2, 7.94-151.7. Anal. calcd for C;yHs;BORus: C, 54.99; H, 6.27; found C,
55.03; H, 6.22. IR (KBr, cm™): 3049, 2978, 2951, 2897, 2850, 2715, 2493, 2424 (vgy), 1742 (vVco),
1664, 1639, 1591, 1486, 1373, 1286, 1173, 1070, 1027, 980, 876, 792, 752, 701, 633, 603, 563, 541,
463, 424. Anal. calcd for C33H47B104Rus: C 48.23, H 5.76; found: C 48.32, H 5.95.

Reaction of (Cp*Ru)s{us-n*:7°(L)-PhCCH}(us-BH)(1-H) (8) with H,O (50 °C, closed
system)

8 (38.5 mg, 46.7 umol), THF (10 mL) and H,O (1 mL) were placed in a 50 mL Schlenk tube
equipped with a J-YOUNG valve, and the solution was heated at 50 °C for 24 hours with vigorous
stirring. The color of the solution turned from brown to orange-brown. The solvent was then
removed under reduced  pressure, and  the residual solid, containing 8,
(Cp*Ru)s {3-17:17°(L)-PhCCH} (4-BO) (-H), (31), and (Cp*Ru)s {4s5-17-B(OH)C(H)C(Ph)}(1-H)s
(36) in a ratio of 49:1:50, was extracted with toluene (2 mL) and purified by column
chromatography on alumina (Merck, Art. No. 1097). After the first brown band containing 8 in the
column with toluene as an eluent was collected, the second orange band containing 36 and the third
green band containing 31 were respectively collected with THF as an eluent. Drying under reduced
pressure afforded 8 as a brown solid (12.5 mg, 15.1 umol, 32%), 36 as an orange solid (16.1 mg,
19.1 umol, 41%), and 31 as a green solid (4.4 mg, 5.2 umol, 11%), respectively.

Reaction of (Cp*Ru)s{us-r:7°(L)-PhCCH}(15-BH)(1-H) (8) with H,O (80 °C, open
system)

8 (25.5 mg, 31.0 umol), THF (10 mL) and H,O (1 mL) were placed in a 50 mL Schlenk tube
equipped with a reflux condenser connected to an argon line and sealed with a paraffin bubbler, and
the solution was heated at 80 °C for 24 hours with vigorous stirring. The color of the solution turned
from brown to yellowish brown. The solvent was then removed under reduced pressure, and the
residual solid, containing 8, (Cp*Ru)s{ss-77":7°(L)-PhCCH}(1-BO)(w-H), (31) and (Cp*Ru)s
{15~ -B(OH)C(H)C(Ph)} (1-H); (36) in a ratio of 47:4:49, was extracted with toluene (2 mL) and
purified by column chromatography on alumina (Merck, Art. No. 1097). After the first brown band
containing 8 in the column with toluene as an eluent was collected, the second orange band
containing 36 and the third green band containing 31 were respectively collected with THF as an
eluent. Drying under reduced pressure afforded 8 as a brown solid (8.9 mg, 11 pumol, 35%), 36 as an
orange solid (7.3 mg, 8.7 umol, 28%) and 31 as a green solid (2.2 mg, 2.6 umol, 8.4%), respectively.

Preparation of (Cp*Ru)3{,u3-773-B(0H)C(H)C(Ph)}(y-H)3 (36)
8 (26.8 mg, 32.5 umol), THF (10 mL) and H,O (1 mL) were placed in a 50 mL Schlenk tube
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equipped with a J-Young valve, and the solution was heated at 80 °C for 24 hours with vigorous
stirring. The color of the solution turned from brown to orange. The solvent was then removed under
reduced pressure, and the residual solid, containing (Cp*Ru); {/13—773—B(OH)C(H)C(Ph)}(/1—H)3 (36)
as a major product, was extracted with toluene (2 mL) and purified by column chromatography on
alumina (Merck, Art. No. 1097). After the orange band containing 36 and the green band containing
31 in the column with THF as an eluent were respectively collected, drying under reduced pressure
afforded 36 as an orange solid (18.5 mg, 22.0 pmol, 68%) and 31 as a green solid (1.2 mg, 1.4 pmol,
4%, respectively.

'H NMR (400 MHz, thf-ds, 25 °C): 5= —23.44 (dd, Juy = 4.4, 4.4 Hz, 1H, RuH), —19.71 (dd, Juy =
4.4,4.4 Hz, 1H, RuH), —18.77 (dd, Juyy = 4.4, 4.4 Hz, 1H, RuH), 1.59 (s, 15H, CsMes5), 1.73 (s, 15H,
CsMes), 1.87 (s, 15H, CsMes), 3.40 (s, 1H, -OH), 6.96 (t, Juy = 7.2 Hz, 1H, p-Ph), 7.09 (dd, Juyy =
7.2,7.2 Hz, 2H, m-Ph), 7.17 (d, Jun = 7.2 Hz, 2H, 0-Ph), 7.24 ppm (s, 1H, PhCCH). *C NMR (100
MHz, thf-dg, 25 °C): 6= 11.3 (q, Jcu = 125 Hz, Cp*-Me), 11.5 (q, Jcu = 125 Hz, Cp*-Me), 11.5 (q,
Jeu = 125 Hz, Cp*-Me), 90.8 (s, Cp*-ring), 91.6 (s, Cp*-ring), 91.9 (s, Cp*-ring), 124.5 (d, Jcu =
158 Hz, p-Ph), 126.9 (d, Jcy = 156 Hz, m-Ph ), 129.6 (d, Jcu = 157 Hz, 0-Ph), 138.1 (d, Jcy = 157
Hz, PhCCH), 145.2 (s, ipso-Ph), 152.3 ppm (s, PACCH). "B{'H} NMR (128.7 MHz,C¢Ds, 25 °C): &
= 57.6 ppm (br, BOH). gHMQC (thf-ds, 25 °C) Sy-oc / 6.96-124.5, 7.09-126.9, 7.17-129.6,
7.24-138.1. gHMBC (thf-dg 25 °C) oy-oc / 7.17-145.3, 7.24-152.3. Anal. calcd for C33HssB1ORu;:
C, 54.21; H, 6.58. Found: C, 53.88; H, 6.37. IR (benzene, cm'l): 3621 (von), 2952, 2914, 2898, 2877,
2714, 1937, 1672, 1593, 1441, 1374, 1265, 1236, 1070.

Reaction of (Cp*Ru)s{us-77°-B(H)C(H)C(Ph)}(x-H); (9) with H,0

9 (24.9 mg, 30.2 pmol), THF (2mL) and H,O (0.5 mL) were placed in a Schlenk tube equipped with
J-YOUNG valve. The solution was heated at 80 °C for 48 hours with vigorous stirring. The solvent
was then removed under reduced pressure. The residual orange solid was analyzed by means of 'H

NMR spectroscopy, and the 'H NMR spectrum showed that all of 9 remained unchanged.

Reaction of (Cp*Ru)s{us-1%: °(L)-PhCCH}(us-BH)(-H) (8) with MeOH at 80 °C

8 (16.6 mg, 20.1 pmol) and THF (3.0 mL) were placed in a 50 mL Schlenk tube. The solution was
evenly divided into six NMR tubes equipped with a J-YOUNG valve. After the solvents were
removed under reduced pressure, 0.5 mL of mixed solvent of THF and MeOH in a ratio of 5:1 was
added to the each tube. The solutions were heated at 80 °C for 1, 3, 6, 12, 24 and 48 hours
respectively. Drying under reduced pressure, residual solids were dissolved in C¢Dg (0.4 mL)
respectively, and analyzed by means of 'H NMR spectroscopy. The results were summarized in
Figure 5-4-4. It clearly showed that (Cp*Ru){zs-17":1°(L)-PhCCH}(15-BOMe)(u-H) (37) was
produced finally via the formation of (Cp*Ru){zs-1°(//)-PhCCH}(15-BOMe)(u-H); (34) as an
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intermediate. 34 and 37 were previously characterized by Okamura.’

Preparation of (Cp*Ru);(u-BO)(u-H)s(us-H) (38)

(Cp*Ru);(15-BH)(1-H); (4) (992.7 mg, 1.372 mmol), THF (30 mL), H,O (480 pl, 26.7 mmol, 19
equiv) and Et,NH (780 pl, 8.19 mmol, 6 equiv) were placed in an 100 mL Schlenk tube equipped
with a J-YOUNG valve. The solution was stirred for 7 days at ambient temperature. The color of the
solution turned from dark orange to dark brown. Then the solvent was removed under reduced
pressure. The 'H NMR spectrum of the residual solid showed that 38 and (Cp*Ru);(z5-H).(1-H); (3)
was formed in a ratio of 87:13, and 4 was consumed completely. Toluene (50 mL) and
1,3-cyclohexadiene (1.2 mL, 13 mmol) were added to the mixture, and stirred for 9 hours at ambient
temperature. Drying under the reduced pressure afforded a black-purple solid containing 38 and
(Cp*Ru)s(p3-177: 1772 177:-CeHe)(1-H)3 (39) in a ratio of 79:21 as major products.'® The mixture was
extracted with toluene and filtered through a short column packed with Celite to remove B(OH);.
The solvent was removed under reduced pressure, the residue was extracted with acetonitrile at 0 °C,
and filtered through a short column packed with Celite again to remove 39. Drying under reduced
pressure, the residue was purified by the recrystallization from toluene (4 mL) solution stored at —30
°C. A 432.4 mg amount of 38 was obtained as black crystals (584.5 pmol, 43%).

"H NMR (400 MHz, C¢Dy, 25 °C): § —1.70 (br s, wy, = 61 Hz, 4H, RuH), 2.04 ppm (s, 45H, CsMes).
'H NMR (400 MHz, thf-ds, 25 °C): & —1.98 (br s, wy, = 30 Hz, 4H, RuH), 2.01 ppm (s, 45H,
CsMes).

"H NMR (400 MHz, thf-dg:toluene-ds = 4:1, =110 °C): § —24.02 (br s, wy, = 36 Hz, 1H, RuH), 1.99
(s, 45H, CsMes), 6.69 ppm (br s, wi, = 18 Hz, 3H, RuH). "C NMR (100 MHz, C¢Ds, 25 °C): 512.5
(q, Jey= 126 Hz, CsMes), 89.7 ppm (s, CsMes). 'B{'H} NMR (128.7 MHz, thf-ds, 25 °C): 5= 33.3
ppm (br s, BO). Anal. calcd for C3gH4BORu;: C 48.71, H 6.68; found: C 48.78, H 6.90. IR (ATR,
em™): 3579, 3313, 2979, 2955, 2897, 1716, 1663 (Vios-160), 1638 (Viis_160), 1609, 1451, 1422, 1370,
1151, 1072, 1027, 616.

Preparation of (Cp*Ru)s(us-BO)(u-H)s(15-H) (38-'20)

(Cp*Ru)s(15-BH)(u-H); (4) (580.4 mg, 802.0 pmol), THF (30 mL), H,"*0 (90 ul, 4.5 mmol, 6
equiv) and Et;NH (460 ul, 4.45 mmol, 6 equiv) were placed in an 100 mL Schlenk tube equipped
with a J-YOUNG valve. The solution was stirred for 7 days at ambient temperature. The color of the
solution turned from dark orange to dark brown. Then the solvent was removed under reduced

pressure. The 'H NMR spectrum of the residual solid showed that 4, 38-"*0 and

? R. Okamura, Doctor Thesis, Tokyo Institute of Technology (2002).
10 Synthesis of 31: A. Inagaki, Y. Takaya, T. Takemori, H. Suzuki, J. Am. Chem. Soc. 1997, 119,
625-626.
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(Cp*Ru)s(15-H)p(1-H); (3) was formed in a ratio of 6:82:12. Toluene (50 mL) and
1,3-cyclohexadiene (1.2 mL, 13 mmol) were added to the mixture, and stirred for 9 hours at ambient
temperature. Drying under the reduced pressure afforded a black-purple solid containing 4, 38-"*0
and 3 in a ratio of 8:73:19. It was extracted with toluene and filtered through a short column packed
with Celite to remove B(OH);. The solvent was reduced under reduced pressure, the residue was
extracted with acetonitrile at 0 °C, and filtered through a short column packed with Celite again to
remove (Cp*Ru)g(,u3-772:772:772:—C6H6)(,u—H)3 (39). Drying under reduced pressure, the residue was
purified by the recrystallization from toluene (4 mL) solution stored at =30 °C. A 313.4 mg amount
of (Cp*Ru)s(15-B"*0)(1-H)3(15-H) (38-"20) was obtained as black crystals (422.5 pmol, 53%).

IR (ATR, cm™): 3283, 2978, 2954, 2896, 1898, 1682, 1666, 1629 (vi_150), 1452, 1422, 1370, 1152,
1072, 1026, 780, 615.

Optimization of the reaction condition for the formation of (Cp*Ru);(u3-BO)(u-H)s(u3-H)
(38)

A THF solution of (Cp*Ru);(15-BH)(1-H); (4) (13.8 umol/mL) was prepared and experiments
shown below were performed.

[1] A 0.5 mL amount of the solution containing 6.9 umol of 4, and H,O (20 pl, 1.1 mmol) were
placed in NMR tubes equipped with a J-YOUNG valve. Then the reaction was performed at ambient
temperature for 48 hours. Drying under the reduced pressure afforded a dark brown solid containing
4, 38 and (Cp*Ru);(z5-H)2(1-H); (3) in a ratio of 80:10:10.

[2] A 0.5 mL amount of the solution containing 6.9 umol of 4, and H,O (20 pl, 1.1 mmol) were
placed in NMR tubes equipped with a J-YOUNG valve. Then the reaction was performed at 40 °C
for 48 hours. Drying under the reduced pressure afforded a dark brown solid containing 4, 38 and 3
in a ratio of 58:29:13.

[3] A 0.5 mL amount of the solution containing 6.9 pmol of 4, and H,O (20 pl, 1.1 mmol) were
placed in NMR tubes equipped with a J-YOUNG valve. Then the reaction was performed at 50 °C
for 48 hours. Drying under the reduced pressure afforded a dark brown solid containing 4, 38 and 3
in a ratio of 37:31:32.

[4] A 0.5 mL amount of the solution containing 6.9 umol of 4, and H,O (20 pl, 1.1 mmol) were
placed in NMR tubes equipped with a J-YOUNG valve. Then the reaction was performed at 80 °C
for 48 hours. Drying under the reduced pressure afforded a dark brown solid containing 4 and 3 in a
ratio of 1:99.

[5] A 0.5 mL amount of the solution containing 6.9 pumol of 4, H,O (20 ul, 1.1 mmol), EtNH, (3.2
pL, 38 pumol, 6 equiv) were placed in NMR tubes equipped with a J-YOUNG valve. Then the
reaction was performed at ambient temperature for 48 hours. Drying under the reduced pressure

afforded a dark brown solid containing 4, 38 and 3 in a ratio of 3:73:24.
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[6] A 0.5 mL amount of the solution containing 6.9 pmol of 4, H,O (20 ul, 1.1 mmol), Et,NH (3.9
pL, 38 pumol, 6 equiv) were placed in NMR tubes equipped with a J-YOUNG valve. Then the
reaction was performed at ambient temperature for 48 hours. Drying under the reduced pressure
afforded a dark brown solid containing 4, 38 and 3 in a ratio of 3:86:11.

[7]1 A 0.5 mL amount of the solution containing 6.9 umol of 4, H,O (20 pl, 1.1 mmol), Et;N (5.3 uL,
38 umol, 6 equiv) were placed in NMR tubes equipped with a J-YOUNG valve. Then the reaction
was performed at ambient temperature for 48 hours. Drying under the reduced pressure afforded a
dark brown solid containing 4, 38 and 3 in a ratio of 67:28:5.

[8] A 0.5 mL amount of the solution containing 6.9 pumol of 4, H,O (20 pl, 1.1 mmol), Pr,NH (5.3
pL, 38 pumol, 6 equiv) were placed in NMR tubes equipped with a J-YOUNG valve. Then the
reaction was performed at ambient temperature for 48 hours. Drying under the reduced pressure
afforded a dark brown solid containing 4, 38 and 3 in a ratio of 45:50:5.

[9] A 0.5 mL amount of the solution containing 6.9 umol of 4, H,O (20 ul, 1.1 mmol), "BuNH, (6.4
pL, 38 pumol, 6 equiv) were placed in NMR tubes equipped with a J-YOUNG valve. Then the
reaction was performed at ambient temperature for 48 hours. Drying under the reduced pressure

afforded a dark brown solid containing 4, 38 and 3 in a ratio of 18:73:9.

Reaction of (Cp*Ru)s(us-BH)(u-H); (4) with H,O at 80 °C

(Cp*Ru)s(15-BH)(1-H)s (4) (217.5mg, 300.5 pmol), THF (5.0 mL) and H,O (0.20 mL,11 mmol)
were placed in a Schlenk tube equipped with a J-YOUNG valve. The solution was stirred for 36
hours at 80 °C. The solvent was removed under reduced pressure, the residual black-brown solid was
analyzed by means of 'H NMR spectroscopy. It showed that 4, (Cp*Ru);(z5-BO)(u-H)s(15-H) (38)
and (Cp*Ru);(15-H)»(1-H); (3) were formed in a ratio of 11:22:67. Then, THF (5.0 mL) and H,O
(0.20 mL, 11 mmol) were added again to the Schlenk tube, and the solution was stirred for 36 hours
at 80 °C. After the solvent was removed under reduced pressure, the residual dark brown solid was
analyzed by '"H NMR and IR (ATR) spectroscopies. They showed that 3 and B(OH); was formed

selectively.

Reaction of (Cp*Ru);(u3-BO)(u-H)s(u5-H) (38) with H,O at 80 °C
(Cp*Ru)z(15-BO)(1-H)3(15-H) (38), THF (0.5 mL) and H,O (20 pL, 1.1 mmol) were placed in an
NMR tube equipped with a J-YOUNG valve. The solution was heated at 80 °C for 48 hours. Drying
under reduced pressure afforded dark brown solid containing (Cp*Ru);(z5-H)2(#-H)s (3) as a major
product.

Reaction of (Cp*Ru);(u3-BOMe)(u-H); (6) with MeOH at 80 °C
(Cp*Ru)z(15-BOMe)(1-H); (6) (8.4 mg, 11.1 pumol), C4Dg (0.45 mL) and MeOH (8 uL, 179 pumol)
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were placed in an NMR tube equipped with J-YOUNG valve together with
2,2,4,4-tetramethylpentane as an internal standard. The solution was heated at 80 °C for 72 hours.
The color of the solution turned from dark orange to dark brown. The 'H NMR spectrum showed
that 94% of 6 was consumed, and (Cp*Ru);(Ho70Do30)5 (3-d) and B(OMe); were produced. The
yields of them were estimated at 77 and 82%, respectively by comparing the intensities of signals
derived from them with that of the internal standard. The formation of B(OMe); was also supported
by measurement of the ''B NMR spectroscopy.

Reaction of (Cp*Ru)s(u3-BH)(u-H); (4) with H,0 in the presence of NaOH
(Cp*Ru)s(15-BH)(1-H); (4) (18.4 mg, 25.4 pmol), THF (14 mL) and 0.1 M NaOH aq (1.4 mL, 6
equiv) were placed in an Schlenk tube equipped with a J-YOUNG valve. The solution was allowed
to stir for 2 days at ambient temperature. The color of the solution did not change. The solvent was
reduced under reduced pressure. Then the residual dark brown solid was extracted with toluene
(10mL) and filtered through a short column packed with Celite. Drying under reduced pressure
afforded a dark black solid containing 4, (Cp*Ru);(15-BO)(1-H)s(15-H) (38), (Cp*Ru)s(15-H),
(¢-H)s (3) and (Cp*Ru);(z5-H)(1-H); (40) (620.8 ppm) in a ratio of 95:5:1:2.

H/D exchange reaction of (Cp*Ru);(u3-BO)(u-H)s(u3-H) (38) in deuterated solvents

[1, in C¢Dg] 38 (2.8 mg, 3.8 umol) and C¢Dg (0.4 mL) were placed in an NMR sample tube
equipped with a J-YOUNG valve. The reaction was periodically monitored by means of 'H NMR
spectroscopy for 6 days. The "H NMR spectrum showed that all of 38 remained unchanged.

[2, in CD;0D] 38 (8.7 mg, 12 umol) and CD3;0D (0.4 mL) were placed in an NMR sample tube
equipped with a JI-YOUNG valve. The reaction was periodically monitored by means of 'H NMR
spectroscopy for 6 days. The "H NMR spectrum showed that the H/D exchange reaction between
hydrides of 38 and CD;0D was slowly proceeded and (Cp*Ru);(Hg.9:Dg.8)4 (38-d) was formed.

Measurement of "'B NMR spectrum for 4 in the presence of Et,NH

(Cp*Ru)s(15-BH)(1-H); (4) (9.5 mg, 13 umol), C¢Dg (0.4 mL) and Et,NH (0.10 mL, 0.97 mmol, 74
equiv) were placed in an NMR sample tube equipped with a J-YOUNG valve. ''B NMR spectrum of
the solution showed one broad singlet signal stemmed from the presence of a z5-BH ligand of 4 at &
131.0 ppm, which was similar value to 4 in C¢D¢ (J 131.3 ppm) without Et;NH reported by

5
Okamura.

Preparation of (Cp*Ru);(.~-BO)(CO);(u-H), (41)
(Cp*Ru)z(15-BO)(1-H)3(15-H) (38) (55.4 mg, 74.9 pmol) and toluene (3.0 mL) were placed in a 50

mL Schlenk tube. After the solution was evacuated using a liquid N, bath, 1 atm of CO gas was
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transferred into the tube at 0 °C. The color of the solution immediately turned from dark brown to
dark purple. The solution was allowed to stir for 10 minute at 0 °C and then the solvent was removed
under reduced pressure at 0 °C. The residual purple solid was dissolved in acetone (2.0 mL) at 0 °C
and stored at —30 °C for several days. Removal of the solvent by using a syringe gave 41 as a purple
solid (18.8 mg, 22.5 umol, 23%). A black single crystal used for the diffraction study was prepared
by the slow evaporation of the pentane/CH,Cl, solution (100:1) of 41 at —30 °C.

'H NMR (400 MHz, CD;0D, 25 °C): §-17.03 (s, 2H, RuH), 1.91 (s, 15H, CsMes), 1.96 ppm (s,
30H, CsMes). 'H NMR (400 MHz, toluene-ds, 0 °C): §—16.93 (s, 2H, RuH), 1.74 (s, 15H, CsMes),
1.88 ppm (s, 30H, CsMes). >C NMR (100 MHz, toluene-ds, 0 °C): & 11.0, (q, Jeu = 127 Hz, CsMes),
11.05 (q, Jen = 127 Hz, CsMes), 95.6 (CsMes), 98.1 (CsMes), 206.4 (CO), 209.0 ppm (CO). "B{'H}
NMR (128.7 MHz, CD;0D, 25 °C): 19.0 ppm (br s, 2-BO). IR (ATR, cm™): 2965, 2910, 1939 (vco),
1910 (vco), 1889 (vco), 1789, 1746, 1716, 1690 (vigpo), 1665, 1640 (vi180), 1455, 1423, 1374, 1151,
1073, 1151, 1073, 1025, 951, 799, 685, 618.

Reaction of (Cp*Ru);(u3-BO)(u-H)s(u5-H) (38) with CO

38 (3.0 mg, 4.1 pmol) and CD;0D (0.45 mL) were placed in an NMR sample tube equipped with a
J-YOUNG valve together with 2,2,4,4-tetramethylpentane as an internal standard. After the solution
was evacuated using a dry ice/MeOH bath, 1 atm of CO gas was transferred into the tube. The color
of the solution immediately turned from dark brown to dark purple. 20 minutes later, the quantitative

formation of (Cp*Ru);(1~-BO)(CO);(u-H), (41) was observed in the 'H NMR spectroscopy.”

Decomposition of (Cp*Ru);(4-BO)(CO)s(u-H), (41) in the solid state at 25 °C

(Cp*Ru)z(15-BO)(1-H)3(15-H) (38) (3.0 mg, 4.1 umol) and CD;OD (0.45 mL) were placed in an
NMR sample tube equipped with a J-YOUNG valve. After the solution was evacuated using an ice
bath, 1 atm of CO gas was transferred into the tube. The color of the solution immediately turned
from dark brown to dark purple. The formation of 41 was observed in the 'H NMR spectroscopy.
After the removal of the solvent under reduced pressure, the dark purple solid was kept at 25 °C
under reduced pressure for 20 minutes. Then CD;OD (0.4 mL) was added to the tube, and the
measurement of the 'H NMR spectroscopy was performed. It showed that although the major
product was 41, small amount of unidentified complexes were formed. After the solvent was
removed again under the reduced pressure, the residual dark purple solid was kept for 7 hours under
the atmospheric pressure of Ar gas at 25 °C. The color of the solid gradually turned from dark purple
to dark brown. '"H NMR spectrum of the dark brown solid measured in CD;0D (0.4 mL) showed

that most parts of 41 were decomposed and an unidentified black precipitate was formed in the

' Several hours later, the color of the solution changed to brown and unidentified precipitates were
formed. 2 days later, brownish orange precipitates sank to the bottom of the tube.
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bottom of the tube.

Thermal stability of (Cp*Ru);(x-BO)(CO)s(u-H), (41)

(Cp*Ru)s(15-BO)(w-H)s(15-H) (38) (7.7 mg, 10 pmol) and toluene-dg (0.45 mL) were placed in an
NMR tube equipped with a J-YOUNG valve. After the solution was evacuated using a dry ice /
MeOH bath, 1 atm of CO gas was transferred into the tube at 0 °C. The tube was kept at 0 °C for 3
minutes. Then the color of the solution immediately turned from dark brown to dark purple. The
product was analyzed by means of VI-'H NMR spectroscopy at 0 °C, and it showed that 41 was
formed almost selectively. The tube was kept at 0 °C for 3 hours. Then the solution was evacuated
using a dry ice / MeOH bath, and 1 atm of Ar gas was transferred into the tube at 0 °C, subsequently.
The tube was kept at 0 °C for 50 minutes again. 'H NMR spectrum showed that 41 remained
unchanged when the solution was kept at 0 °C. Next, the solution was heated at 31 °C using an oil
bath for 1 hour. Then the color of the solution immediately changed from dark purple to yellowish
brown to form an unidentified product. The signals derived from the new complex are shown below.

"H NMR spectrum data for the unidentified complex'* observed after the thermolysis of 41 at 31 °C.

Preparation of single crystals of (Cp*Ru);(x-BO-B(OH)3)(CO)s(u~H), (41-B(OH)3)
(Cp*Ru)3(15-BO)(1-H)3(15-H) (41) (6.6 mg, 8.9 umol) and toluene (0.2 mL) were placed in a 50 mL
Schlenk tube. After the solution was evacuated using a dry ice/MeOH bath, 1 atm of CO gas was
transferred into the tube at 0 °C. The color of the solution immediately turned from dark brown to
dark purple. The solution was allowed to stir for 1 minute at 0 °C and then stored at —30 °C for
several days. Dark purple crystals were formed. Then the solution was removed by using a syringe.
Single crystal X-ray structure analysis and measurement of IR spectroscopy toward the crystals were
performed.

IR spectrum for 41-B(OH); (ATR, cm™): 3359 (VOH), 2979, 2911, 1952 (\CO), 1919 (1CO), 1900
(1CO), 1614 (vBO-BO;H;), 1569 (vBO-BO;H;), 1469, 1373, 1127, 1023, 849, 784, 741, 697, 672,
619.

Appendix

Preparation of (Cp*Ru)3(y3-nz-CC"Pr)(,uyO) (12b)

(Cp*Ru)s{ z3-17°(//)-"PrCCH} (113-O)(1-H) (11b) (19.5 mg, 24.6 umol) and THF (20 mL) were placed
in a quartz tube equipped with a three-way valve. Irradiation of the solution at 25 °C was performed
with a high-pressure mercury lamp equipped with a band-pass filter transmitting 313 nm light for 7

days with vigorous stirring. The color of the solution remained unchanged. After the solution was

2 TH NMR (400 MHz, toluene-ds, 25 °C): §—17.64 (s, 1H, RuH), 1.59 (s, 30H, CsMes), 1.88 ppm
(s, 15H, CsMes), 52.82 (brs, 1H??); '"B{'"H} NMR (128.7 MHz, toluene-ds, 25 °C): Silent.
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removed under reduced pressure, the residual solid containing 11b and (Cp*Ru)s(zs-7°-CC"Pr)
(15-0) (12b) in a ratio of 38:62 was extracted with toluene and purified by column chromatography
on alumina (Merck, Art. No. 1097). After the first brownish yellow band containing 11b was
removed with the mixed solvent of toluene and THF (100:1) as an eluent, the second brown band
containing 12b in the column was collected with THF as an eluent. After drying under reduced
pressure, 12b was obtained as a brown solid (6.7 mg, 8.5 pmol, 35%). A brown single crystal used
for the diffraction study was prepared by the slow evaporation of the pentane solution of 12b placed
at ambient temperature.

'H NMR (400 MHz, thf-dg, 25 °C): § = 1.30 (t, Juy = 7.2 Hz, 3H, -CHj), 1.48-1.92 (br s, 45H,
CsMes), 2.08 (tq, Jyn = 7.2, 7.2 Hz, 2H, -CH,CH,CHj;), 3.21 ppm (t, Jyg = 7.2 Hz, 2H,
-CH,CH,CH;). "H NMR (400 MHz, toluene-dg, —20 °C): 6= 1.44 (t, Juy = 7.2 Hz, 3H, -CH;), 1.68
(s, 30H, CsMes), 2.07 (s, 15H, CsMes), 2.17 (tq, Juyy = 7.2, 7.2 Hz, 2H, -CH,CH,CH3;), 3.19 ppm (t,
Jun = 7.2 Hz, 2H, -CH,CH,CH3). >C NMR (100 MHz, thf-ds, 25 °C): §=9.4-13.4 (br q, Joy = 126
Hz, CsMes), 14.2 (q, Jcu = 125 Hz, -CH3), 26.8 (t, Jcy = 126 Hz, -CH,CH,CH3), 34.6 (t, Joy = 128
Hz, -CH,CH,CH;), 88.5 (br s, CsMes), 91.2 (br s, CsMes), 125.0 (s, RuCC), 208.3 ppm (s, RuCC).
gHMQC (thf-dg, 25 °C) Sy-oc / 2.08-26.8, 3.21-34.6. gHMBC (thf-dg, 25 °C) &y-6¢c / 3.21-125.0.
Anal. calcd for C3sHs,ORus: C, 53.08; H, 6.62; found: C, 53.31; H, 6.84.

Preparation of (Cp*Ru)3(;43-772-CC'Bu)(;13-0) (12¢c)

(Cp*Ru)s{i5-17°(/))-BuCCH} (15-0)(u-H) (11¢) (21.1 mg, 26.1 pmol) and THF (20 ml) were placed
in a quartz tube equipped with a three-way valve. Irradiation of the solution at 25 °C was performed
with a high-pressure mercury lamp equipped with a band-pass filter transmitting 313 nm light for 7
days with vigorous stirring. The color of the solution remained unchanged. After the solution was
removed under reduced pressure, the residual solid containing 11¢ and 12¢ in a ratio of 41:59 was
extracted with toluene and purified by column chromatography on alumina (Merck, Art. No. 1097).
After the first brownish yellow band containing 11¢ was removed with the mixed solvent of toluene
and THF (100:1) as an eluent, the second brown band containing 12¢ in the column was collected
with the mixed solvent of toluene and THF (100:1) as an eluent. After drying under reduced pressure,
12¢ was obtained as a brown solid (11.2 mg, 13.9 pumol, 53%). A brown single crystal used for the
diffraction study was prepared by the slow evaporation of the pentane solution of 12¢ placed at
ambient temperature.

'H NMR (400 MHz, thf-ds, 25 °C): 5= 1.67 (s, -CHs), 1.73 ppm (s, 45H, CsMes). 'H NMR (400
MHz, toluene-ds, —90 °C): 6= 1.71 (s, 30H, CsMes), 1.89 ppm (s, 15H, CsMes), *'H NMR signals
derived from ‘Bu group were not observed clearly at —90 °C. *C NMR (100 MHz, thf-ds, 25 °C): &
=12.5(q, Jou = 126 Hz, CsMes), 35.2 (q, Jcu = 124 Hz, -CMes), 38.4 (s, -CMes), 89.8 (s, CsMes),
138.4 (s, RuCC), 221.1 ppm (s, RuCC). gHMQC (thf-dg, 25 °C) oy-6c / 1.67-35.2, 1.73-12.5.
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gHMBC (thf-ds, 25 °C): oy-oc / 1.67-38.4, 1.67-138.4, 1.67-221.1, 1.71-89.8. Anal. calcd for
C;6Hs4ORus: C, 53.64; H, 6.75; found: C, 53.63; H, 6.90.

CV measurement

Cyclic voltammograms were recorded using BAS CV-50W. Measurements were carried out in an
electrochemical three-electrode cell. 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 0.01 M solution of AgNO; in acetonitrile. The concentration of
each sample was prepared about 1.0 mM. The data obtained as relative to a reference electrode
(Ag/Ag") were converted to the potential relative to the redox potential of ferrocene, which was
measured under the same conditions at the same time. Tetrabutylammonium hexafluorophosphate
(TBAPF¢) (Wako) was recrystallized from THF, dried under vacuum, and stored under an argon

atmosphere.

X-ray diffraction studies

Crystals suitable for X-ray analyses were obtained from the preparations described above and
mounted on nylon Cryoloops with Paratone-N (Hampton Research Corp.). The X-ray diffraction
experiments were carried out using a Rigaku R-AXIS RAPID imaging plate diffractometer with a
graphite-monochromated Mo Ko radiation source (4 = 0.71069 A). Cell refinement and data
reduction were carried out using the PROCESS-AUTO program.”® The intensity data were corrected
for Lorentz-polarization effects and empirical or numerical absorption. The structures were
determined by direct method or Patterson method using the SHELX-97 program.'* All
non-hydrogen atoms were found by a difference Fourier synthesis. The refinement was carried out
by the least-squares methods based on F* with all measured reflection data. Details of crystal data

and results of analyses are listed in Table S5.

Variable-Temperature NMR Spectra and Dynamic NMR
Simulations

Variable-temperature NMR studies were performed in NMR sample tubes equipped with J-YOUNG
valve in toluene-dg for 12a, 12b, and 12¢ using a Varian INOVA 400 Fourier transform spectrometer
with tetramethylsilane as an internal standard. NMR simulations for Cp* of 12a, 12b, and 12¢ were

performed using gNMR v4.1.0 (©1995-1999 Ivory Soft). Final simulated line shapes were obtained

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

" G. M. Sheldrick, SHELX-97: Program for Crystal Structure Determination; University of
Géottingen: Gottingen, Germany, 1997.
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via an iterative parameter search upon the exchange constant k. The rate constant k£ that accurately
modeled the experimental spectra at each temperature are also given in Figure A5, A6, and A7. The
activation parameters AH* and AS* were determined from the plot of In(k/T) versus 1/T. Estimated
standard deviation (o) in the slope and y-intercept of the Eyring plot determined the error in AH* and

AS*, respectively.

“ y = -8845.7x + 24.357

\ R?=0.9996
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Figure S1. Eyring Plots for the site-exchange processes of the Cp* signals of 12a.
(12a: AH* = 73.5 + 0.7 kJ/mol, AS*= 5.0 + 2.2 J/mol K, AG* = 72.0 kJ/mol (298.15 K))
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Figure S2. Eyring Plots for the site-exchange processes of the Cp* signals of 12b.
(12b: AH* = 64.6 + 0.2 kJ/mol, AS*= 5.8 + 0.8 J/mol K, AG*= 62.9 kJ/mol (298.15 K))
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Figure S3. Eyring Plots for the site-exchange processes of the Cp* signals of 12¢.
(12¢: AH* = 44.2 + 0.5 kJ/mol, AS*=—14.0 + 2.2 J/mol K, AG* = 48.4 kJ/mol (298.15 K))

Computational detail

Density functional theory calculations were carried out at the B3PW91 level” in conjunction with
the Stuttgart/Dresden ECP"® and associated with triple-{ SDD basis sets for Ru. For H, B, C, N and
0, 6-31G(d) basis sets were employed. All calculations were performed by utilizing the Gaussian09
program.'® Molecular structures were drawn by using the GaussView version 5.0.9. program.'’
Frequency calculation at the same level of theory as geometry optimization was performed on

optimized structures to ensure that the minimum exhibits only positive frequency.

" D. Andrae, U. HauBermann, M. Dolg, H. Stoll, H. PreuB, Theor: Chim. Acta 1990, 77, 123.

15 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P.
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitano, H. Nakai, T. Vreven, J. A.
Montgomery Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J.
Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian,
Inc., Wallingford CT, 2009.

7 R. Dennington, T. Keith, J. Millam, Semichem Inc., Shawnee Mission KS, 2009.
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Figure S4. DFT-optimized structure of 5 (5°) and the central part of 5° (B3PW91 level / C, B, H:

6-31G(d), Ru: SDD). Hydrogen atoms on the Cp* ligands are omitted for clarity.

Table S1. Selected bond lengths (A) and angles (°) of 5°

Ru(1)-Ru(2) 2.82719  Ru(2)-Ru(3) 2.86519  Ru(3)-Ru(l) 2.84062
Ru(1)-B(1) 239021  Ru(2)-B(1) 2.10795  Ru(3)-B(1) 2.09516
Ru(1)-C(1) 2.14642  Ru(2)-C(1) 2.02786  Ru(1)-C(2) 2.19884
Ru(3)-C(2) 207987  C(1)-C(2) 140459  C(2)-C(3) 1.47832
Ru(1)-H(3) 1.85478  Ru(2)-H(3) 1.76746  B(1)-H(3) 1.48090
Ru(1)-H(4) 1.80652  Ru(3)-H(4) 1.78638  B(1)-H(4) 1.55255
Ru(2)-H(5) 174182  Ru(3)-H(5) 1.75316  B(1)-H(2) 1.20405
Ru(1)-Ru(2)-Ru(3) 59.866 Ru(2)-Ru(3)-Ru(1) 59.403 Ru(3)-Ru(2)-Ru(1) 60.731
Ru(1)-B(1)-Ru(2)  77.602 Ru(2)-B(1)-Ru(3)  85.950 Ru(3)-B(1)-Ru(1)  78.285
C(1)-C(2)-C(3) 122.686
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Figure S5. DFT-optimized structure of 22 (22") and the central part of 22" (B3PW91 level / C, B, H:
6-31G(d), Ru: SDD). Hydrogen atoms on the Cp* ligands are omitted for clarity.

Table S2. Selected bond lengths (A) and angles (°) of 22"

Ru(1)-Ru(2) 2.88445  Ru(1)-Ru(3) 2.88457  Ru(2)-Ru(3) 3.73434
Ru(1)-B(1) 231145  B(1)-C(1) 1.57437  C(1)-C(2) 1.47150
C(2)-C(3) 144952 C(3)-Ru(1) 2.03550  B(1)-H(1) 1.19894
C(1)-H(2) 1.08717  C(2)-C(4) 1.50984  C(3)-H(3) 1.09472
Ru(1)-H(4) 177324 Ru(2)-H(4) 1.86637  B(1)-H(4) 1.51722
Ru(1)-H(5) 177334 Ru(3)-H(5) 1.86653  B(1)-H(5) 1.51650

Ru(2)-Ru(1)-Ru(3)  80.678 Ru(3)-Ru(2)-Ru(l)  49.662 Ru(1)-Ru(3)-Ru(2)  49.660
Ru(1)-B(1)-C(1) 108.766  B(1)-C(1)-C(2) 116.557  C(1)-C(2)-C(3) 112.373
C(2)-C(3)-Ru(1) 124853  C(1)-C(2)-C(4) 124267  C(3)-C(2)-C(4) 123.360
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C(6) C(5)

C(7)

Figure $6. DFT-optimized structure of [(Cp*Ru)s { 113-17°(//)-PhCNH} (113-BH)(1-H);]" (19”)
and the central part of 19” (B3PWO91 level / C, B, H: 6-31G(d), Ru: SDD).

Hydrogen atoms on the Cp* ligands are omitted for clarity.

Table S3. Selected bond lengths (A) and angles (°) of 19”

Ru(1)-Ru(2) 2.82878  Ru(2)-Ru(3) 2.85928  Ru(3)-Ru(l) 2.85469
Ru(1)-B(1) 241214 Ru(2)-B(1) 2.13088  Ru(3)-B(1) 2.08013
Ru(1)-N(1) 212072 Ru(2)-N(1) 2.04704  Ru(1)-C(1) 2.23460
Ru(3)-C(1) 2.04147  N(1)-C(1) 137177  C(1)-C(2) 1.47854
Ru(1)-H(3) 1.83522  Ru(2)-H(Q3) 1.79690  B(1)-H(3) 1.50110
Ru(1)-H(4) 1.84249  Ru(3)-H(4) 177512 B(1)-H(4) 1.53951
Ru(2)-H(5) 1.76009  Ru(3)-H(5) 174825  B(1)-H(2) 1.19838
Ru(1)-Ru(2)-Ru(3) 60.245 Ru(2)-Ru(3)-Ru(1) 59.348 Ru(3)-Ru(2)-Ru(1) 60.245

Ru(1)-B(1)-Ru(2)  76.745 Ru(2)-B(1)-Ru(3)  85.522 Ru(3)-B(1)-Ru(1)  78.527

N(1)-C(1)-C(2) 117.638
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Figure S7. DFT-optimized structure of 3 (37) (B3PWO1 level / C, H: 6-31G(d), Ru: SDD). Hydrogen

atoms on the Cp* ligands are omitted for clarity.

Table S4. Selected bond lengths (A) and angles (°) of DFT-optimized 3"

Ru(1)-Ru(2) 278118  Ru(2)-Ru(3) 2.78118  Ru(3)-Ru(1) 2.78133
Ru—yp-H (avg.) 1.7291 Ru—y4-H (avg.) 1.9529
Ru(1)-Ru(2)-Ru(3) 60.004 Ru(2)-Ru(3)-Ru(l) 59.998  Ru(3)-Ru(1)-Ru(2) 59.998
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Table S5. Crystallographic Data

Complex 4 5 9 12a 10d 15
Empirical formula C3oHy9BRug Cs3HssBRug CssHssBRug C33Hs0ORu; Cy4Hs6ORu; Cy4Hss0Ru;,
Formula weight 723.71 825.84 825.84 825.99 904.10 903.09
Crystal description Block Block Block Block Block Platelet
Crystal color Black Brawn Orange Black Black Black

Crystal size (mm)
Crystallizing solution
Crystal system

Space group

a(A)

b (A)

c(A)

a(®)

Q)

7(®)

Volume (A%)

Z value

Dqic (g/em’)
Measurement temp. (°C)
1Mo Ka) (mm™")
Diffractometer
Radiation
Monochromator

26 max (°)

Reflections collected
Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

Ry (I>20(D)

WR, (1> 20(1))

Ry (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

0.542 x 0.386 x 0.287
Et,0 (30 °C)
Orthorhombic

Pn2,a (#62)
27.7129(7)
18.6286(4)
11.6471(3)

6012.8(2)

8

1.599

-130

1.504

Rigaku R-AXIS RAPID
MoKa (4= 0.71069 A)
Graphite

55

93294

13535 (R; = 0.0620)
12742

Numerical

0.5389 (min.),

0.7365 (max.)

0.0392

0.0937

0.0424

0.0959

13535/1/588

1.017

1.517 and —0.754 e-A”

0.273 x 0.205 x 0.100
Pentane (25 °C)
Monoclinic

P2,/n (#14)
24.9664(8)
11.5356(4)
25.4235(11)

101.5550(12)
7173.6(5)

8

1.529

-150

1.271

Rigaku R-AXIS RAPID
MoK a (4= 0.71069 A)
Graphite

55

60163

16350 (R; = 0.0705)
14350

Empirical

0.7229 (min.),

0.8834 (max.)

0.0574

0.0634

0.1573

0.1606

16350/0 /827

1.092

1.814 and —0.989 e-A™

0.237 x 0.199 % 0.198
Pentane (25 °C)
Monoclinic

P2,/n (#14)
11.4185(4)
20.6949(8)
15.3392(6)

101.8940(11)
3546.9(2)

4

1.547

-150

1.285

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

33179

8080 (R = 0.0629)
6966

Empirical

0.5119 (min.),

1.0000 (max.)

0.0358

0.0435

0.0772

0.0811

8080/0/415

1.027

0.852 and —1.140 e-A™

0.164 x 0.140 x 0.094
Pentane (25 °C)
Monoclinic

P2,/n (#14)
24.8886(6)
11.5011(3)
25.3228(6)

100.4580(8)

7128.1(3)

8

1.539

-150

1.282

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

115735

16285 (R;, = 0.0624)
14583

Empirical

0.7267 (min.),

1.0000 (max.).

0.0598

0.1515

0.0651

0.1540

16285/0/578

1.121

2.748 and —2.196 e-A”

0.265 % 0.165 x 0.096
Toluene (30 °C)
Triclinic

P-1(#2)

10.8693(4)
11.1291(4)
17.8697(7)
74.4910(11)
85.9630(10)
65.6020(10)
1894.93(12)

2

1.585

-150

1.213

Rigaku R-AXIS RAPID
MoK a (A =0.71069 A)
Graphite

55

18667

8561 (R, = 0.0257)
7862

Empirical

0.6383 (min.),

1.0000 (max.).

0.0223

0.0526

0.0254

0.0554

8561/0/492

1.038

1.002 and —0.531 e-A”

0.10 x 0.08 x 0.04
Pentane (—20 °C)
Triclinic

P-1(#2)

11.0543(7)
18.5675(10)
19.1824(12)
77.8190(18)
88.2410(19)
88.8080(18)
3846.3(4)

4

1.560

-150

1.195

Rigaku R-AXIS RAPID
MoK (1= 0.71069 A)
Graphite

55

38669

17408 (R;, = 0.1138)
9607

Empirical

0.4794 (min.),
1.0000 (max.).
0.0665

0.1234

0.1362

0.1508

17408 /0/ 895
0.963

1.260 and —1.515 e-A™°
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Table S5. (Continued)

Complex 16 17 18 19 25 31
Empirical formula C;7Hs54BNRu; C;7Hs54BNRu; C37HssB,NF,Ruz - 2 C4HO C;7HssBoNF4Ru; - C4HgO  C;35Hs3BNRu; C;3Hs3;BORu;
Formula weight 826.83 826.83 1058.86 986.75 801.8 825.84

Crystal description Block Platelet Platelet Block Block Block

Crystal color Orange Orange Orange Orange Dark red Dark Green
Crystal size (mm) 0.216 x 0.165 % 0.090 0.306 x 0.092 x 0.052 0.303%0.219x0.040 0.120%0.100x0.064 0.394 x 0.381 x 0.150 0.144 x 0.060 x 0.054
Crystallizing solution Pentane (9 °C) THF (=30°C) THF (=30°C) THF (=30°C) Toluene (=30 °C) Pentane (25 °C)
Crystal system Monoclinic Orthorhombic Monoclinic Triclinic Monoclinic Monoclinic
Space group P2,/n (#14) Pcmn (#62) P2,/n (#14) P-1(#2) P2,/n (#14) P2,/c (#14)
a(A) 25.0931(8) 8.7070(3) 18.4367(5) 11.0992(5) 11.0139(2) 10.8663(8)
b(A) 11.5417(3) 20.5604(7) 11.3391(4) 12.3081(5) 16.4044(4) 20.3379(17)
c(A) 25.4809(8) 19.3394(9) 22.7163(6) 16.8900(8) 18.9438(5) 16.4440(12)
a(®) - - - 95.9120(16) - -

B©) 101.9520(9) - 104.8750(8) 90.7370(14) 97.8960(8) 101.3660(17)
7(©) - - - 116.3670(13) - -

Volume (A%) 7219.7(4) 3462.1(2) 4589.8(2) 2051.86(15) 3390.25(14) 3562.8(5)

Z value 8 4 4 2 4 4

Dy (g/em®) 1.521 1.586 1.532 1.597 1.571 1.566
Measurement temp. (°C) —-150 —-150 -150 -150 -150 -150

1 (Mo K@) (mm™") 1.264 1.318 1.027 1.141 1.343 1.283

Diffractometer

Radiation

Monochromator

26 max (°)

Reflections collected
Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

Ry (I>20(D)

WR, (1> 20(1))

Ry (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

Rigaku R-AXIS RAPID
MoK (1= 0.71069 A)
Graphite

55

69526

16473 (R; = 0.0383)
14530

Empirical

0.7719 (min.),

0.8947 (max.).

0.0269

0.0592

0.0329

0.0617

16473 /0 /789

1.039

0.870 and —0.584 e-A~

Rigaku R-AXIS RAPID
MoKa (1= 0.71069 A)
Graphite

55

32649

4052 (R = 0.0396)
3649

Empirical

0.6948 (min.),

1.0000 (max.).

0.0458

0.1159

0.0508

0.1190

4052/0/ 164

1.079

1.374 and —0.828 e-A™

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

72833

10450 (R;, = 0.0428)
9232

Empirical

0.6730 (min.),

1.0000 (max.).

0.0277

0.0634

0.0334

0.0659

10450/0/533

1.030

1.145 and —0.571 e-A™

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

20442

9299 (Ryy; = 0.0407)
8061

Empirical

0.3380 (min.),

1.0000 (max.).

0.0460

0.1167

0.0530

0.1228

9299/0/500

1.031

1.746 and —1.018 e-A”

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

32608

7723 (R = 0.0346)
7205

Empirical

0.5959 (min.),

1.0000 (max.).

0.0439

0.1047

0.0466

0.1065

7723/0/297

1.031

2910 and —2.766 e-A”

Rigaku R-AXIS RAPID
MoK (1= 0.71069 A)
Graphite

55

38036

8116 (R = 0.1355)
5753

Empirical

0.0280 (min.),

1.0000 (max.).

0.0621

0.0878

0.1486

0.1640

8116 /0/405

1.004

2.035 and —1.856 e-A™
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Table S5. (Continued)

Complex 32 33 35 36 38 41
Empirical formula C3sHsuBoF4sORus- CH,O-H,O - C3gHs3B,F;ORus C39Hs53BORu; C3sH55B10;Ru;C;Hg C30H49BORu; C;Hg Cs3H47BO4RU,
Formula weight 977.70 907.63 851.83 933.97 831.85 821.73
Crystal description Platelet Platelet Block Block Block Platelet
Crystal color Black Dark Green Orange Orange Black Black

Crystal size (mm)
Crystallizing solution
Crystal system

Space group

a(A)

b (A)

c(A)

a(®)

Q)

7(®)

Volume (A%)

Z value

Dqic (g/em’)
Measurement temp. (°C)
1Mo Ka) (mm™")
Diffractometer
Radiation
Monochromator

26 max (°)

Reflections collected
Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

Ry (I>20(D)

WR, (1> 20(1))

Ry (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

0.13 x 0.09 x 0.04
MeOH (=30 °C)
Monoclinic

P2,/n (#14)
11.0231(5)
19.4339(6)
18.6608(7)

94.0070(12)

3987.8(3)

4

1.628

-150

1.176

Rigaku R-AXIS RAPID
MoK (1= 0.71069 A)
Graphite

55

38965

9063 (R;; = 0.0790)
6530

Empirical

0.8583 (min.),

0.9512 (max.).

0.0611

0.1437

0.0901

0.1620

9063 /0/355

1.000

1.444 and —1.297 e-A”

0.282 x 0.140 x 0.031
CH,Cl, (25 °C)
Orthorhombic
P2,2,2, (#19)
14.2863(4)
14.8559(7)
16.8432(7)

3574.7(2)

4

1.686

-150

1.297

Rigaku R-AXIS RAPID
MoKa (1= 0.71069 A)
Graphite

55

35590

8178 (R, = 0.0402)
7472

Empirical

0.7172 (min.),

1.0000 (max.).

0.0224

0.0458

0.0267

0.0473

8178 /0/451

1.047

0.588 and —0.499 e-A~

0.298 x 0.222 x 0.191
Et,O / toluene (9 °C)
Monoclinic

P2,/n (#14)
25.1272(7)
11.6882(4)
25.2625(8)

101.0420(8)

7282.0(4)

8

1.554

-130

1.257

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

70165

16539 (R, = 0.0711)
13631

Empirical

0.6628 (min.),

1.0000 (max.).

0.0518

0.1187

0.0648

0.1258

16539/0/905

1.024

3.071 and —1.329 e-A”°

0.197 x 0.143 x 0.109
Toluene (—30 °C)
Triclinic

P-1(#2)

11.0295(7)
12.2612(8)
17.4055(9)
105.5120(18)
91.3900(18)
107.090(2)

2154.4(2)

2

1.440

-150

1.069

Rigaku R-AXIS RAPID
MoK a (A= 0.71069 A)
Graphite

55

21536

9783 (Riy = 0.0393)
7735

Empirical

0.7294 (min.),

1.0000 (max.).
0.0427

0.1078

0.0604

0.1176

9783/0/366

1.062

1.331 and —1.358 e-A™°

0.565 x 0.402 x 0.280
Toluene (20 °C)
Monoclinic

P2/a (#14)
22.2803(5)
14.5035(3)
24.6640(6)

115.2260(8)

7209.9(3)

8

1.533

-150

1.267

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

69740

16400 (R;, = 0.0541)
13670

Empirical

0.5245 (min.),

0.9582 (max.).

0.0422

0.0967

0.0532

0.1028

16400/ 0 /743

0.982

1.784 and —1.724 e-A”

0.146%0.130%0.030
CH,Cl,/pentane (—30°C)
Orthorhombic

Pbca (#61)

16.9052(4)
18.4414(4)
20.7153(5)

6458.1(2)

8

1.690

-130

1.420

Rigaku R-AXIS RAPID
MoK (1= 0.71069 A)
Graphite

55

58818

7124 (R = 0.0594)
6670

Empirical

0.7282 (min.),

1.0000 (max.).

0.0349

0.0823

0.0377

0.0840

7124/0/387

1.035

4.771 and —0.905 e-A™
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Table S5. (Continued)

Complex 41-B(OH); 12b 12¢
Empirical formula C33HysBORu; - C7Hg HsBOs  C35Hs,ORug C36Hs4ORu5
Formula weight 975.69 791.98 806.00
Crystal description Platelet Block Block

Crystal color Black Brown Black

Crystal size (mm)
Crystallizing solution
Crystal system

Space group

a(A)

b (A)

c(A)

a(®)

Q)

7(®)

Volume (A%)

Z value

Dqic (g/em’)
Measurement temp. (°C)
1Mo Ka) (mm™")
Diffractometer
Radiation
Monochromator

26 max (°)

Reflections collected
Independent reflections
Reflections observed (> 20)
Abs. correction type

Abs. transmission

Ry (I>20(D)

WR, (1> 20(1))

Ry (all data)

WR, (all data)

Data /Restraints / Parameters
GOF

Largest diff. peak and hole

0.448%0.155%0.040
Toluene (—30°C)
Monoclinic

P2,/c (#14)
11.6902(4)
18.5758(7)
19.1718(7)

98.5100(14)

4117.4(3)

4

1.574

-135

1.132

Rigaku R-AXIS RAPID
MoK (1= 0.71069 A)
Graphite

55

65027

9428 (R;y; = 0.0594)
7491

Empirical

0.7037 (min.),

1.0000 (max.).

0.0363

0.0974

0.0520

0.1043

9428 /0 /505

1.087

1.666 and —1.434 e-A”

0.135 x 0.097 x 0.082
Pentane (25 °C)
Monoclinic

P2,/n (#14)
11.2536(5)
16.7710(7)
17.3543(8)

93.9620(13)

3267.5(2)

4

1.610

-150

1.394

Rigaku R-AXIS RAPID
MoKa (1= 0.71069 A)
Graphite

55

27954

7418 (R = 0.0531)
6360

Empirical

0.6266 (min.),

1.0000 (max.).

0.0360

0.0938

0.0431

0.1054

7418 /0/368

1.091

0.968 and —1.753 e-A”°

0.180 x 0.138 x 0.086
Pentane (25 °C)
Monoclinic

P2,/c (#14)
11.0963(4)
15.5253(4)
20.3986(6)

98.1640(11)
3478.52(18)

4

1.539

-150

1.311

Rigaku R-AXIS RAPID
MoKa (1=0.71069 A)
Graphite

55

34248

7972 (R = 0.0918)
6811

Empirical

0.7983 (min),

0.8956 (max).

0.0431

0.1054

0.0517

0.1124

7972/0/412

1.032

1.493 and -1.017 e-A™
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