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Me = methyl

Ph = phenyl

Cy = cyclohexyl

‘Bu = tert-butyl

Np = neopentyl

THF = tetrahydrofuran

Cps = substituted cyclopentadienyl

Cp = n°-cyclopentadienyl

Cp* =n°-1,2,3,4,5-pentamethylcyclopentadienyl

Cp" = n’-1-ethyl-2,3,4,5-tetramethylcyclopentadienyl

Cp* = 1’-1,2,4-tri-tert-butylcyclopentadienyl

Cp” = n°-1,2,3 ,4-tetramethyl-5-trifluoromethylcyclopentadienyl
Cp'= n’-1-methoxy-2,4-di-tert-butyl-3-neopentylcyclopentadienyl
Cp%=n’-1-ethoxy-2,4-di-tert-butyl-3-neopentylcyclopentadienyl
Tp = trispyrazolylborate

Tp* = tris(3,5-dimethylpyrazolyl)borate

Cn = 1,4,7-triazacyclononane

Cn* = 1,4,7-trimethyl-1,4,7-triazacyclononane

IMe = 1,3-dimethyl-1,3-dihydro-2H-imidazol-2-ylidene

IMes = 1,3-bis(2,4,6-trimethylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene
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PEEL 7T 5.2 Cp BUAL 113 Fig. 1-1-1 [T FiuEZ2 A L CRB Y, EEASEO d #LE
E o FMEIE IC K Dol 5, nxtFRrEfE (HOMO) 26 Onfit 5N ARETHD. —FH T, §
KIFRPEDENE (LUMO) 13 dp, dy, & FLIEXTHMEN —E Lo\ oD, &E0 b Orififit 525
Diz<v. ZnHOME ﬁ%(b%h%iLﬂﬁWw{ , b GAEENL 7 & LT< 2 o
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Figure 1-1-1. Molecular orbitals of cyclopentadienyl anion.

VI aAlH VN & ORERIRIE, ORGSO — M E R L, MOS0 E %
BT 2 AR T =2 —Ff & LTI 2 End, 2L oA TR STV 5. filx
HIE M EBEEGR O A ¥ 0k U RITEmIEER =T L o BEAME S LT (BEq. 1-1-1),*
Cp*Ir(CO), X° Cp*IrtHa(PMe3) (X7 /v > @ C-H BRLMIFHINE 7R L=l of & LT (Eq.
1-1-2),> Cp*Rh(n*-CeMes) 1X 7 /L1 2 Kb~ D BRI 72 BREEAL Ot & LT b TN D
(Eq. 1-1-3).8 FTHAETIEA X L OR ) LGSR EICb A S Tn5

! Hartwig, J. Organotransition Metal Chemistry; University Science Books: Mill Valley, CA, 2010.

2 Crabtree, R. H. Organometallic Chemistry of the Transition Metals, 6th ed.; WILEY: Hoboken, NJ, 2014.

3 (a) Kealy, T. J.; Pauson, P. L. Nature 1951, 168, 1039-1040. (b) Wilkinson, G.; Rosenblum, M.; Whiting, M. C.;
Woodward, R. B. J. Am. Chem. Soc. 1952, 74, 2125-2126. (c) Dunitz, J. D.; Orgel, L. E.; Rich, A. Acta Cryst. 1956, 9,
373-375.

4 (a) Kaminsky, W. J. Chem. Soc. Dalton Trans. 1998, 1413-1418. (b) Kaminsky, W. Adv. Catal. 2001, 46, 89—159.

3 (a) Andrew H. Janowicz; Bergman, R. G. J. Am. Chem. Soc. 1982, 104, 352-354. (b) Hoyano, J. K.; Graham, W. A.
G. J. Am. Chem. Soc. 1982, 104, 3723-3725.

6 Chen, H.; Schlecht, S.; Semple, T. C.; Hartwig, J. F. Science 2000, 287, 1995-1997.

7 Cook, A. K.; Schimler, S. D.; Matzger, A. J.; Sanford, M. S. Science 2016, 351, 1421-1424.
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I mAR S Y= VR facial 72 LoX TURLAL T T 5. SO facial 72 LoX FUELAL
& LTI trispyrazolylborate (Tp) B 18X triphosphineborate (TPB) B 1-272 & 231 H 4L
TW5. X 5T facial 72 Ly BUELNZ - & L CId triazacyclononane (Cn) B 1-19%° triphoshine
(triphos) FCAL 1172 EA3 ST D (Fig. 1-1-2). Geometry 73 octahedral Eifﬁﬁé?}%é%%
RV RDe N F—VeD =R & BAp v, 7 m X V= VRN FIEERIC K LT

IR TRNLT D720, KV EBHREOSWHEMAERZR L, @B EHDV O geometry &
71%@'(&1’72“:“(“% DI Cd 12131 E£ 72, Cn BofrFI35RE 7 =% L— FE2TERT 5
DIZXF L, Cp =° Tp BUfZ 1%, SBITK L THiA 7o MUCRIML TE D Z LA BTV
%2 Bz X Cp BN TIEHLABROEBEFIREEIZE > T, 0, D W0IEn’ BNL 2B s = &
DEHATND,

8 (a) Slugovc, C.; Padilla-Martinez, L; Sirol, S.; Carmona, E. Coord. Chem. Rev. 2001, 213, 129-157. (b) Becker, E.;
Pavlik, S.; Kirchner, K. Adv. Organomet. Chem. 2008, 56, 155—-197.

% (a) Smith, J. M. Comments Inorg. Chem. 2008, 29, 189-233. (b) Phanopoulos, A.; Miller, P. W.; Long, N. J. Coord.
Chem. Rev. 2015, 299, 39-60.

10 (a) Wieghardt, K. Pure Appl. Chem. 1988, 60, 509-516. (b) Wainwright, K. P. Coord. Chem. Rev. 1997, 166, 35-90.
(¢) Chaudhuri, P.; Wieghardt, K. In Progress in Inorganic Chemistry; Lippard, S. J., Ed.; John Wiley & Sons: New
York, 2007; pp 329-436.

11" (a) Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F.; Zanobini, F. Coord. Chem. Rev. 1992, 120, 193-208. (b) Mayer,
H. A.; Kaska, W. C. Chem. Rev. 1994, 94, 1239-1272. (¢) Hierso, J.-C.; Amardeil, R.; Bentabet, E.; Broussier, R.;
Gautheron, B.; Meunier, P.; Kalck, P. Coord. Chem. Rev. 2003, 236, 143-206.

12 (a) Curtis, M. D.; Shiu, K.-B.; Butler, W. M. J. Am. Chem. Soc. 1986, 108, 1550-1561. (b) Gemel, C.; Trimmel, G.;
Slugove, C.; Kremel, S.; Mereiter, K.; Schmid, R.; Kirchner, K. Organometallics 1996, 15, 3998—4004.

13 (a) Jia, G.; Po, C. J. Organomet. Chem. 1998, 565, 37-48. (b) Jia, G.; Lau, C. P. Coord. Chem. Rev. 1999, 190-192,
83-108.

14 Tellers, D. M.; Skoog, S. J.; Bergman, R. G.; Gunnoe, T. B.; Harman, W. D. Organometallics 2000, 19, 2428
2432,
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Figure 1-1-2. Cp and related ligands.

Cp BN D& BB G 2 5 XTI SUGMHEIC K& R BE 5.2 5. SE T HEE o
[TpRu(CH3CN)3]PFs & [CpRu(CH3CN);]PFs Tld, 7% b= b U b & OLHEISIZIH N T,
Tp 76 Cp IZEfLFA2E R D Z & THRIGHETER N 8 HIRKEL 2D Z ENRHESNTND
(Tp:1.2x10°* 7!, Cp: 5.6 s).15 Rigid 72 6 BN A& A TR T 5 Tp IZH~, Cp BN 7 TIEE Y
T EEE D Z LN TELTDICHEEORBEMEESIND LR 5N TS, ZOfh
OB G Z AT 5 Cp $5R L Tp $EEOEUNL FEISUSHFARSNTE Y, £< DY
A C Cp B 7 & VTG B I RS DMEE S VTV DR T Bl ST g 10

—|PF6 —|PF6
3 Kex >
/Ru\ + 3 CD3CN —> Ru + 3 CH;CN Kex=5.6s"
NN N LN
/// i \\ V4 ||| A\
CD;
PF
H —IPF6 E\ ]
B V4 N A\
/N \ N\ I N7\
/I!l lil f‘} /N\ T!IIN. N
N + 3CD3CN—> /R’Iﬁ\ + 3CHCN  k, =1.2x108 s
NN
o 7 NN\
SN
e \ Dsc/ | \cns

F7,Cp X Tp Bt +2 AT 5T RV REEERTIE, @BREHOFHMENE R Y FEALT
DENARRUICHZ IZHN D P 5T AKFEA~OUHEENTRE 5 L BRI IR E 5720,
e RU R & TKRFEEA L OMAEZLEHRIT, LIELIZEBEFLOEBEFEGRETHHA S
5.U0 L, Cp, Tp BN+ A2 AT 5Vt YU REEROBNARRIT, EFILGMECEm S 72T
IE T & 222 L3 D . LMH(PPhs) (L = Cp, Tp, M= Ru, Os) HEEAIZ 5T Cp Bif7F
& Tp BT [LMH(PPhs)]"/ LMH(PPh3) OEE{LBENITIALIOEZ R L TWD, 7u ko
{EIJETIL L = Cp OEGAITHMAIE R Y RESA [CpMH(PPhs)]" 235541, L = Tp DHE
1345 FKFESER [TpMHa(PPhs)]™ 2853 H AL D & W o T2 BUSHEDE WA STV 5 (Egs.

15 Riiba, E.; Simanko, W.; Mereiter, K.; Schmid, R.; Kirchner, K. Inorg. Chem. 2000, 39, 382-384.

16 (a) Bengali, A. A.; Mezick, B. K.; Hart, M. N.; Fereshteh, S. Organometallics 2003, 22, 5436-5440. (b) Tellers, D.
M.; Bergman, R. G. J. Am. Chem. Soc. 2000, 122, 954-955. (c) Tellers, D. M.; Bergman, R. G. Organometallics 2001,
20, 4819-4832.
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1-1-4 and 1-1-5)."7 ZiuZE, & F0L0O geometry (2L - CTHEIE L N U N & kEMOL
EWERNREDL-OTH D, e & LT, FikaMEri5s Z &N TED Cp ﬁaﬁ%
TR E YRR ER LT <, @RH.00 geometry 28 6 Bf7 (octahedral) |
EIID Tp BAL 1 ClX, BNEZ RS 5T Co T ARREERN AR T 5 Z LR BIL T
D8 Zofict, SEIEEEA TS Cp, Tp $58T, HHE KU REEK L 5T KFEEEA
DL TEMEDIENPEFHE ST D (Fig 1-1-3).1°

Oxidative
H addiation H
M— | M
H H
Dihydrogen Dihydride
—||3|=4
O{ HBF, O}
—_— M 1-1-4
thP/,\_,\PPh3 F,hsF,/HI\:PPh3 ( )
M = Ru, Os
I 53 X A 3
/ _HBFs § (1-1-5)
PhsP / PP // \
PhsP Ph,P
M = Ru, Os
/“ H BF,
\ BF, _
< Y o My e
Ru:H S |II' H N I N\
/\ H RG <
Fhaf H Ph3P// v Me3p/\"' H Me;P//hr\/l'I
H H

Figure 1-1-3. Dihydride and dihydrogen complexes having Cp and Tp ligands.

Bergman & (3ffi%x A U U0 LAGERE V=T VA v ORLKFE RO BIE L C, Cp*Fdhr 1 &
Tp*EiN 1% 3 DA D SUSHE R el U, Cp*EifL %2 H 7 5 [Cp*Ir(Me)(PMes)(CH2Clo)]*
MT =T VIO CH EH&2U9WT 25 0I1x L, %é‘é%%iﬁ@
[Tp*Ir(Me)(PMe3)(CH.CL)]" Tl 7 /v > ® C-H FEAITUIN /a2 & 280 50
% (Scheme 1-1-1).1%%¢ = 311X geometry 23 HLE S5 Tp*#sfA CTld C-H ﬁé\@m@‘#ﬁfﬁ%

17 Ng, W. S.; Jia, G.; Hung, M. Y.; Lau, C. P.; Wong, K. Y.; Wen, L. Organometallics 1998, 17, 4556-4561.

18 (a) Heinekey, D. M.; Oldham, W. J. J. Am. Chem. Soc. 1994, 116, 3137-3138. (b) Oldham, W. J.; Hinkle, A. S.;
Heinekey, D. M. J. Am. Chem. Soc. 1997, 119, 11028-11036. (c) Chen, Y.-Z.; ChungChan, W.; Lau, C. P.; Chu, H. S;
Lee, H. L.; Jia, G. Organometallics 1997, 16, 1241-1246. (d) Osipov, A. L.; Gutsulyak, D. V.; Kuzmina, L. G.; Howard,
J. A. K.; Lemenovskii, D. A.; Siiss-Fink, G.; Nikonov, G. L. J. Organomet. Chem. 2007, 692, 5081-5085.
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Th D 7TENMNSEERZIZELDEWNeH &b TS,

Scheme 1-1-1. Activation of arene and alkane with cationic Cp and Tp iridium complexes.

=

Me;P”” /Ir\

BAr,
|l BA
I. I
Me;P” / \Me f
CH,Cl, . C,Hg ; I

X /Ir\H Me;P l\

C,Hs
seven-coordinate intermidiate
2, /]
- \
O
/" -CH -~ N/ NS
4
J E § —CHZCIz Me P//\
Y.
Ir.
Me

1N\
Me3P I CHg .
CH,Cl, no reaction

—CH,

Ph

BAr¢

I aRU BT VERINFE, ZIVE TICkRA REBE L AT HERED GRS TE
7. P CH 5 DDA FNEEEE A LT 1,2,3,4,5-pentamethylcyclopentadienyl (Cp*) Bz 11
WV B &R & A R 2 7o B & U TR N BN EE IR O A e, ARSI R A
TG, 124720 Cp SBEUL - D11, SARMIHIENC X 2 BSOS O FHT 2 E T
BLZ AT TE . TTHRTEAMERSRIAZHWER) 7YoL EHEG T, 5 B
FOBEHILIC LD KISZER OFEIC XY syndiotactic 1K, atactic RO E-IN ) 22 B AR AS L S 41U

T2 (Scheme 1-1-2).2!

19 The first Cp* complex, Cp*TiCls, was prepared from the reaction of TiCls with various butenes at 300°C: von

Rohl, H.; Lange, E.; Gossl, T.; Roth, G. Angew. Chem. 1962, 74, 155.
20 (a) Poli, R. Chem. Rev. 1991, 91, 509-551. (b) Jiménez-Tenorio, M.; Puerta, M. C.; Valerga, P. Eur. J. Inorg.

Chem. 2004, 17-32. (c) Kélle, U. Chem. Rev. 1998, 98, 1313-1334.
21 Alt, H. G.; Kdppl, A. Chem. Rev. 2000, 100, 1205-1221.
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Scheme 1-1-2. Stereoselectivity of polypropylene.

Atactic PP

F 7z, IWHETIE Cp LIZETRGIMED CF B XU I NVR= VEEZE AN LT8R &
RENTEY, BRTLONA AEBREZ B DT OSEN#RE S TWD (Scheme 1-1-3).2

Scheme 1-1-3. Catalytic reaction of the Cp*Rh complex.

2.5 mol% [Rhy]

R H Ph 10 mol% AgSbFg R
20 mol% Cu(OAc)-H,0 \ EtOOC COOEt
T I Ph CpF =
N~ acetone, r.t., 16 h N\
| Ph under air
Ac Ac
R=H,F (1.1 equiv.) quant., R = H, [Rh,] = (CPERNCL,),

quant., R = F, [Rh,] = (CPERKCI,),

28 %, R = H, [Rh;,] = (Cp*RhCly),
25%, R = F, [Rh,] = (Cp*RhCly),

v aRU AT VRN R A T H8EIRE, EBESLY VR Do R —MENL A AT D
BERIZIE 22\, ek 7B & A 1E 0 LT O E 2 R T A TR Ch D, v o7 rXu X
V= VB DOE B L ONLRR BRI K o TR DO ER#FFcx 5.

22 (a) Gusev, O. V.; levlev, M. A_; Lyssenko, K. A.; Petrovskii, P. V.; Ystynyuk, N. A. Inorg. Chim. Acta 1998, 280,
249-256. (b) Shibata, Y.; Tanaka, K. Angew. Chem. Int. Ed. 2011, 50, 10917-10921.

8
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B2 E253 1N

B BSOS T, —DO&RBICEL L T
IH LT, SEBCEET BRI O BN RS IE S 2 LR
TE B0, ZRBTLICE BT TR 2D (A | Coorine
BAAIEE). %7, HE OB IR TR & 578 et
HOBCEBEO R THAT 52 L2k ), ZBTHB
B D B OIEEL S ATREIC /22 5 (S BFBEE). —hiC
XU ZRPERIT SR L 1X R 72 D02 R T B ZRETHOAR= VY T AZ —F
ISR O SUEHE RSN TE Y, £2R T LRI LRGN % < i S
NTW5. Fi2, BIVR=)VI T AX—%FH LIRS E< ST Y, ik
koA TP DR R S 2.

Activation

Electron

transfer

(Multimetallic Activation)

7T AL — i, BN DIEFEE TEDDLLUTOLIICERINTNS S
1. BB D2|E LD IEE DIFEEIZ BT 53 575
2. ZEHEEZI S ZE T RIS DEIRED ] 75 58
3. BELHED ALY 1 2 I 595 555

75 AL il b U TR MR ETRIT | IORLEEBROERTHS. LrL, KW
ENTWAINLNR=NANT FRAZ—DRIGETIE, LIZLIESRBRO 7 I 7 AT —a v
WREDZENMONTNDS, EBE, DILR= VT T AL =2l +25% < ORISTIE,
TEPEZR RN AR L, TABNMBEL 22 Z LW LMCENRTWS. 20X 9 REAIC
X, IREOER 2X°3) 2FH L, EMERSCRISERY OBLRING 7 T 2 2 —fiffil LTo
PERFM SN TWD, LaL, [ZEENM) X [ZEFBE &V oo 2RO R %
TN LSRR 2179 BT, 1 OERITR LIZY 7 A X —MiEOBR %2 B+ LER H
5.

TIETH R TIX, BUSA = A LEBEL, BT 4 — NNy T8 2 &
TR 2B N 7 ST X722 (2RI & 2B TBE) 215 Lt 7 A
—flE O BR%E TIE, TTEELOEB T LNEEOEMLICE G T 2R E2#EFH L, BHohi-
LA TEICHMERR G~ T 4 — Ry 7§25 Z L TRRMR 7 T 2 X — il OB A ATHEIC
RHLDEZEZHND.

23 (a) Siiss-Fink, G.; Meister, G. Adv. Organomet. Chem. 1993, 35, 41-134. (b) Braunstein, P.; Rose, J. In
Comprehensive Organometallic Chemistry 11 Vol. 10; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press,
1995; pp 351-385. (¢) Catalysis by Di- and Polynuclear Metal Cluster Complexes; Adams, R. D., Cotton, F. A., Eds.;
WILEY-VCH: New York, 1998. (d) Metal Clusters in Chemistry; Braunstein, P., Oro, L. A., Raithby, R. R., Eds.;
WILEY-VCH: Weinheim, 1999. (e) Dyson, P. J. Coord. Chem. Rev. 2004, 248, 2443-2458.

24 Examples of the homogeneous catalyst development (olefin metathesis and cross coupling): (a) Grubbs, R. H. Angew.
Chem. Int. Ed. 2005, 45, 3760-3765. (b) Chauvin, Y. Angew. Chem. Int. Ed. 2006, 45, 3741-3747. (¢) Schrock, R. R.
Angew. Chem. Int. Ed. 2006, 45, 3748-3759. (d) Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev. 2010, 110, 1746—
1787. (e) Suzuki, A. Angew. Chem. Int. Ed. 2011, 50, 6723-6737. (f) Negishi, E. I. Angew. Chem. Int. Ed. 2011, 50,
6738-6764.
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FTBMFRECIIINETIZ, B RU REN FIZ L > THRE SN BN L AEKE T
SR Y B KU REEREAR L, ZDORISHEIZOW TR TE 2 (Fig. 1-2-1).252627:2829 =
NHOLESERTIE, SEREENEROE RY FEM FIZ > THREICEBINTEY,
EENROEETIIMBSR BRI TOBRDO T T 7 AT —2 9 NI 0S50 SV
#ToH 5 (Scheme 1-2-1). ZDORT, HHILT T T AT —YarZlRITHIVR=1T T
AR —EFIRESERD N F, HWEPIVIAENTZZIC, BKFRIZE > TESITENLAR
fafnflEz 52 5 2 &0 b, JREZRER & mOBINEL FEdafl 2 I 2 EER TH 5.

~i N

Ru
—RU/}H\\RU H/AH 0 Q
\H\{/ |,}H\ l
RU Ru
X~ X

H

Figure 1-2-1. Multinuclear polyhydride complexes.

Scheme 1-2-1. Characteristic features of the bridging hydrides.

R
Rl(li;\:’?u # ‘ R<H o/é)})o/l}_)o AN 2 *M(CO)s

M =Re, Mn (Q=CO)

N Y b oo
Ru — Ru, /Ru —> Ry, /Ru
\\/ BE H T

25 Examples of dinuclear complexes: (a) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Fukushima, M.; Tanaka, M.;
Moro-oka, Y. Organometallics 1994, 13, 1129-1146. (b) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y.
Organometallics 1988, 7, 2243-2245. (c) Suzuki, H.; Omori, H.; Moro-oka, Y. Organometallics 1988, 7, 2579-2581.
(a) Ohki, Y.; Suzuki, H. Angew. Chem. Int. Ed. 2000, 39, 3120-3122.

26 Examples of trinuclear complexes: (a) Ohashi, M.; Matsubara, K.; lizuka, T.; Suzuki, H. Angew. Chem. Int. Ed. 2003,
42, 937-940. (b) Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K.; Inagaki, A.; Oshima, M.; Takao, T.
Bull. Chem. Soc. Jpn. 2005, 78, 67-87. (c) Suzuki, H.; Inagaki, A.; Matsubara, K.; Takemori, T. Pure Appl. Chem. 2011,
73, 315-318. (d) Takao, T.; Suzuki, H. Coord. Chem. Rev. 2012, 256, 695-708. (e) Takao, T.; Suzuki, H. Bull. Chem.
Soc. Jpn. 2014, 87, 443—458.

27 Examples of tetra- and pentanuclear cluster: (a) Ohki, Y.; Uehara, N.; Suzuki, H. Angew. Chem. Int. Ed. 2002, 41,
4085-4087. (b) Ohki, Y.; Uehara, N.; Suzuki, H. Organometallics 2003, 22, 59-64.

28 Examples of hetero-metal complexes: (a) Shima, T.; Suzuki, H. Organometallics 2000, 19, 2420-2422. (b) Shima,
T.; Ito, J.; Suzuki, H. Organometallics 2001, 20, 10-12. (c) Ito, J.; Shima, T.; Suzuki, H. Organometallics 2004, 23,
2447-2460. (d) Shima, T.; Suzuki, H. Organometallics 2005, 24, 3939-3945.

2% Examples of mixed-ligand complexes: (a) Shima, T.; Namura, K.; Kameo, H.; Kakuta, S.; Suzuki, H
Organometallics 2010, 29, 337-346. (b) Namura, K.; Kakuta, S.; Suzuki, H. Organometallics 2010, 29, 4305-4311.
(¢) Namura, K.; Ohashi, M.; Suzuki, H. Organometallics 2012, 31, 5979-5982. (d) Namura, K.; Suzuki, H
Organometallics 2014, 33, 2968.

30" For example: (a) Wrighton, M.; Bredesen, D. J. Organomet. Chem. 1973, 50, C35-C38. (b) Johnson, B. F. G.; Lewis,
J.; Twigg, M. V. J. Organomet. Chem. 1974, 67, C75-C76. (c) Wrighton, M. S.; Ginley, D. S. J. Am. Chem. Soc. 1975,
97,2065-2072. (d) Tyler, D. R. ; Altobelli, M.; Gray, H. B. J. Am. Chem. Soc. 1980, 102, 3022-3024.
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Scheme 1-2-2. Some reactions of Cp*Ru(p-H)4RuCp* (2a).

X
H\ﬁ:/Me / \ | // S .
N N\H o -

P // / amom /

—Rlu\H,RIu— R \\/, R 18oec  \ K \_/
N N

||| I||

Me Me

4
MeCCMe O MeCCMe /
_ - - Ru
Rg;( < \/Qg\

4

PR; J_ 'Bu,SiH,

r.t. tBu 'Bu

- < U
G ~ Sty /S'
i /{ ’/ \' EQZS'Hz
/R'u\ /Ru RO Ru 100 P Ru—H—Ru
R=Ph W™ X e H\s

=

=gy

FEIZ Cp*B A2 BT 5 LT =7 LK) b FU REEE Cp*Ru(u-H)4RuCp* (2a) 1%, =
9:[/:/ 25,31 7-{23:1/:/ 32 :/3:/33 73‘2/'(74’ :/31,34 - }\ U/l/,35 /\:/‘IZ:/ 31,36 :/3—_:/ 31 Q;,
~NTRYZR B DUIREOREEKIGEL, WTNOKIGTH o0& BN EE It
LCHRICIER TS Z & & AL TW5 (Scheme 1-2-2). £72, =K (Cp*Ru)s(u-
H)s(us-H)2 (30a) 1%, 740 v &b &9 D~ ALK & BUG L, HEESA TIXR S

31" (a) Omori, H. Doctor thesis, Tokyo Institute of Technology (1991).

32 (a) Omori, H.; Suzuki, H.; Kakigano, T.; Moro-oka, Y. Organometallics 1992, 11,989-992. (b) Takahashi, Y. Master
thesis, Tokyo Institute of Technology (1996).

33 (a) Suzuki, H.; Takao, T.; Tanaka, M.; Moro-oka, Y. J. Chem. Soc., Chem. Commun. 1992, 476-478. (b) Takao, T.;
Suzuki, H.; Tanaka, M. Organometallics 1994, 13, 2554-2556. (c) Takao, T.; Yoshida, S.; Suzuki, H.; Tanaka, M.
Organometallics 1995, 14, 3855-3868. (d) Takao, T.; Amako, M.; Suzuki, H. Organometallics 2001, 20, 3406-3422.
(e) Takao, T.; Yoshida, S.; Suzuki, H. Chem. Lett. 2001, 1100-1101. (f) Takao, T. Doctor thesis, Tokyo Institute of
Technology (1995).

34 (a) Omori, H.; Suzuki, H.; Take, Y.; Moro-oka, Y. Organometallics 1989, 8, 2270-2272. (b) Ohki, Y.; Suzuki, H
Angew. Chem. Int. Ed. 2002, 41,2994-2997. (c) Ohki, Y. Doctor thesis, Tokyo Institute of Technology (2000).

35 (a) Tada, K.; Oishi, M.; Suzuki, H.; Tanaka, M. Organometallics 1996, 15, 2422-2424. (b) Tada, K. Doctor thesis,
Tokyo Institute of Technology (1996).

36 Takao, T.; Obayashi, N.; Zhao, B.; Akiyoshi, K.; Omori, H.; Suzuki, H. Organometallics 2011, 30, 5057-5067.

37 (a) Kawashima, T.; Takao, T.; Suzuki, H. J. Am. Chem. Soc. 2007, 129, 11006-11007. (b) Kawashima, T. Doctor
thesis, Tokyo Institute of Technology (2007).
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W C-H, C-C #EE OB 2 N & 2 Z LB 52 ST E 72 (Scheme 1-2-3).2638

Scheme 1-2-3. Reactions of (Cp*Ru)s(u-H)s(ps3-H): with alkane and benzene.

LZERY E R REROEWRIGEL, VT =7 AUNAOEBTHHMONT WD, KT,
55, 12513 CsMes(SiMes) (Cp™S) BUfL -2 H T 5 F ¥ “ KK (Cp™STi)s(u-H)e(us-H) %
BRRL, BFEORUP U LEDORIGERE L TWD (Scheme 1-2-4). (Cp™STi)s(u-H)s(us-H) &
EFRLORIETIE, BROEML, KIS TORTHIBEE, ZEE#ZFIH L7z N=N =8k
Aok, & RY REMFICES=FY FO7 0 b ALRISREBEICBHI SN TV D,
ZEARY Y REERO e Y RENLFIE, BB & LT T, EhliEtEic
Lo Ta&BOEMAfafitEEZmd s Er7—n) ELTo&kEE, 7o hH, B RY
R E L TOEEZR > T o,

Scheme 1-2-4. Reaction of (Cp™S5Ti)3;(u-H)s(u3-H) with N, and benzene.

Ti Ti
SiMe; \ N H N
o : \| o LA
ﬁ i j -10°C Ti<,!,>ri 20°C Ti< >Ti
T~ N
HH//I\HH H
H
N
=
. X \H/ > . CH
Me;Si H SiMe; 3
_ATi
H
CH;,
™S 71'/_
Ti = Ti(Cp™S) — ri\ L, —1i —Ti
INV 7 100ec | |
H=\\7~H H\T'
H 1

3 ZHEEE OB T DBFR
Zi%eh s & AL F ORNIERA

HRZBHIR & RERIC SR T b, BUAL T OB UIHE R RUSTEIC R E R B2 52 5.
1 HiTHIRANZ LI, el R TRNLT D37 o RV VRN FIIEEEDL Y DR
ARSI L S 5 2 &R TE D72, geometry DZEALZ {5 BUGITxF L THFNTE)

38 (a) Takemori, T. Doctor thesis, Tokyo Institute of Technology (2007). (b) Takaya, Y. Master thesis, Tokyo Institute
of Technology (1994). (c¢) Inagaki, A. Doctor thesis, Tokyo Institute of Technology (1999). (d) Murotani, E. Master
thesis, Tokyo Institute of Technology (1999). (e) Moriya, M. Doctor thesis, Tokyo Institute of Technology (2006). (f)
Tahara, A. Doctor thesis, Tokyo Institute of Technology (2013).
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< 2 HICRLIEZEE, =RV B R RESMRDIRIZWRISHEL, ZEEERTH L Z L0
RYU RENT FA2 BT HZ LN, 7 a2 P = VRN FOMEIC B IEFEL TV D
LOLEZLND.

RU b R REIRICIRDS T, 7 n 0¥ o= VBT 2 BT 5 SRR % < DFF R
BSOS HATIE Y, Cp*Ru = v N & FH T 5 &R GG IO G K T H [H)
FRICEE 2 72 BOS S ST d . Bl 21E, Cp*Ru(u-NHPh),RuCp* & 7 /L3 > & DG TIE,
7=V OBBEEEoToA I RT LR AR T, SR LT C-N ST LT
THERESINTWD (BEq. 1-3-1).3%

Ph Ph
Ph \ N Ph
R >
—PhNH, _R”\N/R“ (1-3-1)
Ph Ph

Ph
Flo, WNVRZNDE S R/NERENMFERT LR TYH, @REDL Y OMEL{bE
o Tokk 2 I ROSVRE ST TWD 2 Bl 21X, =B VR =g E VW=7 v v ok
FALBOGTIE, &80 OBAL I FLiRICZE L U e 3 & i SOS 23 4T3 2 (Scheme 1-3-

1)'41
Scheme 1-3-1. Catalytic hydrogenation of alkynes mediated by triruthenium cluster.
[ [
N= =
NH H
Ru —Ru D — Ru, —Ru
S,
Ru¢
Ph
Ru = Ru(CO), Ph
| B
/ N f N
N= =
A FRecen /AN
N [AH  -phHc=cHPh R Y
Ril/ \Ru/|-I
\__Pnh —
P—"_ Phi Ph

IHET, KIIGHEOEW RV b RU REEKROREEZ B L, KRB+ D R Dk~
THERYE RY REENEHREINTEE? BT facial ICEMNLT Do R —MH0 Cn*BEiiL

3 (a) Takemoto, S.; Kobayashi, T.; Matsuzaka, H. J. Am. Chem. Soc. 2004, 126, 10802-10803. (b) Takemoto, S.;
Kobayashi, T.; Ito, T.; Inui, A.; Karitani, K.; Katagiri, S.; Masuhara, Y.; Matsuzaka, H. Organometallics 2011, 30, 2160—
2172. (c) Takemoto, S.; Yamazaki, Y.; Yamano, T.; Mashima, D.; Matsuzaka, H. J. Am. Chem. Soc. 2012, 134, 17027—
17035.

40 (a) Hidai, M.; Mizobe, Y.; Matsuzaka, H. J. Organomet. Chem. 1994, 473, 1-14. (b) Miyake, Y.; Moriyama, T.;
Tanabe, Y.; Endo, S.; Nishibayashi, Y. Organometallics 2012, 31, 3292-3299.

41 Cabeza, J. A.; Fernandez-Colinas, J. M.; Llamazares, A. Synlett 1995, 579-586.
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Fa2BA LT ZEERIE, @RTLOEWETFEEZEN LIEOMERRE SN TWND.
KEEHR & ORUG % ifTe RS & OIS TIX, Cp*ENL 1 DI 6 72 D " HEE5IK 2a 13 =HIE
T, BERETHRIS LRWDITH L, Co*E 12 A9 5 SR ARIT =R Tl CO,
LY ATe7p E R WIS A R (Scheme 1-3-2).2%

Scheme 1-3-2. Reaction of Cn*Ru(u-H);RuCp* with COa,.

/}H\\ CO, (20 atm)
—RU Ru—- —— > No reaction
\H\H// r.t. 1 day
THF
/ Gy
N | 90K
N\ M €O, (1atm) n |/
—NfRi Rt ————> [ PRu_ Ru
<_ /N rt. 15 min N[ H 3
N H THF - \\/N
\ ~

LU, Tp 52X Cn REML 72 £ D facial [ZEAL L7oo B — B T I HEZSE R O
geometry % octahedral [IZHEL TCLE I ZENHMOLINLTEY, ZEEIRICEALTZSAICH
ZOMENBEEFE BN IND. 8,9 EERBIZo R —MHORM 2 AL R e RV
REERTIX, octahedral B2 B D 22 WVBI HAENZHI DN TIIWER,2 1Z LA DR TE
J&E 0 B3 octahedral fiE & HL D (Fig. 1-3-1).834

4 An example of non-octahedral structure: [Os2H7(PPh’Pr2)4]*, Anderson, B. G.; Hoyte, S. A.; Spencer, J. L. Inorg.
Chem. 2009, 48, 7977-7983.

43 To the best of our knowledge, all of the dinuclear polyhydride complexes of group 8 and 9 having at least 2 bridging
hydrides, and at least 3 hydrides ligands in total were examined by Cambridge Structure Database System Version 5.37
(November 2015 update): Allen, F. A. Acta Cryst. 2002, B58, 380. Almost all of the complexes contained at least one
pseudo-octahedral center.*

4 (a) Dapporto, P.; Midollini, S.; Sacconi, L. Inorg. Chem. 1975, 14, 1643—1650. (b) Crabtree, R. H.; Felkin, H.; Morris,
G. E.; King, T. J.; Richards, J. A. J. Organomet. Chem. 1976, 113, C7-C9. (c) Wang, H. H.; Pignolet, L. H. Inorg. Chem.
1980, 19, 1470-1480. (d) Jones, R. A.; Wilkinson, G.; Colquohoun, 1. J.; McFriane, W.; Galas, A. M. R.; Hursthouse,
M. B. J. Chem. Soc. Dalton Trans. 1980, 2480-2487. (e) Albinati, A.; Musco, A.; Naegeli, R.; Venanz, L. M. Angew.
Chem. Int. Ed. Engl. 1981, 20, 958-959. (f) Musco, A.; Naegeli, R.; Venanzi, L. M.; Albinati, A. J. Organomet. Chem.
1982, 228, C15-C18. (g) Meier, E. B.; Burch, R. R.; Muetterties, E. L. J. Am. Chem. Soc. 1982, 104, 2661-2663. (h)
Green, M. A.; Huffman, J. C.; Caulton, K. G. J. Organomet. Chem. 1983, 243, C78—C82. (i) Chaudret, B.; Devillers,
J.; Poilblanc, R. Organometallics 1985, 4, 1727-1732. (j) Einstein, F. W. B.; Jones, T. Acta Cryst. 1985, C41, 365-369.
(k) Tani, K.; Yamagata, T.; Tatsuno, Y.; Saito, T.; Yamagata, Y.; Yasuoka, N. J. Chem. Soc., Chem. Commun. 1986, 494—
495. (1) Mcdonald, R.; Sutherland, B. R.; Cowie, M. Inorg. Chem. 1987, 26, 3333-3339. (m) Arif, A. M.; Heaton, D.
E.; Jones, R. A.; Kidd, K. B.; Wright, T. C.; Whittlesey, B. R.; Atwood, J. L.; Hunter, W. E.; Zhang, H. Inorg. Chem.
1987, 26, 4065-4073. (n) Wang, H.-H.; Casalnuovo, A. L.; Johnson, B. J.; Mueting, A. M.; Pignolet, L. H. Inorg. Chem.
1988, 27, 325-331. (o) Bianchini, C.; Laschi, F.; Masi, D.; Mealli, C.; Meli, A.; Ottaviani, F. M.; Proserpio, D. M.;
Sabat, M.; Zanello, P. Inorg. Chem. 1989, 28, 2552-2560. (p) Bruno, J. W.; Huffman, J. C.; Green, M. A.; Zubkowski,
J. D.; Hatfield, W. E.; Caulton, K. G. Organometallics 1990, 9, 2556-2567. (q) Fryzuk, M. D.; Ng, J. B.; Rettig, S. J.;
Huffman, J. C.; Jonas, K. Inorg. Chem. 1991, 30, 2437-2441. (r) Hade, D.; Wieghardt, K.; Nuber, B.; Lu, R.-S;
Mcmullan, R. K.; Koetzle, T. F.; Bau, R. Inorg. Chem. 1993, 32, 4300—4305. (s) Schnabel, R. C.; Roddick, D. M.
Organometallics 1993, 12, 704-711. (t) Esteruelas, M. A.; Gracia, M. P.; Laboz, F. J.; Martin, M.; Modrego, J.; Ofiate,
E.; Oro, L. A. Inorg. Chem. 1994, 33, 3473-3480. (u) Siiss-Fink, G.; Godefroy, I.; Béguin, A.; Rheinwald, G.; Neels,
A.; Stoeckli-Evans, H. J. Chem. Soc. Dalton Trans. 1998, 2211-2214. (v) Abdur-Rashid, K.; Gusev, D. G.; Lough, A.
J.; Morris, R. H. Organometallics 2000, 19, 1652—1660. (w) Feldman, J. D.; Peters, J. C.; Tilley, T. D. Organometallics
2002, 21, 4050-4064. (x) Moxham, G. L.; Douglas, T. M.; Brayshaw, S. K.; Kociok-Kéhn, G.; Lowe, J. P.; Weller, A.
S. Dalton Trans. 2006, 5492—-5505. (y) Choualeb, A.; Lough, A. J.; Gusev, D. G. Organometallics 2007, 26, 5224—
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N
Cy,P \ H o
PhsR H Ph N H >0
Cy \ AN PC I N \ N=—
Ph3p\\Ru/ \Ru— —RuéH/R// Y2 N/\th/H\Rh/ O/P\I/H\|/
P T Lt B | Ir Ir
onp” W (; \\/\H N/ ) ‘ ‘W/qu\KO
3 PCy, H Ph
N O ~<<H N O
o}

Figure 1-3-1. Examples of hydride complexes with octahedral centers. 44v=2bah

Cn*EN 128 A L7 ZEESEIR S 2 OFISN Tl Bl IE Cp*éhik 2a L =F L2 E DK
JETIE, ZEE b~ TF L DRV IABE o Te T v 7Y T ROSDIEITT 2 D%t
L, Co*lefi &8 A L7= B8R Cn*Ru(u-H)sRuCp* TlI Al v 7V o 7 KOS IHEE & 22
(Scheme 1-3-3). ZDOGETIE, “HFDOTF LNV IAEN, Y= ASEKRNER L TW
% H OO, Cn*Ru HULNEHIZ octahedral & Z#ERF L TV D728, OO = VEMREEHET
ET DTV 7 TERVWEDOEEZBND. £, —BBILRFHE & OIS TIE, COM 501
BASINTSEEE, =0 B ANINTEERP AT 525, —H octahedral #§iEZ 5 &, =
STHOCONEATERNZ EBHLNISNTND.

5229. (z) Prechtl, M. H. G.; Ben-David, Y.; Giunta, D.; Busch, S.; Taniguchi, Y.; Wisniewski, W.; Gorls, H.; Mynott,
R. J.; Theyssen, N.; Milstein, D.; Leitner, W. Chem. Eur. J. 2007, 13, 1539—1546. (aa) Tschan, M. J.-L.; Chérioux, F.;
Therrien, B.; Siiss-Fink, G. Eur. J. Inorg. Chem. 2007, 2007, 509-513. (ab) Peloso, R.; Pattacini, R.; Cazin, C. S. J;
Braunstein, P. Inorg. Chem. 2009, 48, 11415-11424. (ac) Buil, M. L.; Esteruelas, M. A.; Garcés, K.; Garcia-Raboso,
J.; Olivan, M. Organometallics 2009, 28, 4606—4609. (ad) Fischer, C.; Kohrt, C.; Drexler, H.-J.; Baumann, W.; Heller,
D. Dalton Trans. 2011, 40, 4162—4166. (ac) Stevens, C. J.; Dallanegra, R.; Chaplin, A. B.; Weller, A. S.; MacGregor,
S. A.; Ward, B.; McKay, D.; Alcaraz, G.; Sabo-Etienne, S. Chem. Eur. J. 2011, 17, 3011-3020. (af) Kohrt, C.; Hansen,
S.; Drexler, H.; Rosenthal, U.; Schulz, A.; Heller, D. Inorg. Chem. 2012, 51, 7377-7383. (ag) Plois, M.; Hujo, W.;
Grimme, S.; Schwickert, C.; Bill, E.; Bruin, B. de; Péttgen, R.; Wolf, R. Angew. Chem. Int. Ed. 2013, 52, 1314-1318.
(ah) Plois, M.; Wolf, R.; Hujo, W.; Grimme, S. Eur. J. Inorg. Chem. 2013, 2013, 3039-3048. (ai) Gruber, S.; Neuburger,
M.; Pfaltz, A. Organometallics 2013, 32, 4702-4711. (aj) Kohrt, C.; Baumann, W.; Spannenberg, A.; Drexler, H.-J.;
Gridnev, I. D.; Heller, D. Chem. — A Eur. J. 2013, 19, 7443-7451.
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s JK LY WY

o
Gy
\ \ llu\/H\Ru)/\\S\
co1am) (L} \ |
"4 _— kf“Jé
_(N_‘ l\R /H\Ru—
<—N/ U\}ﬁ, CO (1 atm)
CO (1 atm) \

SF VY, ZEERICE T D RN 7T, &R OOBETEELT TR, BBREDLVO
RATHEGE 2 IR ET 2 E 2R D, £ ORMAEEIZ X > TRLERCRECEBO B ORY
ABF I EORIEEBIREESND Z L LD, ZORTHRIKALHEL 525 Cp REUNL 1T
e R L TOREDOSERRNERZ TTHEL L, Z OfEREMN LR E R+ b0 L
Erxohnb.

BEAL T & B3k

SRR L BB L OIS TR, HELHEEATE 28BORNLWNELE (2 ARLLRE]
X [ZEFBEEE] DNROICKEET S, 20D, ROBENZTIEZVIFE LR
BERIZHEA ORUMMER R NWTEE 2 b0 EHIFFS D, L LR s, XFFRMF2 67T 5
A TIZ Z OB X FIZIE L TR, —RAICEER & BB & OIS T, BERER
HICHEE T2 2 L TRIGT 5. 2D L &, RN 2 0T 5 285 T, B
T 2 DI AR ED D NHERANLFIC k> THEHILD Z L2725, Fig. 1-3-2 {2 Cp*Ru
2=y hEHFTDH I (2a), —t% (30a), VUEZAR Y & KU K&K (36a) @ space filling 7
NER LT B BB 607 K 512, R USRI 2 R 058 11E, 5 B bico
NTE&BHLOBBHNDRL 720, IFFENL 2L > THREOMVIALBHESIND Z &
DoND. Bl ZIE, R 30a X7 Vo abhd & T Dk A IR VB & O3 D 2% (Scheme
1-2-3), PUEZSEIR 36a X7 V1 o LIRS ET, BERC M LiRE R & DR/ W1
ELDPRISLZRNY 20X, RN FE2 BT 2K B R Y REEERTIE, Bl 1
ERHOMAEDRICE - T, ISR RE S EAR S,

4 Tto, Y. Master thesis, Tokyo Institute of Technology (1999).
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Figure 1-3-2. Space filling models of di-, tri-, and tetranuclear polyhydride complexes.

TSI Z ARARE X [ZE BRI BNEBETOIRNOEETH Y, KOG
EHLTWDLZENLEEREE LT L, mWIGEE R T O LHiffEND. 2 E
TIZ Scheme 1-2-2 (TR L72 X 91T, Bex RIEICR LT, BEHSATIIR O NE S 72
R R 7R PO MEZ R U CE T2, RRIC TRESEIRIE, —BSEIRICHETHE £ 0 ONLIRBREE

ENTNDHT=D, IMBEEORV IAALNEZ VTN DEEZ NG, £, FEICH L
TR TEAL L TWA T8, =S THAAL L TV D =R & LR THE N IR B D
WOt CE 2 b EMfFSND. —H T, R LE T A R TBIRFE L Vo
TIEMH =RV T —RNEWEE & OIS TIE, 85K EEENIETH LD b, 108
RE TORISHEIET 2 2 & CREWER ISR Z TE T 5 Z E DA HAL TS (Scheme
1-3-4). 2D X 1T, $HEDLEM L FISS DI EIZ M L— RE 7 OBRICH Y, SERDH
HEHELLL LTS —DDHERK L Lo TN 5,

Scheme 1-3-4. Dimerization of dinuclear complexes.

M
Aor hy / \R Aor hy
—M H,Ru— / uy No reaction
Alkane XM Alkane

\

(M = Mo, W, Ru, Rh)

Cp*BIfL 1 &NV T =0 Wh b 72 2 B ZFIH LTz sp* M C-H f5 &S0 C-C fi &7 L Y]
I, H‘E?ﬁﬁi}iﬁﬁ I, TAUE TEREBER 30a 2 TPLICHIE S T E 2 2, CpHRdh
AR L7258100E, = 851K 30a DZLENME & UGS DIR S A HEEE I L/CJE@VCN_&’)T
HbH. ZIT, iﬁ@ﬂh%@;ﬂn Ko T R 2B & FUSYs 2 Ff - T2 "SRR 2 B Ak
TEhE, SR O @O RIS 2 RIEMER & OLBOE~ LIS TE 2 b0 L Hiff s
2.

FTBIIEE TIE, ZNETICERLEORR DA Ry /a2 V2= VBN T2/ 5
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TRV E RY REER 2 ZEL, ZORLEMHICOVTHRITNSD (Eq. 1-3-3). 24647 &
SN TICON TEL EMEN M\ L L, #5123 50 Bu Er A5 Cpdfii FZ28ALE
ESEIR (20) TIE, BB OREMENPREICH LT 52 ERHRESN TS, 2D L5 74
WY 7 Bl H D VBN AN U TR, CRER AR L e ANIE MR
B OEBSISTHRK L TEWVIEERHIFRFCE 20, ZRETO L ZAZDOKIGHEIZ DV TH
ST TR0,

//\\ // ~ //\
\\/ \\// \\/ Bu ‘Bu

//\\
\\/

//\ //\ //\ tBuﬁ:B u tBl.lﬁtB u
\\/ \p/ - \\/ \\/

Figure 1-3-3. Dinuclear polyhydride complexes with diffirent types of cyclopentadienyl ligands.

B4 AEFFEDO BH)
FTBIF7EE Tl ZAVE TICHE A ORI F 2 AT 2R Y © R FEiRE G L, £
&P LEFAE L EEOEH LI OWTHLNI L TE . b TY Cplifi 2872
CEARY B RY REEKIE, @B EDY OILWKIES & AR 2 TEN L, Z2aET
DMCKDEBEOMV AL v 7V I ROSHER T2 ERP NI TS, L,
TEESERITE WO R A T D R, BHIC ZBbRIS R Z U, ARG TSR A
KA. ZHITRERE A EZ AT HREE L ORISICB W TR &, “RERERIH L
T SOGBAFE DB T2 %
ARG TIE, BER_MEBREAT D2 ARV B R RESEOARE, 2 EFIH L7 sp?
PE C-H fEA OEBAIERSIEORREZ B E Uiz, 85K & L CORIGHZ RRIRIZS]
ST 72O, mEWENFEAEAL, ZEEROZEMER ST SRR & LTE 3
o@Bu%%ﬁiécﬁm&%%mw &gl LTIV T =0 LEHhLET5 8,9 ke REY
BIRL72. mE CpHlfi 1% 8, 9 @B~ NRINTEAT 2 FE, AR Y b FU R§sK
~HAAT FIEE S L, CpHBfr T2 A 3 2 A DE 71, SIRRPEESCEES L OBt
FOSEDBE N OWTHE L2, £72, 2O X5 L TELNLZER _HMKIGET, @ik
ST HREREREROZ ENHIFFIND Z 0D, RO E WIS EETEN LT
sp’ £ C-H #&& OEHER MG ~DIS %4 B L7z,

46 Kawashima, T. unpublished results.
47 (a) Yanagi, T. Doctor thesis, Tokyo Institute of Technology (2010). (b) Yanagi, T.; Suzuki, H.; Oishi, M. Chem.
Lett. 2013, 42, 1403-1405.
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AFSE 7T ECHRENTRY, FEOMETLTO LB TH D

B1E i) Clv s aXu ¥ Voo VENLf, SE8EKRR Y B R U REEK, ZiE8ERIC
BT DENLF DEEN SOV THERL L 72, ZREERDO UGS & REMEIZ OV TR, &EEm
Va8 YT S VLT R TSR EICHLZAAT 2 L OFRICOWV TR

828 [CpBlhi T2 H T 5 81K, 9 N7 A REEIKDGRL TlX, Cpllh 7% 8.9 k&R
~NEANT DRI GRIE L, CpRNLF 2 AT DT A FEEDOMEIZ OV T~z
B3 E (CpRNFAATHLEAY B R REHEDOAH T, 2 ETHA L7 Cprldhr 1
BRSS9 EBBESEAR Y B KU REFRAEAS 2 HBR ERIEIZ OV TR~ 7.
BAE CpNFAHFT D AU b R REEEROME & RUGME] T, Cprldhi + 4 H 7
B ISR O T, SLRBIMEEIC SV T, CpHBl i 725 4 DI & 0 BUS T R IE S
WA Z oW Tk

BSE ITHLT=ULT M7t R R EfA~T nBRILEW L ORIE] TIE, %
TE 78 K ERE AR Lz fafn~7 v BRIE AP OTE AL IS IZ DTl 72

6w [T =0 AERE AWZBRIRT X L EO ALK BB LR TlE,5 =T
‘o R A T, KERBIEA & LBk T < o OftiErg Bk Rmb G 2 BR%E L,
ZDORIGEA T =R BTN TRz,

7 TR CIImFRRfREE £ Lo, EBROMWICEROZEMZTE L.
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FIE CpBINLFEET D 8IK, 9IBENTA FEEERDER
B s
BE CpEEATHN—TH ¥ v FRINT A Nk

VI mNRE T S VAL, BB REER O TR b RE A ) AR, RKiZ
FIROREBFANCK L TEWIMEZ AT D 2D Ay T —2 —FfiF & L TR A &
NTW5., £z, &R L OWGEMEERS —B LW =Dz, /00 HENL T~
fehixA L7 o», TUN, vmaTHEIT CO RKRAT 270 EOnfRIERNL 1 & X
x5! 207, BRPLOBTEENE AN, BETEERGRETLEENL
RGOS FTREIC 725, 2O X5 M EEZFA LT, AL 7 1 v OES, Bk, <
B ok#FElL, & Ras Uk, Tax s &= U AoBl, Mikkx 72803 BH % &
nTnnp2?

B 7 a2 =)L (Cps = substituted cyclopentadienyl) #4835/ —74% > KA
v FRINT A REER (CpsMXu/m) 1,3 HEDD 10 EE TOMRIAWVEBREBIZOWTHHNT
W52 IS O8HRTIE, 2 BEFHEEENI A DOBENLY BRLAIATINS salt metathesis ST X
HNT A REHSOSTCE I K DT A NEUL 7 O BLBE S 72 E N E S T T 5
ZENRRIZHMLNTEY, TNAFBREWUSHEZ /R T2T TR <, fx O 8E
KOFIBRAR L 225 Z LB TV D (Scheme 2-1-1).

! Crabtree, R. H. Organometallic Chemistry of the Transition Metals, 6th ed.; Wiley:Hoboken, NJ, 2014.

2 Hartwig, J. Organotransition Metal Chemistry; University Science Books: Mill Valley, CA, 2010.

3 Poli, R. Chem. Rev. 1991, 91, 509-551. and references therein.

4 For example: Ru:(a) Oshima, N.; Suzuki, H.; Moro-oka, Y. Chem. Lett. 1984, 1161-1164. (b) Tilley, T. D.; Grubbs,
R. H.; Bercaw, J. E. Organometallics 1984, 3,274-278.

3 For example: Os: (a) Gross, C. L.; Wilson, S. R.; Girolami, G. S. J. Am. Chem. Soc 1994, 116, 10294-10295. Rh
and Ir: (b) Kang, J. W.; Moseley, K.; Maitlis, P. M. J. Am. Chem. Soc. 1969, 91, 5970-5977. (c) Andrew H. Janowicz;
Bergman, R. G. J. Am. Chem. Soc. 1982, 104, 352-354.

¢ For example: Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, 1. D. Organometallics 1990, 9, 1843—-1852.
7 For example: Ru: (a) Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, B. E.; Luth, K. W. J. Am.
Chem. Soc. 1989, 111, 4712—-4718. (b) Koelle, U.; Kossakowski, J. J. Chem. Soc., Chem. Commun. 1988, 549-551.
Os: (¢) Gross, C. L.; Brumaghim, J. L.; Girolami, G. S. Organometallics 2007, 26, 2258-2265.

8 For example: Ru: (a) Fagan, P. J.; Ward, M. D.; Caspar, J. V.; Calabrese, J. C.; Krusic, P. J. J. Am. Chem. Soc. 1988,
110, 2981-2983. (b) Koelle, U.; Kossakowski, J. J. Organomet. Chem. 1989, 362, 383-398. Rh: (c) Sharp, P. R.;
Hoard, D. W.; Barnes, C. L. J. Am. Chem. Soc. 1990, 112, 2024-2026. (d) Koelle, U. J. Electroanal. Chem. 1990,
292,217-229.
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Scheme 2-1-1. Reactivity of CpsMXn/m.

X
& |
\ =z 7 / Ny
(M =Ru, Os, Rh, Ir)
(L =CO, PR3, and etc.)

Cp*
/
Cp\Ru/ |
Cl
AN T \},/Ru\
cp—Ru cl \J (l:I cl
Cl RGO
\
Cp*
al
. Cl RU Me Me
Cp\Ru/—l CI/ o> o\
| + LiOMe LN
K _Ru Ru
cp—Ru /c| -LiCl SN
/
Cl RO
\
Cp*
Cp*
/
Cl c /CI /Ru
P
Q ___.CI...\RI 2¢" Ru+CI ‘
Ru, _Ru R —
I\CI/ Y —2CI c%‘;Ru /CI
cl ci R
Cp*

F72, CpsMXo/m 1ET > R LTI TR, MEREAE LTHOERATH L. N—TH
YRA yTFEERIIT I a R VS VRN IS Ko TS D — R Ri#E T H Z L T,
ﬁmﬁ®%ﬁéﬂﬁféécmM&miA?4FE&%@%% o TEGITIED RS
ERAETE 5 2 L Dikx eSO ICRI A T X 5.2 fi 2 1F, [Cp*RuCl(u-Cl)]> (1a) JLE
ﬁ?wﬁyﬁﬁmkﬂ%$)wmﬁmCﬂbf%wﬁé%ﬁ?é_k#ﬂ%ﬂfwé
(Scheme 2-1-2).°

Scheme 2-1-2. Example of catalytic alkane borylation using [Cp*RuCl(u-Cl)]. (1a).

® Murphy, J. M.; Lawrence, J. D.; Kawamura, K.; Incarvito, C.; Hartwig, J. F. J. Am. Chem. Soc. 2006, 128, 13684—
13685.
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ZERY & RV FeERERA~DEA
—fxiZ e R U RENZAIE, T A RENLAF & e R e R R3E & O salt metathesis S
X° labile 72ENL 2B T DR E KB LD EIC L - TEAIND. ZORE, ALz
szxﬁau?ﬁ@%mmﬂiwa 22NV EEE T/ L CV DA I SRS Z 5. O F
, 28 R REMARD B L &G 21T 0 121E, @B LoRMAfEftE] BEIO
Fﬁﬁii%ﬁ%ﬂ ) ANl NI A A
%l 21X, Cp*RuCly(PR3) & LiAlHs & ORJS TlE, HAEZD Cp*RuHs(PRs) M ERKT 2 73,10
[Cp*RuCl(u-Cl)]> (1a) & LiAlHs & OIS TIE, SR TH D Cp*Ru(u-H)sRuCp* (2a) 73
5545 (Scheme 2-1-3)."" Z D X 5 72E W, £ U D FU REHADENLARBFIPE D
WCEoTAELDLDEEZ LI, RAT 4 U EFFZRVRTIEZE O AAFEZ LD 5
BT ESEHRN R SNt EEBEZ LS. 2D X HIT, CpsMX/m HOEERITE KU R
BN T2 BA LT HGAIT, SR ERBE LT VSR TH D Z L dbnd.

Scheme 2-1-3. Hydride reduction of the chloride complexes.

S R

+ NaBH; ——— Ru—H
RsP /\ Ethanol R3P/‘\H
H

/ 1. LIAIH,/Et,0 //\\
\CI / 2. Ethanol \//

X, T A NifkE e FU FREEL ORIGLISMT S, IhT A RERET =4 MR Y
b R U RESER L @ salt metathesis St 12 E DR U B KU RESROARIENFI HAL TV
% (Scheme 2-1-4). Caulton & (% [OsH3(PPhMey);]” & Cp2ZrCly & @ salt metathesis T & >
T, AU E RY REEERPZHRMHEOND Z L 2RE L TN D12 ZO, 7 =4 skl
DH w7V THTFE LT, BNLARRIFNZR CpsMXa/m B OSEA % IV 2 & Fl 4 DB A ELFN
BREBEE AV v N REENEONL ZERmbNTNS.S

10 Suzuki, H.; Lee, D. H.; Oshima, N.; Moro-oka, Y. Organometallics 1987, 6, 1569-1575.

1" (a) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243-2245. (b) Suzuki,
H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Fukushima, M.; Tanaka, M.; Moro-oka, Y. Organometallics 1994, 13, 1129—
1146.

12 Bruno, J. W.; Huffman, J. C.; Green, M. A_; Caulton, K. G. J. Organomet. Chem. 1984, 106, 8310-8312.

13 For example: (a) Shima T. Doctor thesis, Tokyo Institute of Technology (2001). (b) Shima, T.; Suzuki, H
Organometallics 2000, 19, 2420-2422. (c) Oishi, M.; Kato, T.; Nakagawa, M.; Suzuki, H. Organometallics 2008, 27,
6046-6049. (d) Plois, M.; Wolf, R.; Hujo, W.; Grimme, S. Eur. J. Inorg. Chem. 2013, 2013, 3039-3048.
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Scheme 2-1-4. Synthesis of dinuclear polyhydride complexes via salt metathesis reaction.

;l\ MezPhP\ /H . &\l H PPhMe,
e —Cl 4 Me,PhP—OS—H | K~ —— ZrZ—H—os—PPhMez
A el / -k AT N
Me,PhP Q PPhMe,
Cp*
_l Li R
Cpt H
l R / ; CI/ - >Ir
| + 1/4 -Licl N\
H//'\H c%—Ru—’—CI H™H
H ci R{
\ *
Cp

SR OHUL, RN T OEE S OFRIC L > THIE T 5. Bl x1X Cp*ldhr T %
A9 5 [Cp*Ru(n’-ally)CL] ®t KU RELKIGTHE, 77U REN O RY REAL 7~
DEHE, 7 U VEOKFE, BEEE - TR 2a MEONL DKL (Eq. 2-1-1), /b
72 Cp BN T-ZEA L7 [CpRu(m-allyD)Cl] % M5 & IUEESEIR (CpRu)sHe H3IEIRINIC
SO D (Bq. 2-1-2). WUBESEIRIE, £ 00 T ORI & “SE IR ER L, /kb\f

J%’f&ﬁm:g{b o TAERLELD EEZ B, 2a 1% Cp*Bihr 712 L D BRI 7%
{BIZ & » T BALBIH ST D, KBS, 2a 13 60 °C FE2E OV E 721306 R EHIC L - Ty
gk iR & LT 5 (Eq. 2-1-3).

\ﬁR/ 1. LiAH,
2 Ethanol \% %(2 1- 1)
0
@ 1. LiAH,
VV 2. Ethanol A( %(2 1-2)
H6 &

\
R e

\

— 7T, XFBLALF O &R SIS K DHH AW YNIAT O &, BB OR 2 B ERNSLE

14 (@) OhKi, Y. Doctor thesis, Tokyo Institute of Technology (2001). (b) Ohki, Y.; Uehara, N.; Suzuki, H. Angew.
Chem. Int. Ed. 2002, 41, 4085-4087.
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fbFT5Z2LbTED. ZTNETEHBMEETIE, /X ¥ Yz=)L EOEREE
Me;Hz, MeqH, Mes, Mes'Bu, BuoHs, ‘BusHy & 2L SH72 2 BEK STV 5 IS8 = 52
% LT 180 °C DANESCIEIRSTIZ X 2 ZRALBIC 2 /T L7212, 78 £ D a THUEZEs
ROEREDBI SN DD, Bukkz 3 OG5 Cpt B 7% W2 35B IS IX USSR A3 42 <
£ U7< 2% (Fig. 2-1-1).

Bu Bu
H_H H
\Y
_R<<>/Ru_ _RU//\\R”_ Bu Bu
HH S HoH
tBu ‘B " //\\Ru
a
4
Bu Bu \}{
tBu 'Bu Bu 'Bu
H H_H
) N 2¢
—Ru\ Ru—— —Ru\\//Ru—
H H™H

2a

[Kinetically stable dinuclear complexes ] dinuclear complex

[Thermodynamically stable]

Figure 2-1-1. Stability of complex 2 bearing different types of ligand.

i OB T O A X D25 0fl#EEe R REERICIB 7= 2 & Tidwn. Bl 2,
Severin & (% &\ 1-methoxy-2,4-di-tert-butyl-3-neopentylcyclopentadienyl (Cp”) Bl 1% A7
HNT = MEEEFE L AR LTS CpHEhL T A EA LT AEONT =7 5T A K
SEARDSURZEER [Cp*Ru(us-C]s 2T T 2 DI L, 20 CpEfii 1% E A Lz Zffio/L
F=U L7 Y REERE B [Cp*Ru(-CDL &R 2.5 ZHUREHEL Y Cp Rl 10
SRR & o T BB ISR L SN0 Th 5.

ZDOX Y emEmW T a XK VT =)V D4 B~ D AL, Sitzmann 52 K o> THy
TIHNZHRIE S TE Y, 1,2,3,4-tetra-iso-propylcyclopentadiene <° 1,3, 5-tri-tert-butylcyclopenta-
diene 72 &% W Tl i@ WO SRR 2 A3 2 A WISEAR, 3d @BSEEROGHEAME I T
WD EEWS T m X 2 T AR YNE, BEMET v b SRR 2R 2 52 TV D

15 Kawashima, T. unpublished results.

16 (a) Yanagi, T. Doctor thesis, Tokyo Institute of Technology (2010). (b) Yanagi, T.; Suzuki, H.; Oishi, M. Chem.
Lett. 2013, 42, 1403-1405.

17 (a) Gauthier, S.; Solari, E.; Dutta, B.; Scopelliti, R.; Severin, K. Chem. Commun. 2007, 1837-1839. (b) Dutta, B.;
Solari, E.; Gauthier, S.; Scopelliti, R.; Severin, K. Organometallics 2007, 26, 4791-4799.

18 (a) Dutta, B.; Scopelliti, R.; Severin, K. Organometallics 2008, 27, 423-429. (b) Dutta, B.; Scolaro, C.; Scopelliti,
R.; Dyson, P. J.; Severin, K. Organometallics 2008, 27, 1355-1357.

19 For example, Th: (a) Ren, W.; Zi, G.; Fang, D.-C.; Walter, M. D. J. Am. Chem. Soc. 2011, 133, 13183-13196. Zr,
Ti, Hf: (b) Sitzmann, H.; Zhou, P.; Wolmershaeuser, G. Chem. Ber. 1994, 127, 3-9. Fe: (¢) Wallasch, M.;
Wolmershduser, G.; Sitzmann, H. Angew. Chem. Int. Ed. 2005, 44, 2597-2599. (d) Wallasch, M. W.; Rudolphi, F.;
Wolmershduser, G.; Sitzmann, H. Z. Naturforsch. 2009, 64b, 11-17. (¢) Walter, M. D.; White, P. S. New J. Chem.
2011, 35, 1842—-1854. Co: (f) Holdcroft, GE; Underhill, A. Z. Naturforsch. 1995, 50b, 684—686. (g) Baumann, F.;
Dormann, E.; Ehleiter, Y.; Kaim, W.; Kércher, J.; Kelemen, M.; Krammer, R.; Saurenz, D.; Stalke, D.; Wachter, C.;
Wolmershiuser, G.; Sitzmann, H. J. Organomet. Chem. 1999, 587, 267-283.

20 For example. Mo: (a) Sitzmann, H. Chem Ber: 1990, 123, 2311-2315. Co: (b) Berg, G.; Scherer, O. J.;
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e, INSWT 7 a2 RN AR TERE 7 7 b oAb & o TSR R A i
LBV, LMo TEOEAEE, (1) swERKIC X072 b AboRilE &, fi 4
JEo~a 7 A & O salt metathesis SOGZ K DE ALY F721X Q) IVHR=VT T A —
DA BIERE G DB ff > TBEAIEN—XH)TH 5 (Scheme 2-1-5).132°

Scheme 2-1-5. Two major methods for the introduction of the Cp* ligand.

CoCl, + Li* “___ . CO/
\

tBu 'Bu tBu 'Bu

‘Buﬁ'Bu
'Bu Bd |
Coy(CO)s + - . Co
N
t OC/ Cco

Bu

‘Bu

\/

(D) WR LIy rzaXe 2PNy = v b sy oAb e OFETIE, pik Lz

CpsMXu/m BLDSERNEREGE LN D RICBWTENTETIERER, v /aXv g vTo =7 =
FonTa I\/{I:%‘x FH70, KidkEEL L) REE v T AT L TTE T
X0 (2) 13K EF TR 2 FEERICR L CHRIHT 2 2 ENTE D0, ZOE R |,
MBS NEE 72 T VAR = VBN 3R BT > T L O i E 72 5.

8EB LI BERER~DHA
NT =L VUL FAITAL AV TULOEE 0T ML DL ITFERKEE
TR THHSNTEDY, 4d, 5d D 8K, 9 IREB®E v 7 AW LT, v o7axr 7y
T = VR 2 B AT D BRICILATE S RS AR SC 3d @RS R L 1T R - 7o 7 T e —F &AT
IMEND L. WKEBE AT A HRBTE P, Fx O LT Bt
IRET2NZ E MDA RRICITFI A TE 2. #2101, RuCl3H0 (37K, 7 /v =—/L, THF
78 & ORI AIYETE N, MoK RuCl 1 X — R A7 AR L7210 T <, |IRICx L TH 2
fEPEZ RS 2. 2O X ) RMIE D=9, 4d, 5d D 8 1, 9 EEEB AR~ 1 7 ALK LT
B 7 X TBEANT D FER, B e X2 o7 am b AR
U AL E S T BRI IRE S 5. 702122

cl
o+ Alcohol Gl nL
gnH; — N N

reflux |

ZDED, INHOEB AT AR L TEBWY Z a X X U UL A E AT
HZ X, BYET e F U IRICER SN TV AT REERFRE E S TE =, — 5T,

Wolmershaeuser, G. Chem. Ber. 1996, 129, 53.
21 Gross, C. L.; Wilson, S. R.; Girolami, G. S. J. Am. Chem. Soc 1994, 116, 10294-10295.
22 White, C.; Yates, A.; Maitlis, P. M. Inorg. Synth. 1992, 29, 228-234.
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BEWKRBNL T2 LT =0 AR P T Al Wo Tt RA~EANT D 2L, OSSR
T ONAREREE ZHUNIERGHT 5 ETHRICERE CTH S, 21X Brookhart H (w7 A
bR Z N7 U — A N O VR AR S, mmny 7 a2 = L
MFEETH YU LEREHAND Z & TRIMICHEITT 5 2 L2 H/EL TS (Bq. 2-1-
4)2

tBu
/ ‘Bu ‘Bu
o \‘/ ﬁ e @1
e i
120 °C, C¢D 7\
R R e ‘Bu '‘Bu ‘Bu 'Bu \ co

Scheme 2-1-6. Synthesis of Cp*Rh(ethylene),.

"L\Rh\ /Rh/”'“ + K —

] Zn/CyH,
t
Bu methanol tBu Bu
reflux 'B\;P‘
: ———— u
RhCI;nH,0 + Rh
CI/ \CI
Bu Bu n

Z DR, 1,2,4-tri-iso-propyl-3,5-methylcylopentadienyl BlfZ & H 3 H 1™ Aﬁﬁ{zlx DERRIT
ke oLl 7aR BT EORIGIZE S TRINTWDHDIZHK L, @mEl CpHid
NFE2ATDHr YT LR T, CpiK & [(ethylene),RhCl], & DFUGIZ L - Tﬁﬂ{i?ﬁ‘iﬁ]\ =
LT % (Scheme 2-1-6). Z 4L, 1,3,5-tri-tert-butylcyclopetadiene D it~ & ~ AVIEDS, i
kDL v F V= VRO G KARM TIIEIT Lo To e e B2 6N 5.

7 m b AT LIS WEEAIZE, KO SR TOREBRELRD. LrLRBb,

DY, WL ORISR A & OFUGR EDRISIGNE E 2 Z L 3FiT- e L 70 5.

AE DB RS
ARETIE, BWICZEREARY & R FER~OFIHZ B L, ;@\ r7 X2y
,_/I/ﬁﬂﬂ¥%7ﬁﬂ‘%) 7 u ) REEROERE ZDOMWEIZOWTIA T, BRRIZIZLL T O
GL-/)I/\’C ’\7‘_

1. Cp*Eefi 2 H 7 5 8 RIS LN 9 & CpMClo/m BUBE IR D A Hl L
2.CpRehL -2 BA LT 81K, 9 k2 m U REEERDIEE & gfbiE o Os 2 b & L7 BSOS

23 Daugulis, O.; Brookhart, M. Organometallics 2004, 23, 527-534.
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INETRAT =T LIZEEWIXFRM FEZEALTLANT A FEEEOH L LT,
[Cp RuCl(u-Cl)Jo 23E1 5L TUW 5 1718 [CpARuCI(p-C)]o 1%, Z D& E I HEE A 72BN AR
TSRO HEEL, ZRALOFIEICFI SN TWD. K2 B 5I2H7-V, Cpr B+ %
ﬁ?é”&?b?tkuF%WCﬁm@ﬂmm@A%Aﬁb ZDHEIZ W T FAHI 72
EZAToT2E A, LFOZ2OEE D G AR LT &l L7,

OMe OMe

'‘Bu By
Cl
t Cl
Bu \RH _Cl-.. R|tB . tBu\/%l Cle_ |
uz u'Bu us+ ./ RuS T t t
l \ / \ * B4 Rlu\CI/Ru Bu Bu
t
Cl Bu t
H cl MeO Bu

1. LIEG;BHITHF OM,V\\ ny H //\\
2 Ethanol

Meo Bu ‘Bu OMe MeO 'Bu

Cp LT D XK 5 72 5 SOEBILN A CIFFMARENL 71T, @BICENLT 5 2 & Tl
FVT A DBEAET D, KFRTIEI A ZRNR L L TWDH D, X T LRERTLEZ
D= MIBIRT S L, 2 O T AT LA~—BNERT 5. GO T 27 L
=Tl B I T L~ N7 T7 4 —EHNWDL I ETHBECE DG LH LD, EXRR
KIZKE U TARZEREHARY © R FEEROGE, U7 A7 LA ~—0O4BETIEE I
Th2.2 BEOTT AT LA —PEET DRI TOMERMITIX, fEoREIZORN1 D
kit s,

F72, ARk L72 Cp Ru(u-H)RuCp® 1ZEWEAVZEM A H T 5 & ifF L Cuians, et
THfEL, BHERIRAMEAE T D Z ERHLNITR -T2, BIRE S TICBWTHEMER
SRAERME S5 2 5. ZiuE, BAL - Eo T v ﬁ?“/%@ﬁ?f@ﬁﬂ{i%ﬁiﬁ%ﬂ@ ELTEE
BOGRPEZ oTzled B DD, 85K 2 ITEREIC L ST NICE k7 = —
N%T:waﬁgkﬁmb,ﬁwﬁ:w%W%iﬁﬁé.Kﬁﬁi%@%@ﬁﬁ%@#
DERE EOou— X7 OMAERIZL > TEITLTWD D, Cp Ric~Tai2687
HENL T TIEBVICEER AR Y B KU RESMROARRIZREE L PN S.

bRz b L1, AFFETIIERICZER ARV B R FEHAICHE LR L
T Cptlichi % = O ZExtg & Lz, CpHlfhr 1-1X13 2D Bu KA H L TWDHdEEmN D
L, InTura28 %, REBIOKZORNOHERINTNDZ L, [CsxFEEH
LTS Z L INERRME LTRITONS.
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* Contains 3 bulky 'Bu groups
e Consisted only from C and H
» Simple "H NMR spectrum (C,)

ZIVETIZ Cp ML FIEEDE R S 1D, AIAME L O 3d &RIEROLZEBEES T
A FESRORERICFIA SN TE Y, RFRICBIT 5 KR Y v KD REFRORENRIZE
TR REBHE SN D AT L C AT =T AR Y B KU REERIC Cplichr 1
ZHALEERIZ, 2O BEKELZENT I I otEmmst b Ol ENERINTY
%16 F 2, CpHNL 1 & LT = 0 DEEIRICE A L7ZBR O E 1172 28X, CpsRu(CO),Br
O IR HHEIEENOEN S CsMedH X° CsMe;sHa FREE TH D Z E R L NZ SN TE Y 16 Cp*iid
T E2ETHHERERTETHNREREHEVEIETIVIEREREBEEZZEZLOND D
EHITREIND.

Cp ML - CRIBE E 72> TV T AT LA~ —0ORIEIZEE LT, CpHlichir 1% Cs kR
EAHLTCWDED, BRA~OENMIZE > TE T IURERPLNRAETT, KR
L7ZB b T AT LA~ —D08E L7, CpHifL FiI~7T i 2 & 3, KISEOEN
CHEEND Cp BB EDOKAFEDL Bu L > CIEEMICHEH#ESN TS, D7), R
Uk KU REERICEA LTZBRIC CprD & D Ze~T a i OENLZ BN & LT ik
IIAFTE L 720,

Cp*lifii 1% 8 I&, 9 iR&E v 7 Abicxt L CEEG AT LB OMEER & LT, 1,3,5-
tri-tert-butylcyclopetadiene B DB ASG & AR L 728K ORISR G T 5 2 ENE 2
S5, KETILUTO ZOOEREIKICESNT, kL.

< BRI Z BE) LT DAL TEA~ L AW D FikA

‘Bu t
‘Bu Bu ¢l t
Ethanol/reflux Q Cl.. | Bu Ethanol/reflux
RuCl;3H,0 + R RuZ_ TSRu <~————————~byproduct
‘B l S~~~ Regeneration
t t
Bu Bu cl Bu” ‘Bu
1c

o BTV a— w2 AW TRIBUS 2B < FHE.

Bu tertiary alcohol 15 ‘Bu cl
reflux Q Cl.. | ‘Bu  tertiary alcohol/reflux
MCl;nH,0 + _— Mz TS M byproduct

Bu I S~
‘Bu Bu Cl
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28 CpENLFEATHNT =UINTA REEEDOEHK.

1,2,3,4,5-pentamethylcyclopetandiene Bifiz & Hift/L 7 =0 NMZEEEE AT 2 FIEIE, PR
WFFEE DRI MO Bercaw HIZ K- T 1984 EITHAE STV 5. * RuCle3H,0 & 1,2,3,4,5-
pentamethylcyclopentadiene & A % / — /L& L<Z= ¥ / —/LHIC&IET 5 2 & T, EEIN
7'u kAL ERE T [Cp*RuCl(p-Cx (1a) NEEGHL E LTHEOLND (Eq. 2-2-1).

) Ethanol/reflux /
RuCly3H,0 + R
39M2 U\CI/ /(2 2- 1)

ZDOERIEIZEESNT, 2T E TIT Cp*, Cp™, Cp'ichr 2 A+ 2 EBFEE N AR SN TE 72
2, BATE BHENLFIXRIZRE S TN D 42425 Z ik, TR OB AGHEEEIZ, & 7IREE,
MARBRENPRESHBEL WS Z L] & TRAFORPEZ BT &, 1 OBMRED M - LS
A fbIC L DR EBRERT 2 722 L) O RN ERFRTH L EEZBND. BT DE
NHENEDLS>THAITROBEEE R DD, 1 OERGEEN 1 O%FIGL D HEL o
EHAETHY, ZONE 1 ZEEGHKT 2 Z LIXTE RV, BiRE LT, 1a 3% HIC
EWRERNZAFIET D 1,2,3,4,5-pentamethycylopentadiene & )9 D52 & T, THAFNVINLT )&
URERRT A ENHLNTWA, £, REOT T a X2 D= VR RS S
b, 7ha— O L TETKISDETT 5. 1a 0561, 1,2345-
pentamethycylopentadiene il 7" 7 k ALIEFRNS F N2 & (BUGE 30 23 LANIZ58]E), 224
L7z 1a OfEEMENE <, HELNITHT T 2 2 & CHREISOG 23 H] S 4, DR G RA

AREE o TN D,

ZZTHEBEW CpHRALA DE AN A 2 T AICIE, B OB GEE TR B IR T L,
[Cp*RuCl(u-CD] (1e) D#&Fes LV HiE< tﬁé ENRBZOND. EEE 1a LRSGFETK
JREAT D ERODOEIRZ 52, 'HNMR AX7 hoB1E, CptOENLIE A < B S /g 20

Bu
Ethanol/reflux Green solution
RuCl33H,0 + 3 - Cpt ligand is
not introduced
BU Bu

ZORIGEE X0 BERFKSSE 5 &, IWIROBITRENDH, a2 TREIIZE R~
LT 5 (Scheme 2-2-1). Z DOFF, Finbikta~E 2L LB TIE, 'THNMR A7 kL
S CpHlehr 1 DE N & R MR 7 VBl S T,

24 Kolle, U.; Kossakowski, J.; Klaff, N.; Wesemann, L.; Englert, U.; Herberich, G. E. Angew. Chem. Int. Ed. Engl.
1991, 30, 690—691.

25 Gusev, 0. V;; Ievlev, M. A.; Lyssenko, K. A.; Petrovskii, P. V.; Ystynyuk, N. A. Inorg. Chim. Acta 1998, 280, 249—
256.

26 Koelle, U.; Kossakowski, J. Inorg. Synth. 1992, 29, 225-228.
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Scheme 2-2-1. Reaction of RuCl3*3H,O with 1,3,5-tri-zert-butylcyclopentadiene.

Bu

Ethanol
RuClI33H,0 + 3 —— » Green —» Blue —» |Green ——— > Purple
reflux Total of
tg{; Bu 18.5h

Introduction of Cp* was confirmed by 'H NMR

TOEDI, BEWY Y OB YT o VR A TSR T P ALIEAT B Rk
T TR T DA G 36 K O TR DB IE ) BNBEAT 5. LA LARNRDL, ko b
AR T, RIEROMBEMT CIIEMRRESY Th 5 b D0, CpHliths T DEA MR
SNiz. 22T, VT =7 A0 CprOBAEICBILCIE, Zh b OfbFFia H— LY
AL LT R HET B A O

[CPRUCI(u-C)]2 (1) DAk

la &7 va— L OIS, Koelle HIZ X > THEAMICHESNTEY, £ OHAIT=
EEIR D & “AMEEAR DR TSI LY, /~NT A RBEML D salt metathesis SR IZ K- T
[Cp*Ru(u-OR)], 23T 5 .27 [Cp*Ru(u-OR)] 1% CIFIE R, —flior vl RESATH 5
[Cp*Ru(us-Cl)]s (3a) % 5 % 7 82728

Scheme 2-2-1 {278 L7 G THE, B DOEARER & BiA LT 1e DIEITIUS DS F 72 Bl i
ELTEZLND. DFE D, RuCl33H,0 & 1,3,5-tri-tert-butylcyclopentadiene % Sjits & 72
JEHRIZXKT U, @O e b S EITH 28T, le ZHEECX b0 EE X0, x5
FFLTCAESR, X bAFIAT 22 L CTEIUEE le ~E B TE L2 2 /AL,

‘Bu
B Cl "
1 Ethanol/reflux YA _Cle._ | Bu
RuCly3H,0 + RUC
2 air ‘Bu | \ / e (2-2-2)

1c (31%)

RuCl3*3H,0 & 1,3,5-tri-tert-butylcyclopentadiene % =% / — L//KIRGTABEHPIREE S &, IREE
OIS 2 = —T )b L ~F o THIE, 2RI S5 L AREA~ LAk LTz 30 °C
THASRZIT) 218 1e A AR E LT31% THEEL - (Eq. 2-2-2).

1 #iTHIlR~724RIT, Cpr OB AT &R, RIFHOMES E2 LI LT 5720, o3k
REIEFICEETH S (Table 2-2-1). AL L CEEBEOE T La—L LK EDIRS
WA NS Z ERHR DD, AT =0 LOEEOBL RN =8 ) — L2 N5 D
DEELV. BIRFHTTORIETH Y, PKEEEZFAT S & BBV T =0 L EE
2 ONDAREEMEEENERT D, iz, WRPMMENAZ 2 — L E2FIH L7 GE 1T T
OB NIFEP SN2 otz 2-Ta R ) — v EAWEGEICE, REEOILEMNAET D72

27 Kolle, U. Chem. Rev. 1998, 98, 1313—1334.
28 Koelle, U.; Kossakowski, J. J. Chem. Soc., Chem. Commun. 1988, 549-551.
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EL, e OFRUIM DR o T, F o, B-RFEDBEDE Z & 721 2-methyl-2-propanol % %5 &
LTHWSZ LT, BBRICEDIBILEZEDTIC 1e 21502 L E2WIFRF LD, A% 2-
methyl-2-propanol 2> HHL Y 3 Z L BARNEETH - /2.

Table 2-2-1. Effects of solvents in the synthesis of 1c.

Solvent Applicability
Ethanol/H,O O
Anhydrous Ethanol X Formation of insoluble solid.
2-methoxyethanol O
methanol X The reaction stops at blue solution
2-propanol X Unidentified reaction

c ¥ la LFRIFRICMBHBICKH L TARLETH LD, LT =7 L0560 T KRy MEAL
TUE, FRCZERQB BRSO DOER L ET 5. 12 LERERT 5 X 512, MoK E kN
AT LZAICIE, |RIETT L a— LS EE5Z L Tle %ﬁiﬁ% ZEMAEETHY,
o L ARRERLOSRIZT L a— L TR T 2 FIEOTHT R, mWIET 1e 2362 &
W BT o T2 REOE O RIFOG R FE BRI IZ DWW TIE, AHITEOFEMIZ DN T
.

¢ 1T Ru(ll) H.Lzx2ET-dFBIETH Y, 'H NMR, BHLR, LRI S EEE LA
&L, HifGeh X SEAITIC K > TEOMEZ R L7z, 'THNMR AX7 FLTiE81.66 &
4.62 ppm \ZFNFH win= 178,43 Hz D7 10— R — 2773 2:1 OFESHTHAIS S,
UL Rudll) EBEN-ALEICH 2 “FEHO BuLlZRE Lz, Z0Mmo e —2 1% Rudll)
DI RICAFET 272D Bl S o 1o, KRR Z AW THIE L7eb:iE 1 2oLT
=T LB 177 pp TH o2, ZHUE & DIKA EARBEICHYS T2 TH 5.2 1a DL
FIX1.89us THDHZ LMD HEY TH S % 1e ® ORTEP X % Fig. 2-2-1 lZ/R7 L, F 722 H 1
R K OVE A 8 % Table 2-2-2 1% & 7=, 0

2 —DPORIETDHDOEALRIL 173 us TH 5.

30 JHIETE, Rigaku R-AXIS RAPID [AIH7%E®E % VT —150 °C T{T\>, Rigaku Process-Auto program (2L 0 7
— X AV U RS EANLRICE L, 22 P2ue (#14) THh o 7=, fE#HTIE SHELX-97 71 7T A%
v —=UEHAG, BEEICLOAT = ARTOMEEZREL, 7— Y ZHKIZ &V 5D IEKRER T DM
B AUE L72. SHELX-97 7' u 77 5% W, f/h "FEC LV BB L, 2 TOIRKRER T IFEHEC
JEBH L 7.
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Figure 2-2-1. Molecular structure of 1c with thermal ellipsoids set at 30% probability.

Hydrogen atoms are omitted for clarity.

Table 2-2-2. Selected bond lengths and bond angles of 1c.

Bond Lengths A)

Ru(1)-CI(1) 2.4209(8)  Ru(1)-CI(1#) 2.4386(7)  Ru(1)-Ru(1#)  3.7016(4)
Ru(1)-CI(2) 2.3612(8)  Ru(1)-CEN 1.808

Bond Angles ©)

Ru(1)-CI(1)-Ru(1#) 99.23(3) Cl(2)-Ru(1)-Ru(1#) 90.64(2)

Table 2-2-3. Structural parameters of Ru,Cly cores of the related complexes.

Ru—Ru Ru-Cl(bridge) Ru—Cl(terminal) Ru—Cen ref

[Cp*RuCl(p-Cl)], (mole 1)*  2.9298(9) 2.366(2) 2.418(2) 1.823 24
[Cp*RuCl(p-CD)], (mole 2)*  3.752(1)  2.432(2) 2.365(2) 1.809 24
[CpERuCI(p-C)] 2.9262(6) 2.371(1) 2.4128(9) 1.821 24
[Cp*RuBr(u-Br)], (mole 1)*® 2.989(2)  2.477(3) 2.550(3) 1.832 24
[Cp*RuBr(u-Br)], (mole 2)*® 3.098(2)  2.543(2) 2.479(2) 1.825 24
[Cp*RuCl(p-C1)] 3.336(1)  2.361(2) 2.404(2) nd. 25
[Cp"RuCl(p-Cl)] 2.960(1)  2.381(3) 2.408(3) 1.854  17a
[Cp"RuCl(u-CD)]> (mole 1)*  3.743(1)  2.354(3) 2.447(3) 1.812  17b
[Cp"RuCl(u-CD)]> (mole 2)*  3.6840(9) 2.437(3) 2.358(3) 1.821  17b
[Cp*RuCl(u-C)l 2.9768(3) 2.3723(9) 2.4150(9) 1.831  17b
[Cp*RuCI(p-C)]; (1c) 3.7016(4) 2.4209(8) 2.3612(8) 1.808

a: The crystals of [Cp*RuCl(u-Cl)]2 and [Cp”RuCl(u-Cl)]2 includes two crystallographically independent molecules

with different Ru—Ru bond distances. b: Distances of the Ru—Br bonds are listed.

leixZ v U FENLFCHE SN BEH %2 B9 5. Ru-Ru M O HEEfIX 3.7016(4) A TH V|
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BEEOGIIR Vb D LEEZ LD, EUOHEZAET 585 L LTIEL Cp*, Cp™, Cp*a& X
FHECAL 7~ & 9% 1a, 1b, [Cp*RuCl(u-Cl)] M2 OF Cp, Cp& % ZHFFEANL T & 9% [Cp RuCl(p-Cl)]a,
[CP*RuCl(u-C)]o 28 ZAVE TIZHIE STV % (Table 2-2-3).

/ /"°"@l / \ /Short

/ \ /ehort / \ Long
Short Ru-Ru bond Long Ru-Ru bond
Diamagnetic Species Paramagnetic Species

Figure 2-2-2. Two isomers of 1a.

a (213 Ru-Ru BEEED 572 2 “FHHO RILRPFET D Z EBHM BTV S, 1a O 5
HZ 1T Ru—Ru BEEES ST (2.9298(9) A) K OVE W51 (3.752(1) A) 73 1:1 DT, JlST
T ELTHFEL TV D Z EAHE STV 5. Koelle 513 Ru-Ru [ Oy 1Tl Ru-
Ru #5512 & - T diamagnetic 72 PEE % 7~ L, Ru-Ru ] O FE V53 71213 Ru-Ru f5 5 23 FAE L 72
WeDIZ DD Ru(III) (low spin @) HLMZ &V paramagnetic 72 MEZ T LT Tn
% (Fig. 2-2-2).2* —3#® [CpsRuX(u-X)|» T OREMEIZBI T 2 M58 & [H3RuCl(u-Cl)CIRuH;]*
DARABR 72255 T DB F.Jrﬁz’a 5, Ru—ClprigeeRu OFEEAalZ K - THr 1 HOMO-LUMO ¥
T v TINEAL L, T4 YT T singlet, 9573 T triplet 2N EIC/e D T E MR H M E T
7 31

Table 2-2-4. Distances between the centroid of the Cp and the bridging chloride ligands in 1.

Ru-Ru Cen—Cl Cen—Cl Cl-Ru—Cl1 ref
(Bridge) (Bridge) (Bridge)
[Cp*RuCl(p-Cl)]2 (mole 1)* 2.9298(9) 3.652 3.653 103.50(6) 24
[Cp*RuCl(p-Cl)]2 (mole 2)* 3.752(1) 3.781 3.806 79.76(5) 24
[Cp*RuCl(u-Cl)]» 2.9262(6) 3.641 3.662 103.59(2) 24
[Cp"RuCl(u-CD)]2 2.960(1) 3.565 3.808 102.9(1) 17a
[Cp"*RuCl(u-CD)]2 (mole 1)* 3.743(1) 3.643 3.869 80.20(9) 17b
[Cp"RuCl(u-CD)]2 (mole 2)* 3.6840(9) 3.623 3.890 81.97(8) 17b
[Cp*RuCl(u-Cl)» 2.9768(3) 3.630 3.845 102.49(3) 17b
[Cp*RuCl(u-CD]z (1¢) 3.7016(4) 3.844 3.865 80.77(3)

a: The crystals of [Cp*RuCl(u-Cl)], and [Cp”RuCl(p-Cl)]> includes two crystallographically

independent molecules with different Ru—Ru bond distances.

31 (a) Benn, R.; Grondey, H.; Kolle, U. J. Magn. Reson. 1990, 89, 375-377. (b) Koelle, U.; Lueken, H.; Handrick, K.;
Schilder, H.; Burdett, J. K.; Balleza, S. Inorg. Chem. 1995, 34, 6273-6278.
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le OfEEEIEIL Ru-Ru FEG DRV TOBRNLRD I ERFETH D, Z L, CpHlidfir
Lo a ) RENA & DONRKFEIZE > T Cl-Ru-Cl AN/NSL holzicb B2z o5,
Table 2-2-4 |ZiZv 7 v X2 V2= BN O haA FELE 7 v U REAL & O
Bz R L7, —HEOBEHY 7 XA V=)L L HRT Y, Cptidii & 7 1 ) RENLF &
DIEFEIIFFICRE <, CLRu-Cl A2V E < BHI SN TN D, AR TIE, @@V Bu ke s m
U REANLF & DSLRRFEIC &> T CLRu-CLAR/NE <720, R E LT Ru-RufFGBEN
BEEPLEMSNTZEDLEEZLND. EFREICERT DL, mmWEATOBEAIZ
Lo T1O=FHEMENZE SN LITRD.

[Cp*RuCl(p-CD)]2 (1¢) DEKEILRIGH X OEH~DIHH

Cp* % XFFEALFICH T2 1a [TEKUCKH LT ARZETH Y, BER & HRNITKIS L
[Cp*RuCl](u-0) (4a) % 5- 2 7=, Cp*BlhL D7 7 b b Z > T [(flv)RuCl(u-Cl)l
(flv = tetramethylfulvene) ~ & 733 % (Eq.2-2-3).323% B2, [(flv)RuCl(p-C1)]a IX E AR REIC
BWTH | BEE CREEEERSNESHET D, 20X 912 1a OFEFRIC L D /iR ITE
HETH Y, iRtk OERWICET 2 IEA 2. — 5T, Cprldhr 7-1% Cp*Edfhr 1 & ¥ 72
DR DNVIKFEFFZ RN, BN TOB 7 v b AL L CRWIMEEZ A L TR
D, 1a TIEB LN TERD 2 BERBRICBUS OFEMIZET 2 A8 G ON D & D & HiFG
b,

CI CI

N Cle._ 10 min %
Rlu\CI RU_O—Ru n o / (2 7. 3)
Cl CI CI

FFZ 1c OBRUTIIRERIC X D MILEIR 2 LI & T 5720, mRIFRALIC & 2 RIEZR IR D
KTFABEIND. 1e ORI EI BT D 2 LI, KV REREy7 CpREAIED B
RIZORDBDHDEEZLND.

tBl.l Cl

tBu { L _| Bu OleHZCIZ cl CI -
B l\//?/ //(224)
¢l Bu” '‘Bu CI CI tBy” tBu
1c 4c (quant.)
1c @i/ﬁﬂzf F UK, | [IEDOBAFZE 2 BANT D &, BRFIZIREAO [Cp*RuCl]x(u-0) (4¢)

EREANCAER LTZ (Bq. 2-2-4). 4¢ [TRIRIRETHZETH Y, CDCLHT1 HFFEL TH
/\ﬁ” RO h o7z
4c DIERKOFFEIL, BROZELEZ T e 25252 Tha. HlzX, H—HhT7Lra—n
HLL<IE, B oMT LT L ERRTHISESED L, le NEBMICHEOND (Eq. 2-2-5). &

32 Rao, K. M.; Day, C. L.; Jacobson, R. A.; Angelici, R. J. Organometallics 1992, 11, 2303-2304.
3 Fan, L.; Wei, C.; Aigbirhio, F. L; Turner, M. L.; Gusev, O. V.; Morozava, L. N.; Knowles, D. R. T.; Maitlis, P. M.
Organometallics 1996, 15, 98—104.
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DEE, FOGKHZ &< L7ea1ciE, BICE RIS EIT L Cp*Ru(pu-Cl)sRuCpt (S¢) 2342AL
T 5.

cl CI .
Ru—O—Ru ROH/CH,Cl, I\ Yl
CI EEEE— By | \CI/ // —R \\/ (2 2 5)
Cl

By Bu '‘Bu '‘Bu
4c 1c (quant.) 5c (trace)
4 FMHRIZL > TAESIARTE D 2L, ERTRZECMO TR D L, BHITELTE
BEALTEBY, 1c ORIEMAL LTHELTWD Z LD

Bu Me
CI CI ig
1. Ethanol/reflux

t,
RuCl;3H,0 + 3 2—>0 e B u—o Ru Ny B“
. O, Bubbling u (2-2-6)
‘Bu Bu CI CI
Bu
Bu

4c

le DERRDOBIC, BALIIE TR 2 AR ZAALTE L 25, d4e BIE 48% T L L
(Eq. 2-2-6). 225U X DERALOHIEI A L\ Eq. 2-2-2 DA LRV, IRKRom LN A5
7o, £, ZOBREIAERY & LT, CpH(CsHa'BuxMe)Ru (7d) ZUXZE 20% CH7=. 7d (2B L T
ITHIRT 5.

4e [ZIUMEDEERTEH U, 'H, SCNMR, JeHE/HT, kR X BREERTIC L - TRE L7z 4¢
® ORTEP X% Fig. 2-2-3 |Z/R L, 7257 M EEHE & O A4 % Table 2-2-5 12F & o723 #k
PRk TR LIS PR A2 A LTERY, Cprbd 3 50 Bu FEIFIESM AR ICE N T
W%, —J T, 'THNMR A7 FLTCiE CprDEERZFEENZ L D Cpt LD 2 DD Bu IS
720, Bu FICHkd D TREO Y VN 211 O TRl S .

3 JHIETE, Rigaku R-AXIS RAPID [AIF7%E®E % VT —150 °C T{T\>, Rigaku Process-Auto program (25 0 7
— X EALE LT, EITEANERICE L, ZREHT P2u/n #14)ThH o 2. HTIE SHELX-97 71 7 7 LS
v r—=YEHV, BEEEICI VAT =0 ARFOMEEZREL, 77—V ZEMIT K V5D IHAKRERF DN
{2 RE L7=. SHELX-97 7' 77 Lz vy, /N “HRIEIC X D REL L. & TOIKFER T2 IEFE LI
JEBH L7z
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ci(#)

Figure 2-2-3. Molecular structure of 4c with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 2-2-5. Selected bond lengths and bond angles of 4c.

Bond Lengths (A)

Ru(1)-O(1) 1.81910(17)  Ru(1)-CI(1) 2.3580(6) Ru(1)-CI(2) 2.3514(6)
Ru(1)-CEN 1.894

Bond Angles ©)

O(1)-Ru(1)-CI(1) ~ 93.503(17)  O(1)-Ru(1)-CI(2) 101.993(16)  Ru(1)-O(1)-Ru(1#)  180.000(4)
CI(1)-Ru(1)-CI1(2)  84.80(2) O(1)-Ru(1)-CEN(1)  124.61

Table 2-2-6. Structural parameters of Ru-O-Ru cores in 4a and 4c. ()

Ru-O Ru-O-Ru Ru-Cen
4a-dibenzothiophene 1.807(9) 180.00(6) 1.877
4c 1.81910(17) 180.000(4) 1.894

4¢ [ ZZODNT =T APBREIZ L > UGS _EHEEEZ AL TERY, 4 D7l R
B S RIGBCAL L 7o IE T o 7. IR RI2IE, i PRL2AMFE L Ru—O-Ru B I3E
WS ZH LTV 5D. 2T Angelici HIZL > THAE SN TS 4a ERICHEETHD, #
ERTA=HHIFEAEFHETHD (Table 2-2-6).7 MEEIF % Xo MEMNI 5L, LT
= LHNIENEN 16 BAAEIE L D03, MR EOIMSIEFXF & d §uE & OMEAEHIC
L oT, ZOBRMIABFIEREMI N TNA7DIZ, BEICH L THEETHLBDEE
ZbiD.
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4-
c|:'/C| ﬁ'/m
Cl—RU—O——Ru—CI
of | of |
(o] (o (d-p-d)w bond

Figure 2-2-4. Ru;Clyo* and the illustration of the (d-p-d) bonding orbital.

Metal-O-Metal D EAEEZ BT H8RIT I NFETEIHRESINTEY, [F U IV-IVALiLT
=7 LR L L CTIE [ClsRu—O-RuCls]* 23 50TV % .3 Orgel 513 [ClsRu—O-RuCls]*iZ
LT FIBEEOMAZEA L, >0 Ru® diE & O @ p HUER T, BEAET S 50
dp-drniEAEERTDHZET, KB THD Z L LEREETHDL Z L EFHHL T
%2 Angelici 1% [ClsRu-O-RuCls]* O %25 E(Z, (dp-d)n fEAIZ L D Ru-O-Ru O =H
DB IREAERELTND.2

[ELHR b Ru-O-Ru #6 O43 F#E OFE B AR89~ 5 72012, DFT #HRLIC Kk 2 it fciifb %
117237 4c O LG % Fig. 2-2-5 (2R L, 2257 M HEEE & OE A 4 % Table 2-2-7
IZFE & DT,

Figure 2-2-5. The DFT-optimized molecular structure of 4c.

Hydrogen atoms are omitted for clarity. (Ru = blue, O = Red, Cl = green, C = gray)

35 Mathieson, A. M.; Mellor, D. P.; Stephenson, N. C. Acta Cryst. 1952, 5, 185-186.

3¢ Dunitz, J. D.; Orgel, L. E. J. Chem. Soc. 1953, 2594-2596.

37 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state.
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Table 2-2-7. Selected bond lengths and bond angles of 4c. (DFT-optimized structure.)*

Bond Lengths (A)

Ru(1)-0(1) 1.83924  Ru(1)-Cl(1) 238879 Ru(1)-Cl(2) 233678
Ru(1)-CEN 1.87010

Bond Angles ©)

O(1)-Ru()=CI(1)  86.519  O(1)-Ru(1)-CI(2) 111718 Ru(1)-O(1)-Ru(l#)  175.769

CI(1)-Ru(1)-Cl(2)  84.602 O(1)-Ru(1)-CEN(1) 122.095

a: The atom labels are corresponded with the X-ray structure (Fig. 2-2-3).

Figure 2-2-6. The molecular orbitals of 4c.

MO 128 (HOMO-57, left), MO 129 (HOMO-56, right).

DFT O fcii A A% & 1 RS i XA HRE AT OFfE R 2 H8 L TV /2. HOMO-57 3 X VHOMO-
56 1C1%, BT 2 =20 (dp-dnfEatEDnFHuENR R o) o7 (Fig.2-2-5). 77205 4a
BLW4e 1l (dp-dnfERIC LD 2L B EENFET DL ERHLMNT - T,

Cp‘Ru ~J A FEEERDBRILRITTRIG

[Cp*RuCl(u-C2(1a) (X, "AT 4>, ANHR=/, T b=k VU 7R EDLEEN T &K
Jis L, [Cp*RuCly(L)], [Cp*Ru(L)s]*, Cp*RuCl(L), 72 & Okf» 72dlik % 5.2 2 4708038 = p 15
IRFHEARD 5 B, MENED Ao/ T =7 MEERITIAS RS TR Y, £ 61T Mmoo
IR [Cp*Ru(pus-CD)]s (3a) Z#&H L CTHMT 2 Z &b TE 5.50 3a & KD 5k &
L CHA L2 5G A, B Lo B k% b\ 7o OIS ER LR TR & 2 RIS 23] S,
HIE T 5 ERAED IR TE S (Scheme 2-2-2). 3a ITHEEEHAD BRI TR, £8
SR AR T 5 Cp*Ru == FORIBKALE LTHHWAZ LB TE D, Iz, Severin 5

3% (a) Wang, M. H.; Englert, U.; Kélle, U. J. Organomet. Chem. 1993, 453, 127-131. (b) Steinmetz, B.; Schenk, W. A.
Organometallics 1999, 18, 943-946. (c) Ito, M.; Hirakawa, M.; Murata, K.; Ikariya, T. Organometallics 2001, 20, 379—
381. (d) Ito, M.; Osaku, A.; Kobayashi, C.; Shiibashi, A.; Ikariya, T. Communications 2009, No. 6, 1821-1824.
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I3 3a (2% L T [(n-ligand)MCL]> ((n-ligand)M = Cp*Rh, Cp*Ir, (arene)Ru) % S SH5H Z &
T, ~7ur M) Zu ) RER Cp*Ru(u-Cl)sM(r-ligand) % IRIRFJIZERR L T\ 5. F
o, BWEOT7 =AU MERY v RU REEREISSEDL Z L TATr R Y B R REER

Y C ISV W

Scheme 2-2-2. Reactivity of 3a.

Cp*

/
L = CO, PR3, etc. [

_— >
u

Cp /I /

Cl

—Ru—|—CI
C ! Cl

Cl

la % 7= 3a OAAEEE LCIE, #EE0=° LiIEGBH 72 & OE LA %2 FHW 7= F¥5 (Eq. 2-2-7)
R0, AX )=V EHIIT X D& TG D AR % MesSiCl & FUG S5 FENRM LI TND

(Eq. 2-2-8).8

CI - cl R
Zn or L|BEt3H p\Ru/=_0|/
2-2-7
\CI THF c ——Ru—7CI ( )

R
2a 3a (\:p*
Cp*
Me Me c /(TI /Ru/
P
%\ //\/Z% + Me,Sicl —— :F—l Ci (2-2-8)
Cp*—Ru—|—ClI
CI/ Ru/
3a ép*

CpPvT=vba=y NaeEGheZEARY B R REEROEGRKIZIL, 3a FEERENLETH Y,
Cp'Ru FEDEE THEEN 2 MBI Z L & L. BBFEBRILB LT v a— & fAun
7738 T % Scheme 2-2-3 [ZF & 7=,

3 Quebatte, L.; Scopelliti, R.; Severin, K. Eur. J. Inorg. Chem. 2006, 231-236.
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Scheme 2-2-3. Redox reactions of the Cp* ruthenium chloride complexes.

C| CI

/

‘Bu I} u
—Ru)J\Ru—
N7
ﬁ o ﬁ
‘Bu 'Bu ‘Bu 'Bu
8

r ~
tBl‘l Cl 'Bu
By ] B i o // \\ 'B“
Bu Ru\c|/Ru\ —— _RU/ \Ru
| (iv) \c\|c/|’ (-v)
cl tBu” Bu ‘Bu 'Bu
1c 5¢c
(v)
(i) Tl (iii) (i) Tl (iii)
e cl CI 5 ‘B /
(0]
By u—O—R -~ SR /Z/

(i) Primary or secondary alcohol, r.t. (ii) Primary or secondary alcohol, A (iii) Oa, (iv) O, HCI, (v)

Primary alcohol.

—HOD CptvT =7 AT A REERIE, BIZHE {7 va— a2 H]n5 & TERNIC
gt [Cp*Ru(u-CD]2 (6) ~iEIC 4, HEEFIE N COZERBILRISIZ L > TZ v Y REAL
F-OEANEITL, S, 1e, de ~ERLEIN TS Z AR L2, T ZOREMIZOWTE
L7z,

Ic,4c 25 6 ~DHMHB L OE BT Va— Mz L BTG

le [ZxF LT, 10 Y EOHHZ IS SIED 2 LT, £EBO [Cp*Ru(u-Ch]z (6) 23 ERK L7
(Eq. 2-2-9). RO HEH A RN Z1%, kb L <X BT L a3 —A0 6 OFfEEHIC X
T 84 %DOINETHEECTEX 5. Bk L= L D12, A E BN ES 72 4 1B TS FTIX
le DEMRE LTRZDZ END, 4e IR L THHZIESEDZ ETH 6 2 94% TAHRK
T& 5 (Eq.2-2-10).

tBll Cl
t
By el | ‘Bu 'Bu //\ ‘Bu
Ru”
4>
‘Bu | \cl/ ¢ (2-2-9)
Cl t8y” Bu tBy
1c 6 (84%)
g CI CI
‘B ‘Bu //\ 'Bu
g Ru—O u 4»
u (2-2-10)
CI CI By B
6 (94%)
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6 ITMFITK L CHEFICBETH Y, ZOERIITEENLETHD. LrL, MEOKESRE
DIRALIESGAEIZIE, b LIIE RT Va— A E2IESELH2ET, 6 #HETD
ZLENTED.

Bl e LCiE, @RETAILSMNCHE kT v a— a2 T 6 8T HI ENTE
5. 4c & 2-7 R ) — LT E S 2%, 100 °C TEA T 5 2 & T, ImIROAIIAEE (1c)
Lkt (S5¢) ZRRTEE (6) ~E &b L,6 ZEEMIZE 272 (Eq. 2-2-11).

clel g ‘Bu Cl__Cl ‘B
B B
ﬁ;u—o Ru 2-propano| /uRu//\Ru u

T SN
100 °C (2-2-11)

CI
CI Bu” 'Bu Bu tBu

4c 6 (99%)
IHETIT 1l LTAY ) — VR CHEARIGSEH 2 & T, 7va—ic kb
BICRS LT L [Cp*Ru(u-OMe)]y MR T 5 Z LN HEIN TN D (Eq. 2-2-12).% ZD
FOGTHE, VT =7 5 A NS VEERMNAER LIk, B-/KFBBLEE & EoHIBEEIZ X > T = ffin
b fli~EiEIL IS, OB, HEABREEHNTHWLIEE E, Zfior vl REERAZE
PG 2 Z LT TR, E7, HEDNRWERMAETIE, 1a 7 L 2 —)/UIZ X 28T TR

FIZITHEEFT L2, 1a & 2-F a8 ) — LRI 100 °C THIEVT % &, BEO BRI ER L,
3a 3G ootz

Me Me

MeOH/K,CO;,
/\m / ol //\%(2212)

Scheme 2-2-4. Plausible reaction mechanism for the 2-propanol reduction of 1c to 6.

Cl
al — HCI
‘Bu” 'Bu >< ‘Bu” 'Bu
H
1c
‘Bu
Cl
Bu B
\ ~Cls Iu ! tBu //\ 'Bu
——» 'Bu l \CI Y
B-hydride " - HC'
elimination Bu” 'Bu

-7 ) = a6 OERIZI T DHEE M % Scheme 2-2-4 (TR L7z, £,
qc ZFEEHZHWIZHAITIE, 2-7 a8 ) — L L D8 IEOFEE 1le BERT 5. Dk, Btk
BRFEDEZ D 2-7mRF FEPNEAIND. 2-7 mRFT RLR-KEMBENEZ 5 2
LT, 7l Re RU RESANAERT . 20k, HALKFEOBETHRBZ LY 6 2N 4ERKT
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5.

Z DR, 6 ITHRPITWEIEIAFAET D 1e EUET D Z & T Ru(l)-Ru(ll) DIEE R HisE
K 5¢ 52, MEAIZREAT D, 20X D e TSR & ZAhgkA & DM OBMERISIZE LT
I%,1a & 3a OIEH S Ru(Il)-Ru(ll) $51K 5a 235 5405 Z L3 5TV 5 (Eq. 2-2-13).%°
CPpBhr +2 BT H55K,6 & le LA F LU CRIGEE S 2 L T8e ZRkaDsEkE L
TEREMICED ZENTE D (Eq.2-2-14).

cl Cp\ / | / cuzm2
S 11 roC ) (2-2-13
Rlu\CI/RU\ + 1/2C+ A \// ( )
Cl/ /

cici

Ru\
1a 3a Cp*

t u //\\ Bu cn-|ZC|2
By \a/ // \Q 4? (2 2-14)

6 X MHDOEKETH Y, 'H, C NMR, JuHEoHT, Hifidh X SIS IC X > CTHRE L.
B2, THNMR 227 ML Bid e ERBEIC DDA T =7 ARG THY, —DDNLT =
U LEELFR AT AOEEN RIS, FRROSTEEEZD 2 &fso)cp B O [A i
BYERICHSET 2 2 FEOBESSWE L. XX B E-30 °C ICHEITEHZ LT
fi i S 72 6-A DR O HRE L0 ORTEP X% Fig. 2-2-7 IZ/R L, Ef;ﬁ%FaﬁEE%ﬁ&Uﬁé\
% Table 2-2-8 |ZF L 7=, F iz, AL 7= 2-propanol KK = B THFE S EHZ L TELN
72 6-B OFREEMADHSE LY D ORTEP X% Fig. 2-2-8 (2o~ L, TR+ RIEEEE R Ok &/ %
Table 2-2-8 IZF & O 7-.

40 JAIE 13, Rigaku R-AXIS RAPID [RIFT34{E 2 VT —150 °C T{T\>, Rigaku Process-Auto program (25 0 7
— A EZRPRU72. FERRIEEANERICB L, ZEMEHE P-1 #) Th o 7=, #FTIE SHELX-97 7' 7' L%y
=YW, BEAEZ IO AT = U ARTOMELREL, 7— U ZERIC LV 5% 5 IEKBIR T OO E
ZPE L. SHELX-97 7'm 77 A&, s/ REICL VBRI L, 2 TOIKERTEIEEHEICE
B L7-.

41 JAIE 13, Rigaku R-AXIS RAPID [EIFT34#E % FH\V T —110 °C T{TV>, Rigaku Process-Auto program (2L Y 7
— B RALBE U RS EAARRICE L, EEEE P2c #13)TH o 7=, fENTIE SHELXT-2014/5 & O
SHELXL-2014/7 70 7" bRy r— 2 % FWIK R F OB 2 R E L 7. SHELXL-2014/7 7027 J L%
AW TOIEKERT %2 IEHE IR L7z
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cift) o

L

Figure 2-2-7. Molecular structure of 6-A with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 2-2-8. Selected bond lengths and bond angles of 6-A.

Bond Lengths A)

Ru(1)-CI(1) 2.3965(5)  Ru(1)-Cl(2) 2.3806(5)  Ru(2)-CI(1) 2.3894(5)
Ru(2)-CI(2) 2.3798(5)  Ru(1)-Ru(2) 3.2019(2)  Ru(1)-CEN(1) 1.734
Ru(2)-CEN(2) 1.730

Bond Angles ©)

CI(1)-Ru(1)-CI(2) 82.751(18)  CI(1)-Ru(2)-Cl(2)  82.919(18) Ru(1)-Cl(1)-Ru(2)  83.984(16)
Ru(1)-CI(2)-Ru(2) 84.536(16)

Torsions ©)

Ru(1)-CI(1)-CI(2)-Ru(2)  -126.90(2)

Figure 2-2-8. Molecular structure of 6-B with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.
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Table 2-2-9. Selected bond lengths and bond angles of 6-B.

Bond Lengths (A)

Ru(1)-CI(1) 2.3973(7)  Ru(1)-CI(2) 2.3924(8)  Ru(2)-CI(1) 2.3916(8)
Ru(2)-CI(2) 2.3988(7)  Ru(1)-Ru(2) 3.2441(6)  Ru(1)-CEN(1) 1.739
Ru(2)-CEN(2) 1.742

Bond Angles ©)

CI(1)-Ru(1)-CI(2) 81.60(3) CI(1)-Ru(2)-Cl(2)  81.59(3)  Ru(1)-Cl(1)-Ru(2)  85.29(2)
Ru(1)-CI(2)-Ru(2) 85.23(2)

Torsions ©)

Ru(1)-CI(1)-C12)-Ru(2)  -126.92(3)

6 T oD r vl RENLTIZE > THRESNIANY 7 7 A B "R TH - 7=, Ru—Ru i
DOFEAEEHEIL, 6-A T 3.2019(2) A, 6-B T 3.2441(6) A Th 7=, Cp*lihi &2 A7 5 Aol
KESER 3a & 4720, 6 1F Severin IZ L > THE ST % [Cp Ru(u-Cl)]> & [F U iZA%iE T
bolz. ZOX D IREERBOENL, BN R LEOSAEKFE THAT 22 énTEsn. Y
BEEERIIAETE EOBIKID D TREEEIR & L TR I O BB UT < A2 0, BT [F R
DIARFEDS L0 BB < . Cp*Bhr & /A L72358121E, s\ CpHle iz 7[R L D 32K
BRI & o TGN L Re2Efb s, “#E 6) WM LZElL LD L%
2 HID. 6 TR ZBALGIT Ko TSR AT 2 aTREMER & 2 3, D72 &b
100 °C OB T TH B AR E L TLREICHFEL WD Z L 28 LT,
IHETICHE SN TND MoXo N F 7 T A B ZBEHROREE /T A — & % Table 2-2-10 (2
F LD BREERICONWT S, Cprlef 74 KRB - & L TH T2 SRR RS C
Wb, F, Cpob T =T ASERICEIL T, AT A4 REEEWA RSV RICEBRTHZ &
TBSEARDRHE S LTV D,

Table 2-2-10. Structural parameters of the related dimeric complexes, [(h3-CsRs)M(u-X)]2
M,X; Core Ligand M-M(A) M-XA) XXA) MX-X-M(deg)  ref

Fe>Br» Cpt  3399(1)  2.511(1)  3.587(2) 158.25(6) 19¢
Fel, Cpt  3.5263(6) 2.6749(6)  3.9999(4) 155.51(3) 19¢
Ru:Cly Cp*  3.6023(5) 2.436(1)  3.219(1) 160.50(5) 18a
Ru:Cly Cp®  3.361(2)  2.382(4)  3.209(5) 138.6(2) 18b
Ruz(OMe), Cp  3.2944(4) 2.101(2)  2.491(3) 157.1(1) 18a
Rus(OEt), Cp® 33703)  2.058(6)  2.393(7) 180.0(2) 18a
Ruz(OMe), Cp*  2961(3) 2.0713) 2.427Q2) 124.29(8) 7a
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RuyOCH,CFs),  Cp*  3.026(1)  2.080(5)  2.459(7) 127.7(2) 42
RuxCl, (6-A) Cpt  3.20192) 2.3965(5) 3.1577(7) 126.90(2) This
RuxCl; (6-B) Cpt  3.2441(6) 2.3973(7)  3.130(1) 126.92(3) work

6 O Ru-Ru MFEREINT A REZGENL I T 25 Cph, Cp*aLIEE A L £ 4 . Ru-Ru
FICEEORAITmNEEZEX LN b0, /T A REER L B L Ru-Ru F5E 238
ZEDD, HOMHAEERPNFEEL TV D ARERZEZ OND. RO EEHIIZED &, Cp,
Cp&%& LFBINL T IZAT D [Cp Ru(u-Ch]o, [Cp*Ru(u-CD)]o I1EFR AN, 6 135K A TH Y, BT
FIC Lo THFHBEDOEMN N EBELZ T TV AETABHIENDS. 6 DEITA N F VK
[Cp*Ru(u-OMe)]» IZFEEL L TH Y Ru-Ru BN EIZHKT 23 AO A REMEZ R~IE LT
Wa.

6-A Oy FHLEFRZ{T>72 & 2 A, Ru-Ru X7 bV ETOHGEOMEAER TR S s
Mol OO, Privthd o o AEICEK T 2T o0 Ru L0 d#HUERSHAEHL TV D
ZENGoT2B 6 O A Fig. 2-2-9 (2R L, EefRT-HEEBER K ONEA A1 Table
2:2-11 ICF &7z

Figure 2-2-9. The DFT-optimized molecular structure of 6-A.
Hydrogen atoms are omitted for clarity. (Ru = blue, Cl = green, C = gray)

4 Johnson, T. J.; Folting, K.; Streib, W. E.; Martin, J. D.; Huffman, J. C.; Jackson, S. A.; Eisenstein, O.; Caulton, K.
G. 1995, 488-499.

4 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state.
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Table 2-2-11. Selected bond length, bond angles and torsions of 6. (DFT-optimized structure.)®

Bond Lengths (A)

Ru(1)-CI(1) 243941  Ru(1)-CI(2) 2.43572  Ru(2)-Cl(1) 2.43560
Ru(2)-CI(2) 2.44017  Ru(1)-Ru(2) 3.17862  Ru(1)-CEN(1) 1.73823
Ru(2)-CEN(2) 1.73766

Bond Angles ©)

CI(1)-Ru(1)-CI(2) 83.038 CI(1)-Ru(2)-Cl(2)  83.024  Ru(1)-CI(1)-Ru(2)  81.389
Ru(1)-CI(2)-Ru(2) 81.371

Torsions ©)

Ru(1)-CI(1)-Cl2)-Ru(2)  -121.082

a: The atom labels are corresponded with the X-ray structure (Fig. 2-2-3).

Figure 2-2-10. Molecular orbitals of complex 6.
HOMO-S5 (left), HOMO—4 (right) (Isovalue = 0.02 (top), 0.04 (bottom))

HOMO-5 35 £ U HOMO-4 (213 Ru-Ru [H]OFE AAER Z /-3 47 THLE D MR CTX % (Fig. 2-
2-10). VT =7 AHFULAENIAEEFD (16 FEFELE) THHZ LIz, M-X-X-M ® i
D/INENZ LT, dBERENERY, HVHAEANELTWEILDEEZLND.
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Figure 2-2-11. Molecular structures of the rotamers of 6 with thermal ellipsoids set at 30 %

probability. (Left: crystal obtained from pentane. Right: crystal obtained from 2-propanol.)

6 DRETEMENTICI W TR T & 5L LTI, CplBRDIM & DER 5D oo alfiz SR E
B Eni=mnzEFonsd (Figs. 2-2-11, 2-2-12). /NS p@EBREPHET L7002y =
JVBEIRTITBLRI S 7203, Bu K% 3 OF T 5 Cplefii 1 Tk =2 DBR[E L DOSAR R FEI
Ko THREEDRELS 72D Z 3B 5. HlZIE, Walter Hi3H > KA v FHD CphFe (BT,
CpHER D [EHEEAME 1§ 5l Fe % R CH Y, AGF = 14.2 keal/mol D[HiR[EREZ H 45 Z & A&
LTW3B. =X 9 7% @hd, Cp B 723 A — & B IZEUNL L TV WA IR W T H 8L
END. Cptlihi T+ H T 5 8K TIE, TRENO&RBICENL L 72 BRIA ORI
Lo THEEAAE S, BEARRESCKRER CRERREREZE T Z 03D 5.

Bu Bu ‘Bu

Bu cl Cp ring cl
/ AN tBu rotation / AN
RU Ru—+ Ra Ru—+
‘Bl \ / Bl \ / tBu
By Cl ‘Bu ‘Bu Cl ‘Bu
6-A 6-B

Figure 2-2-12. The two isomers of complex 6.

FU 27 m ) REER Se 13 Ru(Il) 3 L Ru(ll) 0% & T BaESSA CTH v, 'TH NMR, ESR,
TLFRIHTIS OB, i X SR E AT OFE R0 6 2 OIS 2 58 L7=.* 5¢ © ORTEP X%
Fig. 2-2-13 127" L, FE722 A1 HIEEHE K O & f % Table 2-2-12 (2% & 7z,

44 JAIE 13, Rigaku R-AXIS RAPID [EIFTHEE % VT —150 °C TfT\», Rigaku Process-Auto program (25 0 7
— XA LT, ISR RIZE L, ERIBET P-1 #2) Th ol fENTIL SHELX-97 717 J A%y
=R, BEECLOANT =0 ARTFOMEEZREL, 7— U =EKIC LV 52D IEKER T OAE
ZYGE L7 SHELX-97 71 27T A&x v, i/ " RIEC L VB L, 2 TOIRKERTEIEFEHFEITE
B L 7=
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Figure 2-2-13. Molecular structure of 5S¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 2-2-12. Selected bond lengths and bond angles of Sc.

Bond Lengths (A)

Ru(1)-Ru(2) 2.9901(4)  Ru(1)-CI(1) 2.5057(9)  Ru(1)-Cl(2) 2.4165(9)
Ru(1)-CI(3) 2.4480(8)  Ru(2)-ClI(1) 2.5073(8)  Ru(2)-Cl(2) 2.4475(9)
Ru(2)-CI(3) 2.4175(9)  Ru(1)~Cen(1) 1.764 Ru(2)-Cen(2) 1.760
Bond Angles ©)

Ru(1)-CI(1)-Ru(2)  7323(2)  Ru(1)-CI(1)-Ru(2)  75.86(3)  Ru(1)-CI(1)>-Ru(2)  75.84(2)

=onru V) REM X TRIESN _BEEE2HA LW, &2 Ton 7 al RENL T
BAREESALITAIE L CWA DL, 7 v ) RENL-DZREENL T2 Z & TXL Ao 3 it
HENL 2720, SRR OBRMNIARETIER B I NS0 EEZLND.

BT N a—)VIZ & B BTG

4c D 6 ~DOBICKILTIE, #ignd L < ci’éﬁ:%&%vn—/v%ﬁﬁb\é Z L CERMICES
TEDZEZPALMNTLED, BTV a— L ZHAWTSEEITRIRS D EIT LT, 4¢ &
TH ) —)L%& 100°C THEALT-L 2 A,6(37%) ([ZIZ T, (CpiRu)zclz(CO) (8) (63%) NE5H
7= (Eq. 2-2-15)

u_o_Ru RN ? ﬁ ﬁ
Bu 4>
¢ c. // < > \\// (Bu(z -2-15)

6 (37%) 8 (63%)
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Scheme 2-2-5. Plausible reaction mechanism for the formation of 8

tg
tBu //\\ tBu
—Ru Ru—
Oxidative

Bu Bu addition 'Bu'Bu u 'Bu

- CH4
Oxidative \C\I€|/ Reductlve \

addition g}, tBy tgy tBu elimination 'Bu '‘Bu

TH )=V EDKIGETIE, BHPTELETE R T AT E RN 6 EULL, Bl /LR =14k
FEZITZETSNAERLIEZLDLEEZHND (Scheme 2-2-5). 8 [THBENFEECTH - 727
H,6 & 8 DIREWD 'THNMR A7 hVE X OVl 7e X BEEMRITIC L > CTE OffE %
R LIz, S5126 & 8 DIRAMICK L T—RIEDO—(LRFELZEANT S &, CpRuCl(CO),
9c) WHE—AEEE LTHOLNTEZ L0 L, 8 BRIV RNEN T2 6T HEETHDL Z
EDVREB ENT- (Eq. 2-2-16). 8 @ ORTEP [X|% Fig. 2-2-14 127 L, E72F 1R EERER O &
4 % Table 2-2-13 |12 F & 7% Fig. 2-2-14 MO LI LR L 912, —DDOLE I VAR =Vl
Mo & ZoD4Es v ) NEN 12687 5 ik Th -7,

‘Bu

tBu //\ tBu ‘Bu \
té Z; o¢ / \ cr (2-2-16)
u'Bu

tg

tg

9c

Fl
=L YL

Figure 2-2-14. Molecular structure of 8 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity. (Preliminary result)

4 I 13, Rigaku R-AXIS RAPID [RIf734 %%ﬁﬁb‘“( —150°C T47\, Rigaku Process-Auto program (2 &Y 5
— X EAVEL L. RS EASRICE L, ERIBEE P2i/n #14)TH o 2. fi#HTIE SHELXT-2014/5 O
SHELXL-2014/7 7’11 /" LN y#~—~‘/‘%ﬁﬁb\éhk%’%ﬁ%®&%%ﬁ%ﬁ L7-=. SHELXL-2014/7 7 v /'J L%
AW TOIEKER T % FEHEF P R L7z
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Table 2-2-13. Selected bond lengths and bond angles of 8.

Bond Lengths (A)

Ru(1)-Ru(2) 2.7180(16)  Ru(1)-CI(1) 2.493(4)  Ru(1)-CIQ2) 2.466(4)
Ru(2)-CI(1) 2.495(4) Ru(2)-CI(2) 2.466(4)  Ru(1)-C(1) 2.121(17)
Ru(2)-C(1) 2.057(16) C(1)-0(1) 1.091(18)  Ru(1)-CEN(1) 1.783
Ru(2)-CEN(2) 1.800

Bond Angles ©)

Ru(1)-C(1)-Ru(2)  81.2(7) Ru(1)-CI(1)-Ru(2)  66.03(10)  Ru(1)-CI(2)-Ru(2)  66.89(10)

9¢ ICEI L TIiE, 1e 22 HBIRAR L, 'H, °C NMR, IR 3 J O X S EART I X - T
EREZAT 721 126 LT 1 RUED—BLIRFR A SIS S E D &, REECEYOER % 1
ST 9¢ AR LT (Bq. 2-2-17). FfEREMEIZ LY 9¢ 2L 20% THF:7-. 8 @ ORTEP X%
Fig. 2-2-15 1Z7R L, E72JRAFHIERRE R OE G A % Table 2-2-14 1TF & 7.4

t,
By Bu cl g, 1-€O tBU\Q—‘BU
L ch_ | U THF/Methanol ol

Rul_ “Ru EE— Ru +  Unidentified Product
Bu | ~~c” OC// \CI (2-2-17)
oC
cl By 'Bu
1c 9¢

o)

Figure 2-2-15. Molecular structure of 9¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

40 JIE 13, Rigaku R-AXIS RAPID [EIFTHEE %2 VT —150 °C TYT\», Rigaku Process-Auto program (25 0 7
— B NP LT, AR RICE L, ZEHIBEE Pca2i (129) Td o 7. FENTIE SHELX-97 712 F L%
=Y aRHWN, NE=V BRI AT = ARFONEEREL, 7— U THMIC KV %KD IEAKER
FOMLEZRE LTz, SHELX-97 7’1 7T Lz v, fi/h “HRIEIC XD KL L, 2 TOHKFERT & HEE
FFPEIZ B L7z,
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Table 2-2-14. Selected bond lengths and bond angles of 9c.

Bond Lengths A)

Ru(1)-C(1) 1.8899(16)  Ru(1)-C(2) 1.8921(17)  Ru(1)-CI(1) 2.4167(5)
Ru(1)-Cen 1.870 C(1)-0(1) 1.1357(19)  C(2)-0(2) 1.143(2)
Bond Angles ©)

Cen-Ru(1)-C(1) 123.38 Cen-Ru(1)-C(2) 128.49 Cen-Ru(1)-CI(1) 121.30

[Cp*Ru(u-Cl)]; (6) DEERER{L K i

RuCl3*3H,0 & 1,3,5-tri-tert-butylcyclopentadiene & DG TIL, /7 =¥ AIxFT 5 ENL T
DGR X0 b %k OE TR R BNz, RGK % B FEBL L, Rudll) $5K 1c <
RNW)%mumtﬁﬁﬁé*&fiﬁ%%iﬁbt BN - D3E AR T & ok tao%k
FBOWKIY, ZNETICHRRZ 1e 2T NVa— DRSO RENSHEET S L, ThEFN
Ru(II)-Ru(Il) $&5(K S5¢=° Ru(ll) $5K 6 72 &E 2 b5, L2di-> T, 6 OFERLEILIE 1e X° 4¢
DA EOBENLEERKIETH .

Bu CI
t
Ethanol % Cle_ Bu
RuClI33H,0 + 3 ——— 3 Green —» Blue —» |[Green —— > Purple 4> tBuY ‘\ /
reflux Total of [
Bu Bu 18.5h Bu” 'Bu
Introduction of Cp* was confirmed by 'H NMR 1c

WXL T-78°C TMBZALNIGSHET L2 A, ISR IZBRICHROIZENL L,
(CpIRuCI)z(;,L—O) (10) NEEMICHE DI (Bq. 2-2-18). HEFRIFEA R HICHFE LR WERETO
FERIALSS TIE, BV T =0 DEEA~OREREOBEADBIN ST,

'‘Bu Cl_.Cl 'Bu 4.0
tBuRu//\\R:.B” ._;;;:zntane /0\
— ~C Bu % (2-2-18)

tBu Bu Bu” 'Bu
6 10

F,10 T2 NFETONTA REHRERER, FH—HT7va—ns LALHE HJkT7ra—u
EROGT D Z L TAMEE K 6 IZE LI D (Eq. 2-2-19).

t,

Bu Cl__Cl ‘B
/0\ 1 IPA/00°C By~ ~\_'Bu
// Pl Ru_y

Bu ‘Bu

(2-2-19)

—FHT, "aFrEATLRAIE LT, Zeakibig 6 IS EEAICIE, 5 A
67% THARK L7z, Z DRE, 30% D KIFEEG A BLAl S 7z (Eq. 2-2-20).
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Bu Cl__Cl ‘B
tBuRu//\\Rl‘IBZJ; ’ CDCI3 ﬁ ﬁ
"~ SN —R u—=
Q Sl 220
‘Bu ‘Bu

6
le DERFMTI NI L LT, WHRFAENKE, BIEAEBRE, Biksy ) —L b
LT 6 DBEMILISEIToToE 2 A, 1le WEEMIZEDNTZ. OB, KISHKITEE, &,
K, RELELL, BEIC LIERICKBASNEZEL LT Z LD, 6 75 5S¢, 1c, 4¢ (LS LTz
%, =X )= MMIEDELTle NERLEZBbDEEZBNS.

t,

t t .
'BU Et,0/Ethanol/HCI Bu Bu Bu cl
| ! 2 Bu t
Bu //\\ B\u O, Bubbling /c|\ %; _____ Clee._ Rl Bu
E— u u
—Ru Ru— t e
it oS

¢ ¢ clcCli cl
Bu Bu Bu 'Bu ‘Bu 'Bu Bu” ‘Bu
6 5¢c 1c
Purple Green Brown
Bu Bu
t Cl CI t Cl
By Q kY 'Bu| evacuate / Ethanol Bu L e | ‘Bu
Ru—O0—-Ru - Ru_ Ru
[ By \ />/ By |u\C|/ /\/
{
¢t c Bu” ‘Bu cl Bu” Bu
4c 1c
Red Brown

Kﬁmm%®6mﬁ¢57mvFM&%@%A@,@@K&&10@%%@%@7u%y
fEERBAKIZE > TRETWS LB X HD (Scheme 2-2-6). 10 (2% LT 41 DIERAIC

ZFu koAb e, BAKICE>Tle &L D, ZOWRE 1e 1% 6 LB ICB LS AR L, 5¢ &
AT D ZOBHLRINEZ AT TH Y, Sc ITABMUIZ L > Tle & 6 AT 5. BAEAICIE

4c T TERL S, BEFZRS ERPITBAREICHEEL TWDHZH ) — LI L - T le ZHAT
%.
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Scheme 2-2-6. Plausible reaction mechanism of the HCl/O; oxidation of 6 in ethanol.

Bu Cl__cCl ‘Bu
‘Bu //\\ ‘Bu
_Ru Ru\

‘Bu ‘Bu
6

0, lTethanol
Bu Bu

‘Bu
tBu Cl ‘Bu cl
SR e
Bu | b cr el

t

tgh, t tghy ¢
cl 8y’ By Bu ‘Bu Bu ‘Bu
5¢c
10
2HCIl— 20
‘Bu Cl
£ t CI CI
By L _ch_ | Bu 0, 'B
Rul ~Ru, P — u—O—R
t ~— S |
Bu l Cl /?/ ethanol Bu
¢l tBu” 'Bu CI C'
1c

10 13 = MMOSHERTH D 723 5 KBAETH U, H, B*CNMR, R0 THRE L, s X
RIS MENTIC L > CE O 2 /i L 724 10 @ ORTEP [X % Fig. 2-2-13 |Z/~k L, E72JH
[ B fE M OV A48 % Table 2-2-12 12 F & 7=,

Figure 2-2-16. Molecular structure of 10 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

47 JIE 13, Rigaku R-AXIS RAPID [EIFTHEE % VT —150 °C T1T\», Rigaku Process-Auto program (25 0 7
— X AU, ISR RIZE L, ERIBET P-1 #2) Th ol fENTIL SHELX-97 717 A%y
=R, BEECLOANT =0 ARTFOMEEZREL, 7— U =EKIC LV 52D IEKER T OAE
ZYGE L7 SHELX-97 71 27T A&x v, i/ " RIEC L VB L, 2 TOIRKERTEIEFEHFEITE
B L 7=
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Table 2-2-15. Selected bond lengths and bond angles of 10.

Bond Lengths A)

Ru(1)-Ru(2) 3.4049(5)  Ru(1)-Cl(1) 2.3369(10)  Ru(2)-CI(2) 2.3381(9)
Ru(1)-O(1) 1.845(3) Ru(2)-O(1) 1.836(3) Ru(1)-Cen(1) 1.792

Ru(2)-Cen(2) 1.789

Bond Angles ©)

Ru(1)-O(1)-Ru(2) 135.39(18)  Ru(2)-Ru(1)-CI(1)  94.33(3) Ru(1)-Ru(2)-CI(2)  90.75(3)
Torsions ©)

CI(1)-Ru(1)-Ru(2)-CI(1)  —158.52(4)

[Cp*RuCl(u-Ch)]2 (1e) B LT [Cp*RuCL]x(p-0) (4¢) DAFRFEEDEIK I

RuCl3*3H,0 & 1,3,5-tri-tert-butylcyclopentadiene & O U is TlE, e 23X EE 48%, 7d 23U 20%
TROLNTEY, VT ) B DERPEREIKISETH LD (Eq.2-2-21). £iz,lc =¥ /7 —)L
EDRISTIE, DNVAR=NVEAFREANINT 8 DEAFME LTHLITED, 8 DAL
t de 0)/—\52 B3 ERBIFISTHD. BIERMOAEREZIZ D Z LIk DINERR E&2E
2T, 1d DERZESRERS D, —FH T8 DAL TIE, =& 7 — LV EFERIZL
Tb\é%{ﬁé}i, ZOERER S Z LN TER,

Bu Me

cl CI -
1. Ethanol/reflux tBu
RuCl;3H,0 + 3 —_— u—O—Ru

2. 0, Bubbling ‘Bu 'Bu (2-2-21)
t t CI
Bu Bu C' ‘Bu” 'Bu 'Bu

tBu
4c (48%) 7d (20%)

7d 13 4e AL LIZBEROIEIRD DRE LT 5 2 & T 20%DIWFE T, E oM T 'H, BC
NMR, JCHESHT & Bk X ST I & - THERR L7=. "H NMR 22 kL2 5 A0 Bu
FE 1RO Me v 7 FANBHIENT-Z £ D, Cpt ED—20D Bu A Me JEIZE D72
WNT )2 ThHDI ENbDND. 7d O ORTEP [X% Fig. 2-2-17 (27~ L, 72501 EREE & O
fEEf % Table 2-2-16 IZF & 724 Fig. 2-2-17 b b, —oD Cp B LI 2 5D Bu HEB &
N Me E=PNEASNTZNALT ) B THDZ ENHRTE 5.

48 JAI7E 1%, Rigaku R-AXIS RAPID [RIHT3E{E 2 FH\ T —150 °C TfT\», Rigaku Process-Auto program (2L ¥ 5
— X B L, RERITEASRICE L, ZERBHT P2i/n #14)TH o 2. fi#HTIE SHELXT-2014/5 KO
SHELXL-2014/7 7' 75 L3y ir— 2 % HIWIFKR B IR A ONLE 2 R E L2, SHELXL-2014/7 7w 7 J L%
AW TOIEKERT %2 IEHE IR L7z
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Figure 2-2-17. Molecular structure of 7d with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 2-2-16. Selected bond lengths and bond angles of 7d.

Bond Lengths A)

Ru(1)-Cen(1) 1.841 Ru(1)-Cen(2) 1.833
Bond Angles ©)

Cen(1)-Ru(1)—Cen(2) 179.32

‘Bu £ Me F~EHRIE, D72< &b 2 ED C-CHEB DU Z 115 SIS TH 0, BIWTK
JEMRE DX A I 7L LTUE, VT =7 AZICpR—2 b Ao TWRWNERRE |, TCp*ad 1
DANSTZEERE L, TCpIN 2 DA TS D3 ENREZ HND.

[Cp*3 1 DA T=BERE) CORER & 1%, ZAMSEAK L 1,3,5-tri-tert-butylcyclopentadiene & 0%
I T D, 6 1Tk LT, 1,3,5-tri-tert-butylcyclopentadiene % A % / — /VH L &5 &, Te 28 H
AL LT 46%DINERTH LN (BEq. 2-2-22). ZORIGTIE, Te DHBPELN, 7d 134
SHERR LTz,

tBu t 'Bu
‘Bu cl B Bu
By LN g /" Methanol/110 °C By
R Ru + e
"~ N tg.RU
{4;\\ (2-2-22)
tBu ‘Bu  'Bu Bu

Bu
6 7c

7c OFEEIT H, PC NMR, Jo#otris JOHRES X SAEMITIC X > THERE L2 Te O

‘Bu

49 JHE X, Rigaku R-AXIS RAPID [EIFTEE %2 VT —150 °C TYTV), Rigaku Process-Auto program (2L ¥ 7
— H AL U AT AR RICE L, Z2MEEIT P2/ #14)TH o 7=, f#HTIE SHELXT-2014/5 KX
SHELXL-2014/7 70 7" hoX vy ir— % FWIEK R 7 O E 2 R & L7z, SHELXL-2014/7 7' n 7' J L%
FANWETOIKERAZIEHTHICEE Lz, M. S5 FTho), #HE LoKREREV BT A
molz.
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ORTEP [X| % Fig. 2-2-18 |2/~ L, E72 R [HIFERAEMK OEG # 4 Table 2-2-17 IZ% & 7.

Figure 2-2-18. Molecular structure of 7c¢ with thermal ellipsoids set at 30 % probability.

Second molecule is omitted for clarity. Hydrogen atoms are omitted for clarity.

Table 2-2-17. Selected bond lengths and bond angles of 7c.

Bond Lengths (A)

Ru(1)-Cen(1) 1.850 Ru(1)-Cen(2) 1.851 Ru(2)-Cen(3) 1.855
Ru(2)-Cen(4) 1.850

Bond Angles ©)

Cen(1)-Ru(1)-Cen(2) 17531 Cen(3)-Ru(2)-Cen(4) 175.59

Cp B2 L Bu £EF+HDONAKKFEIZ L - T, Cen—Ru—Cen #EAIIHE TEATEY, BCNMR T
L Cp BRODEEENHEINAZ LTV T FARTe— R=0 27 LT\, BT DR
I S 2 H O D, 100 °C DINEAGA: T Clik C-C #5E OB SO ZBI S e o 72, de
DA R TIE, RuCl3e3H,0 HRDHEALK R DSOS B 5-9 5 AIREMES 8 5 23, Te L i %
90 °C THMEAL CTH AL IR Ligholz, T O ORISHEND, [Cpid 2 D Ao 7= ElE T
DRIGHEE TN EE X,

— 5T, VT =7 NTEAL L TUNR U 1,3, 5-tri-tert-butyleyclopentadiene |3, V=2 Th ) i
it KD T v 3 — L OIS Z 0 15 5. 1,3,5-tri-tert-butylcyclopentadiene (2% L C,
WEED T X ) — WEIRE s SET2 L 25 GC-MS ICBWT, Mo —ECT m/z i X /
—VogtRERSTNEY 7 TR RHEERTE. 202 &5, 1,35 titert-
butylcyclopentadiene (ZX} 35 7' b ML HEITT H EBE X HNS.
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Maitlis 5 (% [Cp*RhCl(u-Cl)], (12a) <° [Cp*IrCl(u-CD)] (11a) DGR WT, KISHEE &
LTAFPRATFAT 2T —_RUBUVEHANDE, 78 NVBICEDZAFX Y AT AT 27—
R U ORISR L, C-CREG DU & o 7o Cp* PN T OBHANEZ 5 2 L AHE L
TWD 0 Z DR, XRUUNMLIZT NV aX v IEEFTH Cp EOT X VIIE, BEEOINLE
F- DI LiAZr & 22572 Cp-M fb & DA A BREN 1) & LC C-C f B OUIW A T3 5.

MCly+S - OMe
| | || + v +-ome—> OMe — > 5 N

MCl3+S
(I)|
S Z -CI~ _Cl..__
| —_—> \M """" M
MCl, | S~ Y
—_— Cl
+
Me_
o* MeOH OMe "
J\ e +H
H Me OMe

Maitlis H DG EZEIZ L2 7d OHEE A KRS % Scheme 2-2-7 (27777, 1,3,5-tri-tert-
butylcyclopentadiene ~D 7' 1 s> AUIE, 4 L CTHITL, T VNI T F U ERETH. ZORE 1
ALD Bu HiE sp? IRAKD 7212 5 LD ‘Bu £k & OSAREENH 0, SLIKEEE 2T 5729
Bu £ LIZ 3D INRAF AL R ESERBOATFNVENEET 5. HEICT T
=FUPAINT 5. DT RuCl 2837 Ry 7 ACENL L, BAKFRE 2R 57 s
VEDTEUERAETD. VT, BE EOISLEF O LiIAR L ZER Cp-M fEB DIEK %
BE) ) & LT C-C 5B OUlz T 5. £ D%, 1,3,5-tri-tert-butylcyclopentadiene & 5 jitsd”
52 &ETTdEERT D,

0 (a) Kang, J. W.; Maitlis, P. M. J. Am. Chem. Soc. 1968, 90, 3259-3261. (b) Kang, J. W.; Mosley, K.; Maitlis, P. M.
Chem. Commun. 1968, 1304—1305.
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Scheme 2-2-7. Possible reaction mechanism for the formation of 7d.

‘Bu

\\_ EtOH
protonatlon methyl - H"
migration
Bu  'Bu
‘Bu tg B
RUCly+S /R"C'S'S —RuCly*S
_ T
tBuU OEt
t Me
tg Bu Cl Bu
u t t
tBuﬁ"B” -cr _Cl_| Bu g By R, Bu
] e Ru\ _-Ru > tBuU
MCly- | o]
EtOH .
t
—— + Bu gl Bu
7d
Et
ot EtOH OEt

)l\ — +H*
Me Me OEt

EAb LT =0 DEIAERINS, BRYEDILEMTH Y, FIEDOKIGZ S F T o Z &n
TERNWZD, de DEFRICEIT S 7d DRVEZTF 2 nboEZ HNS.
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E3E  CpENLTFEET D IENTA NeEEDER

NT =0 KA ERERIZ, BV AR U 27 A Cld MClyenH,0 O & FF o4 8/~ 7 1k
MPBEELE LTHWOND, 207, By 7 a X ¥ P = VAL OB AITIZY 7
DN E T NT = ERBT A FRIEEH D ZERNTERY. I OHRETIE, ~
XY AT LT 2 U—_ 8 & RhClznH0 X° IrClsenH0 % Shis S/ 5 2 & T Cp*Bfis %
HALTWeEN (Eq. 2-3-1),° 2D 1,2,3,4,5-pentamethylcyclopentadiene Ot~ = k (k%
PEo 72 Cp*BUfr 1 D AIEN B S, BIETIFASFIHIN TS (Eq. 2-3-2).7

| | I| + mcinn,0 MeoH /% ~~~~~~~~~~~~~
reflux \CI (2 3. 1)

1Ma (M=1r)
12a (M = Rh)
MeOH / _____
MClynH,0 + N\ [/ ——= AT " T
i reflux \Cl /(2 3-2)
1a (M=1r)
12a (M = Rh)

TNETICH A B 7 a2 D VBN 2 HT 5 9 EEBREA S G ShT&E -
/A== Cpiﬁﬂﬁnz@ﬁk U726 OIEHE STV 720, CpHEENL 10038 A A3 R #E 72 JFUR 13
1EI T2 X D12, BE7 1 b v ASLRBIZ R S AL T D 7o OB 1 0 23K
TLTWAHTHD. PG E LT, MERIEICHES TAZ ) — IV EEIIZ CpHEefi 1D
WMANERR LIz & 2 A, RISKMZ 1 HFICIER T 5 2 & T, IR 4% T (CpHrCly) DAL
AT HEERZET (BEq. 2-3-3). L LARRD ZOEMIEICITHEHRMENR R, 4 VYTl
PRANT 5.

‘Bu

‘Bu Bu
MeOH ‘Q}
IrCl3nH,0 + 3 Ba

Ir.
95 °C
CI/ \CI

1 week

+iridium salts ~ (2-3-3)

‘Bu ‘Bu
13 (4%)

2 HiCORARTZ LI, NTA FEERZHE RS L ITH T Va3 —L &L RIS S

HHE, B, B R REALAFOEN, HVR= VBN FDEAR G/ ENEE 5.9 [BE)R

EHOTEHEAES, AEOKGHNRE 52 L THNE LIWEERNER L TWE LD EH

2 Hhb.

AETIE, B, B RU RELFOEA, LR FOBEANRNTILE 7L 3%
ROB-KFEMBEA IR E T Z LICEH L, BAKREMBENET LeneEZ b D 2-
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methyl-2-propanol Z ¥RIEIZ VN2 CpHEAAL 1D 9 R4 B EE IR ~DE AJEIZ OV TR 5D,

Cp*IrCl, (13) DAHRR
2-methyl-2-propanol Z &M & LT IrClsenH0 & 3 24 & D 1,3,5-tri-tert-butylcyclopentadiene Frl
A% 120 °C T 1 HEJSEE D Z & T, CplrCl, (13) ZZEAHE & LT 72%DINR T
(Eq. 2-3-4).
‘Bu

. ‘Bu ‘Bu
BUOH S 7~

IrClznH,0 + 3 — - BO |

120 °C M
84 tBu 193y cl cl

(2-3-4)

13 (72%)

13 (% 'H, *C NMR, Jt33#T, vapor pressure osmometry (VPO) & Hifdk i X B AT X
> TRE L. 13 @ VPO HIFE (30 °C, CH:ClL) 726 BFE S - 7240 7 &% 524 g/mol TH Y,
TV HAESE R Dy B 496.5 g/mol 12TV, F 72, HRE S X BRHEERENT > O b SR T
HDZ L EMRRLIZ.13 O ORTEP [X % Fig. 2-3-1, BN TIZI 1) 55 EE %2 Fig. 2-3-2
WZoR L, BT EERE M %SS4 % Table 2-3-1 1% & 727!

U

Figure 2-3-1. Molecular structure of 13 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 2-3-1. Selected bond lengths and bond angles of 13.

Bond Lengths (A)

SEIE X, Rigaku R-AXIS RAPID [AI47457# 2 VT —150 °C TAT\, Rigaku Process-Auto program (2 &0 7
— H ALE U7 AT E A RICE U, ZEMEEIT P2i/c (#14) T o 7=, fi#HTIE SHELXT-2014/5 & O
SHELXL-2014/7 7' 75 L3y iy — 2 % FIWIFKR B IR A OfLE 2 R E L=, SHELXL-2014/7 7w 7 J L%
AW TOIEKERT % FEHE IR L7z
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Ir(1)-CI(1) 2.3131(9) Ir(1)-CI1(2) 2.3052(10)  Ir(1)—Cen(1) 1.767
Bond Angles ®)
CI(1)-Ir(1)-CI(2)  87.65(4) CI(2)-Ir(1)—Cen(1) 135.2 Cen(1)-Ir(1)-CI(1) 136.8

Figure 2-3-2. Molecular structure of 13 in the unit cell.

Bond distances of Ir—Ir are shown in the figure (A).

FELREE T TR B EV Ie-Ir FIEEEEE 7.305 A TH Y, ZORICHAEERITZR L, ik
BTHDHZENRIND. D20 I-ClfEEIXZNEI,2.3131(9),2.3052(10)A TH Y, ZD
1% Cp*BihiF %2 AHT 5 [Cp*IrCl(p-Cl)o]2 (11a) 2B 5 Ir-ClfEA £ 0 HE VY (Ir—Clierminar:
2.387(4), It—Clyrigge: 2.456(3), 2.449(3) A).?2 Z D X HIZ ICl fEENBHFICHL I > TN D D
%, Ir & Cl EDOFEBEDRIRE > TWNDHHEEBZ HILDH. 13 O DFT #HED B R D 7253 1-#l
1T, HOMO-6 |Z Ir—Cl W OniE & YE O #E 23 @l S 4172 (Fig. 2-3-3).

52 (a) Churchill, M. R.; Julis, S. A. Inorg. Chem. 1977, 16, 1488—1494. (b) Churchill, M. R.; Julis, S. A. Inorg. Chem.
1979, 18, 1215-1221.

33 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ir. 6-31G(d,p) was employed for C and H atoms,
and 6-311+G(2df) was employed for CI atoms. Solvent effects were taken in using IEFPCM model (solvent: CH2Cl).
All calculations were performed by utilizing the Gaussian09 rev.E 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 for ground state.
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Figure 2-3-3. DFT-calculated MO of 13 (Isovalue = 0.03, HOMO-6).

T E TITHEEDRHE STV D [CpsMXa]a (Cps: substituted cyclopentadienyl, M: Ru, Rh,
Os, I, X:Cl, Br) $§R132C & 263 5.5 O CpsMXo ITFCNLARAZFI 72858 TH D |
TEEREIBRL, T A FEAFSENAERREZ X B OKRGELN D XL B OZREEALIZZE
LEED L TEORMARMELID TS, 2k LT, 13 TiE Cl OISZE 72
Ir FOICEF G2 Z LIS k> TRARBEAEZEM L TS b0 EHEZ N5,

By T BEIREETT 9 T L LT ESIMS IZX D003 & 5 2%, A% TIL(CpHraCls™ 12
YT 22 7 F A0 G b, VPO JIE & b B X Bt & b T 2R 13 G o7
(Fig. 2-3-4). 24U 13 (kU CEIIN L 7ZB8IS, iio~e 7 b & B by 3 A0 I T L,
[CpHIr(u-C)sIrCp*]" MR L7ZfE RIS EEBE X DD, Cp*Eil + 5 H T 5 1la TIE, ~TA4 R
BOAL 7 DBl Z ££ > T [Cp*Ir(u-ClysIrCp*]” 2 525 Z L b b FFan s »

% To the best of our knowledge, all of the [CpsMXz]n type complexes of group 8 and 9 forms dimeric structures, while
44 structures of [CpsMXz]2 type complexes were obtained from Cambridge Structure Database System Version 5.37
(November 2015 update): Allen, F. A. Acta Cryst. 2002, B58, 380.

35 Rybinskaya, M. 1.; Kudinov, A. R.; Kaganovich, V. S. J. Organomet. Chem. 1983, 246, 279-285.
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Intens. +MS_0.0-1 5min #(2-115)]

9652823
959.2826

950 52 954 96 958 560 62 %4 mz

Figure 2-3-4. ESI-MS spectrum of 13 in CH,Cl.

(above: observed, below: simulated spectrum for (Cp*Ir),Cl;*)

[CP*RhCI(u-Cl)], (12¢) DA

Cp'ENI 2 A L7=A U P 0 LK CpHIrCly, (13) 2B A Z 5 2 5 DX, CpHEihi+ D
BROARESSICEDZbDOLEEZONEN, VT =T LK 1e 13 Bi#EEALTEY,
SROME LB ERET 2ERNO—2EBX NS, 2O L) oI, 19 e
BOMWE) 2k D bon, 15d BBOME ] 12X b00EHLMNIT DI 1%, SEEEA
O AT 5 ECHIEFICEERMRLL R0 THS.

2-methyl-2-propanol Z & & L C RhClyenH,O & 3 4 & D 1,3,5-tri-tert-butylcyclopentadiene
Z 120°C T 1 BUGEE72%, IRERCUHEL, 17570~ N/ T77 4 —CHMT 52
& T, [Cp*RhCI(u-CD]2 (12¢) % 59%DULZE THH7= (Eq. 2-3-5). IREEE L OISIE, R TE
B LG5 7 U VSRR Cp Rh(n-ally)Cl 72 E & 5227 1 U REFA~EFHEL, hT L7~
NTTT7 4 —IC LR ERDH T DD TH D

t
Bu ‘ t8u .
‘BuOH Bu By
Cl |
RhCIznH,0 + 3 _— Nepe o
120°C  ‘Bu | ~c” N/ (2-3-5)
'‘Bu 'Bu 1 day cl
Bu” Bu
12¢ (59%)

12¢ i3 'H, °C NMR, Jo#HT & G X SEERNTIC & - TRE L7z, Hfhsh X i

50 PHERECAULELS 5 Z & C, MUNARKIZHL 720, TLC Tl SN D AR v F OB 5.
Cp*Rh(n?-allyl)Cl & i & D Ji: Martinez, J.; Gill, J. B.; Adams, H.; Bailey, N. A.; Saez, I. M.; Maitlis, P. M.
Can. J. Chem. 1989, 67, 1698—1699.
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FRNTIZ &> C IR CTH D Z & 2 L7, 12¢ @ ORTEP [X|% Fig. 2-3-5 2/ L, F7JH
T-IETRERE R O & A % Table 2-3-2 ICE & 7.

N

cen(1),

Figure 2-3-5. Molecular structure of 12¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 2-3-2. Selected bond lengths and bond angles of 12¢.

Bond Lengths (A)

Rh(1)-Rh(1”) 3.7326(4) Rh(1)-CI(1) 2.4420(4)  Rh(D)-CI(1")  2.4699(4)
Rh(1)-CI(2) 2.3835(5) Rh(1)-Cen(1) 1.768

Bond Angles ©)

Rh(1)-CI(1)-Rh(1") 98.913(16)  CI(2)-Rh(1)-Rh(1°) 88.85(2)

Rh-Rh [ O FEHEEIT 3.7326(4) A Th o7z, T Cp*JEREA 12a D 3.678(5) A L b4 % &
ELTWD® 2L, @@ CpHlihr 7 & 2846 7 = U REUL T & ONLIRRE DB L 5%
FTTWEHDEEZLND. CpliALFDEY b A REZEEZ v ) REANL 7 & OFFEEE 12a
TIX 3.782, 3.808 A, 12¢ Tl 3.826,3.835 A TH Y, Cp'lihL T DFAITMHE LTz, Fiz,
Rh—Cl #5628 LTI 12a (Rh—Clierminat: 2.3991(9), Rh—Cliridge: 2.4512(8) A) & IFIF[AE TH -
7.

BT LR 12¢ 1, VT =T LK 1e ERBRIC ZBBIE TH o712 2 LD, 13 NHEE

ST ME X, Rigaku R-AXIS RAPID [RIFT#4 & & -V C ~110 °C TATV», Rigaku Process-Auto program {2 & 0
T—F EAER LT, RS T AN SRITE L, ZEMIBET P2ue 14) Th o 7. fENTIX SHELXT-2014/5 J Y
SHELXL-2014/7 7' 1 2" LNy =2 % IO IR R G ONLE & VR 3E L 7=, SHELXL-2014/7 7’1 7' J L%
HWATOIEKRER T2 IEEF VTR L7z

38 (a) Churchill, M. R.; Julis, S. A. Inorg. Chem. 1978, 17, 3011-3019. (b) Churchill, M. R.; Julis, S. A. Inorg. Chem.
1979, 18, 2918-2920. (c) Govindaswamy, P.; Stiss-Fink, G.; Therrien, B. Acta Cryst. 2007, E63, m931-m932.
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REKT A2OIL, SAdHEDEEIZ LA b0 EEZ b, EE ST X5 ik o R
EALITIN Z, X0 53 Lod7 0 5d #E & ClL o p ljE & ORISR GEE ZE LD
DEEZBND.

AETIEEE W CpBNL &7 a ) RENLFORNORILVT =L, A VTTA BY
T LAEEROEE 72 A BB DWW TR 72, CpH Bl T2 AT DT =7 Lo v U REFROmE
BTSN DV CHEFRIOICIRA L, Bix Zeigfbia 95 7 0 U REERDSEEERAL KL
BLOT NV a— L aEAWRTIGIC L VM EICERTEX 5 2 & & L L. CpHlidhr 113
ZDEmEm ST XY, Cp*EhL T DOEEIITBUAIT 5 2 & N INEE RS CRAA A fafn7e 7 =
U FEEAEZLZENTEDZ LWL L. 205 ORIL Cp i 12 X B SR 72
LEALEN LT SER Y b R REsReoN—T74 > FA v FEDFE . LT oF| A
rrEnb.

68



E3E
Co'BRiiFZH I 5
ZARJERYREERDE /L






3 CpfiTa2F 922K & N RO ER

HIE CplNLFEHTHEEARY & N FEEEROEHR
%1@* e

B Cl_7- L), EREREEZEARY B R REEMEAOARIZIE, #W&EE KU K
nﬁi’i’ﬁﬁb\t E’/\H/f/ﬂﬁ%@ salt metathesis S R S IASFIH I TV D .12 &F N
a7kl e R REDOKINE, BRXIZIZe RU K7 =4 12 X % salt metathesis S
LR Z LN TE SN, LiAlHs X° NaBHy 72 O MG R e U RiETCHZ WG T
X, 7 Ix— bR L— MG LM RS & 72 5. BT 1a & LiAlHs & OIS T
Tk U FREEICK 2B ICBRE, 7V I 32— MEKROER, =% 7 VR LTI =
7 I D i B &ku\otgﬁxﬁ EDOROGERETCE R RESMANART 2 (Eq. 3-1-2)3 L=
ST, AU b R REEEROBIRPEIL, 73— bR L — FHEEORRESCT L2
VAOERMELR LI IV RESND 2D, [FEEE B R FRIEOMAGDOE | NEE L 72

5.
(il 1. LiAIH,/Et,0
_Cl-._ TAIH4/ED
Ru ;Ru - //\ (3-1-1)
i NS 5 Ethanol \\//

1a
Cp*
Cl R/
Cl cp* /l / U
4 “"CI\“‘Rl LiAIH, ~" gy ] cl LiAlH,
Ru- “Ru, —_— —
gy o
cl 1a Ci RGO
\ *
3a Cp

(3-1-2)

Ethanol
—Ru/H\Ru— //\\
\\//

and other aluminate complex

! (a) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243-2245. (b) Suzuki,
H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Fukushima, M.; Tanaka, M.; Moro-oka, Y. Organometallics 1994, 13, 1129—
1146.

2 For example: (a) Gilbert, T. M.; Hollander, F. J.; Bergman, R. G. J. Am. Chem. Soc. 1985, 107, 3508-3516. (b) Okuda,
J.; Murray, R. C.; Dewan, J. C.; Schrock, R. R. Organometallics 1986, 5, 1681-1690. (c) Jahncke, M.; Meister, G.;
Rheinwald, G.; Stoeckli-Evans, H.; Stss-Fink, G. Organometallics 1997, 16, 1137-1143. (d) Ohki, Y.; Suzuki, H
Angew. Chem. Int. Ed. 2000, 39, 3120-3122. (e) Shima, T; Ito, J.; Suzuki, H. Organometallics 2001, 20, 3939-3945.
(f) Gross, C. L.; Girolami, G. S. Organometallics 2007, 26, 160—166. (g) Siiss-Fink, G.; Therrien, B. Organometallics
2009, 23, 766—774. (h) Walter, M. D.; Grunenberg, J.; White, P. S. Chem. Sci. 2011, 2, 2120-2130.

3 Plois, M.; Wiegand, T.; Wolf, R. Organometallics 2012, 31, 8469-8477.
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FRZT A =0 LR U FERE R RETAIZHWEERIZAETL D7 7 00K T Ui, 24
BHLDERBIIET DI EDMBNTND I Z D7, ZARY & Y REEROA R
TiX, LIEGBH 72 E O ) DGR T FRIEEZ WD Z & T Y FEHADNBRAIZE S
nbHZENRZ,

— 5T, B4R, RAEMN T HOZERY © R FRO AR TR, E0AadbEo
B2 BRI T 20 ENH Y, HIZe R FREEE A 5 720 TIH@IRAIC~T 1
BEEMAETHZ EEFETERY., INETICHESINTWDEA~ATaEEZARY B R Nk
ROGHIETEIL, TRRICRT 5§ BEICOBET 22N TESL: (1) 7=F MRV e RV
REER & m~a 7 At & OB 7V U TR (2) Agosa AL ORE I
9 HE RY RELHEORIRS 3) —FEOKRY v R REEEOBKFED » 7V v T IK
010 (4) AU b R YU REEK L B ARBIFIEAA L OET (5) AU b FU REERE &R
Naxy REOWTNa—)vTiy 7Y o7& (Chart 3-1-1). 1012

4 For example: (a) Lobkovskii, E. B.; Soloveichik, G. L.; Sisov, A. L; Bulychev, B. M.; Gusev, A. L.; Kirillova, N. I. J.
Organomet. Chem. 1984, 265, 167-173. (b) Belsky, V. K.; Erofeev, A. B.; Bulychev, B. M.; Soloveichik, G. L. J.
Organomet. Chem. 1984, 265, 123-133. (c) Belsky, V. K.; Sizov, A. 1.; Bulychev, B. M.; Soloveichik, G. L. J.
Organomet. Chem. 1985, 280, 67-80. (d) Sizov, A. 1.; Zvukova, T. M.; Belsky, V. K.; Bulychev, B. M. J. Organomet.
Chem. 2001, 619, 36-42. (e) Oishi, M.; Endo, T.; Oshima, M.; Suzuki, H. Inorg. Chem. 2014, 53, 5100-5108.

3> For example: (a) Deck, K. J.; Nishihara, Y.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1994, 116, 8408-8409. (b)
Aldridge, S.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1998, 120, 2586-2598. (c) Lei, X.; Shang, M.; Fehlner, T. P.
Inorg. Chem. 1998, 37, 3900-3901. (d) Weller, A. S.; Shang, M.; Fehlner, T. P. Chem. Commun. 1998, 1787—1788. (e)
Lei, X.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1999, 121, 1275-1287. (f) Lei, X.; Bandyopadhyay, A. K.; Shang,
M.; Fehlner, T. P. Organometallics 1999, 18, 2294-2296. (g) Lei, X.; Shang, M.; Fehlner, T. P. Chem. Eur. J. 2000, 6,
2653-2664. (h) Lei, X.; Shang, M.; Fehlner, T. P. Organometallics 2000, 19, 118—120. (i) Ghosh, S.; Shang, M.; Fehlner,
T. P. J. Organomet. Chem. 2000, 615, 92-98. (j) Macias, R.; Fehlner, T. P.; Beatty, A. M. Organometallics 2004, 23,
2124-2136. (k) Bose, S. K.; Geetharani, K.; Varghese, B.; Mobin, S. M.; Ghosh, S. Chem. Eur. J. 2008, 14, 9058-9064.
(1) Bose, S. K.; Geetharani, K.; Ramkumar, V.; Mobin, S. M.; Ghosh, S. Chem. Eur. J. 2009, 15, 13483-13490. (m)
Roy, D. K.; Bose, S. K.; Geetharani, K.; Varma Chakrahari, K. K.; Mobin, S. M.; Ghosh, S. Chem. Eur. J. 2012, 18,
9983-9991.

¢ For example: (a) Bruno, J. W.; Huffman, J. C.; Green, M. A.; Caulton, K. G. J. Organomet. Chem. 1984, 106, 8310~
8312. (b) Alvarez, Jr., D.; Lundquist, E. G.; Ziller, J. W.; Evans, W. J.; Caulton, K. G. J. Am. Chem. Soc. 1989, 111,
8392-8398. (c) He, Z.; Neibecker, D.; Mathieu, R. J. Organomet. Chem. 1993, 460, 213-217. (d) Oishi, M.; Kato, T.;
Nakagawa, M.; Suzuki, H. Organometallics 2008, 27, 6046—6049. (¢) Oishi, M.; Kino, M.; Saso, M.; Oshima, M.;
Suzuki, H. Organometallics 2012, 31, 4658—4661. (f) Plois, M.; Hujo, W.; Grimme, S.; Schwickert, C.; Bill, E.; Bruin,
B. de; Pottgen, R.; Wolf, R. Angew. Chem. Int. Ed. 2013, 52, 1314-1318. (g) Oishi, M.; Oshima, M.; Suzuki, H. Inorg.
Chem. 2014, 53, 6634—6654. (h) Ostapowicz, T. G.; Fryzuk, M. D. Inorg. Chem. 2015, 54, 2357-2366.

7 (a) Shima, T.; Suzuki, H. Organometallics 2000, 19, 2420-2422. (b) Shima T. Doctor thesis, Tokyo Institute of
Technology (2001).

8 (a) Shima, T.; Ito, J.; Suzuki, H. Organometallics 2001, 20, 3939-3945. (b) Shima, T.; Sugimura, Y.; Suzuki, H.
Organometallics 2009, 28, 871-881. (c) Sugimura, Y. Master thesis, Tokyo Institute of Technology (2001).

° (a) Namura, K.; Ohashi, M.; Suzuki, H. Organometallics 2012, 31, 5979-5982. (b) Namura, K.; Suzuki, H.
Organometallics 2014, 33, 2968.

10" (a) Ito, J.; Shima, T.; Suzuki, H. Organometallics 2004, 23, 2447-2460. (b) Shima, T.; Suzuki, H. Organometallics
2005, 24, 3939-3945. (c) Kameo, H.; Shima, T.; Nakajima, Y.; Suzuki, H. Organometallics 2009, 28, 2535-2545.

1 Nagaoka, M.; Takao, T.; Suzuki, H. Organometallics 2012, 31, 6547-6554.

12 Tto, J.; Shima, T.; Suzuki, H. Organometallics 2006, 25, 1333—1336.
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Chart 3-1-1. Synthetic methods of hetero-polyhydride clusters.

&\ MezPhR_ M - . &\l PPhMe,

(1) Y —Cl 4 Me,PhP—OS—H | K 2ZH >OS—PPhMe2

\ -Kcl ~n
cl
Q/> MezPhP/ H Q/> cl \PPhMe2
N RN A
M + Ru R —
(2) | cr/\c |u\c|/ e 2. Ethanol M
cl ¢ 4 H™H
(M = Mo, W) (M= Mo, W)

o H

3) T os v YR RXY — 7\
N S’ - 2H, Ri——Ru

H H H A \H/ N

“

|
%) H//OS\H”IZké\ //\\/Z% — \% \ﬁ

INOLOEMIEDH B, BZARY b R FEERZHHIST 2 2 L8 TE 2581, (1), 3), (4),
6) OPFEEEHATLHZETATr AR B RY REMEZRINICARTE 5. BERY
b KU REERZFHRCERVEAICE, Q) IR LEEBEZFRE L TiE2RIHT S 2
LD, LI L7 b, (2) 18R LIEABIETIE, ~7 2 OB IRIEIL 7 <, aa@&ﬁs
~7 8 AR Y e RY REROIZNC, RENGRDHRY B RY REERNPAER L, BRI
METFT 5. £72, Q) Hlﬁﬁbtéﬁk/ﬁf X, ZHEONT A FEEROIRGWIZ LT
U FRIEZMZ 5720, [HERB vT AT 58 B REEE & O i O3 IRE )
R N~T AR R RESMA L BIAERY EORIGHE) 728 bBBLT, [FE e RV
RIEDMAE D] ZUE L TUTR B0,

Bl 21X, Cp*Rh I8 L ¥ Cp*Ru 76 72 2 A& J8& 81K Cp*Rh(u-H)sRuCp* (20a) (X
[Cp*RhCl(u-Cl)]2 (12a) & [Cp*RuCl(u-Ch)]2 (1a) ZIRA L7I=#, A ¥ J — LEAHEF C NaBH,
EROGSEDZ ET 16%DINERTHESLND (Eq. 3-1-3).78 Z ZC, FUEHE LTEEV Cp
B %A T 5 [CpRuCl(u-CD]x (1) Z W5 &, B4R _HisKiTe< B ohrn
(Eq. 3-1-4).
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% _Cl...
\CI

|
Cl

Cl CI CH.CI Cl
I NaBH, (6
Rlu """""""""" Rh 2 : \ """ — th 2Bl ©ea) _Ru/H\Rh_
) \CI/ Y Methanol \HW

I
1a 20a (16%)

(3-1-3)
t
t
BY % - L CH,Cl, NaBH, (6 eq)
Rul TRu A + AT ey T = Golden complex ——>
Bu | \Cl/ ¢ Rh\CI Methanol
¢ Bu” Bu
1c
(3-1-4)

NT A REERZ R L7 IEIRE 2 ~T B R ORESLT, Severin HIZ K > THRE SN TN 5.
Mo, 14 BrE /70 K777 A & L THERET 285K (e.g. [Cp*Ru(us-Cl)Js (3a),
[RuCL(PR;3):o(solvent)) & 16 |7 r U R7Z 7 A h &L THIET 285K (eg
[Cp*RhCI(u-Cl)]4 (12a), [Cp*IrCl(u-Cl)]s (11a), [(arene)RuCl(u-Cl)ls (21)) ZEATH Z & T
REZA~AT e ZEEE R ) 7 a2 ) SRR OND Z E2RELTWD.D ZOMISE, 32
D7 vl FENADEAEENLZ D Z & TR0 ETHREGE 2D Z L 2lE 1 LTWn5.

M-Cl +omc, —— M\/\/\/M'
cicl
14e fragment 16e fragment
36e

ZORENTA FHEE e Y FRELORISIZEY B R FEERBEGHRTEILR VA,
7 nul RENLFIC XK - THRIB SN S ERIL, REMHEOFSWREZH WS Z & TEHIC
HEZSE IR~ L 0T 5 Z LA BTV D B KR, 2R Y b R U REFAD G A CTHE

RIS 2GR e U FiEH & OIS T, RKE®EoEmWwe FU RIZk->T, 7
DA LT Te~T o BEOGRERS 282D, ZOd~T e FgE ARk o TIRET
7wl RENLFZ e R U REALF~E BT 57201203, KO FY FIEZHv
DB NGH D, —ODHEZL, O R RIRIZ K 5 salt metathesis it TidZe <, 0+H
WZHFET D8 R REREZFIAT 2 FENRBZ HLD.

BB OSSR 7 36 BAEHAICR D Z L EBRB) J L LTWH 2B 25 &,
Cl- b RYU RENLF~OEWRISIE, B R RRE L TE< XL B OFNL 1 DEAZ %
HTA2MERH D, ZORTE-ARERBEZLY B FY FOBANAHERE K7 Lra—L
3, XL BN F L 2 05D T, BEEKEZRS 722 B FEHROERICK LT, A

13 (a) da Silva, A. C.; Piotrowski, H.; Mayer, P.; Polborn, K.; Severin, K. Eur. J. Inorg. Chem. 2001, 685-691. (b)
Quebatte, L.; Scopelliti, R.; Severin, K. Angew. Chem. Int. Ed. 2004, 43, 1520—1524. (c) Quebatte, L.; Scopelliti, R.;
Severin, K. Eur. J. Inorg. Chem. 2006, 231-236.

14 Koelle, U.; Kossakowski, I. J. Organomet. Chem. 1989, 362, 383-398.
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INTHERET D b LHIfFS D, £, KFEITIAT B OMEZEAROEFBIZ L -
Tar ba—=L LTWNL7D), BEmWXFERAF 2R @R 7 7 7 A P2 W& T
HoTh, TOBRFMIETLRANbDLEZ OGNS,

OH
H o
Cl Bronsted Base 0. /H\ /H\
M/ \M' —— M/ T M\\//M' M\\/,M'
73 i
7 salt metathesis \c\|/c|/ E/I’I':’I’:;‘I’:n cre H¥H
36e 36e 34e 34e

ARE DB

AETIEL I ETERLIEEEW 8,9 BNT A FEEERE, 2R b RU REER~ &L
LRNRRERIEORE AR E Lz, 2 §iTiE, & FY FREZHWZ R e KU F
PERDERRTIELZT T, BEARY v NV FEAROGKRE BIF L T, p-KELBEZFI A L
2RV B RU REEEROEGHIZOWTENTZ 3HTIE, ~7T v 7 vl REEROGH LS, B-
KREBBEC L2 FY FRALFOBALZEEL Lc~T 0 AR B N FEEEROGRHKIZD
WTORNT 4TI, KERREZ~T R =R R FESEROG R~ & IR5R LTz,

Scheme 3-1-1. Concept of this chapter.

[ Previous method ]

Hydride Reagent |-|\
M-Chloride + M'Chloride M\/\ P
7/
H™H
It tathesi
i . . /CI\M’ salt metathesis M/H\M'
- -Clz
\C\IC/I/ Shydride elimination \}/H/

14e fragment 16e fragment

36e
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<P X:] ZEAT=U AR b R REERDOERK
Cp*Ru(p-H);RuCp* (2¢) DAL,

Cp*% RN 1 & 25 5K Cp*Ru(u-H)sRuCp* (2a) (X 1a & i@ E D LiAlHs & D
IRk, fi =H ) VTR E S TAREND.! O/, Cpta KB F-I2F
% Cp*Ru(u-H)sRuCp* (2¢) A Hk L7-.

cl
A cl | 1. L|AIH4IEt20
Ru<Z R =
|u\CI/ U/\/ 2. Ethanol \\// (3-2-1)
cl

1a 2a (75%)
Bu cl Bu By
By Cl | ‘B
Nra Ru 1. LIAIH,/Et,0 //
By S~~~ ¢ B — e — Ru——
| cl 2. Ethanol \\// (3-2-2)
Cl gy’ Bu 8y 'Bu By By
1c 2¢ (41%)

le D= —7 WVIREHRIZ X L, —78 °C TEIED LiAlHs Z N2 7-DH, =& 7 Y v R Z& -
T 2¢ ZRABAEERE LT 41%DIETHZ. 2¢ 13HI X > T Rus(CO)p ZHELE L, 7V
VEERZ R L TAR SN TWA.S BERO H, 3C NMR A7 hLE OB L OT#ESsS
HriZ K> T2e ZAE L, Bk X SAEEMNTIC K o TS A il L7216 2¢ @ ORTEP X%
Fig. 3-2-1 /" L, - [AERRE & OE & f % Table 3-2-1 12 F & 7z,

Ru(1) Ru(2)

Figure 3-2-1. Molecular structure of 2c with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

15 (a) Yanagi, T. Doctor thesis, Tokyo Institute of Technology (2010). (b) Yanagi, T.; Suzuki, H.; Oishi, M. Chem.
Lett. 2013, 42, 1403-1405.

1o JI7E 1%, Rigaku R-AXIS RAPID IEH’)T’”:%E ZH\\T 150 °C T{TW, Rigaku Process-Auto program (25 V) 7
— X B U7, R SRR RICB L, EERE P-1 #2) Th oo, fENTIX SHELX-97 7’1/ J A%y
=YV, BEEECIY AT =0 AR OMEBEZREL, 7— U ZERIC XY 5D HKER T ONLE
ARTE L7z, SHELX-97 7’1 7' b WA TOIEKEIF % FEE PRI R L7z,
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Table 3-2-1. Selected bond lengths and bond angles of 2c.

Bond Lengths (A)

Ru(1)-Ru(2) 2.45513)  Ru(1)-Havw 1.76 Ru(1)-Cen(1) 1.805
Ru(2)-Cen(2) 1.805

Bond Angles ©)

Ru(1)-Have—Ru(2) 88 Ru(1)-Ru(2)-Cen(2) 178.92  Ru(2)-Ru(1)-Cen(1) 179.06

LiAlHs Z W2 B R TIE, 2a 13 75%DIR TR L0 DI LT, CpHidhc + 2 Fvn % LY
X 41%IIKF L7z, Cp*Ru T A REE(R L LiAlHs & ORIGE B 2% & (Eq. 3-1-2), 1e &
LiAlHs E DRIZE > TER T2 B2 6NH T VI 32— MMEROT X 7 U o RN,
ORI Ko THE SN b L B b, 207, 2 DX S emmne KU
REFRDOEKIZIE, 71 30— FOR L — NBEROEREZIHT5 2 ERNEEE XL
n5.
WX LC, B0 e KU RikEEE LC LIEGBH 2 W 2 & 2 A, 2¢ 28 70%DILR
THEOLNZ. 2, BOMESRME T T le 28512525 4¢ & LiIEGBH & OIS BIE 2¢ B3
90% DI TH: HALTZ.

‘Bu ‘Bu
. c
L e | Bu 4. LiEt;BHITHF PN
Ru_ _Ru _ —R{ Ru
t,
Bu | ™ /?/ 2. Ethanol S (3-2-3)
Cl 'Bu 'Bu 'Bu 'Bu 'Bu 'Bu
1e 2¢ (70%)
cl CI
Bu 1, 1. LIEGBHITHF //\\
u—o—Ru
‘Bu // 2. Ethanol \\/ (3-2-4)
CI tgly ¢ g ¢
CI By Bu Bu ‘Bu Bu ‘Bu
2¢ (90%)

D DOFERIE, mEmWERNAL T2 H T 2T A FiEfAo e FU FETTIE, B0
e B RREEZ WS EITNROE T E2H< 2L 2R L TIN5,
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B CpFNLT2AT 2R Y & FU FEHAD G

tBu OMe By OMe
Cl
t Cl
us uBu u+ [/ RuZ T t t
tBu | \Cl/ \ + gl Rlu\C|/Ru Bu Bu
t
Cl Bu ¢
H cl MeO Bu
OMe H
‘Bu tBu (3-2-5)
1. LIEt;BHITHF omgh-tly H //\\
oo, 'Bd —R{ Ru—— ‘Bu , 'Bd
N7
2. Ethanol ) H™H A
Bu H MeO 'Bu tBu OMe MeO 'Bu
2e 2¢’'

Figure 3-2-2. Molecular structure of 2e with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to Cp” ligands are omitted for clarity.!”

Table 3-2-2. Selected bond lengths of 2e.

Bond Lengths A

Ru(1)-Ru(2) 2.4604(3) Ru(1)-Hae. 1.805 Ru(1)-Cen(1) 1.799

BUAZ S D55 LIEGBH 2 VW5 Z & T, Cpv CprD L ) e m W BN+ 2 F 358 KUK
A EZ AR TE /- (Bq. 3-2-5). Lol %L@Eﬁifk@tw\c:ci LiAlHy 2 W24 To
HT N7k RU RESERBELN (Eq 3-2-7), KEBH ZHW=35AIZiE R Y B KU REEAN
AT D (Eq. 3-2-6).20 SEEIRDOLGEITIE, TV 30— Mk %%n‘ima‘é: LT, kvl
= N F‘@Bfﬁ%ﬁ‘i%kéMf:%@&%z%hé. ZOXHIT, #WileRe N Rl L &

17 J7E 1L, Rigaku R-AXIS RAPID #1245 1& A VT —130 °C TfT\, Rigaku Process-Auto program (Z ¥ 7
— X RN L. fmiEERERICE L, ZHEIE P-1 #2) Thd o 7o, T SHELXT-2014/5 KO
SHELXL-2014/7 7’0 27 Z LNy r—YH WL T = U ARFOMEEZRE L, 7— U 2GR K kD IE
KA DONLE 2 P E LT, SHELXL-2014/7 7'0 75 K& AW TOIKEIR T2 S HIECER LT,
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Boa 7 A OB DEIT AR KR E R BEE 52 5.

tg Bu Bu
'Bu //\\ ‘Bu KEtaBH PN
—Fe\}H//Fe— (3-2-6)
u'Bu 'Bu 'Bu

‘Bu
14c

tg tBu ‘Bu
t
Bu //\\ 'Bu LA, i /H'H\\F
_Fd ot
2 H,0 S (3-2-7)
tBu u'Bu ‘Bu 'Bu

14c 15¢

Salt metathesis 33 X OB-KBHRBEIC L2 R Y & Y REEEDO K.

2¢c DEKDO LI, #HMEREE U FREICL2 e MU FEEOARTIE, Te FU PR
WL a7 A OMAEDE L > TEOBIRMENKE S B, JFE 22 2 7B
2, EOHERAG DT ERFT D 0EN DD, FRIZ, KRR O S D2 TEIRM:
MELTLED Z&IE, xR Y v FY FEHAZ REHIZER L TV ETIERE 2 fE
FHeDH 2T, KEITIEHE RY FREIZRDIIHAEOENZEARY & R U REERD
BRGEDRRE B LT

b FU FRALFOBEANES LT MGeHRe R MR, 177 b oAmbl, DREOmEL
BN, [B-/KFBWEE) 12K 2 FIER—KBNCEH HALTND IS FIZ bl ~7- X Hig, #sl
Rt R RREEZ AW ARIER, ~a 7 At & DA E DRI X » TEREN KX
BT D720, EEMECZ L. 7'e R ARSI ERGRIETIEH 20, HEoe
U RELF OEAIZ LB Z LD 72, 8 LTV, KEOEBRLHIFINE, #5ko
t R REANL 28 AT 501308 LTV D0, BIBRE L 72 RSN ORG24 )8 2 &
WATOERH Y, L2 5.

— 5T, BOKFENIHEL, BN/ ER S BRSO D — RIS TH Y, B
Hoe FY RENAOBEANIBE L THREIT W E Bbh s, FrckmHES SRS wIC
FRAVZE, 7raFxy ROT7 I FRAFOB-KEMNBEA -7 U FRALF-OEANES

18 Hartwig, J. Organotransition Metal Chemistry; University Science Books: Mill Valley, CA, 2010.
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< HAE N TS 1920 B 2 1, Mailtlis 51X 12a <° 11a (ZxF L T 2-proapnol H' ¢ KOH % i
SHHZET, G RU FEEALF2AT 5 (Cp*RhCl(u-Cly(u-H) 35 LY (Cp*IrCl)a(u-
Ch(u-H) AL T\ 5.2 Z ORIGEMETIE 1 f5E/L0 KOH #FfH4 5729, £ KU K
BN DBANT— DI E > TWDED, R L > TIEHOLZEE KU FEAL - OEA
LAREICLRD bDEEZLND.

AHEITIE 2¢ DERREETT VUMM EIR L, B-AKEBMBEIC LD ARV b RY REHEDOERL
Gtk & 2 DBUSHEREIZ DWW TR~ T2, B-REBBE LSS DRI T2 DR A2 2L S 7220
7o, B-RFEDBELZ W AR Y v R U REHMROERITIE, ROSORTE TR b e — 8 s
WOVEND D, FRCFEEEER L LT, NI 4 NEEERE AW 5A121E, FEOANT A4 AL
e AgmOE R REMFOBE—HIEHZ EREE LW E bbb,

B-7KFE P & L Tl 2-propoxide B, 1418 L7z, Z4UIX 2-propoxide Bcfiz 125, 7 2 U Rid
N & BRI RIRECNL T X B, 28BN Tl XL BN 7 & LTl 2 & s, 7a U R
R E B OGRBERARD RO N REAMF2EASND Z ERHFRFSND 72T
HD. Fio, BAKBBREEZIZAELD T2 AL, AU EARY B RY REEKE OKIGHEIC
Z L, B OBRBEOIEEIZIZR L7200,

19 Examples for the formation of terminal hydride: (a) Simpson, R. D.; Marshall, W. J. Organometallics 1997, 16,
3719-3722. (b) Nolan, S. P.; Belderrain, T. R.; Grubbs, R. H. Organometallics 1997, 16, 5569-5571. (c) Baratta, W.;
Chelucci, G.; Gladiali, S.; Siega, K.; Toniutti, M.; Zanette, M.; Zangrando, E.; Rigo, P. Angew. Chem. Int. Ed. 2005,
44, 6214-6219. (d) Baratta, W.; Bosco, M.; Chelucci, G.; Zotto, A. Del; Siega, K.; Toniutti, M.; Zangrando, E.; Rigo,
P. Organometallics 2006, 25, 4611-4620. (e) Takemoto, S.; Shimadzu, D.; Kamikawa, K.; Matsuzaka, H.; Nomura, R.
Organometallics 2006, 25, 982-988. (f) Tanabe, Y.; Hanasaka, F.; Fujita, K.; Yamaguchi, R. Organometallics 2007, 26,
4618-4626. (g) Baratta, W.; Ballico, M.; Chelucci, G.; Siega, K.; Rigo, P. Angew. Chem. Int. Ed. 2008, 47, 4362—4365.
(h) Shaw, A. P.; Guan, H.; Norton, J. R. J. Organomet. Chem. 2008, 693, 1382—1388. (i) Jiménez-Tenorio, M.; Puerta,
M. C.; Valerga, P. Inorg. Chem. 2011, 50, 12399—12401. (j) Ohara, H.; O, W. W. N.; Lough, A. J.; Morris, R. H. Dalton
Trans. 2012, 41, 8797-8808. (k) O, W. W. N.; Lough, A. J.; Morris, R. H. Organometallics 2012, 31, 2152-2165. (1)
Esteruelas, M. A.; Olivan, M.; Vélez, A. Inorg. Chem. 2013, 52, 5339-5349. (m) Zhang, S.; Baldino, S.; Baratta, W.
Organometallics 2013, 32, 5299-5304. (n) Baratta, W.; Baldino, S.; Calhorda, M. J.; Costa, P. J.; Esposito, G.;
Herdtweck, E.; Magnolia, S.; Mealli, C.; Messaoudi, A.; Mason, S. A.; Veiros, L. F. Chem. Eur. J. 2014, 20, 13603—
13617.

20 Examples for the formation of bridging hydride: (a) White, C.; Oliver, A. J.; Maitlis, P. M. J. Chem. Soc. Dalton
Trans. 1973, 1901-1907. (b) Bennett, M. A.; Ennett, J. P.; Gell, K. L. J. Organomet. Chem. 1982, 233, C17-C20. (c)
Jones, D. F.; Dixneuf, P. H.; Benoit, A.; Marouille, J.-Y. Le. Inorg. Chem. 1983, 22, 29-33. (d) Delgado, S.;
Macazaga, J.; Moreno, C.; Masaguer, J. R. J. Organomet. Chem. 1985, 289, 397-402. (¢) Kimura, T.; Arita, H.;
Ishiwata, K.; Kuwata, S.; Ikariya, T. Dalton Trans. 2009, 2912-2914.
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Scheme 3-2-1. Working hypothesis for the 2-propanol/base synthesis of 2c.

( N\
(o H‘k fo)
N [ H
cl_ | Cl_ | cl_ |
Ru< _Ru Ru< Ru —— : “Ru
ci salt metathesis l Cl B-Hydride | Cl
Cl Cl elimination Cl
X type ligand
0" o)
T A PN .
Cl.. Cl.. _Cl-.
et oI S
—, Rt Ru Rus Ru RuZ Ru//\Ru
~ci” | ~~o~ f-Hydride | \ SR ——= S
H H H elimination H
XL type ligand
N J

AR DVEFEAF % Scheme 3-2-1 (ZF & 87z, 2-propanol AMEH, 1e L LSS5 &,
salt metathesis 5 )i (2 2 - C 2-propoxide 75§i§f)\éhé T, B-AKREMFEIC L > Te FU B
BALFREANEIND. 26 ORIGEFANCEIT L, BEIC4 07 1) RENB4E
T%@éﬂé:kfjcﬁiﬁ?ék%igﬂé.

\R Al ' Y excess NaOH
‘Bu u\ / N R
C‘!I 2| propanol \\// (3 -2- 8)
‘Bu” 'Bu 80°C,6h  ‘'Bu'Bu 8l Bu
1c 2¢ (98%)

Scheme 3-2-1 OVEZERGERIZHE D &, 2-propanol IFEEH, 1¢ |2 NaOH % 80 °C TGN S H D &,
2¢ 2% 98%DIHETH L., TNETICHEIN TWAHMAEEE N REEEZH W 2
DERIE LR T, b WIEREZ R LIZLS 57N TORKENBEZFIHT 5 Z & T
RO R REBATELZEEHLNCLE. 2, TAI =T ARV E
IZR o THER A2 G R e R REREL AW GRE L #2 5AATe R NEAL
FTREAINTT-OEEEZLND.

Cp*% XFFEANL TICHT D la IZRH LT, A% /) — VIRBEFR CHEZKISSE D L,
[Cp*Ru(u-OMe)], 23ERT 2 Z LB 5TV 5.4 Scheme 3-2-1 TiE, —fliglA R -7-F
F 4o v ) REAFAE RY R~ EER SN D RIS EHEE L2, INEHETDOF
ﬁﬁ[QﬂmmOMmzkﬁw@ﬁ%é%%bfwt Z OO EAIL AMEER DA AL %
BT 56D THY, BRKISICELHEBHLOBETKIENEITLIZZ L2 TRTHOTH
5.

Z 2T, BB D B2 BV OSSR de B X O TAOSEER 6 & WV CRSM TRIEETT-
7z. 4¢, 6 DWTILOGEEEZ VTS, 2¢ BIRANTAERM Lz, FrIZ, MlDsEE 6 726 IEA

81



53 CpfiTa2FT 22K & N FEEROA R

B =AM D 2¢ AAER L7 Z L3, BB OFEL RS R L TV 5.

t CI CI tg

u—O—R excess NaOH
Bu .
C' CI 2- propanol \\// (3-2-9)
80 °C, 6h 'Bu 'Bu tBu 'Bu
2c (96%)
t t
% o<l Bu excess NaOH 1 it
! t
B TN e N B
2-propanol W (3-2-10)
Bu B 80 °C, 6h ‘Bu 'Bu tBu 'Bu
u )
6 2¢ (91%)

2-Propanol 1 C?D 4¢ & kL & OIS TIE, NaOH, KOH, KzCO3, NaHCO; ® 4 fFH D H: %

Wit U, HEELMEEE 23 NaOH, KOH, KoCOs 2 W= 3A121E, BEFRINEER T 2¢ M3 6
7=, 7272 L, KoCOs & Dt TILIREEA A 1 :E!Héa“é }:%z 5N D B ILE = LK 16¢ D
AR TR Uiz, HEVERE OfR ) NaHCOs Z W58, 6 N AR & L TELNT-.

NaHCOs Z W 285512, O 6 23ERT 2 2 & i, BOSAIENDE ST AR A FET
ZEERLTND.

cl CI '
. u—O R/Z/ excess KZCO3 ﬁ ﬁ Q ﬁ
Bu —R ~-Ru
2-| propanol
Cl CI
Bu” '‘Bu 80 °C, 20h ‘Bu '‘Bu ‘Bu '‘Bu
2¢ (77%) 16¢ (16%)
(3-2-11)
‘Bu
tBu cel g
N \/ " excess NaHC03 //\\ tBu
¢ Ru—O0—Ru
s’ A ¢ -
cl by 2-propanol
‘Bu” 'Bu 80 °C, 20h ‘Bu 'Bu ‘Bu 'Bu
4c 6 (78%) 2c (22%)
(3-2-12)
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Scheme 3-2-2. Plausible reaction mechanism for the synthesis of 2¢ from

Ru(IV), Ru(IlI), and Ru(II) complexes.

crel g, OH . f

/;?‘J—O—Ru 2 )\ %u
-7 Bu

B3 !

4c -H0 1c —HCI 6

OH

OH
u cl Bu Cl_cCl ‘Bu )\/ NaOH
o] e A Bup N By
e “Ru "
N M
~c” /}/ °
_)k By By metathesis

B
Salt
ca Bu” 'Bu !

B Bu ‘Bu

Bu iPr By g tg,
‘ 4y é
Nk Ru e W e S
—Ru u—- — i
\0/ p-Hydride Oxidative }/’ B-Hydride \ /
tBu 'Bu | tgutBu elimination tBu 'Bu Bu 'Bu addition tg; tBu'Bu  elimination 'Bu '‘Bu Bu 'Bu
iPr
A C

2-Propanol/¥i 575 %2 F\ 7o 2¢ DAL Bk % Scheme 3-2-2 1278 L 72, 2 & T, 4¢ % 2-propanol
HCMAT 5L Tle ZRRALT 6 ~E BN LEEZHLNIL TS, E£72, 4¢ &
NaHCO; & DISIZEBNT S 6 DEIEEINTND Z &0 b, RIS WRENE E N
HH0EE z Hib. 2-Propanol DIEILSIZ K- TA U7z 6 & 2-propoxide O salt metathesis
T & = T [CpRu(u-OiPr)]> (A) 2ZMERT 5. Z OifelE, =AliD8EE 1a 2L TAX
J =)V TCHI L A OGS S5 Z & T [CpsRu(u-OMe)], (Cps = Cp* or Cp?) 23ERT 25 Z L0,
TAHOER 3a (2% LT LiOMe & it SH 5 Z & T [CpsRu(u-OMe)], BEKT D Z &N
HXFFIN D 42 20k, BKEBBEC L > TY e FU RESHEA [Cp'Ru(u-H)]» (B) 23 ERK
L, #f&1Z 2-propanol 75 DKFBREENIGIZ K > T 2¢ BWERMT 5. KFEBE) O SO X
O-H OEALEIFIIND B aEE DR L OV A F o C-H OFRLAIAHIND & bk £ D g o —FliE
bDN, AF v C-H OBRALEIINE & oI 38 O LRICER STV D 720
o ISb0WEEZLND. ZHUTH LT, “AhioNT =7 KSR T 2-propanol © O-H
BRALHIAH NS DO FIIE Jiménez-Tenorio (2 K > TEHE I TWA. 2 F 7=, O-H B{LAIFTINE
MRS S, T ax s FORBHE LS 7n M ALoETHLEZ 5729
ARBJSTIHBEEMICET T2 b0 EEZ BN,

ARHTCH 7 IZBA%E L7z 2-propanol/fE 2% W72 AR Y & R U REEROARIENE, 1EZER
TR AT K9 7R B B- KB MBEERSIC LD e R U RESES T2 <, BBEETRIG
S TeRIGTh ol LILRRG, TRETWMESNTVD ARV B R FEEERD
BRGEIZHE A, BIEOME I RLBIRMEOmICE W TENRTERY, REANSRLE~T 1
ARV E RY REHROGHIC AR TH D B X HND.

21 (a) Dutta, B.; Scopelliti, R.; Severin, K. Organometallics 2008, 27, 423-429. (b) Dutta, B.; Scolaro, C.; Scopelliti,
R.; Dyson, P. J.; Severin, K. Organometallics 2008, 27, 1355-1357.

22 Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, B. E.; Luth, K. W. J. Am. Chem. Soc. 1989, 111,
4712-4718.

23 Jiménez-Tenorio, M.; Puerta, M. C.; Valerga, P. Inorg. Chem. 2011, 50, 12399-12401.
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536 RESGR, EAEEMFRERY & FY FEEEDOEHK

e TRk o, ZEEOGR e S AL OIREWIZK LT, B FU FRIEE
LENIEL, AFRG &R N0 r Ao BEARE, IRAEN T O~T 1 R
ERU RBEERZ AR TELRARH D, ZiUE, HEOR Y v R U REEEROFTRAEHE L
3d, 4d @B ET~T v HEEERICAAREMRETH S, L LR b, RIEIIA~T v ik
DOIEFIERIESLL TE O T, ~7 1 ZEEERIET T, AT R L IET 2 R A
ZIZ D, FRZ, AT D SR DSLRR R BREE DN B2 5 555121%, ~T7T v SR D%k
PFHERZE LR T 2. REiTlX, 7 vV FEEEROBFEOHIEIZ L2 ~T v B OE
ENTREEME LI N REBRBUSEZFA LIc~T v ZBEARY v U REEROERK
EIZOWNWTIHRRD,

NT A REEREFIH LTe~7 2B OREEEICE LTI, Severin HDOREEH(C 14 B 1FE
Jral) K772 he U THEET A8k 168170l K777 X &L THRE
T OAREEEHI W2 £72, © R FENAOBEHRRISIZE L TiE 2 itk ~7z k9
2, 7Y REML & A UBALAR A L, s3I0 B-/KEBEZ 2 Z 9 2-propoxide %
AL7%.

~T AR e RY REEEROABIELZHESLT 51CH720, BEFIO Ru-Ir 5K Cp*Ru(u-
H):IrCp* (18a) % Ak L 7-.7 18a OHIERR & L THE L TV % Cp*Ru(u-Cl)sIrCp* (17a) X 3a
ENa ZEALATF LU TIRET D2 & CEEMICAMT 5.3 17a 1Zxf L T, 2-propanol/H
EEFfE LT R RERRISZIT) ZEI2E-> T 18a B EoN s b0 L Hifi S 5.

CrL_ /|

/
RG Cl
1/4 I + 1/2 Ir\ /Ir
\ *

c —Ru— —CI
ci

(3-3-1)
K2C03 (6 eq)
—R Ru
2-propanol \C\IC/I/ 2 -propanol

3a 35 LU 11a % 2-propanol FHEA L, 17a 3 /4E S H 12, KCOs & 72 FFEISUS S 72 & 2
%, 18a 8 43%DILRTE BN (Eq. 3-3-1). k& LTI, NaOPr, NaOH, KoCOs 72 & D
FErFHT 2 ENTE LD, ZRAF TORYPNDBES 7 KoCOsz 2338 LTz, 2D
JETHE, BUSHIOIEA MR 21T DR WG &0 & O SUSKR N EWIGAIT, RO
TRBIEE S T2, REMHT, 182 DULEN 43%I28- F > TV = DI, 2-propanol (Z%1F 5 3a D
ERRENME L, Z2O7=D1I2+372 17a BAE L TW o7 Z S ITERT 5.
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18a |% [Cp*IrH;] & [Cp*Ru(NCMe)3]+ L <L 3a DRUGIZE - T 80%DINER THRR S
NTWDN, 1la ZFEHE L725A121, [Cp*In(u-H)sIrCp*]*, Cp*IrtHs O & % % £ - 72 % B i
B e 720, 11a 1Tk LT 40%@&@& 725 27 REBIEE, PERIZIIRIEZSE TR 5N
Rinolzb DD, AFRS727 vl KRR la ZFEEHZ L TY VR v M OfFi{HEZREET
18a Z G CE LM TENTND., AFEL, BEARY & U REFHAOGRAREEZ 3d 2
ddeRrate~T o _ARY e N FEEROEMITH L THAZME bD LB HND.

CpBNFE2 AT 2EMBERRY & MY FEEEDERR
CplRut=v FZHTIH~7Tu KRt KU REEIKRIL, Eq.3-3-1 5T, 3a DbV Iz
6 WAL ZLTARTEDLLDEEZ LD, 6 & 11a % 2-propanol F TERA L7214, 6
i@ L 6 f5E/LD KCO; % i S/ 72 & 2 A, CptRu(u-H):IrCp* (18¢) 73 77%@11%@(%%% b
. AR DRUGEAMET, 11a D Y 2 [Cp*RhCl(u-C)]> (122) & HW7=5E121%, CpRu(p-
H);RhCp* (20¢) 73 81% DU TS 7z,

'Bu Cl_.Cl 'Bu
[l > t cl
BuRu// g By Cl... KaC05 (6 eq) H
" 3~ + \M “““““ M Ru/ \M—
' ~c” Y CI CI 2- propanol W
u ‘Bu

‘Bu ‘Bu

6 11a (M=1r) 17¢ (M =1r) 18c (M =1, 77%)
12a (M = Rh) 19¢ (M = Rh) 20c (M = Rh, 81%)

(3-3-2)

2-propanol/HE 3 A V2 18¢ 38 L Y 20¢ DA R TIE (Eq. 3-3-2), Cp*Bifii %A 5 18a D
ARRIZHE, EIRYEOSEN R S5 (Bq.3-3-1). 24T Cpildhi %249 5 6 D 2-propanol
SOTEFRIED E N T2 DIT, 17e 0 19¢ DN A L—RXITHIT LT-Ted B2 B b.

B 7 m R DT o VTR T 5 RuB L O Rh A TIE, BIREORY v R R
EOAEENKETH Y, RuUBL PR NHAD AU B R KR 2 O R a7
Azt dHe KU RETICE S TLNEKRT 2 Z EBRHRTW2Rn., ZRETIS, &
% 1a & 12a DIRAWIZXT LT NaBHy % [ S8 5 Z & T, Cp*Ru(u-H);RhCp* (20a) % 16%
DR THTND S ZDOHEIETIE, BRORKIEEEZ AT 2 1a & 12a & O TO Cp*M
2=y hDRIZ TV T EFAL, f\—'ftz“ﬂ’%%%% LTWA. ZD7=, SEARICHE
FWCptr=y FZ2HTH le & 1la DROVITHWELEITIE, A7 70TV 701395 L
25T, 20e I35 07Tz,

Cl Cl Cl
S | L | CH,Cl, e | NaBH, (6 eq.) PN
- . an [ R AN e _
\ / Y + Rh\Cl/ NY Ru\CI/Rh\ Ru Rh

Methanol N\N\¢7
1a 12a 20a (16%)

(3-3-3)
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t
1
BY N % CL. CH,Cl, NaBH, (6 eq)
R “Ru_ A + AT Rn” T ___ » Golden complex ———— >
Bu \Cl/ Y \c, Methanol

Bu” Bu
1c 12a

(3-3-4)

— 5T, KARIE (Bq. 3-3-2) T, ~T 0 BROBELEEDBETHICL>Tay bo—
L TWADTZ®, BIRANIAT B BIEPHEECTE 5. ZO7, KRR O ST
DIFRNED <, CpHBLNLF 2 AT DERDOERUICHE T TE 72, LI LIAIRRZ, ~7 v g5k o
HEELSORD TPHNETE Th D720, DI MRS S IR REME T 75 2 & b
SV Y

Ru-Rh “BEERD B DOBRIZ, 19¢ (Z%F L C, NaBHq, LiBH4, LiAlHs, LiEt;BH 72 £ o #1751 4>
B RU FREEL RS SEHGE T, 2¢ ZE0EMRIBEWNRERL, 20¢ 1Z2L<GHN
minol. ZHRIUTKL, 2—propanol/i"5%é”)ﬂb\7lb KU REWEGS T, ~7 1 k%
BN b N NEALF D BRERNCEA SN 720, BIRICKIG LT b D EE X B
5. 20c DEMTIE, BERLRE FU FEALFOZFAD 'HNMR A7 MLNBBIER I T
BV, KIGiEFTIE CptRu(u-H)(u-Cl)RhCp*3s £ O CpfRu(u-H)o(u-CI)RhCp*|IZ KT~ 5 & 5
2B 7 I, §-10.85ppm (d, Jrn =33.9Hz) LY §-11.67 ppm (d, Jran = 32.1 Hz)
(et =R g WYl

18¢ 33 L TF 20c 13 'H, *C NMR B L OTCHEoHTIZ Lo TRE L7z, 18 idt KU FEAZT-23
8 —16.81 ppm (& 3H OFE /58 TN X iz, 2 OfEIE Cp*Eixik TH % 18a (8 ~17.37 ppm)
EHEAMRRBEG 2 7 b LW e, I ICEML L 72 Cp*Bfr 1D MU R FE1ES 89.2 ppm (ZHHI <
A, 18a I8 5 Cp*Ir 12 7 F /L ERIFEDEZ R LT (5 89.0 ppm).”

20c D Cp*Ei+3 L O Cpefii 1% 1:1 OFESEEL THAI S, © R Ry 7 uid
—14.00 ppm |2 3H OFES R % £52 doublet > 7 /v (Jrn=412Hz) & L CHEUAIS =, 2
DOfEIE, 20a D& U K7 F L (§ —14.44 ppm, Jrnn= 40.8 Hz) & L _XTERESGIZ> 7 B L
TWe B RY REfL AR —2oDu T AEED Ty T ) T 2T HT B, Ru & Rh
NHIRD TR TH D Z EDNHBMNNI R o2, £, Cp*EfLFI1E Rh (ZENAZ L TR Y, 1Y
R FE1E8 95.4 ppm (2 Jrne = 6.3 Hz D1 > 7V VERA AT % doublet > 7 /0 & LCHE
I S Fu7z., 7 8e24

18¢ 35 L 18 20¢ 7% CpiRu & Cp*M (M =Ir,Rh) 725725 " K b U b KU ReATH D Z &1
HERE AL X OB SR I & > THERR L7=. 18¢ @ ORTEP [¥ % Fig. 3-3-1 (28 L, T/ f[iH
Bt & Table 3-3-1 (2% & 7225 F£7=,20c ® ORTEP X% Fig. 3-3-2 (2R L, F722 T MRS

24 20a Ti£8 95.9 ppm (T singlet 7 L & LTRSS LTV D
25 JIE X, Rigaku R-AXIS RAPID [E[#745# % VT ~150 °C T{Tb v, Rigaku Process-Auto program (Z & 0 7
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Table 3-3-2 |2 F & 7226 HEICEET i ~T7T 0 "R L A Tk 4 %.

Figure 3-3-1. Molecular structure of 18c¢ with thermal ellipsoids set at 30 % probability.
Hydrogen atoms besides the hydrides are omitted for clarity.

Disordered atoms of Cp* and Cp* are also omitted for clarity.

Table 3-3-1. Selected bond lengths of 18c.

Bond Lengths A
Ru(1)-Ir(1) 2.4837(6) Ru(1)-Cen(1) 1.764 Ir(1)-Cen(2) 1.799
Ru(1)~Hav. 1.63 1r(1)~Have, 1.61

— X B ALER LT AR T RICE L, 2R Pama (#62) T o 7o, fEHTIE SHELXT-2014/5 J Of
SHELXL-2014/7 70 7' J L3y r—2 & Hvy, 7 — U G & 0 5% 2 IR R+ O 2 R E L7z, Cpt
o Bu BT T 4 AA—F—DFAE L, FEI 48%, 2% L <L Z L Tk L. 77, Cp*iEb T 4
AF—H—LTEY, TNEI25%, 25%, 25%, 25% L E < Z & Thaift L7z, SHELXL-2014/7 7'a 75 X
Z W TOIKFERF 2 IEE PRI RE L.

20 J7E 1L, Rigaku R-AXIS RAPID [EIFrEE#E 4 IV T 150 °C T1T\, Rigaku Process-Auto program (2 & ¥ 7
— X A U7 RS RICIE L, BRI Prma (#62) TdH o 7o, fEHTIE SHELXT-2014/5 KO8
SHELXL-2014/7 70 7' Z 58w r =V & A, 77—V T ARRIC L 0 525 KB O E &2 R E L. Cpt
b Bu FITIZT 4 AA—F—NIFEE L, THEI 52%, 48% LB < Z & Thamfb L. £72, CprEEb 7 o
AF—H—LTEY, TNEI25%, 25%, 25%, 25% L E < Z & Thaift L7z, SHELXL-2014/7 7' & 75 A
ZFAWRTOIKFER T2 IR L.
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Figure 3-3-2. Molecular structure of 20c with thermal ellipsoids set at 30 % probability.
Hydrogen atoms besides the hydrides are omitted for clarity.

Disordered atoms of Cp* and Cp* are also omitted for clarity.

Table 3-3-2. Selected bond lengths of 20c.

Bond Lengths (A)
Ru(1)-Rh(1) 2.4727(7) Ru(1)-Cen(1) 1.769 Rh(1)-Cen(2) 1.914
Ru(1)~Hav. 171 Rh(1)-Have, 1.68

9 FRAANZ CpHhr+ % A L 72851K1% Eq. 3-3-1 DT, Cp'MCly/n (13: M=Ir,n=1, 12¢: M
=Rh,n=2) 52 L THEMTE 5. 3a & 13 % 2-propanol HRE L7-%, L% G S
Wik 2 A, BEE T D Cp*Ru(u-H)IrCpt (18d) 23 13%DULHE TS H 7z (Eq. 3-3-5).

Cp*
P g ‘Bu
u
Cpx_ /| / K,CO; H
—ClI PN
| + R e Ru\\//lr
1/4 c%‘;Ru—‘7CI / \ ol 2-propanol \C\IC/I/ 2-propanol )
tgly t Bu '‘Bu
ci RG Bu ‘Bu
L 18d
Cp*

(3-3-5)

18d DYLFHEA 18¢ & L THE L <RWERH & LTI, 3a X° 13 @ 2-propanol (Zxf9" 5 I fiFEM:

PMEN=D EEZ LIS, ZORE, RHIC3aBNFAETHZ LI D0,3a XTI Ru-Ir & F

U RS & BUG L, (Cp*Ru)(Cpilr) H D = SR A 5 Lo EMEZR B & 5- 2 5. [AIERIZ 3a

& 12¢ 2 JFEHZ L C, Rh #51K Cp*Ru(p-H);RhCpt (20d) DAL b ikdr 7273, K.COs & V7207

ETIEDELUNERKR Lo 7 (Bq. 3-3-6). AR & L Tix (Cp*Ru)(CpRh)Hs &35 %
S5 HEE NS —11.26 ppm IZ Jren = 26.3 Hz @ doublet * 7'/ & L CEUHI S 7=

Y SRR TH D (Cp*Ru)(CptRh)Hs D & KU K7 F /1038 ~11.98 ppm T Jran = 28.0 Hz @ doublet & L
THHENS.
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/ ‘Bu cl

Cl R t t
e S| S % P
Ru—l Cl + 112 By Rh\CI/ ) =——
114 Cpf—Ru—|—ClI cl 2-propanol
Bu” Bu
Cli Ru\ 12¢
Cp* (3-3-6)
3a
By Bu
cl K,CO, M
’ri’ rRh—L —_— ~Ru Rh
NN\ 7
\C\IC/I/ 2-propanol RH
tBu Bu ‘Bu 'Bu
19d 20d

CptBifi+% 9 HEMNTHEA L7 BRICERA KRIEITIR T3 2 1A & LT, FOEHE AN 2-
propanol [Z%} U CTEEFMEDME N =012, ke ~T e 2 MY 7 1) RESE & O 7R
IRV, B R RE#BESOCHET T2 L0 b RAAT 2 BRASMRT 2720 B2 615,
ZZTe RU REBLGZED 5 BHET,20d DA ICIE KCOs £ 0 & HEHAMEDFRY Y NaO'Pr
ERWHZ L LT

Cp*
Cl——R ‘Bu cl Bu
Cp* tBu t,
\Ru/ : CI/ . %\; oS th Bu PoN
t S~ > Ru Rh
1/4 1/2 Bu Y
’ °+;R"—’7°' : L // e e
ci—R( “ ‘Bu” ‘Bu ‘Bu ‘Bu
(\:P* 12c 19d
3a sk_J\_N tBu
addition
H
J S Ru/ \Rh
NaO'Pr
2-propanol \M
Bu 'Bu
20d (49%)
(3-3-7)

3a & 12¢ % THF TiR& L 19d Z %4 S 7214, NaO'Pr @ 2-propanol ik~ & i F L7z, X
JRIIBRIRFICHETT L, 20d & 46%DINER TH- 272 (Eq. 3-3-7). 2D X 512, JFEtoEfErEIZ R
R H DAL, B N NE#SRKIGZ#HD H Z & CEREL R ESE25 2 ENAHETH
DI EWhoTlz.

18d 35 L 10 20d 1% 'H, C NMR B L UOTRERSHTIC L - THE L, Hikd X Sisiith ¢
OW§EZ R L72.18d 5L 10 20d D& R Y Ry 7/ EZEZI8 -17.45 ppm (s, 3H) F5 &
U8 —14.44 ppm (d, Jren = 40.4 Hz) ([ZBUI SN 7=. 2B 0L, VT =7 A EOBNL L 9
5B DB TS AN D 72 18¢ (5 -16.8 ppm) <2 20¢ (8 —14.00 ppm) & Lb~C @i (2B

&9
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iz, 18d @ ORTEP [X% Fig. 3-3-3 1Z/R L, EREHEEHE% Table 3-3-3 ICF L7z
F£7-,20d ® ORTEP [X| % Fig. 3-3-4 |2/~ L, E72)71-REE#EA Table 3-3-4 (I2F & D72

Cen(1)

Figure 3-3-3. Molecular structure of 18d with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity. Second molecule is omitted for clarity.

Table 3-3-3. Selected bond lengths of 18d.

Bond Lengths A
Ru(1)-Ir(1) 2.4924(4) Ru(1)-Cen(1) 1.773 Ir(1)-Cen(2) 1.825
Ru(2)-Ir(2) 2.4886(4) Ru(2)-Cen(3) 1.771 Ir(2)-Cen(4) 1.819

28 %1%, Rigaku R-AXIS RAPID lﬁl?ﬁ"t %Fﬁlx\f —110 °C TAT\, Rigaku Process-Auto program (Z & 0 7
— X RN L. T ERRRIC , ZEIBEIE P-1 2) Tdh o 72, fEHTIZ SHELXT-2014/5 KO
SHELXL-2014/7 7 u77A/\/#~v%ﬂ%b\ék7k?%ﬁ%@4¢%%&m L. S5y Ch, T H
DO CpthD3 OO BukiIT 4 AA—F— LT\ T4 A4 —F—L T\ 5 BuEiEZ L 80:20,51:49,
52:48 L@EL Z & THiE(L L7z, SHELXL-2014/7 7’0 77 A& HWT 4 A4 —F —F %R &2 TOIEK
FIR T & PRI R L.

29 I 13, Rigaku R-AXIS RAPID [RIFT#4E{E 2 F\ T —110 °C T{T\>, Rigaku Process-Auto program (2L ¥ 7
—HERWLE LT, REIIERERICE L, ZMBHT P-1 #2)Th > 72, MPTIE SHELXT-2014/5 KO
SHELXL-2014/7 7u77A/\//7~—~‘/%ﬁﬁu\#7k?%ﬁ%@u%%ﬁ%m Liz. M2 =7 Chv, 1 H
DCprED3 OO BuEEIIT 4 AA—F—L TV, T4 A4 —F—LTWW5 BukiZZE1 80:20,51:49,
52:48 LEL Z & THE(L L7z, SHELXL-2014/7 7’0 77 A& R WT 4 AA—F —F %< &2 TOIEK
FIR T & PRI EE L.
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Figure 3-3-4. Molecular structure of 20d with thermal ellipsoids set at 30 % probability.
Hydrogen atoms attached to Cp* and Cp* are omitted for clarity.

Second molecule is omitted for clarity

Table 3-3-4. Selected bond lengths of 20d.

Bond Lengths (A)
Ru(1)-Rh(1) 2.4878(3) Ru(1)-Cen(1) 1.775 Rh(1)-Cen(2) 1.826
Ru(2)-Rh(2) 2.4816(3) Ru(2)-Cen(3) 1.772 Rh(2)-Cen(4) 1818

2-propanol/MEE:iE % AW RGEN FR N T = U LEEEDE L

B-KRFWMEZ AN R Y v R U REERDOARUT 9 BEEBERTZT T, T =T A
CRILCHEAT 22 ENTED. 16 EBETFY/7r) R75 7 A e LT LT L—
BN+ % ET 5 [(p-cymene)RuCl(u-Ch]o 21a) ZAWZBEIT b, BIRAIZ “REEEHAN ARk
T&T.

Bu Cl__cCl ‘Bu
tBuRu//\\R ‘Bu
~ u\ +
Bu ‘Bu
6
- (33-8)
/C'\ K,CO; (1eq to Cl) /H\
—Ru Ru~O _— —Ru Ru
xS 2-propanol S
Bu 'Bu 70 °C 'Bu 'Bu
1day
22a 23a (89%)

6 & 21a % 2-propanol H CTIRA L7, KoCOs 2% 70 °C THEAT 5 Z & T Cp*Ru(u-
H)sRu(p-cymene) (23a) 23 89% DL T H 47z (Eq. 3-3-8). 9 WREE (A & [FIBRIC, HEEE AR
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W26 & 21a = HOIlIRETHIENEETHY, IRE LARVWIRETIERZ A 54581213,
6 & 21a % 1:1 OFE/LVHETHOW TS 85K (CpfRu)a(u-H)s(us-H)Ru(p-cymene) (24a) 73»35%
e L TiEbi5 (Eq.3-3-9).

Bu ‘Bu
Bu Cl__cCl ‘Bu cl tBu
'BuRu//\\Rl‘lBu o | K,CO5 (1eq to Cl)
¢ K + R IRu - -
| ~c” ﬁ 2-propanol 'Bu Bu |/ \
d THF
80 °C
37h
Bu

24a (47% based on 6)

(3-3-9)
9 RERE G 18 X020 E 82, VT =0 LAk ETe 23a OE R TIEB-/KFEMLEED B A3
S, B RU NEHRICMEZ ML L-, |BIR T T, 72V FEAZ AR RERICERIN
T8RN S T (Bq. 3-3-10). LA O B BV REEEIC X, CpfRu(u-H)(u-ChRu(p-
cymene) (25a) 3 LTV (Cp*Ru)H.ChRu(p-cymene) (26a) Ot KU R 70, EnEh
13%33 L O 20% D FE 7 58 L e CRLHI < vz,

B

cl
'Bu //\ tBu | K,CO; (1eq to Cl)
_—
\Cl/ 29 2-propanol
r.t.
21a
tBu~;>_‘Bu
Bu Bu tB Rlu
AN AN tre 1 unidentified
—Ru\\/,Ru * —Ru\\/,Ru—O + By 'Bu * hydride complex
H H CI¥H \RU——Ru 5-11.46
'Bu '‘Bu ‘Bu 'Bu Cl, H,
23a 25a tBu
5-14.03 5-12.14 268
5-9.44

(3-3-10)
21a DX U |Z benzene ZENL 1 IZH T 5 [(benzene)RuCl(u-Cl)]p (21b) Z HW7=HA121,
PR T L Cp*Ru(p-H)sRu(benzene) (23b, 25%) & (Cp*Ru)z(u-H)s(us-H)Ru(benzene) (24b,
39%) DT ORI AER L= (Eq. 3-3-11). _XoB o & KRB FI2A$ 5 21b 1, 21a &
T L SEBEMIENMES, ~7 e 27 v U REEREDFEMICER TE V. 2079
XN ISR TICIT D CplRu 77 7 A NORENEE Y, “ RO EIS 235 < foﬁ
STEbDEZEZHND.
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‘Bu cl__cl ‘Bu
t
BuRu//\\thJBu @ ]
y IS iy TR
-propano
d 70 °C

‘Bu 'Bu 3h
6 21b . .
BU—Q— Bu
‘Bu B RI
u
PN
K,CO; (1eq to Cl) PN H/I\H
Copf) S () - men N
\ ' 2- propanol \}/H, Ru/ Ru
A Ny
'Bu 'Bu 'Bu 'Bu H \0
1day
22b 23b (25%) ‘Bu
24b (39%)
(3-3-11)

23a, 23b /% 'H, °C NMR 3 X OUCHE ST Lo CTRE L, Hifish X EEfiric k- <%
OREEZ MR L. CprB KO L—2 L7311 O TEHEAIIN TS Z & %2 'THNMR A
X7 MVTHERR L2, & R Y REANL 128 -14.03 ppm (23a) 35 L 188 —13.86 ppm (23b) |
DFERE A H T 5 singlet > 27 F /L & U TRUHI S 4172, 23a @ ORTEP X% Fig. 3-3-5 |21~
L, E22ETMEEHE% Table 3-3-5 (2% & 97230 & 7=, 23b ® ORTEP [X| % Fig. 3-3-6 IZ/R L,
= 72 JF-FE] B 2 Table 3-3-6 12 % & 672 3!

25a |1 23a L OGBERNEETH 72720, IBEWO 'H, 3C NMR A7 kU S o TRHRE
L, HESh X BHEEMRITIC K > TE OMIE 2GR L2, CpHB L O L — U EL 723 1:1 Dtk
TEASNTNWAZ L% THNMR A7 MUVTHER L. & R FEALAIE, 1 S0 Cptd
720 2H OFES LTS —12.14 ppm ([ZBI S NT-. BT L7~ T T77 4 —I28 5 25
& 23a DOHET T E IR0 7273, 25a DS X S EMT b —oD 7 v ) RERLF &
SOE U REUL - CHAE Sz ZSEIR Th 5 2 & Z a8 L 7=. 25a O ORTEP X% Fig. 3-
3-7WR L, EZRE MR O%E A 4 % Table 3-3-7 12 F & 67232

24a, 24b (X 'H, BC NMR B X OUeHE oW L - CTRIE L, BfEMRS X BEEmTic k- T
DOREEZ MR LT, CprB KLU L— 2L 723 211 O TEHEAIIN TS Z & %2 'THNMR A
7 MVTHERR L=, B R YU REAL 138 —11.24 ppm (24a) 5 L T8 —10.95 ppm (24b) |2

30 JHIE X, Rigaku R-AXIS RAPID [AIHr¥EE %2 F T -150 °C T{T\>, Rigaku Process-Auto program (25 ¥ 7
— X EWHE L BRI SRS RICE L, EMBHT P-1 #2) Th 72, NI SHELXT-2014/5 KO
SHELXL-2014/7 70 7 Z Ay —V % AW, 7—U 2 GRRICE VD FEARFER T OME EZRE LT,
SHELXL-2014/7 72 27'J ha AWT 4 Ad—# =R 1% BR< & TOIKFIRFZIEEFIEICERM Lz, M
N TCholz.
“@U?i&y@RAMSMWE)@ﬁ&%%%WT—UOT'UN\MyMEm%Mmmm%mn /R
— X EF LT, R EANERICE L, ZZMET C2c #15) TH o7, fENTIX SHELXT-2014/5 K
SHELXL-2014/7 707 Z Ay —V % AV, 7—U 2 GRRICE VD FEARFBRTOMEEZRE LT,
SHELXL-2014/7 70 7' Z L AWT 4 AFd—F =1 %R & TOIKEBR - EZIEFITHEICER Lz, i
EAIZIZ 05 51D ML U BREEN T,

32 JI7E X, Rigaku R-AXIS RAPID [BIH745# % VT —150 °C T{TV>, Rigaku Process-Auto program (25 V) 7
— X EWE L BRI ERERICE L, EMBHT P11 #2) Th o7z, NI SHELXT-2014/5 KO
SHELXL-2014/7 70 7' Lo r—2 AW, 7— U BRI K VRS IEAFB R OMEZRE LT,
SHELXL-2014/7 72 277 5% T 4 AF—HF —JRF %2R R TOIKKRIRF 2 IEE SRR LT,
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O RELERTH 70— Ry 7 F e LTSN 24b D KU K7 g, -
60 °C TIE8 —1.94, —14.51 ppm |Z 1:3 OFEs L CTHIH S 7z, HICFIET 5 &8 -14.51 ppm O
TFMIT = R= 75, BRGEh X SRS Tl = EmAEAELC 1, ZHAUE
Ll 3 20t KU REN. 72 H T 5HETHHZ EBH LM E o7, 24a @O ORTEP [X]
% Fig. 3-3-8 1T/~ L, E72JRFHEEENR O A % Table 3-3-8 ICFE L7233 F£72, 24b D
ORTEP [X|% Fig. 3-3-9 |27~ L, 727 -F[H FREE X O A48 % Table 3-3-9 ITF & 7z 3

26a |3 'H, PC NMR [ &~ CRIE L7z, Cplas L OT L —BAL | Ru(p-cymene)
T2 DHTEAINTND Z &% 'THNMR A7 kL THER HaHb

L7=. CpHihi 1 £ Bu F&iZ 1:1:1 O THEIHI S, Cp BRICEHEE

fEA L72/AKFEIE, §5.01,4.30 ppm (2 Jun =20 Hz D v 7V 7
ﬁéﬁiﬁéﬂﬁﬁ“é doublet > 7' F /L& LTRSS =, 2, Cpiﬁaﬁ%éz 7 al) RENLF &
DINARREEIC L - T CprD RN LE SN TS Z & 2R LTWA. Cp BRICEER A L2k
FIL, CpiRu PTVMAL & (p-cymene)Ru (2T MAI CIEFEM R BRBEIZE LTV 5. B R Y FE
NF1Z, 8 — 9.44ppm (2 2 H OFES TR L TR S 7.

Bu Bu

Ru(3) Ru(4)
Cen(3 Cen(4)

G O C{\O

Figure 3-3-5. Molecular structure of 23a with thermal ellipsoids set at 30 % probability.
Molecule 1 (left), molecule 2 (right).

Hydrogen atoms of the Cp* and p-cymene are omitted for clarity.

33 MI%E 13, Rigaku R-AXIS RAPID @ﬂ?"t%%ﬁﬁb‘“( -150 °C T{7\>, Rigaku Process-Auto program (25 V) 7
— 2B ALER LT SR R RSB L, ZERIERE P2un (#14) Th o 7o, fEHTIZ SHELXT-2014/5 J O
SHELXL-2014/7 70 7' L% r—2 A, 7— U 2B RIS & 0 iR 5 KRB FR A ONE 2R E LT,
SHELXL-2014/7 7' v 7'F L& HWT 4 24— =71 &R 2 TOIKER T &2 L HME %Bﬁbf:.

# HENT, ngakuR AXIS RAPID [A4r#5iE % T —150 °C TAT\, Rigaku Process-Auto program (Z X 0 7
— X VB L 7o, ARSI ERNERICE L, ZERIEET P2i/n #14) TH oo, fiEHTIE SHELXT-2014/5 & O
SHELXL-2014/7 70 7' X r—2 A, 7— U 25 RIS & 0 iR 5 KRB ONE 2R E LT,
SHELXL-2014/7 7' 77 5ERWT 4 A4 — X — {7 & R < & TOFHKEIR T2 FEEHPEITREEE L.
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Table 3-3-5. Selected bond lengths of 23a.

Bond Lengths (A)

Ru(1)-Ru(2) 2.4957(5) Ru(1)-Cen(1) 1780 Ru(2)-Cen(2) 1.694
Ru(1)-Hase, 1.72 Ru(2)~Hase, 158

Ru(3)-Ru(4) 2.4907(5) Ru(3)-Cen(3) 1777 Ru(4)-Cen(4) 1.686
Ru(3)-Hase, 158 Ru(4)~Hase, 1.67

Figure 3-3-6. Molecular structure of 23b with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Table 3-3-6. Selected bond lengths of 23b .

Bond Lengths (A)
Ru(1)-Ru(2) 2.5017(4) Ru(1)-Cen(1) 1.780 Ru(2)-Cen(2) 1.700
Ru(1)~Have. 1.73 Ru(2)~Hae. 1.67
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Figure 3-3-7. Molecular structure of 25a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms of Cp* and p-cymene are omitted for clarity.

Table 3-3-7. Selected bond lengths and bond angles of 25a.

Bond Lengths A)

Ru(1)-Ru(2) 2.6437(3) Ru(1)-CI(1) 2.4858(8)  Ru(2)-Cl(1) 2.4404(8)
Ru(1)-Cen(1) 1.764 Ru(2)-Cen(2) 1.688

Ru(1)-Hae. 1.82 Ru(2)-Hae. 1.68

Bond Angles ©)

Ru(1)-CI(1)-Ru(2) 64.906(19)

Figure 3-3-8. Molecular structure of 24a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms of Cp* and p-cymene are omitted for clarity.
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Table 3-3-8. Selected bond lengths and bond angles of 24a.

Bond Lengths A)

Ru(1)-Ru(2) 2.7430(5)  Ru(2)-Ru(3) 2.7260(5)  Ru(3)-Ru(1) 2.7104(5)
Ru(1)-Cen(1) 1.813 Ru(2)-Cen(2) 1.810 Ru(3)-Cen(3) 1.702
Ru—(p—H)ave. 1.69 Ru—(p3—H)ave. 1.90

Bond Angles ©)

Ru(2)-Ru(1)-Ru(3)  59.978(12) Ru(l)-Ru(2)-Ru(3)  59.419(12) Ru(1)>-Ru(3)-Ru(2)  60.603(12)

Figure 3-3-9. Molecular structure of 24b with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Table 3-3-9. Selected bond lengths and bond angles of 24b.

Bond Lengths &)

Ru(1)-Ru(2) 2.7494(3)  Ru(2)-Ru(3) 2.7201(3)  Ru(3)-Ru(l) 2.7071(3)
Ru(1)-Cen(1) 1.807 Ru(2)-Cen(2) 1.809 Ru(3)-Cen(3) 1.708
Ru—(p—H)ave. 1.72 Ru—(p3-Have. 1.89

Bond Angles ©)

Ru(2)-Ru(1)-Ru3)  59.798(6)  Ru(l1)-Ru(2)-Ru(3)  59.330(6) Ru(1)>-Ru(3)-Ru(2)  60.873(6)
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2-propanol/$E B LD SR ¥ X UNE %
Scheme 3-3-1. Plausible reaction mechanism for the synthesis of CpsRu(u-H);ML type
complexes.

OH
A N
PN

Cl
N Bronsted Base

(7 M RG M
; -
ot Salt metathesis \CI\{I, E'?;:l)i,::t?:n
A B

[RuCll, + [MCl,],

R

14e fragment 16e fragment
(Ru=RuCp#, RuCp*)  (M=ML) -
coordinatively

saturated

(o) H H Salt metathesis H Salt metathesis /H\
I | Ny T 7 v T Ra, M
R4 M " R4 mo LRI M —————— N7
\\// \/l \C " : ™h
crel o crcl p-Hydride pHydride
c _)k D elimination E elimination

2-propanol/SEHVEIC K D ~T 1 TRESEIR OHEE A Rk % Scheme 3-3-1 (278 L7z, RUSH)
T, UWBEFE/ /7RI T7A N 6ETY 70 R7T 7 A FEOKRITE
D36 A ~Tr By al REER (A) BERKRT D, 2 OWBRITEEGTENS, Pks %
BT % 2 & THROLNDZEMIE T, FEA~T v 87 v ) FEEROERIZKE <
f@%.13 fEu T A & 2-propoxide & @ salt metathesis i & > C 2-propoxide BLfiz 173 E A X
A% . 2-propoxide BN 127 = U REZF & [ U XL BREOBRN AR Z D Z LN TE 5720,
~NT ERE ORI Z BT 2 LA EBATE 5. 20Ok, BAKFEDEEL 71 b o OBk
WZEoTe NU REALF23EA I D 34T 5.1920D (X 2-propoxide & @ salt metathesis,
B-KFWEEEZ - TP RU RIK E 2525, 20X )22/t R U NEHRKSE FE
ST, EERMTH D CpRu(u-HML ERT 5. BB e U REUNL -0 E AR
[ZOWTIE, 20e DAFRDERIZ, CprRu(u-H)(p-Cl)RhCp* 35 & T8 Cp*Ru(p-H)»(u-CHRhCp* (2 H
KT B EEZEZLND VT FIVHE -10.85 ppm (d, Jran = 33.9 Hz) I3 E Y § ~11.67 ppm (d, Jran
=32.1 Hz) ITBIHI S 4L, AR 20c ~ LR L2 Z &b b3S D, £72,23a DAERK
%, KR TITo 72355610 25a OARRZ MG L TR Y, Hfsah X BAEEMENT25 F K E 12
MM 288K TH D 2 L AR L.

ARERICHWD Z L DOTE D85 E LTI, WENE <, B AfaftEz oz
REERIZIES NS, Bz, 6 % 14EFE /7l RK7F 7 A K, RuCl(PPhs); % 16 &
vrual) R7Z 7 A RELUTHALESGEIZE CplRu(u-H)sRu(PPhs); B X Hivs e R
U R 7 FAnlillahd

— 5T, ViAo 2 ZE TR T D 85HRIE, 16 EFENLELIND 2D, 8
R TDIZODFEEIE LTHWS Z LN TE oo 72. il x1E, (1,5-cyclooctadiene)RhCl/,

35 Cp*Ru(u-H)sRu(PPha); {IZBI L Tl RH Y, & R R 7SRO B S h 5 of
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X (dppe)PdCly 72 EIFSEERk Y 5 F < #EIT L2V, &7z, 3d B OEANTIL#IE T TEH
FTL6 DRDVICI4E ST/ 70l RT7T 7 A k& LTCpiFeClh(14e) & AWTA, W
Tt SE IR % & DB IR AWM 5- 2 7=, F£7=, 2-propanol #t NVU K& LTHIAL TS
728, BBBFEOBEVAIEHE BRI L CHRAT D Z LixTE RN,

—BEEAR LTe~T v 7 v ) RESEN AR AR 2 358IE, ARSEEAT 2 L
DEELWEE 2 bND. il 21X Cp*EhL 1 & Cp AL 120672 DIR AR LT =0 A
PR 2d 13, 1a & 6 ZIRETHZETAHELD Sd DL KU RBEITKISICE > TEKT D L5
2 HAVD M, 2-propanol/ M FESF TS SH D & 2 TS LNT, 2 BPELNTL 5. 2T
bt R REILHIZ 5d OARBHEBOEDE Z O ZER 2¢ ZEIE L TERT D7D EE L
no.

/ﬁ// ___________ tBu //\\ tBu Z-propanol
\ / »
CI CI .
Bu'Bu
2-propanol
NaOH é //\\ ﬁ
C C
I I tBu'Bu ‘B

Z DX D IZ, 2-propanol/HEIVEZFIH L e A EIEE, FIHTE 27 4 REERIZHIRD & 5
OO, WURRIGEKFTEIT ) 2 E TAFREGBRANTA FEEENOA~Tr AR B R
REER A2 BRI EIC A TE D RBFHETH Y, ZOFIEZHND Z & THRA 72~
T BEEPRERTEDLZ LB LT L.

Cp*& CpBfNLF 2 AT HREENMNF BN T =V LRI & FU FEEDER
ZHNVETITHATBIIEE TlE, R EORNL 228 2 DA% 1T > TE 72, Cp*hcfir
TS Co*EL+ O K 9 IZENL A OB GFEFECRU AR D B DR~ L B b S H T
Wi, @BEDLY ORENRKESEMLTLE Y. ZOEDITEN DD B % i
J@J \—nqiﬁﬂjj‘é ENEEL <, B FORBEEHONNIT L7200, @B 0LD geometry
DEALD D 72BN A FE A W T3 i 2 3 2 B3 & 5. [F URAAAR RO OB+
AT HIRAGEA TR SR A G T D 2 E N TEIUL, BEEIEOE T, SLIRIY R M

BENRIEHHT G- 2 DB HONTO LV B LA FRER b D EZ X HiD.
2 FEFED Cp RENL T2 78 D KSR & LTI, Cp & Cp*Efi 122572 5 CpRu(PR3)(u-
H)RuCp* N &R SN THEY R AT ¢ VENLF2Y CpRu EIZENLT 2 Z ERH LTSN T
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W% (Eq. 3-3-12).36 LsL7ad s, 0 FNICARRA 7 4 VEML F 2T 52 b, TR
b RU REEER L U CORISPEITR-N S 41TV 720,

: | :
RP/R‘U\H+\N /\ Tier Q N \Q (3-3-12)
L —tmeda

ZAVETIZ Cptlehr 1% Cp* & AR D “BAts 2B 2 Z & Zn LT & 7o, CpHlidfii %
FEO TSR OME 2D Z & T, &R Eb Y ONREEEOZALD SIS RIFE T BT

OWTHIEICTE 2 b0 L WFSND. FROANEIN O R % “FE¥EO Cp REUL 1 % FF
OEERIL, PSSR e B PEN LT 2 2 & T, REITK L TR 72 S 23
HfFSh o Z Edb, Cp*e Cpih b 72 HIRA B 5K Cp*Ru(u-H)RuCpt (2d) D&
BRAEMR U7z, ZAvE TSR L7z 2-propanol/fE5E1E A2 W= &R TIE, ~7 2 5 OARY)
ERRE D70 2d IO o7, £ 2T, BRIEIEE L 20, “HEO a7 1k
PIZHR LT RY REREEE SR SE 25 FET 2d O E AT

HETHIRR7=L 1L, ZOFETIHERONT A FRE B R REEOMAS DY
DIEARE e ~T 0 RO BRICEE TH 5. £ 2 CHFENL T L MO R D T A K
& 1a, 1c, 3a, 6 “ W /o & N U REILKILZREFT L7, B FU REILH & LT, 1e 23R
A 2¢ ~ LRI TE % LIEGBH &R L 7.

Ma & 1c), 3a & 6] DX HIZ, MEAFE UEARFLEZRA LI-GAICIE, 2a BL W 2e D
@ﬁéﬁb,m?n:wﬁwzdii&b@#ot(msymsa&M)_m XL, fli%k
DRI DR, Ma & 6), e & 3a] ZHWEEAICE, BIERARN ST 1 " K 2d
DA BILZL X 7= (Scheme 3-3-2).

tBu” ‘Bu
1c 2d (not detected)
(3-3-13)
Cp*
Cl R/
‘Bu Cl__Cl Bu Cp* /| /u
< 1. LiEt;BH/THF
‘BuRu//\\Rl:Bu . \Ru—l ci =l 2a + 2
"
~N ¢ ——Ru—’—CI 2. Ethanol
t t Cl R
Bu Bu % 2d (not detected)
Cp*
6 3a

(3-3-14)

36 Ohki, Y. Doctor thesis, Tokyo Institute of Technology (2001).
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Scheme 3-3-2. Synthesis of 2d.

Cp*

‘Bu R{
k!
Bu e | By CPY_ /l /
“ruz TSR R al
‘BU |\Cl/ > * c ——Rlu—’—Cl
“ ‘Bu” 'Bu ci R{
\ t t
1c 3a Cp* Bu Bu
PN 1. LIEt;BHITHF /}H\\
_— [—Ru /Ru— _ —Ru\\/Ru—
or \C\ICI/ 2. Ethanol ™~
gy Bu ‘Bu 'Bu
I By cl_cl Bu 5d 2d
R

%k o $7p 5 “FFEOFEN A AVZERIC, 2d BELNTZOE, LRSI L > TaT e =
7 al REEHA Sd AR L7720 THDH. 2d 12 5d Ok KU RIBTLIZE > TEKLIZH O
LEZONDN, 2a BV 2e N ATV ¥ —IZBIHI STV Z & D, 5d & 5a, 5S¢ & Ol
WEEDIFE SRR I 5. Cp* ik & Cp'olith % 1:1 DL THWESHEITIE, 2d 73 12%DIHE
THLITZN, 2:1 DHICEZ D L 25% TH L.

OB N v A E e RY RRE L OIS TIE, 5d DERERT, 2d 265875
ZLIITEN, 5a R 5¢ & OFENRIRBFET D 72018, BAERNL S5 ORI T
LCLED, TZTLVRHAMEDH D CplRu 77 7' A v s OB AEE G L.

Wolf 513 3a & 8 f#E/LD LiAlHs % THF {EBH CTRIGSH 5 Z & T [(Cp*Ru)(u-H)(u-
AlHa)” BERT D Z &2 ME LTS (Eq.3-3-15).3  [(Cp*Ru)a(u-H)(u-AlHg)o] Dbt
HETIE, Ru-Ru fEE1E 3.1386(2) A TH Y, HEDOHKESNENZ LB LI TND. 7
VX F— MENL T, 7 1 U RBUL T &[RRI XL BB TH Y, —#HD 7 1 U REER L [H
BRICHEBIE~OEERENFIET 2 b D EBEZ D, ML TELDBEEOT LI X —
ML SR a7 AW ERISSED T LT, BER A-CIEG DO > TR~
THu ARV E RY REEEDERTHHO EMFEID (Scheme 3-3-3).

u
CpL_ / | /
RG | Cl 8 LiAlH, #RU/H\RUﬁ (3 3. 15)
c%—-Ru——CI
/

Cl—

3a
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Scheme 3-3-3. Synthesis of hetero polyhydride cluster using aluminate complex.

- H
H H —l H_ 7/
\/ e \
—Ru—"'
/ \ H
H H H
/ LMX,,
_Ri—H——Ru-t- _ > " _ —Ru—<C ML
/ Dissociation of —l Reaction with Hn
H H Ru-H bond metal-halide
N\ /7 H H
/ \ )¢ \R
u-Y-
H H H/ \H/
Ru-Ru: 3.1386(2) A
in situ preparation of
mononuclear
polyhydride unit

Cp'Ru 7V x— KL, B o Ml ORISIZ L D2 ~T e 2R Y v K R
RO &2 BIFF L, LiAlHy & OO TEL D70 2 31— MEIRIZ [Cp*Ru(us-Cl)]s (3a) %S
U726 12%F LC THF IEIEH C LIAIH: N 2 7214, 3a 2 S SEZ X ) U RAEITH 2 &
T, 2d & 26%DIHETHE (Eq. 3-3-16). PERIFEN>72 b DD, GO EARPEIZIET 15
<, HAERM O THNMR Tl 2a/2¢/2d = 0/25/75 D CTHRIE SNz, T OFERIL, 7T/ F—

MEREZRHT 2T, WEORTZT7 T 7 A FERAWESATHLA~T o R &
PN ATE D AREMEZ R LT 5.

-
—

_ H H
\/
i t, t,
Bu cl_cl By Bu 7\ Bu Bu
- \ 8 H H
iRu//\Ru u / \ 3a AN
) + 4LAH,— —RG—H—Ru—- — —RAC___Ru—t
N\, H/ v
tBu tBu 'Bu 'Bu \ / 'Bu 'Bu tBu 'Bu
7/ \ 2d

(3-3-16)

2d I3 'H, C NMR, JeEOITICEESEFEE L, Hish X SIS X > TF O s 2 i
L7 TH NMR A7 RV b Cp*Bdfii 38 KO Cprldii 28 1:1 D TEAI AL TW
HZENBHIENT. B RY R 7 FL1E8 —13.77 ppm (T 4H DFESYFREE % 5 singlet 3 2
Fal LCBRIE Tz, Z OfElE 2a (8 -13.98 ppm) & 2¢ (8§ —13.43 ppm) OHFRHIDETH 5.
2d @ ORTEP [X% Fig. 3-3-10 (27~ L, F 7 5[ BREE & O & 44 % Table 3-3-10 (IZF & 7z,

37

37 Rigaku Process-Auto program 25 07— & ZWLPR U7-. fEsh T AL RICE L, ZHEHE P-1 #2) Th
o7 fETIE SHELX-97 7'm 77 Ay r—U% v, BEAEIZ IO VT =0 ARTOMNEZREL, 7
— U AR L0 5% D IEARBIR - ONLE 2 € L7z, SHELX-97 7’1 7/ Z LaE R, fig/h “3RIEIC X0 K%
kL, 74 A4 —H—L T35 Bu &R TOIKERTZIEEFEICRE L. 0 THED 2 20
Bu ENT 4 ALF—F—LTEY, AVY—RbOEZNEI 51.5%, 50.9% & #E < 2 L2 L0 b L7,
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Y

~

Figure 3-3-10. Molecular structure of 12d with thermal ellipsoids set at 30 % probability.
Hydrogen atoms besides the hydrides are omitted for clarity. Molecule 2 is also omitted for

clarity.

Table 3-3-10. . Selected bond lengths and bond angles of 2d.

Bond Lengths A)

Ru(1)-Ru(2) 2.4556(4)  Ru(1)-Cen(Cp*) 1798  Ru@)-Cen(CpH) 1810
Ru(1)-Have. 176 Ru(2)-Have, 1.70

Ru(3)-Ru(4) 2.4543(4)  Ru(3)-Cen(Cp*) 1789 Ru(@)-Cen(Cp?)  1.809
Bond Angles ©)

Ru(2)-Ru(1)-Cen(Cp*)  175.82 Ru(1)-Ru2)-Cen(Cp?)  175.91

Ru(4)-Ru(3)-Cen(Cp*) 176.72 Ru(3)-Ru(4)-Cen(CpH)  177.06

Cp'BNL T2 H ¥ 5 ZiEshkDiEE

TAVE TITH R L 7o SR O Bk I X SR IEARAT OFE R % Table 3-3-11 (IR L7z, Th
ETIC, VT =0 LEIENLRD IR TIE, ®RT 4 A4 — X — DIl &EMEE
FEEOe R Y ba A REEREOIEMERMEITRO D Z LN TE R o120, CprldhL 728 A
THIETEBET A AF—F =032 Y, fEGREZEMRICKRD D Z BT

MWL 2 DFTHY, —OOHFOEDHR LT,
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Table 3-3-11. Structural parameters of dinuclear polyhydride complexes.

Ru-Ru Ru—Cen(Cp) M-Cen ref
Cp*Ru(p-H)4RuCp* (2a) 2.4630(5) 1.809 1
Cp*Ru(p-H)4RuCp? (2¢) 2.4551(3) 1.805, 1.805 This work
. 2.4556(4), Cp*: 1.798, Cp*: 1.810, .
Cp*Ru(p-H)4sRuCp* (2d) This work
2.4543(4) 1.789 1.809
Cp”Ru(p-H)sRuCp” (2e) 2.4604(3) 1.799 This work
Cp*Ru(p-H);IrCp™ 2.4858* 1.806* 1.808* 7
Cp*Ru(p-H);IrCp* (18¢) 2.4837(6) 1.764 1.799° This work
2.4924(4), 1.773, 1.825,
Cp*Ru(p-H);IrCpt (18d) This work
2.4886(4) 1.771 1.819
Cp*Ru(p-H);RhCp™t 2.4956(9)* 7.8¢
Cp*Ru(p-H);RhCp* (20¢) 2.4727(7) 1.769 1.914 This work
2.4878(3),
Cp*Ru(p-H);RhCp* (20d) 1.775,1.772 1.826, 1.818 This work
2.4816(3)
. 2T o 1.694,1.686  Th k
Cp*Ru(p-H)sRu(p-cymene) (23a 780, 1.777 694, 1. is wor
p*Ru(u-H)sRu(p-cymene) (23a) 2.4907(5)
Cp*Ru(p-H);Ru(benzene) (23b) 2.5017(4) 1.780 1.700 This work

(a) Disordered structure between the ruthenium and group 9 metals were observed. (b) Disordered

structure was observed for the Cp* ligand.

R LT u R BT VRN L ORSEIERES, B0 oWk E o0 S LAHED H
L2 ENRMBNTVWD, — 7R & LT, Er8E RSB Ol Ly 7 r
VHEDEZ RN AT R D ROV AT S 2 8T, BE-v 7 X x U = L RRER
B 5.

ZOMEMIE, v r R P S VRN A LIAMI nS REO R 2 R RV LT = A
AR CITBEE B SN D, FRCLT =7 AOfliF & Ru-Cen & & OICITEHE /R FABIN
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AV, Ru(ll): 1.728-1.812 A13<38  Ru(Ill): 1.806-1.845A3"3 ~ Ru(IV): 1.877-1.901 A3h40 L Ry
DERCESEINT 51284 T Cp & OFEBEIIEMNT 2 M35 5. BALL TWHOE)R
PEIRICXI L CHIRI LB A Z WM 2 2 &N TE 50, FHlUAPEMEZ R TE D 9 1
&8 TIE, IRIFEIIZ 72 - 72 BRI Cp BR 7S ring slippage & #L Z 772, iz & M-Cen Hff &
DOFNAHB AT 2. Ru-Cp B2 TCIZ T 5 & —H O AR O MKz, 2 T
Ru(III)-Ru(I1I), 18 TlZ Ru(Il)-Ir(1Il), 20 ik Ru(Il)-Rh(III), 23 Ti% Ru(ID)-Ru(ll) 2V K5
Z ETE D (Fig. 3-3-11).
CpsRu"'/:'?Ru'"Cps CpsRu"/H HH\M"'Cps CpsRu"<H|-I/H\/Ru"(arene)

M=1Ir, Rh

Figure 3-3-11. Formal oxidation state of the dinuclear polyhydride complexes.

Cp*BifLF & Cp*BiALF2>5 72 5 Ru-Rh S$5EDHE

ZIVETIZ, VT =ULE6,7,8, I ERENDRD—HO~NT 1 AR Y B R REEEN
BRI, RafRibKFEEZMED E LT, FBxRE ORISR SN TE . P THALT
=L E YRR G2 D THEEKRIZ X D ARG AKFED C-H #EG O & £ 5 RS T
1%, REAFRALKER VT =0 A ECrlifir, 9 4R EColidiz 3 285232 < BT
V% (Scheme 3-3-4).78¢

3% (a) Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, 1. D. Organometallics 1990, 9, 1843-1852. (b) Hillier,
A. C.; Sommer, W. J.; Yong, B. S.; Petersen, J. L.; Cavallo, L.; Nolan, S. P. Organometallics 2003, 22, 4322-4326. (c)
Takemoto, S.; Oshio, S.; Shiromoto, T.; Matsuzaka, H. Organometallics 2005, 24, 801-804. (d) Petrovic, D.; Gloge,
T.; Bannenberg, T.; Hrib, C. G.; Randoll, S.; Jones, P. G.; Tamm, M. Eur. J. Inorg. Chem. 2007, 3472-3475. (e) Fern,
F. E.; Puerta, M. C.; Valerga, P. Organometallics 2011, 30, 5793-5802. (f) Kashiwame, Y.; Watanabe, M.; Araki, K.;
Kuwata, S.; Ikariya, T. Bull. Chem. Soc. Jpn. 2011, 84, 251-258. (g) Trujillo, A.; Justaud, F.; Toupet, L.; Cador, O.;
Carrillo, D.; Manzur, C.; Hamon, J.-R. New J. Chem. 2011, 35, 2027-2036. (h) Shimogawa, R.; Takao, T.; Suzuki, H.
Organometallics 2014, 33, 289-301.

3 (a) Kolle, U.; Kossakowski, J.; Klaff, N.; Wesemann, L.; Englert, U.; Herberich, G. E. Angew. Chem. Int. Ed. Engl.
1991, 30, 690-691. (b) Bottomley, F.; Sutton, P. A. Acta Cryst. 1992, C48, 361-362. (c) Bergs, R.; Krdmer, R.; Maurus,
M.; Schreiner, B.; Urban, R.; Missling, C.; Polbon, K.; Siinkel, K.; Beck, W.; Beck, W. Z. Naturforsch. 1996, 51 b,
187-200. (d) Nagashima, H.; Gondo, M.; Masuda, S.; Kondo, H.; Yamaguchi, Y.; Matsubara, K. Chem. Commun. 2003,
442-443. (e) Ferna, I.; Pregosin, P. S.; Albinati, A.; Rizzato, S. Organometallics 2006, 25, 4520—4529. (f) Dutta, B.;
Solari, E.; Gauthier, S.; Scopelliti, R.; Severin, K. Organometallics 2007, 26, 4791-4799. (g) Shimogawa, R.; Takao,
T.; Suzuki, H. Organometallics 2014, 33, 289-301.

40 (a) Rao, K. M.; Day, C. L.; Jacobson, R. A.; Angelici, R. J. Organometallics 1992, 11,2303-2304. (b) Zhang, Q.-F.;
Cheung, K.-M.; Williams, 1. D.; Leung, W.-H. Eur. J. Inorg. Chem. 2005, 4780-4787.
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Scheme 3-3-4. Reactions of Ru—Ir and Ru—Rh complexes with unsaturated hydrocarbons.

2 ; CH,=CH E/\H
Ir —R ’ ’ /Ru//\ Ilr\
toluene, 120 °C 10 atm, 50°C
3 days
§\ 2 Ay S\ SN
—R - R Rh
R\/R\ u\/' 3°C,35h /u\/ X

VT =0 A BT, 9 AR EColilfiz L7280 G S
HEWHIEREI, VT=vA ETHEEEAMIEL, 9 KR T \\;%H

C-H #EGUIM ST T 2K 2 BWENRDLZ L2 5b. L Ru n
MULBRN G, HFoNIALE Y OREEIIE T FIICE &N | capture activate
HEDOTHLARRERH D, T L b S ORR+ 2 Kk L

TEHDOEIFRLRN. Lo T, KISHDBGHEIZ L > THEEDORY AR T NEILT 5
&S LMY e AR EZNRICOW T T 2 Z &1 TE v Bl2iE, Ru & Os b7
D KESERE R AT 4 v E DRIETI, BEHIRERDITAAI T A RIZARAT ¢ AL
M LTSNS DN, ZORBTIERRAT 4 VEET AT = A FICEA L7-%IC
FAITAL E~NEBEL, BOFRNICRERERNE 52252 ERHALNERS>TVND
(Eq. 3-3-17).4 Z DX D12, ~7 v RO R VEZ EMECTRAND Z L I3E L.

(MeO),P P(OMe);
//\\ P(OMe);
R MR ooyt o

Cp*Bfii 136 L O Cp'l i+~ b 70 2 SRR, — oD@ B Lol REZE LoD, b
) —DODEEENARPITER L TWD . ZOEOEE L OKIGETIE, TRENDOEE~D
BEOWHI®ELZa ha— VT2 ENRTED. B, TRENOE&BIZENLL TN D
KFFRNL 2 AN XD Z LT, REOEMLR EDOe R TEITT 200 LT TE
LHb0EHIREEND.

AT, Cp*BliFF L CptlidhiF 2 A+ % Ru-Rh $EKk ETOX B DIEM LA E

41" (a) Kameo, H.; Nakajima, Y.; Suzuki, H. Angew. Chem. Int. Ed. 2008, 47, 10159-10162. (b) Kameo, H. Doctor
thesis, Tokyo Institute of Technology (2009).
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TNELTAT =T LABINe Y AOKGMEIZ DWW TIRRS . 97, BVZEMEIZOWT
Rt L7z, cp*ﬁam%oﬂm% 72% 20a IX=|IE T, | B CIUBEHAZ ERLT 5 2 & BT
SNTVW5D (Eq.3-3-18).5¢ ZAUTk LT CptBfiz 1% A L7z 20¢ 35 LT 20d 1 120°C (20

AL TH B0, fk*m 20c (% 180 °C IZHIEA L 72356 T b B b M OV i@ @il &
AN

Z T, WA TEERERTDS 20 ZFH L TRUE O C-HEES DU AR AT, 20¢
ERUE U EDRIETIE 180 °C OINEAEIT > TH 7 = = /UEHAIT AR L 22 o 7228, PR
FH&MEF C-H 358 DWW % £ - T Cp*Ru(u-H)a(u-Ph)RhCp* (27) %5 % 7= (Eq. 3-3-19).

ri] RhY < \\// (3-3-19)
ﬁ u\/ v \ﬁ hv(365 nm) é\ \
‘Bu 'Bu

27 (52%)
PhL| h
_Ru _
\// AN //
toluene 80°C \ \
'Bu 'Bu tBu

27 (76%)
(3-3-20)
27 1%, 20¢ L ZEFEE L OFIGIZ L - T 28 ARk L7z, PhLi & ORIC X > THARKT
&5 (Bq. 3-3-20). 27 X 'H NMR, *C NMR, JeHEoHTIC L > TRE L, Hifdm X ST
IZE > CEOEZTERE LT2.27 ® 'THNMR A2 hLhbid, Cpt, Cp*, 7 = =B X
Zo0t KU RENLFBFET D Z RS2, NOESY NMR % liE L7258, Ru o
Bu & 7 = =V ED AL MIKFE E OBl Sz 2 &, Ph 523 Cpilicfis 1123
SNTWDZ EMRBEEND. £72, BCNMR ALY hVOEN HITZEED 7 = = VAT
HDHTEMRBRINT.
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Table 3-3-12. Examples of Rh(III)-Phenyl complexes and its '3C NMR signals of o-Ph and ipso-
Ph.

Complex ipso-Ph (&/ppm) (Jrnc) o-Ph (8/ppm)

[Cp*Rh(u-CH2)]2(Ph)(Br)* 156.4 (41 Hz) 138.2

[Cp*Rh(u-CHz)]o(Ph) 156.6 (43 Hz) 139.4

Cp*Rh(Me)(Ph)(CO)* 152.4 (37.2 Hz) 139.1

Cp*Ir(Me)(Ph)(CO)*» 44 130.8 139.7
Cp*Ru(u-PPhy)(u-H)(p-o.mt- 146.2 (30.7 Hz)

CeHs)RhCp*#+

Cp*Ru(p-H)2(Ph)RhCp* (27) 131.9 (43.7 Hz) 149.1

Table 3-3-12 (2 < 22> Rh(IIl) D KGR 7 = = VK & Z D ipso, ortho \L.D 13C 3 7L
DA Z 7~ L72. 27 @ 0-Ph & W ipso-Ph I ZFFHEAY A B (2 BLAL 72, 8% O Rh(1)-Ph $#51K D ipso
NED 2 7 F L 150 ppm FHE OKELG B S D DIzt L, 131.9 ppm & FEF IC @B IC
BHISNTWD. FT2, ortho NL D> 7 F AT — W72 K 7 = = VAR RIZ Fb N CIRRE S (2 8
HEN TS, BUE 7 = = VEEIR T, Fig. 3-3-12 (R8T X 9 2 3LB 20 RIC K Y ipso (LAY &
1863555, ortho NEAMERESG BN SN D 2 E BB DN/ > TRV, 2T IXBEED 7 = = LEEA T

BDHZENTRERS D
M ™ M’ ™

Figure 3-3-12. Two resonance forms of the bridging phenyl ligand.

Hifhfn X SREEAIT O 3G 7 = = WA CTh D Z L R L7=4 27 @ ORTEP X%
Fig. 3-3-13 (Z/r L, E7J5FHIEREE & U5 & # % Table 3-3-13 IZF & 7. Ru-Rh H#E&1T
2.5683(2) A T¥ Y, CpRu(u-H);RhCp* (20¢) (2.4727(7) A) & thile 42 L ETME L TV 5.,
Rh(1)-C(1)-C(4) 2% 174.4(1)° & 180°IZiEWV 2 v C(1) AV X sp? IR ZR-> TED,
Rh(1)-C(1) BliZckEiAMtETH D EEZLND. VT =0 M- 72 p BB IS K DA/
WEST L HBTEMLTWDIEDEEZILND. BE7 = = VB - & 286 e KU NELAL

4 Wang, Z.-Q.; Adams, H.; Bailey, N. A_; Turner, M. L.; Maitlis, P. M. Can. J. Chem. 1995, 73, 1206-1212.

4 Gomez, M.; Kisenyl, J. M.; Sunley, G. J.; Maitlis, P. M. J. Organomet. Chem. 1985, 296, 197-207.

“ rEBEELBEOT DR LT,

4 Obayashi, N. Master thesis, Tokyo Institute of Technology (2010).

4 Garcia, M. E.; Ramos, A.; Ruiz, M. A.; Lanfranchi, M.; Marchio, L. Organometallics 2007, 26, 6197-6212.

47 JIE 13, Rigaku R-AXIS RAPID [EIFT35E % T 150 °C T{TV>, Rigaku Process-Auto program (2L V) 7
—HEMIR U7, AT AN RICE L, BT P2i/ic #14) Th o7z, fENTIX SHELXT-2014/5 K
SHELXL-2014/7 7’7 75 /Xy or— V% IO HOK R R 7 ONLE 2 P8 LTz, SHELXL-2014/7 7w 75 Az
HWETOIKREIR T2 FEE IR L.
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TEAETDHEEMRE LTIE 4 PIE SN TV D, B, Adams 2 k> THE STV D,
(CO)sRe(u-H)(n-Ph)Re(CO)4 11t S 123\ T 7 = = /LS Re—Re (2% L TV TR Y, 27
CHBPLTWAS ZEHELITT7 2= VEMENTWAHBHE L TRy 7R ELEZ T
BV, BEZDRAED DFT &5 BTl Re—Re 126 L CTHRE R E TLENTE 2 L BT
527128257 2 = NVHEOB XL T, FHEIC X o TROTAEED X MG 4 HH L
TWeZ &6, Ru-Rh “BSHADHIRTHL L EZBND.

28 |% 'H, *C NMR, IR (Z X » TIFAE L Hifan X SAAEMITIC L > TEOME 2 s L2.®
28 @ ORTEP [¥ % Fig. 3-3-14 1T~ L, E72JEFHIERRE MR O%E G % Table 3-3-14 ITE L7z,

O f
A B {

c@)

Figure 3-3-13. Molecular structure of 27 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity. (left: side view, right: top view)

Table 3-3-13. Selected bond lengths and bond angles of 27.

Bond Lengths A

Ru(1)-Rh(1) 256832)  Ru(1)-C(1) 23462(18)  Rh(1)-C(1) 2.0753(19)
C(1)-C(2) 14143)  C(2)-C(3) 1.386(3) C(3)-C(4) 1.382(3)
C(4)-C(5) 1372(4)  C(5)-C(6) 1.4003) C(6)-C(1) 1391(3)
Ru(1)-Cen(1) 1.762 Rh(1)-Cen(2) 1.839

Bond Angles ©)

Ru(1)-C(1)-Rh(1) 70.72(5)  Rh(1)-C(1)-C(4) 174.4(1) C(1)-C(2-03)  122.12)
C(2)-C(3)-0(4) 119.92)  C(3)-C(4)-0(5) 119.6(2) C4)-C(5)-0(6)  120.6(2)
C(5)-C(6)-O(1) 121.62)  C(6)-C(1)-CQ2) 116.26(18)

4 Adams, R. D.; Rassolov, V.; Wong, Y. O. Angew. Chem. Int. Ed. 2014, 53, 11006.

49 I 1%, Rigaku R-AXIS RAPID [EIFT35E % T 150 °C T{TV>, Rigaku Process-Auto program (25 ¥ 7
— X B LT R HEANSRICE L, ZHEE P2in (#14) Th o7z, fi#HTIEZ SHELXT-2014/5 KO
SHELXL-2014/7 7" vt 77'F L3y i — V% FIW KRR 7 OALE &2 - E L. SHELXL-2014/7 7’1 75 L%
AWRTOIEKRERT EIEEHFHICER Lz, fBbiEEE e LTI UN 05 0 TE Eh Tz,
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Figure 3-3-14. Molecular structure of 28 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Hexane was omitted for clarity.

Table 3-3-14. Selected bond lengths and bond angles of 28.

Bond Lengths A)

Ru(1)-Rh(1) 2.7340(5)  Ru(1)-0(1) 2.111(3)  Rh(1)-0(2) 2.109(3)
C(1)-0(1) 1.271(5) C(1)-0(2) 1260(6)  C(1)-C(2) 1.504(6)
C(2)-C(3) 1.395(7) C(3)-C(4) 1.392(7)  C@4)-C(5) 1.380(9)
C(5)-C(6) 1.378(9) C(6)-C(7) 1.403(7)  C(7)-C(2) 1.391(7)
Ru(1)-Cen(1) 1.773 Rh(1)-Cen(2) 1.813

Bond Angles ©)

Ru(1)-0(1)-C(1) 124.8(3) Rh(1)-0(2)-C(1) 123.03)  O(1)-C(1)-0(2) 125.4(4)
O(1)-C(1)-C(2) 117.4(4) 0(2)-C(1)-C(2) 117.2(4)

Torsions ©)

O(1)-C(1)-C(2)-C(3) ~7.8(7)

20c L RUP U EDRISIHOELND T = = UK 27 28 9 RS BICoRMI L TE Y, B

IZ 9 EA)E ECT C-H fAaNIEnTnad., L LANRD, 7 = = VBN 1T SR

FEBETHZ LG FEETH Y, FUSHHNZIIT 2B DO IABNLE DS A AR
WIS LD D TIEZRwy (Eq. 3-3-21).%

30 Yasuda, T. Master thesis, Tokyo Institute of Technology (2012)
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s\Re—HRﬁ\ /ZE Re—H—Re/z% (3-3-21)
Phenyl

migration

FOSHIENC T X OB AZBRRITEE R XE OIS TH Y, 2 O E % 5+
HZMNENHL. VT =T A B CptaET 5 20e BEIUr YT A R CptaET 5 20d %
W, ZORUGTEDENE LT 52 8T, ~7 1 KR TSI ORE 1 & B i
295 Z EERAT

20c 35 K10 20d D 120°C TOE U RENZAF & CeDe & D H/D UG Z B LT2 & 25,
72 REfEIFZ 121, 20 TIE DALEDN 12% TH > 7= DKL, 20d TIiE 91%D DAL BH S 7z
(Egs 3-3-22, 3-3-23). /L7 = LT CptZaE A L7z 20¢ Tid H/D AN & A EHEIT L)
STEOIZX L, BY v A EIC CptaE A L7z 20d TILIESCH e H/D ZZHAROG MBI S Au7z.
FFIZ,20d 13V 7 =0 A EO Cp*EAL 112 & HAKRE ORADEBM S 47z,

Percent deutration
CGDG Cp* 1 0%
R R i
u 120 c ” Hydride: 12%  (3-3-22)

‘Bu '‘Bu tBu tBu
20c-d,
/ \ CGDG Da/ \ Pel;cent deutration
Cp 1 65% 3.3.23
120 C Hydride: 91% ( T )
tBu Bu
20d dp

VT = A B SEREICERR T D 2 & T, H/D ASHANREEEICEL o722 5, Ru-Rh —
Bt 2 AW B OB ATV T =y A ETHITL WS Z b fﬁ‘éﬁ <RIz
ZIULRh-C B Z AT D 27 OREIEN BIRIE ST OGO L 1T ofERTH - 7.
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0Oh
RuHs;Rh
o ‘ ‘
DsH ‘ H '|\
CeDs | (| I
[ Jl‘l .‘\ EVAUVAN
24h CeDsH
| o
|
I RuH,DRh
Cpt
|| Cp* /
7-7-/‘; ‘-‘._\ Mk_,,-‘lﬁt, Y I"\_WJ'“_,‘ ‘.I\L ‘ __(/.‘ \u‘.“-\u,\‘g_‘} LA A B
730 720 710  70@1 20 19 1.8 17 16 15 1.4 1.3 1.2 440 450 1480
1 (ppm) 1 (ppm) 1 (ppm)

Figure 3-3-15. H/D exchange reaction of 20d

0 FFMIE KO8 24 HEE# O NMR A7 | L% Fig. 3-3-15 (2R $. 24 Bk o & N U Rk
21X Cp*Ru(u-H);RhCp?, Cp*Ru(u-H)(n-D)RhCp#, Cp*Ru(p-H)(u-D),RhCp* > 3 F& 1 0
isotopomer 238Ul S 7z, £7, Cp*Ru b DIbZ2F TEY, Cp*® CHD > 7 F /L% §1.94
ppm {2 Jup = 2.16 Hz O triplet & L THELH S 41725

Scheme 3-3-5. H/D exchange reaction between 20 and C¢Dsg

Lo . TY

H
H / / \
-

Ru h Ra Rh Ru—H—Rh
I \H' \}/H/ \H/ l!I
H

Ru = RuCp*, RuCp*
“ Rh = RhCp*, RhCp* “
: _H : H
H D. H ;
D. AN
Py /
Ru Rh R{ Rh Ru—D—Rh
[~ Eg Sl
H

51 Acetone-ds 1 DFEAE Y 7 v, CD:HCOCH: D1~ 77 ) v @ HIN Jup=2.11Hz TH 5.
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NT =T LBROR YT LNGIR D R L CDs & D HD AZHSNE, SR L~
CsDs DELAL, C-D G DU, & KU FENZF-E T H/D 22, C-H & O THINEEIC X
STHEITLTWD EEZBND (Scheme 3-3-5). Z DORE, CpHdir 12 A L 7= 481, Cp*hid
FAZEAN LT8R & X TIRIIZIRA G > TEB Y, EFARIZH D729, CiDs DBINL
EBRALBIATINEE DBFECB W T HAFNC@HL bt EZ 6N 5.

Ru EIZ CptZEA L7z 20c Tl H/D RIS EL, Cp* & B A LGB TG INE &
Mkao$%iJM%®ﬁD@AﬁRuif@ﬁbfmé_k%%<mbfﬁw,Mmﬁ
Z AR T-1%\Z phenyl e THSER EABENITHZ L T, 27 BWAEKLEbDEEZ X LND
(Scheme 3-3-6).

Scheme 3-3-6. Reaction of 20 with benzene.

00

/ N |
Rh —H—Rh —— > Ru—H—Rh —__~ R{, Rh
\\// Ru HH -H, R“\HH/ Phenyl Sy
H migration

Ru = RuCp*, RuCp?
Rh = RhCp*, RhCp*

O RO BRSO IELL, BHASA X BEERITIC X o TH LI L7288 Oili%e,
DFT #HRIC K o TRO7ZHFHED D HatT 2 2 £ 28 T& 5.20¢ D DFT 5HRIZ K - TH
U725 FuE % Fig. 3-3-16 (T8 L7252 —RICEEAIIINBORIE, =1L F—HEGL D=L
A EE 2RI 9 5. Fig. 3-3-16 ® HOMO OEFEFEIILT =7 APOITRELL L TERY,
C-H LN T =0 A E TR TS Z 2R RIE LTV,

GG X SRS AEHT O Ru-Cen BREED & HIT L 7= 8 O XEMIEL Ru(l)-Rh(1Il) T -

L RICEBAE A IR R Ml e SR LTEEX A2 2 ERMLNTE Y, Rudl) 25
RmW)%ﬂ%bt%%%ﬁmbﬁ%<ﬂ%mfwé® %I LT, Rh(IID) 725 Rh(V) ~DfE
LRI Z 0 S 5018

52 Density functional theory calculations were carried out at the @B97X level in conjunction with the Stuttgart/Dresden
ECP and associated with triple-{ SDD basis sets for Ru. For H and C, 6-31G(d) basis sets were employed. All
calculations were performed by utilizing the Gaussian09 rev.C program. An imaginary imaginary frequency was
observed due to the rotation of the hydrides.
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Figure 3-3-16. Molecular orbitals of Cp*Ru(u-H);RhCp* (20c).
(Isovalue = 0.025, left: structure, center: HOMO, right: LUMO)

ZOXDI, BESE A BN LA TITEN OREIC L - T, AEEABRMIZHIT
% multimetallic activation IZTEfT LB WD EEZ L. ZHUIx L, [\ U XFldNr+ %
9% Ru-Ru 5K TIE, HOMO B 204 E LITJAR > TERY, KEIRY IALEDHILE
7, FEALY IAHEEFEIZ351F D multimetallic activation 23 #AFF S5 (Fig. 3-3-17).%°

Figure 3-3-17. HOMO of Cp*Ru(pu-H):RuCp* (2a). (Isovalue = 0.025)

33 Density functional theory calculations were carried out at the @B97X level in conjunction with the Stuttgart/Dresden
ECP and associated with triple-{ SDD basis sets for Ru. 6-311++G** were employed to the Cs ring and the hydrides,
and 6-31+G* were employed for the other. All calculations were performed by utilizing the Gaussian09 rev.C 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
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B4 BERMFE=ERY & R FEEERDO SR
2-propanol/ Mg HAIZ K- T, PRI IES R BIEAEZ G TE D Z L 2R L7203,23D
BROBEIZ RN SN2 06, RO~ BICHTELZ b D LB X T,
FFIC REBEIR & SR DA BORRRICEE L CEiET 5 Z &%, K VIELEWEERY & K
NEEADGRHIEZRRE T2 ETHEETH 5.
2HiTTIE ek LT 2-pr0panol/L]"?l£§Y£ AT 5 L, BRI K 2e MG HNLD 2
& ZIk 7 (Bq.3-4-1). O XFFEAL & 2L S 72 85K IZ DU T 2-propanol/Hi 215 % i
FAFLTWe & 2 A, Cp*Efhi 2 A3 % 1a 2kt LT 2-propanol/ ML A3 5 &, =486
K 30a NBIRANICE SN D Z L & B LT (Eq. 3-4-2). Z OGS TIE, BPFICKBFEET S
& (Cp*Ru)s(p3-O)(us-O™Pr)(u-H)** 2345k L7z,

‘Bu cl Bu ‘Bu
Bu cl I ‘Bu
\R A \""“R excess NaOH }H\
2 u
By |u\c|/ by I R@__ret 3-4-1
4 2-propanol \}{/ (3-4-1)
Bu” ‘Bu 80 °C, 6h Bu 'Bu ‘Bu 'Bu
1c 2c (98%)

Cl
% ,,,,, Cl. Rl NaO'Pr I/
Rlu\CI/ u\ 2 -propanol ﬁ{\}ﬂ /}j (3 4- 2)
Cl 80°C
1a

30a (96%)

2¢ DEFIZIIT B OGRS (Scheme 3-2-2) A JtiZd 5 &, 2a 2% LT Cp*Ru(OPr) 7 7
A MBI S Z & T (Cp*Ru)s(us-O'Pr)Hy 2NERE L, & HICB-KEDEEAE BT 30a 23
HELDHEZEZBILD (Scheme 3-4-1). 2a IZxF9 5 Cp*RuX 7 7 7 A > hOFHINBIRE, /~T
A N2 HWEIGEICEIT T2 2 b TE Y, AU XL fF”@Eﬁ%T%Zo T ak
¥ RENL B RERICAINT 2 L E 2 5D (Eq. 3-4-3).5 CpHidhi 1% W =35 8121, ﬂﬂx
fEEIZ L 5T CpRu(OR) 77 7 A > N OISR E ST, Jﬁ&ﬁm@?ﬁé@ A
% . (Cp*Ru)s(u3-0)(u3-OPr)(u-H) 1% [Cp*Ru(uz-OH)Js & 2—propan01 EDRIGTHERRTHZ L
DHLMNZENTEY, FHIZKBELET D25 E121E, [Cp*Ru(us-OH)]s A ERK L, 2-
propanol E S LTWA LD EEZ HNLD.

34 (a) Suzuki, H.; Kakigano, T.; Igarashi, M.; Usui, A.; Noda, K.; Oshima, M.; Tanaka, M.; Moro-oka, Y. Chem. Lett.
1993, 1707-1710. (b) Igarashi, M. Master thesis, Tokyo Institute of Technology (1991).
35 Osaki, A. Master thesis, Tokyo Institute of Technology (1998).
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Scheme 3-4-1. The reaction 1a with 2-propanol in the presence of a base.

iPr pr
) 950, R
cl _ ipr ipr LN\ W ,\”\H Ru
NaO'Pr H.H RU Ru i "7 /NH
L] 0,0 AN op i
RuZ “Ru /)\\ R Ru [POF | /J-lu |
l ~~c1” RU Ru 2-propanol W RU Ru A (22T
A \H/ Ru\ /Ru
Cl 2a H
2 H0 30
Ru = RuCp* NaOH
2-propanol
HO Ru Ru
Ru/ OH/ 2-propanol \\I
/00 r
/Ru——OH Ru\H/Ru
HO——Ru
c *

P\ /
incu i G es) *g%gw
<\:p

3a

2-propanol/Hi HVE A AV 5 Z & T, 30a NI ONTZZ 0D, RFIEIX=EERD
BRICK L THEA RIS E B2 biLd . FrIChAfafze e U eSS LTl
B2 T A REERA G S D 2 & T, BHILEBEREMET LI LN TEDL &0
5 (Eq. 3-4-3), ~7 B RO A RA~OERR W & 5.5 KREiCIL, 2 EORNL 7>
7R DT B RO G IEIZ DN TR 5.

2REEDOY 7R E oo VRENFNPDRBZAT =AY B Y REEERDOESRR

tB t

//\\ 'Bu //\ ‘Bu 7“
R \\// + 12 hexane i{\ /5% (3-4-4)
80°C, 15 min

(Cp*Ru)s(u-H)s(us-H)(us-Cl) (292) ORI, 2a & 6 ZRISSE T2 & 2 A, Cp*Ru(u-
H)a(u-C)(RuCp*), (29¢) 73 68% DU TG HAL7e (Bq. 3-4-4). 29¢ (35 FEARIEEER THF 12
* U TCARELEETH Y, BHEBEREBTIX [Cp*Ru(arene)]" 234K L, THF # CiX Cp‘Ru(u-
H)s(us-H)2(RuCp*), (30¢) 23/ &AL L7z,

29¢ |E 'H, *CNMR, JeHEHHTIZ L o TRHEE L, Hiffdh X SEMITIC X > T2 O iE % il
L7 'THNMR A7 R blid Cptd Cp* i 23 Eh 12 O CElflls . B R
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U R 7 F %8 -10.09 ppm (2 4H OFESIREZ D singlet 7 v & L THEIMIS I,
—100°CIZHIRT D Z & TTr— =27 LEADT-. ZOfEIL, 29a (5 —11.47 ppm)*® & [FIFE
EOALE BN SN 508, Hifdh X SEEMITCIXr v ) FEA ORISR 5 2
MBS NI/ 572, 29¢ @ ORTEP X% Fig. 3-4-1 (2R L, 725 M HEEE KR OFE A4 %
Table3-4-1 I2F L7256 7o U FEULF1E29a & 272D, — 5@ Cp*Ru IZZHE L T,

Figure 3-4-1. Molecular structure of 29¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms of Cp* and Cp* are omitted for clarity. Second molecule is omitted for clarity.

Table 3-4-1. Selected bond lengths and bond angles of 29c¢.

Bond Lengths A

Ru(1)-Ru(2) 2.77953)  Ru(2)-Ru(3) 2.7895(3)  Ru(3)-Ru(1) 2.9419(3)
Ru(2)-CI(1) 23893(7)  Ru(3)-Cl(1) 23828(7)  Ru(1)-Hase. 1.73
Ru(2)~Hae. 1.71 Ru(3)-Hav. 1.65 Ru(1)-Cen(1) 1.834
Ru(2)-Cen(2) 1.786 Ru(3)-Cen(3) 1.791

Ru(4)Ru(5) 2.80873)  Ru(5)-Ru(6) 2.80803)  Ru(6)-Ru(4) 3.0631(3)
Ru(5)-CI(2) 23918(7)  Ru(6)-Cl(2) 23792(6)  Ru(4)-Hae. 1.68
Ru(5)-Hav. 1.79 Ru(6)~Have. 1.81 Ru(4)-Cen(4) 1.844
Ru(5)-Cen(5) 1.791 Ru(6)-Cen(6) 1.792

Bond Angles ©)

Ru(1)-Ru(2)-Ru(3)  58.278(7) Ru(2}-Ru(3)-Ru(l)  57.947(7)  Ru(3)-Ru(1)-Ru(2)  63.775(7)

56 JI7E X, Rigaku R-AXIS RAPID [A[H¥EE %2 T —150 °C T{T\>, Rigaku Process-Auto program (2L ¥ 7
— H EAE U AR EARRITE L, ERBEIE P2/c#15) T o 7=, fEHTIE SHELXT-2014/5 KX
SHELXL-2014/7 7’0 7' Z 5oXw r—V % AV, V7 =0 ARTOMBEEREL, 7— IV Z&GRICL V&S
HERFFA OALE 2 PE L=, SHELXL-2014/7 7' 1 7' T L& A\WAETOIHKFEFF % I 7R L.
ML 5y T Tho T
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Ru(2)-Cl(1)-Ru(3)  76.122)  CI(1)-Ru(3)-Ru(2)  52.042(17) Ru(3)-Ru(2)-CI(1)  51.840(17)
Ru(4)-Ru(5)-Ru(6)  56.939(7) Ru(5)-Ru(6)-Ru(4)  56.963(7)  Ru(6)-Ru(4)-Ru(5)  66.099(8)
Ru(5)-Cl2)-Ru(6)  79.892)  Cl2)-Ru(6)-Ru(5)  50.238(16)  Ru(6)-Ru(5)-Cl(2)  49.876(16)

29¢ % %L L7-1%, 2-propanol & KOH % =i C 30 min i S H721%, 80 °C T 15 REfE S
SHDHZ LT, 30¢ & 43%DILE THEE L 72 (Eq. 3-4-5). 29¢ X 2-propanol H1, Ffix DR &
FISSHEDHZ LT 30c #5250, KoCOs 72 EDHEHNEE DR WL Z W 5GA121E, &
RU REANBRETMAZVNE LT 5. 2O, ~7T 0 FEO5 RN Z Y ,30a 73 30¢ ([ZXF L
T 10%IE ERIAT 5. —F T KOH 72 EOHEMEEOmWER A WS &, EIRTE FU R
BN T OEANEITT 5720 30a OERE 5% RISz oD, FIRTHE R REAK
JRITEITT 528, ZOBE CpRu(u-H)s(us-H)(RuCp*), &% 2 b5 F e DR N Ak
%51 Z O RENESEARIE 80 °C THIEAT 5 Z & CTIHART 5.

‘Buip—‘Bu ‘Bu 8

RuN 'Bu
tBu /\\ ‘Bu H /
+ 1/2 H
hexane /%ZPropanol |) /#

(3-4-5)
30c /% 'H, BCNMR, JeHESHIZ L - THEE L, Hifbsh X SEEEITIC X > TF O 4 i
P L7z, 30¢ DN -PIZIZEREOEE X T A — X 2R OIMNL LT =200 1M MFE L T
W22, Fig. 3-4-2 (ZIEZ DO DO—2D 5 T &R L, E7 51 BEHE & O A % Table
3-422F & D78

57 Ohashi, M. Doctor thesis, Tokyo Institute of Technology (2003).

8 M1, Rigaku R-AXIS RAPID @ﬁ*t%%ﬁﬁb\“( ~150 °C "TfT\>, Rigaku Process-Auto program (Z XV 7
— X EE U7z, ERIEIRTSRICE L, EMBE P1#2) Th o 7. MEFTIE SHELXT-2014/5 KO
SHELXL-2014/7 7’0t 7' b3y r =V [, VT =0 MR OMEZREL, 7— U ZHICE V%D
HIRFBIRF ONLHE A2 PLE L7z, SHELXL-2014/7 70 7T K& AW TOIKRFIE T2 IFE G IR L.
ML=y FTh o7z,
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Figure 3-4-2. Molecular structure of 30c¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity. Second and third molecules are omitted for clarity.

Table 3-4-2. Selected bond lengths and bond angles of 30c.

Bond Lengths A)

Ru(1)-Ru(2) 2.7647(7)  Ru(2)-Ru(3) 2.7498(7)  Ru(3)-Ru(l) 2.7605(6)
Ru(1)-Cen(1) 1.805 Ru(2)-Cen(2) 1.802 Ru(3)-Cen(3) 1.800
Ru(4)-Ru(5) 2.7565(7)  Ru(5)-Ru(6) 2.7473(7)  Ru(6)-Ru(4) 2.7619(6)
Ru(4)-Cen(4) 1.802 Ru(5)-Cen(5) 1.805 Ru(6)-Cen(6) 1.836
Ru(7)-Ru(8) 2.7601(7)  Ru(8)-Ru(9) 2.7530(7)  Ru(9)-Ru(7) 2.7469(7)
Ru(7)-Cen(7) 1.801 Ru(8)-Cen(8) 1.796 Ru(9)-Cen(9) 1.797
Bond Angles ©)

Ru(1)-Ru(2)-Ru(3)  60.076(17) Ru(2)-Ru(3)-Ru(l)  60.230(17) Ru(3)-Ru(1)-Ru(2)  59.694(17)
Ru(4)-Ru(5)-Ru(6)  60.241(17) Ru(5)-Ru(6)-Ru(4)  60.044(17)  Ru(6)-Ru(4)-Ru(5)  59.715(17)
Ru(7)-Ru(8)-Ru(9)  59.769(18)  Ru(8)-Ru(9)-Ru(7)  60.245(17)  Ru(9)-Ru(7)-Ru(8)  59.986(18)

—OD Cpt 2D Cp*=v Mnb7ed =R TH 7. Ru-Ru FEE 1L, 2.7647(7),
2.7498(7), 2.7605(6) A T 1V, Cp*JAf% A 30a (Ru-Ru: 2.7534(8), 2.7503(8), 2.7453(6) A)* & [l
T H o T, Cpt O Cp*ERfL 13 Rus 2> B A TV TEI & 7.

30c DOXIFER 30a AT F LTV Z &I, B X BEEMT72 0 c/2<, 'H
NMR COE [Y REALFORERNR (1) 55 bBET S 2 L25TE 5. MERAIRI
spin-lattice relaxation & & FEXAL, bl S 7z =L ¥ — 2 IRENCEIHR & Vo 7o THMERIT

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

119



53 CpfiTa2FT 22K & N FEEROA R

BT DIZES LR TH D, 3 FNOHERE WS, 0 EENI T 2 BB E Y
PR AR D Z ENMBN TS, 2D, 30a (2~ G iFEE 72720 30¢ T
T NBEEICEHLS D 2 ENRTEINS. 30 D-80 °C 7>5 20 °C £ TP VI-'H NMR A%
27 N V% Fig. 3-4-3 (2R L, KREIZE T D T) OfEi% Table 3-4-3 }2 (X Fig. 3-4-4 |2k L7z,

S L e
1 A JUJL_JLL l 0-c
i I S — } JL -20°C
| A uuu“_i | j -40°C
| Ao | e
| Ll L] | e
6 5 4 3 2 1 0 2 3 4 5 s 7 &

-1 -
f1 (ppm)

Figure 3-4-3. VI-'"H NMR spectrum of 30c. (400 MHz, thf-ds)

Table 3-4-3. 71 values of the hydrides in 30c. (400 MHz, thf-dg)

Temperature [°C] T [sec]
20 4.56 +£0.2021
0 3.102+0.1356
-10 3.039+£0.2514
=20 2.285 +0.09153
-30 1.874 £ 0.07382
—40 1.83 +£0.06128
=50 1.533 £0.02479
—60 1.491 +£0.03364
-70 1.122 £0.05235
-80 0.994 £ 0.0246
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-100 -80 -60 -40 -20 0 20 40

Temperature [°C]

Figure 3-4-4. Ty values of the hydrides in 30c. (400 MHz, thf-ds)

30c O Ty DL, FHENDIEE T 4.56'5 (20 °C), 1.53 5 (=50 °C), 0.99 s (<80 °C) & 72~ 7=,
Z OfEI, G alfsdh A2 A3 5 30a D1, 8.63 s (20 °C), 4.33 s (=50 °C), 2.55 5 (-80 °C) &t~
PARREOETH L. ZDZ L1X30a D CGxIFREE Cs PRRICHE & 52 & ThH FiEEhCE
MO, HEEMEFMNELS o2 2R LTV D,

KL L LT =B8R2 R A L 7= Rspie

Cp*fhL DA G722 30a 13 C ARl Z A L TV D720, SEFREO WIS & — 55K
R A LBRIS, B OB T 2 F MO 3 A HB L TLE S 2 &nmbi
TW5.30a XU EDRIGIZE > TEL 2 EENL R B U3EHA (Cp*Ru)s(n-H)s(us-
nZn?n’benzene) (31a) b FEARIC C3RlREHZ A L T\ 5 728, XB U BEROEHERZEE) B3
LTSS (Bq. 3-4-6).0 tEERE L LT =B8R EZ WA Z & T, ZivE T
BINI IR 5 TV WEERO BB 2 L SEICR O b L HiIfF S 5.

— =

Ru Ru
H/ ,"\\H H// \\H
—_—
EEN § | | |/ (3-4-6)
RU Ru 120°C Ru “Ru
X \H/ N A \H/ N
30a 31a

60 BEHr VEEIK & O SL[EIAFSEIZ K % . Tsurumaki, Y. Master thesis, Tokyo Institute of Technology (2017).
61 (a) Inagaki, A.; Takaya, Y.; Takemori, T.; Suzuki, H.; Tanaka, M.; Haga, M. J. Am. Chem. Soc. 1997, 119, 625~
626. (b) Inagaki, A. Doctor thesis, Tokyo Institute of Technology (2000).
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30c LB EDKIGET (CpiRu)(Cp*Ru)(u-H)s(us-n2nzn>-benzene) (3lc) Ak L7Z &

Z A, 31c DHEBLALAR B UL A1, 100°C TH 71 b oo Z VR FEEAMNIC 3 FERELH <
M, [Al#E LTV RN 2 E DS 5372 5 7= (Scheme 3-4-2). — 5 C, 31c &b+ 5 Z & TH
HILDHEAT UASER [(Cp*Ru)x(CpfRu)(u-H)s(ps-n*m3-CeHe) > (32¢) 13-80°C TH CeHg I
DT b T FOVRNEMIBI S L, ERVERREEI A AT 52 AL o7,

Scheme 3-4-2. Two facecapping-CcHs complexes with different oxidation state.

tBu—;}—‘Bu tBu ‘B
B R'lu tBu
H/ “:\\H / \
| /| 't!\ I nghly rigid CeHg
(& 180°C
£ /ﬁ% ﬁc %
H
30c
Bu
— 'Bu —_

'Bu~;|>_'Bu

Bd ‘Bu

// \\ [Fc][PFG] // \\

IO |
j‘\}\ /ﬁ\% jft ﬁt(

ZAVE TR EComBAI A B UEEROFEENCE L TE, IAVR=V T TRAE—%
e L THEESHESINTND. Lewis HIZ L o THA 72 0s3(CO)o(us- n7nZn>-
benzene)®?? DX ¥ v OEMNIAERIE, %I LEED % T Rh(111) m ECTEHAISN TH
0.0 EARRAIZEE L THA RIEEDRTARGN TN D, R, XUB VRO [RIEEZEE)
B L TIE < BES LT 5. Lewis H1E Os3(CO)o(us- n2:n*n>-benzene) D 71 /L 7R =
WENLF D — D& T F L AZEIRT 5 2 & TEIEOMIEZ A L, N B BT84 X
RULYTGAZ—ETHERAL TWAZEEZH LML ZRETHLNIZENTWND
- 237 b— VR LR, BAALPEDE L A OO f 2 BR X 05 — I alER LT

92 Gomez-Sal, M. P.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R.; Wright, A. H. J. Chem. Soc., Chem. Commun. 1985,
1682-1684.

% Van Hove, M. A ; Lin, R. F.; Somorjai, G. A. J. Am. Chem. Soc. 1986, 108, 2532-2537.

% Gallop, M. A.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J. Chem. Soc., Chem. Commun. 1987, 1809-1811.

%5 Braga, D.; Byrne, J. J.; Grepioni, F.; Parisini, E. Organometallics 1995, 14, 4892-4898.
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WD ZEDVEN B I TN D 6466676869

3le [THMZN B UVEMFICH 0000 6T, FERFEE 2RISR WHE— Dl Th D, Z D
L0, SRS O EICERN L TS EEX NS, TRETICAKESN
TWDREBNLAR B U SERII I VR =V 7 T A K —732 EOnfetEENL 1% % < AT D8R
R 3d BN ETHY, XUBUEAAICK LTRSS W35 2 ST TE Ry, 2Tkt
LG, 3le I BFEDRN Cp SRENL - & & KU RENLFDBNHRH AT =7 LR TH
D, XUB RN AT L TR W TE 2720, BEEAIZ b TS, 31e D FE
LR T D 32¢ TIEWHGNTIE 7720, BRVWREEEEZ R LD EEXLND

IHETHEO Cp RN AE2ATHR) b R REKROEIT, MEIRARLLN T
To TR, SRR CIXHE— DA B S DT Bl e\, Alal, @ SRR - 2 F
T 52 & T, ERFEE ORI 2 ERBATRRIZ R o7, 2O X 2 ICE& Rk LIIRA BN
SRR, ROSMED R BT, RUB VBN TR L2 K 912, ZivE TH oIk Zen
ST ZEESER ECORMLF OB EOCHEZ O NCTE D0 RIS,

p-Cymene BN F& 7 u Xy 2P VBN FEFFONT =R Y & R FEEROE
F%

AR T, B A7 e Y REMRICK LT, &R e 7 A& b S =
T A REERE G L7214, 2-propanol/ M 5515 216 35 2 & CIRAEML - =285 K% &Rk
TEDLZ AR, ZOFEL Cp REMNFIRLTHEATELIbDLEZZOND. £
T, p-cymene % XFFENLFICA T HNT =0 L=y NOEAERF LT

p-cymene & DD CpEL 15 72 5 Z K85 (Cp*Ru)a(u-H)s(us-H)Ru(p-cymene) (24a)

% Ru and Os: (a) Gallop, M. A.; Gomez-sal, M. P.; Housecroft, C. E.; Johnson, B. F. G.; Lewis, J.; Owen, S. M.;
Raithby, P. R.; Wright, A. H. J. Am. Chem. Soc. 1992, 114, 2502-2509. (b) Blake, A. J.; Dyson, P. J.; Ingham, S. L.;
Johnson, B. F. G.; Martin, C. M. Organometallics 1995, 14, 862—868.

7 Co: (a) Wadepohl, H.; Biichner, K_; Pritzkow, H. Angew. Chem. Int. Ed. Engl. 1987, 26, 1259-1260. (b) Wadepohl,
H.; Biichner, K.; Herrmann, M.; Pritzkow, H. Organometallics 1991, 10, 861-871. (c) Wadepohl, H.; Borchert, T.;
Pritzkow, H. J. Organomet. Chem. 1996, 516, 187-189. (d) Wadepohl, H.; Calhorda, M. J.; Herrmann, M.; Jost, C.;
Lopes, P. E. M.; Pritzkow, H. Organometallics 1996, 15, 5622-5634. (¢) Wadepohl, H.; Klaus; Herrmann, M.; Metz,
A.; Pritzkow, H. J. Organomet. Chem. 1998, 571, 267-278. (f) Wadepohl, H.; Biichner, K.; Herrmann, M.; Pritzkow,
H. J. Organomet. Chem. 1999, 573, 22-29.

8 Pd: Murahashi, T.; Fujimoto, M.; Kawabata, Y.; Inoue, R.; Ogoshi, S.; Kurosawa, H. Angew. Chem. Int. Ed. 2007,
46, 5440-5443.

% Tera-, penta-, hexanuclear complexes: (a) Gomez-sal, M. P.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R.; Wright, A.
H.J. Chem. Soc., Chem. Commun. 1985, 1682—1684. (b) Dyson, P. J.; Johnson, B. F. G.; Reed, D.; Braga, D.; Grepioni,
F.; Parisini, E. J. Chem. Soc. Dalton Trans. 1993, 2817-2825. (¢) Braga, D.; Grepioni, F.; Parisini, E.; Dyson, P. J.;
Johnson, B. F. G.; Reed, D.; Shepherd, D. S.; Bailey, P. J.; Lewis, J. J. Organomet. Chem. 1993, 462, 301-308. (d)
Braga, D.; Grepioni, F.; Sabatino, P.; Dyson, P. J.; Johnson, B. F. G.; Lewis, J.; Bailey, P. J.; Raithby, P. R.; Stalke, D.
J. Chem. Soc. Dalton Trans. 1993, 985-992. (e) Lewis, J.; Li, C.; Raithby, P. R.; Wong, W.-T. J. Chem. Soc. Dalton
Trans. 1993, 999-1000. (f) Dyson, P. J.; Johnson, B. F. G.; Lewis, J.; Martinelli, M.; Braga, D.; Grepioni, F. J. Am.
Chem. Soc. 1993, 115, 9062-9068. (g) Braga, D.; Grepioni, F.; Parisini, E.; Dyson, P. J.; Blake, A. J.; Johnson, B. F. G.
J. Chem. Soc. Dalton Trans. 1993, 2951-2957. (h) Braga, D.; Sabatino, P.; Dyson, P. J.; Blake, A. J.; Johnson, B. F. G.
J. Chem. Soc. Dalton Trans. 1994, No. 4, 393-399. (i) Adams, R. D.; Barnard, T. S.; Li, Z.; Wu, W.; Yamamoto, J. H.
J. Am. Chem. Soc. 1994, 116, 9103-9113. (j) Blake, A. J.; Dyson, P. J.; Ingham, S. L.; Johnson, B. F. G.; Martin, C. M.
Transit. Met. Chem. 1995, 20, 577-582. (k) Edwards, A. J.; Johnson, B. F. G.; Parsons, S.; Shephard, D. S. J. Chem.
Soc. Dalton Trans. 1996, 3837-3842.

123



3 CpfiTa2F 922K & N RO ER

IZ Cp*Ru(pu-H)sRu(p-cymene) (23a) OEFRDOERIZHEHILTEY, D0 p-cymene & CpEfiL
FIB 725 ZREEHAR G T ENIL, =BEER RICB T DB & SOSTED BRI~ 5
nNob0EEZT.

Cpx3 Cpx2, arenex1 Cpx1, arenex2

44e 44e 44e

Figure 3-4-5. Cp arene mixed ligand system.

23a L 0.5 f5E /LD 21a % 2-propanol H' 80 °C THIZL L 721%, K.COs Z /1 %, 80 °C C 16 I
INELS % Z & T CpfRuHs {Ru(p-cymene)}, (34) % 60%DILHE THET= (Eq. 3-4-6). KUK T
BATHE LI SOSIRA O THNMR A7 RV, (FIEERIRAIIC ZAZEEIR 34 AR L= 2
xR L TV,

‘Bu~;|>_‘Bu ‘Bu.;'}‘Bu

tBu Bd
R
¢ i
P \/R“ | LH ’
N N
ol ¢ \ | cl Ru—\—\ Ru iPr Ru/ Ru
Bu 'Bu . ﬁ Cl, H, s

iPr

(3-4-7)
34 |3 'H, 3C NMR, TTHROHTIC & - TRE L, HAES X BAEEMRITIZ X > T O & e
2 L72. 'THNMR A7 kLGl Cptc/iz - & p-cymene BUNZ 1235 1:2 O ML THEIHI X 4u7-. Cpt
B -0 2 FEFAD Bu 2D 9 HO— D3RR (8 1.61 ppm) (ZHLHI = 41, p-cymene Bz 1D
RV Ta b oALEiEY (8 1.17 ppm) (IZBIHISVo. ZHUTTE OB FERD D DR E
HRICEDbDOEEZLND. B KU RENL 71T §-12.37 ppm (2 3H B SN2 b0 EH
ZBHNDMN, BB LD HD ZZBRBZBESCHICHEITT D728, BOMEFELSEHT
Mol 2o, e R REAFOBUL isotopomer DU K-> TRIELTZ. 34 O
ORTEP [X|% Fig. 3-4-6 |27~ L, 721 BREE KX OS &44 % Table 3-4-4 ITF & 7270

0 HENE, ngakuR AXIS RAPID [EI#1#5 7 4 FV T —150 °C T{T\ >, Rigaku Process-Auto program (2 L ¥ 7
— X B U7 AT AL RSB L, ZEMEHE P2uUn#14) Th o 7o, fENTIE SHELXT-2014/5 J X
SHELXL-2014/7 7’0 75 5oXw r—V % AW, V7 =0 AR OMEEZREL, 7— U ZGRIC L V%S
FEKFF T ONE % E L7 .SHELXL-2014/7 7'0 7' T L& AWAETOIRKEIR T2 FELI7EIC R Lz,
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Figure 3-4-6. Molecular structure of 34 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Table 3-4-4. Selected bond lengths and bond angles of 34.

Bond Lengths A)

Ru(1)-Ru(2) 2.6873(9)  Ru(2)-Ru(3) 2.5942(10)  Ru(3)-Ru(l) 2.6747(9)
Ru(1)-Cen(1) 1.804 Ru(2)-Cen(2) 1.701 Ru(3)-Cen(3) 1.693
Bond Angles ©)

Ru(1)-Ru(2)-Ru(3)  60.822)  Ru(2)-Ru(3)-Ru(l)  6131(2) Ru(3)-Ru(1)-Ru(2)  57.87(2)

Cpt& Z-2D p-cymene B 2 H 3 2 A TH Y, Cp'Ru & Ru(p-cymene) DfHD Ru-
Ru fEA (26873(9), 26747(9) A) 73& <, Ru(p-cymene) ] Ru—Ru fEA (2.5942(10) A) 23H
WEIEZ A LTV e, 20D OFffiT, 30a (F5): 2.75 A) X0 24a (2.7430(5), 2.7260(5), 2.7105(5)
A) @ Ru-Ru fi&EHELTHEW. B FY RENL 1L =FEZEIZ—D, CpRu & Ru(p-
cymene) DIZ— DT OREHELTE7. B RU ROMNEOZ YL MDD H 12912, DFT &
BaiTolz b Z AR X S EMEIT CROTEEEZ BT 5 Z &N T& 7z (Fig. 3-4-7,
Table 3-4-5).7!

" Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, and C, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.D 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 for ground state.
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Figure 3-4-7. DFT-optimized structure of 34.
Hydrogen atoms beside the hydrides are omitted for clarity.
(Ru = blue, O = Red, Cl = green, C = gray)

Table 3-4-5. Selected bond lengths and bond angles of 34.

Bond Lengths A)

Ru(1)-Ru(2) 2.68002 Ru(2)-Ru(3) 256033 Ru(3)-Ru(l) 2.68123
Ru(1)-Cen(1) 1.79803 Ru(2)-Cen(2) 1.68764  Ru(3)-Cen(3) 1.68937
Bond Angles ©)

Ru(1)-Ru(2)-Ru(3) 61.498 Ru@2)-Ru@3)-Ru(l)  61.450 Ru(3)-Ru(l)-Ru(2)  57.053

a: The atom labels are corresponded with the X-ray structure (Fig. 3-4-6).

Figure 3-4-8. Molecular orbitals of 34. (Isovalue = 0.04, HOMO (left) and LUMO (right))
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Fig. 3-4-8 |21, 34 ® HOMO 5 LU LUMO %7~ L72. HOMO (2%, BAffE72 Ru—Ru #&5 & PEHL
EABHI S, g, 2 To&BE N Y REMFICE > TERBES N TN D 30a <
24a (272 WVRHEIY 72 3 FHLE CTh 5.

34 DERVP LD H/D RHL

D
D D
Bu ‘Bu Bu Bu

o A a

|-|/ H D D/ D
. \ /*I'X’ N \ /'L\ | (3-4-8)
iPy /Ru Ruﬂ iPr /Ru Rv

AN iPr N iPr
34 34-d;

34 [FEAN B L EIR T CHENT H/D RS X, 1 FFZ 21X 85% D D b H3 8]
W =7z (Eq. 3-4-8, Fig. 3-4-9). Z iU, Cp*BihL DA 572 % 30a (80°C, 17h, D {L=E:
61%)® LHELTHEHE L B 2> TEY, Fig. 3-4-8 (2718 L7= HOMO @ Ru—Ru #f&A L
EREEL TS0 EEZBND. — T, 24a 1% 30a L[REED D {LREZERT DD
180 °C [ZMMEAT 2 LN B o 72

Ru,H,D
20 min |'‘Bu Ru,H,
Bu
Me iPr Ru,HD,
_IT,'_)."\.\ J”‘ M Hl Ji
19% 40% 28%
1Th By
Bu
Me or Ru;HD,
or | U RuH, RusH,D
I | S | | | I
0% 6% 31%
12h
Bu
Me Pr
l “ Ru,HD,
A M M
I 0% 3% 9%
18 1.7 16 1.5 14 1.3 1.2 11 1.0 0.9 0.8 0.7 0.6 0.5 -12.0 -12.2 -12.4 126 -12.8 -13.0 -13.2 -13.4 -13.6 1
1 (ppm) f1 (ppm)

Figure 3-4-9. H/D exchange reaction of 34.
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34 LR EDRIS
tBu~;|>.—‘Bu tBu~;|>—'Bu

t t
Bu R Ba Ru

/ \ H, (1 atm) \
P rl— Ar (1 atm) jp /__R (3-4-9)
S
L]
iPr
34

34 (TR T —RIEDKSE & Ui L, CpRuHs(Ru(p-cymene)), (35) =45 L7 (Eq. 3-4-9).7
F£72,35 % Ar FHK T 80°C, 1 FEFIMMEAL 7= & 2 A, 34 A L7, 34 13 n[ B9 B LI f
m, BITHBEEZ R 32 LD, RUBUEO H/D REEUGSZI W TG (AR OEFEE & %
TETLTWNDEHDEEZLND.

Scheme 3-4-3. Plausible reaction mechanism for the formation of 34

‘Bu ‘Bu ‘Bu. ‘Bu ‘Bu ‘Bu
S S Y u;?:

t t
Ba Ru Bad Ru B Ru

iPr iPr

35 OWKFERISZHEE %25 &, 34 DERLD A T =X L% Scheme 3-4-3 IZF L D HI15H.23a
L 05 fFENLD 21a & DORISIZ XK - T, CpRuH;CL(Ru(p-cymene)), NEKT 5. £ D% 2-
propanol/ME 5L 551 T T, salt metathesis 36 L OB-KFEMBEIC L > T U FEAZF2EA S 4L,
35 BAERKT 5. 35 1% Ar FRFHR, 80 °C DMIEATEGIZHAKSE L, 34 % 52 5. Salt metathesis
B LOB-KBMBER IS TIE, BALEOELE DI\, 35 025 OKFEOEITTHINEEC X -
T AliD T =7 K5EED S RANC Ru(D-Ru(D)-Ru(ll) $EENERKT D EEZ HND.

TR LIe & 91, ZMROSHICMABA LR o | OBz HE ST 5 2 L T, @R
%E%ﬁ%ﬁﬁ“éﬂ? JE RY REEARARTE D, 20X e B-SREEEH T 558
RUE RU REERIT, EENRSR-SBMEE R0 FEOSEARY v FU Rk L
HEEZRIZTL2HDOTHY, TNETIORLTELEZEAY R MR L IR 250G
PHEERTHOEWFEIND.

72 35: 'TH NMR (400 MHz, 25 °C, CeDs, 8/ppm) & 5.11 (d, Jun = 5.4 Hz, 4H, CsHy), 5.05 (d, Jun = 5.4 Hz, 4H, CsHy),
4.38 (s, 2H, CpH), 2.47 (sept, Jun = 6.9 Hz, 2H, CHMe»), 2.05 (s, 6H, CH3), 1.55 (s, 18H, tBu), 1.35 (s, 9H, 'Bu), 2.05
(d, Jun = 6.9 Hz, 12H, CHMez), —13.41 (s, SH, Hydride);
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ARETIL, CplefiF2HT 2 8,97 v u bR E LAY v Y RESRISEAT 5872
BRRIECOW TR AR, pokFEMi AL Lzt R REBRRMISICE > T, Cptldhi+ &2 A9
5KV T = LR B RY REHMA CpiRu(u-H)RuCpt (2¢) NERAICAKRTE HZ L &M
SN LT, £, ~aF U R ERIR Lz~ T v R OFBR B 7SS & -k E B A
FIHTHZLT,89GBBT 77 A N TH~T 2 AR Y B R REHEADERA~L
BB L7=. ZOAKIETIE, ARRS e u7Z Uik E ke LTHWTEY, fiiffiic~T
PEBAEMBECE IR TENRL TS, AFEEIEOALR LT, ZEROARIZH LT
LEATEDZ L0, LVIBENEEARY b R KO AR EZATREICT 25D TH Y,
SIS D RS IR~ DICH R EIR S 5.
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A CpELFE2AT D BARY B R RESRDOME & RS

BAE CpENLFEAETHERY & R FEEEROWE & Kt
B WS
HSEIRIC BT 5 Cpr 0B TH), SLEK 225

INETICHA RBERIEA AT 5 7 u X0 2 Voo VARG SN TE . v/ arx
VH YT VR OB, SRR A (LIS 2 ETRBOKIGMEIT R E <
BALT 5. Bl 2T, BAMBL R TIX, AR EONKBREIC X » TAERY ORI
NSNS Fi, BEONA ABEEFIHT RS TIE, BT A2 Cp RENL 1% H
WA ZETIEERR ETAZ ERmBITND 2

RAT 4 BT TlE cone angle & CO HFEHIRENIC L - T, ZDETHIE LUK 725
BNEBEMCGHME SN TED,? v 7 e X V=B FAIZ O T H WL DD 7 L —

TN K> TETH, SRR EOFm A 5T 5. Bercaw, Green B (37 B~ ¥
VT = VB T DFE I ER % Cps:ZrCly X CpsZr(CO), DER{EIETLEA R CO MHfEHRE) )

SEHH LTV 5. BRC LB EoEBIL L COMiERSE) & DRic imﬁiﬂﬁin L E
AL THY, BEHRILOZFH Hammett AIIZHE D Z & 2 LT 5 (Fig 4-1-1).4 #ilx 13
Bu H1E Me IR T 14 006 15 FIFEOBETHEGEEEZFETHZ LD, Bukkd 3 oF
T 5 CpEINL 11X Me £% 5 D D Cp*lilfiL 12T 0.88 [FREDE L GRETH 5 & FLiH
HLHIENTEDL, ZOXIICHAML o - B 1 HREIL, &R TH REROBIR %2 /R~d
ZERMBNATNGS

e R ™ g
R3 4 %_I-;- 14
2e MesSi
Rs $8 2
R; \ 22
R, zr SO Eg
R, 1 Nco B3 4
Ll Me, Et o
8 B
Rg R A pre
R 9 J] By AV(COYsUbS! = 48.30meea
5 T T T T T
\_ 10 Y, -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02

Ometa

Figure 4-1-1. Correlation between vco@v) and Hammett Gmeta values.

— T, v uX o VAR D S 2 ERmPNCHHE T 5 Z S IERZICEE LV,

! (a) Alt, H. G.; Koppl, A. Chem. Rev. 2000, 100, 1205-1221. (b) Ye, B.; Cramer, N. Acc. Chem. Res. 2015, 48,
1308-1318.

2 (a) Gusev, O. V; Ievlev, M. A.; Lyssenko, K. A.; Petrovskii, P. V.; Ystynyuk, N. A. Inorg. Chim. Acta 1998, 280,
249-256. (b) Shibata, Y.; Tanaka, K. Angew. Chem. Int. Ed. 2011, 50, 10917-10921.

3 Tolman, C. A. Chem. Rev. 1977, 77, 313-348.

4 Zachmanoglou, C. E.; Docrat, A.; Bridgewater, B. M.; Parkin, G.; Brandow, C. G.; Bercaw, J. E.; Jardine, C. N;
Lyall, M.; Green, J. C.; Keister, J. B. J. Am. Chem. Soc. 2002, 124, 9525-9546.

3 (a) Yanagi, T. Doctor thesis, Tokyo Institute of Technology (2010). (b) Yanagi, T.; Suzuki, H.; Oishi, M. Chem.
Lett. 2013, 42, 1403-1405.
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Sitzmann X° Walter © |3 CpsZr(C7H7) ZET VAL LT, 7 mn X ¥ U x =)L AL 1
DA JEN DD coneangle @ 38 L OVEHLFLD CsEH D D coneangle 2 #H H L T\ 5 (Fig. 4-
1-2, Table 4-1-1).6 Z D X HIZ L TEA I 7= cone angle @3 xy i O &EEHIE2EL, 2
TRBEOEDY OERMOTREZEZL TND.

4 A
R3
R | "R
1 Zr 5
\ O J

Figure 4-1-2. Definitions of the angles & and @ leading to cone angles @ and (2.
@ (6i+ 6+ 65+ O3+ 65) x 2/5. £ maximum cone angle calculated by twice the average of

for each group attached to Cs ring.

Table 4-1-1. Cone angles @ and £2 of substituted Cp ligands in CpsZr(C7H?7).

Cp e Q
CsHs 88.2 0
CsH4CH;3 95.1 49
CsH4Si(CHz3)3 104.3 95.6
CsHa(allyl) 106 68.6
CsH;'Buz 116.2 100.7
CsHa(cyclo-pentyl)s 131.7 86.1
CsHa(cyclo-hexyl)s 134.8 89
CsHa(iso-propyl)s 132.6 89.1
Cp? 132 99.8

CsH(Me)a(iso-propyl), 134.5/134.9 69.2/69.3

CsH(iso-propyl)s 146.4 85.9
Cp* 122.4 51.2
CsH(Me)a(iso-propyl),  150.4 75

¢ (a) Glockner, A.; Bauer, H.; Maeckawa, M.; Bannenberg, T.; Daniliuc, C. G.; Jones, P. G.; Sun, Y.; Sitzmann, H.;
Tamm, M.; Walter, M. D. Dalton Trans. 2012, 41, 6614—-6624.

(b) Bauer, H.; Glockner, A.; Tagne Kuate, A. C.; Schifer, S.; Sun, Y.; Freytag, M.; Tamm, M.; Walter, M. D.; Sitzmann,
H. Dalton Trans. 2014, 43, 15818-15828.
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Cs(Me)a(iso-propyl); 150.2 75.9
CsPh; 157.4 98.9
Cs(p-nBuPh) 163.8 104.7
Cs(iso-propyl)s 167.4 88.6

LML G, 26O cone angle Tl xyz FRIETO @ E S 03592 KSR Z i3
HIZENTERY, ZOWEE, FNEThDy 7 a2 oo = )LRENLA DIEeE #a ko
xS, @RTOLONERESCRISMEZ LA T 5. BlAE, o0& Ey Cp RENLTF20 5
7257 xut T, Cp BREI ORI L > THEESHESND Z LB TV,
Z 3L E TIT CphFe, {CsH(iso-propyl)s}aFe, (CsHs'Bua):Fe, {CsHa(MesSi)s}Fe D [RIHAREEE 3 5 H
ENTWD (Fig. 4-1-3). Cp*lchL 1% CsH(iso-propyl)s BofZ 7- £ ¥ & cone angle @ 23/ <
REL LN TWDR, 7ok onlsfEeE L E <, cone angle @ & W THIAT 2 Z &2
T X720, CsH(iso-propyl)s BLfL 1~ T, iso-propyl ZEN AT 5 Z & TR ZfRIE TX 5

<, fiR L LT (CppFe DEERFEEL D H/hE R0 EHHEN TS, 2D & H 7R
WA TH, SMAKIZR 2% cone angle |2 L - TRtk 35 Z &1L <, NN OENL T
DGRBS DB & DPEER ORISR % R CRBA KT T Z LRI TV D,

. ‘Bu _ SiMe;
BU\@ 'Prﬁ \@ M93SI\Q
| Bu iPr” | CiPr | Bu SiMe;
Fle ‘Bu iPr. Fle iPr Fe ‘Bu |Me3
AG* = 14.2 kcal mol™’ 13.6 kcal mol™ 13.1 kcal mol™ 11.0 kcal mol™

Figure 4-1-3. Rotation barrier of sterically demanding ferrocenes.

ZiZSE R L OB L OMEHEE

CESERICRIET Yy e X B Y S VRN DR, SRR T, FEARAYICIIH
ESERCTRONTZL D LRRRRBIRICH LD EEZLND. L LR D, AT
XFFENL - DE R EPER OB BT 52 & T, HESER L IZR -2 T
NEDBBIND Z EnESND. T2, B FNICEBOIFRMFPREAINDLZ LT X
0, BEER L LT, ZONRN BT L VBB SN TERESND L O LIRS
N5, 12,3 EO~T v _EEHA TR L 912, Cpt e Cp* & T DIRGENL 755K 20¢ 33
L OV 20d 1AL A & AR DR AA DI L o TRUGEN K E < BT 5 (Egs. 4-1-1, 4-1-2).
ZO KRN, FEAL A0 SR D RUGMEIC R T EBL, A TR b D &
e, KOEMERECENDI b D EEZ X NS,

7 (a) Luke, W. D.; Streitwieser, A. J. J. Am. Chem. Soc. 1881, 103, 3241-3243. (b) Okuda, J.; Herdtweck, E. Chem.
Ber: 1988, 121, 1899-1905. (c¢) Sitzmann, H. J. Organomet. Chem. 1988, 354, 203-214. (d) Okuda, J. J. Organomet.
Chem. 2001, 637-639, 786-792. (e) Walter, M. D.; White, P. S. New J. Chem. 2011, 35, 1842—1854.

135



A CpELFE2AT D BARY B R RESRDOME & RS

c.D Percent deutration
Ru _ s / _—d Cp* : 0%
B -7 Hydride: 12% 4-1-1
120 c }D ( )
tBu ‘Bu

20c-dy,
CGDG D;C CD:,/ e zzl;cent.dgsli}ration
‘R _ vl
\\/ 129 c \// Hydride: 91% (4-1-2)
‘Bu '‘Bu
20d-d

AT, CoML 48 RSEIRIC 5 2 5 BFIOMEFTIC OV TR B & & bic, Hix OB
L DRIEAMR L, B KFRA T2 ST 5 2 5 BT DN T,

w2 EBTHORME
CO RS

FLA R OB IREIL, LIXUIEI AR = VENL -0 CO MfEIRE) CRMli S L. HELsS
RIZBASNIZHRAT 4 R0V 7 a2 o VT OB L CO [hiERSE & o
FHNCIIAIRPEAS R W SED Z e SN TS 34 R b R U A L TOETIREL T
RE120, BIE I NVR = VENL % —DOF T 5 k85K Cp*Ru(u-CO)(u-H).RuCp* (16a),
Cp*Ru(p-CO)(p-H)RuCp? (16d),” Cp*Ru(p-CO)(u-H)RuCp? (16¢) @ CO fififEHREn % L L 7=
(Table 4-2-1). F7=, 2N HDOE RU K7 F LDy 7 ML > THEHIREEORHE 2
ATz,

Table 4-2-1. Comparison of the vco signals and the hydride signals of 16.

L'Ru(pu-CO)(u-H)2RuL?  veo (em™, KBr)  8u (u-H) (ppm, CsDs, 400 MHz)

L' = Cp*, L?> = Cp* (16a) 1793 -12.98
L!=Cp*, L? = Cp* (16d) 1804 -12.80
L' =Cp%, L?=Cp* (16¢) 1808 —12.51

CO {MHEIRENIT 16a, 16d, 16¢ DIEICE RIS 7 b LTz, —> D Cp*lifii+ % Cplc/r{-I12%
21235, 16a 05 16d Tt 11 em™, 16d 7> 5 16¢ Tl 4em™!, 2 @umsilizce > ~ L
7. BRI VIR = VR~ O MRS RVZ L, CO fEAIETIE Y, CO (HfFEHRE)
IR A B S LD 2 E R BTV D 34 CO fFEIREEOMEm A 5, CprASEINL L7z —%
HUOIE, Cp* DN L7 R L LV b E AR THDL T ENH LN o T, ZHUTHE
@ CpsRu(CO)Br THA SNV TW A & —FH LT\ 5.5 F72, CpsrZr(CO) D CO iR E

8 Kang, B.-S.; Koelle, U.; Thewalt, U. Organometallics 1991, 10, 2569-2573.
® Tsurumaki, Y. Master thesis, Tokyo Institute of Technology (2017).
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NH TR L7z CproBA G5 (Cp*ENL D 0.88 fEDFE LG oFEmE &+ 5.4
L LR S, Cp* & CprDIRAEN 35K 16d @ IR [HHEIRENT, 16a & 16¢ % 3:1 (T4
HAEICBH SN TE Y, ZESER TIXEBRIEOMANEN K Lo TN 2 & 3RIB X
ns.

=) F‘v&“%wﬂh?‘/7 N 16a, 16d, 16¢ DOJIE TS IZBLIAI S 472, 'TH NMR T,
BHEEMENGAITIE TH BEOME#NTEE 5720, KBS 7 SBBHI S b, "H NMR
AT MV, Cpiﬁau% T Cp*BfL L0 b R OLDOETEEL T DI & NRE
SA7z. 'H NMR A7 [ UVEEFRIER SN & IR ER R BN R 72 Sk~ e %
BT DN, AR T CO MR D RSNl E —FK Lo Z &nb, bl & wau
DIEEZFFLAEMEICBWVTIE, B RY R 7T 1ok 7 MIsEoE iRk
MITHHDEEZLND.

v KU FERAFOFES T B
Table 4-2-2. "H NMR signals of the hydride clusters having Cp* and Cp* ligands.

Chemical shift

Complex

of hydride (8/ppm, CsDe)
Cp*Ru(p-H)4RuCp* (22)'° -13.99
Cp*Ru(u-H)sRuCp? (2d) -13.77
Cp*Ru(pu-H)4RuCp? (2¢) -13.43
Cp*Ru(u-H);RhCp* (20a)!! _14.44
Cp*Ru(u-H)sRhCp* (20d) ~14.00
Cp*Ru(u-H)sRhCp¥(20d) _14.44
Cp*Ru(u-H)sIrCp* (18a)12 1737
Cp*Ru(u-H)sIrCp* (18¢) ~16.81
Cp*Ru(p-H)sIrCp?(18d) ~17.45
(Cp*Ru)s(p-H)s(us-H): (30a) 12
(Cp*Ru)a(CpfRu)(p-H)s(us-H)z (30¢) 667

Cp*B L O Cp*EfL -2 AT 2 85I, bR e K'Y K7 F L% Table 4-2-2 ITF

LI VT =T ADRNGRD 2 TIE, AR VR L RS CpRfL F A28 AT 5 =

ET, B KU RV IABNEKSE Y7 FLTRY, ETHEEOKTIAREIND. 2 OMH
SR 30 THRIETH o T,

19 (a) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243-2245. (b) Suzuki,
H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Fukushima, M.; Tanaka, M.; Moro-oka, Y. Organometallics 1994, 13, 1129—
1146.

11" (@) Shima, T. Doctor thesis, Tokyo Institute of Technology (1998). (b) Sugimura, Y. Master thesis, Tokyo Institute
of Technology (2003).

12' (a) Shima, T.; Suzuki, H. Organometallics 2000, 19, 2420-2422.
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*ﬁfyw?:ﬁA&9#AE#%E5E@éE#¢:OmTﬁ & \
NT =T M CpBfi FEHALESEEICE RY R 703Kk A
Y27 M LTeDIZx L, BRI Z &I bﬂﬂ' Cp*lfir 1438 A L e H\ﬁ
7235 12iE, Cp*Ru(u-H)sMCp* & e R TR E A W 3 E N R~ 7203 I:':eBh‘;dride signals are
ETHLIRAE LI, AT = AL 9 KRR DD Blc B | affected by RuCps unit |

DOEXEM X Ru(ID)-MII) TH Y, BB E(LL TS, B R REMFOLFET 7 K
X, &R P LOEFEEICHRKFELTRY, IVEETHTHILT =0 APLOE
WHEDOZEALD, 9 HEEBOBDO LY HMIEEEZRITLIZbDLEEZOND. 2O X HITHE
e REEATIE, TNENOEBETON ZEEKICKIETEFHREENRR LD, X
FRRINL T DOBIZHOWTH, &R L OMABR LI > TREI LT D,

Cyclic voltammetry (CV)

5
0
ER /
‘5’ e (Cp*Ru),H, (2a)
g1 Aj (CPFRu)H, (2b)
\/ — (CP*RU)EHa (ZC)
-15
-20 f
1 0.5 0 -0.5 -1 -15
Potential {V vs. Fc/Fc+)

Figure 4-2-1. Cyclic voltammogram of 2a, 2b, and 2¢ in THF(1.0 mM) at 25 °C.
Scan range: —2.96 - 0.54 V (2a), -3.00 - 0.50 V (2b), —-3.01 - 0.49 V (2c¢), Scan rate: 50 mV/sec

Scanning direction: negative. Starting point: resting potential.
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Table 4-2-3. Cyclic voltammogram of 2a, 2b, 2¢, and 2d.

Resting  Wave Epa Epe En AEp  |ipe|/|ipal Reversibility
Potential [mV] [mV] [mV] [mV]
[mV]

2a —863 0/+1 =52 irreversible
Cp*, Cp* +1/42 69 215 142 146 quasi-reversible

2b -994 0/+1 —-101 irreversible
Cp*®, Cp™ +1/+2 86 241 164 155 quasi-reversible

2¢ -270 0/+1 255 irreversible
Cp#, Cp# +1/+2 286 435 361 149 quasi-reversible

2d° -362 0/+1 43 irreversible
Cp*, Cp* +1/42 121 217 169 96 1.56 quasi-reversible

2 O CV JEDFER % Fig. 4-2-1 B LW Table 4-2-3 IZR L7, WTINDEHAE D 0/+1 il
5 FE Al 2R B LI AL K T2, 041 D Epe DIEIE, 2b (-101 mV) < 2a (<52 mV) <2d (48
mV) < 2¢ (255 mV) OIETEENM T 7 hLTEY, CpHlithr - DFEAIZ L - T HOMO D HENL
MRS 725 TWD Z EAVRE N, 2 OMMIE, BESSERICENL L7z CpHll/r 1O E 1k 5
BEAS Cp*BiNr - 0 IRV Z & & —Ed 5. 72, 16 O CO MfEIREIOEL2 D AFES b
Te BB LOEFEEOMN & S JE L TR,

UV-vis spectrum

3,000

2,500

2,000

1,500

[ L/{(molecm)]

1,000

molar extinction coefficent

500

250 350 450 550 650 750

wavelength [nm]

Figure 4-2-2. UV-vis spectrum of 2c.
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Table 4-2-4. Absorption maximum and molar extinction coefficient of 2 in THF solvent.

7\«1max [nm] 7\42max [Ilm]
complex Ref
(E1max M cm™']) (€2max [M! em™'])
2a 371 (1.40x10%) 490 (2.19x10%) 13
2b 370 (1.12x10%) 490 (1.70x10%) 13
2¢ 383 (1.48x10%) 508 (1.18x10%) This work

2¢ D UV-vis A-X7 ~LTIE 383 nm & 508 nm (WL MBLHI X4, 2a & lE_TENRZE R 12,
18 nm EHEM~T7 F LTV, Zhid Cp*ichr % Cptlidhr FIcE#$ 252 & T, 5F
il & FE A EIE OMEN 23 0.09 ~0.10 eV FRE/N X oo 2 L AR LTV CV lIET
1%, Cpt & AT % = & T HOMO DYERAME T % 2 & 2R &2, CprdE AT L - TH
HEHEO LSV BT T 5 2 ERH L E o7

38 KT NS e R REEEKRD T IVH R TOMBKE UK S
T Vh T OB i
THITCRLIEWTNOWE S, KRR TS TESEIRIC B 2 D E T e BT, HALSEK
DOHLOERICMHEMIZH D Z EERL TV, LR - T 2e DFLAEIT 22 LT, DL
B ABIZRS> TS OO, EMRINTIE CsMeH BEALF %2 A3 2 A L [FIRRE OE
WL EZONDY —J7T 2 OVAKREEIL 22 DLO L H_RTREILSBLLTEY, TD
B S EIED LIRS ER IR S D, BRI, 2¢ 1T B R SIC X » T BALBUS il ST
WS, EIRTOMBSNIA T T B ERSTCEEFHRE LG TE D, ZhE
TIXNUEZSE R DAL D T OIS Z TR D Z LN TE R o720, &m W BL 1 238 A
THZEIWLE-T, ZESEATHET L h D C-H FEEDOUINFREICRD bDEEZ BN
%, KEHITIE 2 O BALKIS & EBICT A R TOMEAE L O SERE L.
2a X 50 °C 75 70 °C OINEGAM T _Efb# & Z L 36a £ T 5. 2a % THF {EIEH T,
70 °C T 1AM SET2E 2 AL, 36a 3 5S5%DINR CTREER E L TELREZ. 2, &
fRMED N CpH A T2 2b 2 W THERICIIENT 5 &, 30b, 36b, 37b 23 4LE 4L 25:71:4
DOHTHEMR LT (Eq. 4-3-1). ZOX I, Cp*° CpP 2 HT 5 2 TiE, EHERIETH LY
HEEERE COMISPEET 556, “EEERSCIUBSE RN AR T 5.

13 Muroi, Y. Master thesis, Tokyo Institute of Technology (2012).
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Et Et _;f Et—;\fﬂ

Ru

g H\\ \Ru
ﬁ“gf"‘”ﬁ o %‘“ % *&/\Ré/r{/ \k
H{ \f f

2b 30b (25%) 36b (71%) 37b (4%)

(4-3-1)
TNH I E U CRIRLTZGA, 2b Tl B bSUSM S U, TEESEARN AT 5.
2b % Ce¢Di12 ™, 180 °C TMMEAT % LW IC — & b A 2 L, TUAZBHIA 36b 35 L TN 37b A3 E
B L 72, 2 REEI#2 11, 36b 28 54%DUXEET, 37b 73 41% DU THAR L T 7o (Eq. 4-3-2).

D,
N

. £t ?Dz Et-{\f Et Et—{\f Et

|
D€ . €D Ru R
C u
AN
\ﬁ /<> ﬁ . R/ /R“\% / \R"\% (4-3-2)
AN o X-Ru XR
180 °C \/Rt\‘ “\\Ru/
\

2h H

D,C

m
Ly
%\;
m
a2
m
a
T
}
m
-

2b 36b (54%) 37b (41%)
D,
C
D,c” \<I:Dz
Bu ‘Bu D (': ¢p, 'Bu ‘Bu
H.H 2 \S/ 2 D.D. Deuterium incorporation 433
S 2 "N\ referenced to CpH -3-
_R<<>/R"_ 180 °C _R</>R”_ ‘Bu  :87% ( )
H¥H 36 h Nl Hydride : 77%
Bu 'Bu 'Bu 'Bu 'Bu 'Bu 'Bu 'Bu
2c 2c-d,

TR LT Cpti i+ & A L 7= 2¢ 13 CDip 1, 180 °C THMEN L 72354 T H k&M
RIZIVTE D, 38 FEIL TH 78%D 2¢ WFE L T /e (Eq.4-3-3).1 Z O, 'Bu ki LU
KU R~ HEKFEDIRADHETL S 472, CeDin 3 L octane-dis & V72 H/D ZZHIZE T D
FEEDEAL % Table 4-3-1 (/R L7-. F72, CpH % 0%D DAL L LCHE L Bu LW
t KU REANL T D b3 % Table 4-3-2 (278 L7z, CeDin & @ H/D AZHAR iS4 O D LRI 38
FEMIFZ 21T Bu 28 87%, & KU R 77% CTh 7. F 7z, octane-dis & DFULTIE, 1 #kfR
FOBERANCEIRr S TN D Z &b, SKREEF D72y C-H R MBI EIlr S
ZEMH BN 5T (Fig 4-3-1). 2D OFERIT CpHlhr 12 B AT 5H 2 & T, KSR
O gLl S, T D spP Pt C-H G DU A ATREIC /e o 72 2 & 2R LTV 5.

4 CpH O 7NV RO WNEIEAE D FE SR b TR L 72, CpH ~EKEDRA L TV D AREDL B X b
B, TOBBITITERRD 2¢ OFELIZ 8% L0 bE 2 5.
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cpt

Oh

38h

Cp#

Octane-d;g

(Methylene)

Octane-d;g

/ (Methylens) f

Octane-d,
(Methyl)

(Octane-d,g
| (Methyl)

1.35 1.25

1.15 1.05
1 (ppm)

0.95 0.85 0.75

0.65

0.55 0.4

Figure 4-3-1. Methyl and methylene region of the H/D exchange reaction between 2¢ with

octane-dis.

Table 4-3-1. Integrals of 2¢ and the solvent referenced to the internal standard.

residual peak ‘Bu CpH Hydride
CH; -CH,- 1,2-Bu 4-Bu
CsD12 Oh 70.49  633.78  330.12 69.8 69.86
2h 7537  603.47  306.82 67.74 65.86
14h 150.54 3959 198.77 65.71 54.47
38h 24583  68.29 27.11 54.45 12.36
Octane-dig Oh 43.79 104.35 853.09 419.41 91.16 90.06
2h 77.97 102.44  762.02  386.66 96.23 84.61
14h 292.03 108.13  230.82  292.03 81.62 37.25
38h 370.16 110.48  73.57 30.82 63.29 10.36

Table 4-3-2. Percentage deuteration of 2¢ referenced to aromatic proton signal of Cp* ligand.

‘Bu CpH Hydride
1,2-'Bu 4-'Bu
CsD12 Oh 0.0% 0.0% 0.0% 0.0%
2h 1.9% 4.2% 0.0% 2.9%
14h 33.6% 36.0% 0.0% 17.2%
38h 86.2% 89.5% 0.0% 77.3%
Octane-d|g Oh 0.0% 0.0% 0.0% 0.0%
2h 15.4% 12.7% 0.0% 11.0%
14h 69.8% 22.2% 0.0% 53.8%
38h 87.6% 89.4% 0.0% 83.4%
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T VIO C-H f5 G DU RN THEIT T2 Z LB SN R Teiew, 2¢ EnF ¥
EDRISERRFT LT, 2¢ O~FH UK E 7T RIEOEFE R T T 180 °C 1T L= & =
7, 6%D A F )y B = )UK 38¢, 1.5%D 16¢ EIEBIEORFEE L N U RESMAN AL
L7= (Eq. 4-3-4). 38c [T EITHE STV 5D Cp*EigiR L @ 'H NMR A7 kLo iz
LFoTRELEY BEMTIEH -T2 b D0, 38¢ DAERKIT~FH D 5 » D C-H #EED
BN Z > 72 Z E AR LTS, BE L AT AL ZBEMKCHICER Y IAENEZIZ, C-H
MO EZZ T b DEBEZBIND. £D%, HEREED 18 EFHETHDH 38 A
TOIDICHEEEA~NLE DR LT bDEEZBND.

By Bu G ‘Bu ﬁ Bu
H.H 180 ° | ¢
N 8o°cC tn.RU N\
—R{ /Ru— R Bu | + Ru\\(Bu
N 12h H>H (4-3-4)
By tBu tgutBu  hexane » By ‘Bu 'Bu ‘Bu 'Bu

u

2c
38c (6%) 16c (1%)

CpEENLF D Bu FED C-H HIKF

Cp*BEdhz 7@ Bu ZEOCIWISIGIE, K VRS THHEITT 5. CeDe VML & L THWZ
BE121%,120°C TH Bu HEA~DOFEKFZDOIRADBH 7 (BEq.4-3-5).1 12 FE#ZIZIE, 1,2
LD Bu #DS 95%, 4 D Bu 23 66%, B FU R3S 94%0 D {45 1F T 7z, Figure 2-5-4
\IZBOSHT# T, Cptdd 'THNMR A7 kL& LT,

‘Bu Bu ‘Bu ‘Bu @
—Ru/} H\\Ru— el —Ru/} D\\Ru . e
N Y TR N ¢ (4-3-5)
tBu 'Bu tBu 'Bu ‘Bu 'Bu ‘Bu 'Bu gY ‘Bu
2c H/D exchange
39c (trace)

of Hydride and 'Bu

15 Trakarnpruk, W.; Arif, A. M.; Ernst, R. D. Organometallics 1992, 11, 1686-1692.
16 = OFE, BB Y 7 g ~F YT =LK 39¢ DAERDBHERR S hT-.
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CptBu
before heating
CptBu
internal
CpH standard
C6D5H
A
after heating
A
7 6 5 4 3 2 1 0

1 (ppm)
Figure 4-3-2. '"H NMR spectrum of the H/D exchange of 2c.

(above: before reaction, below: after reaction.)

F 72, Cp* & Cprhr 72> B 72 DIREAEL T S RIZHE N T D, Bu EA~OHEKFEDRAN
B SN (Eq. 4-3-6). 2d D thf-ds V& % 100°C (ZINEA L 72 BRORREEZE (L % Fig. 4-3-3 121
L7-. Cp*3B L O CpH D ¥ 7 F VBB D[R Ui EE TR L TW 2 o1zxt L, 1,2 20 '‘Bu % &
v RU REAL I3 > 7 & Tl EE 2 3 <, KB DIRAD RS LT,

thf- ds
+ Unidentified Product

100 °C (4 3 6)

‘Bu Bu tBu ‘Bu
H/D exchange
of Hydride and 'Bu
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100% T - 120%
@ CpH WCp
* AtBu2  XtBu ) MK
80% 1 ® hydride H £ 100% i —& =
g P S o | 3
2 80% ~
R 3 » N
g T~ 2 60% DA, -
E N — v 4 CpH W Cp* A tBu2 X tBu @ hydride
= 40% & X z
£ T E a0
[ X 2
20% o E w a —
\ E - A
° o | P e — | eo| o
0% 0%
0 5 10 15 20 25 0 5 10 15 20 25 30
Reaction time[h] Reaction time [h]

Figure 4-3-3. Thermolysis of 2d in thf-ds.

(left: signal intensity referred to internal standard, right: H/D exchange based on Cp¥*)

t N U RENZLF & thi-dg=° CeDs & O H/D ZZHEUSIE, AR Y & KU REHATIT—KHIT
b5, KR 30a TIINMBASISIC L > Te KU RO HD RENEITL, 74 Y hR~—»0
BISH 5.7 2¢X°2d O H/D UG TH, BEREE © RY R E O H/D ZRHSUG % L sl
LT BuE~OEKEDREADEZ TNDEHDEEZLND.

IR T H/D ZZHASUETIELL, 4020 Bu kL D & 1,2 L0 Bu BEMBEMIZ DS TV D
T EDMERTE D, 1,2 fi~MEREAICERFENRAT D Z L1, Bu £ C-H #EE O UIW»3 4>
THNTHETLTND Z L 2RT. KIS THEIT L TV DA, SMEEEO K& W
1200 Bu k0 & 42D DILBEET HHDEBEZHILD.

0 %
H_H H_H
I\?u// \\F,\‘lu— Rq// \\Ru/
\ ‘Bu
I 'Bu H—CH2
H\(':
(a) Ha (b) ‘Bu

Figure 4-3-4. Two possible intermediates for the H/D exchange reaction of ‘Bu group.

(Ru = RuCp¥*, RuCp?)

£, Cpt LD Bu £ C-H FEE& OBRALHI NN, Fl—D/NT7 =7 AL (Fig.4-3-4a) L <
LT 507 =7 A b (Fig. 4-3-4b) CTHE(TT 5. 2D, Bu HEHkOAKFELE RY R
AL, BN A B 2T 2 T Bu ik R RY FHEDOKENEAINDS. 2O K
U K& Bufkd OKRBRBIS, MOEKFRELE S v R Y R & H/D AHEIGIZ LY, Bu
ENFEAREBLENTWL bDEEZDND.

17" Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K.; Inagaki, A.; Oshima, M.; Takao, T. Bull. Chem.
Soc. Jpn. 2005, 78, 67.
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Cp'i[E—DNT =0 A ETUIM SN 55AI21E (Fig. 4-3-4a), L0 ITEHICIFET D Cp-H
fi T OEIWAMESE L CTEITT 26D LB B 508, 2¢ X° 2d D H/D UG Tl CpH ~
DHEKRFZEOIRANTRDIEV. 20O Z 205, Bulko C-HEAOUIWHIIMET LT =T A
ETEITLTWD D EEZBND (Fig. 4-3-4b). 1, 2 LD ‘Bu FE~ESEAIIZ D 2MEAT S
DIE, 1,220 Bu B 42D Bu kL 0 b CEREMNOEENLTRY,S BT o7 =0 4k
TO C-H G OUIWAFER 2D B2 HILD.

TNVT R TONRIS

2 O " BALBSIIIMEZ 1T T <, RIBEFHZ X > THEIEEZ SN 5. 2b D CDn IIRICH
LT 313 nm OYEIRET 2475 &, DUEZSEIK 36b, 37b & 15D B REMESEIR N AR L= (Eq. 4-3-
7).

"f\f Et Et—;\f Et

Et
RU\ Ru
//\ hv(313 nm) / Ru—y . / \Ru’ + several paramagnetic
\\/ CSD12 /Ru\/ / VR . / complexes
Ry / Ry t
Et Et

/

24 h, r.t. H H
80% conv.

%i
Y

2b 36b (32%) 37b (8%)
(4-3-7)
//\\ hv(313 nm) _r
ﬁ \\// ﬁ CGD12 \\/ (4-3-8)
24 h, r.t. Bu 'Bu tBu 'Bu
88% conv. 40c (67 %)

ZHUCTKE LT, 2¢ @D CDi ¥AHRIZ 313 nm DN 51T 9 &, 2¢ & HREMESER 40¢ O 7738
M E 7z (Eq. 4-3-8). 24 FEHZITIE, 2¢ DER{LERIT 88%IZEE L, 40¢ 7% 67% DU THRL L
7o, ZORE, KFBOPBEIIMR TERD o7 RUSED 2¢ Dt RY R 7 FITILEAKFE
DIRADERS ST,
40c & 2¢ ODEEERBT-N, BT L7 0~ 8T T 7 4 —TiE 40 B Lz, st Tl
FWCIRAEIZ ST 5 40¢ & 2¢ DL AR T E FIRMDE S N, £ 2T, BFSHTITIL 40¢
& 2¢ DIREWE V.
40¢ [T HREMESER D728 "THNMR, ESR (2 X » TRIE L, HfES X SHEMEITIc X > TE D
G2 MR L7 T HNMR A7 R LTl Cprod Bu 2738 5.26 ppm, 4.37 ppm (ZZFLZEH wipn

18 B XA EARAT 20 DR L7z 2¢ @ CpHTBIT 5 CsBR & Bu ik & OFEAIEMEL 1.544 A (1, 2 (LD
YD), 1.523 A @HRLoFH)) ThD. £z, 2d O CpHaisiT 5 CsBr & Bu & OFEGHEREE 1.538 A (1, 2 LD
F3), 1.519 A L)) ThH 5.
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=52Hz, 48 Hz D7 m— Rpt—2 & LTRIAIENT-. CpHRE N U RO Y 7 /WEIAXTE
FOREZ L > THMN TX 72 o72. ESR TlE gfl =2.05111 (2> 7 Ly hy 7l L
THRHENTEZ N —DDORKNETEFOZEDBHLMN LR ST, 40¢ & 2¢ DIRFED
ORTEP [X| % Fig. 4-3-5 2/~ L, E7e)i 1 [FEEREZ Table 4-3-3 12 F L iz,

Ru(1)

Figure 4-3-5. Molecular structure of 40c¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 4-3-3. Selected bond lengths and bond angles of 40c.

Bond Lengths A

Ru(1)-Ru(2) 2.4206(2)  Ru(1)-Cen(1) 1.817 Ru(2)-Cen(2) 1.818

40c ® Ru-Ru FEGHEBEL, 2¢ (2.4551(3) A) & bb#E L C 0.03 A E < Bl S n7=. Zhd, Ru-
Ru BIZZEBE L CWDE RU R oz Bz onsd. Hopls LT, =82
YA KU REEA 30a D OIERMICKEZET CHANBBE L =T 78 R Rékik
(Cp*Ru)sHs @ Ru-Ru #5A1E, 30a LD LD L 2D Z EBHLNIIN TS (30a:
2.75 A, (Cp*Ru)sHa: 2.68 A). 20 40¢ IXH BEMESERTH 572, 'THNMR A7 hLinb e R
ROEZERD D Z LILTERVD, RfETFE2 2T LI L, 2 CHEOWELGTHZ
L, VB RY REERTHD EHETE D, O MY B RY REEKRE LTIET =4
VPSSR [Cp*Ru(u-H);RuCp*]™ @ HLfE B X #RAEEMEHT 28 72 S 11T 5.2 [Cp*Ru(u-
H);RuCp*]~ ® Ru-Ru FEAFEEEIE 2.5212(8) A T 0 ,40¢ D J775 Ru—Ru FEE 2 0.1 A FEE .
ZhUX 40¢ @ SOMO MEFEAMEDHLETH Y, —EFELETH D7 =4 SR TIX

19 FEEO THNMR A7 MG IE 40c2c=4:1 DI TH D Z EBPA LN -T2, Z D=, Fig. 4-3-
5 3 J U\ Table 4-3-3 1278 L 7o 41T, 40¢ & 2¢ O P EN-BETH L O EHB 2 6N 5. HIED,
Rigaku R-AXIS RAPID [E#72&(E % HV T —150 °C TAT\, Rigaku Process-Auto program 2 & 0 77— & &AL
L7, i SR/ RICE L, ZRBE P-1 #2) Th > 72, #ENTIT SHELXT-2014/5 & U SHELXL-2016/4
T T T ARy — Uk FVIEKEIRT ONLE AR E LTz, SHELXL-2016/4 71 7' F L& WA TOIEK
FIR T & L PRI REA L7z,

20 Ohashi, M. Doctor thesis, Tokyo Institute of technology (2003).
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Ru-Ru fEGREPME T35 Z EICEKRT 5.

40c DI IX DFT 3HEIC L - CTH R a7z, ixii{bii& % Fig. 4-3-6, A& % Table4-3-
4R L7 Ru-RufEiAIE 239 A THY, KETFTUHNVDOBBEIZ L > TEHLS D Z E0R
7.

-

Figure 4-3-6. DFT-optimized molecular structure of 40c.

Hydrogen atoms attached to the Cp* are omitted for clarity. (Ru = blue, C = gray, H = white)

Table 4-3-4. Selected bond lengths of 40c.

Bond Lengths A)
Ru(1)-Ru(2) 239309 Ru(1)-H(ave.) 17785  Ru(2)-H(ave.) 1.77789
Ru(1)-CEN(1) 1.81128 Ru(2)-CEN(2) 1.81164

a: The atom labels are corresponded with the X-ray structure (Fig. 4-3-5).

2¢ DFEFIKRTH D 15¢ 1L Walter HIZ L > TERIN TV D22 15¢ 1Zx L TOEZBET 2
Z & CRIBRICKFET AV DEE L, CptFe(u-H):FeCp* 3G b5 Z & B BN L= (Eq.

4-3-9).
hv(365 nm)
—F \\/ st - \\/ (4-3-9)
rt.1h

tgY, t tgl, t
Bu '‘Bu Bu '‘Bu
60%
conv. 25 %

21 Density functional theory calculations were carried out at the unrestricted @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, and C, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state.

22 Walter, M. D.; Grunenberg, J.; White, P. S. Chem. Sci. 2011, 2, 2120-2130.
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B4 “ET Tk Y REEE L EE L 0BG

HIE CIE, CpiRAL F A AT 5 2 & T, 2 O _BALRISHIfl S, #RELTT B D
C-H fEanglrcxsZ L2 L. ZHUEEE SIS X o TR O i 2 il 3
D LT, ZESEABARFEF O UG A BB S EIo b DL AT N TES. L LA
M, 2 \EA L7285 S IISEAR COREIER T T2, B L OIS b LS E155.
2a, 2¢, 2d OFEMIEE 2 I LB AEET A0 DL, RISHOBRNSELLTWDH 2 L
WD (Fig. 4-4-1).

Figure 4-4-1. Space filling models based on the crystal structures of

2a (left), 2d (center), 2¢ (right).

ARETIE, Cp*$hifhk 2a & DFUSHH HINNT SN TWDIEE %, CpHofifk 2¢ LGS EDH 2 &
T, CpBLhr 2N & DOGITE 2 2 8B OV TRz,

TF LV EDRG

2a LT L2l ORISTHE, BRIICEHE BIc=F LoV iAEN, E=1x=F L
VEEIR, Do F LR 4la ARTC, = F L Dh v TN U TNEE DL ENHL D
IZZN TV D (Scheme 4-4-1). 198 F7-, “ESEAL = F Lo L ORIGIE, BRESERY b
RU REERTHHRARONTEY ! ZUHDORIGE BT 5 2 &I2 X0 LR filK %2 521
72 2¢ DRSS OPEREB G TE L D EE X T2

23 (a) Omori, H. Doctor thesis, Tokyo Institute of Technology (1991). (b) Suzuki, H.; Omori, H.; Moro-oka, Y.
Organometallics 1988, 7, 2579-2581.
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Scheme 4-4-1. Reaction of 2a with ethylene.

//\\ CzH, CZHA /%////
\\/ \ / —Csz Ru Ru\
2a _CZHG \\

41a

SRSl

2¢c L=F L% 80°C, 18 Kb S5 &, =F U v =F VT V85K CprRu(u-H)(p-
CCH;)(u-CHCH3)RuCp* (42) 2N LA & LTHE LN (Eq. 4-4-1). FREEIC L - CTRERE
fEdh & LT S6%DINRETHEEL 7. 2¢ X 2a S1TEW, RIE T T Lo EaET, =F
VDR GAFIZ 80 °C DIMMEZF LTz, £72,2a BPRIB T3 FOF LU ZHDIA
WXL, 2¢ & DS TIE 80 °C ODJJD?@?LT%) 2 FOF L ERDIALDOLTHY, =

FFRAOTTF L DI IABRLE RSO THETT Lo 72,
C2H4 (1 atm)
toluene 80°C —Ru (4 4- 1)
Bl Bu Bl Bu tBu Bu ‘Bu '‘Bu

TNERGA: CIIAE B UG DNBLIR S 727 o 12708, 42 13 EEAT DYEIT X » TR &2 ICik 3 % 2
T ZEBHOLMNIIR ST, 42 O CeDe TAHRIZ® LT 365 nm DY ERETHZ LT, AT
F U IR CpiRu(p-CCHg)zRucpi (43) & 2e BNENTI 76%, 16% DR TR L= (Eq.
4-4-2). WL~ T T 7 4 —I2X>T43 % 76%DILHE THEEL 7=

Bu
—RFL)Z\(RU— 365 nm /K
~n \\// (4 4-2)
tBu 'Bu Bu 'Bu
42

tBu 'Bu

42 13 'H, BC NMR, JCROHIZESWTREIE L, B X SRS X > T % iR
L7242 1% 2¢ EEERTHPMENME T L TE Y, Cprd Bu H38 1.58, 1.16, 1.12 ppm (2 = FEHH
D7 FNELTHHIESNZ.E R RiEs-1822ppm (2 Jun=64Hz DB v 7V v T EK %
Ff doublet & L CHIMISNTZ. 2Dk RV RENFIZ=F U7 VBN FOZRERE Eo~
2 R EMBE LTV, = F YT U OLEALO T v k18 10.57 ppm (2, Jun = 6.4, 6.8 Hz
DI 7V T ESE F5O double quartet & L CHLAI X 72 BCNMR TiE, 2G5V Vv

FN38 378.8 ppm (T Z721ED, ZRE=T U 7 U ERFE NS 136.0 ppm ([ZEIHI S 7. Z
L, BRET AR T, TAX U ORISR R ETH D (¢f (CpRu)ACO)(u-
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CHMe)(u-CMe,): 8 135.3 ppm,** Cp*Ru(u-CCH;3),0sCp*: & 337.4 ppm?). 42 & ORTEP [X] % Fig.
4-4-2 128 L, FE2RJRF[FIRERE K& OS5 & ) & Table 4-4-1 IZF & 722

43 |X 'H, BC NMR, JeREOITICESWCTRIE L, s X ARSI X > T % iR
L72. 431342 LR THPMERE L 2o TRY, Cprd Bu KX 2 FHO 7 b LTH
HWEniz. =F VY P OEKbA T NII1E84.40 ppm (12 6H OFE/H8E %49 5 singlet > 7
L& LTHEIBEIE N, BCNMR TIEZE TV ¥ U fRFE NS 365.1 ppm ([ZEH S 7=, 43 O
ORTEP [X| % Fig. 4-4-3 (TR L, T/ 1 [MEERER O & % Table 4-4-2 |2 F L iz, 7

Figure 4-4-2. Molecular structure of 42 with thermal ellipsoids set at 30 % probability.
Hydrogen atoms besides the hydride are omitted for clarity.
The disordered structure of Cp* is omitted for clarity.

The disordered structures of the ethylidyne and ethylidene are represented in white lines.

2+ Colborn, R. E.; Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; Mead, K. A.; Orpen, A. G.; Guerchais, J. E.; Roué, J. J.
Chem. Soc. Dalton Trans. 1989, 1799-1805.

25 Shima, T.; Suzuki, H. Organometallics 2005, 24, 3939-3945.

26 JAI7E 1, Rigaku R-AXIS RAPID [AI47%EE % AV T —150 °C TF7\), Rigaku Process-Auto program (25 ¥ 5
— X R LT RS EARNERIE L, 2RI P2um (#11) Th o 7=, f#HTIE SHELX-97 711 275 L%
=RV, BEECI VAT =0 ARFOMEEZRE L, 7— Y ZERIC KV 5D KK R F DAL
BERELE. =F VPV RO F VT UM TIET 4 AA—F—1LTEY,2 20 Ru L44EE KU FE2
MAEEDERUMEENTFEL TS, =F U DU EREF U T UEENEN 50%E Li-. Rul IZfEE LT
W5 Cp D 1AL2ALD Bu il b T 4 AA—F =S4, — % 46.6%, b9 —F% 53.4%& L7z, Ru2
IHREALTWD Cp D I AL2 1D Bu FEICHT 4 A4 —F—nEHlSh, — % 452%, b9 — 5% 54.8%
L L72 Rul BEO R IZHEA LTS Cp D 40D Bu I HT 4 24— F—2NE &S, TH2Eh 50%
LD Z T Lz, SHELX-97 Y1 2T A% AW, &/ “HRIEICE VEFLL, Rul IZHAELTWD
Cp DANPED BuF LD AFAIERBLONC2, C3 2R 2 TOIKBFRFZIFEHMEICEBE L.

27 %1, Rigaku R-AXIS RAPID [EI3r3#E & % IV CT—113 °C TIT\, Rigaku Process-Auto program (2 & ¥ 57—
X AL U7 fERIEANGRIZE L, ZERIBEE C2c #15)TH 7=, NTIE SHELX-97 F'2 7' J L/
—TERAW, XA —=Y ROV T =T AR OMBEEREL, 7—U ZERICE 0 ELIEAFERTO
NEZRE LTz, XEFRALFD 2 50 Bu ERT 4 A4 —F—LTEY, TNENDEERE 53%L 47%
BLOS1%E 49%I2T 5 Z & Clfb L7z,
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Table 4-4-1. Selected bond lengths and bond angles of 42.

Bond Lengths A)

Ru(1)-Ru(2) 2.4926(7)  Ru(1)-C(1) 1.959(6) Ru(2)-C(1) 1.967(6)
C(1H)-C(2) 1.540(14)  C(1)-C(3) 1.433(14)

Bond Angles ©)

Ru(1)-C(1)-Ru(2) 78.8(2)

Figure 4-4-3. Molecular structure of 43 with thermal ellipsoids set at 30 % probability.
Hydrogen atoms are omitted for clarity.

The disordered structures are represented in white lines.

Table 4-4-2. Selected bond lengths and bond angles of 43.

Bond Lengths A)

Ru(1)-Ru(1#) 2.5463(4)  Ru(1)-C(1) 1.9033)  Ru(1)-C(1#) 1.903(3)
C(1)-C(2) 1.498(5) Ru(1)-Cen(1) 1.880

Bond Angles ©)

Ru(1)-C(1)-Ru(1#) 83.96(14)  Ru(1)-C(1)-C(2) 13733)  C(1)-Ru(1)-C(1#) 95.98(14)

2 1374 AF—F =D, #ifFHBEESFELTREY, =F V) P RO F U7 i
W DRIERFEZ XTS5 Z xRk holz. ZoDF 4 A4 —X—DH 5, C(1)-C(2)
FEATE, C(1D)-CR) A & T Ru(D)-RuQ)-C()FENSTNTEY, =F U F UEL 112
HET A THDLZ L ERLTND.

42 DWKRFIZE > THELTLEZAZF U VUK 43 TiE, C(1) £V OMEEOFIT 358.56°
ThY, =F U P UBMNLA1T Ru(l)-C(1D)-Ru(1#) 725725 FiE FICALE LTV, £7z,
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Ru(1)-C(1)-Ru(1#)-C(1#) 7572 5 MATEONAOFIIL 359.88°TH Y, 1ZIFFEH ThH- 7.

42 DKFEAL
42 ~DIEREH TIL, 43 OfIZ 2¢ DAERKR L TWS., ZiuE 42 L Wil L= KERKIST A7

HEBZOLND. 21K L T—REDKFELRIESETZ L 25, 2¢ DAERDHER I 172
DR, SR BT L oS —3 7B A E 7z P RAS BRI S iz (Bq. 4-4-3). 282

Q‘ ﬁ ﬁ ﬁ Q ﬁ@m)

‘Bu 'Bu

A (proposed structure)

— 60%
=
£ \
2 40% | I >—<
=
|
5

0 5 10 1 20

Reaction time [h]

Figure 4-4-4. Hydrogenation of 42.

28 A: 'H NMR (400MHz, CsDs, rt, S/ppm): 4.62 (s, 4H, CpH), 2.74 (s, 4H, p-CaHas), 1.44 (s, 36H, Cp'Bu), 1.25 (s, 18H,
Cp'Bu), —14.76 (s 2H, Ru-H). —80 °C BT H v 7 F /W Z biX 72 o 7z,

2 Cf. Cp(CO)2RuCH2CH2Ru(CO)2Cp, §2.28 ppm (s, p-C2Ha): Gafoor, M. A.; Hutton, A. T.; Moss, J. R. J. Organomet.
Chem. 1996, 510, 233-241. (CO)40s(u-C2H4)Os(CO)4, & 1.51 ppm (s, n-C2Hs): Motyl, K. M.; Norton, J. R.; Schauer,
C. K.; Anderson, O. P. J. Am. Chem. Soc. 1982, 104, 7325-7327.
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TF L& DR

Scheme 4-4-2. Plausible reaction mechanism for reaction of 2¢ with ethylene.

N\

/}H\\R 4C,H,

u

42

Scheme 4-4-2 | ’12ki%vyk@ﬁm%i&wk.:&%%&i%vy&®ﬁmfm
TS FOTF LUK I AERN, B V=T L UGER B AT 5. 108 Cp*
BN &=F 55 BlE, SLAKER a%ﬁ@\tﬁb\f:&)% )= FDZF L O IARZE-T, ¥
oo F LUtk dla 2 525, 2k LT, CpHlfpL + 5 H T 5 B X 2e DAN—R T
4 V7 ET IV (Fig. 4-4-1) 2B b MDD, @B EDY BER > TNDHT2H =41 H
DTZF L DO IABNLE 20, Z D720, LB EFFAZE-TR 252 5.
BRI CPTENL T2 HT 2 2 AV TZHAICIE 2a EHPOMIEREE 52 LinD, 42
IXFETRZRBER TR <, GG ORI REFIC L TELEb D EZEX LN

T bh=bI e DRIS
2 L7 P=RMUAMEDRISTIE, Z5F0= M) VERVIAL, TAx)T T I N
K 4da WERT D Z L RMBN TN D (Eq. 4-4-4).

\c/
—RU\H/R
x (4-4-4)
W w
e 44a
WXL C,Cp N+ 2T 5207 M= NI AV EDRIGTIE, — b LIE "0
%@7?h:b)w%ﬁ@ﬂﬁAskio46#%n%M7m@M%®W¢f%%MK(m.

4-4-5).

30 Kawahara, T. Master thesis, Tokyo Institute of Technology (2015).
31" (a) Tada, K. Doctor thesis, Tokyo Institute of Technology (1997). (b) Tada, K.; Oishi, M.; Suzuki, H.; Tanaka, M.
Organometallics 1996, 15, 2422-2424.
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Bu ‘Bu

80 °C
ﬁ " ke ﬁ e §R“ " (4-4-5)
S MeCN \// Y
Bu Bu tBu '‘Bu
Bu t u

2c
T h= kMU NVEDKIETI, :E%I/‘/kmiﬁi\k [FEEIC Cp*ERfL T D NLARFEEIZ L - T
“HFHOTE = N ALOBENIAIE S, 2a E RS THKIG LD EE XS
N5.46 EHPOHEXTO= NI ADOH v 7V o FROGNE 2 Bl S Tun b 2

451X 'H, ®C NMR, 7TEOHTIZ L > THRE L=, SIFEOmWMEEEZAE L TEY, 'TH NMR
ALY R VT CpHEAL 7 Bu JEiE 2 FFE O singlet & 7L & LTIz, B KU R
BOAZ -1, 8 —11.02 ppm (2 2H Bl Sz, ZAUTE EICHE STV D Cp*Ru(u-NPh)(p-
H),RuCp*$&RIZEBITHE KU R 7 F (8 —-1125ppm) EFELLLTW5 3 A I RENLTFO
afLD A F L RFEIELS 77.0 ppm IZBIHI S 7z, 74X U 77 I R (8 155.2 ppm) &%
RESERDIWFL T PR LT

46 |3 'H NMR, JCESHTIC L - CTHE L, Hifbin X SEMITIC K > T2 OMEZ R L
72. 'TH NMR A7 k)L Clid CpHithz 1 ‘Bu £1% 6 FEFH D singlet > 7 /L & L CHEIHI S
TEY, IIHEORMEETH D Z EARB I Tz, £, Me FE2° 2 FiEH (5 2.74, 2.59 ppm)
BHIENTZZ 00, 01O 7 2 =N IVORDIABRPREI L. NH O 7 F 1138
4.63 ppm ([ZMRIL72y 7 v e LTENI SN, B R K27 F L%, §-9.33 ppm (2 1H &LH
S,

32 (a) Bottrill, M.; Goddard, R.; Green, M.; Hughes, R. P;; Lloyd, M. K.; Taylor, S. H.; Woodward, P. J. Chem. Soc.
Dalton Trans. 1975, 1150-1155. (b) Suzuki, E.; Komuro, T.; Okazaki, M.; Tobita, H. Organometallics 2007, 26, 4379—
4382.

3 Takemoto, S.; Yamazaki, Y.; Yamano, T.; Mashima, D.; Matsuzaka, H. J. Am. Chem. Soc. 2012, 134, 17027—
17035.
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Figure 4-4-5. Molecular structure of 46 with thermal ellipsoids set at 30 % probability.>*

Hydrogen atoms attached to Cp* and methyl groups are omitted for clarity.

Disordered atoms are omitted for clarity. (left: side view, right: top view)

Table 4-4-3. Selected bond lengths and bond angles of 46.

Bond Lengths (A)

Ru(1)-Ru(2) 2.7776(4)  Ru(1)-N(1) 2.0512)  Ru(1)-C(2) 1.990(2)
Ru(2)-N(1) 2.182(2) Ru(2)-C(1) 2.155(3)  Ru(2)-N(2) 2.277(2)
Ru(2)-C(2) 2.416(2) N(1)-C(1) 1.3643)  C(1)-N(Q2) 1.379(3)
N(2)-C(2) 1.380(3) C(1)-C(3) 1.497(4)  C(2)-C(4) 1.513(3)
H(1)-O(1A) 2.43(3)

Bond Angles ©)

Ru(1)-N(1)-C(1) 117.74(17)  N(1)-C(1)-N(2) 11452)  C(1)-NQ)-C(2) 111.8(2)
N(2)-C(2)-Ru(1) 120.86(17)  C(2)-Ru(1)-N(1) 74.96(9)

RRT 4 VEHE DRI

Cp*hik 2a LR A7 > (PR3) & DISTI, BAKFEEZES THRAT ¢ &K 47 N ERK
T5. 2O, TU— LR AT 4 VEHEZERAWTEERAEIZIE P-C a0 Ao THRA T 4
R7 L — B RNERT A2 ZERALNICEINTNES Rz 2a L M) 72=/)LikAT7 4

3 MITE I, Rigaku R-AXIS RAPID [EIr#4 (& & FIV T 120 °C TIT\, Rigaku Process-Auto program (2 & ¥ 7

— X B LT,

FEARTHEAARICE L, EHEET Pl @) THho T,

f##T 1L SHELXT-2014/5 % X

SHELXL-2016/6 70 7T Lo r—2 % AWV T =0 ARFOMEBEEZREL, 77—V Z/RIC L V&5 IE
KB FDOAE A BPE LTz, SHELXL-2014/7 71 7T A& AW TOIFKZIR T 2 5% H I ER Lz,
FERPIE—TFOT e b REENTWE. TR M AIT 4 AA—Z—LTED, TNTN 57%, 43% &

E< 2 & TREEL L.

35 Omori, H.; Suzuki, H.; Take, Y.; Moro-oka, Y. Organometallics 1989, 8, 2270-2272.
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v & DRORTIE, 48 MEIRAIZAERKT D (Eq. 4-4-6).

(4-4-6)

ZHICK LT, CpH i F2ET D2 MY T2 VR AT 4 VERIGSETZLE 25, KA

74 RV ERU REEAK 49 BNAERK L2 (BEq. 4-4-7). NP CRISSEEEAETHR Y

B AnEmE-EAL L7285 RIS D e o 7. 49 1308 U EL T O Bl & RHIc s AE Lz

KFEEZRV AT Z ETELD EEB LN, EFEV CpHEUNLTIZ L - TR Orfid LA
fil &4, OSSO OMBEMES T b D EBZ HILD.

tBu tBu Ph Ph

\P/
PPh Bu t
—Ru//\\R 2, By Ru/ \Ru ButBu
\\// rt. - |\H\/Hl Y (4-4-7)
tBu ‘Bu ‘Bu'Bu —CgHe H
2c ‘Bu 49 B

AEANL TR 2d & N 7 2= VR AT ¢ U ES SR IGANE, RUB VRN OB
%’E WA T, )= FDO RV 7 2=)LRAT ¢ /@EEH%H:O“C 50 AR 5 (Eq. 4-4-
8)22d KL T, NU T xz=LiRAT 4 V% L fEENAIZIZHEITIES0 & 2d DR %%5
2l ZhiE, RUBUCOBEEE " FHD RY T ==Lk AT 4 2 OEL LN
T+ LE2RLTVAS.

‘Bu th/PQ
PR PPh, tBu "
ﬁRu\\/,R ﬁ —’rt /Ru\P/Ru\?tBu (4 4 8)

— CH
‘Bu'Bu — st ° Ph,

t

2d 50 BY

20 L VATFNT 2 2)VRAT 4 U ESESE D L, FIR T P-C UINiSI T TE T, K

AT 4P RU REEE ST NER LT (Eq.4-4-9). B L 72 51 2 /KEFRHK TN 5 =
LT, RAT 4 R RV B RY RESK 52 BEX O &b R REEK 53 M4k L7 (Bq. 4-4-
10).

Bu

PMezPh
//\\ PMe,Ph ‘Bu ‘BL
ﬁ N ﬁ ?\/Ru (4 4-9)
2

‘Bu 'Bu ‘Bu'Bu ~ H
1c
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Me Me

8 PMe,Ph t H tBu
tBlhI tBu tBu / \ tBu H, /&:u/H\Hk/tBu
— . u u
\h\/ 80 c \\// \ Bu H/}.' pr T (4-4-10)
Bu - CeHs g Me;
Bu Bu
51 53

2c&9yﬁm~%ywmx74y&@ﬁmfi N T 2= ViR A7 ¢ EHRLO OGN
1T 20, RISHERBD OENAERD F 72 5 HHRA Y 54 735 57z (Bq. 4-4-11). 49, 52,
53,54 |ZRH LTI, ZORITEEBNIHFEREZED TOHITRELLI RS

Bu ‘B Cy C

//\\R PCyZPh u
\\// Ti200c "
'Bu 'Bu ‘Bu 'Bu

2c

H\P
N< ;7 ﬁiw“<Pﬁ7 (4-4-11)

Scheme 4-4-3. Reaction of 2 with phenyl phosphines.

Elimination of benzene
due to steric repulsion

INFETITHESIN TS 2a ER AT ¢ VHEE DG %TEIZ, Scheme 4-4-3 12 Cp*dhz 1
EOir2 LT 2= VIRAT ¢ VAL OWERICHEREZ R LTe, 77, 2 ISR AT ¢ UK
%Hﬁofﬁaub RNT P-C fEENUIM S 5. Cp*lilhi T2 AT 55,121, B
BITHIDLEE L, n2n? TEALT 2 Z & T 48 BNAEMT 2.2 ik L, Cpihr &2 F
?“E)iﬂ/\i FARE BN F OB TR S D 2 & T, XUBCORBEESMEE SN D.
BUTERAT7 4 FE/ B Y FRBIRITRTICHFET DKBLRAT 4 e RUST D2 L
T 49 X 50 %Eﬁfﬂ“é DX DI, CpHEAALFIEEEAICER Y A £ D EE OEH 2T T2
<, WEONBHREIC O EL 52 5.
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2O XS 7% CpfL I kDR B UENL T OB OEEE, RS REESRTHLEMI S
L. BlziE 200 & RY T 2= VRAT 4 EDORIGTI, P-C #EE QU & BiAKHEICLY
o7 = =J/LIRAT 4 REEIR 56 DA T 5 Z ENH LI TS (BEq. 4-4-12).3¢ VT
= 5 B CpHL -2 A LTz 20 2 WV CRBRD UG EITH &, U8B 2 OB
L, Yt KU RERAT ¢ FE8K 57 NAERK L72 (Bq. 4-4-13). 2D K 91T CplfiFZEA L
TeVT =0 A~OREEALE, Cp*EfL T2 AT DNV T =0 MR TARFNI R D Z L2 5
Mz L7z,

PPh3
& e R”‘H’ (4-4-12)
r.t. 10 min
th

_H2

‘Bu tBu 'Bu
H PPh
SN 3 e
_ XY " —R(6T “RhY-
ﬁ M THF N ﬁ (4-4-13)

tRYy ¢ r.t. 1h
Bu ‘Bu t ph
20c - CgHg Bu
59

50 /% 'H, BC, *'P NMR, JtBm0 062 OMELZ RIE L, Hiidh X fEEiiric L -T2
DHEEZHER LT, RA T 4 FBLOWR AT ¢ VENL 1, 3P NMR 232 ML TENREN
5 167.6, 69.4 ppm (2 Jep = 19 Hz D H v 7V > VT EH A AT 5 doublet > 7 F /v & L CHELUAIE
iz,

51 1% 'H, P NMR 76 Z Of§EZ[FE L7, NMR DX A AAr—L T, mAT 4 VE
N DOBENZEENZ &> THEMERE < 72> TE Y, 'THNMR A7 KL Tld Cplidhz 1 Bu
BI2fEO L 7 LTBRIE 7z, B R Y RENZF138-13.89 ppm (Z Jpu = 20.6 Hz &
T TN T EREAT D doublet 7l LCEIIS . RAT 0 VEAL 1T TP
NMR TIE8 8.9 ppm ([ZBEHI S 7=, 2B D Y 7 F 11T Cp*oRua(u-H)2(PMes) ('H NMR: § —
13.65 ppm (Jpu = 22.2 Hz), 3'P NMR: § —6.9 ppm) & IO BBl ST 5.3

57 1X 'H, C, 3'P NMR, B R UTCHEMHTIC Lo TRE L, Bk X SEfric > Tz
OREEZ R L7z, B KU RENZF1E '"H NMR 237 h)LC8 —14.67 ppm (Z Jren = 31.2 Hz
BLXOhu=312Hz DH v 7V T EAT D triplet > 7 F v & LTRIBAIENT. £72,
RAT 4 FEALA1E 3P NMR T 8 106.0 ppm (2 Jern = 107.7Hz D~ 7V o T EAEHT 5
doublet > 7 & L CEHI S 7=,

36 Obayashi, N. Master thesis, Tokyo Institute of Technology (2010).
37 Ohki, Y. Doctor thesis, Tokyo Institute of Technology (2001).
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Figure 4-4-6. Molecular structure of 50 with thermal ellipsoids set at 30 % probability.3

Hydrogen atoms are omitted for clarity. Disordered structures are represented in white lines.

Table 4-4-4. Selected bond lengths and bond angles of 50.

Bond Lengths (A)

Ru(1)-Ru(2) 3.0568(3)  Ru(1)-P(1) 2.2835(7)  Ru(2)-C(2) 2.1103)
Ru(1)-P(2) 2.2553(7)  Ru(2)-P(2) 2.3301(8)  P(1)-C(1) 1.830(3)
C(1)-C(Q2) 1.411(4) Ru(1)-Cen(1) 1.922 Ru(2)-Cen(2) 1.924
Bond Angles ©)

Ru(1)-P(1)-C(1) 118.0009)  P(1)-C(1)-C(2) 117.4(2) C(1)-C(2)-Ru(2) 124.3(2)

C(2)-Ru(2)-Ru(1) 90.37(8) Ru(2)-Ru(1)-P(1) 78.86(2)

38 JE X, Rigaku R-AXIS RAPID [AI#745i#E 2 HV T —150 °C THT4>, Rigaku Process-Auto program (2 & 0 7
— X EAPL U 72, AT HEALRICE L, ZREE P2/ #14)TH - 7=, fENTIE SHELXT-2014/5 KO
SHELXL-2016/4 7'1 7" Z h/Xw ir— U % FWIEK R T OO0 #E 2 R & L 7. SHELXL-2016/4 71 7' J L%
MWETOHIKEIR T2 ILHEICER L. Cptho tBu FEITIZT 4 A4 —F —=NEEL, THEH 68%,
2% EEL T & Thalifb L7z, £72, hexane IZH 7 4 A4 —F —DBFIEL, TNEIN 59%, 41%EEL 2 &
THaA L7
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Cen(1)

Figure 4-4-7. Molecular structure of 57 with thermal ellipsoids set at 30 % probability.>

Hydrogen atoms besides the hydrides are omitted for clarity. Hexane was omitted for clarity.

Table 4-4-5. Selected bond lengths and bond angles of 57.

Bond Lengths (A)
Ru(1)-Rh(1) 2.6439(2) Ru(1)-P(1) 2.3001(5) Rh(1)-P(1) 2.2671(5)
P(1)-C(1) 1.8336(18) P(1)-C(7) 1.8249(18) Ru(1)-Cen(1) 1.811
Rh(1)-Cen(2) 1.846
Bond Angles Q)
Ru(1)-P(1)-Rh(1) 70.742(14) C(1)-P(1)C(7) 103.29(8)

JNVERNVF VTt DRG

Cp*#fitk2a &V VANV EDORIGETHEE, /VRALTYZr D= 250 C-C fEdH DY)
Wrzfh - T, 588 BWAERT D Z ENFLMNTENTWD (Eq. 4-4-14).3740

[Jf? SO
_Ru/}H>\Ru— ; /_Ru ?\Ru (4-4-14)
e 60°C ~v K
2a 58

ZHICHE LT, CpHtifk 2¢ &V VAR F VU H 150 °C TGS BT2L 24, AT UL
R CpfRu(u-n’mP-C7Hs)RuCp? (59) 34k L, 60% DU SR CTHLEE L 7= (Eq. 4-4-15). SIS

3 JAI7E X, Rigaku R-AXIS RAPID [AI#7#EE % AV T —150 °C T{T\>, Rigaku Process-Auto program (2 X 0 5
— X B L MR EARRICE L, ZEMEL Pl ) TH o 7=, NI SHELXT-2014/5 J O
SHELXL-2014/7 7’0 75 L3y iy — 2 % HIWIFKR B IR A ONLE 2R E L2, SHELXL-2014/7 v 7T L%
WS TOIKRER T2 IEHFHEICRE Lz, Bt - Pcid~F N 05 r & Eh Tz,

40 Ohki, Y.; Suzuki, H. Angew. Chem. Int. Ed. 2000, 39, 3463.
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60 °C FLEE T HIEIT L TH Y, 59 OAMIVEN EiER T 5.

Bu Bu Bu By Bu
f/{ ;
H_H N
V) e
= Ru—{ - . 2 Ru—\—Ru— 4.
ﬁ AN N (4-4-15)

‘Bu '‘Bu ‘Bu 'Bu 1s0°C ‘Bu '‘Bu tBu

2c 59

59 1% 'H, BC NMR, JeR0HTIC & o TRGE L, Hifbdh X SRS EMNTIC K > T2 O % i
L2591 Gt a A L TH Y, 'THNMR TiE CpHidhz o Bu FEH3 3 FEEEIH <7z,
ERAT UIVEREDATF HB LA F L HITEEN6 12.13,5.08,2.63 ppm B LT 8
0.88 ppm (2 Z A4 2H § B X 4172, 59 @ ORTEP [ % Fig. 4-4-8 (Z/k L, L7 7-HEE
Bt K OV & f % Table 4-4-6 |2 F & 7=, 4

Figure 4-4-8. Molecular structure of 59 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

41 IE 13, Rigaku R-AXIS RAPID [RIFT241E 2 H T —150 °C TAT\), Rigaku Process-Auto program (2L 0 7
— X HALER U7 AT AL RICE L, ZERIBEIE C2/e #15)THh - 7=, fENTIE SHELXT-2014/5 KO
SHELXL-2014/7 7' 0 7' Z hoXw r— V% FWIEKBIR T OMEEZRE LTz, MY =737 THY,Ru3BLD
Rud # & o013 G EICHFEEL T2, METH Y, TWIN 1.0 0.0 0.0 0.0 -1.0 0.0 0.478 0.0 1.0 fi4iZ
X o TR 24T - 7=. SHELXL-2014/7 70 75 L& AWT 4 24— — BT ZERL 2 TOIHAZERET
Z IR M RB LT,

162



HA4E CpEfLF2AT 5 BARY B R REHRDOME & RS

Table 4-4-6. Selected bond lengths and bond angles of 59.

Bond Lengths A)

Ru(1)-Ru(2) 2.8278(8) Ru(1)-C(5) 2.195(8) Ru(1)-C(6) 2.125(8)
Ru(1)-C(7) 2.193(8) Ru(1)-C(1) 2.019(8) Ru(2)-C(1) 2.191(8)
Ru(2)-C(2) 2.148(9) Ru(2)-C(3) 2.182(8) Ru(2)-C(7) 2.000(8)
C(1)-C(2) 1.416(11) C(2)-C(3) 1.420(13) C@3)-CH) 1.496(12)
C(4)-C(5) 1.487(12) C(5)-C(6) 1.389(13)  C(6)-C(7) 1.419(12)
Ru(1)—Cen(1) Ru(2)—Cen(2)

Ru(3)-Ru(3’) 2.8309(12)  Ru(3)-C(42) 2.199(8) Ru(3)-C(43) 2.136(8)
Ru(3)-C(44) 2.194(8) Ru(3)-C(42’) 2.012(8) C(42)-C(43) 1.421(11)
C(43)-C(44) 1.404(13) C(44)-C(45) 1.507(10)  Ru(3)—Cen(3)

Ru(4)-Ru(4’) 2.8261(12)  Ru(4)-C(68) 2.187(8) Ru(4)-C(69) 2.131(9)
Ru(4)-C(70) 2.179(8) Ru(4)-C(68’) 2.012(8) C(68)-C(69) 1.396(12)
C(69)-C(70) 1.434(14) C(70)-C(71) 1.474(11)  Ru(4)—Cen(4)

Bond Angles ©)

Ru(1)-C(1)-C(2) 1280(7)  C(1)-C(2)-C(3) 1184@8)  C(2)-C(3)-C(4) 116.8(8)
C(3)-C(4)-C(5) 1164(7)  C(4)-C(5)-C(6) 118.19)  C(5)-C(6)-C(7) 118.5(8)
C(6)-C(7)-Ru(2) 128.9(7)

Ru(3’)-C(42)-C(43)  1282(6)  C(42-C(43)-C(44) 1187(8)  C(43)-C(44)-C(45)  118.3(7)
C(44)-C(45)-C(44)  115.509)

Ru()-C(68)-C(69)  128.8(7)  C(68)-C(69)-C(70)  118.6(8)  C(69)-C(70)-C(71)  114.8(8)
CT0)-C(T1-C(70°)  1183(11)
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Scheme 4-4-4. Plausible reaction mechanism for the reaction of 2 with norbornadiene.

( N

7~ /
Ru, Ru Ru, Ru
7 - 7
\}H/ H, \}H/

—_—

|nsert|on (ﬁ?\ cleavage |
u Ru—, —|-|—-Ru Ru—|-H—Ru
/

Ru= RuCp
insertion
- H,
Ru = RuCp*
\ cleavage ~ insertion
/ —> R RU
’H
Ru Ru
C-H
cleavage
7 c-c
cleavage /_H \
). Ru—
R y Ru — u =Ru

&

Cp*Bifi & A3 % 58 & Cp'f &3 5 59 TIk, AP ORELIMNT G, KFEOHN
BIpo TS, T, 59 OAERGEIETIE, 58 IZ_XTH/KFBEEZRTICEGTrZ 2L
TU 5. Scheme 4-4-4 121X, 2 &V VRN F Vo L OHEER R EZ /R LT-. 2a &/ ViRV
T EDORIGTIE, C-CP B LY CH-C AU SN D Z ERHLNCENTNDY
T, INFETIZ 2a E8KD LUFIERIKR = U E ORIGETIE, P>V = U 85K 5
NTVDEZERELNZENTWNDEBE ZOZEND,2 L/ IVARLVFYTy EDORIETIE
X UDIZT T UERBAER L, C-C* KA RO S VTR A #4025, ZhicxfL, X
FEBOAL 23 Cp*EfL 1~ DAL, CO ~D b KU REARSAEIT L7z th, C-C° 55 03Bl
Ehd. ZDtk, C-H G OMABRIIENR X, IV T o 7~ T o= gk
AT D, ZFEECAL 773 CpHBehr T DHEAITIE, A MHOKE L C-C fEE DUIRIC
S T8I NAERTD. CpiNiFE2HT5H A T, VIKEEARMHTHZ & 2EHE LB
KENWEEXTZHDEEBEZOND. BIKFIZE->TE RY RRRLRolzlzdic, AERR
%€ D% D EREEMBOS P ETET, 85K 59 2 L7zb o L Bbnb.
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2L VRN F T L DORIGTIE, WYIAENDEEOEITEN L 72- 7278, CpHlefir
FOBEANZ L > THKEMetE S, RISERMPELLTZbDEEZ NS,
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H5H “EET Mk RY REEEE ZERILRE L DXL
ZEARY b RY FEEEDNKIE

RITEN UL, BASUSICE T D BUSAERD Y & D X 9 I2BbT 2 20Tk, CpHldhr 1-%
AT HZ L THREDORY IAHOEOMEIS, FEOE LD OBBEAMEE IS Z &
RGN LE. KHICIEIINE TIZ ZELDTEDITHAND Z ENTEX > R KIRI
DUV LT,

THERY B R U REEROIERIRE, SR TIEA DR WEER A ShTnd . &
AU e R REERTIE, (1) 284 RV RENL P2 RN T CTHOMAKFEEZRLZLSH W0 &,
Q) B RY FEMLTIZE > THEBEESN TS Z & TBEHRAMRBEICHRTND Z &
WRCTHD. TROORICEY, RV e RY REEADONRIETIE, IVR=Lr F
AB—=TROEND LI T T T A T—varBDRESH L, EKERS TZERED
FAENAREIZ /2D, HlziE 2a L7 Mo EDORIGETIX, o0 sp’ 4 C-H #5E DO UINr & £
ST, XY FU AF L2 A X 5K 60a NAERKT D (Eq. 4-5-1). 72, b= & ORIG
TlX, #aKFLEEST6l & 62 AT D (Bq. 4-5-2). 2O XD ITEWKINEEZET 5
RO, BAOG & FIREIS, ZEAVRIGIC X B TR RN IEE T S 1342

Scheme 4-5-1. Photochemistry of polyhydride-bridged complexes.

H_H hv H H,H hv H
Vs N Z\ ~
R Ru —// R Ru + H, R{ Ru —// 2 Ri
~7 A
N w7 S H
1. Resistant to reductive elimination of H,. 2. Reinforcement of a cluster skeleton

Acetone ------
hV(365 nm) /R \\/I (4 5- 1)
Me
Toluene %e Q
hv (365 nm) /R"\H\ﬁ: g /RU\H\?RU\ (4-5-2)
61 62

EBREREZEAY v R NEEERO 12086, [Z2EFRET] 1L, ZBURBRLERER
8‘@%’7&3?1;71: %270 NUOBEBELELTORICAMTHL LEZ LD, ZNETIT,

BE 5B T D 1,4,7-trimethyl-1,4,7-triazacyclononane (Cn*) % 3E A L7= Cn*Cp*IEA T
M%’ﬂg* SNT =7 LK) B R REERTIE, ZBILIRBOR L~ — F~DBILHZER S
NTW5D (Eq. 4-5-3).8 2a D70 b oAIZ L » TEU B 7 =4 MR TIx, B bikE

4 (a) Suzuki, H.; Shimogawa, R.; Muroi, Y.; Takao, T.; Oshima, M.; Konishi, G. Angew. Chem. Int. Ed. 2013, 52,
1773-1776.

43 (a) Namura, K. Doctor thesis, Tokyo Institute of Technology (2014). (b) Namura, K.; Ohashi, M.; Suzuki, H
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A NVR = NVENL -~ B XD (Eq. 4-5-4).4

H y
| S o)
H
—(";_ \Ru/ Ru _»coz [N\R\u/ Rlu (4-5-3)
<_N/ S N W
\ k/"\

LU D, Cp*BiNLF DB B 5 2a 1X, iR T i%E@:E&ﬂ:ﬁ%& (Y rans
(Eq. 4-5-5), NIEAGA: CIX =AE8EIR, WUBSERZ LT 2. 207w, 2 12X D B{LRFED
B IAFIT Z 3 E TEMR STV W, KEiCIE 2a OIS EFRH LT ﬁ&“ftfﬁ@@ﬁ
bk de. E£72, HhEIC X 2 Bk MK+ 2 2 L2 I E LT, CpHldfi +&2H 7
%2 W TZEDRGE I LT

//\\ CO, (20 atm) )
\\/ " 1day — > No reaction (4_5_5)
THF

TENT =0 LSRR L ZRLRE & ORUR

‘fR’

CO; (1 atm) o/‘\o R g
PN v (365 nm) " H
—Ru\\//Ru— Ru/\FR ~{ Hs., l + Several Products
H>™H thf dS / H/Ru\

48 h
2a 96% conv. 63a (57%) 30a (23%)

/

(4-5-6)
2a O thf-dg WIRIZ KT L C, 1 RJED B kiR FEIRPAK, 0 °C T 365 nm @ UV % 48 RffH] G
L7z & Z A, Cp*Ru(u-OCHO)(p-H);RuCp* (63a) 7% 57% DU THRL L7= (Eq. 4-5-6) 7))
BR, ZHEBBIK 30a (23%) & RRIESEAENEIL LT, WEEOE W Cpt 2 W 234121, 21
IF [ O Y B & T CpP'Ru(u-OCHO)(p-H);RuCp™ (63b) (48%) 3 L T30b (18%) szcﬁjz L7z (Eq.
4-5-7). :Hf{ﬂ:ﬁﬁ%&@%ﬁm%%{ TIT > 25 BT, 63a 23R T ER{b iR 35 D IiEfE % £
S THfRT 572012, ZE851K 30a ’?DIEH‘Z%{ZE 36a @%LZM%BZ L.

Organometallics 2012, 31, 5979.
4 (a) Kadota, N. Master thesis, Tokyo Institute of Technology (2005). (b) Ohashi, M. Doctor thesis, Tokyo Institute
of technology (2003).
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21 h
96% conv. 63b (48%)

CO, (1 atm)
hv (365 nm)
\ﬁ <<>/ \ﬁ hf- \§\Ru/\H;Ru /y I./}"l /}i + Several Products
t dg

30b (18%)

(4-5-7)

AUZxE L, Cptli L 72875 2¢ & “BRLIRFE & ORIGTH, SRR KRE S EL

72.2¢ @ CeDe TAHRIZ R LT, —RUED LR FFIAR, =i T 365 nm D% 40 Wi RS
L7=& Z A, Cp*Ru(u-CO)(u-O)RuCp?* (64) 23 0%@%&?&5}2 L7z (Eq. 4-5-8).

Bu ‘Bu

CO; (1 atm) ‘Bu t
//\\ hv (365 nm) Ru—
\\// T (4-5-8)
Bu 'Bu 'Bu 'Bu 25°C

40h
99% conv. 64 (80 %)

CALIRFE D C=0 #EE OUIMIBISIE, WA Tl METKISSES LT
ERTE S, 1 RETIE 120 °CITMFAL TH 64 2VREIE LB ST, 2¢ RIS L7z
M, 8 GIED AR EZEFAL T 140 °C ICMET 2 = L T, 64 (35%) 3L 08 16¢ (65%) 734
fi L7z (Eq. 4-5-9).

2c

0

\\
heptane1602 (8 atm) ‘Bu
T e R““ \\/ (4-5-9)
tBu ‘Bu tBu 'Bu

'Bu 'Bu

Cp*Ehi 2B 25 2a LY Cpiﬁa{i%%:ﬁﬁ“é 2¢ & R bk & OSORTIX, CEFEML T
DEWNZ L > TR D 2 DOBKKXOKE, 37205 [Ru-H ~OffA] LONC=0 " FEEA
DY O FEEORISHEITT A Z L ZH BT L.

63a (N 63b 13 Ar FIHR CH 0T 5720, H—0AERM & U THEET 2 2 &A%,
FMIITIR AW % FV 7=, 'TH NMR, *C NMR, IR (2 X - CRIE L, EfES X s miric
Ko TEDELMER LT,

63a D _ODNT = AFLNIEMTH Y, ' HNMR A7 hUIZIE Cp*v 7 F /L7038 1.86
ppm (T 1 FEEO LB S 7z, R~ — MR- EDOKFEIZ 'THNMR A7 FLTIES 6.84
ppm (& TH BBl S, HIVR=)VRFED 7 F0iE BC NMR TIiES 171.1 ppm {2 ey = 204.3
Hz OB v 7V > T EREAT 5 doublet 7 /L& LCTEBMlS =, 72, CO MAFRENT
1587 em M IZBIl 7=, & RU NEMLHI3EEE 2~ LTy, ERFClEvre— =
VT OISO S 72y o 7203, =80 °C T1Ed 0.86 ppm (1H)F L 88 —15.07 ppm (2H) (ZFh
FiLJmm=60Hz DY 7V v T EEEHT 5 triplet, doublet > 7 /L & L TCEIHI S 7=, §
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0.86 ppm & & —15.07 ppm DFHBSIFZ MRS FZERIC L » THEFR L72. 6 —15.07 ppm D& Y R 7
FVEBET S Z & T, 80.86 ppm DY /L id singlet ¥ F L~ L8 LT (Fig. 4-5-1).

Irradiation at
8 -15.07 ppm
_

50.890 0.855  0.820 50.890 0.855 0.820

Figure 4-5-1. Selective decoupling at the hydride signal.

63b X 63a & 'HNMR A~ ML &S HZ L CHE LK. Ab~— Mfi 1% 'H
NMR A7 kLTS8 6.76 ppm (2, BCNMR A7 kL ClEs 170.9 ppm (2 Jou = 204.5 Hz O
Ty TV T EEART D doublet > F Ll LCRII S, FHAIBE R L LT,
Cn*Ru(pu-OCHO)(u-H)RuCp*=° [Cp*Ru(p-H)(u-OCHO), BHEEINTEY, 63a <° 63b O
ARY MVT—2 326 EFELUOfEE R LTz (Fig. 4-5-2).4% 63a @ ORTEP [X| % Fig.
4-5-4 |2~ L, E2RJRF[FIRERE K& ONFS & ) & Table 4-5-1 IZF & 72 46

H H )H\ H
| o /&:&0 p-OCHO: o /6>:é~\0 1-OCHO:
Ne_ / / 5y 7.85 ppm \/ \/ 8 6.75 ppm
E PRa /Ru\ 8¢ 17_5.1 ppm /Ru\\/,Ru 5¢c 170.4 ppm 1
N H Jou = 194 Hz H¥H ACO): 1571 cm™
N

Figure 4-5-2. Formate complexes related to 63a and 63b.

64 /X 'H NMR, *C NMR, IR, JLHEHHTICHED X FEE L, Hish X SEEfEITic X > T2 o
TG 2 e L72. 64 @ '"H NMR A7 KL ClE, CpHfir+DH7138 491, 1.41, 1.02 ppm (2
436:18 DRSS HEHT L 7 Ly by 7t LTBIElIS N, VR =LA 13 1BC
NMR A7 kLG5 255.5 ppm [ ZBLHl S 7z, CO MifEiEENE 1765 em™ &, ZUE LR =v
BN IR 2 @ I8l SNz, oA x Y B AR= VR E L T
(PhB(CH,P(CH2Cy),)3Fe)a(u-CO)(u-0) s ST .Y £/, Cp*Rur = h & H T HLE
16 71 VAR = VR & L TiE Cp*Ru(p-CO)(p-H)2RuCp* (16a) 235N THV, 641X 215

4 (a) Suzuki, H.; Kakigano, T.; Igarashi, M.; Tanaka, M.; Moro-oka, Y. J. Chem. Soc., Chem. Commun. 1991, 283~
285. (b) Igarashi, M. Master thesis, Tokyo Institute of Technology (1990).

40 JIE 13, Rigaku R-AXIS RAPID [EIHT34#E % I T-150 °C TT\», Rigaku Process-Auto program (Z 5V 7
— X AL U7 R HANGRITE L, ZERIBHT C2/c #15) TH o7, f#FTIE SHELX-97 7'u 7/'F Lo
=R AW, BEEEICL VAT = ARFOMEZRE L, 77— =AU L0 5K D IEKFRF DN
B A RE L. SHELX-97 7'u 7 J A vy, m/h TRIEC K VRS L, & TOIKREIRFZ2IEEITHEC
JEBH L7z,

47 (a) Lu, C. C.; Saouma, C. T.; Day, M. W,; Peters, J. C. J. Am. Chem. Soc. 2007, 129, 4-5. (b) Saouma, C. T.; Lu, C.
C.; Day, M. W,; Peters, J. C. Chem. Sci. 2013, 4, 4042-4051.
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EHRLD AT WV F—H &R LT (Fig. 4-5-3).% 64 ® ORTEP [¥ % Fig. 4-5-5 (2w L, F72
SRR OS5 & & Table4-5-3 12 L7 ¥

o o}
P Il I Co:
/ C u-CO: c p :
PhB __p—I¢ / /\\ 5c 289.8 ppm o o 5c 228 ppm
\ / \ \ / UCO): 1730 cm™! \}(H/ UCO): 1793 cm™
P P Hydride:
(P = P(CHy(CeH11))2) 16a 84 ~12.98 ppm

Figure 4-5-3. Bridging carbonyl complexes related to 64.

16¢ I3 "H NMR, "*C NMR, JeBOHTICHES E[EE L, HfE i X AEEMRITIC K > TZ O
EEMHER L. B RU RU 738 -12.51 ppm (2B S, B LR =/1138 223.5 ppm (28]
B E 7z, CO MfEtRE 1808cm ™ IZHLH| = 41, Cp*Ru(u-CO)(u-H),RuCp* (16a) & FLld
7' F IV E R L=, 16e @ ORTEP [X% Fig. 4-5-6 |2k L, 7251 R K& O%E A 4 % Table 4-

4IZFE LD

Figure 4-5-4. Molecular structure of 63a with thermal ellipsoids set at 30 % probability.
Hydrogen atoms of the Cp* are omitted for clarity.

4 Kang, B.-S.; Koelle, U.; Thewalt, U. Organometallics 1991, 10, 2569-2573.

4 JIE 13, Rigaku R-AXIS RAPID [EI#i#4i& % iV T 150 °C T4TV Y, Rigaku Process-Auto program (Z 45 ¥
F—Z B U, fERITEANGRICE L, ZZERHE P2k (#14) ThoT-. f#HTIE SHELX-97 7125 A
NRolr—U% AV, BEECEOY AT = AFTOMEBEEZREL, 7— Y AT L 0 55 IEKERT O
A A RE L7z, SHELX-97 7' 17 7 A% W, F/h HIEICL OV REIL L, 2 TOIKBR T2 IEEHES
MEIZEB L7z,

50 IE X, Rigaku R-AXIS RAPID [m[7 3 & %ﬂﬂb VT —150°C T{T\, Rigaku Process-Auto program (2 &Y 7
— X EMME U RERITEANERICE L, BT P2/ #14)TH o 2. fEITIL SHELXT-2014/5 K OY
SHELXL-2014/7 7’11 7 13 ’7‘“?%%b‘éf7}<7ﬁﬁ%@4ﬁ%%&ﬁf L7-. SHELXL-2014/7 70 /'J L%
AW TOIEKBIRT %2 IEEH IR Uiz, AL T D 2 DD Bu kBT 4 A4 —F—LTEV, i
TNOEFERE 10%E 30%E LT 70%E 30%I127 5 2 & Theafb L7z
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Table 4-5-1. Selected bond lengths and bond angles of 63a.

Bond Lengths (A)
Ru(1)-Ru(#1) 2.6699(9)  Ru(1)-0(1) 2.130(5)  O(1)-C(1) 1.246(6)
C(1)-H(1) 0.91(9) Ru(1)-H(2) 1.65(6) Ru(1)-H(#2) 1.83(6)
Ru(1)-H@3) 1.74(7)
Bond Angles ©)
O(1)-Ru(1)-Ru(#1) 8433(10)  C(1)-O(1)-Ru(l)  I121.1(5)  O(1#) —C(1)-O(1) 129.0(9)

Table 4-5-2. Selected bond lengths and bond angles of 63a.

Ru-Ru(A) Cp*Ru-O(A) C-O(A) O-C-O(°) ref

2.165(6) 124(D)
[Cp*Ru(p-H)(u-CF;CO0),  2.846(2) g{gég };ggg 3?3&3 45
2.150(6) 1.25(1)
Cn*Ru(u-OCHO)(u-H)RuCp*  3.0892(6) 2.187(4) }%g;‘gg 52‘3‘% 43
63a 2.6699(9) 21305 1246(6)  129.09)  This work

63a I/ ~— ML TB L3 2Dk KU RIZ X o T4 SV B8R TH Y, Ru-Ru
FEAIL 2.6699(9) A THo7-. A~ — MBI TI1E [Cp*Ru(p-H)(u-CF3CO0)]» X° Cn*Ru(p-
OCHO)(u-H)RuCp* & FHEL D C-O 5 & HER L TN O-C-O A % A L Cu /= (Table 4-5-2).
63a ® Ru—Ru #EA 1% 22 (2.4630(5) A) & [Cp*Ru(u-H)a(u-CF3CO0)]» (2.846(2) A) O [ DA
ThHol-.

Figure 4-5-5. Molecular structure of 64 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.
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Table 4-5-3. Selected bond lengths and bond angles of 64.

Bond Lengths (A)

Ru(1)-Ru(2) 253553)  Ru(1)-C(1) 20113)  Ru(2)-C(1) 1.999(3)
Ru(1)-0(2) 19032)  Ru(2)-0(2) 19012)  C(1y-0(1) 1.188(3)
Ru(1)-CEN(1) 1.825 Ru(2)-CEN(2) 1.822 Ru(1)-0(2)

Bond Angles ©)

Ru(1)-Ru(2)-0(2) 4822(7)  Ru(1)-Ru2)-C(1) 50.998)  O@)Ru@)-C(I)  99.13(10)
0(2)-Ru(1)-Ru(2) 4817(6)  C(I)-Ru(l)-Ru(2) 50.578)  C()Ru(1)-Ru2)  145.44(7)
0(2)-Ru(1)-C(1) 98.65(10)  O(2)Ru(1)-C(2)  13325(10) C(1)-Ru(1)-C(2)  110.68(11)
O(1)-C(1)-Ru(2) 14082)  O(-C()-Ru(l)  140.72)  Ru(1)-C(1)-Ru(2)  78.44(10)
Ru(1)-0(2)-Ru(2) 83.61(9)

64 (34X VB I OB IR = VENL T2 & - THRE Sz B %A L, Ru-Ru fEE1T
2.53553)A ThH-o7=.C(1) & OQ2) 1%2.969 (4) A i TEB Y, C=0 —EEENUIK ST
D2 ENRENT. ARV AINEREVERERT D EEARIT (PhB(CHP(CH2Cy)s)sFe)(u-
CO)(u-0) VMEINTNDLDOHRTHS.Y

64 O X O \ZHIMEIC IR b RSB ORLIOINZ 7R LI liEd7e v, —fRIC, ZE{LRFE O
LB B TRl O R fE A2 FH VWD Z & CER SN TWD. il 21X, BEZHER T
DB T AT ERGD ZE ZBLRFED C=0 FEAOBILIMINNER SN TN D
(Eq. 4-5-10).%!

P
co, | .o
Cl =
wici,P, WY (4-5-10)
cl” | >co
(P = PMePh,) P
Peters & 1L Fe(l) $5Aa W T, R LKFEDO ZEFRICICE Y ZBEOA XY VAR =V

EKEEHRLTWD., 2T, ?Fﬁfi{erl@;%ﬁﬁb\é LT, XY T MEERRELND
ZEMD, ZHFO Fe(l) $EIRIC X 2B RN ZFBLIRBE DR ITHEZ > TWD LIk b
TV 5 (Scheme 4-5-2).Y7 Z O R TITAERMNC EZEEENE LTV DD, BHEESEIRD BB
HI7R2IEICIZ L - T C=0 A OUMAE E TS, 2¢ & B bRFE & ORISIE, ZEEHEH
ERoeEE LRFBOBRICIMIMAET L TRY, ko TZ8ENRE , [£%E
FIBICEE] DEFICHEEINTCREEZEIOND.

31 Bryan, J. C.; Geib, S. J.; Rheingold, A. L.; Mayer, J. M. J. Am. Chem. Soc. 1987, 109, 2826-2828.
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Scheme 4-5-2. Reduction of CO; with Fe(I) complex.

R 0
|

P
PhB

\/P—\Fe"—CI
N/

(P =P(CH,(CgH11))2)

Figure 4-5-6. Molecular structure of 16¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity. Disordered bonds are represented in white lines.

Table 4-5-4. Selected bond lengths and bond angles of 16¢.

Bond Lengths A)
Ru(1)-Ru(2) 2.4330(2) Ru(1)-C(1) 20172)  Ru@)-C(1) 2.030(2)
C(1)-0(1) 1.178(3) Ru(1)-Cen(1) 1.816 Ru(2)-Cen(2) 1.814
Bond Angles ©)
Ru(1)-C(1)-Ru(2) 73.91(8)

R~ — MEERORGE

R~ — MEER 63a IZHESRAT, Ar SRPHAUCHURERIZ K 2 0 BOC MBIl S 7z, SR Tl
1 KED B bRFFEFHK T TH, B bRFOBREL, 16 ReH#I2IE 63a 3HE 41, 2a
BLW 30a BZENZN 22%, 19% DOULETHRL L7z (Eq. 4-5-11).
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-
I

R~
y Oy (1 atm) /\\ \H
Ru/\\Ru —R Ru—r + .\| + several products
N7
N wm A P

2a (22%) 30a (19%)

(4-5-11)
—J57C, 63a ODBREEI G 7 & k=0 ML YR T - 128 01T, RIR, BESiE T
HAFH FU AF LA XK 60a 0 7 mAaF YU UK 61 & 62 AERLLT-. 63a
DR B )i D acetone-ds 35 & TN toluene-ds H1 C D #ERFZ L % Figs. 4-5-7, 4-5-8 IZ/R L7=. W\
THOLGETYH, BMRKBZEOSKILIT £ FoRo Mo LRI RIGT 2 2 &R 60
Il otz TNENOSEKIE, BEE O 'H NMR 227 hLE T 5 2 & TRIEL, Cpt &
izﬁrﬁaﬁ%c:ﬁﬁ“é 60b 35 LU 61 (2B L CILHRE S X SMEIEMRATIC X - CTF O 4 i
AL

H

o)f\o ~ Sx=m=20)

/ \ Acetone /
Ru=H—Ru Ru Ru
SN SN (i N s

H
63a 60a

100% 4

+ 63a mconv.of63a 4 30a ® 60a

80%

60%

40%

Yield [%]

20%

0%

10
Reaction time [h]

Figure 4-5-7. Reaction of 63a with acetone.
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H Me

Toluene de Q
/H\ Ru u + R Ri
_R R u u
BNy —co, Qs s
61

62
100%
‘ #63a M conv. of 63a 61 X 62 ®61+62
80%

Yield [%]

Reaction time [h]

Figure 4-5-8. Reaction of 63a with toluene.

Figure 4-5-9. Molecular structure of 60b with thermal ellipsoids set at 30 % probability.

Hydrogen atoms of the Cp®* are omitted for clarity.>

Table 4-5-5. Selected bond lengths and bond angles of 60b.

Bond Lengths A
Ru(1)-Ru(2) 2.81092)  Ru(2)-O(1) 2.0406(14)  Ru(1)-C(1) 2.191(2)
Ru(1)-C(2) 2.1862)  Ru(1)-C(3) 2.199(2) 0(1)-C(2) 1337(3)
C(1)-C2) 14113) CR)-CR3) 1.423(3)

52 HI5E 1L, Rigaku R-AXIS RAPID @?ﬁ%[ﬁé’ﬂﬂ‘“( —150 °C TYTV), Rigaku Process-Auto program (Z Y

T B LT, fEEITERGRICE U, ZEREE P2i/c (#14) Th oo, fENTIE SHELX-97 7'mr o

VN /%?:ﬁ%b\, EEEIZ X D/V%:?Aﬁ%aﬂﬁ%%ﬁ%ﬁb, 7 — U AR &V D IEKRER T
DOALE ZRTE LTz, SHELX-97 7'a 7 7 L&MW, fh R IEIC LV ENL L, £ CTOIRKBRTE2IEEH
PEIZRBA L 7=,
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Bond Angles ©)

C(2)-Ru(1)-C(1) 37.61(9) C()-Ru(1)-C(3)  37.88(9) C(1)-Ru(1)-C(3) 66.03(10)
C(2)-Ru(1)-Ru(2) 64.83(5) C(1)-Ru(1)-Ru(2)  84.44(6) C(3)-Ru(1)-Ru(2)  85.93(6)
O(1)-Ru(2)-Ru(1) 74.53(4) C()-O(1)-Ru(2)  105.95(12)  C(2)-C(1)-Ru(1) 71.00(12)
0(1)-C(2)-C(1) 121.8(2) 0(1)-C(2)-C(3) 121.6(2) C(1)-C(2)-C3) 115.1(2)
O(1)-C(2)-Ru(1) 114.66(13)  C(1)-C@)-Ru(l)  7139(12)  C(3)-C(2)-Ru(1) 71.57(12)

Figure 4-5-10. Molecular structure of 61 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to Cp* ligand is omitted for clarity.>

Table 4-5-6. Selected bond lengths and bond angles of 61.

Bond Lengths (A)

Ru(1)-Ru(2) 27344(5)  Ru(1)-C(1) 22436)  Ru(1)-C(2) 2.186(6)
Ru(2)-C(5) 2.174(6) Ru(2)-C(6) 2.197(6)  C(1)-C(2) 1.389(7)
C(2)-C(3) 1.504(9) C(3)-C(4) 1.546(9)  C(4)-C(5) 1.505(9)
C(5)-C(6) 1.407(7) C(6)-C(1) 1468(8)  C(1)-C(7) 1.515(8)
Ru(1)-Cen(1) 1.831 Ru(2)-Cen(2) 1.830

Bond Angles ©)

C(1)-C(2)-C(3) 124.3(5) C(2)-C(3)-C(4) 1158(5)  C(3)-C(4)-C(5) 115.2(5)
C(4)-C(5)-C(6) 123.5(5) C(5)-C(6)-C(1) 120.15)  C(6)-C(1)-C(2) 118.7(5)
C(6)-C(1)-C(7) 115.4(5) C(7)-C(1)-C(2) 123.1(5)

53 HI5E 1L, Rigaku R-AXIS RAPID [A[F134(E % T 150 °C TfT\ >, Rigaku Process-Auto program (2 & 0 5
— B AL U7 SR T ESRICE L, ZEMIERE Pra2) (#33) TH o 7. fENTIZ SHELXT-2014/5 KO
SHELXL-2014/7 7’0 27 J Loy r—V % W, BHEAEIZ IO AT =0 AR T OMEZREL, 7— VU =8
T K0 5% D HEKEIF A ONLE 2 E L 72 .SHELXL-2014/7 771 75 A& JAWETOHKZE 12 5% )7
PEIZRERA L7=.
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Scheme 4-5-3. Reaction of CO; with 2a and the decarboxylation reaction.

C. -
Insertion
H ! \o into Ru-H
hv co,

H
H_H
N\
RU<//RU — 23* —> RU//H\RU —~—— RLI//H\R\U
H H

AN -co, SSH B-hydride
H H elimination

2a A
Ru = RuCp* (Elongation of Ru-Ru
or Ru-H cleavage)
Inert
solvent

Acetone Toluene

63a > 5 DOPLRERIC X - THE U ALZEREIE 2a DILERAEL (TR0, BWIEEZ RTH O
LEZEZBND. FFIT, 60a, 61, 62 (X, 2a DMK TITEM TE RN &5, 63a D fRIE
2K o TA U7 b7 HEIL 2a DY & FEORISHEEZ R L, KEOGIZ K > TAL 5 HfH
REHEUOHEEZRF L TWHIHLDOEEZLND.

2a & TERLIRTE & ORUSE KO EREE OGS O HEE SO % Scheme 4-5-3 12 R L7, £,
2a (ZxFF 2 MRS K o T, FhEHE 2a% 234 U 5. 2a @ 371 nm 35 K OV 490 nm OER Tidé
BB A EIED e E-t U FRGREEMIE~DOBBOF LSRN H 5720, 2a*r b
&ZEt FU FEEAOBRADL L IZEB-SBMOMENEE 52 &L THREMER A NET 5
AZxET D bR FE OB, Ru-H ~DFFAIZ X > T 63a AT 5. Z D Ru-H ~DFF A
FOGIE A CdH 0, 63a DR~ — NENL7-23B-/KFEMWiBEZ L Z 92 & CHEFRIK A 24
T 5. ZORE, 7T R MR U RRPIAAET D5 A1, 60a X0 61,62 AL D, R
TEMEZR A 2 -T2 3551218, 2a 0 30a DAERKT 2D EFE X Hib.

5% Density functional theory calculations were carried out at the restricted @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, and C, 6-31G(d) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state. TD-DFT calculations were also performed at same level of theory.
2.1% contribution of o(Ru-Ru) to 6*(Ru—Hydride) transitions were estimated for the transitions of 371 nm and 490
nm in 2a.
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ZENVT = U AR L ZRMGRTR & ORUG

2 & E{biRSE & DORUSTIE, Ru-H ~DFF ARSI LT C=0 ZEHfEE O YIS 8L
SNtz FDORISEN S Ru-H ~DFE AN AW TH D Z E A LN LT, C=0 —
FEEGOUIMSISIZET 2 AIIHE LN TR LT, T O FRAIZBHIH R TV Ry, RIE
T, B bIRSE L EE TS AL SO i bRFEE AN T C=0 fEE OUIMERIZ R 51
WAEB/LZEEEMNE Lo, R, BRET LD T =0 DT O & O E R 2
AT HZ LT, JiRfbRFE L DORISIZE T 2 PEARYEZRENREGRTE LD EEZ
7.

Bu Bu

//\\ u Ru
\\// Immedlately X (4 -5- 12)
‘Bu ‘Bu 'Bu'Bu —H;

2c 65¢c (quant )

2¢ 1Tk LCofifbiRFEEZMA D &, 1A% > THERFIZ Cp*Ru(u-S:CH)(p-H)RuCp* (65¢)

DEBEINZAR LT (Bq. 4-5-12). —HifbRE & OIS TIL, 63a & [AERIC, Ru-H f5 & ~DFF
ARIENBI ST, ZOB, Al L= F AR~ — M1, ZER Ru-S A% F
T DI DICBKFEE > T®-T VA CTRNL L7 b D EE 2 BRD.

65c I3 'H, *CNMR, TR &L - THEE L, HAEWH X BEEMITIC L > TZ O %
LTz, 2¢ & HA_THEMENME T L TR Y, CpHlihr v Bu 2 4 FEBLI Sz, T4
v~ — NENL - EDOKFEIT 'THNMR A7 KL TS 8.04 ppm (ZELHI X4, BC NMR Tl
§102.6 ppm (2 J=1943Hz DA v 7'V 7 EEZ AT % doublet 7 F /v & LTRSS T,
T VNI F ARV~ — NENL & AT D8R & LTI, [(CO)sMn(u-S2CH)Mn(CO)s] 23—
BlE LN TEY, VF AR~ — MENALFIE, 'THNMR A7 kL

8 6.07 ppm, BCNMR A-<7 kLG5 99.8 ppm (B S TUN 5 55 A o
65c Dt FU K7 i, § -8.43 ppm (2 1H DFEMEEZHT 5 oc—/Mn—s\Mn\—co
singlet 27"/ & U CTHEIHI S 417z, 65¢ @ ORTEP [X| % Fig. 4-5-11 |Z
L, IR EEERE & ONE & & Table 4-5-7 IZF & iz,

35 Alvarez, B.; Garcia-Granda, S.; Jeannin, Y.; Miguel, D.; Miguel, J. A.; Riera, V. Organometallics 1991, 10, 3005~
3007.

5 JIETE, Rigaku R-AXIS RAPID [AIH7%E®E % FV T —150 °C T{T\>, Rigaku Process-Auto program (2L 0 7
—HEWME LU ERIE SRR RICE L, ZEMBEEE P-l#2) Th oo, fEFTIE SHELXT-2014/5 KO
SHELXL-2014/7 70 275 ANy r—V % Hv, BEHEIC IO T =0 ARFOMEEZREL, 7— U =&
FRAC &0 7% B FEKSBIR A ONLE &R E L7 .SHELXL-2014/7 70 77 L AW TOIFKERT 2SS
PRI L7z,
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Figure 4-5-11. Molecular structure of 65c¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to the Cp* are omitted for clarity.

Table 4-5-7. Selected bond lengths and bond angles of 65c.

Bond Lengths (A)

Ru(1)-Ru(2) 2.8168(2) Ru(1)-S(1) 2.3785(5) Ru(1)-S(2) 2.3507(5)
Ru(2)-S(1) 2.3995(5) Ru(2)-S(2) 2.4111(5) Ru(2)-C(1) 2.098(2)
S(1H)-C(1) 1.747(2) S(2)-C(1) 1.706(3) Ru(1)-Cen(1) 1.801
Ru(2)-Cen(2) 1.821

Bond Angles ©)

S(H-C(1)-S(2) 107.72(12)

S-CHEAIE 1.747(2) A, 1.706 Q) A TH v, HfsiH & “HEAOMOEEZ R L T\ e n-7
UAHITCEINL L TV D H DD, S(1)-C(1) 73 S2)-C(1) FEA LV bR - TEV, Ak
DNBLH & 7=, S—C A BT, [(CO)sMn(u-S2CH)Mn(CO)s]™ (1.72(1) A) L RI%THh - 725

65¢ D C-S F&A DLW

65c D C-S fEE DYWL 2 ]IFF L, S0 COMBGR & MGt L7223, 180 °C T% C-S
FEAOUIMBISITE & 7o 72, 2RI L, 65¢ 12 365 nm DY EMBE L= & Z 5, CSHEd
DI S, IRIEERIC AL T 4 RFAHRALLT VT B REEER Cp'Ru(u-SCH,)(u-S)RuCp?
(66¢) 23 ARY L7- (Eq. 4-5-14).

H

S
‘Bu { ‘Bu o
t 180 °C
‘Bu Ru/\//Ru Bu____— " . Noreaction
H 24h (4-5-13)
tBu t
65¢

Bu
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(B hv(365nm) tBu
ﬁ R 2ah ﬁ\/)\ﬁ’ (4-5-14)

66¢ (96%)

66¢ |L 65¢ 725 C-S FEE DUIWT &, C-H #i& DRITHIMEEC L > THEKRTH D EE XD
5. 65¢ DYFARN~— NENL T D, C-S FEGOUINIBSHEI T2 2 & 1%, “{bkFE L
DIIFIZBNT H R~ — NN T- 28R H L7 C=OfE AUl ORI 2 R+ 2R TH 5.

Adams DIF A AI TV LY T AL — L& ThifbiRE & DORIGT, YF AR~ — ML T
D C-S FEEUIWIZ Lo TANLT 4 RFARINLVAT AT B REER 0s3(CO)o(PMerPh)(p-n-
SCH2)(1*-S) WA T DI 24278 L TH Y, Eq. 4-5-14 HLRIERICHET T2 2 & 298 < SRed
HHDTH D (Scheme 4-5-4).%7

Scheme 4-5-4. Reaction of tri-osmium cluster with CS,.

L=A-N

Os = 0s(CO),(PMe,Ph),,

66¢ |% 'H, *CNMR, JTTHRIHTIC L - TRHE L, HAEWH X BEEMITIC L > TE O %
L7z, 65¢ & H_THRPMEIME T L TRV, CpEhL 10 Bu Mk 6 BN S NZ. 74
RN AT VT B RiZ THNMR T, §4.66 ppm 38 L U8 241 ppm (2 J=12Hz DB v 7V 7
TEH A F5O doublet T 7 F /L & L CTHLAIS 41, BCNMR TIE8 60.1 ppm (ZEH X dvi-. n>-F 4
TOAT e REERIL, 2 ETIZEFIOHRERH Y 'HNMR O 7 FE §2.7~5.1 ppm (2,
BC NMR /% 830 ~ 70 ppm (2B S 41, 66¢ b RIEEDEA R L7125 66¢ © ORTEP [X% Fig. 4-
5-12 12" L, 751 FH BERE M O & 4 % Table 4-5-8 IZF L 7=

57 Adam, R. D.; Golembeski, N. M.; Selegue, J. P. J. Am. Chem. Soc. 1981, 103, 546-555.

38 (a) Buhro, W. E.; Etter, M. C.; Georgiou, S.; Gladysz, J. A.; McCormick, F. B. Organometallics 1987, 6, 1150-1156.
(b) Park, J. W.; Henling, L. M.; Schaefer, W. P.; Grubbs, R. H. Organometallics 1990, 9, 1650—1656. (c) Bernatis, P.;
Haltiwanger, R. C.; DuBois, M. R. Organometallics 1992, 11, 2435-2443. (d) Schenk, W. A.; Vedder, B.; Kliiglein, M.;
Moigno, D.; Kiefer, W. J. Chem. Soc. Dalton Trans. 2002, No. 16, 3123-3128. (e) Mullins, S. M.; Bergman, R. G.;
Arnold, J. Dalton Trans. 2006, 203-212.

39 WIE X, Rigaku R-AXIS RAPID @?}? [ﬁ’i’ﬂﬂb VT -150°C T{T\, Rigaku Process-Auto program (Z &Y 7
— X B U7 S A , ZERBEEL P-1#2) Th o 7. fENTIL SHELXT-2014/5 KO
SHELXL-2014/7 7177 L3y /7 /%‘:ﬂ%u\ EHEIC LY NVT =y ARFOMEEZREL, 7— U o4&
FRAC & 0 7% D IEAKFI A ONLE 2P TE LTz, SHELXL-2014/7 7’0 7T L& AWETOIKBIR T2 IS
PRI B L7z,
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Figure 4-5-12. Molecular structure of 66¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 4-5-8. Selected bond lengths and bond angles of 66¢.

Bond Lengths (A)

Ru(1)-Ru(2) 2.9165(3) Ru(1)-S(1) 2.2933(7) Ru(1)-S(2) 2.2043(8)
Ru(2)-S(1) 2.3464(8) Ru(2)-S(2) 2.2488(8) Ru(2)-C(1) 2.135(4)
S(H)-C(1) 1.734(4) S(2)-C(1) 2.987(4) Ru(1)-Cen(1) 1.835
Ru(2)-Cen(2) 1.860

Bond Angles ©)

Ru(1)-S(1)-C(1) 106.82(14)

SQ) & C(HDHFHEIX 2.987(4) A TH Y, C-SFEALEINr Sl 2 L BRI TR SN 5. S(1)-
C(l) AL 17344 A THY, BEICHESN TV DIV T AT AT REERERZETH-
72 (1.696-1.785 A).37°8

HHRFHZ LD S-C G DYWL, 65¢ D TER T &4 5. 65¢ D UV-vis A< |k
/% Fig. 4-5-13 |17~ L, TD-DFT GHHE OifE R 4 Table 4-5-9 35 KL O Fig. 4-5-14 [Z- L 729

%0 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.E 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 for ground state. TD-DFT calculations were also performed at same level of theory.
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Figure 4-5-13. UV-vis spectrum of 65c. (Hexane solution)

Table 4-5-9. TD-DFT calculated contributions of the transitions of 65c.

Wavelength Transition
Oscillator strength MOs Mode Contribution

465.33 166 ->168  MLCT (d(Ru) to *(C-S)) 69%
(f=0.0355) 166 ->171  MLCT (d(Ru) to n(C-S)) 8%
167 ->169  MLCT (d(Ru) to n(C-S)) 17%
167 ->173 d-d 7%
321.06 162 ->169  MLCT (d(Ru) to n(C-S)) 4%
(f=0.0347) 163 ->168 LC(p(S) to n*(C-S)) 20%
164 ->168  MLCT (d(Ru) to *(C-S)) 70%
165->171  MLCT (d(Ru) to n(C-S)) 3%
167 ->173  MLCT (d(Ru) to n(C-S)) 3%
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173

Figure 4-5-14. The molecular orbitals of 65c.

365 nm OJEHRGTTIE 346 nm ORI KIET HEB LA SN bDEBEZILND. 20D
E#1T, TD-DFT 315 (Table 4-5-9) Ti& 321 nm ([CHST 5B R TH Y, FITLT =T LD
d #UED Ha*(C-S)FEG~DOB TR OTFENRKE W EBNREND. EFEIZL > TC-
SHEADREERBNTNDHZ LT, C-SHEAGDUMMRNEZ s7TebDEeEZ LD,
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2 LT a7 VU E ORISR O R)ISHEE

Scheme 4-5-5. Plausible reaction mechanism of 2 with CX; (X =0, S).

X
\ -
H.H X /H X /X X
VA —2 . \ .

LRu Rl =—— WRigh—Ru = [LRusi—>RuL
A4 _ P S~~~
}H X, \ H Insertion \H'V

H into Ru-H,

2 A (63,X = 0)
o oxidative H oxidative
oy addition X=§ addition

RS HSHL LR //x.R iy — A

Ny i (c-0andc-s ) | LRUC Rul
o H bond cleavage H
reductive reductive B (65, X =S)
elimination elimination
[o]
|

2 &bk FER XL FE & OSER% Scheme 4-5-5 (2% & 7. HLIKRFE & DK
JETIE, HEE OB IRNTZOFIRTHAESIZ Ru-H ~FAL, A BERT D, fit\ T,
Ru-S f B DA B SN /1 & L CBKENR Z 52 & T, BAERT S, D%, B D C-S
A OYIr & BEITHIMEEZ X > T 66c AT 5.

TR FE L OUG T, KEHICE 5T Ru-H ~OANE X, £/ HRb~— hGEA
ADETLD. 63a (A) OBURIRIZ L > T2a AT 2 Z End, LR FED Ru-H ~DiF
ANIEAWTH D Z &35 (Scheme 4-5-3). Cp*ELAT T2 A 2 EEEDHAITIE, Z D
BRI N T, =BRSSO MBS IR D AR % 1 o T2 IR AL 2R 0 FRAR S MFAET 2. 2D
728, A 0B OBLEREEASELONZHEIT T 2 BIRSAF T, 2a & “RLIRE L DN ETTH &,
SRS RSCIIES RN EERM E L TR LD, ZHICKH LT 2¢ OHAICIE, SRSk
- T 2a TROND SRS HIH S5 . AIBURBESUS & 54 LT, O FEm
PR B G E R 292 & T UV AVRR L~ — NER B 24T 5. 2¢ TIX, ZRALAIH
ENb7, ZOMKFBENPRZIZHEITT S, B0 C-O fEG O L, HLR =Ll
PAWNERTHZ L 2BEE ) & Lz CHAES O, BAKEIZLY 4 03ERTHHDLE
ZHh5.

2 & TRUISE & DRRTIE, CpHefL F 28 AT 5 2 L TEDORUSERD OMEN K E <
LT 2 Z LM BMNIT LIz, ZORRTIE, —EHOFEHn@fe o § T LA R & 5
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5 2 LT, Cp*Befi 1 CIER B AVIR Mo T BT e OB & R~ 2 & AN T & 72, CpHlcfr+
DBAIZRY, ZHBEIRIZAK o > TWZ JIENLEE & 28 FRBERE 2 2 RAVICFIH T
D LR, BEEERTIINEZ C=0 " Hi G DOUIMN ER TE 72
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EoHh TART 4 v 7 P-HFEA DR

4FiTIE, 20 MY T 2= VAR AT 4 EDKIET, P-CHEADOYUIMIC L > THRAT 4 K K
Ve RV RGEKR 49 DG o s Z &2k~ ZORIGTIE, Y ‘/LO)%T@%% Ph <> Me
HEOBBITIT, p-R 2 7 4 FESMENE SN D DICK L, EE W Cy Ha W= 35A120E, pn-
P-H7 IRAT 4 v kB EATDHERAT 4 VAN TARY E L TELNE. ZIKE'ﬁT
NHU-HRAT ¢ REEEAB L Pun>P-H 7 AT 4 v 7 G E2HTHHREER A7 4 /’f‘ﬁﬁi@
TS L MEEIC W TR D,

‘Bu 2% 7457 % Cp'Ru(p-'BuPH)(u-H)RuCp* (55)D A 5L

B Cy B2 AT 5 54 1TBRERAT ¢ VIR E R AT ¢ RESRDNEHIR AW Th -
7o, BUBR AT 4 VESROREE EHE A ST 2720k EEmW BukE AT H AR A
7 4 UEERE G LT 2¢ 1ITX LT, 'BwPH % 120 °C THRUG S H 72 & 2 A, pm*P-H 7 Z A
T A v I REEEHT D CprRu(p-"BuPH)(u-H)2RuCp* (55) % 79%DILHE T/~ (Eq. 4-6-1).

tBu tBu ‘Bu Bu
H\\
R/}“\\R 'BuzPH Bu,_
_rif ut
S 120 R \H,// Ay (4-6-1)
tBu Bu tButBu  —H2
2c
B S X AR AE G ARNT

49,52, 53, 54, 55 [T HAE L X AMEIERENTIC K - TE ORE AR Z T~ 7.

Figure 4-6-1. Molecular structure of 49 with thermal ellipsoids set at 30 % probability.5!
Hydrogen atoms besides the hydrides are omitted for clarity.

ol 71X, Rigaku R-AXIS RAPID [A[474% %%ﬁﬁb‘“( ~130°C “T4T\, Rigaku Process-Auto program (240 7
— X EAVEL L. RS EASRICE L, ERIBEE P2i/n #14)TH o 2. fi#HTIE SHELXT-2014/5 O
SHELXL-2016/4 711 /5 L% /7~—~‘/“za*:ﬁﬁb KB T ONLE &R E L7=. SHELXL-2016/4 v /' J L%
AW TOIEKER T % FEHEF P R L7z
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Table 4-6-1. Selected bond lengths and bond angles of 49.

Bond Lengths A)

Ru(1)-Ru(2) 2.5768(3) Ru(1)-P(1) 2.3064(6) Ru(2)-P(1) 2.2963(7)
P(1)-C(1) 1.825(2) P(1)-C(7) 1.833(2) Ru(1)-Cen(1) 1.832
Ru(2)-Cen(2) 1.850

Bond Angles ©)

Ru(1)-P(1)-Ru(1) 68.089(18) C(1)-P(1)-C(7) 103.73(11)

Figure 4-6-2. Molecular structure of 52 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Table 4-6-2. Selected bond lengths and bond angles of 52.

Bond Lengths &)

Ru(1)-Ru(2) 2.6829(4)  Ru(1)-P(1) 22992(9)  Ru(2)-P(1) 2.2717(8)
P(1)-C(1) 1.829(4) P(1)-C(1) 1.835(4) Ru(1)-Cen(1) 1.818
Ru(2)-Cen(2) 1.873

Bond Angles ©)

Ru(1)-P(1)-Ru(2) 71.88(3) C(1)-P(1)-C(2) 99.6(2)

62 J7E X, Rigaku R-AXIS RAPID [BIH7457# % HV T —130 °C THT\>, Rigaku Process-Auto program (20 7

— X ZALE U7 AT AL RICE L, ZERIBET C2c #15)THh o 7=, fENTIE SHELXT-2014/5 KO
SHELXL-2014/7 70 77 LXw r— 2 % FHOWFEKR R OMLE 20 E L7z, SHELXL-2014/7 7’077 A%
HWETOIKFIRT 2 IR Lz
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Figure 4-6-3. Molecular structure of 53 with thermal ellipsoids set at 30 % probability.5
Hydrogen atoms attached to the Cp* and PMe; are omitted for clarity.

Table 4-6-3. Selected bond lengths and bond angles of 53.

Bond Lengths A)

Ru(1)-Ru(2) 2.9809(2) Ru(1)-P(1) 2.2571(6) Ru(2)-P(1) 2.2631(6)
P(1)-C(1) 1.833(2) P(1)-C(2) 1.828(2)

Bond Angles ©)

Ru(1)-P(1)-Ru(2) 82.516(19) C(1)-P(1)-C(2) 99.91(12)

Figure 4-6-4. Molecular structure of 54 with thermal ellipsoids set at 30 % probability.%*
Hydrogen atoms besides the bridging hydrides are omitted for clarity.

63 JIE X, Rigaku R-AXIS RAPID [AIH7%E®E 2 FV T —130 °C T{T\>, Rigaku Process-Auto program (25 0 7
— X EME U R AN RICE L, BB P2/ #14)TH o 72, fEFTIZ SHELXT-2014/5 K& O
SHELXL-2014/7 7’0 7T LXy r =V 2 VT =0 AR OMEZREL, 7— ) BRI L VKD I
KR DOALE A R E LTz, SHELXL-2014/7 7'0 7T K& FIWACOHIRRIF T 4 JE% MR L=

64 JAI7E 1%, Rigaku R-AXIS RAPID [AI#7¥EE % AV T —130 °C T{T\>, Rigaku Process-Auto program (2 5K 0 5
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Table 4-6-4. Selected bond lengths and bond angles of 54.

Bond Lengths A)

Ru(1)-Ru(1") 2.7028(3) Ru(1)-P(1) 2.3264(4) P(1)-C(1) 1.8654(15)
C(1H)-C(2) 1.532(2) C(2)-C(3) 1.528(2) C(3)-C(4) 1.523(2)
C(4)-C(5) 1.526(2) C(5)-C(6) 1.534(2) C(6)-C(1) 1.531(2)
Ru(1)-Cen(1) 1.841

Bond Angles ©)

Ru(1)-P(1)-Ru(2) 71.030(16) C(1)-P(1)-C(1") 102.70(10)

Figure 4-6-5. Molecular structure of 55 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to the Cp* are omitted for clarity.’

Table 4-6-5. Selected bond lengths and bond angles of 55.

Bond Lengths A)

Ru(1)-Ru(2) 271143)  Ru(1)-P(1) 2.4386(8) Ru(2)-P(1) 2.3483(9)
P(1)-C(1) 1.907(5) P(1)-C(5) 1.897(5) Ru(1)-Cen(1) 1.835
Ru(2)-Cen(2) 1.843

Bond Angles ©)

Ru(1)-P(1)-Ru(2) 68.97(2) C(1)-P(1)-C(5) 108.18(19)

—H E PR L7 R AN SRICE L, BT C2c #15)Th o 7=, fENTIX SHELXT-2014/5 &Y
SHELXL-2014/7 70 7" hoXw ir— V% FWIEK R 7 O E 2 R & L7, SHELXL-2014/7 7' n 7' J L%
FANWETOIKBIRT 2 IEEH IR Uiz, Gt Friihy P(1) EIZ/FEL Tz,

65 JI7E 1L, Rigaku R-AXIS RAPID [A[#T24{E % T —-130 °C "CTfT\>, Rigaku Process-Auto program (Z X 0 7
— X AU, RERITRF S RICE L, ERIBEE Prna2) (#33) Th o 7. fENTIZ SHELXT-2014/5 KO
SHELXL-2014/7 70 ' Z Lo r—2 VLT =g ARTOMBERREL, 7— VU /I L VRS IE
KFFAONE ZRE Uiz, SHELXL-2014/7 7’11 77 K% HWETOIEKFZER T2 IS H IR Lz,
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Table 4-6-6. Comparison of the structural parameters in 49, 52, 53, 54, and 55.

R R R r c.f. B
\/ \s !
gy B /P\\ ‘Bu gy B H/\P\ ‘Bu i H  'Bu
Bu R Ru ‘Bu Bu Rfi Ru ‘Bu Bu/H\H\ /tBu
J'\H\(Hl — \H\-(HI B H?\U\P/Ru
H Me,
Bu tBY ‘Bu Bu ‘Bu
49 (R = Ph) 54 (R = Cy) 55 (R = 'Bu) 53
52 (R = Me)
49 52 54 55
53
(R=Ph) (R=Me) (R=Cy) (R="Bu)
Ru-Ru [A] 2.5767(3) 2.6829(4) 2.7028(3) 2.7114(3) 2.9809(2)
Ru-P [A] 2.3064(6) 2.2992(9) 2.3264(4) 2.4386(8) 2.2571(6)
2.2961(7) 2.2717(8) 2.3483(9) 2.2631(6)
Ru-Cen [A] 1.832 1.818 1.841 1.835 1.894
1.850 1.873 1.843 1.901
Ru—P—Ru [°] 68.089(18) 71.88(3) 71.030(16) 68.97(2) 82.516(19)

Fig. 4-6-1 1 X (' Fig. 4-6-2 /513,49 (R=Ph) & 52 (R=Me) BNEZNENLER AT 4 il
MT2ET5 NI e RU REKRTHLZ L. =20t FY REN T 9 b,
TOIZEEANL TH Y, — DI RIRENL TH o 7. Fig. 4-6-5 N HIL, 55 N P-H T I AT 1 v
IRECEATDRAT 4 VA TH D Z LRSI, 54 OFEETFICRE T DEAERIET
A AF—=H—=IC Lo THRETHZ LILTERN- T

Ru—Ru #5 & HH#fER L O Ru-P #5 & FEBED L#z % Table 4-6-6 (28 L72. 49 & 52 T2
Ru-P fEGHHEEIC K& R EIT o2 (227231 A). Z OfEIE (Cp*Ru)a(u-H)(u-PRo)(u-
n2n>-CeHe) (R2 = Phy, MePh, Mez, (OMe),, (OPh),) (Z451F % Ru-P A& HEAE (2.24-2.32 A) &
[f% Ch o723 ZauTxt LT, 55 @ Ru-P G HEREIE 2.4386(8), 2.3483(9) A Th v, £z
D Ru-P FEAT 0.1 A OEWAHENTZ. K2 Ru(1)-P(1) OFEAIHEE (2.4386(8) A) I,
(Cp*Ru)a(p-H)2(PR3) (R = Me, Et, 'Pr, Cy, Bz, OMe, OPh) (231} % Ru-P A FERE (2.20-2.34
A) LHARTH 0.1 AUEREW. 2/ Ru(1)-P(1) BIiCE RU REANLFDOIFEL TS5
Th5.

54 ® Ru-Ru fEAEEHERS L O Ru-P #EGHEBEIAR A 7 ¢ REEIK 49 & 52) L7 T AT ¢ v
T IRAT 4 VEEIR (55) OFIOMEERLTEY, TOELLNERET H I LI TE R0

-7z,
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2.393(2) A (‘Bu), 23130A 464(8) A cy 2.378(7) A
\Hyp\/ revel
(tBu) HP—llt—Pt—PH' cp AN ~cp
2 (Bu), ~W—w.
P oc” \P/ “co
(‘Bu), Cy,

Figure 4-6-6. Complexes having a P-H agostic bond.

THE TICHAER X BRSNS S CWAT IAT v 7 P-H fE8 &A1 D8k
(X, [Pda(u-P'Buz)(u-n’*-HP'Bu)(PH'Bu)][BF4] koW [Mo2Cpa(p1-PCy2)(u-n*
HPCy,)(CO)][BE4] D2 HlDH T D (Fig. 4-6-6).% ZHDEERTIE, 7AAT 4 v 7k
BEAETDHIEBTLEY VOB, 72T 4 v ZHEANENS DI THE
LTV, LOLRRL, WTNDFEKRTY, 7 4 A4 —F =T Ko THidFR Bl £
TEITRRRE SR AE LT D 72, ZOREEICET 2 IEfERIEHRIZHE O TWHRNS 55 137
TAT 4 v 7 P-H & % Bifiah X S E MRS TR L2 TOBITH 5.

COEDIBRBEET TAT 4 v VT RAT ¢ VR, RAT 4 RERRAT ¢ I TORMIER
KOBWOBEOFRKE 72 E 20, ZNETHRAT 4 REEEkO7 v b AbicL>TL»
ARSI TNRN 0070 AL, Z Dl T O 2 FEERICER L =91 ToOfITH 5.

NMR A7 kv
Table 4-6-7. Comparison of the NMR spectrum of 49, 52, 53, 54, and 55.

49 52 54 55
(R=Ph) (R=Me) (R=Cy) (R="Bu) >3
CpH [8/ppm] 5.05 5.08 473 4.65 4.94
Cp'Bu [8/ppm] 1.28 1.43 1.49 1.52 1.49
1.24 1.20 1.31 1.27 1.26
Hydride [8/ppm] ~12.36 ~12.57 ~12.01 ~11.62 ~12.45,-15.12
Jpit [Hz] -22.8 -20.5 +6.5 +20.6
P [8/ppm] 90.9 65.4 80.0 91.6 155.0

% Leoni, P.; Pasquali, M.; Sommovigo, M.; Laschi, F.; Zanello, P.; Albinati, A.; Lianza, F.; Pregosin, P. S.; Riiegger,
H. Organometallics 1993, 12, 1702—-1713.

7 Alvarez, M. A.; Garcia, M. E.; Martinez, M. E.; Ramos, A.; Ruiz, M. A.; Sdez, D.; Vaissermann, J. Inorg. Chem.
20006, 45, 6965-6978.

% Transition metal complex with P-H agostic bond were examined by Cambridge Structure Database System
Version 5.37 (November 2015 update): Allen, F. A. Acta Cryst. 2002, B58, 380.

6 [Mo2Cp2(u-n2-HPCy2)(CO)2][BFs] Tlid P-H fEA DK FE &2 RAE I THIE(L L TV 503, Mo-P RIICHIE
ZEELTHEEL TS R H TN 5.

70 (a) Albinati, A.; Lianza, F.; Pasquali, M.; Sommovigo, M.; Leoni, P.; Pregosin, P. S.; Ruegger, H. Inorg. Chem. 1991,
30, 4690—4692. (b) Leoni, P.; Pasquali, M.; Sommovigo, M.; Albinati, A.; Lianza, F.; Pregosin, P. S.; Riiegger, H.
Organometallics 1994, 13, 4017-4025. (c) Leoni, P.; Vichi, E.; Lencioni, S.; Pasquali, M.; Chiarentin, E.; Albinati, A.
Organometallics 2000, 19, 3062-3068. (d) Leoni, P.; Mrchetti, F.; Marchetti, L.; Passarelli, V. Chem. Commun. 2004,
2346-2347.
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49,52, 54,55 12817 % NMR ¥ 7 F /L% Table 4-6-7 [Z/x LTz, RA T 4 Rk 49 Db KV

R 7 F 0138 ~12.36 ppm |2 3H OFES58E % 3% doublet (Jou=-22.8 Hz) > 7 /L&
LCHEllsn=. 80°C Tht RV FENLFOFRRN A FHIZLY, =20k KU REL
PN ANEARCBI S, SEEEICFEET S R U FENL TR0V A R sTiE, L
FUIRET MRV REDBREBIT 5 2 & CREREEZ RTZENAMBNTNDS. FRIH
BT =7 LR AT 4 85K Cp*Ru(H)3(PRs) (2B L CIFEEMIZRBFE N e ST, B R

U REEDORRG T v 7Y 78 (300-1000 Hz) RF RV A R AHE (AGH = 34-46
kJ/mol) 23N HAL TS Cp*Ru(H)3(PR3) & FALLOH piEE 2 G T 5 AR A7 ¢ REEIR 49,
RITBNTHEF P RARICL 2R A PP EZ 56D EEZ LS.

t RU RENTFOFRRNYA MZHICE ST, HEE P EEDOT v 7Y v 7B S
NTBHISND. BIBRAT 1 FEEREEEE NV R0 v 7 o 7ZERITEZ < D)
BERBHY, VT =T AR TIZ20~45SHZz FREETH D Z E NI HI TN 53772 52 O CpHiid
N F-% Cp FEICHE MR =T NHED HEL L 3P D v 7 o 7 E %, DFT #1585 4 1
WTHRBEbL--EZ A, Kk FU KT 2y = -36.1 Hz, 2246t R U R ClkZzn<h
2Jpn = —7.0, =34.3 Hz T&® » 7= (Fig. 4-6-7a, Table 4-6-82).2 Z i1 5 DO FHIEIL Jpu = —25.8 Hz
THV, FHIE (49: 22.8 Hz, 52:-20.5 Hz) = FH L Tz,

ZAKGR A7 4 RENLF-0D 3P > 7))L X, 49 TS 90.9 ppm, 52 TIES 65.4 ppm (ZHH < h
72. X Siiss-Fink HIZ K> THE SN TWAE I T A UMELT =0 AR A7 ¢ REEIK
[(CsMeg)Rua(pu-H)o(u-PR2)][BFs] DAL 7 b (8 98.7 ppm (R = Ph), § 67.9 ppm (R = Me)) &
FREETHY, BER AT 4 FEAFObFy 7 b LIRS R fETh 72

71 Sabo-Etienne, S.; Chaudret, B. Chem. Rev. 1998, 98, 2077-2091.

2 For example: (a) Maclaughlin, S. A.; Carty, A. J.; Taylor, N. J. Can. J. Chem. 1982, 60, 87-90. (b) Cherkas, A. A.;
Hoffman, D.; Taylor, N. J.; Carty, A. J. Organometallics 1987, 6, 1466—1469. (c) Caffyn, A. J. M.; Mays, M. J;
Raithby, P. R. J. Chem. Soc. Dalton Trans. 1991, No. 1, 2349-2356. (d) Tschan, M. J.-L.; Chérioux, F.; Therrien, B.;
Karmazin-Brelot, L.; Siiss-Fink, G. Acta Cryst. 2006, 62, m2916-m2918. (e) Tschan, M. J.-L.; Therrien, B.; Siiss-
Fink, G. Acta Cryst. 2006, E62, m954-m956. (f) Mayer, T.; Parsa, E.; Bottcher, H.-C. J. Organomet. Chem. 2011,
696, 3415-3420.

73 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and P, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.E 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 for ground state. Spin-spin coupling constants were calculated using Gauge-
Independent Atomic Orbital method and two-step spin-spin coupling calculation on @B97XD/Ru:SDD, C, H, P: 6-
311+G(2d,p) level of theory. The reference shielding was set at 307.5865 ppm (H3PO4, »B97XD/6-311+G(2d,p)
GIAO), which was optimized at the same level.

74 Tschan, M. JI.-L.; Chérioux, F.; Karmazin-Brelot, L.; Siiss-Fink, G. Organometallics 2005, 24, 1974-1981.
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(b)
Figure 4-6-7. DFT-optimized structure of (CpRu)2(u-PMe;)(u-H)2(H) (a) and

(CpRu)2(p-n2-HPMe)(u-H): (b).

Table 4-6-8. DFT-calculated spin-spin coupling constants of
(CpRu)z(p-PMe;)(p-H)(H) (a) and (CpRu)z(p-n’-HPMez)(u-H); (b).
(CPRu)(u-PMen)(u-H)o(H) () (CpRu)a(p-n*-HPMey)(u-H): (b).

P ('P, 8/ppm) 105.8 -16.3
J(P1-H1) [Hz] -36.1 +125.0
J(P1-H2) [Hz] 7.0 —24.7
J(P1-H3) [Hz] —34.3 -26.8
J(average) [Hz] -25.8 +24.5
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T T T T T T T T T T T T T T T T T T T T T T T
4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 212019181716 1514 1312111009 0.8 0.7

(a) 1 (ppm) (b) 1 (ppm)

60 °C JL 60 °C

] 30 °C i 30°C
e
L 0°C Jk 0°C
N -30°C JL -30°C
N -50 °C A -50 °C
I\, “ J
N —80 °C i —80°C
‘ ~100 °C M ~100 °C
~120 C* I\ A ~120 °C*
-‘4 -‘5 —‘6 -‘7 —‘8 -‘9 —“IO -‘11 —“12 -“13 —“14 -“15 -“16 —“17 -“18 —"19 -‘20 62 160 9‘8 9‘6 9‘4 5;2 5;0 é8 és é4 éz éO 78 76
(c) f1 (ppm) (d) 1 (ppm)

Figure 4-6-8. VI-NMR of 55. (a-c: '"H NMR 400 MHz, d: *'P {{H} NMR 161 MHz, thi-ds)

*the spectrum of —120 °C was measured in toluene/THF = 1/5 solution.

BWGRAT 4 VEEESS Db R U RENLFIE, VT = ARICEB LI FU F& Ru-P [
2B LT 2 FH L 22 578, BEAR A 7 4 REEIK 49,52 L AERDFF WY A R AZHLD 721
AT AL S AL72. —80 °C 225120 °C DR FEFEIK ClE, Cp*Bifiz1- D [BIHE FME (R T o F-fly
DD T FARNTa— R=7 LTz (Fig. 4-6-8). 2 Fi¥H D [nl#s B AL IR O FE1E 13-
120 °C THIE L7= *'P NMR A7 R L CHIHI S 41726 90.3, 86.5 ppm D 2 KD 7 11— Rigs
TF M L » TR & 7=,

FIRTHELZE U R 7 Fid dowblet & LCEBHISN, 2D v 7V > 7 ERKIE
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+20.6 Hz Tho 7=, EEORETIE, HEL S PELEOD v T ) VI EROGFEMD Z L
IZKEETH 5 23, [Mo2Cpa(u-PCy2)(u-n>-HPCy2)(COI[BF4] Tl Upn & 2pu DX 5D 1 > 7
U T EREBFHOSZENMESNTWD Y55 DA v 7 U v 7 EROHHEL 20 Hz #2E T
HV,49,52 LRIRECTH SR, ZHOEEKT L8 KU RED Uy 1 v 7V 71,
ZBFEE KU RED 2y By 7)o 7 L EHOFENORERETH D012, EHIC &
STHREBEOREIO 7V 7 LTSN bDEBEZ NG, TIARAT 47
72 M=H-P #5& D 'Jpy DIEIE, #1707 LR THISIHz, —#ZE Y 77 VR TH2T ~
+134Hz & L THE IR TV 5. 06067

HREDOETT LAY E DRMIKRTH S (CpRu)(pu-n>-HPMer)(u-H), (281525 HEE & 3P &%
Dy T ERE DFT 3HRIC K> TR L2 E 2 A, ZHLEEEATHE RU R
LDy TV T ERIE Upn = +125.01 Hz, 24&E RU REDh > 7Y V7 ERITENER
2Jon=-24.7,268 Hz TH Y, T DF¥IfEII+24.5 Hz TH - 7= (Fig. 4-6-7b, Table 4-6-8b). =
DB, AT ¢ R T 2 EHME (55: Jen = +20.6 Hz) ZHHLTEBY, RA7 4 8
PR TR S HDNTME (Ju=-258Hz) LIS O/FETHT.

SIPNMR A7 bV CUE, BRER A 7 ¢ VENL D> 7 F /0538 91.6 ppm (CELH S 47z, 2
DAEIL 49 DR AT 4 RENLF- DT 7 R EFRRRETH 7203, P D77 ME U vk
DEHIECCBOEFIREICL > TRELSEELZZ T D20, AILHEETH- THEND
By 7 FORIXIALS D2 ENMbLINLTWD. LR L7 [(CoMes)Rua(pu-H)o(p-
PRy)][BFs] DOFITIX, AA 7 4 RENLF DT> 7 MiEs 98.7 ppm (R = Ph) 225 5 180.8
ppm (R = Bu) & 80 ppm FREDIAMN Y Z#F > Z EMMAEIN TV D CptRu DA TH [AEE
OEBMNR DD ETDHE,S55NHRAT 4 KK THH-T2ET D EZD 3P 7 F11E 170 ppm
FEEICBIEND L EZBNDN, EBIZIIu-PBuy & L TITEMSE DS 91.6 ppm (122
IhTc. ZOFRERITL S5 OV VENLF PR T TS 49 052 LITRR L EHEATHE LT
WHLZEERETHEDTHT.

3P NMR OAbFs 7 R BAEEICBET 2B MES 5720, TNENOEBREEL G T 54 A
7 4 FEEAB IO AT ¢ UEERICBI L T GIAO 2 AWV TSy 7 R & PRI L, EBRE
LD AT 72, GIAO & W72 3P NMR Dby 7 REHE T TRHE L7 23 Ak
RREZ M L TR WEAITIE, By 7 PSS HETE 220, THxE2 R A
BRONGEIIHMET T 7 POBENRKREL R D) EVokfESER2 50D, {LFEV T
M BAFICHBT 5 2 LM BILTWD. AR TR 2 B0 A2 AN T
YUy VERAWSDZ LT 3P NMR OfbLFEY T R EBAHCHBLICTE 27 DFT FHE LR
72.49,52,54,55 DR AT 4 REOKRAT 4 VEEEROEZEHRTO TR LF —2, 3P NMR D1k

5 Latypov, S. K.; Polyancev, F. M.; Yakhvarov, D. G.; Sinyashin, O. G. Phys. Chem. Chem. Phys. 2015, 17, 6976~
6987.

76 The relativistic effects were taken in for the ruthenium atom by using the Stuttgart/Dresden ECP embed in
Gaussian09 rev.E program, which was referenced to Wood-Boring quasi-relativistic theory.
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F 7 M ROFERI L7 3'PNMR b5 7 k% Table 4-6-9 (2~ L7277

Table 4-6-9. DF T-calculated relative energy and the chemical shift of 3'P NMR.

Coordination Relative energy® 3'P NMR (8/ppm) *'P NMR (&/ppm)

complex
mode [kJ/mol] (calculated) (observed)
49 Phosphide 0 114.1
90.9
(R=Ph) Phosphine 15.9 13.4
52 Phosphide 0 70.7
65.4
(R=Me) Phosphine 13.4 -18.9
54 Phosphide 0 153.0
80.0
(R=Cy)  Phosphine 6.5 45.1
55 Phosphide 15.0 177.8 oL6
(R="Bu)  Phosphine 0 82.4 '

a: Gibbs free energy at 298K in gas phase

49 KON 52 DBEEHR AT 4 ROLHT 7 MIZENENS 114.1, 70.7 ppm TH Y, FEHIE (3
90.9 ppm (49), 5 65.4 ppm (52)) ZHERFHEL L T /2. 49 LN 52 OBVEKRTH D4UHER A 7 4
VBRI OWT bk A IE R, FOFT T FEFRLIZE ZA, ZNEIS 134, -
189 ppm & 720, BRIER AT ¢ VENLAIFBRE AR A 7 ¢ FEALFIZ T 80 ppm 2, D
P U TN ERISICEND Z E BRI L L, BER A T ¢ URIBE RO FLER
RECTOTRLX—1E, TNEN 159,134kl mol " 1T ELEIEHR AT ¢ RARLZHARTRLZE S
TR, EHEED Ph A E 21T Me EOGEITITPEENAUMER A7 4 FEIZKRELS®mS Z
EINTRIE S LT

—J5C 55 TIEZEEHR A7 4 AIDOIE 9 M 15 kI mol! 2 E T D Z L3 DFT 5HEN BRI
ATz, ZOREOFET 7 XS 82.4 ppm TH Y, EHME (5 91.6 ppm) & FIFEE TH -7z,
KGR A 7 ¢ FRIBMEIRO LSS 7 MES 1778 ppm TH Y, mm W ERIEZ AT 585481
ZRAT 4 VIO FENRREL D Z ERREINT.

Bu L VIS Cy BE2FFOGAITIE, BIER AT ¢+ FLLGUGEAR AT 4 RO O
WEZRLT-.54 D 'HNMR A< RV TiE, B KU RENL 2 Su=+6.5Hz DB v 7V
T ko7 doublet & LCHEUHIEH, £72 3P NMR A7 RV TIIZEAMEGHR A7 4 FAL (§
153.0 ppm) M OVZRIGHR A 7 ¢ AL (5 451 ppm) & LCTRES > 7 EOF I N T 58

77 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and P, 6-31G(d,p) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.E 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 for ground state. 3'P NMR chemical shifts were calculated using Gauge-Independent
Atomic Orbital method on @B97XD/Ru:SDD, C, H, P: 6-311+G(2d,p) level of theory. The reference shielding was set
at 307.5865 ppm (H3PO4, wB97XD/6-311+G(2d,p) GIAO), which was optimized at the same level.
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80.0 ppm (23 7 FADBBI S N7z, ZAUTEIR T T, 2RGAR AT 4 RRIEQUER AT 1
R CTORMEENFERSHEITL, DOZTNOLOERENR L TND 0 THD. (L7 b
DD RFEL ST BR B R AT ¢ REER/BERB AR A 7 0 VESRD TR 12 THY, ZokksE
FNASERNSHH Lich v 7V o 78 (Table 4-6-8) Ztick KUY REN DA v 7V >
ﬁ%ﬁ%%ﬁ?ékmwﬂ&uhk@ok.:ﬂm%@mﬁ%éﬂk@c&;eﬂh)&@

TEVWETH Y, R TO _FEOPEEMERDIFELZ R RR T 5 6D Tho 7o

F7, BB AT ¢ REER LB R A 7 ¢ VA FIEITIREIC L > CTE(LT 5 b D L
EBZHIVDN, 55 D3P T FE-30 °C 225 60 °C ~ELiREA EIF 5 Z & T 5.3 ppm 21K
Wlay 7 N9 5. £, ou DIEH+21.6 Hz > H+19.9 Hz ~ & il L Cuhie, Z3uid s iR ik
TIHRE T TORMERA T ¢ FEHRDOTEAEL NS 2720 TH 0, =LA EIN S
NHEZETROZ P =N+ 52 2K LTS, 20Xy brE—DH
I, LS ERT OGS T ARG U VBRI COEm T LB ST
%)_78

AHEITIXm @ OB & TSR IOEAT 52T, TIRAT 4 v 7 P-HIGEHT D
TSR A AL, THETHOLMNIEN TV MEE NMRICBIT AT 227 1 v
7 P-H #EG OB IOV T BT Lz, CpHENL & “KRESBIRICE A L, BOAL A BN 7e bl
W%ﬁﬁmﬁé_t?,@i?ﬁwﬁé:kﬁm%f%otﬁmﬁﬁ%%aﬂmf%k
SEARI 7R B A B 2T T2 OGS X, ROGYETZ T T <, 288 L CORNL T & &R
OMEERZHLNCT S ETHEERM@E SYHFIND

ARETIE, @@\ CpHEAL 72 S RIC RITTE a8 e "SR ECcoRE &
DN BNE T B DTk 72, Cp*lefir 1-1% Cp*Efir 1 & b T RESE IR & 8 A 2
T DH0D, EIZEDER S DEWIC L > TR EToRE L ORISHENENT D
:t%ﬁﬁbt FrlZ Cp*Bhr DAL [ ZEBEHOREE], [ A LICIVIAEND

BEOBOMIR], T8 L5 OB OBEOEHE] 123k L CTHZNI @ &, Cp*Eifi 1%
%Abt;&%%kiﬂ@éﬁ%%gﬂﬁfﬁﬁb?5:&%%%#Kbt.%&%%L
DSARHIZRFRIERAT H 2 & T, 1R TIIREETH - 1A OTRHEAL-CA IS S~ BB A3
WFrEEND.

8 Takao, T.; Yoshida, S.; Suzuki, H.; Tanaka, M. Organometallics 1995, 14, 3855-3868.
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HSE AT =ULT FT e RU R L fafnT m BRIRILE Y & ORUE

BSE BNV T=ULT N7t FU RESELafi~T o B RILEH L ORIS
B =
ZigeEk L ~T n BRILEW & ORG

SR & ~T 0 R LAY & DRISTIE, BE OTEMEAL OB %48 DO W R 72%)
ERPFFIZHEND Z RN TN BIZIE, IVER= VI FAZ—LT I VEHEDK
T E R OBNLE 230 & LT, C-H, C-C, N-H, C-N fEA OUIi G728 E AN &
HZENHMLNATWS (Eq. 5-1-1).2

Scheme 5-1-1. Multimetallic activation of heterocompounds on a multinuclear complex.

'd N\
L
S
X7 SH
X M-M > C-H, C-C, and C-X
( ) —> E— bond activation
M M
(Multimetallic activation)
N\ J
Os Os
MezN NMe2
T _HNMe, N'\vlez H H
/ \ - ey - Hj N 5_1_1
\ / Os Os Os——0s ( )
N H |
0Os = 0s(CO), N N

FRIC =SSR e ~T a BRIRIL B & OFOSIFEZ <A S TE Y (Scheme 5-1-1), ~7
2R OB E 03020 & L Tofii TO C-H FEANEIW SN DGR A B TND 3 =
BEBEIR BRI T 2 L ORUETIE N-H Uil & 2 [810> C-H YIlr & - TERIRA I KA L8
B2, BV VL EDORIETIEC-HUW 2> T DASEERNERT S (Bq.5-1-2).%° =

I E. Sappa, Trinuclear Clusters of Ru/Os: Compounds Containing M—C Bonds to Heteroatom Ligands in
Comprehensive Organometallic Chemistry III; Elsevier Science, 2007: pp 835-871.

2 Adams, R. D.; Babin, J. E. Organometallics 1988, 7, 963-969.

3 Examples of sulfur containing compounds: (a) Choi, M.-G.; Daniels, L. M.; Angelici, R. J. Inorg. Chem. 1991, 30,
3647-3651. (b) Adams, R. D.; Pompeo, M. P.; Wu, W.; Yamamoto, J. H. J. Am. Chem. Soc. 1993, 115, 8207-8213. (c)
Adams, R. D.; Cortopassi, J. E.; Yamamoto, J. H.; Wu, W. Organometallics 1993, 12, 4955-4961. Examples of oxygen
containing compound: (d) Himmelreichi, D.; Miiller, G. J. Organomet. Chem. 1985, 297, 341-348.

4 Examples of nitrogen containing compounds: (a) Eisenstadt, A.; Giandomenico, C. M.; Frederick, M. F.; Laine, R.
M. Organometallics 1985, 4, 2033-2039. (c) Deeming, A. J.; Arce, A. J.; Sanctis, Y. De; Day, M. W.; Hardcastle, K. 1.
Organometallics 1989, 8, 1408-1413. (d) Day, M. W.; Hardcastle, K. I.; Deeming, A. J.; Arce, A. J.; De Sanctis, Y.
Organometallics 1990, 9, 6-12. (e) Day, M. W.; Hajela, S.; Kabir, S. E.; Irving, M.; Mcphiilips, T.; Wolf, E.; Hardcastle,
K. L; Rosenberg, E.; Milone, L.; Gobetto, R.; Osella, D. Organometallics 1991, 10, 2743-2751. (f) Day, M.; Espitia,
D.; Hardcastle, K. L.; Kabir, S. E.; Rosenberg, E.; Gobetto, R.; Milone, L.; Osella, D. Organometallics 1991, 10, 3550—
3559. (g) Beringhelli, T.; D’ Alfonso, G.; Ciani, G.; Proserpio, D. M.; Sironi, A. Organometallics 1993, 12, 4863—4870.
(h) Day, M.; Espitia, D.; Hardcastle, K. I.; Kabir, S. E.; Mephillips, T.; Rosenberg, E.; Gobetto, R.; Milone, L.; Osella,
D. Organometallics 1993, 12, 2309-2324. (i) Cifuentes, M. P.; Humphrey, M. G.; Skelton, B. W.; White, A. H. J.
Organomet. Chem. 1994, 466, 211-220. (j) Cifuentes, M. P.; Humphrey, M. G.; Skelton, B. W.; White, A. H. J.
Organomet. Chem. 1996, 513, 201-211. (k) Deeming, A. J.; Stchedroff, M. J.; Whittaker, C.; Arce, A. J.; Sanctis, Y.
De; Steed, J. W. J. Chem. Soc. Dalt. Trans. 1999, 3289-3294.

5 (a) Takao, T.; Kawashima, T.; Kanda, H.; Okamura, R.; Suzuki, H. Organometallics 2012, 31, 4817-4831. (b)
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#

DX, ZEEEERERIHT 2 Z & TN CHEE ORI TE 5. LrL, 25 L
TU FAZ =B ASNT~T u LG %, C-HAEG OB B ERALE~EEH L
Te Bz D 7o, ZEEIR EDA I RA VEML 7RO 8 Y VBN T O bR Eim ) 72 SO X
KFERL L BUENL T & OJIGIC & DENIEENOZBLDIENS 7'a b Ak T OfFAK
SRS (LR B O 72 EICR £ > T D, b 7o WS ~D R & L Tix, IvR
=NT T RAE =T W BBRAT 0 BBREEY O afLIEIR 2 T S ABBOS 3 A BT
I/\E).lo

M3(CO)12.n(L)n
—-COorlL

M\H/
(M =M(CO)3)

ZiESER e ~T v BRI EW L ORIR
THESERIT S BN RE DN R BT D BN O TH VD, ~T a BRI AWK T D E iR
ﬁ%ﬁéh& TSR SRR L e, BE E DY ONRBREENZENT WS T, ST
BORYVIAHBRLZ VLT WVWEOEBZ LD, Fo, FWEICK L TR TERAL TW
5k@,3ﬁf%&bfwé:&§m&wmfﬁ TN SIEEEIR B0 BBl C & 5
HLOLWFESND, TNETIC A 2a LY DUBHEDRIGTIE, FIRT 2 45F0E
UV ORYiAIBRE Ty 7TV TGN ETT 52 L 2 /LTS (Eq. 5-1-3).° Z O
RIL, 80 °C DIEAT 1 537D Y ¥ DEY A LB S 4172\ 185K 30a & 13k
HThD (Eq.5-1-4).°

A
d [ XV IN,/ s
= NN 5-1-3
//\ Ru/ Ru I //N\\ /H ( )
\\// _|-|2 ( S7 © H, /R"\H/R"\

Kawashima, T. Doctor thesis, Tokyo Institute of Technology (2007). (c) Kanda, H. Doctor thesis, Tokyo Institute of
Technology (2012).

¢ Day, M.; Hardcastle, K. I. Organometallics 1994, 13, 4437-4447.

7 Kabir, S. E.; Rosenberg, E.; Stetson, J.; Yin, M.; Ciurash, J.; Mnatsakanova, K.; Hardcastle, K. 1.; Noorani, H.;
Movsesian, N. Organometallics 1996, 15, 4473—4479.

8 Kabir, S. E.; Rosenberg, E.; Milone, L.; Gobetto, R.; Osella, D.; Ravera, M.; McPhiilips, T.; Day, M. W.; Carlot, D.;
Hajela, S.; Wolf, E.; Hardcastle, K. Organometallics 1997, 16, 2665-2673.

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

10 (a) Moore, E. J.; Pretzer, W. R.; O’Connell, T. J.; Harris, J.; LaBounty, L.; Chou, L.; Grimmer, S. S. J. Am. Chem.
Soc. 1992, 114, 5888-5890. (b) Fukuyama, T.; Chatani, N.; Tatsumi, J.; Kakiuchi, F.; Murai, S. J. Am. Chem. Soc. 1998,
120, 11522-11523.
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#

U YR L TEWRISEE AT 5 2ak8 LT 30a 13, t)//ﬁ@oﬁ@ﬁ%ﬁ%*
F oy TV T e LB < S KRR RSN 31T DIETEIX SRR A W A
WZEWZ ERH BN > TS, ZHIE OGS ~DANBEE OELY A7 & B F D
BN B L T HEIT L TV D72 E B 2 54D (Scheme 5-1-2).

Scheme 5-1-2. Dehydrogenative coupling reaction of y-picoline using cluster catalysts.

, N 180 °C, heptane — N— o H

- 5 )
L) Ruorre, - ¢\ LY/

N cat. (5 mol%)
100
| H_H
80 | - R Rul
T

yield [%]

0 20 40 60 80 100 120
time [h]

_th9vrﬂV§$€¢??5 THEAR Y B RU REERTED, MRS AT 9 2ozl LI

B ORBERTE I ER TOMBSCHRF N LI L 725, ZO L) @ik TOMEAL L
<it%%*#TiJa#:EMLfbib:kﬁﬁ%ﬂf%@ AR U T2 PUARZBE IR I LB
G ERI TN DI DITTEER KIBICIR T 5. 207, “EEEEZMELE LTHWS
7eOIZiE, Z'REEIH L2 g o v, B oA, Ry vk
DBOGMERNNCHETT 572018, ZB(RITB SN2 o 72y, 7B o7 ERIGED

I Kawashima, T.; Takao, T.; Suzuki, H. J. Am. Chem. Soc. 2007, 129, 11006—11007.
12 Nagaoka, M. Doctor thesis, Tokyo Institute of Technology (2016).
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#

EWEE AT LI AICE, RHIC B LIUSEARER T2 b D B2 bib.
EE CpHENL T2 AT D ZHEEIRIE, BT 0 ASEREEZ T T DT EIROL
RS CH ZBLUSZ R Z &9, LAV RE LIS T 5 EMEESN D, AFETIX

CWMM%%ﬁﬁég&%W%ﬂ%L,@ﬁmvmﬁ%mﬁ%kmgﬁﬁm%ﬁﬁbh

o, SRR AR LR B RE AL OGS~ DO R Z BEE L, “RESEIR LI A %

N7 e bW OMEER LN THZ L2 AN E LT,

B BR, MK, EREZA0RMBRRILAEY & ORIG
BR=—T VL DR

X U IZ, THFE & Ozt L=, 2¢ O THF I I2%6F L C, 365 nm DYt 4 48 h IR L 7=
L2 A, A XTI IR UK (CptRu(u-H)  o(p-cyelo-CCH,CH2CH,0-) (67¢) 28 77% DI T
R L7 (Eq. 5-2-1).

ﬁ ﬁ hv(365 nm) 'Bu\\/' Q‘ (5-2-1)

tBu 'Bu 'Bu 'Bu 48 h
67c (77%)

Hﬁk@ﬁﬁi<t%%*@?@ﬁ@ﬁb<t%%%L@WFA¢H&WC_WﬁLT%
67¢c DERITHER SN2 -T2, 2¢ & THF & OWESUGIT, 4%mw%&@ﬁm&wx~ﬁ%
B, BERMORIGEEE2BIELE LiZ. BRHZ, 2¢ DRENEWIEAICIE, —HF0 2 BTOK
BT HNOBENIEZ Y, 40e NER LT, — 5T, Cp*lihi+=° CpEt A2 AT 5 2a%
2b & THF & OUGTIE, SEIRIHGMETOED 67a X0 67b MMERK L7726 00, TSRS
36 X° 37 MR LTz (Eq. 5-2-2). BAGMETIE 67a <0 67b 1348 < Akt T, RS AU SE
RMER L7, 2 & THF & O T, EEWEANL -2 FAVW5 Z & ¢ THF OIEME(LA AlfE
272 o7z,

//\\ —Ru / R”
\\// hv(365 nm) \\/ Ru R
0°C,24 h

2a (R = Me) 67a (1 %)

2b (R =Et) 67b (12 %
36a (4 %) 37a (9 %)
36b (23 %) 37b (5%)

(5-2-2)

DA XTI NNRUBERIT, 2 £ 23-VE Fu T T o nb LA TE S, 67aX° 67b 1, 2a
2 ELTVE RRTTUES50°C TRILSEDHZ ETERKL, B E LTEREN T1%,
89% MUK CTHIEE L 7= (Eq. 5-2-3). — 5 T 2¢ & 23-VE Fu 772 L ORIGIIMASHT
FHETH T, 2¢ D 2,3-U 8 R 7 7 UPIRIC)E LT 365 nm ORI 21T 5 Z & T, 46%DUL
SRCHBE L. 2T, CpEL T OB S SICE > TREOTM Y RABHES ATV S
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#

TdHY,365nm DN M52 & TORBEHRMNILNY, HWERRVIAEhLT <oz h
DEZZDBND.

R
0.
//\\
\ﬁ \\// \ﬁ @ 50 °C Ru U\ﬁ (5-2-3)
(20 eqiuv) ~H,

2a (R = Me) 67a (71 %)
2b (R=Et) 67b (89 %)

67a,67b, 67c |X 'H, *CNMR, JtHROMTICESEFE L, Bk X BEEMITIc > T2 o
Fid 2 e 8 L 7=. Table 5-2-1 I[ZIXF A9 72 'H, 3 CNMR A7 MO E—7 ZoRx LT-.

Table 5-2-1. NMR signals of 67. (8/ppm, 25°C, C¢Dy)

-y "H NMR (400 MHz)
SN 13
o C NMR (100 MHz)
Ru/ >Ru
g 67a 67b 67c
C* (3C NMR) 250.1 250.4 248.6
2.88 2.86 2.83
C'H,
62.7 63.0 67.9
1.68 1.68 1.60
C°H,
25.4 25.3 25.3
4.14 4.13 3.99
CH,
77.8 77.7 73.7
Hydrides
~12.5t0-13.0 —12.4t0-13.6 —12.3t0—12.8
(‘H NMR)

67a ® 'HNMR A2 /L TiE2 D0 Cp*i

1
SRR STz (8 1.75 ppm). FESE B 8.0 Hz H NMR
o VR N 13c NMR
L7z Cd 7 e b iEs4.14 ppm 12 Juu = 8.0 471.713 12.233
Hz D71 7'V 7 ERZ AT 5 triplet like 72 -  cd—ce 8.0 Hz

7 FA e LCEIIES R, BCNMR Ti3§77.8 | 1499 Hz o b 2.88 y
ppm IZ Jon = 1499 Hz D1 v 7 ) > 7 ik & ce 621 1(2:;_9 Hz
ﬁ F 5% triplet 7 F L LCRBIIS Tz, 250.1

B ICHEL TWATDIkELD
T TN TR, MDOAF LD DIZHANTREL 2o TV, IR URFREIC
BEpET 5 C° o7 m b 138 2.88 ppm 12 Jun = 8.0 Hz DA > 7'V » VES A AT 5 triplet
like 72> 7 & LTI & du7=. BCNMR TiEd 62.7 ppm (2 Jey=129.9Hz DA v 7'V > 7
E A AT 5 triplet 77L& U CTEIHI S 417z, C°UES 1.68 ppm (T quintet (Jun = 8.0 Hz, 2H)
LLTHIlS T,
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Ct-Ce-CY D72 V) X 'H-"H COSY, selective decoupling, 'H-*C HMQC, HMBC, Pf&+38k (2 X
STHER L=, B KU R 7, A% v B ARUFNL OB EENC L - TS —12 2 H—
13 ppm (2 TR 72 2 FifE Y 7 v & U CHAEF 2H OFE TR bt CRUA S 7z, Bi2EE)
BLOAF U HNARCENL T OMEEICBE L X 3 S TihR%. 67b BN 6Tc DA F L
NUBALTIE 67a EFRBRD AT Mz B2 7.

B X AR SR 20 51X, 67 DWARED I NS UBNLFA2H LTS 2 & DN ERTE 7=,
67a,"> 67b,'* 67c¢°?® ORTEP [X| % Z L4 Figs. 5-2-1, 5-2-2 , 5-2-3 (277 L, /e 57 R
K OB f8 % Z 4L Tables 5-2-2, 5-2-3, 5-2-4 |2 F & 7.

13 JI5E 1, Rigaku R-AXIS RAPID [RIFT#EiE % H\ T 150 °C TIT\», Rigaku Process-Auto program (25 0 7
— X EWME LU, RIS ARRICE L, EREE P1#) Th o7z, N IE SHELXT-2014/5 K& Y
SHELXL-2014/7 7’025 2% r—C AWV T =0 ART-OMNEZREL, 77—V &R X D &5k
KFBIRAONE ZRE LIz, SHELXL-2014/7 70 7T h&EFAWT 4 24— —L T35 C2A, C2B, C4A,
C4B HAMRE 2 TOIKBIFRTFEILEHFEICER L-. 260 3 @cT 4 A4 —4—LTEY, £+
AU 49.6%, 25.2%, 25.2% & E < Z LT XY ik L7z,

14 JI7E 1L, Rigaku R-AXIS RAPID [EIJ7451# % HV T —150 °C T{TV>, Rigaku Process-Auto program (2 & ¥
T2 B U7z, FEER T EANCRICE L, ZEMEBRE P-1#2) Th o 7=, f#HTIE SHELXT-2014/5 KT
SHELXL-2014/7 70 75 L)Xy r—V WAL T =0 ARFOMEZREL, 77—V THRICL VKL IE
KB T ONLE % PR E L7z, SHELXL-2014/7 707 A& HWT 4 A4 —%—1L T\ 5 OlA, O1B, CIA,
C2A, 2B,C3A, C3B, C4A, C4B R % [r& £ TOIKER T2 IEH IR Lz, 2EN 3 EINCT « A4
—H—=1LTEH, TNEI 46.3%,26.9%,269%L &< Z L2 X Vb Lz, Cpft Lo T LI T 0 A4
— X —LTEY, ERTRLUEZ Bt A£% 48%, HILE T/RLUTZ Bt K% 52% & @< 2 LI kv Fafb L7z,

15 H5E 1L, Rigaku R-AXIS RAPID [F#73# (& % VT -150 °C T47\>, Rigaku Process-Auto program (2 J ¥
T X E B LT, fEERIEHERERICE L, B Pn (#7) ThH o 7o, fiEHTIL SHELXT-2014/5 KO
SHELXL-2014/7 72 75 ANy r—VH HOAT =0 AT OMEZRE L, 77—V =GRS L V%D IE
IKFEFA DONLE &2 RE LTz SHELXL-2014/7 70 7T L AWT 4 A4 —F =+ %R < & TOIHKRFER
T A ISV Lo, XS AR LD Cpt b 2 50 Bu JEITITT 4 AAF—F—NEFEEL, +
NZH 78%:22%, 57%:43%, 61%:39% & E < = & TH#EL LT-.
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REER & fafn~T v BRIL &Y & DRI

Figure 5-2-1. Molecular structure of 67a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity. Disordered atoms are represented in white lines.

Table 5-2-2. Selected bond lengths and bond angles of 67a.

Bond Lengths A)

Ru(1)-Ru(2) 241673)  Ru(1)-C(1) 2.0486)  Ru)-C(1) 2.048(6)
0(1)-C(1) 144008)  C(1)-C(2) 14748)  C()-CQ3) 1.590(11)
CG)-C(4) 1.492(13)  C(4)-0(1) 1.467(9)  Ru(1)~Cen(1) 1.841
Ru(2)-Cen(2) 1.838

Bond Angles ©)

C()-Ru(1)-Ru@2)  53.83(17) C(1)-Ru@-Ru(l)  53.84(18) Ru(1)-C(1)-Ru2)  723(2)
C@4)-0(1)-C(1) 113.1(5)  O(1)-C(1)-C(2) 1075(5)  C(1)-C2)-C(3) 106.8(5)
C(2)-C(3)-0(4) 10596)  C(3)-C(4)-0(1) 106.6(6)
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REER & fafn~T v BRIL &Y & DRI

Figure 5-2-2. Molecular structure of 67b with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity. Disordered atoms are represented in white lines.

Table 5-2-3. Selected bond lengths and bond angles of 67b.

Bond Lengths A)

Ru(1)-Ru(2) 2412065 Ru(1)-C(1) 2.042(10)  Ru2)-C(1) 2.081(10)
0(1)-C(1) 1377(11)  C(1)-CQ) 1.502(14)  C(2)-CQ3) 1.558(15)
C(3)-C(4) 1.50717)  C(4)-0(1) 1.469(13)  Ru(1)-Cen(1) 1.834
Ru(2)-Cen(2) 1.836

Bond Angles ©)

C()-Ru(IRu(2)  55.03) C(1)-Ru@)Ru(l)  53.4(3) Ru(1-C(1)-Ru(2)  71.6(3)
C4)-0(1)-C(1) 11338)  O(1)-C(1)-C(2) 10738)  C(1)-C)-C(3) 108.0(9)
C(2)-C3)-0(4) 103.609)  CR3)-C@4)-0(1) 107.49)
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Figure 5-2-3. Molecular structure of 67¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Disordered atoms are represented in white lines.

Table 5-2-4. Selected bond lengths and bond angles of 67c.

Bond Lengths A)

Ru(1)-Ru(2) 2.4107(4)  Ru(1)-C(1) 2.117(5) Ru(2)-C(1) 2.095(5)
O(1)-C(1) 1.464(9) C(1)-C(2) 1.473(9) C(2)-C(3) 1.596(15)
C(3)-C(4) 1.429(13)  C(4)-0(1) 1.458(9) Ru(1)-Cen(1) 1.847
Ru(2)-Cen(2) 1.842

Bond Angles ©)

C(1)-Ru(1)-Ru(2) 54.66(14)  C(1)-Ru(2)-Ru(1) 55.51(13)  Ru(1)-C(1)-Ru(2) 69.82(15)
C(4)-0O(1)-C(1) 109.4(7) O(1)-C(1)-C(2) 106.1(7) C(1)-C(2)-C(3) 102.7(8)
C(2)-C(3)-0(4) 102.3(6) C(3)-C(4)-0(1) 105.7(6)
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Table 5-2-5. Comparison of the structural parameters of the related compounds.

Complex Ru-Ru (A) Ru-Cen Ru—C-Ru or Ru-Si—Ru (°)
Cp*Ru(u-H)o(p-IMe)RuCp*16 2.4841(5) 1.806 67.89(15)
Cp*Ru(u-H)o(p-SiPho)RuCp*!7 2.4683(5) 1.817,1.835 63.42(4)

2a 2.463(1) 1.801, 1.817

2c 2.4551(3) 1.805

Cp*Ru(p-H)2(u-SiEtMe)RuCp*!” 2.4492(9) 1.829, 1.830 62.56(6)
Cp*Ru(p-H),(u-CO)RuCp* 18 2.444(1) 1.848,1.852 74.1(2)

67a 2.4167(3) 1.831, 1.841 72.3(2)

67b 2.4120(5) 1.834,1.836 71.6(3)

67c 2.4107(5) 1.842,1.847 69.82

67 D_ODNT =T NIFF I ANRUBNFIZ L > THRIEGEESNTE Y, Ru-Ru fA 1
241 A Thot-. ZOfEIL, FEO —BALT = NEKERET LU LUK, hAaR=1
BEIR, NHC $&A & bhls LT H4E<, 2 LB L TH 0.03 A %V (Table 5-2-5). 67a 35 X 1V 67b
TIEAF NN UBNL A DALENEIR DT 4 AA—F =P FET 27201, B RY R
NADONEZFFET D Z LIXTEXRN-T28, 67c TIXZEBALIC oD U NENLT &R
BALT 52 ENTE 72 F£7z, 67c OFESLTIE, CpHEINLFIZkT 2 A% v IR UEUL 1D
& N R D TREOBMAENBH S 2. 26T 2 >0 CpHRihi DB B 7 5 [E]
HRELPERTH VD, HAAETNT 78:22 DL THEILT 5 Z LN TE 7. VIINMR A7 kL
B HAKIR AR C, BEERMEARICHKT 2 7T AR STV 5. FEE 3 ficikR s,

HAE S X SRS CIET 4 A A —F — D=1, fHEERE U RICBET 5 Ef/EHR
DG Do 72728, DFT #H5A %2 W TSR b 3 K OV FHLEIZBE 92 50 7 &2 15372,
K& % Fig. 5-2-4, #EEFER X OVAE % Table 5-2-6, %y F-#liE % Fig. 5-2-5 (T L7z

16 Kaiho, A. Doctor thesis, Tokyo Institute of Technology (2013).

17" (a) Amako, M. Master thesis, Tokyo Institute of Technology (1995). (b) Takao, T. Doctor thesis, Tokyo Institute of
Technology (1994).

18 Kang, B.-S.; Koelle, U.; Thewalt, U. Organometallics 1991, 10, 2569-2573.

19 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state.
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Figure 5-2-4. The DFT-optimized molecular structure of 67a.

The hydrogen atoms attached to the Cp* ligands were omitted for clarity.
(Ru = blue, O = red, C = gray, H = white)

Table 5-2-6. Selected bond lengths and bond angles of 67a.

Bond Lengths (A)

Ru(1)-Ru(2) 2.42059 Ru(1)-C(1) 209718 Ru(2)-C(1) 2.10676
o(1)-C(1) 136442 C(1)-C2) 153000  C(2)-C(3) 1.53589
C(3)-C(4) 1.53429 C4)-0(1) 1429290 Ru-Hue 1.79646
Ru(1)-Cen(1) 1.82899 Ru(1)-Cen(1) 1.82656

Bond Angles ©)

C(1)-Ru(1)-Ru(2)  55.031 C(1)-Ru(2)-Ru(1) 54.660 Ru(1-C(1)-Ru(2)  70.310
C(4)-0(1)-C(1) 114.180 O(1y-C(1)-C(2) 107430  C(1)-C(2)-C(3) 106.692
C(2)-C(3)-0(4) 103.631 C(3)-C(4)-0(1) 107.367

a: The atom labels are corresponded with the X-ray structure (Fig. 5-2-1).
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Figure 5-2-5. Molecular orbitals of 67a.
(a:HOMO-4, b:HOMO-10, c:HOMO-11, Isovalue = 0.04)

DFT FHRIZ X o CRO - Rl bEIC BT 2B A F o AR UBRIZIZZEETH Y,
ZTONAOFT 539.3°Th o 7. B VFH CTHEHE SN TWDIEAIZE, 'H 1T [AMX],
A URON TV THHTH I EZ/2D0, tripletlike 723 7 /L & quintet like 7227
F (AMXy AE U R) ELTHBISNTWD Z D, X% U DR UENL A DB %
BOFIENREEIND.

S FELED B 1%, HOMO-11 (Eq. 5-2-5¢) 2 Fischer B 7 /L ~_UAZRHBH) 7o ~T T JFA-75 7
NARUIRF EO p#E~DOEL VN OND. DR pFE EOINLE %X HOMO-10 (2
B S U728, B D Fischer B LR UBIN FICRO5ND K9 REED d HuE~De o
FEERZR ST, LZEFXHE Ru—Ru #EGOFLIZAIW TN, R LR E
FLF~D LB T 2 WE (X HOMO-4 (28U = 41, Ru—Ru D8* i 1% C-O f & O r*iifliE
EAEBA LT, HESEROSAITIT d WLED DaruE ~O it 53 Z 528, Zh b 3R
720, 8 B arEIE SO WL G235 S T SR AERES I RHM TH D (Fig. 5-2-6).%°

20 Jacobsen, H.; Correa, A.; Costabile, C.; Cavallo, L. J. Organomet. Chem. 2006, 691, 4350-4358.
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Fischer type Mononuclear Fischer type Dinuclear
carbene complex carbene complex

Cg% \/* n backdonation Cg% “ %
X i X or
CX>'—>.@. o donation C)(},—>§ %
f—
\/% n donation Cg% - §

Figure 5-2-6. Bondings between Fischer type carbene and transition metal complexes.

B 7 a B D = VRN T2 AT 5 Ru SBIR T, n BYEENL 73N D 2 & T,
EBENO T R Z T VRN~ O REE R E Y, Ru & b e A FRIOEREN
5. Ru bty huAf REDOHERET 1.837°5 1.84A TH Y ,2(1.801 A)L [T 0.04A 1
EMELTWD Z ENnD, BUEF X2 DR A ~DWHEEAURIR S5 (Table 5-2-5).
F£72, Ru-RufEEN 2 AN DIE, VT =T AR IR URFED p Bl & OFEAAE
Azl oniizoiZeExons.

ZHZBEIRDN S Fischer B LA U B F~DRYERRY pnifi it 5N & 5 DIE, EnEh DL
T =D LDOEIEN I NN RFED p PUEZERAIATL LD ITME L TEY, AHITRMTE
HI2DTHD. OF D, HEEEEIKTIX Fischer B 7 L~ 1 X ot SR 7 & LTl <
DS, SR CIInZ AR & LTHE< 2 EBHALNIR o, 72720, IR
PLF DIGIEIZ K > Tdob 5 L a2 BHEO T HEORIG N ENT H. AF WA EALF &
[A#%IZ Fischer BUZEHE 1 VU BN & 72 % IMe DEIZIE, £ O BERNMETT5729
(2, ZHAERE TR L T2BRIC 67 & T Ru—Ru B K <, Ru-Cen FEBENEH L 72> T D
(Table 5-2-5).1

3EITRELSBRBN, 67 DA X WIS UFMEAIEEEE L TV D, 67 DZEFEA R hv
NUEML 1T n¥(C-0) BB %l o T BUEENL T TH 5 728, SUENALE T O RIExE T L
WEBZDHNDN, BUED D RIRCENMEREZE 2 5 2 & T, n BMEOK\W offt G EANL 1
L BRI AIEEIZ 72 D (Scheme 5-2-1). ZRAE 7> & R URELAL ~ D EIALRE R D 28 A1 3,
[RF—~T v O g ~OW G2 s Z &1 L, ThA_VRFE EOINLE
K CTHEBICHLS oG TE D Z L IBBEN 1 & 7o TWND EEXDND. ZDT®, 22D p il
BOBREFATHHEETNAF Y F 00U LU BN CIIBERGENT & RIREINT 0O = % L%
—ENMREL D,
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Scheme 5-2-1. Rotation of oxycarbene moiety through bridge to terminal isomerization.

3 2,2

—_—

R, Ru
M,Ru - Ru\\/Ru‘— \}/H,

Ru = RuCp*, RuCp¥, RuCp#

o, ZESEARICENL L7 NHC BOAL 1328 & Rim Rl o —FEOBAER2 i 5T
BY, AFNVEEET D IMe TIEZER (Cp*Ru(u-H)2(u-IMe)RuCp*), A > F a2 H4 5
IMes TliEHRMmE (Cp*Ru(IMes)(u-H)RuCp*) 12725 Z EMAE I N TW5D (Fig. 5-2-7).1¢ =
DFERIL, TN BNLA ORIGEANL & RImBAL & ORNIZIE, BEEOSE SICXL > T
ERENEAT IREOT XA X —E LM L2 RL TIN5,

MesN NMes
\Q_Ru ﬁ é\ u—H_Ruﬁ

Bridge Terminal

Figure 5-2-7. The two coordination mode of NHC ligands on dinuclear complex.

FF NN BN, R DEE~ORNAEROZ L2 E S Fl e LTiE, T
TTUEERBRI LN TND M ZORTIE, KiDOA X AR UENLFRENENDER
MEBETHZENHLNTEY, 2EOF X I UEAFRHEEE LTERES N

TU 5 (Scheme 5-2-2). F£ 7=, Cp*Ru(IMes)(u-H)RuCp* TH IMes BfL T ZNZENDEE
MAEBEITLZ ENMONTEY, BEO DN HREENEE I TN D 1

Scheme 5-2-2. Migration of carbene moiety through terminal to bridge isomerization.
oY L e Lo

O o—| é\ —_— c’c‘l\\llo/—\M{)--CO . \0_ {, O
g% Ni\ co = oc” é “co OC/% N,Iﬁ

OoCcCO oOcCco 0oCcCO occo

MesN NMes
MesN NMes MeyMes
t? Ru Ru u\H\/HBu

2l (a) Drage, J. S.; Vollhardt, K. P. C. Organometallics 1985, 4, 191-192. (b) Drage, J. S.; Vollhardt, K. P. C.
Organometallics 1986, 5, 280-297.
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FhS5e FuFt 7=y DR,

BEO TEERIE T & b, KVBRNLA OROREEGALT b T RrFAT = L ORI
EREILIE. 2 T b7 RaF A7 % 80°C THEALT-LZA, 27 ~J ¢ K
FA 7 = 8K (Cp'Ru)(u-H)2(u-SCaHs) (68¢) 23Rk L, 7T1%DULR THIFE L 72 (Eq. 5-2-4).
Z ORORIEERE ST b T .

Bu Bu { S
s t

t
S Bu S Bu
R//> + —  » 'Bu Ru/ \Ru Bu
\\ 7 80°C S K (5-2-4)
‘Bu 'Bu tBu 'Bu -H, H
2c Bu ‘Bu

68c (X EJi 7 CHBINTZEERTHY, 7 h T FuFt 7 = UEKREZHERFL T\,
W LT =0 L EOFEEIRETH Y, 180 °C ITHE L T b EsRIT i3, CHES D
@J%ﬁéﬂfmxok ThZe R FA 72 ORDOVICOR Y FAET = B2 RIGS T

A, FRRICHER A TG L7285 A 69¢ 23T % (Eq. 5-2-5). 69¢ % 180 °C IZ/NZE L

A THEEOSITBI SN, ZOREMNT, 203 F 47 =D C-SHERGERESIC

t)JU?a“é_}: EXFRTH Y, SMAEFEICL > TV T = AL C-S alcphrca
Wb kEZ LD 2

t S
o ) - Q O 2 { o D LB (5:29)
\\// heptane 2 \\// e

tBu 'Bu tBu 'Bu - H;
2c 'Bu ggc 'BU

//\\
\\// 60 °C %\ R/UZ% (5-2-6)
-H,

68c |% 'H, "CNMR, JTHRSITICEDSEFEE L, HAERS X BEEMATIC X > TS 2 R L
. 7 e FaFAd 7 = BRIIOGE ThMFF ST Y, §2.62, 1.72 ppm IT[AX]s A
ORI DT v ) TR LT-. oDk KU FEAZF1E, § —15.14 ppm T singlet 3
7F ok LBl S 7. 68¢ @ ORTEP [X| % Fig. 5-2-8 {2/~ L, =72 5 1 WX O A4
% Table 5-2-7 12 F L 7B

22 Takahashi, Y. Master thesis, Tokyo Institute of Technology (1995).

2 JIE 13, Rigaku R-AXIS RAPID @ﬁ*t%%ﬁﬁb YT —130°C TYT\, Rigaku Process-Auto program (25 0 7
— XM L7 R EASRICB L, EREE P-1 (#2) Th o . NI SHELXT-2014/5 KO
SHELXL-2014/7 7’0t 7' Z b3y r =V 2 VT =0 MRS OMEZREL, 77— BRI L VKD IE
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69c |X '"H NMR 3 L OUCHEGITICEES X FE L, Hibdh X SIS I X o T 2 fgsd
L7z. % 69¢ @ ORTEP [X % Fig. 5-2-8 |27~ L, E72 )57 [ BEHE K OFE & % Table 5-2-7 12 %
L.

Figure 5-2-8. Molecular structure of 68¢ with thermal ellipsoids set at 30 % probability.
Hydrogen atoms attached to Cp* and tetrahydrothiophene ligands are omitted for clarity.

Table 5-2-7. Selected bond lengths and bond angles of 68c.

Bond Lengths (A)

Ru(1)-Ru(2) 2.6638(2) Ru(1)-S(1) 2.2901(4) Ru(2)-S(1) 2.2991(4)
S(1)-C(1) 1.8390(19)  C(1)-C(2)- 1.517(3) C(2)-C(3) 1.527(3)
C(3)-C(4) 1.520(3) C(4)-S(1) 1.8427(18)  Ru(1)-Cen(1) 1.797
Ru(2)-Cen(2) 1.799

Bond Angles ©)

S(H-C(1)-C(2) 106.39(13)  C(1)-C(2)-C(3) 105.79(16)  C(2)-C(3)-C(4) 106.86(15)
C(3)-C(4)-S(1) 106.89(13)  C(4)-S(1)-C(1) 93.02(9)

KRBT OALE % PLE L7z, SHELXL-2014/7 7’07 L&A WETOIFKERTZIELEFEICEM L.

24 JAI7E 1%, Rigaku R-AXIS RAPID [R[HT3E{E 4 FH\ T —150 °C TfT\), Rigaku Process-Auto program (25 ¥ 5
— X B L, RERITEASRICE L, ZERBHT P2i/n #14)TH o 2. fi#HTIE SHELXT-2014/5 KO
SHELXL-2016/4 7' 10 75 L3y ir— 2 % HIWIFK B IR A ONLE 2R E L=, SHELXL-2014/7 7w 7T L%
AW TOIEKERT %2 IEHE IR L7z
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Figure 5-2-9. Molecular structure of 69¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 5-2-8. Selected bond lengths and bond angles of 69c.

Bond Lengths (A)
Ru(1)-Ru(2) 2.64869(19) Ru(1)-S(1) 2.3086(4) Ru(2)-S(1) 2.2985(4)
S(1)-C(1) 1.7777(19) S(1)-C(7) 1.7768(19) C(1)-CQ2) 1.403(3)
C(2)-C(3) 1.400(3) C(3)-C(4) 1.375(4) C(4)-C(5) 1.397(4)
C(5)-C(6) 1.390(3) C(6)-C(1) 1.385(3) C(2)-C(8) 1.458(3)
C(7)-C(8) 1.400(3) C(8)-C(9) 1.399(3) C(9)-C(10) 1.376(4)
C(10)-C(11) 1.391(3) C(11)-C(12) 1.390(3) C(12)-C(7) 1.386(3)
Bond Angles ©)
Ru(1)-S(1)-Ru(2) 70.188(12) C(1)-S(1)-C(7) 90.34(9)

BFIRIRT I v & ORIS

~TRFEFELTCEREATHER Y VL 2¢ EORIGTH, MEVE 21T 365 nm DL
v HER Cp*Ru(u-H)a(p-
CsH7/N)RuCp# (70a) 23ERL L72 (Bq. 5-2-7). MMELMGTIE, )~ 1Fornr ) Yoy
IABINEBIZHET LT LE I D, EIRTOIEFMATIET 70a OEFESITBU S 1720,
4

4T N-H BLO C-H EAOUW &2 £ > T, BRIKA

BRI LTI 4 BTk 5.
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#

H Bu N, ‘Bu
0 AT N Gy
\\// 180 °C or N7 K
gl Bu g Bu hv (365 nm) H (5-2-7)
2c ~He Bu 'Bu
70a (34% by heating)
(60% by hv)

BRA X UBEIR 70 13 OB BEUTIG U TR PR EENELT 5.2 EFH AT L
A 2 EDORIETIE, B U< IINEMET 70e MERKT 5 DICk L (Eq. 5-2-9), 2¢ & B LY
V‘/k@)iﬁi\f“ X, A SR 70 (XK LR o7 (Bq. 5-2-8). MR TE N Vb KR
SHELAICE, 070U PUNRVAERZEENBRHI SN DD, Y U
D N-H B L C-H #EGOUIMAHEITL, 6 BERA I 85K 700 (ZAEK L TWDHHDEE R
SND. LosLAER L7z 70b 3R IS A LTk LIRS T 572012, RRICKED
LoLEZLND.

\\//

O ‘Bu l‘O ‘Bu

\\ ‘Bu / < '‘Bu
ﬁ // ﬁ \Q/Ru\H\ﬁ,RU)\é/ (5-2-8)
‘Bu 'Bu ‘Bu 'Bu

tgh, t tgh t
Bu ‘Bu Bu '‘Bu 10 eq

t Qc
By X /Ru/ \\Ru BUtBu
T80°C it (52:9)
- H,
‘Bu tBu

70c
(71%)

70a 1L 'H, "CNMR, JCRSITICEEDEFE L, Bk X SEEMATIC X > TS 2 R L
7oo A VBRI FITIXBEIFEEIAFE L TRV, EIRTHE L7 'THNMR A7 ML Tl
Bu N 2O T n— Ry 7S e LCRllSNT. & RY FEM16 2 O 7 71—
R 7 )& LT -8.78, —20.32 ppm (T S 7. A I VBN F D 7 FLIiES 4.61,
3.23,2.43 ppm (ZEAEIL 1:22:2 OFESF TR SN, ZOKE, AF Lo v 7 FAro—o0%
Bu tk L B L OB K2 o7 £72, BCNMR A7 MV T, A 2 U RFEDS 59.3
\ZJeu=181.0Hz D F1 » 7'V o ZEE %A % doublet &7 F /L & L CHLUHI S 4172, 80 °C 7>
5 100 °C OFEI CHIE L7= VI-NMR A-X7 kL% Fig. 5-2-10 (25 L7-.
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100°C

L i o
3.00 2,50

ppm (t1) 5.00
(a)
100°C \

T =
4.50 4.00 3.50

100°C k \

80°C l \ 80°C

60°C l A 60°C

s0c 40°C A | .ﬂ

25°C A NVUAN ¢ J”L JIL__
ML\; 10°C 1 I
;wc_J\/\/\_,m -10°C N
-50°C -50°C l l |
0o -80°C JJ J__

(b) ppm (t) 1.50 1.00 (C) Ppm.ltﬂ . 0.0 s 5.0 s -20.0

Figure 5-2-10. VT-'H NMR spectrum of 70a. (400 MHz, toluene-ds)

Ru Ru
B N
N <J
N
Ru Ru
A A
Ru Ru
N
(D 0
N B
Ru Ru
Ru = RuCp*

Figure 5-2-11. Two motions of 70a.

TRESERIZENL L7z Cptd Bu T ZE OXFMEIZIS U T, 6,4, 3,2 FFEDO T v L LCHEL
HEND28,70alXRIECT2EEDO L 7 F NV OHABEBR SN2 &b, A4 I BN 123 Ru-
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#

2 L CREET A B X (Fig. 5-2-11 D A) & —HOD/NT =7 ARSI/ 5B & (Fig. 5-
ZOFE B R RV 7 2 fEO Y 7 s LCEBlS TV

BN ENbnbd. B ORI, 14 2 UENLFO

windshield wiper motion TRl 9" % Z &L A3 TE S, Fryzuk 1L 81 20 ABHAICENL L7z A

< VBT @ windshield wiper motion (2K > T, — o0 w VU AENEMICER D Z &
AFA I VENL T DRERE D ZEETH Y,

SOz A F LD L, Scheme 5-2-4 |12

Ru Hifil
2-11 @ B) BMFET 5.
HZEMB, A OWBELY S B OIS HE

AL TS (AGH = 12.8 keal/mol at 15°C).%

Ru-Nf5E OUIWr & FHRIC X 22N EZ oD,
RLUTCEIZEENEZ BN D.
Scheme 5-2-3. Windshield-wiper motion of the dirhodium imine complex
/H\ A P H, ** H\ *
Rh\Ni’;‘Rh . \ N,?Rh . RH Ph/ _Rh
P?\H ph)\H ’(
Rh = Rh(dippe)

Scheme 5-2-4. Dynamic behaviors of 70a.

B 1
o 1W<

N
R

= Ru|<s— Y

Y g

Ru, Ru ~—|R{
NN N7
e It

Ru = RuCp#

N ,

=———~| Ru, Ru| s—— RU Ru
e N7

g W

Ru, Ru
N7
S

70c H 70a & [AIARIC 'H, P*CNMR, 7TESHICESERIE L, Hfian X stz X - ¢

WG MR L7z, B KU R 27 0%, 8-9.16 & —19.96 ppm (ZBLHI & 41 70a (5 -8.78, —20.32
ppm) & FEBIOALE T > 7=, 70a O ORTEP [X% Fig. 5-2-12 {2/~ L, F722 5 1R REE & OV

25 Fryzuk, M. D.; Piers, W. E. Organometallics 1990, 9, 986-998.
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G4 % Table 5-2-9 IZF & 7=, 2° 70c ® ORTEP X% Fig. 5-2-13 |2/~ L, 725+ FEEE &
ONFEA 4 % Table 5-2-10 IZF & 7227

Figure 5-2-12. Molecular structure of 70a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 5-2-9. Selected bond lengths and bond angles of 70a.

Bond Lengths A)

Ru(1)-Ru(2) 262903)  Ru(1)-N(1) 2.0554(17)  Ru(2)-N(1) 2.1342(17)
Ru(2)-C(1) 2.1452) N()-C(1) 1.387(3) C(1)-C2) 1.520(3)
CQ)-CR3) 1.534(3) C(3)-C(4) 1.522(3) C(4)-N(1) 1.477(3)
Ru(1)-Hase. 175 Ru(2)-Have. 1.68 Ru(1)-Cen(1) 1.776
Ru(2)-Cen(2) 1.846

Bond Angles ©)

Ru(I)-N(1)-Ru(2)  77.71(6) Ru(-N(1)-C(1)  121.47(14)  Ru(1)-N(1)-C(4)  128.82(14)
C)-N(1)-C(4) 109.52(17)  N(1)-C(1)-C(2) 109.92(18)  C(1)-C(2)-C(3) 103.68(18)
C(2)-C3)-C(4) 103.53(19)  C(3)-C(4)-N(1) 105.63(18)

20 AIE 13, Rigaku R-AXIS RAPID [EIHT3EE %2 T —150 °C T1T\», Rigaku Process-Auto program (25 0 7
— X EME L, RITERSRICE L, EREEE P11 () Th o7, TS SHELXT-2014/5 KO
SHELXL-2014/7 70 7" hoXw ir— V% FWIEK R 7 O E 2 R & L7, SHELXL-2014/7 7' n 7' J L%
AW TOIRBIR T2 IFEHMEITREMA L.

27 IE 1%, Rigaku R-AXIS RAPID [RIFT35E % H T —150 °C TT\», Rigaku Process-Auto program (2L 0 7
— X RN L7, ERITERSRICEL, EREX Pl ) Th o7, TS SHELXT-2014/5 KO
SHELXL-2014/7 70 7" bRy r— 2 % FWIK R F OB 2 R E L 7. SHELXL-2014/7 7027 J L%
WA TOIEKRER T2 IS TR L. —o08B R AL SN 5 F ThoT-.
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Figure 5-2-13. Molecular structure of 70c with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 5-2-10. Selected bond lengths and bond angles of 70c.

Bond Lengths 0N

Ru(1)-Ru(2) 2.63274)  Ru(1)-N(1) 2087(3)  Ru(2)-N(1) 2.118(3)
Ru(2)-C(1) 2.1674)  N()-C(1) 1379(5)  C(1)-C2) 1.511(5)
C2)-C(3) 15236)  C(3)-C(4) 1.5206)  C(4)-C(5) 1.510(6)
C(5)-C(6) 1.524(5)  C(6)-N(1) 1.463(5)  Ru(1)-H(1) 1.833)
Ru(1)-H(2) 1.89(4) Ru(2)-H(1) 156(3)  Ru(2)-H(Q2) 1.58(4)
Ru(1)-Cen(1) 1780 Ru(2)-Cen(2) 1.853

Ru(3)-Ru(4) 2.63034)  Ru(3)-N(Q) 20893)  Ru(4)}-N(Q2) 2.125(3)
Ru(4)-C(41) 2.1524)  N(2)-C@41) 1385(5)  C(41)-C(42) 1.509(5)
C(42)-C(43) 1.525(6)  C(43)-C(44) 1.504(7)  C(44)-C(45) 1.528(6)
C(45)-C(46) 1.542(5)  C(46)-N(2) 1.468(5)  Ru(3)-H(3) 1.86(4)
Ru(3)-H(4) 1.68(4) Ru(4)-H(3) 1.73(4)  Ru(4)-H@4) 1.77(4)
Ru(3)-Cen(3) 1.779 Ru(4)-Cen(4) 1.852
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Bond Angles ©)

N(D)-C(1)-C(2) 121.83)  C(1)-C(2)-C3) 11233)  C(2)-C(3)-C(4) 113.9(4)
C(3)-C(4)-C(5) 1149(4)  C(#)-C(5)-C(6) 1154(4)  C(5)-C(6)-N(1) 113.6(3)
C(6)-N(1)-C(1) 119.2(3)

N(2)-C(41)-C(42) 121.5(4)  C(41)-C(42)-C(43)  112.1(4)  C(42)-C(43)-C(44)  113.8(4)
C(43)-C(44)-C(45) 1152(4)  C(44)-C(45)-C(46)  1143(4)  C(45-C(46)-N(2)  113.6(3)
C(46)-N(2)-C(41) 119.6(3)

70a, 70¢ |To,n DB A I UEMNLFIZ Ko TRIBE SN B8R TH Y, Ru-Ru fEATE
263 A TH-o7-. C-NFEATL, 1.387(3) (70a), 1.385(5), 1.379(5) (70¢) A TH 0, C=N _FEfEHA
\CF Y9 B EEEECdH > 72, Fryzuk 5%, NMR A7 MU LD A 2 2 Opn>-Ehn a2 s L
TWDD, ZOHBEEZH LN LTZOIXZNBRIOF TH 5.5 L OBNHEXEET D
R OBE I N ETICHE SN TV ARWLR,B val Un3glidhr L7k s LTk
[(dippe)Ni(n-pyrroline)]*® N SN TH Y, C-NFESHEEEN 1.3520)A THH Z LI L)
ZEhTng

THF & O &EF72 0, N RICEBILZF 727007 I 2 FH L2 SE1I21E, N-H &0
Il 2 PE > TEBURA S USSR AR L. 22T, N RICEBREEZFT LTIV EOGT
1L, THF E OO ERIC L D1, 727 DARCOBENHIFFSNDS. LLRRD,2c & N
AFAET Y P OIESETIE, N-C A O & £ - T 70a BRAER L7 (Eq. 5-2-10).%

R//\\ +
\\/’ hv(365nm) \Q ‘\/' ﬁ (5-2-10)
Bu 'Bu ‘Bu '‘Bu

2 LA~ T nRRILEM & DRIGHE

2 LT a B LAY & DG % Scheme 5-2-5 12 F & 7= 2 12 L CHRBE 2175 = & T,
JhEHE 2% 3 AR T D . 2%1Tx LT, ~T m BB D INNLE A6 TRUNZT 5 2 & C, H1fH
KA DBERT D, ZOR, ~7 0T T AEEOEEIZIE, 58E 72 Ru-S 6 O E BRE) /)
E LT WERT D, ~T mﬁ%ﬁi‘ﬁﬁ%)@%ﬁma/w I, A OBES R T OR-KF ML
JHARFINC L o THIEA B NERT 5. EROHAITIEI N-HEARH D720, b o —BED

28 To the best of our knowledge, X-ray structure analysis of imine ligand of o,n fashion was not reported to the
Cambridge Structure Database System Version 5.37 (November 2015 update): Allen, F. A. Acta Cryst. 2002, B58,
380.

2 Campora, J.; Matase, .; Palma, P; Alvarez, E.; Graiff, C.; Tiripicchio, A. Organometallics 2007, 26, 3840-3849.
30 CpH FEIAEME D HHRE T & 702 2359 7 | TEEJZ LTz,
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B-KEMERHE & MK FIZ Lo TA I 85K 70 BERT 5. BEOLEITIE, ~7T ri+ ki

KREDENTZ D, a-KBEWRE L BAKRFIZ LT, IARCVEPEAELTZ LD LEEZHILD.

Scheme 5-2-5. Plausible reaction mechanism for the photochemical reaction of 2 with saturated

heterocyclic compounds.

o R (3

H A S
[CpsRuH4RUCps] —— > [CpsRuH RuCps]* —> Cps-Ru—VR;u-Cps —> | Cps-Rd Ru-Cps
hv (365 nm) -H, \}ﬁ/
H
2 2% 4
A 68
C-H bond X =0, NH
cleavage
- H2
J C-H bond o H Nl'H bond
cleavage X cleavage —N
-~ H < 4 a0 " |cpsRi.  Ru-c
Cps—Ru Ru-Cps _ = - u- - H; ps—Ru u—=Cps
p N P H, Cps—Ru—\—Ru-Cps X=0 Cps Ru—‘vRu Cps \H\{/
H™H W Hs X =NH
3 70
67 c B

HZEER L ~T o BIMLEW & OIS T, KD A X BN ERNERK T 5 MOG 3K
BIEN LTS3 il 21X Caulton &1, ENLAREIFNZ2 LT =0 AEEA L THF & OGS
FXRHNARGEREERLTEY (Bq. 5-2-11), AIUAT=0 a8kt n ) D0 DK
JENBIET X ) INRUNERT D EERE LTS (Bq 5-2-12).2 ~F7 a i 723 fEHR
THEZTHRBRICH LR UEEERN SO NS Z LoD, HESEATO C-H fEE OUI G
1%, Fischer B L DA ZBRE) /1 & L THEITL T D EEZ BILD.

o
lil/P"Pr3 /PiPr3 T/P"Pr3
; / -H -H
[RUHCI(P/Pry)], — > cn—/Ru—OG 5 cn—Ru7<j 5 e (5-2-11)
PPy pip,{ H O pipf, O

31 For example: (a) Boutry, O.; Gutiérrez, E.; Monge, A.; Nicasio, M. C.; Pérez, P. J.; Carmona, E. J. Am. Chem. Soc.
1992, 114, 7288-7290. (b) Luecke, H. F.; Arndtsen, B. A.; Burger, P.; Bergman, R. G. J. Am. Chem. Soc. 1996, 118,
2517-2518. (c) Gutiérrez-Puebla, E.; Monge, A.; Nicasio, M. C.; Pérez, P. J.; Poveda, M. L.; Carmona, E. Chem. Eur:
J. 1998, 4, 2225-2236. (d) Whited, M. T.; Zhu, Y.; Timpa, S. D.; Chen, C.-H.; Foxman, B. M.; Ozerov, O. V.; Grubbs,
R. H. Organometallics 2009, 28, 4560-4570. (e) Meiners, J.; Friedrich, A.; Herdtweck, E.; Schneider, S.
Organometallics 2009, 28, 6331-6338. (f) Griger, N.; Wadepohl, H.; Gade, L. H. Eur. J. Inorg. Chem. 2013, No. 30,
5358-5365.

32 Ferrando-Miguel, G.; Coalter I11, J. N.; Gérard, H.; Huffman, J. C.; Eisenstein, O.; Caulton, K. G. New J. Chem.
2002, 26, 687-700.
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H
N

‘ 7 H PiPr; PiPrs H P'Pry
. l/ -H, / -H, i (5-2-12)
[RuHCI(PPr;)], —> CI—/Ru—/N — CI—/Ru — » Cl— u

pipr; H ppf, H H P'P r3

ZHUCH LT, SR & ~T e BRIMEA Y & OIS TIX, OSSR L By, ~T 1
JRF DR L BT 20T =0 A ETOUIMRISHEITT 2 ZEN/HUTHD. 207D,
BIRT—T WV EBRRT IV CRINVERM N R ST b D EE I HND. R, 5 L&A
FOAIETHHELIZHATH, 70 NERT D Z &5, TSR EToRRIAREH LS E X
TWDHZEWNRIBESND., AR EBRRT I UV E OIS TIE, afifd 2 BfED C-H F5H
DA INZ o CTA I RA NVEERE 52 2 BUSH—THD, 70 DX 5| 4~/%
ETREEDLHNIEN. BBIRT I L 2¢ EORENSA I VRN LEICE LN
EWEIGEHZ K> TRENEZIT TNDTDEEZBILD.

’
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#

B3 BB TN UEEOME L L RN T & ORIG

BRI 3 )V BT D [El R B

2 #iClE, 2 & THF ORUGIZ X > T Fischer B OLUE A% 2 I VU BEIK 67 B3AERKT D 2
& BT BEA T U IR R 67 ITHEDO A T U IR AR DT AR T
VR E B ST ME AR T H 2 L DFT HRICK o TR Sz, 11 CH 'H NMR &3
7 MVT, OZET VXY T VRN FRRRE Y Y L UL SRR, A xRN
VBN T AN BN BN A R IR IS BRI . R CIE, TRESEIR BICEML L7e A v
TN N OB ZEEY & L REANL 1 & OSUSIZ DWW TR 5

&

Cp*BUNL %A 5 67a D 'H NMR A7 hLinbid, §-12 2 5H-13 ppm (2 T FlkE
D7 v— K72y 7 F VRN & iz, Fig. 5-3-1 12-20°C 225 70°C 128175 67a Dk KU R
FEIE D VI-'THNMR A7 kL% 7R 7=, Fig. 5-3-1 DA KNI IXf#HT V7 b gNMRIZ L % NMR
DY I z2b—va rOfERERD BRI OBE k 28 LT, UT 28, In(k/T) % fHefh
7' b L (Fig. 5-3-2), Eyring OFUZEVEMAL /ST A — 2 2R LT,

Eyring D=
k h
AG = —RT {ln (—) + In (—)}
T K
| (k) 3 AGH# | (h) B AH#* N AS# | (h)
1) "R T T "k

R: JUREH DK mol'], T2 #EXHEEE [K],
h: 777 [Is], & RV~ B [TKY
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. 70°C j<\_ Kk = 6000
. 50°C LN k= 1700
30°g T >\.‘,‘77 k=400
. 20°C / T - k=150
*_.__,M 15°C N S
. ____,J% 10°C "o _,4‘\ k=55
AV \ sc 7%},\\7_ —J/I\L k=35
/
; oc A A N k=23
|

5°C N A k=12

l
-10°C %d‘ _ J‘, - k=75
-15°C J| .

1

|
ALY -20°C S A\
-12.50 -1265 -12.80 -12.95 -13.10 -13.25 -12.40 -12.56 -12.70 -12.50 -1265 -12.80 -12.95 -13.10 -13.25 -12.40 1255 -12.70
1 (ppm) 1 (ppm)

Figure 5-3-1. VI-'H NMR of 67a (left) and simulated NMR spectrum (right). Hydride region.
Impurity is denoted as an asterisk. (400 MHz, toluene-ds)

LN

\0\ y =-7283.7x + 24.161
R?=0.9987

R O B N W b

In(k/T)

0.0028 0.003 0.0032 0.0034 0.0036 0.0038 0.004
1T

Figure 5-3-2. Eyring plot of 67a.
AH* = 60.6 £ 1.7 kJ/mol, AS* = 3.3 + 5.8 J/mol K, AG* = 52.3 kJ/mol (298 K)

Zoot RY RENLFHRIESEE CIE RO doublet > 7 /& LCHEIMISh, MR
BWCCIX 1O singlet > 70 & LTRSS -, ZHODRERNG, Zo0 e Y REfL
TR SN D ZEENFIET D 2 E RO N2 o, E b v Z L e — 23 A8t =
33+£58J/molK THV,0 N2 &b FHNOEIE THD. L7eh > T, 67a OEIHIEE)
Tt RU RENLFORZHL, B L ITA T I AR UENLFDOREREENIC LD D L&
Z BAL5 (Scheme 5-3-1).
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#

Scheme 5-3-1. Two possible dynamic behaviors of 67a.
(1) Hydride exchange i (2) Rotation of Oxycarbene

2 Q:Q 2

Ru‘— \\O'H/a u Ru‘— Ru
Ru = RuCp*

WPl oEEEZFT 52U LR Cp*Ru(u-H)o(u-SiEtMe)RuCp* TlX-80 725 70 °C DIRE
REIRCIE, B ENIBI ST e RU K, & U Lo 3B Ru ICHBSHEA L TWD Z &0
HILTND L7eh o T, 67a lCBWTEIMZEH B SN0, & RY REAL 7O A
N TIT 2L, X T IN_UBENFOWEIZE Db D EEX BILD.

FHOEE O L 0 BRI L, 7 u R X Vo VBN DM AR E T2 & TED
N5, CpHfi ¥Z2A3 % 67c D VI-'H NMR A% kL% Fig. 5-3-3 (2R L7-. CptdBR Lo
KFET T FNDANRT SOVEE, BIZEENC X > T RIS EINSEm A AT 5 2
EERTHEOTHY, XV HARUENL - OFB 2 LN T 2 A CEHEREHR TH -
7.

e 100 | J! 100°C
N 70°C .

J i 50°C
A 30°c
I 20°C
M 10°C
sC
J\—J/:IL_J L 0°C
h 5'C
-10°C

J
{LJ%A

[ | G | M 20

I N 7"L 30°C

-\ N B J‘L -40'c
~ kk‘____)i -s0°C

— Jpswc

_J'A\ I\ z0c Y N I\_‘ :70“(:
e — e —

-80°C

54 52 ED 48 45 44 42 40 38 36 34 32 30 ZE 26 1.9 18 17 18

s K 15 ﬂ(ppm)w‘,a
(@) (b)

W . moriaiabishen
1\ S [ ) L 10°C
/AN J 5°C
ik\ 0°C
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-114 116 -11.8 120 122 124 126 128 -13.0 132 -134 136
(C) fi(ppm}

Figure 5-3-3. VI-'H NMR spectrum of 67c.

(400 MHz, [Ds]toluene, a: aromatic reagion, b: ‘Bu reagion, c: hydride region)
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CEHBREA LTS Zo0 7 a b d-20 °C Tl T EEO Y 7L e LTHRShT
WD, SR E & HIC T singlet & LTI S 7z, miRGEEKTIZINMR % A AR 7 —
VB W THMELSEI 2338245 L T D 72012, CpH ¥ 7 )V AN AT 8L & 4u7=. Scheme 5-
3R LE CZODEEID H b, 4% DR UL T O [RIEEZEE) O Zx MBI R R 4 5
XL ENTED (Scheme 5-3-2).

T/, B RU KT F b FEICHE- T—FEED singlet > 7 /v & L CTEMI S 7=, —20°C
% low temperature limit & U CIRE L7256, CpH B L UE R R 7 F L OREIREN D
ROTIEHALF 7 A =R — 2 Z N EIAG = 58.5 kI/mol (20 °C), AG* = 59.8 kJ/mol (30°C)
L7eb. ZOfHEIL, 67a D Eyring plot ﬁ’%ﬂ%@fdﬁ‘%ftﬂ?fx THRNLF—LIFIERETHY,
FEREKOMEGHE S v N FEROBA RN, A X2 BN ORI
BCHkTHZ AR LTS,

Scheme 5-3 2. Exchange between two aromatic hydrogens.

Rotatlon
tBu Hp tBu Hp tBu Hp 0 tBu Hp

oxacarbene
Ru—
Sieu \\/' Sieu \\/'

2 HiCTHBRARIZ K DT, BBEBALEICTFET DA D NARUEN X, o048 R L DL
EAHAAERIC X > THEM CORRETNIIEE L V. 207D, U6 b Kt~ D EALER
DI Z - T2 [AlR%E 35 2 545 (Scheme 5-3-3). T DX H EDH &2 DFT #HH
EAToT & A, FX T IV UENA DS RIHECNL L 72 P READ AG = 33.3 kI/mol &\ Oz E
TEM S du7e 333

Scheme 5-3-3. Rotation of oxycarbene moiety through bridge to terminal isomerization.

9 9 _ 2

R, Ru —= Ru =——= Ry, Ru

Ru <——
X
M/ \\/ M

Ru = RuCp*, RuCp¥, RuCp#

3 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state.

3 QUBNLIE T OB E | Fﬁfé%%ﬂ( BRIRIINR L e hr o o, RIRALE COBBIREBIIRE > 72 b D
D, IRC FHHEBIPUR L 727> 7212, AR A RGN
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9

Figure 5-3-4. DFT-optimized structure of terminal oxycarbene intermediate of 67a.
The hydrogen atoms attached to the Cp* ligands were omitted for clarity.
(Ru = blue, O = red, C = gray, H = white)

Fig. 5-3-3 ({278 L7z VI-'TH NMR A-X7 kL d-20 °C LV HAKEEE Clix, v 7V nHmE
TJu— R=27F5. 2L, CporobliREEIcHkT b0 B2 b5 (Fig 5-3-5). -
80°C TIX 2 FEO BRI BHI S, v KU REKOFRE/MERFE 5941 Dk TH o7, =
DO RMERE = RV X — BT 5 & AE = 0.58 kI/mol & 72 5. HifESL X BEE AT CIX
Fig. 5-3-5 D A & B IZFEY 92 “FEAD BMERDS disorder & L CEIHI STV 5. FldbikiE
IR B B W T B O B OB ) TR R 2 EME OB AR CIHEICE, AV v —
B SN TV D BHEEN A, v F—ICB SN TWARERNAB L E2 55,

tBu Hp ‘Bu
/G\tBu\\H'B
tBu Hp Q tBu Hp tBu Ha (o] tBu Ha
—Ru Ru —_— —_— Ru Ru
v t, \ ¢ t,
Hp\‘Bu\H\H' Hﬁ‘“ B l 2 “\/”'B‘ﬂ B
Bu Bu Hp Hp

tgu H ‘Bu Hp
A B
'Bu \\/l

Figure 5-3-5. Possible rotamers of 67c.

67 & tert-butyl isocyanide & @}iﬁ;

VT-'H NMR JIZEX°> DFT #5051, 4G4 F v WU 5 DR A ¥ o e~
BAAL A~ D BMEAL DR DRI S zhf: BENE A 0 N B DOBLER R D AL DI R
B D T2 01T tert-butyl isocyanide R°— (VIR 72 £ D L BUBLNL 1 & O Ji % 5l A7z
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Q /9 /9
Cp*u, = cp* Cp*u, =/ (CN'Bu
—Ru RO+ + '‘BUNC ——— P, Ru" P, Ru"

+ -y
\H\ﬁl _H /Ru\ /Ru\ /Ru\ /Ru\ (5 3 1)
tgung’ M CN'Bu tgune’ M Cp*
67a cis-7T1a trans-71a

67a |Zx%f L CEHIR T tert-butyl isocyanide # MM Z 7= & Z A, Yk Fa 77 = LK cis-
{Cp*Ru('‘BuNC)}2(u-cyclo-C=CHCH>CH,O-)(u-H) (cis-71a) & trans-{Cp*Ru('BuNC)}>(u-
cyclo-C=CHCH,CH0-)(u-H) (trans-T1a) 234% H L7z (Eq. 5-3-1). HAERM O 'HNMR 2> 513,
cis-7Tla & trans-Tla 73 78:22 DL THERK L TWD T L 2GR LTz, U ¥ VIR D O
AT o T cis-Tla & HARE L7, cis-T1a % 60 °C [ INEAT 2 & 4R 2 1T trans-Tla ~FMEAL L, 82
FEMZ ICITE &M trans-Tla DAEK L7 (Bq. 5-3-2). 2D Z LD, 67a & tert-butyl
isocyanide D FGIZ BT DAL (cis-T1a/trans-T1a="78/22) 1T HERANCIRE SN TV D b

DEZZDBND.
o o)
Cp'u, S 0 Cpm, S~ CNBu

Ra Ru —_— Ra Ru 3-
/ \H/ N, " 60°C / \H/ N, . (5 3 2)
‘BuNC CN'Bu o tBuUNC Cp
cis-71a trans-7T1a

cis-Tla 3 X OY trans-T1a 1% 'H, *C NMR, IR, JCRGHTIC Lo CTRIE L, B X fis i
Fric & - THEE 2 ffeR L 7=, NMR IZBE L Qi FRIEE R & A b Tk 4 %23, 'TH NMR A
A7 VT Cp*EEAL -3 FEEAMIC B < 41, —FEFHD tert-butyl isocyanide Bz A3 LM <
Pz, HAES X BB IEHEAT T, cis-7T1a & trans-T1a 7} tert-butyl isocyanide B/ 1 DEIALAL
BN D RMRTH D Z & ZMegB L7z, cis-T1a @ ORTEP [X % Fig. 5-3-6 (Z/k L, L7251
BRI S ONRS & f4 % Table 5-3-1 (2% & 723 F 7z, trans-T1a ® ORTEP X% Fig. 5-3-7 |Z7R
L, 7220 [HIRERE & ONS & ) % Table 5-3-2 (ZF & 7%

35 WTE 13, Rigaku R-AXIS RAPID [ml473# (& & IV C -150 °C T47\), Rigaku Process-Auto program (2 & ¥ 5
— X EME L AR EASRICE L, ZREBT Pl #2)Th o 2. fi#EFTIX SHELXT-2014/5 K& O
SHELXL-2014/7 'R 277 LNy r—Y 2 HOWLT =0 ARTFOMEEZREL, 7— U =GR L VKD Ik
IKFERA DALE 2R E LT, SHELXL-2014/7 71 7T A& WS TOIEKBIR A % I IEICER LT-.

36 JE X, Rigaku R-AXIS RAPID [EI#7#4{& & FV T -150 °C TFT\, Rigaku Process-Auto program (Z 2 ¥

T =X AR LT AT AL SRICE L, EREEE P2i/n #14)Th o7z, #ENTIE SHELXT-2014/5 KO
SHELXL-2014/7 7’02 77 Lo —Y 2 HOALT =0 ARFOMEZREL, 7— U ZGRIC L VKD IE
KRBT ONLE % R E L7z, SHELXL-2014/7 70 7 F A% AW TOIKFRT 2 IEE IR Lz,
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Figure 5-3-6. Molecular structure of cis-71a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to Cp* and ‘Bu groups are omitted for clarity.

Table 5-3-1. Selected bond lengths and bond angles of cis-71a.

Bond Lengths (A)

Ru(1)-Ru(2) 2.9690(4)  Ru(1)-C(1) 1.99122)  Ru(2)-C(1) 22702)
Ru(2)-C(2) 224802)  O(1)-C(1) 13983)  C(1)-C(2) 1.409(3)
CQ)-CR3) 15133)  CR)-C@) 1507(4)  C#)-0(1) 1.448(3)
Ru(1)-C(5) 1.8633)  N(1)-C(5) 1.1923)  N(1)-C(6) 1.479(3)
Ru(2)-C(10) 1.8973)  N(2)-C(10) 1.1643)  N@)-C(11) 1.434(4)
Ru(1)-Cen(1) 1.899 Ru(2)-Cen(2) 1.882

Bond Angles ©)

Ru(1)-C(1)-Ru(2) 88.108)  O(1)-C(1)-Ru(1) 120.15(16) Ru(1)-C(1)-C(2)  130.57(18)
C@4)-0(1)-C(1) 109.41(18)  O(1)-C(1)-C(2) 10922)  C(1)-C(2)-C(3) 109.1(2)
C(2)-C(3)-0(4) 101.92)  C3)-C(4)-0(1) 10692)  Ru(I»-CG)-N()  174.1(2)
C(5)-N(1)-C(6) 13442)  Ru@)-C(10XN(2)  172.02)  C(10X-NQ2)-C(11)  1602(3)
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Figure 5-3-7. Molecular structure of trans-71a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to Cp* and ‘Bu groups are omitted for clarity.

Table 5-3-2. Selected bond lengths and bond angles of frans-71a.

Bond Lengths (A)

Ru(1)-Ru(2) 2.9245(2)  Ru(1)-C(1) 2.0096(19) Ru(2)-C(1) 2.3465(19)
Ru(2)-C(2) 22499(19)  O(1)-C(1) 13932)  C(1)-C2) 1.402(3)
CQ)-CR3) 15093)  CR)-C) 15253)  C#)-0(1) 1.452(2)
Ru(1)-C(5) 1.8602)  N(1)-C(5) 12003)  N(1)-C(6) 1.473(3)
Ru(2)-C(10) 19102)  N(Q2)-C(10) 1L1713)  N@)}-C(11) 1.454(2)
Ru(1)-Cen(1) 1.898 Ru(2)-Cen(2) 1.868

Bond Angles ©)

Ru(1)-C(1)-Ru(2) 83.96(7)  O(1)-C(1)-Ru(1) 119.67(13) Ru(1-C(1)-C(2)  130.64(15)
C@4)-0(1)-C(1) 109.09(15)  O(1)-C(1)-C(2) 109.52(16) C(1)-C(2)-C(3) 109.50(18)
C(2)-C(3)-0(4) 101.12(17)  C(3)-C(4)-O(1) 106.15(16) Ru(1-C(5)-N(1)  176.19(18)
C(5)-N(1)-C(6) 13591(19) Ru(-C(10)-N(2)  17125(18) C(10)-NQ2)-C(11)  165.9(2)

T X AN BNA-DofED C-H fEGUIM S, Yk Fr 7 T = VR~ & B S
AU Tz, Ru(l) (2ol fiz, Ru) (Zafidfii L CWD Z &b, A% I UEL D C-H
fE G OYIWIEUSNE, Ru2) ETOBR-KBMHESISIZE 2D LB X b, C-H #ia Ok
(- T, C(1)-C(2) #EAIEEEI, 1.4093) A (cis-T1a), 1.402(3) A (trans-T1a) (272> TH D,
67a (1.474 (8) A) &L LE~_JH < 72 o Tz, C-O FEGHEBER L O C-C #5 A HEREIE, ZhvETIT
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WESNTWD OV E Rr 7 T = UATRO4E 7 7 = V8RS L R OfEZ 77~ LT
72 (C—C:1.33-1.41 A, C-0: 1.38-1.44 A).

Ru(l) (ZHEfL L7z tert-butyl isocyanide @ C(5)-N(1)-C(6) 1FZILZ 4L 134.42)° (cis-T1a),
135.91(19)° (trans-T1a) TH VY, vz AL T\ 5H. —FH T, Ru2) IZEAL LT tert-
butyl isocyanide @ C(10)-N(2)-C(11) ILZ L Z 41 160.2(3)° (cis-71a),165.9(2)° (trans-T1a) T&H
D,Ru(l) \ZEMNZ L2 DX STV D A/ NSV, BJRICEIL L7z tert-butyl isocyanide
(3, Fig. 5-3-8 lIRTHEMEL A L TRV, Mt GORERREWVIZLE, ZOPrivihns v #
MRELRDZEDMBNT NS, il 21X =47 —{li$& (K NbCI(CO)('BuNC)(dmpe), (dmpe =
1,2,-dimethylphoshinoethane) TliE, #TAvii2s © M1 144.1 (7)°ITEET 2 Z LA HE SN TEY,
CN {BHEIREN S 1747 e 1B SN 5 20 T1a TiE, Ru(2) LR EARE, Ru(l) o3
BAREEZA L CWD. 2L, &P LOBFIREEZ XKML CND EEX LN, TR
WaEHT D C1) 25O GHENEV Ru(l) B, e Fue 7 J = v ii~oniifit 5
DNV RuQ2) DNEMREEZELTNDLHDEE L LN,

M=C=N._

M—C=N—C

Linear Bent

Figure 5-3-8. Two resonance forms of the zert-butyl isocyanide.

CN fiffEiRENC k325 B — 213, cis-T1la T 2036, 1880 cm™ (KBr), trans-71a T 2015, 1876
em (KBr)IZBIHl S 7z, 2 v E Tlosss ST 5 RImENZERRTE (2000 cm™ £137) O
RIGBEALPTALARL 3 (1800-1700 cm™) & FELLOATE I S A, #5 SisE & s LTz,

67 & @Mﬂ%c‘:@}ira

co (1atm) Cp*n, ﬁ Q
R \\// / \H/R\ oc” \C/R o (5-3-3)

72a 73a
W T bk & OIS ERRFT LT, 67a 1I2%f L C, BRI TKRJED—MLREE L&
Wil A, —ILRFEN B AINTZ {Cp*Ru(CO)}2(u-cyelo-C=CHCH,CH,0-)(u-H)
(72a) BL O =0 FEAINZ {Cp*Ru(CO)}a(u-cyclo-CCH,CH,CHyO-)(u-CO)(73a) 23 4L

37 (a) Ashworth, T. B.; Berry, M.; Howard, J. A. K.; Laguna, M.; Stone, F. G. A. J. Chem. Soc., Chem. Commun. 1979,
43—44. (b) Berry, M.; Howard, J. A. K.; Stone, F. G. A. J. Chem. Soc. Dalton Trans. 1980, 1601-1608.

38 (a) Wong, W.-Y.; Ting, F.-L.; Lam, W.-L. J. Chem. Soc. Dalton Trans. 2001, 2981-2988. (b) Wong, W.; Ting, F.;
Lam, W.-L. Eur. J. Inorg. Chem. 2002, 2103-2111. (c) Wong, W.; Ting, F. Organometallics 2003, 22, 5100-5108. (d)
Begum, N.; Rahman, M. A.; Hassan, M. R.; Tocher, D. A.; Nordlander, E.; Hogarth, G.; Kabir, S. E. J. Organomet.
Chem. 2008, 693, 1645-1655. (¢) Uddin, M. N.; Begum, N.; Hassan, M. R.; Hogarth, G.; Kabir, S. E.; Miah, M. A_;
Nordlander, E.; Tocher, D. A. Dalton Trans 2008, 6219-6230.

39 Bent: Aharonian, G.; Hubert-Pfalzgraf, L. G.; Zaki, A.; Le Borgne, G. Inorg. Chem. 1991, 30, 3105-3107.

40 Linear: King, R. B.; Saran, M. S. Inorg. Chem. 1974, 13, 74-78.
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2 6931 DHTAER LT (Bq.5-33). 0 b TashTFLsn< IT7 —ickoT
60% DL THIEE L 72, 72a (2% L T=HE T REDO —MILRFZEAL TH T ERIE
L7Rino7oZ LG 73a 13 72a LIFRR D RUGEK TAEM L TWD Z EAVRIRE N, —
fefb iR F1X tert-butyl isocyanide & Fb~/NE W26, —FRILR IR DS =00 F-BONL L 72 85I DS A Rk
LTebDEBZHND.

o
Q co (1 atm) cpt, /Q )
“R{ Ru’
St \\/, NS N\,
Bu 80 C OC/ H Cpt

72c
EE D CpHEINL 2 H T 5 67c & R LIRFITRE TIEGET, 80 °CICHIRTHZ & T
{Cp*Ru(CO)}2(u-cyclo-C=CHCH,CH,0-)(u-H) (72¢) BAK L7Z. T2e BT Ly a~ T T 7
—IZ Lo TT6% DI THEEL7=. Z D, —MALRFEN =0 FEA I N8R AR L
TELT, VERMEKIZL>T=0FHDO— @&‘flﬁfﬁ@%Aﬁ)BﬂiéﬂTU‘é HDLEZ
Lbivd.

72a 3 KTV 72¢ 1Z 'H, °C NMR, IR, JtHESHTIZ L - CTHEE L, HifdHh X ST X -
TRIE L7z, HfSdh X SRS 51, — 2D B IVR = VENLF D trans-Tla & 7 UBCE
TEALL TV D Z &AL NI > 72, T2a @ ORTEP ¥ % Fig. 5-3-9 |Zx L, E2RREFMEE
Bt K VS & f4 % Table 5-3-3 (2% & 724 F£72, 72¢ @ ORTEP X% Fig. 5-3-10 12~k L, E72
J7-FET A 2 O &5 % Table 5-3-4 12 F & 7-.%

73a 1% "H NMR & P72 HU i X SRS EMITIC K - TS A i L7, '"H NMR A<~
MVTCHX, Cp*EefL 3 FMi7e > 7 & LTIl ST, £, X AR UEML 11X
54.09,3.65, 1.90 ppm (Z triplet (3Juu = 6.6 Hz), triplet (*Jun = 6.8 Hz), quintet like (*/un = 6.6, 6.8
Hz) 72> 70 E LTS, 67a DA TV N UFML - & R TR 7 R LT
WBELDD, X INNUENAHEFEDT v TV T RE = Th o Tz, P72 B
i X BAREERNT D DX, BB DA X L AN UL E S oD BNV R VEN T EET D
TSR T D Z L AR LTz, 72 DFT #HE» D bHELOEEEZ AT H A Ry
RO RS ST, &% Fig. 5-3-12, 5 EB L OAE % Table 5-3-5 (TR L7z, ¥

41 JAIE 13, Rigaku R-AXIS RAPID [EI#i#4i& % iV T 150 °C TYT\ Y, Rigaku Process-Auto program (Z 45 ¥
T2 AP LT R AR RICE U, BT P2/n #14) Th o7z, fi#HTiE SHELXT-2014/5 KUY
SHELXL-2014/7 70 77 LoX oy r =2 AWV T =0 WRF-OMEZREL, 77—V THRIC L V%R DI
KA OALE 2R E L7z, SHELXL-2014/7 7' 1 7' F 2 IR T OIEKFEIF % FEE PRI =B L7z

42 W|IE X, Rigaku R-AXIS RAPID IEI?)? [ﬁ’i’)ﬂb\f —150 °C "T4T\>, Rigaku Process-Auto program (2 ¥
T X EOE LT, FERITHEANRGRICE L, B P2i/c #14)TH o 7. f#NTIL SHELXT-2014/5 KO
SHELXL-2014/7 7’2 77 A< //7w‘/é»ﬂ%b\/v7 U LRFOMEBERREL, 7— U ZGRICE D EDIE
IR DOALE A R E LTz, SHELXL-2014/7 7'0 7T K FWA T OIHIKFIR T % % MR L=,

4 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C program. Frequency calculation at the
same level of theory as geometry optimization was performed on optimized structures to ensure that the minimum
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Figure 5-3-9. Molecular structure of 72a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to Cp* are omitted for clarity.

Table 5-3-3. Selected bond lengths and bond angles of 72a.

Bond Lengths A)

Ru(1)-Ru(2) 2.91596(19) Ru(1)-C(1) 1.9978(17)  Ru(2)-C(1) 2.3821(17)
Ru(2)-C(2) 22338(18)  O(1)-C(1) 13862)  C(1)-C2) 1.406(2)
C2)-CR3) 15142)  C(3)-C(4) 15263)  C(4)-0(1) 1.456(2)
Ru(1)-C(5) 1.8400(19)  O(2)-C(5) 1.1572)  Ru(2)-C(6) 1.840(2)
0(3)-C(6) 1.1562)  Ru(1)-Cen(l) 1.892 Ru(2)-Cen(2) 1.880
Bond Angles ©)

Ru(1)-C(1)-Ru(2) 82.98(6)  O(1)-C(1)-Ru(l) 12047(11)  Ru(1)-C(1)-C(2) 129.36(13)
C(4)-0(1)-C(1) 109.52(13)  O(1)-C(1)-C(2) 109.71(14)  C(1)-C(2)-C(3) 109.18(15)
C(2)-C(3)-0(4) 101.39(14)  C(3)-C(4)-0(1) 105.94(14)  Ru(1)-C(5)-0(2) 177.22(18)
Ru(2)-C(6)-0(3) 17421(17)

exhibits only positive frequency for ground state.

236



FSE AT =ULT FTE RU R L fafi~T nBRIRILEY & OIS

Figure 5-3-10. Molecular structure of 72¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms attached to Cp* are omitted for clarity.

Table 5-3-4. Selected bond lengths and bond angles of 72c.

Bond Lengths (A)

Ru(1)-Ru(2) 2974002)  Ru(1)-C(1) 1.9831(19)  Ru(2)-C(1) 2.4075(18)
Ru(2)-C(2) 22607(18)  O(1)-C(1) 13822)  C(1)-C2) 1.405(3)
C(2)-C(3) 15243)  C(3)-C(4) 15133)  C@)-0(1) 1.458(2)
Ru(1)-C(5) 1.8352)  O(2)-C(5) 1.1602)  Ru(2)-C(6) 1.841(2)
0(3)-C(6) 1.157(2)  Ru(1)-Cen(1) 1.910 Ru(2)-Cen(2) 1.906
Bond Angles ©)

Ru(1)-C(1)-Ru(2) 84.69(6)  O(1)-C(1)-Ru(1) 11843(13) Ru(1-C(1)-C(2)  131.17(14)
C(4)-0()-C(1) 109.43(15)  O(1)-C(1)-C(2) 110.12(16)  C(1)-C(2)-C(3) 108.00(17)
C(2)-C(3)-0(4) 101.54(16)  C(3)-C(4)-0(1) 105.79(16)  Ru(1)-C(5)-0(2) 176.08(17)
Ru(2)-C(6)-0(3) 173.56(16)

72a & 72¢ DREIENT trans-T1a &£ 1ZIX[E U Th - 7. Ru(1)-Ru(2) FEEIL, 2.91596(19) A (72a),
2.9740(2) A (72¢) TH Y, EE\ CpHENL T2 H T 28K TIEME LT\, £72, RuQ)-
C(1) #EEH LV Ru@2)-C2) FiAH bRERICHE LT\, ik, CpHldr 7[R L DL
RIZELHDbDEEZEZBND.

trans-Tla TlE, = 2DNT =7 L TEFIRRED 2 5720, tert-butyl isocyanide /7~
WL OIR S PRSI STV 2, CO BT b FERICEE D & D Wit 5 O iR X 23,
C-O AU B 52503, 72a L T2¢ D C-0 AR K& o= 1Ty o 7=, — T,
72a O C-O {HfEIEENT 1912, 1892 cm™ (KBr) (2 “MEOE—7 & LTBHISZ. A VY
7 = REER Tla 2551075 &, REEICBII STV S DA Ru(l), MBI ST
WD E—27 78 Ru®) ICEALL TWA I AR=ARNFICEsbDEEZHBND. T2e Tl
1906 cm™ |2 &' — 2 3E - THIHl S 7z,
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Figure 5-3-11. Molecular structure of 73a (preliminary) with thermal ellipsoids set at 30 %
probability. Hydrogen atoms are omitted for clarity. Ry = 0.0958, wR> = 0.2263, P-1 (#2), a:
8.1547(6), b: 23.3704(18), c: 26.9636(19), a: 87.880(2), £: 89.914(2), - 89.444(3).

Figure 5-3-12. DFT-optimized molecular structure of 73a.
Hydrogen atoms are omitted for clarity.

(Ru = blue, O =red, C = gray, H = white, Centroid = purple.)

Table 5-3-5. Selected bond lengths and bond angles of 73a.

Bond Lengths A)

Ru(1)-Ru(2) 2.75863  Ru(1)-C(11) 211325 Ru(2)-C(11) 2.08836
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O(11)-C(11) 140842 C(11)-C(12) 153263 C(12)-C(13) 1.52446
C(13)-C(14) 152297 C(14)-0(11) 1.422752

Bond Angles ©)

C(11)-Ru(1)-Ru(2) 48573  C(11)-Ru@2)-Ru(l)  49.353 Ru(11)-C(11)-Ru(12)  82.074
C(14-0(11)-C(11)  112.143  O(11)-C(11)-C(12)  103.685  C(11)-C(12)-C(13) 103.260

C(12)-C(13)-0(14)  99.920  C(13)-C(14)-O(11)  105.706

67 L= F L DORIN
tert-butyl isocyanide °— (LR FE & FIERIZ, 67a IXT=TFT Lo LS L, O FO=F L
ZHL AAT T4a B 52 7=,

o)
Q Ethylene (1atm) Cp™,, ﬁ \
_Ru\\/lRu— u\H/Ru\ cor (5-3_4)

67a 74a

//\,u

67a |[ZX LT, BIRC—REOZF LV ERIESHELHIET, =F LR FEHEAIN
72 {Cp*Ru(C2Ha)}2(u-cyclo-C=CHCH,CH,O-)(u-H) (74a) 23 E&IIIZIG H 7z (Eq. 5-3-4). 74a
T Ar FHKFIZBW TS = F L o OBt 2 - TEIARB DT 5720, Biiks L CHEES
HTEFTERPoTe. = F Lo & ORILIE tert-butyl isocyanide °—FE{L R 37 DSt & [RIER
DORISHEITT D Z ENRH NI o7, BT 5 Z L TR F Lo A X b
NRUBLFE DTy TV TR LT, BHERIREMAE S 2, RIET 52 LIEbn
N7,

cis-71a, trans-71a, 72a, 72¢, 74a D[FEE

67 & LAEUNI 7L DRINZE - TALDVE R 77 = VERITVTRE 5§ AV RO
BRI o TV TRE—2 e 5.2 5700, Ialb—ra 20 TERENDZRDH
v 7 T ER AR, kS & O AT 9 Z & THE L7, Table 5-3-6 (ZIXTE Fr
77 = VB O NMR 7 —# Z 7~ L7-. Fig. 5-3-13 121%, —fB& LT trans-7T1a @ '"H NMR A
N7 MBIV 2=y a il oTHELZ THNMR A7 hLER LT
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H

4 H% Hd N\
Hb "’cﬁ
\
pew@ O
\c2—c/1
_C2=
H™ /7 "\
Ru Ru
\_ _J

Table 5-3-6. Selected NMR data of cis-71a, trans-71a, 72a, 72c¢, and 74a.

¢f. Torsion
cis-71a trans-Tla 72a 72¢ 74a of

trans-Tla [°]

J(a-b) [Hz] 5.65 4.56 4.56 5.20 6.22 41(2)
J(a-c) [Hz] 0.02 0.00 0.00 0.00 1.10 79(2)
J(b-c) [Hz] -13.00 -12.12 -12.80 -13.00 -12.80

J(b-d) [Hz] 10.70 10.20 10.28 10.60 4.35 21(2)
J(b-¢) [Hz] 8.45 10.40 10.60 10.20 10.69 147(2)
J(c-d) [Hz] 5.02 2.80 2.70 3.20 10.62 99(2)
J(c-¢) [Hz] 9.51 9.10 9.16 9.30 9.14 27(2)
J(d-e) [Hz] -8.43 -7.50 -8.50 -9.00 -9.14

H* [6/ppm] 3.003 2.683 2.552 4.150 1.995

H® [8/ppm] 2.566 2.707 2.363 2.457 2.182

He¢ [6/ppm] 2.141 2.087 1.844 2.133 1.941

H¢ [8/ppm] 4.457 4.479 4.442 4282 4.320

He [6/ppm] 3.843 4.105 4.165 4.170 4.522

217.7 or 224.0 or
201.3 or 214.8 or
C! [8/ppm] 2083 or  207.7 or 222.9
198.8 194.9
203.3 204.4
C? [8/ppm] 46.6 53.8 56.4 46.1 438
34.8 or
C3 [8/ppm] 32.2 33.5 32.2 434
34.1
C* [8/ppm] 71.6 71.1 72.6 72.8 76.1
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451 4.50 4.49 4.48 447 448 445 444 415 414 413 412 4m 410 409 408 407 408
1 (ppm) f1 (ppm)

210 2,08 206 2.04 202
1 (ppm) f1 (ppm)

276 275 274 273 272 271 270 269 268 267 266 265 216 214 212

Figure 5-3-13. '"H NMR spectra of trans-71a measured at 25 °C (black) and results of the
simulations (red) showing the dihydrofuranyl moiety region (400 MHz, CsD¢). The signal
derived from H¢ is partly obscured by the satellite peaks of Cp* signals and a small amount of

impurities.

trans-Tla ® 'HNMR A7 hL T, Ye k77 =1 ( He H )
BRICHKT 270 i 5 AEVROD v T Y LT L H\;&b

U CRLI S 72 B HS 55 & 7 UL, 4.65Hz D He \ord

7V T EREAT % doublet ¥k LTREIS A Wt ru

To. WS X BREEEARAT ) 513, H-C-C-H® O 23 2.0 Hz

792)° TH Y, 90T\ Z &b, H2E HEo e F v | 910 H42_1 e _wd das

9 7Y L SRS 0Hz & LCEM STV 5. HY 3 J = (

10.20, 10.40, 4.56, —12.12 Hz O 71 v 7V » T EREHT 5 2 09HCw mz”)
dddd > 7/ & LT, He I Jun = 2.80, 9.10,—12.12 Hz © R e 268
Ny TV TEREETSH ddd 7 E LTEIES

o BT HE L HE L Dh v 7Y 7 ESL (2.80 Ha), HE & | 000z )

He L DAy 7Y U7 EEL (9.10 Hz) 1T HLE S X R g

Wrickid 2 Az L TR, H-C-C-H® ® _HEf (99(2)°) 7 90°IZ W2 &Enb, &
TV o TEEN NS BHENTE LD EZZBNS. HY E HOIE-750 Hz OB v 7Y~
TEBREREL TN, EOBy TV U TERELTCYIalb—yvarydbe, VLo
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#

RNKEET D2 NS b v 7Y U T EROG 52D T,

AR =T NDH TV TERITED T S EREAETHZ LD HE L HE
DT IFTNH YTV T ERENDTZM cis-Tla, T2a, 72¢, T4a LRIFRICE T v 7 ) v
TRIPNT I TNy TV TEEDG, HOE ) 2R L. GEfieIal—a
VN T EBRIESIR). 72721, T4a D J(b-d) B L OV J(c-d) 1TMDOSER L 13 B e 245 &
RLTEY, WRIKEETOY e R 7 7= /VEHO C-C EDLY OEND LB Z L%
RLTWE, T4a (TR TZF U UEN FOBIEEINBRI SN TRBY, Z0ZFEhck > T
e R VEEBDLEATHNALDEEZI LD,

cis-T1a, trans-T1a, 72a, 72¢, 74a O H°, HC O > 7 F/L(F8 1.8 5 2.7 ppm (ZHBLHI S 4, 7 U b
o7 a b AZRB SN, WTILOEA TS H OB B Es Bl Sz B, HE v 7
VT8 3.8 25 4.5 ppm ICHEIM S 4L, BESEDofLD A F L 7 a N ATRHEI 2L E I B S
Niz. —FH T, H Oy 7 F L8 2.0 05 4.5 ppm [ZBHI iz, &BICEM LA L7 v
RSO 22 A E B ST DL T2a, T2¢ 1A CEMIAR R 2 AT 285K TH 203, CpHlhr
FHBATHZ LT, H ¥ 7 /L1368 2.552 ppm (72a) 72538 4.150 ppm (72¢) (227 b9 5.
ZHIEEE CpHELFONERFIZ L > TP Fa 75 = VR F ORI T £ - TV
BH1-0IC, T2¢ TIHEMSE L 7 LTS EDEEX LS. Bk X SIS TIE, 72¢
DZSORu-RuBEHEHIHRE L TEY, 2RI e Ra 7 7 = VBN OrBl7 2355 F -
TWAHEFABII STV D, BC NMR (F2TOA TR CEmZ /R LTEY, C' 2% 200
ppm, C2 23 50 ppm, C* 23 35, C* 3 75 ppm T IZBIHI S, i & F )5 L2V MEE R LT,

1.405(3)

1.9978(17) 2-2607(18) ,,,,, “7\\1.9831(19)
~%.4075(18)

u'—Ru Ru—
2.91596(19) 2.9740(2)
72a (Cp*) 72¢ (Cp¥)

2. 2338(18) L
~%.3821(17)

Figure 5-3-14. Structural parameters of 72a and 72c.

67 & L BRI T & ORUSAERRYI O DFT 3HAE.4S

74a 13 Ar FIHR CHEGICOM L CLE 9 720, Hifbsh X BEEMATIC X D & o
TENIXE S e iy o7z, cis-Tla, trans-Tla, T2a, 72¢ D154 LIC 74a @O DFT FHEZIT720,
cis/trans BAEAR DL ENEZFH~T-. L REL 1 & LT tert-butyl isocyanide, 77 /L7R=/1, =F

4 Abraham, R. J.; Fisher, I.; Loftus, P. Introduction to NMR spctroscopy; John Wiley & Sons Ltd.: Sussex, 1988.

4 Density functional theory calculations were carried out at the @B97XD level in conjunction with the
Stuttgart/Dresden ECP and associated with triple-{ SDD basis sets for Ru. For H, C, and O, 6-31G(d) basis sets were
employed. All calculations were performed by utilizing the Gaussian09 rev.C 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 for ground state.
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L&A 7 5 {Cp*Ru(L)}2(n-cyclo-C=CHCH,CH0-)(u-H)Z DWW TEHE L 725 R % Fig. 5-3-15,
KRR E /T A — X % Table 5-3-7 {Z/R L7z,

L ='BuNC cis isomer

J

L ='BuNC trans isomer
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L =CO cis isomer

J

L =CO trans isomer

L =C,H4 cis isomer
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L =C,Hy4 trans isomer

Figure 5-3-15. DFT-optimized molecular structures of {Cp*Ru(L)}2(u-cyclo-
C=CHCH;CH;0-)(u-H). Cp* is omitted for clarity.
(Ru = blue, O = red, N = dark blue, C = gray, H = white, Centroid = purple)

Table 5-3-7. Selected bond lengths and bond angles of
{Cp*Ru(L)}2(p-cyclo-C=CHCH,CH,O-)(u-H).

(o) (o)
Cp* (M, S WCP2)  Cp*(N)u, S (L)

Ru\ /Ru\ Ru\ /Ru\
Ly” H M) 7 THT Nepg)

cis isomer trans isomer

L(1)

L Configuration Ru-Ru Ru(1)-L(1) Ru(2)-L(2) Energy (kcal/mol)*

‘BuNC Cis 2.97 1.86 1.88 0.0
‘BuNC Trans 2.93 1.85 1.88 -20.3
CO Cis 2.99 1.85 1.85 0.0
CO Trans 2.94 1.84 1.84 -33.1
CoHy Cis 3.08 2.16,2.15 2.19,2.18 0.0
CoHy Trans 3.00 2.16,2.14 2.14,2.13 —45.1

L Configuration Ru(1)-C(1) Ru(2)-C(1) Ru(2)-C(2) O(1)-C(1) C(1)-C(2)

‘BuNC Cis 2.00 2.29 2.24 1.38 1.41
‘BuNC Trans 1.99 2.39 222 1.37 1.41
CO Cis 1.99 2.33 2.26 1.38 1.41
CO Trans 1.99 2.43 222 1.36 1.41
C,H,4 Cis 1.98 2.39 2.24 1.38 1.41
C,H,4 Trans 1.98 2.39 221 1.37 1.41

46 cis KA FEAEL L7- 29815 K ICBITAF 7T A BT 2L ¥F—
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WTHNOMEELFE CEHBEZALTEY, ' HNMR (ZBJ50 v 7V U 7@k E FE LR
RGN L7z, 2 F D5 KD cis-trans EMEIRE Tl trans KR ZE TH-7-. =F L
VBN TIZH T 5 T4a T rans K3 45KI/mol BIETH - 7= 2 &b, FEiEE XSS
TWRWNHEDOD, trans K& LTIRB LT-.

67 & L BIFAT+ L DR HkiE

Scheme 5-3-4. Reaction mechanism for the reaction of 67 with L type ligand.

*”lm, o *um, , Cp*
“Rd. Ru “R& Ry
Ny N Ny~
H\/H HT M /OORT N
Q ° ° c-1
L L cis
Ra_ _Ru Ru Ru Ru Rlu + L s +
H¥H < il - H,
o o
67 A B C P*'u, = oL c p*/,,,”" N L
i el Re™ RE R
Ru = RuCps Ra Ru N, S
e N,
H\{_I SHT Nep Y H Cp*
trans
C-2

67 & L RIENL - & D% Scheme 5-3-4 (IZF & 72,67 DA 3 B VR U EL 135846 L
FKiis & Ol % o T B ZEBY S FET 5. RIRENLIC Ae o 72 & X0, L BUEAL 7236 5 —
FOEBIZENMNT D, D%k, 4% VR UENL I RRENALZ R 72 £ £, B-/KENLEE
Lo TP Ra 7 7= vEKEA LD, A% IV UEML O SR LD B-KFE ML
BESOG I, DO RGGA ¥ R USROG T H Bl STV d (Eq. 5-3-5).77 [3-7k
FHEC L > T, ZHEO N B RY RESR C-1 LUV C2 AR L, @au% HBUSIZ
> Tk ERM = 5 2 5. L MENL T & LT tert-butyl isocyanide % FN=38551213, cis-T1a/
trans-Tla 7% 78/22 TIFBH LA D, ZiUlE C-1/C-2 DRI nT=H D & ,E[E'\Zbﬁfbf). cis-T1a
BE WM trans-T1a TlET e Fr 7 7 = VBN D A F L 80 & tert-butyl isocyanide AL 1D
SEARBLE S R 5 TE Y, trans-Tla Tl < (trans-T1a, C(4)—-C(10): 3.236 (3) A), cis-71a T
1T (cis-T1a,C(3)-C(10):4.128(3) A). Z D78, C2BMIF TPt P 7 F = LI D
AT L U 8HIT tert-butyl isocyanide BAL 1 & 20T LTl W SLBRIENE L 573, C-1 TlETE
Ka 77 = VEKO AT L EHE tert-butyl isocyanide 131+ IZBEAL T2 72 DI SEAR %
WATRN, Lo C-1 WREE Y, cis-Tla DMERMICELT- LD LEZ LD,

9 s
=/ CO
/PMe3 Me3P\ o (5 3- 5)

(0C)sMn—Mn(CO), + ||—P{ P
PMe; -CO Me3P/ oCco
~MnH(CO)s
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#

AT BRRA I VEROME & RS

THF 7> HF58 U724 % VUL 7-1F, LRENL 1 & OS2 L - THIZ C-H f & oY)

WS AT 5 Z E DB OMNZ RS Tem, INBEE LD v 7Y v FROSITBMP TE 2o
— T, BIRT IV EDRIRIT X o> THEMRT D14 I UBEER 70 134 F 2 L~ BT

T LIRS TR E A LTV D72, BRDROSMERIIFF SN D, AHEH T, BIRA

2 UEEAD RIS OW TR L.

Bu Bu
N
N
R//\ + E——
\\// ) 180°C RUG (5-4-1)
Bu 'Bu Bu 'Bu 10 eq h(?l);a:e P
2c 75a (n =1, 92%)

75b (n = 2, 96%)

LT I0fFELDOERY Pt LIERY P % 180°C TGS HEZEZ A, 7
IO C-H, N-H f& o8l & C-C #AFAE > T, CprRu(u-n*(N,N)n*(C,N,C,N)-
CsH12N2)RuCp* (75a), Cp*Ru(u-n*(N,N):n*(C,N,C,N)-C1oHsN2)RuCp* (75b) 23 Z 1L E 4L 92%,
96% DI HE T 5 iviz (Bq. 5-4-1). £70, 7 BEBEBZE CpRu(u-n*(N,N)m*(C,N,C,N)-
Ci2HaoN2)RuCp* (75¢) 1%, IWIEED~FH A F L A /?\_”}im SHDHTZET 4% DIET
Hiflt L7z (BEq. 5-4-2). ~"FHAF LA IV EHOEEEICE, REOTA ANRKE W2
Kﬁ%ﬁ%ﬁ%mbya@é&ﬁﬂ%ﬁ%@«%%%%V/4:/#uﬁf&oh

NA
ey % .
hesd A K e

\\/ 180 °C / <

¥ ¥
18y Bu By Bu 20n CP Cp
solvent
75¢ (74% isolated)

BuimJ%Nm&mﬁﬁﬁfﬂ%axﬁ%L%ﬁ
TﬁﬁbﬁﬂHNMRZA?Fw?i%u%#SM%LmJAQ
1.28 ppm {Z 9:9:18:18 DL THIM S TIH Y ,NMR & A LA
— NV TZODNT =T LEFLEESAFEL TV, A
VBRI T D A F L kLS 3.70 (HY), 3.49 (HF), 2.89 (HY), 2.23 \\L/
(H%), 1.81 (HY), 1.69 (H®) ppm (2240 2H F 8L T
72.83.70, 3.49 ppm D> 7 F)VIE N Oafir, § 2.89, 2.23 ppm D> 7 F /WX T U IVALD A F L
YEICRR S NS,

AFLUEHD 6 >OT 0 b L 6 AV ROEMI T ) T RE—EHLTED,
NMR AT M EVI2b—valrT52 8T, ENENDOH TV TERERD, 7
2 k2 ONLE ZRE LTz, Table 5-4-1 12130 v 7'V 7 EE A~ L, Fig. 5-4-1 IZIXER L 7=
AR fvbvIalb—yva il oTEHLIEARY MLvERLT.

6 ODT B NDIH H DIy 7Y TR RHEAITH Y Jun = 2.40, 6.90, 2.20, 8.10, —
1200 Hz Oh v 7V T EBEHFTHL 7PN ThHholz. oD Fru bbb 24,
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#

22Hz OD/INE2 Ty TV TEBTHy 7V 7L TEY, B Farm b oEto i
FAA90° 1TV D & &R LTV 5, HE e XBREEAEAT 7> & 1%, H-C-C-H" 35 L OV H-C-C—
HI R ZNENFIIT 914,928 ThHh D Z L # W BT L TR Y, IWIRIKE T H A5 & [F
UHEEZ A L T0D 2 E DR TE 7=, F 7=, HYE Juw = 7.80, 9.80, 7.90, 10.10, —12.00 Hz @
Ny TN TER ARV 7T E LTRIHIEN, 2 Toey e hrd THz LLED
T 7Y TER R R L, Bk X BRI ARAT ORE R &G L7RVME AR L2, HY HY, HE,
H OV 7 FiE, TRENH EDH v 7 ) v T ERD A EBSRERE L2, 3C NMR A
7 MVTHE, CH o 703 89.5 ppm B S Av7z. AU, 70a DA X AL (5 59.3 ppm)
EHEARTRMSGIZBIH SN TE Y, C-CREATEKIC L - THE Lo I RIC L 2 BRER IR
ZErb0EBEZLND.

75b & 75¢ IZOWTIE, —HOATF LV T FARER S TWTad, Iy 7 T ER
ZRDDHZENTERDSTZMN,THNMR B LN BCNMR A7 ML B IFFEBIO AT
VHMF B AT, 75a,Y 75b,* 75¢*® ORTEP [X| % Figs. 5-4-2, 5-4-3, 5-4-4 |27 L, F7eJi-1-H
B K ONKE A f4 % Tables 5-4-2, 5-4-3, 5-4-4 |27 L 7=,

Table 5-4-1. Parameters for the simulation of '"H NMR spectrum of 75a.
) w Jun (Hz)
(ppm) (Hz) Hf H® H" H? H¢
Hf 3.704 2.60
H¢ 3486 250 -12.60
HP 2.8900 250 0.00 0.00
H* 2.227 250 0.00 0.00 -14.02
HY 1.806 250 7.80 9.80 7.90 10.10
H¢ | 1.690 250 240 690 220 8.10 -12.00

47 JIE 13, Rigaku R-AXIS RAPID [RIFT34{E 2 T —150°C T{T\>, Rigaku Process-Auto program (25 0 7
— X PR L7, AR EARRICE L, ZZMET P2/n #14) Th oz, fEHTIT SHELXT-2014/5 KX
SHELXL-2014/7 71 7" Z h/Xw iy — V% WK R T O E 2 R & L7z, SHELXL-2014/7 7'n 7 J L%
AW TOIKFEIR T2 I E PR L.

48 JAIE 1, Rigaku R-AXIS RAPID @iﬁ%lﬁ%fﬁ VT —150 °C TfTV, Rigaku Process-Auto program (Z X V)
F— X AV U RS T ASRICE L, Z2RIREIE Pbea (#61) T o 7. fi#HTIL SHELXT-2014/5 K °
SHELXL-2014/7 71 7" Z hsX vy iy — % FWIFK R F O E 2 R E L7-. SHELXL-2014/7 70 7 J L%
ANWETOIEKRERTFAIEEFHICEE L. 22758 Ferbe Y DARMTIZIE2 2OF 4 A4 —F—
DIFEIEL, ZNTH 65%:35%, 69%:31% & & < Z & THEBL L.

49 WE X, Rigaku R-AXIS RAPID |03k %ﬂﬂb VT —150°C T{T\), Rigaku Process-Auto program |2 & ¥
T—H AR U7 T AL SRICE L, EREIBHE C2lc #15)Th - 7. fENTIE SHELXT-2014/5 &Y
SHELXL-2014/7 7'v 7" Z hoX vy ir— % FWIEK KRR 7 O E 2 R & L72. SHELXL-2014/7 7'n 7' J L%
AVETOIKERTZIETECER Lz, BE LIET « 24— —BHFEL, TNEhE 5050 &
E< 2 & Ol L7z,
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3.76 373 370 3.67 364 361 358 3.55 3.52 349 3.46 3.43 340 20945 2.935 2.925 2.915 2.905 2.895 2.885 2.875 2.865 2.855 2.845 2.835
1 (ppm) 1 (ppm)

2300 2285 2270 2255 2.240 2225 2210 2195 2180 2165 2.150 1.88 1.86 1.84 1.82 1.80 1.78 1.76 1.74 1.72 1.70 1.68 1.66 1.64 1.62
1 (ppm) 1 (ppm)

Figure 5-4-1. '"H NMR spectra of 75a measured at 25 °C (black) and results of the simulations
(red) showing the diimine moiety region (400 MHz, C¢Dg).

Figure 5-4-2. Molecular structure of 75a with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 5-4-2. Selected bond lengths and bond angles of 75a.

Bond Lengths A)

Ru(1)-Ru(2) 2.92744)  Ru(1)-N(1) 20153)  Ru(1)-N(2) 2.058(3)
Ru(2)-N(1) 2.240(3) Ru(2)-N(2) 22353)  Ru(2)-C(1) 2.189(4)
Ru(2)-C(5) 2.178(4) N(1)-C(1) 1387(5)  C(1)-C(2) 1.502(5)
C2)-C(3) 1.530(6) C(3)-C(4) 1.530(6)  C(4)-N(1) 1.474(5)
C(1)-C(5) 1.392(5) NQ)-C(5) 1395(5)  C(5)-C(6) 1.500(5)
C(6)-C(7) 1.532(6) C(7)-C(8) 1.518(6)  C(8)-N(2) 1.479(5)
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Ru(1)-Cen(1)

1.785

Ru(2)-Cen(2)

1.831

Bond Angles

©)

Ru(1)-N(1)-C(1)
C(5)-N(2)-Ru(1)
C(1)-C(2)-C3)
C(4)-N(1)-C(1)
C(6)-C(7)-C(8)

120.2(3)
118.5(2)
101.6(3)
107.6(3)
102.6(3)

N(D-C(1)-C(5)
N(2)-Ru(1)-N(1)
C(2)-CB3)-C#)
N(2)-C(5)-C(6)
C(7)-C(8)-N(2)

112.4(3)
74.03(13)
103.8(3)
112.8(3)
106.5(3)

C(1)-C(5)-N(2)
N(1)-C(1)-C(2)
C(3)-C(4)-N(1)
C(5)-C(6)-C(7)
C(8)-N(2)-C(5)

112.4(3)
112.4(3)
106.1(3)
101.2(3)
105.9(3)

Figure 5-4-3. Molecular structure of 75b with thermal ellipsoids set at 30 % probability.

Table 5-4-3. Selected bond lengths and bond angles of 75b.

Hydrogen atoms are omitted for clarity.

Bond Lengths (A)

Ru(1)-Ru(2) 2.9260(3)  Ru(1)-N(1) 2.068(2)  Ru(1)-N(2) 2.049(3)
Ru(2)-N(1) 2.212(2) Ru(2)-N(2) 2.2212)  Ru(2)-C(1) 2.177(3)
Ru(2)-C(6) 2.190(3) N(1)-C(1) 1.390(4)  C(1)-C(6) 1.414(5)
C(1)-C(2) 1.526(4) C(2)-C(3) 1.587(9)  C(3)-C(4) 1.537(12)
C(4)-C(5) 1.475(7) C(5)-N(1) 1.488(4)  N(2)-C(6) 1.376(4)
C(6)-C(7) 1.518(5) C(7)-C(8) 1.530(7)  C(8)-C(9) 1.488(7)
C(9)-C(10) 1.528(5) C(10)-N(2) 1.486(4)  Ru(1)-Cen(1)

Ru(2)-Cen(2)

Bond Angles ©)

Ru(1)-N(1)-Ru(2) 86.19(9) Ru(1)-N(2)-Ru(2) 86.41(9)  N(1)-C(1)-C(6) 112.3(3)
N(2)-C(6)-C(1) 112.9(3) N(1)-C(1)-C(2) 124.6(3)  C(1)-C(2)-C(3) 111.7(4)
C(2)-C(3)-C(4) 109.4(6) C(3)-C(4)-C(5) 109.2(7)  C(4)-C(5)-N(1) 115.9(4)
C(5)-N(1)-C(1) 117.1(3) N(2)-C(6)-C(7) 120.6(3)  C(6)-C(7)-C(8) 106.4(3)
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C(7)-C(8)-C(9) 112.0(4) C(8)-C(9)-C(10) 1149(4)  C(9)-C(10}-N(2) 111.93)
C(10)-N(2)-C(6) 113.2(3)

Torsions ©)

N(1)-C(1)-C(6)-N(2)  -0.7(4)

Figure 5-4-4. Molecular structure of 75¢ with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 5-4-4. Selected bond lengths and bond angles of 75¢c.

Bond Lengths (A)

Ru(1)-Ru(1’) 2.9176(5)  Ru(1)-N(1) 2.136(4)  Ru(1)-C(1) 2.214(8)
Ru(1)-C(7) 2.239(8) N(1)-C(1) 1.295(9)  N(1)-C(6) 1.498(5)
N(1)-C(7) 1.338(9) C(1)-C(2) 1.53(1) C(2)-C(3) 1.54(2)
C(3)-C(4) 1.53(2) C(4)-C(5) 1.49(2) C(5)-C(6) 1.68(1)
C (1)-C(7) 1.41(1) C(7)-C(8) 1.50(1) C(8)-C(9) 1.57(2)
C(9)-C(10) 1.61(3) C(10)-C(11) 1.54(3) C(11)-C(6") 1.63(1)
Ru(1)-Cen(1) 1.820

Bond Angles ©)
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N(1)-C(1)-C(2) 123.3(7) C(1)-C(2)-C(3) 113.1(8)  C(2)-C(3)-C(4) 112(1)
C(3)-C(4)-C(5) 115(1) C(4)-C(5)-C(6) 109.8(9)  C(5)-C(6)-N(1) 111.3(5)
C(6)-N(1)-C(1) 113.7(5) C(7)-C(8)-C(9) 112.008)  C(8)-C(9)-C(10) 110(1)
C(9)-C(10)-C(11) 113(2) C(10)-C(11)-C(6") 109(1) C(11)-C(6")-N(1) 107.8(5)
C(6")-N(1)-C(7) 117.4(5) N(1)-C(7)-C(8) 119.2(7)

Table 5-4-5. Comparison of the structural parameters in diimine complexes.

Ru-Ru N-Ru—N plane vs
Ru(1)-N (A) Ru(2)-N (A) Ru(2)-C (A)
(A) NCCN plane (°)
(Cp*Ru)2 2.10(2), 2.25(2), 2.23(2)
2.949(4) 165.6
(u-ndi)*%¢ 2.08(2) 2.26(2) 2.20(2)
(Cp*Ru)2
2.9037(2) 2.0584(13) 2.2569(14) 2.1805(16) 168.82
(u-dhdecbpy)’
2.015(3), 2.240(3), 2.188(4),
75a 2.9274(4) 166.91
2.058(3) 2.235(3) 2.178(4)
2.048(2), 2.222(2), 2.188(3),
75b 2.9259(3) 164.89
2.068(2) 2.210(2) 2.176(3)
2.214(8),
75¢ 2.9176(5) 2.136(4) 2.136(4) 157.37
2.239(8)

N
Ru/
e

Ru\
cp* cp*
(Cp*Ru)y(u-ndi) (Cp*Ru),(u-dhdecbpy) 75a 75b 75¢

75a, 75b, 75¢ 13 5,6, 7 BERDOA I VN SR ETH TV 7 LT7eV A I UEE A L
TV, DA 2 B2 R B uen?(N,N)M*(CN,C,N) DFZERR TRUAT L 7= 851K
X, TNETIEHESINTWDN, a7 I 2 E LfZHE STy
(Cp*Ru)2(p-1%(N,N):n*(C,N,C,N)-dhdecbpy) (dhdecbpy = 5,6-dehydro-4,4 -diethoxybipyridyl)® <>
(Cp*Ru)2(u-n*(N,N):n*(C,N,C,N)-ndi) (ndi = naphthalene-2,3-diimine)*’¢ & ¥A{LlOHEEZ A L

30" For example: (a) Keijsper, J.; Polm, L. H.; van Koten, G.; Vrieze, K.; Seignette, P. F. A. B.; Stam, C. H. Inorg. Chem.
1985, 24, 518-525. (b) Keijsper, J.; van Koten, G.; Goubitz, K.; Stam, C. H. Organometallics 1985, 4, 1876—-1881. (c)
Muller, F.; van Koten, G.; Vrieze, K. Inorg. Chim. Acta 1989, 158, 69—79. (d) Motz, P. L.; Williams, J. P.; Alexander, J.
J.; Ho, D. M. Polyhedron 1989, 8, 1523-1533. (e) Kraakman, M. J. A.; Vrieze, K.; Kooijman, H.; Spek, A. L.
Organometallics 1992, 11, 3760-3773. (f) Anillo, A.; Diaz, M. R.; Garcia-Granda, S.; Obeso-Rosete, R.; Galindo, A.;
Ienco, A.; Mealli, C. Organometallics 2004, 23, 471-481. (g) Takemoto, S.; Oshio, S.; Kobayashi, T.; Matsuzaka, H.;
Hoshi, M.; Okimura, H.; Yamashita, M.; Miyasaka, H.; Ishii, T.; Yamashita, M. Organometallics 2004, 23, 3587-3589.
(h) Abbel, R.; Abdur-Rashid, K.; Faatz, M.; Hadzovic, A.; Lough, A. J.; Morris, R. H. J. Am. Chem. Soc. 2005, 127,
1870-1882.
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TUM/2 (Table 5-4-5). 75a, 75b (2317 5 C-N #EGHEREIZ Y 1.39 A TH Y, C-C fE BRI
W) 140 A Thoto, ZHUXEN TGS & ZHEEAOMOEHCThH o7, 72, N-Ru-
N i & N-C-C-N Fln 2T AICiEET5 &, ¥ 166°Th - 72,

-V A X VAL AIIBNL T OB EEITIS U T EDOIELZEL S L2 LML TN 5.
U 20, la @ OB bEm e 5 (a—dumme)TaCl (n =3, 4) TIIRD LD 7o 21l
DFHILTUW D (Figs. 5-4-5, 5-4-6). 75a, 75b, 75¢ (28T DA K14, (a-diimine)TaCl, (n = 3,
4) |Z81F 5 diamide X° amide-imine BENL FIZITVMEZ /R L TE Y, #5A51E amide-imine
FUFAAL T (165.9°) ISUEVMEZ R LTV, Z oS LM 51X, & tons oA 3
YBNLF D —EFBEOFEN R I T,

R R R

D S ) =
R— N@N—R R—N N—R

€] ©

diimine amide-imine diamide

Figure 5-4-5. Three electronic structures of a-diimine ligand.

VAN o)

Ar— —Ar Ar—N/ °* 'N—Ar
a
VAR
cl | c’/\ el el
C{ ¢l (Ar = 2,5-'PrCgH3)
N-C: 1.376(9) A N-C: 1.333(4) A
C-C: 1.406(13) A C-C: 1.425(7) A

Figure 5-4-6. Structural change in a-diimine ligand.

BIRA I VR OKRRILRIE, BRI

CTRESEIAR L BRR T X U E OIS TIE, FOSET TERIRA I UEEE 70 MBI h D Z L
WD, BIRT I VO v TV I RISE 70 ZREAL TS LD LB HND. BUEEL
LTWDEBIRA IV EERIE M E TRREIA 2 <, ZOMEICHT 2mA b, £2 T,
BORA X ROV IZEE L TR,

70 1FBRIRT I DOBIKFESUSIZ K > THERI D, AT 2R 255720, KE
BB 2 et L7z, SR IR RUS N EIT L dr o 72 b D D, T0¢ %7k$??\ X, 80 °C
TRIGESEDZ T, 72 ORiBEZ R L7z, 66 FERI 21T 60% D LR IZEE L, 2¢ (60%)
ENFHRAF LA I (58%) DIEIREIICAR LT (Eq. 5-4-3).

! Tsurugi, H.; Saito, T.; Tanahashi, H.; Arnold, J.; Mashima, K. J. Am. Chem. Soc. 2011, 133, 18673-18683.
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By /I‘Og H, (1 atm)
tBu A u 80 °C
\Q/ \\/,)\ﬁ’ oo h ﬁ ﬁ Q (5-4-3)
CeDg

\ " son tBu 'Bu ‘Bu 'Bu
706 2¢ (60%) 58%
5 BEEDA 2 UEHA 70a 2 W T=85A1203, KBILSISUSNT SN K 2 REME RGN

BRI N72. 70a OARYHEISIE Ar FRFAS T 80 °C ITHEAT 5 Z L THHEITL, 2¢ & 75a %
TIVEIL 47%, 37% TH 272 (Eq. 5-4-4). FEMNIIERT 5723, Z OFERIL 70a 2> 5 BAKFEK
IS Z Y, EUTKFEE 70a BRIETHZET 2 ¥R V&L 2, TITHAKEIZE
THAULEFBEREe Y CEZRVIATLZ LT, 75a 24 L2 L EZRL TV,

‘Bu ‘Bu H_H
N
' \\// e 30 °C —Ru\}{/Ru
Bu ‘Bu gsg,ssgnv. BuBu Bu Bu
70a 2c (47%) 75a (37%)
tButBu R/)’(\)R ‘Bu‘Bu
u u 5-4-5
ﬁ/\\ﬂﬁ Q/\H/ﬁ G-45)
hexane hY g
- H, u u
76¢
7T BEREATD 70¢ 2L ZHE IIIAEUEEOE TIEZR L, KRS EBET D2 L

DT ET. WHESMET 70¢ D~FH /1@{&%: 180 °C IZMEAL 72D 5, HRIAZESE T 180 °C 7>
B BRI SR L7z, 2, 3 IR E R OBIEETT 9 Z & T, 76¢ % 90%DIL R T Hiff
L7 (Eq. 5-4-5). 76¢ 137Kk EBFICUG L, 70¢ 2 34T % (Eq. 5-4-6). Z D728 76c D&
BRAZVE, WO % [ < T2 DIRIRE R I 2 HkE S ET‘%O 7.

Q t
\Q \/)\é/ \Q/\\//ﬁ (5-4-6)
|mmed|ately

70c (99%)

76¢ |% 'H, *C NMR, %J:U\E-;ﬁﬂ\*ﬁ Lo THEL, Bk X SAEEHTIC X - TE O
WEAEMER LT 2¢ EHEARTHRFENME T LTEY, Cp*d Bu FEIZHEKT 5> 7 F /1138 1.48,
1.39, 1.04 ppm |Z =FFEEN S 72, & R U REAL X8 -2.46 ppm IZBLHl S 7=, 4 I A
JVENIFIZHET D 5 DD A F L gHIES 3.56, 2.96, 1.90 ppm (ZZ VLA 2:2:6 DFESFRE
oStz 4 2 RANMVREDO T 7 F L, BC NMR A7 MLIZEWT, § 182.5 ppm
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H

B ST

MEFNL DA I RA NEEROENERFE D> 7L, BRI L > TREL V7 M‘é.
AV VT = REDRIEDOLFEIN D TEEEN ARV LA I KA VEEIRDLERE R
(CpMo)2(u-C,N:C,N-CHNR)(u-PCy»)(CO), 2 T %8s 63.6 (R = Bu), 60.9 (R = p-tolyl) ppm,
(CpW)2(u-C,N:C,N-CHNR)(u-PCy»)(CO),> TI5 45.6 (R = Bu), 44.0 (R = 4-C¢HsOMe) ppm |2
BRSNS, 72, =2 MU LFHEINDTILF A I A VR TIE, (CpsW)a(p-
C,N:C,N-NHCR)(u-CI)Cls DZEFE R FEH35 141.0 ~ 148.4 ppm (2Ll S5

A 2 RAVENF72Y Ru—Ru 8125t U CHREICESL L TWD Z &1, Hfsdn X kSt

Tk o THERR L7=. 76¢ O ORTEP [ % Fig. 5-4-7 127~ L, E72 R 1-[FRREE M O%E G % Table

5-4-6 lIZF L DT>

Figure 5-4-7. Molecular structure of 76¢ with thermal ellipsoids set at 30 % probability.
Hydrogen atoms besides the hydride are omitted for clarity.

Table 5-4-6. Selected bond lengths and bond angles of 76c¢.

Bond Lengths (A)
Ru(1)-Ru(1”) 2.61483)  Ru(1)-C(1) 2.1106(17)  Ru(1)-N(1) 2.0722(18)
N()-C(1) 13153)  C(1)-CQ2A) 1.528(6)  C(2)-C(3A) 1.535(8)

32 Angeles Alvarez, M.; Esther Garcia, M.; Ramos, A.; Ruiz, M. A. Organometallics 2007, 26, 1461-1472.

33 Angeles Alvarez, M.; Garcia, M. E.; Garcia-Vivo, D.; Ruiz, M. A.; Vega, M. F. Organometallics 2014, 32, 4543~
4555.

% Feng, Q.; Ferrer, M.; Green, M. L. H.; Mountford, P.; Mtetwa, V. S. B. J. Chem. Soc. Dalton Trans. 1992, 1205.

55 JAIE T, Rigaku R-AXIS RAPID [A|7%EE 2 FV T —150 °C T{7\ >, Rigaku Process-Auto program (Z 5K 0 7
— BB LT KR EALRRICE L, 2B C2/e (#15) Tdh - 7=, fifHriE SHELXT-2014/5 } Y
SHELXL-2014/7 7’0 7 Z ARy r—V & AW, BEIEC LV VT =0 ARTOMBEZREL, 77— =fh
RIS X0 75 IR EIR T OAE 2 PE L7z, Ru(1)-Ru(1)ICEE T, C@)E W5 C2 RSN FEEL, A3 R
ANVEMNLTFAZNET 4 AA—F = FE LT, T4 AL —F =03 F1EZNZEN 50% : 50% & E< 2 & Thod
{b.L7=. SHELXL-2014/7 7’2 7' Z &% F AT OIEKEFA & FE5 S I RB L7z,
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C(3A)-C(4) 1.553(5)  Ru(D)-H(1) 1.68(2) Ru(1)-Cen(1) 1.837
Bond Angles ©)

N(D)-C(1)-C(2) 1293(3)  C(1)-CQA)-C(3A)  112.5(5)  CQA)-CBA)-C@)  1142(4)
C(3)-C(4)-C(3") 127.13)

A X RANVENL T DRFEB L OERILT 4 AA—F—LTEY, FFEN C BRI AE

LTV C()-N(1) #EE1T 1.315A L IEE 12 < B éi{LTb\Zoﬁ>, ZHUXT 4 AA—H—
DEBEBRZIT TNDHTEDEBZ LD, 2 E CICEmERNSERITEAIHRE ST

DN, ZIHA X RAEERIZE T S C-NAEGIHHET 1.35 05 1.4 A THh 5 552535456

A4 I RANEEKRD R itk

70¢c DB K o THE U BRERANLA I FAVEHE 76¢ 13, /KFEDOERLAIA IR G
W% L CRVEMEZ R T, 70a OBGIREOLTIEL, A I 85K 75a AERT 52 &b,
76 1LV A X R 75 OGRRICE T S EERFHIKTH Y, BFER~T RO C-HHEGD
Oikrdls KON C-CREGTIR AR 23 2 EAIR SN 5.

A X RANVESEROIEEZ R D720, sp’ 1 CH AR LN sp? M CH A Z2HFT 55
EE~T oL @)yiﬁi\%fﬁﬁ L7276 IZH LT, ErUPr% 80 °C TRIGSHZEZ A,
BOMT A AT LR Do 7208 (Eq. 5-4-7), sp? D C-H G A2 AT 5 y-£'2 Y % 80 °C T
Bt &7 & 2 A, Cp*Ru(p-n*(N,N):n*(C,N)-Ci2H 1sN2)(u-H)(H)RuCp* (77) H3AERL L, 70% D

I THiRE L 72 (Eq. 5-4-8).
\Q/ﬁ E» no reaction (5-4-7)
Ql (10 oy 80°C

24 h
\g/ \/ )\ﬁ/ / ceDe
(10eq) 80 °C

24 h

36 (a) Cotton, F. A.; Roth, W. J.; Alvarez, C. M.; Alvarez, M. A.; Garcia, M. E.; Ramos, A.; Ruiz, M. A.; Lanfranchi,
M.; Tiripicchio, A. Organometallics 2005, 24, 7. (b) Tayebani, M.; Gambarotta, S.; Yap, G. Organometallics 1998, 17,
3639. (d) Watanabe, T.; Kurogi, T.; Ishida, Y.; Kawaguchi, H. Dalton Trans. 2011, 40, 7701. (e) Cotton, F. A.; Daniels,
L. M.; Murillo, C. A.; Wang, X. Inorg. Chem. 1997, 36 896.
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¥, a2l rofRpVICHBIED 1-ta ) oY 2 FIRS 284121, Cp'Ru(p-

N2(N,N)*C,N,C,N)-C1oHsN2)RuCp* (75d, 57%) & 75a (42%)DIRAW N ARK LTz (Eq. 5-4-9).
INDDRERMNS, A I RAVEER T6c IXERIF T Dahr D sp* P C-H f5E OUIWr & C-C #&
AOBMREREZTZ ENHL NIRRT,

‘Bu N ‘Bu
tBu /Q tBu N £
/Ru Ru + N —» /
\H/ © CeDg
80°C cpt”
p

tBu ‘Bu 24h
76¢c 75d 75a

77 1% H, °C NMR, JtHE0HTI L > TRE L, Bk X Ak ot
ERHTIZ L > TEOREZ MR L7, 77 13X T6e L0 b Ftk coct  c2-C%
BIES 725 TH Y, Cpo> Bu T 6 M MM Sz v kY | o or-dh &
RERT 138 —12.79, —16.10 ppm (Bl S 7=, 1 2 T C™N  N—c¢
DIRFE T 7 F L CT 238 174.5 ppm, C' 538 90.4 ppm (B &
iz, B3l AL O MR FR MRS B SN T\ D Z &b, B a U AL Inbl iz
LTWhnZ ERnrmand. val) Uiz fGT2 oA I U8k E L TR
(Cp*Ru)2(pu-n*(N,N):m*(C,N,C,N)-dhdmbpy) (dhdmbpy = 5,6-dehydro-4,4" -dlmethylblpyrldyl)%’
(Cp*Ru)2(p-1%(N,N):n%(C,N)-dhdmbpy)(u-H)(H) NI BIZ L > THESNTWDHS Va1 I v
BN F 23 (N,N) (CN) BefZ L CWDEEITIEE 3 U LD 4 #RR 3R DS mREs 8Ll &
N5 (Fig. 5-4-8). 77 @ ORTEP [X| % Fig. 5-4-9 |27~ L, =72 5B RN O%E & 4 % Table 5-
TIZFEEDTE®

4

5c 101.2 ppm 5. 173.4 ppm

AS
// ))//_\ 8 91.5 ppm | )/\ 5. 62.6 ppm
N / N N/ /
L/N\ NYH
\
/Ru Ru\ /Ru\ /Ru\
cp* Cp* cp?  THT  cpr

Hydride: 8 —15.29, -11.54 ppm

Figure 5-4-8. NMR signals of related diimine complex.

75d [ ZHEET D Z LN TE R0, IRAEWAEFWVT TH NMR 1 X OHLS L X i
TEMENTIC L > CTHEE 2 MR L 7=, 75d 1 75a 1 0 b FREAMEL 22> TR Y, Cptd Bu it

STt r U ATHERB L O BIROEHER A & V.

58 I E 1L, Rigaku R-AXIS RAPID [A[F134 (& % T 150 °C TfT\ >, Rigaku Process-Auto program (2 & 0 5
— X BB L7 AESITEALL RIS L, BT P2/ #14) Th o7z, fEHTIEZ SHELXT-2014/5 KX
SHELXL-2014/7 7’0 27 J Loy =% W, BHAEIZ IO AT =0 AR OMEZREL, 7— VU =8
AT &0 5 D IEKEIRF ONLE 2 8 U7z, SHELXL-2014/7 7’11 7T Az WA TOIEKEIRF %2 IE5% )7
PEIZRERA L7=.
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6 M OB S 7=.75d ® ORTEP [X% Fig. 5-4-10 278 L, E72 51 RRAHEN Q%SS4 &
Table 5-4-8 IZF & 7=

Figure 5-4-9. Molecular structure of 77 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms besides the hydrides are omitted for clarity.

Table 5-4-7. Selected bond lengths and bond angles of 77.

Bond Lengths A)

Ru(1)-Ru(2) 2.9524(4)  Ru(1)-N(1) 20653)  Ru(1)-N(2) 2.107(3)
Ru(2)-N(1) 20973)  Ru(2)-C(1) 2.1503)  N(1)-C(1) 1.415(4)
C(1)-C(2) 15295)  C(2)-C(3) 1543(5)  C()-C(4) 1.524(5)
C4)-C(5) 1537(5)  C(5)-C(6) 1526(5)  C(6)-N(1) 1.483(4)
N(2)-C(7) 13604)  C(T)-C(8) 1388(5)  C(8)-C(9) 1.386(5)
C(9)-C(10) 1388(5)  C(10)-C(11) 1373(5)  C(11)-N(Q) 1.351(4)
C(9)-C(12) 1.508(5)  Ru(l)-Cen(1) 1.819 Ru(2)-Cen(2) 1.916
C(1)-C(7) 1.487(5)

Bond Angles ©)

N(1)y-C(1)-C(7) 113.13)  NQ)-C(7)-C(1) N(1)-C(1)-C(2) 119.8(3)
C(1)-C2)-C3) 11413)  CQ)-C(3)-C4) 11273)  C(3)-C(4)-C(5) 114.6(3)
C(4)-C(5)-C(6) 113.6(3) C(5)-C(6)-N(1) 113.0(3) C(6)-N(1)-C(2) 113.9(3)
N(2)-C(7)-C(8) 12143)  C(7)-C(8)-C(9) 1208(3)  C(8)-C9-C(10)  117.03)
C(9)-C(10)-C(11) 12023)  C(10-C(11)-N(2)  12283) C(I1)-NQ2)-C(7)  117.6(3)

5 JAI7E X, Rigaku R-AXIS RAPID [AI#7¥EE % AV T —130 °C T{T\>, Rigaku Process-Auto program (2K 0 5
— X B L, RERITEASRICE L, ZERBHT P2i/n #14)TH o 2. fi#HTIE SHELXT-2014/5 KO
SHELXL-2014/7 70 ' Z Lo r—2 VLT =g ARTOMBERREL, 7— VU /I L VRS IE
KRBT ONLE % R E L7z, SHELXL-2014/7 70 7 F A% AW TOIKFRT 2 IEE IR Lz,

258



FSE LT =UAT FTERY

REER & fafn~T v BRIL &Y & DRI

Figure 5-4-10. Molecular structure of 75d with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 5-4-8. Selected bond lengths and bond angles of 75d.

Bond Lengths 0N

Ru(1)-Ru(2) 2.9346(4)  Ru(1)-N(1) 20373)  Ru(1)-N(2) 2.059(3)
Ru(2)-N(1) 22403)  Ru(2)-C(1) 2.188(4)  Ru(2)N(2) 2218(3)
Ru(2)-C(5) 21954)  C(1)-C(5) 1.409(5)  N(1)-C(1) 1.386(5)
C(1)-C(2) 15035)  C()-CG3) 1.541(6)  C(3)-C(4) 1.525(5)
CA)-N(1) 14834)  NQ)-C(5) 1376(5)  C(5)-C(6) 1.505(5)
C(6)-C(7) 1498(7)  C(7)-C(8) 1.526(8)  C(8)-C(9) 1.519(7)
C(9)-C(10) 1483(7)  C(10)-N(2) 1.467(5)  Ru(1)-Cen(1) 1.792
Ru(2)-Cen(2) 1.835

Bond Angles ©)

N(1)-C(1)-C(2) 11273)  C(1)-C(2)-C(3) 101.53)  C(2)-C(3)-C(4) 102.1(3)
C(3)-C(4)-N(1) 106.4(3) C(4)-N(1)-C(1) 106.4(3) N(1)-C(1)-C(5) 113.4(3)
C2)-C(1)-C(5) 133.74)  NQ2)-C(5)-C(6) 1224(3)  C(5)-C(6)-C(7) 113.8(4)
C(6)-C(7)-C(8) 11274)  C(7)-C(8)-C(9) 112.64)  CE®)-CO-C(10)  113.1(5)
C(9)-C(10)-N(2) 11274)  C(10)-N(2)-C(5) 11573)  NQ2)-C(5)-C(1) 111.503)
C(6)-C(5)-C(1) 125.0(4)

76c X sp’ EC-HfERE AT HDEERNT RERERISTHZ LT, VA I VRIS 252
LD EBH BN o7 VT, T6e & L BIENLF & DORSZRET L7z, 76¢ 13 LT —fg
{bIRFE % RS & H 72 & 2 A, (Cp*Ru)(u-H)(u-CeHioN)(CO), (78) 23 E EIIZARR L 7= (Eq. 5-
4-10). 78 13A X A NVELF DOENAR RN TEE D O SPATENLICE L L, O —mibik

FENREVIAEN TV, E51280°C THIEVL 7228
HEnehoiz.
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t N t N=—
By Bu /)(\) ButBu CO (1 atm) OC\ /Q /Cpt CO (1 atm)
AR Ru\ Ru Ry ———> noreaction (5-4-10)
Ny rt. e’ N o 80°C
‘Bu ‘Bu
76

78

L BEAL 2 LTHRYATFAKRRAT 0 0% G SEHE121E, (CpRu)(u-H)(p-
CeHioN)(PMe3) (79) 23 E BN BTz (Eq. 5-4-11). 4 X RA JVENL T O BENLER A AL
L TNV, —R{bIRFRE & B ) — 43 F LRV IAE R D> 72, 791X, Hlli& 70¢ & R U 2
FNHRAT 4% 80°C TRIGSHEDLZLETHAMTE D (Bq.5-4-12). A I KA /LEEIK T6¢
DAL TIE 180 °C DIIEANMETH 7273, Eq. 5-4-12 DFER NS, A I b A I KAV
S~OEB)EIE 80 °C THHEEATT 2 Z RSN/ 72.

tBu N tBu N—
tBu / N By PMe; / _cpt
Ru Ru ————>» Cp*-Ru Ru 5-4-11
~
N7 80°C Ny e,
tBu ‘Bu 79
76¢c
N\

N—

PMe; / /Cp1
— » Cp*-Ri Ru (5-4-12)
ﬁ/ g )\ﬁ/ “soc o7 PMe,

79

78 1% 'H, BCNMR, IR, JEHR/HTIZ L > TIRIE L, HfEd X AMEEMTIC X - T OMiE %
MR L7278 1 76¢ & b~ TRFMENME T L TR Y, CpHlihr 0 Bu F5iT 6 FREEIESHIZ B
Mz, & R U FEUZIES —20.71 ppm (28I S 7z, DVR= VBN FRB L 2 KA
IVENL DIk RFE T, KB 5 2 L1 TE /A3, §217.9, 209.3, 209.1 ppm (2 —FHFHD
7ol LTE Sz, R v AR =/L® CO {HfFE#HRENE 1900, 1860 cm™ (B S 4L7-.
78 O BC V7R, FHPEEEAT D (Cp*Ru)(u-H)(u-MeNCPh)(CO), & [RIZE DN E (2
B <729 78 ® ORTEP [ % Fig. 5-4-11 {2/~ L, F72 5 RIS K& O & f4 % Table 5-4-
9 IZF LD ZOFREHEENDIX, oD B IVAR = VENE DY b T o ANLITALE LTV

0 Kanda, H. Doctor thesis, Tokyo Institute of Technology (2012).

ol JAI7E X, Rigaku R-AXIS RAPID [AI#7%EE % AV T —130 °C T{7\>, Rigaku Process-Auto program (25K 0 7
— X EIL Lo, IR ECRICIE L, ZEMIREIL Pbea (#61)Td o 7o, f#HTIZ SHELXT-2014/5 & Y
SHELXL-2014/7 7’0t 7' Z b3y r =V 2 VT =0 MRS OMEZREL, 7— ) BRI L VKD IE
KRBT OMBEEZRE L. 4 I FAAVEM T EORBIRTF R OERRFITT A A4 —F—LTEY,
N(1A), C(1A) & N(IB), C(1B)& ZHZH 60%:40% & & < = & THs#{k L7=. SHELXL-2014/7 71225 L%
AW TOIKEIRT % IE PR L.
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ZEDBHLMNIT 0T

Imidoyl and CO:

oc _< S¢ 214.6, 209.1, 208.4 ppm
N / ~Cp* Hydride:
/ \ / \CO 8y —17.92 ppm

79 1X 'H, C, *'P NMR, JiE0HTIC Lo TRE L, B X SEERTIC X > T2 OffiE
TR L T2, 79 1T FRPEAME <, CpHEEz - Bu Kid 6 MBI SNz, e FY R
BOAL 128 —13.19 ppm IZ Jpn =212 Hz D H > 7 U JEHP? %5 % doublet 7 F L& L
THH S 7. (Cp*Ru)a(p-H)2(PRs3) (R = Me, Et, 'Pr, Cy, Bz, OMe, OPh) TIIZEE L KU REANL
TLEHRAT 4 VBN Jn=19.7~253Hz DA 7 ) ZEMRCTEHI S TR Y, 79 THHELO
TV T EREAETDHZENLEBAEICE R FEALFAIEL TS D EE X
558 A I RAVENL O D& FE X8 229.4 ppm ([CEB S L. 2 i 718 X
(Cp*Ru)2(u-H)(u-MeNCPh)(CO), & FELLONLEIZBLE S 417z, 3'P NMR Tl 8.63 ppm (Z#1LHI
S, KRIGBLALD b U A TF VAR AT ¢ AARHERI AL E B S 7172, 79 @ ORTEP [X] % Fig.
5-4-11 12 L, 727 TEBRREE X O & 4 % Table 5-4-9 (2% & 7.

Ci4)

Figure 5-4-11. Molecular structure of 78 with thermal ellipsoids set at 30 % probability.
Hydrogen atoms attached to Cp* and imidoyl ligands are omitted for clarity.

2 J3o 7Y T ERO/GFITEN L.

3 Ohki, Y., Suzuki, H. Angew. Chem. Int. Ed. 2002, 41, 2994-2997.

64 7L, Rigaku R-AXIS RAPID [AIFT34E % T 130 °C TfT\ >, Rigaku Process-Auto program (2 & 0 5
— H EALER U7 A SITHEANSRICE L, ZEMET P2Uc #14) TH o 7. fEHTIE SHELXT-2014/5 &
SHELXL-2014/7 70 27 Z LRy =2 VAT =0 ARFOMEZREL, 7— Y THGMIC L VKD I
KRB F OB ZRE LTz, SHELXL-2014/7 77T L WETOHRKERT 2 IEF VTR L.
b RV RENLFIE SADI fSIZ L -T2 2DOT =0 AFEA NEMIZ 72 D & 9 1T restrain 21T - 7=,
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Table 5-4-9. Selected bond lengths and bond angles of 78.

Bond Lengths (A)

Ru(1)-Ru(2) 3.04982)  Ru(1)-N(1A) 2.0849(16) Ru(2)-C(2A) 2.0584(18)
N(1A)-C(1A) 12862)  C(1A)-CQ) 15062  CQ2)-C(3) 1.535(3)
C(3)-C4) 15273)  C(4)-C(5) 1.5293)  C(5)-C(6) 1.528(3)
C(6)-N(1A) 14923)  Ru(1)-C(7) 1.837(2)  Ru(2)-C(8) 1.826(2)
C(7-0(1) 1L1612)  C(8)-0() 1.167(2)  Ru(1)-Cen(1) 1.908
Ru(2)-Cen(2) 1.918

Bond Angles ©)

N(1A)-C(1A)-C(2) 122.12(17)  C(1A)-C(2)-C(3) 113.27(16)  C(2)-C(3)-C(4) 113.93(18)
C(3)-C(4)-C(5) 11430(17)  C(4)-C(5)-C(6) 114.19(17)  C(5)-C(6)-N(1A)  113.42(17)
C(6)-N(1A)-C(1A) 121.12(16)

Figure 5-4-12. Molecular structure of 79 with thermal ellipsoids set at 30 % probability.

Table 5-4-10. Selected bond lengths and bond angles of 79.

Hydrogen atoms besides the hydride are omitted for clarity.

Bond Lengths N

Ru(1)-Ru(2) 3.0089(3) Ru(1)-N(1) 2.041(2)  Ru(2)-C(1) 2.010(2)
Ru(2)-P(1) 2.2649(6)  N(1)-C(1) 1.3133)  C(1)-C(2) 1.522(3)
C(2)-C(3) 1.546(4) C(3)-C#) 1.5204)  C#4)-C(5) 1.517(4)
C(5)-C(6) 1.527(4) C(6)-N(1) 1.483(3)  Ru(l)—Cen(1) 1.795
Ru(2)-Cen(2) 1.937

Bond Angles ©)

N(1)-C(1)-C(2) 118.8(2) C(1)-C(2)-C(3) 115.72)  C(2)-C(3)-C(4) 113.5(2)
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C(3)-C(4)-C(5) 113.6(2) C(4)-C(5)-C(6) 114.4(2)  C(5)-C(6)-N(1) 115.5(2)
C(6)-N(1)-C(1) 122.3(2)

78, 79 1XILIZ, FATEANI DA I FA VBN F2H LTH Y, L /A ORI L > TA
2 R A NVENLFIZIEREENL D S P TEAL A~ & Z ORNARRNE(L L7z, 78 @ N(1A)-C(1A)
PEEE X 1.286(2) A TH Y, (Cp*Ru)a(u-H)(u-MeNCPh)(CO), 125 17 5 C=N #& & i i
(1.2855(18) A) L% TH 7. ZHUTH LT 79 O N(1)-C(1) HEEE 1.313 3) A TH Y 78
EHRTETHEL TV, 79 @ Ru(1)-N(1) FEEE (2.0412) A) X (Cp*Ru)(u-H)(p-
MeNCPh)(CO), @ Ru(1)-N(1) #E& (2.0890(12) A) &t L T BRI Sz, ZhidA 2
RANVEZND Ru(l) ~Onfit 52X 0, Ru-N FEERHRE D, n(C=N) FEENFE 72720
EEZLND.

KA AT 4 1%, 79 DA I RA VBN DRFEDEANL L7 Ru?) ISREA L TEY, N(1)-
C(6) FEA1E 1.483(3) A, C(1)-C(2) FEAIX 1.5223) A Th o 7-. ZDOFERIT, 76¢ D HEMEALIZ
Ko THAUL D EEBUNLA I RANEERT, REDENL LA T =7 L0008 80 B A
FIPERTRNZ & 2R AR CTH D (Fig. 5-4-13). TEENIA 2 A VSR & L BIENL T
EDIET, A4 X RAVIRBDENL LT AT =7 AHULIS LB 7S BT 2 6L, =%
PHATHMLNTWD (Eq. 5-4-13).

\ / U pi—Ru Ru
<

coordinatively
unsaturated nature

Figure 5-4-13. Isomerization of 76¢ and its coordinatively unsaturated nature.

R
HN ‘ ‘BuNC tBuNC )\
R/ﬂgi\xlfu Ru—/NH—I'?u (5-4-13)
A\ INL A
RU ~—RU

5 Asano, S. Master thesis, Tokyo Institute of Technology (2011).
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VA I U8R 75 DA

Scheme 5-4-1. Plausible reaction mechanism for the formation of diimine complex 75.

- H, _Ru Rd

DA X UK 75 DA RS A Scheme 5-4-1 12 F L iz, 9,2 EERIRT I v L DORIET,
N-H B X O C-H #E& OUIWr 2 > T 70 34T 5. 70 1ZIEGAE T C-H #5& 0 U, it
KFIZESTT6 KT D, ZORFAETUTZAKRFEN 70 EISL, 2 OFELE- TRIRA
URRHITHAT D, 76 13A I FA VBN 7 DOENIARRDOZE A > TERARA I 2 AEL
L, FREAZA LD, ZOKE, A I RANVIRBDEN LTZVT =0 WA X U RENLT D
EBEZDLND. FHNT, TRE A OA I UEN OB LRI X - THEER B 84 L 5.
A B 225 OFRTHIBEEIC L > TP A S0Pk U REE 77 8RS 5. 20D, p-
N’(N,N)M*(CN,CN) ~DENARR OB L ZBRE /1 & LT, BAKEIZED U4 I 85K 75 8
A5,

70 257 Y —DA I 2 OPLEEEFRIFEH TE TV WD, 76 28 80 °C DI TE R Y
EROGET, sp?P EC-H A Z A THAE ) oo n U U ERIG L, 7T 75 AR TS Z &
X, 7V —0A IV FEIEA I VARG ITHEETE 2L FREOFEL IR AR L TN D,

A TIL, CpHENLF 12 L » TEE(LEZ T - BN EIf~T n R L& D sp® M C-
H GO L THEITH D Z 2 R L7, FrCERERE~T o (bEW L OIS TIX
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#

TREBEIR ECERIRA R VLA 2 RANMEN T ERSICAERT AL, b D
KEOWMYABZH-Te C-C MATMIENETT L L 2PN L. 4%, 20X
o

9 72 TRER LT ORE AU OSRCIE OS2 R 3 2 2 LT, Al 7 sp? M C-H 7
ELREAE RESM LS~ DRI TE 5.
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TRVT =0 DR 2 IO TCBRIRT X 2 ORI K SRR EEUG

&
(@)}

FOE BN T =V LEERERVWERRT I ORI KREL RS
EIf RS
SETIE, 7 b7 KU REEREZFIAT 5 2 & T, fafi~7 v i a®m Doz C-H
WANES UM ESND Z L 2HONI L. BICERR T2 T58IR7T I VEHE DK
JETCIE, C-H, N-H A OB K5 A I U8R 70 DAERKTE T Tl <, BiAKFIZLDA IR
A VEER 76 DAERL L, SMBIEE OV AL & fF o 72 sp? P C-H #5G O I, C-C G TEAL
DT THZ a2 LT
ORI LU TEESEER LTV IAENTEEICK LT, BRAEZEAT L Z & TL AR
NLZTEDN LTe i A ORISR DD EEXLND. ZTIETIZ, VAR =)L
7 7 A — FICR AENTA~T n BRI, 7»%/@?@)\5\:»1% A EREC]
NIBEEDZERMBITND. B2, ZEEE LICIRYVIAENTZE Y DVEA 71T,
CO FHABLOAL T 4 DIy TV I E - T, afifis ﬂ%ﬁ?/wmﬁm%t ¥
LM EN TS (Scheme 6-1-1). 3 F 72, A RHICHV A E - HE O BERES(L
BOSIEAT aALBEWIZBR ST, RILKFTHLHMONTWD. Fl2IE, =& EICBRYIAENT
R A UL, —BRLIRFEDITRA L KT E ORIGE S TR AT ILT B R LA H
ENDZENRHLNITEINTVS (Scheme 6-1-2).4

Scheme 6-1-1. Catalytic acylation of pyridine on the carbonyl cluster.

N co (10 atm) _
X N
| * N " mec ’ \/;?u(CO)4
Z
R=C,H, Rus(CO: (OC)3Ru\ /Ru(CO)3

Scheme 6-1-2. Transformation of the benzyne ligand on the triruthenium cluster.

(CO)3
0, Ru (o]
o _co S CRAN
— e \ e
PPh + H
(OC);,Ru\//R{J/PPhZ (°C)3RU\P/R‘({O/) ’ (OC):,Ru\\—/R{(CO)Z
P~ (co), P, (€02 <
2 Ph,

HIVKR=)V T T AL — ETOREDOBERBEEIS T, WIVER= VA~ A% - T2 K&
NELEEZD., 2R LT, ZEFRY v KU REMETIIRAKEKIGNNS X > TR IZEAT

! Kabir, S. E.; Rosenberg, E.; Milone, L.; Gobetto, R.; Osella, D.; Ravera, M.; McPhiilips, T.; Day, M. W.; Carlot, D.;
Hajela, S.; Wolf, E.; Hardcastle, K. Organometallics 1997, 16, 2665-2673.

2 Hong, F.-E.; Chen, S.-C.; Tsai, Y.-T.; Chang, Y.-C. J. Organomet. Chem. 2002, 655, 172-18]1.

3 Moore, E. J.; Pretzer, W. R.; O’Connell, T. J.; Harris, J.; LaBounty, L.; Chou, L.; Grimmer, S. S. J. Am. Chem. Soc.
1992, 114, 5888-5890.

4 Charmant, J. P. H.; Dickson, H. A. A.; Grist, N. J.; Knox, S. A. R.; Orpen, A. G.; Saynor, K.; Vifias, J. M. J. Organomet.
Chem. 1998, 565, 141-151.
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NEFIEZ 525 Z &b, SOICHMRE Z I AT ERME BRSNS,

ARETIE, "SR EZFIM L7 fafERik 7 < VO oL IRAY 7 C-H #ia OiEM kb &, fi
KIKEDBRISIZE - T, BRRT I ORI K FERAL OS2 BA%E L7z, 2 8T, Al
HIBAKRFE D » 7 ) o RISzt L, 3 Bi TS A I = X L2l v Le.

26 FAFIBRIR T I VEH OB B KRR S

H H
2c (0.1 mol%) N

N o
+ HO —» + 2H,
; ; 180 °C (6-2-1)
1 1 24h

volume ratio

Table 6-2-1. Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst.

(Temperature dependence)

Entry Temp. [°C] Time [h] TON
1 80 24 6
2 120 24 2
3 160 24 60
4 180 24 115

2Determined by GC analysis using biphenyl as an external standard.

vl Yy L KORATEBICH LT, 0.1 mol%?d 2¢ Zfilt L TIN5 & T2-ERY Y
J SRR AR D 8 S BN o 72 (Eq. 6-2-1). Table 6-2-1 (21, 80, 120, 160,
180 °C (28T B [l EL (TON) % 7R L7=. 160 °C [ZHIE 5 = & Tl a3 #1795
ZEMH BN o7, ZORIGE 180 °C THIGSH5H Z & T TON A E L7z, RIS T
BORIRL, KFBWERT HIZOITHNERNE E - Tz,

120
N 100 + %
)
o
E 80 |
=]
=
E 60 |
(o] *
c 40 |
=1
[l

20 |

0

0 5 10 15 20 25
Reaction time [ h ]

Figure 6-2-1. Dehydrogenative oxidation of pyrrolidine using 2¢ as a catalyst.

(Time course under Ar atmosphere)
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180 °C T? TON DOfERFE{L % Fig. 6-2-1 [Z/8 LTz, T2 R TI, KISBMHENS 4
IREf] & CORMNICFHE I B S, 5 REFILARE TON (3R & < BR L7e. ISHEE B 2T
WDHA I UEERT0a X, 2¢ R Y D% 180 °C ITHENT B LIEBHICART D Z LS
T2 > TN DT, ZOFEHIT 70a DERIZE S O TIEAR.

Turn over number

0 20 40 60 80

Reaction Time [h]

Figure 6-2-2. Dehydrogenative oxidation of pyrrolidine using 2¢ as a catalyst.

(Time course under H; atmosphere)

—RIEDOKBEMRACTHE UG EIT> 72 & 25, Ar FIHR TOMIS TR SN TV 72iFE
WKL, BEHiZ2-vr Y Y COEMPBIE IS (Fig 6-2-2). RIGSHIHO TON OF
Hy7amm BB SN2 & D, KBPIESOSICEHE /B 2 LT\ D Z LR LI
o7,

ABOETI, KOWRMNE S MEIEHEICEEL KIFL T\, Br ) P Uickt LT 2 fFEv
DKEBRMT HIETRERINET 2-ta ) U UBNEKRTHI ENH LN T
(Table 6-2-2). KOFWMENL T EDLGEITIE, SUSHITEEAESZHH L, RS KIEIIE T L
7.

Table 6-2-2. Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst. (Effect of water)

Entry H,O [mL] TON
1 0.22 215
2 0.44 278
3 0.88 224
4 1.75 127

Standard condition performed using 2¢, pyrrolidine/water/catalyst = 1000/2000/1,

Hz (1 atm), 180 °C, 24 h. *Determined by GC analysis using biphenyl as an external standard.

INFETIE, Bal) D b KEIREFRREEE L THWED, KRR THWA Z LD TE
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HIREE A FRE U72 (Table 6-2-3). 7V HWiziGE, ©nl) v o oEpidae< Bl s
nigmole, 1,14 VXY U2 WG A ICHIRIETH 7. 7l e WicE
13K E DG3BE, 1,4 VAT 0 & ORE TITESRONT B S iz 728, AR CTIRIEE
WX 2K ESEROBEMMENEE R b D LEX NS, UK LT, 2-A F)L2-F Xy
—VEESE LTHOWESS, WEREBAMmELEZ. Zhix”e bR chH D Z LTz,
SR L AKDW ST 2- A F)L2-Fm % ) — U2kt L TR A2 RTTED EEZOND.

Table 6-2-3. Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst. (Effect of solvent)

Entry Solvent TON
1° n-decane 0
20 1,4-dioxane 10
3¢ 2-methyl-2- 62

propanol

Standard condition performed using 2¢, pyrrolidine/catalyst = 100/1 , H2 (1 atm), 180 °C. *Determined by GC

analysis using biphenyl as an external standard. *Solvent:water = 1:1 vol. ratio. *Solvent:water = 1:0.5 vol. ratio

Table 6-2-4. Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst.

Yield [%]?
Entry Substrate  Product Conversion [%] TON
(selectivity [%])
1 Y " 29.0 22.6 (78) 226
N N
20 < 7 Q¢° 333 21.8 (65) 218
3¢ 354 20.8 (63) 208

N N_ o
4 Q (;/r 26.8 18.7 (70) 187

N N p

54 Q g nd. 6.7 67
H H
N N o]

6¢ [j (f nd. 0 0
O (o)
Ne I\Nlle

74 (7 ()%o n.d. 1.3 13

Standard condition performed using 2¢, substrate/water/catalyst = 1000/2000/1 , H2 (1 atm), 180 °C, 72 h. *Determined

by GC analysis using biphenyl as an external standard. PAr atm. °Catalyst:2a. 9Conversion was not determined due to

the low yield.
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e PR\ R PR PH 2 Mt L7, A58 % Table 6-2-4 IZ/R L7z, 2¢ & E R Y DU EDONIGE
RFBHRPHKTIT D 2 & C,22.6%DIHE, 18% DIEIRMET 2-t'r U ¥ U35 H 72 (entry 1).
[FER DS % T 0 T U FIHR TIT o B A2, FREOIET 2-tr ) ¥ VG bh
72b OO, BIRMEIT 65%IIK F L72 (entry 2). F721% 2a ZHW=5GEIC b, REREOIE
T2-Br VY UNERT DA, BHRPEIL 63%ICIK T L7z (entry 3). BRIRT 2 > DB BEH
BN 21250 T, WROEL F2AEN Sz (entry 4, 5,6). EAKRY U &2FEE L L THW
=AY, < AR E LN o7 (entry 6). N _EZ& A F UL CRH#E L Z5E1E, 4
IR E LB S e otz (entry 7). ZHUEIEBE S <X N-H SN EW DA
UK T0 AR TE RV EEZ HND.

BIRT I v &K E DRIKFIGT K DT 7 & L6 5, Milstein 512 X > THRE ST
5 —BlDHTEH% (Scheme 6-2-1).> DFT FHHLIZIEDSWIZSUSKEMBEITIC L 2 &, v T =D
AE U —RIGERIZ L DRI T I U B BRIRA I U ~DKFE, £ I U OKFIRIG E VT
=0 LRI & D BiKSRIZ Ko THEEROG S EIT L TV D EHE SN TN D,

Scheme 6-2-1. Catalytic dehydrogenative oxidation of cyclic amines and
reaction mechanism proposed by Milstein and co-workers.

H Ru pincer cat. H
N (5 mol%) N

0 + 2H,
H,O/dioxane

135-150 °C /48 h :
NaOH 5 mol% 83%

91% conv.

2¢ ZHWEZERIRT 2 OB BWT G, BRIRA I URITEELFEERO—D EE 2
b, ZERBTLEHOVTESICN-HBLX O C-HIEM LA S5 Z 2 1%, it

5 (a) Khusnutdinova, J. R.; Ben-David, Y.; Milstein, D. J. Am. Chem. Soc. 2014, 136, 2998-3001. (b) Gellrich, U.;
Khusnutdinova, J. R.; Leitus, G. M.; Milstein, D. J. Am. Chem. Soc. 2015, 137, 4851-4859.
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FEThY, KISORKIETHD. 0O L8 D R GHE, ho~T n i IRMbEW OE e
FAC~DISH B HFFTE 5.

B3 BFIBRIRT I DK RBRIL UG D RS

AREITIL, 2 B CRH L2 fafneik 7 X FEO IR BRI O S 2 58~ 7=. Scheme
6-2-1 IZ/R L7 L 91T Milstein 51, BRIRT I U DBIRA S UMRHAEL, 1 st d 2
KIBRZ L > T C-ORMENEHLIND EHRELTND. S5 ETHIRNZ LT, 2 &7 3
v EDFSTIE, MBASIETA 2 88K 70 NAERRT 5 2 EBRHL MR > TWE 79, 70
DRI R LTz,

70¢ D 2-A F)L-2-7 X ) — VKB 180 °C T 12h AL 72 & = A, 70¢ 15841
THE S0 80 28 91%, e- 71T 7 X BH 99%DILETHRR LT (Eq. 6-3-1)6 I & LT
XL By mlfrﬁriw%%ﬂﬂwtﬁu, KRBT BE .

H_ H
Bu 0.0~ Bu H o
AN N "™ (631
/ \\/I \ tBuOH - N +
180 C
‘Bu Bu

80 (91%) 99%

70¢c DO/KFISE Tl 180 °C [THMEA L 72 B ICAS DRI~ 2L Lz, 70e & 80 |58 (D,

REOGERTH Y, ZOROOFHERITT0c DBAKFIZL>THELD T6c L EZ HND. £ 2T,

76¢ & W CREBEDOKFISOG 2 BT L2 & 2 A, T6c 1T58 I S 80 13 96%, e- 1 7' 7

T B LD T9%DIEETHERM LT (Bq. 6-3-2).7 LA EDOFKERND T0¢, 76¢ (ZEML L7- 5 EHRER
ITKRZZIT T, 777 LNIERESNDZ 2P LT L.

B AN Bu g
‘Bu % Ru/)()Ru Bu *+ HzO ‘Bu //\\\ ‘Bu
SN on g (6-3-2)
180 °C
‘Bu Bu 12h

80 (96%) 79%

EAE FuXx VK 80 133, 2¢ LK EDIG, HLLIL6 & NaOH & DKIHIZE » TH

R LU72.2¢ D 2- A F)-2-Fm X ) — VKRG TR %2 180 °C THEAT 5 Z & C,80 % 99% D
IR THT2 (Eq. 6-3-3). £72, 6 OAFTH R E NaOH KA =R 1 h fOsSE 52 &

TH, 80 28 99% DI TG OLIZ (Eq. 6-3-4).

¢ CpH IO AR 3 A 70 HFEHAE LTz
7 CpH B D AR o3 A HEHR LTz,
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t H{ —H t
= tBuRu/}o\\Rl:Bu P
—R + HO0O —— " ™ (6-3-3)
hexane
'Bu 'Bu 'Bu 'Bu 180°C ‘Bu ‘Bu
2c 80

tB t

Bu H\0\ oM Bu
tBU //\ tBu NaOH aq ‘BuRu//\\Rl:Bu
"~ SN
hexane (6'3'4)

‘Bu Bu
80

80 ITZEXRUCARRETH Y, HEET 2 Z LIXTE R o7, KON 9 FIFLE OME D
KEHWTIT 272, 'H, BC NMR 2 K » CTHEEA RE L, HifSe X SEfTic k> T2 o
AR L7z, 6 ERIREORFMEEZH L TEBY, ' HNMR A7 hL Tl Cp*® Bu &N
QFMHOABN SN, B Re kY RENL 138 2.49 ppm (2 2H #H| X172, 80 & ORTEP
% Fig. 6-3-1 lZR L, F 7R -1 HIFEHE&L O%E S /4 % Table 6-3-1 IZF L 78

B

Figure 6-3-1. Molecular structure of 80 with thermal ellipsoids set at 30 % probability.
Hydrogen atoms besides the hydrides are omitted for clarity.

Table 6-3-1. Selected bond lengths and bond angles of 80.

Bond Lengths A)

Ru(1)-Ru(1”) 3.2328(5)  Ru(1)-O(1) 2.0600(14)  Ru(1)-O(1") 2.0637(14)
Ru(1)-Cen(1) 1.728

Bond Angles ©)

Ru(1)-O(1)-Ru(1°) 103.25(7)  O(1)-Ru(1)-O(1) 71.33(8)

8 JAIE 1L, Rigaku R-AXIS RAPID @?}? [ﬁ’i’ﬂﬂb‘“( —150 °C T{T\, Rigaku Process-Auto program (Z & 0 5
— X EME U7z, AT HEANRRICE L, BRI C2c#15) Th oo, fiENTIE SHELXT-2014/5 KO
SHELXL-2014/7 701 275 b8y Ar— /%ﬂ%w, BB LNV T =0 ARFOMELZREL, 7—V =8
AT &0 5 B FEKFBIR T ONE ZE L=, SHELXL-2014/7 70 7/'T L& AWETOIKER T &S
PR L7z,
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HifE S X BAEEARIT 20 51X, 80 8 “ESEIA CTH D Z L RGN o 7. Cp*licfi+ &2 A3
LT = A RaX YR [Cp*Ru(us-OH)]s 1E, UM EZIL Z LMo Tky,”?
Cp*Efr A8 AT 5 Z & CToEEENLZENL SN TS Ru-RuFiAEIZ 6 (3.2019(2) A,
32441 (6) A) L [HIZ%TH - 72. Ru-O A 1X [Cp*Ru(us-OH)]s (2.191 (2) A) K v FE <,
[Cp*Ru(u-OMe)]» (2.071(3) A)!® LRI TH ~ 7=,

ANFFRAF LA IV DORAKERILRIGDERY A 7 /v

T 0B DERFFCAET D 80 &, 2¢ B L<IE 70¢ X° 76¢ ~E B TEIUL,ARY A 7 V%
ELZLENTED. 80 LAFEBILUANXTY AT LA I EDORIGERGTTLTZ. 80 @ CeDs
TR 2 KBRS T 80 °C ITMENT 5 2 & T, 2¢ 3 29%DILETHM L TV D Z & 2B L
72 (Eq. 6-3-5). Z DEE, 80 7% CeDg & ST % 72 DIBIRMEITMR L 2 o TV S,

t t
‘Bu |-I\O\ oH Bu B HoH Bu
tBuRu//\\R ‘Bu H, (1atm) ey
" U _— —Rd /Ru—
CoDs pr e (6-3-5)
By - 80 °C tBu 'Bu tBu 'Bu
80 2c (29%)

— 5T, 80 EAFHAF LA I EDORIGIE, 180 °C OINENTHEMER A% 52 7-. =
DR, 76¢ 73 T%DULETHRK L TW\WD Z & 2GR L= (Eq. 6-3-6).

180 °C

H
tBu //\ ‘Bu Q
CsDe )\ﬁ/ + complex mixture (6 3- 6)

76¢ (7%)

80 IIKFXLT I U EDKIRIZE ST, 2¢ X° T6c DHAT HRENRI NI, FRIZ, KFEL
DIINET L EDRISITHART, HFHIT 2¢ ZHAETE DL ENRALNITR T, KEFR
DH & CRREETEME & BIPEM ) B9 2 D1, 80 LAKFE L DKIGICE T 2e NEAET DD L
EzbND.

® Suzuki, H.; Kakigano, T.; Igarashi, M.; Usui, A.; Noda, K.; Oshima, M.; Tanaka, M.; Moro-oka, Y. Chem. Lett.
1993, 1707-1710.

10 Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, B. E.; Luth, K. W. J. Am. Chem. Soc. 1989, 111,
4712-4718.
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Scheme 6-3-1. Proposed mechanism for the dehydrogenative oxidation of hexamethyleneimine.

( A

//\\ _2H2 QRU _— Ru Ru

- Ru Ru E Ru
\/ 2 H, H, 7" “oH,
76¢c
Ru = RuCpt
O.A.
3H, 2 H,0
- 2H,0 —3H2
H,0
N
O/H -2H, //\\ H,0 / 7 \/
// =R Ru Ru HORu —<— Ru
\\// u\\// / 5
HYH H¥H R.E. H OH

80

H
N\ OH N fo)
—»
tautomerism

ANFYRAF LA I DKRFERRICEIEDE R A 7 V% Scheme 6-3-11Z7r L7z, £7,2¢
EANFHRAF LA I EDORIET, N-H B X C-H FEAOUIE 2 £ T 70e B3ERKT 5.
70¢ [ZMBGAEC C-H FEA DU, BiAKFEIZE 5T 76e AT 5. T6¢ IXENIERA D EL
o TRDBEAL L, EATEALA X RALHREE A 24 U 5. PMes O UG b L OHE
EHT D19 BHOLN TS, ATEN A2 E5RCTH Y, TIZ O-H FES OB Mm%
o THREEB 24U 5. EDk, BDA I RANVENL & B Ra ¥ REUAL - OIRTHIN
HEC K> TT 7 F LR C BVERKT 5. HEOA I FA Ll FrFy FED C-01ET
IR X, ST 0 AA I RANVBEROKIEE L DFT #HEICE > TIRESATW
HZMN CIZR L CKRENRINT DI ETT 7 FLONEEEZE> T2e AT H. A4 2 U85
70c LKFEELEDRISHD S ZOWMBITFFEIND, &EIL, 77 FLORERMERISIT L
TT 7 X LNERTS.

KPBRIBGFET D5 TIE, C H0T7 7 F LAORBEEIKEDRIGICE>THEZ 5.
ZO%E, THALLTE/E Fefx YA D S At Fu & V55K 80 2MVERT 2. D X
80 LAKFELDIIGIZE ST 2 NHAETD. D80 &7 UM GT DRI LIFAET D3,
COBEEERMENMETTE2HDLEEZLND. BNOLOETHIBENC LS C oLk 77 F
AOBBEERRRLSMNI S TEERE TH D,

" Perego, L. A.; Fleurat-Lessard, P.; El Kaim, L.; Ciofini, I.; Grimaud, L. Chem. Eur. J. 2016, 22, 15491-15500.
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v'r U Uy Ofli RIS EE

2¢ ZHWEAFY AT LA ‘/@Eﬁ7}<7ﬁ@&“ft}im@/\5ﬁj‘4 7 JVi%, Scheme 6-3-1 Tib
Rz, ANXFAF LA I EHOESEAICE, 7 BROEESICE > TYA 2 88K 75¢
DENIAZ HIVD =D, G A 7»&%&%#4’ IV —HLTWNDHEHDEEZEZLILD.
— 5T, BO/NS 72w ) DU E WA, MBI L > TUA I 85K 75a AT 5.
LS D 180 °C DA TIL, 75a SMERANTAERL L, SRS 2 B0 & 2829 5 £ Tl 75a
DIGEER NI T 20BN H D,

TP, MBS COMROBIM A2 AT, 2¢ IR LT 300 fFELOER Y VUL 600
e NVOKEMZ, KEFHK T 180 °C, 72 h fUSSH7=. Al Lizva )Y ) a2 A% )
— U Lo TR\ & Z A, 75a, 16¢, 2¢ DIEAY) (75a/16¢/2¢ = 61/27/12) 234F BTz (Eq. 6-
3-7). BUSETHIZH 2¢ B STV 2 Z &5, Scheme 6-3-1 12 & 2 il o1 7 L3
Frans.

‘Bu ‘Bu 180°C/72h

H
//\\ N H, (1 atm)
—R{ + + H,0
\\// washed with methanol
‘Bu 'Bu 'Bu'Bu  300eq. 600 eq.
2c
t
(6-3-7)
i‘c« Ruﬁ = ﬁ
Cpi/ u 'Bu u'Bu 'Bu'Bu ‘Bu 'Bu
75a
Product distribution 61 : 27 : 12

—J577C, 75a & 16¢ iL Scheme 6-3-1 THE L CTWARVMELZERTH VD, SIS ~D 528
B O CTld 22\, 2 2 C, 752 3 KON 16¢ DOfREETEME: 2 F1 -~ 7. §5 3% Table 6-3-2 |Z/R L7z,

Table 6-3-2. Dehydrogenative oxidation of pyrrolidine using the observable species.

Entry Catalyst Ruycore  Substrate Product Yield [%]* TON notes

1 2¢ R _JRu 22.6 226 H, (1 atm)

2 249 249  H (1 atm)
75a i N o
3 )y (r 0.7 7 Ar(l atm)
(o]
y:
4 16 o N\, 1.8 18 Hy (1 atm)
S

Standard condition: substrate/water/catalyst = 1000/2000/1, Hz (1 atm), 180 °C, 72 h. *Determined by GC analysis

using biphenyl as an external standard.
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BTN Z LIS, BAACEIRn & B2 DD T5a1E, KFERIALK T 2¢ & FSEOMIEER 2R L
72 (entry 2). ZAUZKF LT 75a & W28 T Ar SRPHSTIE, (& & A EfEYEME 2 7R
é@ﬂot(mmsy_MJ;ﬁakmi&@ﬁm_iofﬁﬁ@ﬁ%ébfwé:k%%
LTV 5. 16¢ TG 2 RS 2o 7o Z E B IIER EE 2 BN 5 (entry 4).

75a OFRUSMEZ BT 22 &1, RICEEZH ST 2 ETEETH D, £7, 75
DIMEZE TN D DT, —BbIRE & DRIGERET LT, 75a & —B{bIRFEEHR T T
KiG&®im 2 A, VA I VEM - OEAL XD ZEA % 1F > T, CpRu(u-CO)(u-
N2(N,N):n*(C,N)-CsH2No)RuCp* (81) MERANIAEK L7z (Eq. 6-3-8). D b, 75a I
BN BRI 7285 R CH D e D, A I VBT OENARR DB A £ > THE S ITEL A A
MEZZ2 T 55 2 L ZP LR T,

N
CO(1 atm) /3? (6 3-8)

C/R\/ \

75a 81
75a L KFE, KEDRIGERLTZN, WTFROEE Y 75a N ERANCEIN Sz (Eq. 6-3-
9).75b LB U P EDORIETIE, Er U P RGET, 75b 2N EEAICEIR S (Eq.
6-3-10). BFZELAZFEAKET NV LEER I VU ZHANVWTCHEDORY F 07 ) ZREHIE
NIpnoTeZ EDG, 75a 131 U ¥ 0 N-H, C-H UIWriZ x4 2 1EER 72 2 & 238 5 2
{272 > 7= (Eq. 6-3-11).

BuoH no reaction (6_3_9)

180 °C
72 h

(6-3-10)

(6-3-11)

D ~N
N
no reaction
180 °C
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81 /% 'H, ®*CNMR, IR, JCHESHTIC K- TRHE L, HfEd X SAEEMITIC L - TEoffiE %
fEsB L7z, 75a & e TRFMEDNME T LTV, Cpr Lo Bu Fi 6 FEFED singlet > 7 F /1 &
LCBHlIENT. VA I OMRRFRIL, VT =7 LTEAL L TWRWERSE, B LTS
R FEINZIVEIS 182.6, 70.0 ppm [ZBLH X7, Z OfEIL, 77 (5 174.5, 90.4 ppm) & FELDONL
BB ST D . CO MAMFEIRENE 1742 e B S 4, ZRAEECAL IR0 7B 2 R L7z,
81 ® ORTEP [X| % Fig. 6-3-2 {27~ L, F7eJil 1 [FBRHE % O & #4 % Table 6-3-3 12 F & 7212

Figure 6-3-2. Molecular structure of 81 with thermal ellipsoids set at 30 % probability.

Hydrogen atoms are omitted for clarity.

Table 6-3-3. Selected bond lengths and bond angles of 81.

Bond Lengths 0N

Ru(1)-Ru(2) 2.84553)  Ru(1)-N(1) 20592)  Ru(1)}-N(Q2) 2.082(2)
Ru(2)-N(1) 20622)  Ru(2)-C(1) 21733)  Ru(1)-C(9) 2.1733)
Ru(2)-C(9) 1.9443)  C(1)-C(5) 1.4404)  N(1)-C(1) 1.431(3)
c()-C2) 15204)  CQ)-C(3) 1530(5)  C(3)-C(4) 1.523(4)
C(4)-N(1) 14753)  N(Q2)-C(5) 1286(4)  C(5)-C(6) 1.511(4)
C(6)-C(7) 1527(6)  C(7)-C8) 151865)  C(8)-NQ) 1.468(4)
C(9)-0(1) 1.1793)  Ru(1)-Cen(l) Ru(2)-Cen(2)

Bond Angles ©)

N(1)-C(1)-C(2) 109.72)  C(1)-C(2)-C(3) 10292)  C(2)-C(3)-C(4) 103.7(3)
C(3)-C(4)-N(1) 104.9(2) C(4)-N(1)-C(1) 107.9(2) N(2)-C(5)-C(6) 113.3(3)
C(5)-C(6)-C(7) 10273)  C(6)-C(7)-C(8) 10583)  C(7)-C(8)-N(2) 105.4(3)
C(8)-N(2)-C(5) 111.62)  N(1)-C(1)-C(5) 11292)  C(1)-C(5)-N(2) 117.92)

12 JAI7E 1%, Rigaku R-AXIS RAPID [RIHT3E{E 2 FH\ T —150 °C TfT\), Rigaku Process-Auto program (2L Y 5
— X B L, RERITEASRICE L, ZERBHT P2i/n #14)TH o 2. fi#HTIE SHELXT-2014/5 KO
SHELXL-2014/7 7' 75 L3y ir— 2 % HIWIFKR B IR A ONLE 2 R E L2, SHELXL-2014/7 7w 7 J L%
AW TOIEKERT %2 IEHE IR L7z
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Ru(1)-C(9)-Ru(2) 87.27(10)
Torsions (©)
N(1)-C(1)-C(5)-N(2) -11.0(4)

75a L HARTYA I VBT OEMIEERDZEL L, C(5)-NQ) DL 31T D 2 &3
DD, RIS, CD)-N(1) FiE, C(5)-NQ) fEESILENE, 1.431(3) A, 1.286(4) A TH D, C(5)-
NQ) FEB~DNT =7 AOaRNIN 2 o722 12K > T, 75a (C(1)-N(1): 1.387(5) A,
C(5)-N(2): 1.395(5) A) &~ T, L 7o Tz,

5§ BTHHBARZZLIIZ, 41X AR 76a Ln ) VFEDKINIZE ST, VAT
b RYU REERBAR L, Fi< BAKFEIZL > TT75 B4 LD (Scheme 6-3-2). 75a MENAR D
BAbZ - T, BALAREFMEZ RT 2 L1E, KBEEDOUSIZ L > TY e R U FEEERMN LR
LG5 2 E&2RL TV, ZORK, C-C fia ORLAIINANE = Ui, Scheme 6-3-1 127k L7
il BIE MRS £ % (Scheme 6-3-3).

Scheme 6-3-2. Formation of 75a from 76a.

Q N=

R/N

76a 75a

Ru = RuCp*

Scheme 6-3-3. Regeneration of the active species from 75a.

H,(1 atm) N= H, D
- /\ H| — /)\
180°c | ph—N~47 | 180°c RU_Ru
U\H/ u H

76a

catalytic
cycle

75a
Ru = RuCp*

75a LOkE, K, Eu Y U EOERMKGTIE, IEERABHT L LI TE Mol &
ZC, SR T OIEERE OB 2 A T2, 75b 1ICx LT, 500 fEELOE R Y DB LW
1000 f5E /L DK EZRBEL LT, KFERHIT 180 °C T24 h UL SHZ. A X/ —TEnr Y
T v EHRL Z LT, 75b, 2¢, 16 DIRAY (75b/2¢/16¢ =98/1.4/0.3) M %5 7= (Eq. 6-3-12).
SRR 72N 5, 2¢ MR L T2 Z & 735, Scheme 6-3-3 [C/R LT Y O/RZADIRIBI LS.
75b DY A I UENLFD 6 BERAERS T2 EnD, R OmFRIT I < EN LET LA
W EN ol
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180 °C
24 h

H, (1 atm
75b 2 ) 75b 16¢

98 : 1.3 : 0.3

o hed b

Bu 'Bu tBu 'Bu ‘Bu '‘Bu tBu 'Bu

Product distribution
(6-3-12)
fENT, AZ ) = WA OREER 2 RET L7, 2¢ 1TMBRMETAZ ) =L & X
T D Z LT, RIEMERR 16e AT D, Z D78, Scheme 6-3-1 DGRV A 7 /L Tl
JERHEIT L CWAIGEITIE, A%/ — VORIMTRIGHIREFE SN S, 2k LT, 75a 1%
AR )= EIXIFTE A ERIE L2V (Eq. 6-3-13). 75a b>ﬁ$ﬁi}im®/ﬁmﬁf%éiﬂ/\ i3,
ARFRIERNIE A 2 7 — L DTN THTE S4L72\0 . #73 EBRO#E R 4 Table 6-3-4 2R L7z,

97 2 1
Product distribution
(6-3-13)
Table 6-3-4. Poisoning experiment.
Entry Catalyst Substrate Product Yield [%]* TON notes
1 24.9 249

75a

H H
N N0 Addition of methanol
2 )y (r 15 15

(100 eq. to catalyst)

3 16¢ 1.8 18

Standard condition: substrate/water/catalyst = 1000/2000/1, Hz (1 atm), 180 °C, 72 h. *Determined by GC analysis

using biphenyl as an external standard.

75a Z P RBER S T, RIS SE LT 100 fF LD A K ) — L ETINT S Z & T, fil
RPN 16¢ £ RIZITIE T L7z (entry 2). Z O#EFIZL, Scheme 6-3-3 D 258 < 7RI L T
W5,
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Scheme 6-3-4. Proposed mechanism for the dehydrogenative oxidation of cyclic amine.

H
N N
Q ) O
AU w, N -wm S N
R Ru ‘—_i 4 Ry =——= R Ru — /\ H
N7 Ru R N, - _NX/
AN 2H, S H, H Ru R
H
2 70 76
Ru = RuCp*
“ H,0 Ho A - H,
3H, || 2H,0
=
-2H,0| -3H, /N
H H /N_ Ru=N~=%,
~, >
>=X Rl Ru 75
Ru Ru \H/ OH,
80
H,0 “ O.A.
- 2H,
H
N N—
H_O, X
N, B0 /Q} /
Ru\\//Ru Ru HO/RU - I/?u\ /Ru\
AH S RE. f “y YoH
H
NQ_-OH N0
Q/ tautomerism g

Bk 7 X v O S OHETE SOSHEAE 2 Scheme 6-3-4 (2R L7-. Bk 7 I O RS
IZ, Scheme 6-3-1 [T/ R L7=AY A Z VDR ERMISRE TH Y, LD 7 SOIRIZE - T
1T 5.

Jik

2
3.
4.

I.
5
6.
7

=77 L

RSB AR LB T S O C-H, N-H 80U X 51 2 ko4

A I UEERD C-H S DU X DA 2 FA VEERD AR,

A X FA VBT DOBEIARAD LA 2 - T2 K DB
IKDBALITIN, BETHIBEEC X2 7 7 F LR D LR

CKFERITKICED, T F AR OBV L.

T FILDHERMIZ L DT 7 LDARK.

. CREBER L KFL ORISIZ L D 2 DA

, RIS & LTA X RAVEEIR 76 126 24 I 88K 75 DERLT 2B MFIET 5.

75 IIMKFIEHED MR > TWD 0, A I VENLA DENERR DA & 1 > TKFE & G
THLIENTE, C-CHRADOUIMZ o> TIROMBES A 7 NV~ERD 2 & T, ARG 2
BAETD.
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KRFEOUINE, TSR L KFEEDORITIZL D 2 DFAE] BIO V4 I 85K 75 Ofik
B A 7 NA~DRY | OWFRICTHEELE Z B, KBORIMZ L - TEPRME & SSHIIC
B OIEEDRM ELICb D EZE 2 bID. KRR TIL, Cp* B F2 A3 25 2a bl E L
THRIHTE 20, CpHlichr 1% W26 & el MK R L7z, Z4ud, Cp*Bchr -2 H
WEBEEITIE, BUGHR T T RIS RN AR L, TR EME L TWhH e L& X
HIVD. CpHlfr T2 WD Z & T, ZEE MR- ELUGHHEIT L, BRMEN M E LT,

SRS R LT B OTE ML ROSIE 2N E TICEE S HE STV AR, SMBE
& DORUSIZ & 2 RIS ~DRBFIIE O TWD ., RETIE, ARV e KU Rifk%E
MWD Z 8T, ffEIRT I 0 C-H K OEBENZRERERE A ER Lz, AW 06
BAERNHATHZ LT, KOERYIALREZESTZ C-O FEEDER L, KFEIZK D IEOBEEIC
Ko THEERS ~ & B L 7=,

AAFFETIE, [ AR IR & He, UG E DY ONLRRENZEN TN D720, Fb
HEEOWMVIAZLNBEZ DTN &) X THREICK LT R TERM L TWD 7, =
TEUNL L1525 =B8R & LR TREN SRR LSt Tt 52 &) 284751
T, ZESEERDORISHEIZ DWW TR T E 72, AR TIX, 206 ZDDORNRI DRI
WTHRY, TESERNR T T AL — il E L CEWRT Uy VEAT D EARES .
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BIE BREE

EBE RS RIL, RE K L TEBOSBT L COMBEERR R TH Y (ZAEN
E), FEOBALAINCE TR L 2B T EOE L EEEOE&R THNTE S (E
TRBENEE). ZAUC KD, ZESERITHZEER & IX R R DS E =T, FRICEEAR Y B R
U RESERIZ, TRIEZ2EHS & mOBOGEE Al 2 1= 285K Ch 5. T E TIT, ka2
FENL T2 AT HZEARY E R REEENR GRS TEY, 288010 X 5 EEOIEM
ER7r s TE. FTH Cp*EL T2 AT 5 AU e RU REERIE, &EEDY DR
G & MR EEIC L0, B A~OEEOR Y IAAREER CON vy 7Y T
i 7e EMNRANCHEITT D Z ERHLNICINTND, LR, KWLM GEA
T D AR, SIS EE R T D K, BHIC RICRIS AR Z L, RIEME e USSR
BAERTHZERMBETH 7. TS, RERESEAETHIEE L ORISIZBWT
RN &, TR ZFIA LI SOSBIR OB & 725> Tz,

ARWFFETIL, 7R Z Vo VRENL T2 AT 5 A Y B R RESERO GO
L, mEOWENLFIC KD BB ROZEICER Lz, mEmny 7 a2 = VL
T PSRBT H 2 & T, SRR TTCOIG A I L, BE & BIRICKIST 5 2 &
2L, MmNy 7 a RV VRN 2 AR Y B R NSRS OA T F ik
EHEST L, ZOMECRIGEE A SMNCT 5 2 & T, RIS AR Uiz sp® 1t C-H S S
DOEBAEBRIE OS2 B L.

1R TFam TRy 7 m X Vx= VB, SRR B Y REER, SR8
BT DENLF ORENZ SOV TR L2, ZREEER OIS & LETEIZ OV TR, &
T aRZ VT VRN B SRR IS AA T T DR FEIT OV TR AT,

%2 B ICptEifL A2 AT 25 8 iR, 9 AT A REEKRD G TIX, 1,3,5-tri-tert-
butylcyclopentadiene & 8, 9 FRIEALM ZJFELE LTz, 8, 9 [R& B~ Cp*llir 1 DZNFHEH) 728
MNEIZ DWW T ~*72. RuCl3e3H,0 & 1,3,5-tri-tert-butylcyclopentadiene % =4 / — /L H T is
SR, MEMILEUNEIT) 2 & TleRde BNMEHND Z &L L. Cpldhi+ %
BT D07 =0 L7 REEROEBRLIEITCSNZOW TREFEICHAE L, kxR tx
HT 2578 REERPBERILNIGE LT Vv a— &2 FWE TG X 0 A IZE ]
TX5Z &EFAM LT (Scheme 7-1). Cp*EL 2 H T2 MO/ T = L7 v U KRR 3a
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Scheme 7-1. Redox reactions of the Cp* ruthenium chloride complexes.
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Figure 7-1. Polyhydride clusters synthesized in this study.
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Experimental Section

Experimental Section
General Procedures

All the manipulations were carried out under an argon atmosphere using standard Schlenk techniques.
RuCl3*3H,0, IrCl3*nH,0 and RhClz*nH,O were purchased from Tanaka Kikinzoku Kogyo and used
without further purification. Anhydrous FeCl, was purchased from Aldrich Chemicals and used
without further purification. Dehydrated toluene, benzene, THF, pentane, acetone, methanol, ethanol,
2-propanol, and CH,Cl, were purchased from Kanto Chemicals and stored under an argon atmosphere.
Hexane was washed with KMnOj aq, dried over sodium benzophenone ketyl and distilled at reduced
pressure prior to use. Diethyl ether were dried over LiAlH4 and distilled prior to use. THF, C¢D2,
octane-ds, and thf-ds were dried over Na/K alloy and distilled prior to use. C¢Ds and toluene-ds were
dried over sodium benzophenone ketyl and distilled prior to use. (CD3),CO and CDCIs were dried over
MS-3A and stored under an argon atmosphere. 2,3-dihydrofuran was distilled prior to use.
Cyclopentadiene was freshly distilled prior to use. LiAlH4 was extracted with diethyl ether and the
solvent was removed under reduced pressure. Water was purified using a Millipore Elix-UV3 pure
water apparatus. Ethylene, carbon monoxide, carbon dioxide and oxygen gas were purchased from
commercial sources and used without further purification. Other materials used in this research were
used as purchased.

The 'H, *C, and *'P NMR spectra were recorded using a Varian INOVA-400 and a 400-MR Fourier
transform spectrometers. "H NMR spectra were referenced to tetramethylsilane as an internal standard.
13C NMR spectra were referenced to the natural-abundant carbon signal of the solvent employed. 3'P
NMR spectra were referenced to H;PO4 (85% in water) as an external standard. The IR spectra were
recorded using a Jasco FT/IR-4200 spectrometer. The elemental analyses were performed using a
Perkin-Elmer 240011 series CHN analyzer. The magnetic susceptibilities were measured using a
Sherwood Scientific MSB-Auto instrument at ambient temperature. The ESR measurements were
carried out using a JEOL JES-FA100 ESR spectrometer. The vapor pressure osmometry measurement
was performed using Gonotec OSMOMAT 070. GC spectra were obtained from Shimazu GC-2010
using TC-1 column. UV-vis spectra were recorded on a SHIMADZU UV-2550 spectrophotometer.
Photo-irradiation experiments were performed using Asahi Spectra REX-250 high power mercury
light source attached with a band-pass filter and Asahi Pot-365 LED light source.

[Cp*RuCl(u-Cl)]> (1a),! [Cp RuCl(u-C)]2,?> Cp*Ru(u-H)sRuCp* (2a),°> [Cp*Ru(us-Cl)]s (3a),*

I (a) Oshima, N.; Suzuki, H.; Moro-oka, Y. Chem. Lett. 1984, 1161-1164. (b) Tilley, T. D.; Grubbs, R. H.; Bercaw, J.
E. Organometallics 1984, 3, 274-278.

2 (a) Gauthier, S.; Solari, E.; Dutta, B.; Scopelliti, R.; Severin, K. Chem. Commun. 2007, 1837-1839. (b) Dutta, B.;
Solari, E.; Gauthier, S.; Scopelliti, R.; Severin, K. Organometallics 2007, 26, 4791-4799.

3 (a) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Organometallics 1988, 7, 2243-2245. (b) Suzuki,
H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Fukushima, M.; Tanaka, M.; Moro-oka, Y. Organometallics 1994, 13, 1129—
1146.

4 Chaudret, B.; Jalon, F. A. J. Chem. Soc., Chem. Commun. 1988, 711-713.

297



Experimental Section

[Cp*IrCl(u-Cl)] (11a), ° [Cp*RhCl(u-Cl)]» (12a),> [(p-cymene)RuCl(u-Cl)l» (21a), ® and
[(benzene)RuCl(u-Cl)]» (21b) were prepared according to the literatures. Cp'Ru(u-H)sRuCp™ (2b)

was prepared in a similar manner to 2a using CsMe4EtH instead of CsMesH.

X-ray Diffraction Studies.

Single crystals suitable for the X-ray analyses were obtained from the conditions listed in Table S-1.
The crystals were mounted on nylon Cryoloops with Paraton-N (Hampton Research Corp.).
Diffraction experiments were performed on a Rigaku R-AXIS RAPID imaging plate diffractometer
with graphite-monochromated Mo K« radiation (1= 0.71069 A). In all samples, cell refinement and
data reduction were performed using the PROCESS AUTO program.® Intensity data were corrected
for Lorentz-polarization effects and for empirical absorption or numerical absorption. The structures
were solved by using SHELXT-2014/5 program package.’ The structures were refined anisotropically
for non-hydrogen atoms by full-matrix least-squares calculation on F? with all measured reflections
using SHELXL-2014/7, 2016/4, or 2016/6 program packages.? Details of crystal data and results of

the analyses are listed in Table S-1.

Electrochemical Studies.

Cyclic voltammograms were recorded using BASi CV-50W Voltammetric Analyzer. The working
electrode was platinum, and the counter electrode was a platinum wire. The reference electrode was a
silver wire housed in a glass tube sealed with a porous Vycor tip and filled with a 0.1 M solution of
AgNOs in acetonitrile. The concentration of each sample was prepared about 1.0 mM. The
concentration of supporting electrolyte (Tetrabutylammonium hexafluorophosphate) was prepared
about 0.1 M. 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¢s) (Wako) was recrystallized

from THF, dried under reduced pressure, and stored under an argon atmosphere.

Chapter 2
Preparation of 1,3,5-tri-ter-butylcylopentadiene'’

Sodium hydride (85.18 g, 60 % dispersion in oil, 2.1 mol) was charged in a three-necked round
bottom flask, and washed with pentane. Then, dibenzo-18-crown-6 ether (6.56 g, 18.2 mmol), 2-

5 White, C.; Yates, A.; Maitlis, P. M. Inorg. Synth. 1992, 29, 228-234.

¢ Bennett, M. A.; Huang, T.-N.; Matheson, T. W.; Smith, A. K. Inorg. Synth. 1982, 21, 74-78.

7 Bennett, M. A.; Smith, A. K. J. Chem. Soc. Dalton Trans. 1974, 233-241.

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

® (a) Sheldrick, G. M. Acta Cryst. 2015, C71, 3-8. (b) Sheldrick, G. M. Acta Cryst. 2008, 464, 112-122.

10 Dehmlow, E. V.; Bollmann, C. Z. Naturforsch. B; 1993, 48, 457-460.

Additional procedure of quenching with methanol and water were required to obtain the product in efficient yield.
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methyl-2-bromopropane (197 mL, 1.75 mol), and THF (91 ml) were added. Afterwards,
cyclopentadiene (14.0 mL, 166 mmol) in THF (40 mL) was added dropwise to the reaction mixture.
Hydrogen gas evolved at the first and eventually stopped. After the evolution of hydrogen became
gentle, the mixture was heated at 60 °C for 39 h.!! The generation of hydrogen stopped within few
hours and the crude product was analyzed by GC-MS.!? Hexane (300 mL) as added to the solution,
and methanol/water (c.a. 1/1 volume ratio) was added until all of the solids dissolved. The water layer
was extracted with hexane (c.a. 300 mL x 2) until tri-zerz-butylcylopentadiene was not detected from
the aqueous layer by GC-MS. The organic layers were combined and dried with MgSO4 and filtered.
The resulting orange solution was evaporated and distilled (3 Torr, 80 °C) to afforded 1,3,5-tri-tert-
butylcyclopentadiene (36 g, 150 mmol, 93%) as yellow oil. 1,3,5-tri-tert-butylcyclopentadiene: 'H
NMR (400 MHz, CDCl3, 25°C, &/ppm): 0 6.28 (dd, Juu = 1.8, 1.0 Hz, 1H, CpH), 5.82 (t like dd, Juu
= 1.8Hz, 1H, CpH), 2.92 (t like dd, Juu = 1.8, 1.0 Hz, 1H, CpH), 1.25 (s, 9H, ‘Bu), 1.13 (s, 9H, ‘Bu),
1.05 (s, 9H, ‘Bu).

Preparation of [Cp*RuCl(p-Cl)]; (1¢)

A 100-mL round bottom flask was charged with RuCl3*3H,O (2.03 g, 7.76 mmol), ethanol (30 mL),
water (3 mL), and 1,3,5-tri-tert-butylcyclopentadiene (5.42 g, 23.12 mmol). The solution was refluxed
under argon atmosphere for 18.5 h. The color of the solution turned from brown to red-purple. Diethyl
ether (100 mL) and hexane (100 mL) were added to dissolve all of the solids, and the solution was
transferred to a 200 mL Erlenmeyer flask. The resulting solution was cooled overnight at —30 °C under
air. The color of the solution turned from purple to brown. Filtration of the solution afforded 1¢ as dark
brown crystals (985.5 mg, 1.22 mmol, 31% yield). 1¢: 'H NMR (400 MHz, 25 °C, CDCls, &/ppm):
8 1.67 (brs, wip= 178 Hz, 36 H, Cp’Bu), —4.62 (brs, wi» =43 Hz, 18 H, Cp'Bu); other peaks were not
1t

observed because of the influence of paramagnetic Ru
Anal. Calcd for C34HssClsRus: C, 50.37; H, 7.21. Found: C, 50.31; H, 6.89.

ion. Effective magnetic moment: 1.77 pg.

Preparation of [Cp*RuCl]2(u-O) (4¢) from 1c.

1c (38.9 mg, 48.0 umol) and dichloromethane (2 mL) were charged in a 50-mL Schlenk tube. The
solution was degassed by freeze-pump-thaw cycles. The reaction mixture was warmed to ambient
temperature and backfilled with 1 atm of O,. The color of the reaction mixture turned from brown to
red within a minute. The solution was stirred for 10 minutes and the solvent was removed under
reduced pressure to give 4¢ as a red solid (41.7 mg, 50.5 umol). Quantitative conversion of 4¢ from

1¢ was corroborated by 'H NMR spectroscopy.

1" Generation of the hydrogen gas, as well as the reflux of THF occurs violently. The reaction vessel and the reflux
condenser must be large enough for the safety.

12 Longer reaction time were applied when the mono- or di-tert-butylcyclopentadienes were observed by the GC-MS
analysis.
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Preparation of [Cp*RuClL]>(n-0) (4¢).

A 100-mL round bottom flask was charged with RuCl3*3H,O (2.00 g, 7.65 mmol), ethanol (30 mL),
water (3 mL) and 1,3,5-tri-tert-butylcyclopentadiene (5.34 g, 22.78 mmol). The solution was refluxed
under argon atmosphere for 17 h. The color of the solution turned from brown to red-purple. Hexane
(20 mL) was added to dissolve all of the solids and the resulting solution was transferred to a 200 mL
Erlenmeyer flask. Hexane (150 mL) was added and the solution was bubbled with O,. The color of
the solution turned from purple to red. The solution was cooled at —30 °C for 1 week to precipitate
dark green crystals. Filtration through a glass frit afforded 4¢ (1.51 g, 1.83 mmol, 48% yield). 4c: '"H
NMR (400 MHz, 25 °C, CDCls, 8/ppm): & 5.94 (s, 4H, CpH), 8 1.43 (s, 18H, Cp'Bu), 1.40 (s, 36 H,
Cp'Bu). *C NMR (100 MHz, 25 °C, CDCls, 8/ppm): § 126.5 (m, Cp'Bu), & 124.0 (m, Cp'Bu), § 99.7
(dd, YJen = 176.5, 2Jcu = 6.6 Hz, CpH), 34.8 (m, CCH3), 32.4 (m, CCH3), 32.2 (m, CCH3), 31.3 (m,
CCH3). Anal. Calcd for C34HssCl4ORu,: C, 49.39; H, 7.07. Found: C, 49.62; H, 7.39;

Reduction of 4c with primary alcohol. Conversion of 4c into 1c with ethanol.

4c¢ (14.7 mg, 17.8 pmol) was charged in an NMR sample tube equipped with a J. Young valve and
dissolved in dichloromethane (0.4 mL). Ethanol (0.2 mL) was added and stayed at ambient
temperature for 1 h. The reaction mixture turned to brown solution. The solvent was removed under
reduced pressure to afford 1c¢ (14.4 mg, 17.8 pumol, quant.) as a brown solid. Formation of a trace

amount (<1 %) of 5S¢ was confirmed by "H NMR measurement.

Reduction of 4¢ with secondary alcohol. Conversion of 4c into 1¢ with 2-propanol.

4c¢ (3.8 mg, 4.6 pumol) was charged in an NMR sample tube equipped with a J. Young valve and
dissolved in dichloromethane (0.4 mL). 2-Propanol (0.2 mL) was added and stayed at ambient
temperature for 1 h. The reaction mixture turned to brown solution. The solvent was removed under

reduced pressure to afford 1¢ (3.7 mg, 4.6 umol, quant.) as a brown solid.

Reduction of 4c with secondary alcohol. Conversion of 4c¢ into 1¢ with 2-propanol in a longer
period of time.

4c¢ (33.7 mg, 40.8 umol) was charged in a 50-mL Schlenk tube equipped with a J. Young valve and
dissolved in dichloromethane (1 mL). 2-Propanol (2 mL) was added and stirred at ambient temperature
for 17 h. The color of the reaction mixture turned to greenish brown. The solvent was removed under
reduced pressure to afford a greenish brown solid (35.6 mg). Crude product was a mixture of 1c¢ and
5¢ (1¢/5¢ = 76/24, confirmed by 'H NMR measurement). Washing the residue with pentane followed
by the removal of the solvent under reduced pressure afforded 1e¢ (21.1 mg, 26.0 umol, 64%) as a

brown solid.
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Reduction of 1¢ with Zn powder. Preparation of [Cp*Ru(pu-Cl)]2 (6).

Zinc powder (115.3 mg, 1.76 mmol) was added to the solution of 1¢ (146.6 mg, 181 pmol) in THF
(5 mL). The reaction mixture was vigorously stirred at ambient temperature for 66 h. The color of the
solution turned from brown to purple. The solvent was removed under reduced pressure, and the
product was extracted from the residual solid with pentane. The combined extracts were filtered
through a glass frit packed with Celite®. The solvent was removed from the filtrate under reduced
pressure to afford a purple solid, which was dissolved in boiling ethanol. Crystallization from cooled
(=30 °C) ethanol gave 6 (112.2 mg, 152 pmol, 84%) as purple crystals. 6: '"H NMR (400 MHz, 25 °C,
thf-ds, 8/ppm) & 3.93 (s, 4H, CpH), 1.43 (s, 36H, 'Bu), 1.28 (s, 18H, ‘Bu). *C NMR (100 MHz, 25 °C,
thf-dg, 8/ppm) & 87.9 (m, Cp'Bu), 85.8 (m, Cp'Bu), 59.8 (dd, Jcu = 172.0 Hz, 6.3 Hz, CpH), 33.1 (m,
CCH3), 32.4 (m, CCH3), 30.5 (m, CCH3), 30.3 (m, CCH3). Anal. Calcd for C3sHsgCloRuz: C, 55.19;
H, 7.90. Found: C, 54.99; H, 8.03."

Reduction of 4¢ with Zn powder. Preparation of [Cp*Ru(u-Cl)]: (6).

Zinc powder (178.2 mg, 2.73 mmol) was added to a 100-mL Schlenk tube charged with 4¢ (208.9
mg, 252 pmol) and THF (5 mL). The reaction mixture was vigorously stirred at ambient temperature
for 72 h. The color of the solution turned from red to purple. Filtration of the reaction mixture through
a short column packed with Celite® and the removal of the solvent under reduced pressure afforded 6

(175.7 mg, 238 umol, 94%) as a purple solid.

Reaction of 4¢ with 2-propanol. Preparation of [Cp*Ru(u-Cl)]: (6).

4c¢ (1.33 g, 1.61 mmol) and 2-propanol (15 mL) were charged in a 25-mL Schlenk tube equipped
with a J. Young valve. The reaction mixture was vigorously stirred at 100 °C for 65.5 h. The crystals
gradually dissolved along with the heating, and the color of the solution turned from pale red to brown,
green, and then to purple. The solvent was removed under reduced pressure afforded 6 (1.18 g, 1.59

mmol, 99%) as a purple crystalline solid.

Reduction of 4¢ with primary alcohol at 100 °C.

4c¢ (112.0 mg, 135.5 pmol) and ethanol (5 mL) were charged in a 25-mL Schlenk tube equipped with
a J. Young valve. The reaction mixture was vigorously stirred at 100 °C for 17.5 h. The crystals were
gradually dissolved along with the heating, and the color of the solution turned from pale red to brown,
green, and then to purple. Removal of the solvent under reduced pressure afforded a purple solid (104.6

mg), which contained 37% of 6 and 63% of (Cp*Ru),Cly(CO) (8). Cp*RuCl(CO), (9¢) formed

13 (CD3)2CO0 can also be used for the 'H NMR measurement. 'H NMR (400MHz, (CD3)2CO, rt, /ppm): 4.01 (s, 4H,
CpH), 1.45 (s, 36H, 'Bu), 1.30 (s, 18H, 'Bu).
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quantitatively by exposing CO gas to the mixture of 6 and 8.
8: '"H NMR (400 MHz, 25 °C, (CD3).CO, &/ppm): & 4.73 (s, 4H, CpH), 1.42 (s, 36H, 'Bu), 1.15 (s,
18H, ‘Bu).

Synthesis of Cp*RuCl(CO); (9¢).

1c¢ (108.2 mg, 133.4 umol) and methanol (5 mL) were charged in a 50-mL Schlenk tube. The mixture
was degassed at —78°C, backfilled with CO (1 atm, r.t.), and stirred at ambient temperature for 50 min.
The solution turned from brown to red suspension. The solvent was removed under reduced pressure
and the solid was dissolved in THF (2 mL) and methanol (3 mL). The mixture was degassed at —78°C,
backfilled with CO (1 atm, r.t.), and stirred at ambient temperature for 17 h. The solution was collected
and crystalized from the hexane solution to afford Cp*RuC1(CO), (9¢) (22.7 mg, 53.3 umol, 20%) as
yellow crystals. 9¢: 'TH NMR (400 MHz, 25 °C, CDCls, 8/ppm) & 5.35 (s, 4H, CpH), 1.40 (s, 18H, ‘Bu),
1.28 (s, 36H, ‘Bu); *C NMR (100 MHz, 25 °C, CDCls, 8/ppm) & 198.3 (s, u-CO), 114.0 (m, Cp'Bu),
111.7 (m, CpBu), 91.9 (dd, Jcu = 173.3, 6.6Hz, CpH), 33.8 (m, CMe3), 33.1 (m, CMes), 31.8 (m,
CMes), 31.1 (m, CMe3); IR ACO) (CHClp, em™): 2039, 1987.

Reaction of 6 with oxygen. Preparation of (Cp*RuCl),(u-O) (10).

The solution of 6 (134.1 mg, 181.3 pumol) in pentane (10 mL) was degassed by freeze-pump-thaw
cycles. Oxygen (1 atm) was introduced into the reactor and the solution was stirred at —78 °C. The
color of the solution immediately turned from purple to red and then to reddish purple. After stirring
at—78 °C for 5 min, the solvent was removed under reduced pressure. The residual solid was extracted
with two portions of pentane (10 mL) and removal of the solvent from the combined extract afforded
10 as a dark reddish purple solid (135.5 mg, 179 pmol, 99%). 10: 'H NMR (400 MHz, 25 °C,
(CD3),CO, &/ppm) & 4.51 (s, 4H, CpH), 1.34 (s, 36H, ‘Bu), 1.26 (s, 18H, ‘Bu). *C NMR (100 MHz,
25 °C, (CD3),CO, 8/ppm) & 110.7 (m, Cp'Bu), 106.9 (m, Cp'Bu), 85.2 (dd, Jeu = 175.2, 6.5 Hz, CpH),
33.0 (m, CCH3), 32.6 (m, CCH3), 31.0 (m, CCH3), 30.9 (m, CCH3). Anal. Calcd for C34HsgCloORu:
C, 54.03; H, 7.73. Found: C, 53.96; H, 7.82.

Reaction of 10 with 2-propanol. Preparation of 6.
An NMR sample tube equipped with a J. Young valve was charged with 10 (2.9 mg, 3.8 pmol) and
2-propanol (0.4 mL). The reaction mixture was heated at 100 °C for 30 min and the solvent was

carefully removed under reduced pressure to give 6 (2.8 mg, 3.8 umol, quant.) as a purple crystalline
solid.

Reaction of 1¢ with 6. Preparation of Cp*Ru(u-Cl);RuCp* (5¢).
A 50-mL Schlenk tube was charged with 6 (175.5 mg, 237 umol) and 1c¢ (215.3 mg, 266 pumol) and
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dissolved in dichloromethane (10 mL). The resulting mixture was stirred at ambient temperature for 5
min. The color of the mixture soon turned from brown to green. The solvent was removed under
reduced pressure. Extraction from the residue with pentane and removal of the solvent from the extract
under reduced pressure afforded Sc as a green crystalline solid (368.0 mg, 475 umol, quant.). 5¢: 'H
NMR (400 MHz, 25 °C, CDCls, &/ppm) & 3.32 (brs, wi = 9.3 Hz, 36H, Cp'Bu), 1.66 (brs, win = 7.1
Hz, 18H, Cp'Bu). Other peaks were not observed due to paramagnetic nature of the Ru(III) ion. ESR
(25 °C, pentane) g = 2.06057. Anal. Calcd for C3sHssCl3Ruz: C, 52.67; H, 7.54. Found: C, 52.98; H,
7.90.

Reaction of 6 with CDCls. Alternative synthesis of Sc.

6 (88.8 mg, 120 umol) was charged in an NMR sample tube equipped with a J. Young valve. CDCl;3
(0.45 mL, acetone 1 pL was added as internal standard) was introduced into the tube by vacuum-
transfer. The reaction was monitored by '"H NMR measurement, 6 completely converted after 7.5 h

and afforded 5c¢ in 67% yield. 30% of unidentified diamagnetic product was observed.

Reaction of 6 with hydrochloric acid under O;. Preparation of 1c.

A 50-mL Schlenk tube was charged with 6 (56.9 mg, 76.9 umol), diethyl ether (4 mL), ethanol (2
mL), and concentrated hydrochloric acid (0.5 mL, 12 M). The reaction mixture was bubbled with O,
for 1 min. The color of the mixture turned from purple to green, brown, and then to red. Removal of

the solvent under reduced pressure gave 1¢ (62.1 mg, 76.6 umol, quant.) as a dark brown crystalline
solid.

Preparation of Cp*(CsH,'Bu;Me)Ru (7d).
A 100-mL round bottom flask was charged with RuCls;-3H,0 (2.03 g, 7.76
mmol), ethanol (30 mL, 95% ethanol, 5% water) and 1,3,5-tri-tert-

H NMR
13C NMR

butylcylopentadiene (5.42 g, 23.12 mmol). The solution was refluxed for
33 h. The color of the solution turned from brown to red-purple. Hexane
(20 mL) was added to dissolve all of the solids and the resulting solution

was transferred to a 200-mL Erlenmeyer flask. Hexane (150 mL) was

added and the solution was bubbled with O,. The color of the solution

turned from purple to red. The solution was cooled at —30 °C for 1 week to precipitate dark green
crystals. Filtration through a glass frit afforded 4¢ (1.51 g, 1.83 mmol, 48% yield). The filtrate was
collected and left open for 1 month. The solution evaporated slowly to afford large yellow block of
crystals. The crystals were collected and wash with small amount of hexane and acetone to afford 7d
(0.80g , 1.52 mmol, 20%) as yellow crystals. 7d: 'H NMR (400 MHz, 25 °C, CsDs, 8/ppm): & 4.55 (d,
1H, *Jun = 2.0 Hz, CpH), 4.54 (d, 1H, *Juu = 2.0 Hz, CpH), 4.38 (d, 1H, *Jun = 1.6 Hz, CpH), 4.35 (d,
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1H, “Juy = 1.6 Hz, CpH), 2.09 (s, 3H, CpMe), 1.45 (s, 9H, Cp'Bu), 1.41 (s, 9H, Cp'Bu), 1.35 (s, 9H,
Cp'Bu), 1.28 (s, 9H, Cp'Bu), 1.27 (s, 9H, Cp'Bu); '*C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm): & 102.7
(m, Cp'Bu), 102.6 (m, Cp'Bu), 102.2 (m, Cp'Bu), 101.0 (m, Cp'Bu), 100.5 (m, Cp'Bu), 84.1 (dq, %Jcu
=5.5, 6.8 Hz, CpMe), 73.4 (dq, 'Jen = 167.9 Hz,*Jeu = 6.7, 4.3 Hz, CpH), 71.0 (dd, 'Jeu = 167.5 Hz,
3Jcn = 6.5 Hz, CpH), 70.7 (dd, "Jen = 167.7 Hz, *Jcn = 6.7 Hz, CpH), 68.5 (dd, 'Jcu = 166.8 Hz, *Jen
= 6.5 Hz, CpH), 34.7 (m, CpCCH3), 33.7 (m, CpCCH3), 33.1 (m, CpCCH3), 32.8 (m, CpCCH3), 32.7
(m, CpCCHz), 32.4 (m, CpCCH3), 31.7 (m, CpCCH3), 31.7 (m, CpCCH3), 30.8 (m, CpCCH3), 30.6
(m, CpCCH3), 17.9 (dq, "Jeu = 124.9, *Jcn = 1.5 Hz, CpCCH3); HMQC (25°C, C¢Ds, 8/ppm): 8¢ 73.4-
Su 4.35, 8¢ 71.0-8n 4.54, 8¢ 70.7-8n 4.55, 8¢ 68.5-0n 4.38, 8¢ 34.7-0u 1.45, 8¢ 33.7-8u 1.41, ¢ 32.8-
Su 1.28, 8¢ 32.7-8 1.27, 8¢ 32.4-8y 1.35, 8¢ 17.9-81 2.09; HMBC (25°C, CeDe, 8/ppm): 8¢ 102.7-8y
4.38, 4.35, 2.09, 1.35, 8¢ 102.6-5y 4.38, 4.35, 1.28, 8¢ 102.2-8y 4.55, 4.54, 1.27 8¢ 101.0-8y 4.55,
4.54,1.41, 8¢ 100.5-81 4.55, 4.54, 1.45, 5¢ 84.1-8y 4.38, 4.35, 2.09, S¢ 73.4-5 4.38, 2.09, 8¢ 71.0-8y
4.55, 8¢ 70.7-8u 4.54, 8¢ 68.5-0n 4.35, 8¢ 34.7-8u 1.45, 8¢ 33.7-8n 1.41, 8¢ 33.1-8n 4.55, 4.54,
1.41, 8¢ 32.8-8y 1.28, 8¢ 32.7-8n 1.27, 8¢ 32.4-8y 1.35, 8¢ 31.7-8n 4.55, 4.54, 4.38, 4.35, 1.45,
1.35, 8¢ 30.8-8y 4.38, 4.35, 1.28, 8¢ 30.6-8y 4.55, 4.54, 1.27, 8¢ 17.9-8n 4.35; Anal. Calcd for
Cs1Hs;Ru: C, 70.81; H, 9.97. Found: C, 71.13; H, 10.36.

Preparation of Cp*Ru (7¢).

6 (192.3 mg, 260 umol), 1,3,5-tri-tert-butylcylopentadiene (129.8 mg, 553 pmol), and methanol (2
mL) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was
vigorously stirred at 110 °C for 122 h. White precipitate formed during the reaction. The white
precipitate was collected and washed with methanol. Purification by alumina column chromatography
(eluent: hexane) afforded 7¢ (135.4 mg, 238 pmol, 46%) as a white solid. White crystals can be
obtained by slow evaporation of the hexane solution.7¢: '"H NMR (400 MHz, 25 °C, CDCls, 8/ppm):
5 4.32 (s, 4H, CpH), 1.34 (s, 36H, Cp'Bu), 1.16 (s, 18H, Cp'Bu); *C{'H} NMR (100 MHz, 25 °C,
CDCls, &/ppm): §101.6 (br, wina = 15 Hz, Cp(CMe;3),), 101.5 (CpCMes), 70.1 (CpH), 34.4
(Cp(CMes)2), 32.6 (CpCMes), 32.3 (Cp(CMes)y), 30.9(CpCMes); *C NMR (100 MHz, 25 °C, CDCls,
8/ppm): 8 101.6 (br, Cp(CMe3),), 101.5 (m, CpCMes), 70.1 (dd, 'Jen = 166.9 Hz, Jcn = 6.4 Hz, CpH),
34.4 (m, Cp(CMes3)y), 32.6 (m, CpCMes3), 32.3 (m, Cp(CMe3)2), 30.9 (m, CpCMes3). HMQC (25°C,
CDCls, 6/ppm): d¢ 70.1 -0n 4.32, d¢ 34.4-6n 1.34, 6¢ 32.6-04 1.16. HMBC (25°C, CDCl3, 8/ppm): 6¢
101.6, 101.5-8y 4.32, 1.34, 1.16, 8¢ 32.3-8y 1.34, 8¢ 30.9-8i 1.16. "H NMR (400 MHz, 25 °C, C¢Ds,
8/ppm): & 4.50 (s, 4H, CpH), 1.48 (s, 36H, Cp'Bu), 1.28 (s, 18H, Cp'Bu); *C{'H} NMR (100 MHz,
25 °C, CgDs, 6/ppm): 6 102.0 (br, wi, = 16 Hz, Cp(CMes),), 101.9 (CpCMes), 70.5 (CpH), 34.5
(Cp(CMes)2), 32.7 (CpCMes), 32.4 (Cp(CMes)2), 31.0 (CpCMes); *C NMR (100 MHz, 25 °C, C¢Ds,
8/ppm): & 102.0 (br, Cp(CMes),), 101.9 (m, CpCMes3), 70.5 (dd, 'Jen = 166.3 Hz, 2Jcn = 6.3 Hz, CpH),
34.5 (m, Cp(CMes3),), 32.7 (m, CpCMes3), 32.4 (m, Cp(CMes)2), 31.0 (m, CpCMes); HMQC (25°C,

304



Experimental Section

CsDs, 0/ppm): ¢ 70.5 -0u 4.50, d¢ 34.5-8x 1.48, 8¢ 32.7-6u 1.28; HMBC (25°C, C¢Ds, &/ppm): d¢
102.0, 101.9-614.50, 1.48, 1.28, 8¢ 32.4-6n 1.48, 8¢ 31.0-6x 1.28; Anal. Caled for Cs4HsgRu: C, 71.91;
H, 10.29. Found: C, 71.90; H, 10.45.

Reaction of 7¢ with hydrochloric acid.

7c¢ (15.2 mg, 26.8umol) and hydrochloric acid/ethanol solution (conc. hydrochloric acid 12 M/
ethanol = 1/10 volume ratio, 0.45 mL) were charged in an NMR sample tube equipped with a J. Young
valve. The mixture was heated at 90 °C for 29.5 h. The solvent was removed under reduced pressure
and analyzed with '"H NMR measurement. Complex 7¢ remained unchanged and signals other than 7¢

were not observed.

Reaction of 1,3,5-tri-fer-butylcyclopentadiene with hydrochloric acid.
1,3,5-tri-tert-butylcyclopentadiene (11.2 mg, 47.7umol) and hydrochloric acid/ethanol solution
(conc. hydrochloric acid 12 M/ethanol = 1/10 volume ratio, 0.45 mL) were charged in an NMR sample
tube equipped with a J. Young valve. The mixture was heated at 90 °C for 20 h and analyzed with GC-
MS. Unidentified compound, which is thought to be an ethanol adduct of 1,3,5-tri-tert-
butylcyclopentadine, was confirmed. Signals of di-fert-butyl-methylcyclopentadiene were not

observed.

Preparation of Cp*IrCl; (13).

(Caution: The reaction vessel will possess high pressure during the reaction due to the side products,
such as 2-methylpropene, hydrogen chloride, and hydrogen.) IrCl;snH,O (1.00 g, 2.74 mmol,
Ir:52.650 wt%) and 1,3,5-tri-fert-butylcyclopentadiene (1.92 g, 8.20 mmol, 3 eq.) were charged in a
100-mL Schlenk tube equipped with a J. Young valve and dissolved in 2-methyl-2-propanol (20 mL).
The reaction mixture was heated at 120 °C for 1 day. The color of the solution turned from yellow
brown to brown. The mixture was stayed at ambient temperature for 1 day to precipitate brown crystals.
The crystals were collected by filtration and wash with methanol, diethyl ether, and hexane to afford
13 (0.9765 g, 1.97 mmol, 72%) as brown crystals. 13: 'H NMR (400 MHz, 25 °C, CDCls, §/ppm) &
5.86 (s, 2 H, IrCpH), 1.57 (s, 18 H, IrCp'Bu), 1.38 (s, 9 H, IrCp'Bu); 1*C {'H} NMR (100 MHz, 25 °C,
CDCls, 8/ppm) & 104.4 (IrCp'Bu), 103.1 (IrCp'Bu), 75.3 (IrCpH), 33.2 (IrCpCMe3), 31.7 (IrCpCMes),
30.3 (IrCpCMe3), 28.8 (IrCpCMes); HSQC (25 °C, CDCls, 8/ppm) d¢ 75.3- du 5.86, 8¢ 31.7- 0n 1.57,
d¢ 28.8- dn 1.38; Cigar2j3j (25 °C, CDCls, &/ppm) &¢ 104.4- 6y 5.86, 1.38, d¢ 103.1- 8y 5.86, 1.57,
d¢ 33.2- 8u 1.57, 8¢ 31.7- 01 1.57, 8¢ 30.3- 0n 1.38, d¢ 28.8 - u 1.38; Anal. Calcd for C17H29CloIr: C,
41.12; H, 5.89. Found: C, 41.37; H, 5.94.

Vapor pressure osmometry measurement of 13.
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The vapor pressure osmometry (VPO) measurement was carried out using dichloromethane solution
of 13. The four samples with different concentrations of 13 were prepared. Each sample was subjected
to VPO measurement at 30 °C and voltage difference (AR) between the solution and the reference
were obtained. The AR/concentration values were plotted against the concentration and extrapolated
to the infinite dilution. The molecular weight was calculated by dividing the cell constant with the

intercept of the AR/concentration value.

Solvent: dichloromethane.

Cell Set Temp: 30 °C.

Cell Constant: 73.78x10° [digit/(mol/kg)]
Molecular weight: 524 g/mol

Table 8-2-1. Result of VPO measurement of 13.

Concentration Average AR /Concentration

13/CH,Cl [g/kg] AR [digit]  [digit/(g/kg)]

Solution No.

1 1.71 235 e
2 3.74 486.5 100502
3 6.04 779 128.9735
4 7.75 943 -7
150
140 e
140 e @,
A =
E‘- 130 . ................... .
e
. L R — :
=l
g 110
g y =-2.3356x+140.77
5 100 T
<
Oé 90
80
| | | ; . 10

Concentration [g/Kg]

Figure 8-2-1. Plot of VPO measurement of 13.

306



Experimental Section

Preparation of [Cp*RhCl(u-Cl)]2 (12¢).

(Caution: The reaction vessel will possess high pressure during the reaction due to the side products,
such as 2-methylpropene, hydrogen chloride, and hydrogen.) RhClzenH,O (1.00 g, 3.90 mmol, Rh:
10.110%) and 1,3,5-tri-tert-butylcyclopentadiene (2.74 g, 11.69 mmol, 3 eq.) were charged in a 100-
mL Schlenk tube equipped with a J. Young valve and dissolved in 2-methyl-2-propanol (20 mL). The
reaction mixture was stayed at 120 °C for 1 day. The color of the solution remained red orange
throughout the reaction. The solvent was removed under reduced pressure and the solid was washed
with diethyl ether and hexane to remove excess 1,3,5-tri-tert-butylcyclopentadiene. Dichloromethane
(10 mL) and concentrated hydrochloric acid (5 mL, 12M) were added and mixed at 80 °C for 30 min.
The color of the solution changed to light orange. The solvent was removed under pressure, dissolved
in dichloromethane, and purified by column chromatography (silica gel, eluent: ethyl acetate). The
orange band afforded 12¢ (936.5 mg, 1.15 mmol, 59 %) as an orange solid. 12¢: 'H NMR (400 MHz,
25 °C, CDCls, 8/ppm) & 5.50 (s, 4H, RhCpH), 1.56 (s, 36H, RhCp'Bu), 1.35 (s, 18H, RhCp'Bu); *C
{'H} NMR (100 MHz, 25 °C, CDCl3, 8/ppm) & 109.3 (d, Jrac = 8.1 Hz, Cp'Bu), 108.7 (d, Jrac = 9.8
Hz, Cp'Bu), 82.0 (d, Jrnc = 8.2 Hz, CpH), 33.5 (CpCMe3), 31.9 (CpCMes), 30.7 (CpCMes), 29.6
(CpCMes); HSQC (25 °C, CDCls, &/ppm) d¢ 82.0 - du 5.50, ¢ 31.9 - du 1.56, ¢ 29.6 - du 1.35;
Cigar2j3j (25 °C, CDCls, &/ppm) ¢ 109.3 - 8y 5.50, 1.56, d¢ 108.7 - 0u 5.50, 1.35, &¢ 33.5 - 01 5.50,
1.56, 8¢ 31.9 - 81 1.56, &¢ 30.7 - 8u 1.35, 8¢ 29.6 - du 1.35; Anal. Caled for C34HssClsRhy: C, 50.14;
H, 7.18. Found: C, 50.45; H, 6.94.

Chapter 3
Reaction of 1¢ with LiAlHs. Preparation of Cp*Ru(pu-H)4sRuCp* (2¢).

A slurry of 1¢ (26.6 mg, 32.8 umol) in diethyl ether (3 mL) was cooled to —78 °C and treated with
an excess amount of LiAlH4 (c.a. 68 mg, 1.8 mmol). The reaction mixture was slowly warmed to
ambient temperature and was stirred for 19 h. The slurry turned from brown solution to yellow solution.
The solution was cooled to —78 °C, and ethanol (3 mL) was added dropwise. The solution was slowly
warmed to ambient temperature, the solvent was removed under reduced pressure, and the residue was
extracted with toluene. The extracts were filtered through Celite® and alumina packed in a glass frit,
and the solvent was removed under reduced pressure. The dark orange residue was placed on a column
packed with neutral alumina and eluted with hexane. Removal of the solvent under reduced pressure
afforded 2¢ (9.0 mg, 13.4 pmol, 41%) as an orange solid. 2¢: "H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm):
54.81 (s, 4 H, CpH), 1.48 (s, 36 H, Cp ‘Bu), 1.32 (s, 18 H, Cp '‘Bu), —13.43 (s, 4 H, Ru-H-Ru). °C
NMR (100 MHz, 25 °C, C¢Ds, 8/ppm): § 105.2 (m, Cp'Bu), 104.0 (m, Cp'Bu), 74.0 (dd, Jen = 171
Hz, 2Jcu = 6.5 Hz, CpH), 34.4 (m, CCH3), 31.7 (m, CCH3), 31.3 (m, CCH3), 29.5 (m, CCH3). Anal.
Calcd for Cs4Hg2Ruz: C, 60.68; H, 9.29. Found: C, 60.68; H, 9.45.
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Reaction of 1¢ with LiEt;BH. An alternative synthetic method for 2c.

To a solution of 1c¢ (87.5 mg, 107.9 pmol) in THF (10 mL), a solution of LiEt:BH (1.0 M in THF, 4
mL) was added dropwise at —78 °C. The reaction mixture was slowly warmed to ambient temperature
and stirred for 19 h. The color of the solution turned from brown to orange. The solution was cooled
to —78 °C and ethanol (3 mL) was added dropwise. The solution was warmed to ambient temperature
and kept for 1 h. The solvent was removed under reduced pressure and The residue was extracted with
hexane. The extracts were filtered through a glass frit packed with Celite® and alumina. The solution
was removed under reduced pressure and the dark orange residue was purified by alumina column
chromatography (eluent: hexane). Removal of the solvent under reduce pressure afforded 2¢ (51.1 mg,

75.9 umol, 70%) as a reddish orange solid.

Reaction of 4c with LiEt;BH. High yield synthesis of 2c.

To a solution of 4¢ (142.5 mg, 107.9 umol) in THF (10 mL) was added a solution of LiEt;BH (1.0M
in THF, 6.9 mL, 40 eq.) dropwise at —78.0 °C. The mixture was slowly warmed to ambient temperature
and was stirred for 1.5 h. The reaction mixture was cooled to —78 °C and ethanol (1 mL) was added
dropwise. The solution was warmed to ambient temperature, and the solvent was removed under
reduced pressure. Crude products were extracted with 3 portions of 10 mL of hexane, and the
combined extracts were filtered through a glass frit packed with Celite® and alumina. Purification by
column chromatography on neutral alumina with hexane afforded 2¢ (104 mg, 90%) as reddish orange

solid.

Reaction of [Cp”RuCl(u-Cl)]; with LiEt;BH. Synthesis of Cp"Ru(u-H);RuCp” (2e).

To a solution of [Cp”RuCI(u-Cl)]> (120.9 mg, 134.5 pmol) in THF (10 mL), a solution of LiEt;BH
(1.0 M in THF, 1.34 mL, 10 eq.) was added dropwise at —78 °C. The reaction mixture was slowly
warmed to ambient temperature and stirred for 16 h. The color of the solution turned from brown to
orange. The solution was cooled to —78 °C and ethanol (1 mL) was added dropwise. The solution was
warmed to ambient temperature and kept for 1 h. The solvent was removed under reduced pressure
and The residue was extracted with toluene. The extracts were filtered through a glass frit packed with
Celite® and alumina. The solution was removed under reduced pressure and the dark orange residue
recrystallized from ethanol to afford 2e (16.6 mg, 21.8umol, 16%, mixture of diastereomer in 1:1 ratio)
as a reddish orange solid. 2e: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm): & 4.57 (s, 2H, CpH), 4.56 (s,
2H, CpH), 3.322 (s, 6H, CpOMe), 3.316 (s, 6H, CpOMe), 3.12 (d, Jun = 16.3 Hz, 2H, CpCH,'Bu),*
2.94 (d, Jun = 16.2 Hz, 1H, CpCH,'Bu), 2.92 (d, *Jun = 16.4 Hz, 1H, CpCH,'Bu), 1.780 (s, 18H,
Cp'Bu), 1.775 (s, 18H, Cp'Bu), 1.57 (s, 36H, Cp'Bu),* 1.07 (s, 18H, CpCH'Bu), 1.06 (s, 18H,
CpCH2'Bu), —13.19 (s, 4H, Hydride), —13.20 (s, 4H, Hydride); *Two signals were obscured. Anal.
Calcd for C3sH7002Ruz: C, 59.97; H, 9.27. Found: C, 59.72; H, 9.45.
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Preparation of [Cp*Fe(u-Cl)], (14¢).14

FeCl; (719.8 mg, 5.68 mmol) and THF (20 mL) were charged in a 100-mL Schlenk tube and stirred
at ambient temperature for 6h. White solid precipitates as the THF coordinates to FeCl,. The reaction
mixture was cooled at —78 °C and KCp*'> (1.55 g, 5.69 mmol, 1 eq.) was added. The solution was
warmed to —40 °C and stayed for 15 h. The mixture changed from white suspension to olive green
solution. The solvent was removed under reduced pressure, filtered through a Celite® packed glass frit
using hexane as an eluent. Crystallization from hexane afforded 14¢ (1.2070 g, 1.86 mmol, 65%) as

yellow crystals.

Reaction of 14¢ with LiAlIH,. Synthesis of Cp*Fe(u-H)sFeCp* (15¢).1

14c¢ (407.2 mg, 627 pmol) and THF (10 mL) were charged in a 50-mL Schlenk tube. The reaction
mixture was cooled at —78 °C and LiAlH4 (15.7 mL, 10eq., 0.4 M, diethyl ether solution) were added
dropwise. The solution was warmed to ambient temperature and stayed for 2 h. The mixture changed
from yellow to orange solution. The solution was cooled to —78 °C and H>O (0.3 mL) was added
dropwise. The solution was warmed to ambient temperature and kept for 1 h. The color of the solution
changed from orange to purple. The solvent was removed under reduced pressure and The residue was
extracted with toluene. The extracts were filtered through a glass frit packed with Celite® and alumina.
The solution was removed under reduced pressure and the purple residue recrystallized from hexane

to afford 15¢ (264.9 mg, 455 pumol, 73%) as purple crystals.

Synthesis of Cp*Ru(u-H)sRuCp? (2¢) from Ru(I11) complex using 2-propanol/base method.

1c (56.2 mg, 69.3 umol) and NaOH (95.3 mg, 2.38 mmol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 80 °C for 6 h. The solution
turned from brown suspension to red solution. The solvent was removed under reduced pressure, and
the product was extracted with toluene from the pink residue. The extracts were placed on Celite® and
alumina layers packed in a glass frit and eluted with toluene. Then, the solvent was removed from the
resulting eluent under reduced pressure. The red residue was purified by alumina column
chromatography. From the red band (eluent: hexane), 2¢ (45.7 mg, 67.9 pmol, 98%) was obtained as

a red crystalline solid after removal of the solvent.

14 Walter, M. D.; White, P. S. New J. Chem. 2011, 35, 1842-1854.

15 KCp* was prepared from a small excess amount of 1,3,5-tri-tert-butylcyclopentadine and potassium hydride in
THF. The resulting precipitates were washed with hexane and dried under reduced pressure.

16 Walter, M. D.; Grunenberg, J.; White, P. S. Chem. Sci. 2011, 2, 2120-2130. 15¢ was selectively obtained by using
LiAlH4 instead of KEt:BH.
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Synthesis of Cp*Ru(u-H)sRuCp?* (2¢) from Ru(IV) complex.

4c¢ (81.6 mg, 98.7 umol) and NaOH (95.3 mg, 1.96 mmol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 80 °C for 6 h. The solution
turned from red suspension to red solution. The solvent was removed under reduced pressure, and the
product was extracted from the pink residue with toluene. The extracts were placed on Celite® and
alumina layers packed in a glass frit and eluted with toluene. Then, the solvent was removed from the
resulting eluent under reduced pressure. The red residue was purified by alumina column
chromatography. From the red band (eluent: hexane), 2¢ (63.8 mg, 94.8 wmol, 96%) was obtained as

a red crystalline solid after removing the solvent.

Synthesis of Cp*Ru(u-H)sRuCp* (2¢) from Ru(Il) complex.

6 (48.8 mg, 66.0 umol) and NaOH (80.0 mg, 2.00 mmol) were charged in a 50-mL Schlenk tube and
dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 80 °C for 6 h. The color of the
solution turned from purple to red. The solvent was removed under reduced pressure, and the product
was extracted from the pink residue with toluene. The combined extracts were placed on Celite® and
alumina layers packed in a glass frit and eluted with toluene. Then, the solvent was removed from the
resulting eluent under reduced pressure. The red residue was purified by alumina column
chromatography. From the red band (eluent: hexane), 2¢ (40.5 mg, 60.2 pmol, 91%) was obtained as

a red crystalline solid after removing the solvent.

Synthesis of Cp*Ru(u-H);RuCp? (2¢) from Ru(IV) complex using KOH.

4c (45.3 mg, 54.8 umol) and KOH (53.8 mg, 0.96 mmol) were charged in a 50-mL Schlenk tube and
dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 80 °C for 6 h. The solution turned
from red suspension to red solution. The solvent was removed under reduced pressure, and the product
was extracted from the pink residue with toluene. The extracts were placed on Celite® and alumina
layers packed in a glass frit and eluted with toluene. Then, the solvent was removed from the resulting
eluent under reduced pressure. The red residue was purified by alumina column chromatography. From
the red band (eluent: hexane), 2¢ (32.7 mg, 48.6 umol, 89%) was obtained as a red crystalline solid

after removing the solvent.

Synthesis of Cp*Ru(u-H);RuCp? (2¢) from Ru(IV) complex using K,COs.

4c¢ (47.5 mg, 57.5 pmol) and K»,CO;3 (79.6 mg, 0.58 mmol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 80 °C for 20 h. The solution
turned from red suspension to red solution. The solvent was removed under reduced pressure, and the
product was extracted from the pink residue with toluene. The extracts were placed on Celite® and

alumina layers packed in a glass frit and eluted with toluene. Then, the solvent was removed from the
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resulting eluent under reduced pressure. The red residue was purified by alumina column
chromatography. From the red band (eluent: hexane), 2¢ (29.7 mg, 44.1 umol, 77%) was obtained as
a red crystalline solid after removing the solvent. From the brown band (eluent: hexane),16¢ (6.3 mg,

9.0 umol, 16%) was obtained as a brown solid after removing the solvent.

Synthesis of Cp*Ru(u-H)sRuCp?* (2¢) from Ru(IV) complex using NaHCOs.

4c¢ (51.9 mg, 62.8 pmol) and NaHCOs (49.8 mg, 0.59 mmol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 80 °C for 20 h. The solution
turned from red suspension to red purple solution. The solvent was removed under reduced pressure.

The resulting residue contained 78 % of 6 and 22% of 2¢ (confirmed by 'H NMR measurement).

Synthesis of Cp*Ru(u-H);IrCp* (18a).

3a (107.7 mg, 99.1 umol) and 11a (152.8 mg, 191.8 pumol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at 60 °C for 2 h. K,CO3 (166.6
mg, 1.21 mmol) was added to the solution and stirred for 3 days at ambient temperature. The color of
the solution turned from brown to dark brown. The solvent was removed under reduced pressure, and
the brown residue was extracted with toluene. The extracts were placed on Celite® and alumina layers
packed in a glass frit and eluted with toluene. From the first orange band, 18a (93.0 mg, 164.1 umol,

43%) was obtained as a red solid after the removal of the solvent.

Synthesis of Cp*Ru(u-H):IrCp*(18c¢).

6 (112.6 mg, 152.2 umol) and 11a (123.2 mg, 154.6 pmol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at ambient temperature until
the solid completely dissolved (ca. 10 min). K»COs (138.2 mg, 1.00 mmol) was added to the solution
and stirred for 3 days at ambient temperature. The color of the solution turned from brown to dark
brown. The solvent was removed under reduced pressure, and the brown residue was extracted with
toluene. The extracts were placed on Celite® and alumina layers packed in a glass frit and eluted with
toluene. From the first orange band, 18¢ (154.3 mg, 233.6 umol, 77%) was obtained as a red solid
after removal of the solvent. 18¢c: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.20 (s, 2 H, RuCpH),
1.94 (s, 15 H, IrCp*), 1.60 (s, 18 H, RuCp'Bu), 1.43 (s, 9 H, RuCp'Bu), —16.81 (s, 3 H, Ru—H-Ir); 1*C
{'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 94.6 (RuCp'Bu), 92.8 (RuCp'Bu), 89.2 (IrCpMes), 64.7
(RuCpH), 344 (RuCpCMes), 31.8 (RuCpCMe;), 31.2 (RuCpCMe;), 29.5 (RuCpCMe;), 11.3
(IrCpMes); HMQC (25 °C, C¢Ds, 6/ppm) d¢ 64.7- 0u 4.20, 8¢ 34.4- 81 1.60, ¢ 31.8- 61 1.43, 6¢ 11.3-
ou 1.94; HMBC (25 °C, C¢Ds, 8/ppm) d¢ 94.6- ou 4.20, 6u 1.44, &¢ 92.8- du 4.20, du 1.60, dc 89.2-
Ou 1.94 6c34.4, 8¢ 31.2- 61 1.60, 8¢ 31.8, d¢ 29.5- 8u 1.43; Anal Calcd for Co7HssIrRu: C, 48.77; H,
7.12. Found: C, 48.94; H, 7.26.
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Synthesis of Cp*Ru(u-H);RhCp* (20¢).

6 (125.5 mg, 169.6 umol) and 12a (102.5 mg, 165.8 pmol) were charged in a 50-mL Schlenk tube
and dissolved in 2-propanol (10 mL). The reaction mixture was stirred at ambient temperature until
the solid completely dissolved (ca. 10 min). K»CO3 (151.8 mg, 1.10 mmol) was added to the solution
and stirred for 3 days at ambient temperature. The color of the solution turned from red to red purple.
The solvent was removed under reduced pressure, and the red purple residue was extracted with
toluene. The extracts were placed on Celite® and alumina layers packed in a glass frit and eluted with
toluene. From the first purple band, 20¢ (154.2 mg, 267.9 pmol, 81%) was obtained as a purple solid
after removal of the solvent. 20¢: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.29 (s, 2 H, RuCpH),
1.72 (s, 15 H, RhCp*), 1.61 (s, 18 H, RuCp’Bu), 1.44 (s, 9 H, RuCp'Bu), —14.00 (d, Jrann = 41.2 Hz, 3
H, Ru-H-Rh); 1*C {'"H} NMR (100 MHz, 25 °C, C¢D¢, 8/ppm) & 95.4 (d, Jrnc = 6.3 Hz, RhCpMes),
94.8 (RuCp'Bu), 93.1 (RuCp'Bu), 65.0 (RuCpH), 34.4 (RuCpCMes3), 31.8 (RuCpCMes), 31.5
(RuCpCMe3), 29.7 (RuCpCMes), 11.7 (RhCpMes); HMQC (25 °C, CeDs, 8/ppm) 6¢ 65.0- 6n 4.29, ¢
34.4- 8y 1.61, 5¢ 31.8- 8y 1.44, 6¢ 11.7- 0u 1.72; HMBC (25 °C, C¢Ds, d/ppm) 8¢ 95.4- 8 1.72, 6¢
94.8- 01 4.29, 6u 1.44, 5¢c 93.1- 01 4.29, 0 1.61, d¢ 34.4, 5¢ 31.5- 64 1.61, d¢ 31.8, 8¢ 29.7- 6u 1.44;
Anal Calcd for Co7H47RhRu: C, 56.34; H, 8.23. Found: C, 56.63; H, 8.38.

Synthesis of Cp*Ru(u-H)3;IrCp?* (18d).

3a(149.7 mg, 137.7 umol) and 13 (269.3 mg, 542.4 umol, 3.9 eq.) were charged in a 100-mL Schlenk
tube and dissolved in 2-propanol (40 mL). The reaction mixture was stirred at 80 °C for 1 h. The color
of the solution changed from brown to red brown. K,CO; (241.6, 1.75 mmol, 12.7 eq.) was added to
the solution and stirred for 4 days at ambient temperature. The color of the solution turned from red
brown to brown. The solvent was removed under reduced pressure, and the brown residue was
extracted with toluene. The extracts were placed on Celite® and alumina layers packed in a glass frit
and eluted with toluene. The solvent was removed under reduced pressure and the crude products were
purified by alumina column chromatography (eluent: hexane/toluene = 5/1). From the orange band,
18d (47.8 mg, 71.9 umol, 13%) was obtained as a red solid after removal of the solvent. 18d: '"H NMR
(400 MHz, 25 °C, C¢D¢, 8/ppm) & 4.99 (s, 2H, CpH), 1.96 (s, 15H, Cp”), 1.41 (s, 18H, Cp'Bu), 1.23
(s, 9H, Cp'Bu), —17.45 (s, 3H, Hydride); *C {'H} NMR (100 MHz, 25 °C, C¢D¢, &/ppm) & 106.1
(IrCp'Bu), 105.1 (IrCp'Bu), 78.1 (RuCpMe), 74.7 (IrCpH), 34.5 (IrCpCMes), 31.9 (IrCpCMes), 31.0
(IrCpCMe3), 29.1 (IrCpCMes), 13.1 (RuCpMe); HMQC (25 °C, C¢Dg, 8/ppm) d¢c 74.7 - du 4.99, d¢
34.5-0u1.41,8¢31.9 - 81 1.23, 8¢ 13.1 - 8u 1.96. Cigar2j3j (25 °C, C¢Ds, d/ppm) 8¢ 106.1 - 51 4.99,
1.23,06¢ 105.1 - 81 4.99, 1.41, 6¢ 78.1 - 81 1.96, 8¢ 34.5 - du 1.41, 8¢ 31.9 - 61 1.23, 8¢ 31.0 - 6n 1.41,
6c 29.1 - dm 1.23.
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Synthesis of Cp*Ru(p-H);RhCp? (20d).

3a (91.5 mg, 84.2 pmol) and 12¢ (138.3 mg, 169.8 umol, 2.0 eq.) were charged in a 100-mL Schlenk
tube and dissolved in THF (5 mL). The color of the solution changed from brown to green. The reaction
mixture was added dropwise to sodium 2-propoxide solution (prepared by dissolving sodium metal
(30.1 mg, 1.30 mmol) in 20 mL of 2-propanol) and stirred at ambient temperature. The color of the
solution immediately changed to purple. The solvent was removed under reduced pressure, and the
purple residue was extracted with toluene. The extracts were placed on Celite® and alumina layers
packed in a glass frit and eluted with toluene. The solvent was removed under reduced pressure and
the crude products were purified by alumina column chromatography (eluent: hexane). From the
purple band, 20d (88.7 mg, 154.1 umol, 46%) was obtained as a purple solid after removal of the
solvent. 20d: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.13 (s, 2H, CpH), 1.96 (s, 15H, Cp"), 1.40
(s, 18H, Cp'Bu), 1.20 (s, 9H, Cp'Bu), —14.44 (d, Jruu = 40.4 Hz, 3H, Hydride); *C {'H} NMR (100
MHz, 25 °C, C¢Dg, 8/ppm): & 112.6 (d, Jrac = 6.2 Hz, RhCp'Bu), 112.4 (d, Jrnc = 5.8 Hz, RhCp'Bu),
80.8 (d, Jranc = 5.6 Hz, RhCpH), 78.3 (RuCpMe), 34.5 (RhCpCMes), 31.9 (RhCpCMes), 31.5
(RhCpCMes), 29.6 (RhCpCMes), 13.0 (RuCpMe); HSQC (25 °C, CsDs, 6/ppm): d¢ 80.8 - u 5.13, 8¢
34.5-0n 1.40, 8¢ 31.9 - 84 1.20, 8¢ 13.0 - du 1.96; Cigar2j3j (25 °C, CgDs, 8/ppm): ¢ 112.6 - 81 5.12,
1.20,6¢ 112.4 - 8n 5.12, 1.40, 8¢ 78.3 - 6n 1.96, 6¢ 34.5 - du 1.40, 8¢ 31.9 - 61 1.20, d¢ 31.5 - 6n 1.40,
8¢ 29.6 - 6 1.20; Anal Calcd for Co7Hs7RhRu: C, 56.34; H, 8.23. Found: C, 56.31; H, 8.27.

Synthesis of Cp*Ru(u-H);{Ru(p-cymene)} (23a).

6 (101.8 mg, 137.6 umol) and 21a (85.8 mg, 140.1 umol) were charged in a 50-mL Schlenk tube and
suspended in 2-propanol (20 mL). The reaction mixture was stirred at 70 °C for 3h. The reaction
mixture turned from orange suspension to red orange suspension. K,COs (123.0 mg, 0.89 mmol) was
added to the solution and stirred for 1 day at 70 °C. The color of the solution turned from red orange
to brown. The solvent was removed under reduced pressure, and the brown purple residue was
extracted with toluene. The extracts were placed on Celite® and alumina layers packed in a glass frit
and eluted with toluene. From the brown band, 23a (140.3 mg, 244.9 umol, 89%) was obtained as a
brown solid after removal of the solvent. 23a: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.89 (d, Juu
= 5.8 Hz, 2 H, CH3CsH4CH(CH3)2), 4.83 (d, Jun = 5.8 Hz, 2 H, CH3CsH4CH(CH3)2), 4.34 (s, 2 H,
CpH), 2.19 (sept, Jun = 6.8 Hz, 1 H, CH3CsH4CH(CH3),), 1.90 (s, 3 H, CH3CsH4CH(CH3)2), 1.63 (s,
18 H, Cp'Buy), 1.48 (s, 9 H, Cp'Bu), 1.11 (d, Jun = 6.8 Hz, 6 H, CH3CsH4sCH(CH}3)2), —14.03 (s, 3 H,
Hydride); *C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 104.9 (CH3;CsH4CH(CHs)2), 94.5 (Cp'Bu),
94.2 (CH3C¢H4CH(CH3)2), 93.3 (Cp'Buz), 79.6 (CH3CsH4CH(CH3),), 78.4 (CH3CsH4CH(CH3)y), 65.1
(CpH), 34.5 (Cp(CMes)z), 32.1 (CH3CsH4CH(CH3),), 31.8 (CpCMes), 31.3 (Cp(CMes)z), 29.6
(CpCMes), 24.3 (CH3C6H4CH(CHs),), 21.4 (CH3C¢H4CH(CH3)2); 'H-'H COSY (25 °C, C¢Ds, 8/ppm)
54.89-64.83,52.19 -5 1.11; HMQC (25 °C, CsDs, d/ppm) ¢ 79.6 - du 4.83, 8¢ 78.4 - 6u 4.89, 6¢
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65.1 - O 4.34, 8¢ 34.5 - 6u 1.63, 8¢ 32.1 - O 2.19, &¢ 31.8 - 64 1.48, 6c 24.3 - du 1.11, 8¢ 21.4 - dn
1.90; HMBC (25 °C, C¢Ds, 8/ppm) d¢ 104.9 - 01 4.89, 4.83,2.19, 1.11,-14.03, 5c 94.5 - on 4.34, 1.48,
Oc 94.2 - 51 4.89, 4.83, 1.90, —14.03, 8¢ 93.3 - &u 4.34, 1.63, 6¢ 79.6 - 61 4.89, 1.90, —14.03, 5¢ 78.4
- 01 4.83,2.19,-14.03, 5¢c 32.1 - 65 4.89, 1.11, 8¢ 31.3 - 64 1.63, 8¢ 29.6 - 6y 1.48, d¢ 24.3 - Oy 2.19,
8¢ 21.4- 8u 1.90; Cp*Ru(u-H)sRu(p-cymene): Anal. Caled for Ca7HasRuz: C, 56.62; H, 8.09. Found:
C, 56.76; H, 8.48.

Synthesis of Cp*Ru(u-H);Ru(p-cymene) (23a) and (Cp*Ru)2(u-H)s3(pus-H)Ru(p-cymene) (24a).

6 (112.3 mg, 151.8 umol), 21a (94.7 mg, 154.7 umol), and K>CO3 (127.5 mg, 922.5 umol) were
charged in a 25-mL Schlenk tube equipped with a J. Young valve and dissolved in a 2-propanol/THF
solution (5 mL/SmL). The reaction mixture was stirred at 80°C for 37 h. The color of the solution
turned from red brown to brown. The solvent was removed under reduced pressure, and the brown
residue was extracted with toluene. The extracts were placed on Celite® and alumina layers packed in
a glass frit and eluted with toluene. Then the solvent was removed from the resulting solution under
reduced pressure. The brown residue was purified by alumina column chromatography. From the green
band (eluent: hexane), 24a (64.8 mg, 71.3 umol, 47%) was obtained as a green solid after removal of
the solvent. From the brown band (eluent: toluene), 23a (59.1 mg, 103.2 pmol, 34%) was obtained as
a brown solid after removal of the solvent. 24a: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 6.26 (d,
Jun = 6.0 Hz, 2 H, CH3CsHsCH(CH3)2), 5.83 (d, Jun = 6.0 Hz, 2 H, CH3CsH4sCH(CH3)»), 5.11 (s, 4 H,
CpH), 2.13 (sept, Jun = 6.8 Hz, 1 H, CH3C¢H4sCH(CHs),), 1.62 (s, 36 H, Cp'Buz), 1.35 (s, 3 H,
CH;3C¢H4CH(CH3)2),0.97 (s, 18 H, Cp'Bu), 0.88 (d, Jun = 6.8 Hz, 6 H, CH;C¢H4sCH(CH3),), —11.24
(brs, 4 H, Hydride); *C {'"H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 98.2 (Cp'Buz), 97.8 (Cp'Bu),
96.1 (CH3;CsH4CH(CH3)2), 88.7 (CH3C¢H4CH(CH3)2), 83.4 (CH3C¢HsCH(CHs)2), 82.1
(CH3C¢H4CH(CHa)2), 68.6 (CpH), 34.3 (Cp(CMes)»), 32.3 (CH3CsH4CH(CH3)2), 32.2 (Cp(CMe3)y),
31.2 (CpCMes), 29.1 (CpCMes), 23.8 (CH3C¢H4CH(CHs)2), 20.4 (CH3CsH4CH(CHs3)2); HMQC
(25 °C, C¢De, 8/ppm) ¢ 83.4 - du 6.26, 6¢ 82.1 - 61 5.83, 8¢ 68.6 - du 5.11, 8¢ 34.3 - 6n 1.62, 8¢ 32.3
-012.13, 8¢ 31.2 - 81 0.97, d¢ 23.8 - 81 0.88, d¢ 20.4 - 64 1.35; HMBC (25 °C, C¢Ds, d/ppm) 5¢ 98.2
-0u5.11,1.62, 8¢ 97.8 - 81 5.11, 0.97, 8¢ 96.1 - 8y 6.26, 5.83, 2.13, 0.88, d¢c 88.7 - 61 6.26, 5.83, 1.35,
Oc 83.4 - 01 5.83, 2.13, 8¢ 82.1 - 81 6.26, 1.35, 8¢ 32.3 - O 6.26, 8¢ 32.2 - 8u 5.11, 1.62, 5¢ 29.1 - dn
5.11,0.97, 8¢ 23.8 - 0n 2.13, 8¢ 20.4 - 8y 5.83; Anal. Caled for CasH76Rus: C, 58.18; H, 8.43. Found:
C,58.32; H,8.34.

Synthesis of (Cp*Ru);H,CL,Ru(p-cymene) (26a).
6 (78.2 mg, 105.6 umol) and 21a (62.8 mg, 102.3 umol) were charged in a 50-mL Schlenk tube and
dissolved in a 2-propanol/THF solution (5 mL/10 mL). The color of the solution turned from purple

to red brown within a few minutes. K,COs (89.3 mg, 646.1 umol) was added to the solution and stirred
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vigorously for 72 h at ambient temperature. The color of the solution turned from red brown to purple
brown. The solvent was removed under reduced pressure, and the brown residue was extracted with
hexane. The extracts were placed on Celite® layers packed in a glass frit and eluted with hexane. Then
the solvent was removed from the resulting solution under reduced pressure. The brown residue was
purified by alumina column chromatography. From the purple band (eluent: hexane), 26a (13.3 mg,
13.6 umol, 13%) was obtained as a purple solid after removal of the solvent. 26a: 'H NMR (400 MHz,
25 °C, CeDs, d/ppm) 6 5.25 (d, Jun = 6.0 Hz, 2 H, CH3C¢H4CH(CHs)2), 5.17 (d, Jun = 6.0 Hz, 2 H,
CH;3CsH4CH(CH3)2), 5.01 (d, Jun = 2.0 Hz, 2 H, CpH), 4.30 (d, Jun = 2.0 Hz, 2 H, CpH), 2.62 (sept,
Jun = 6.8 Hz, 1 H, CH3CsH4CH(CH3),), 2.16 (s, 3 H, CH3CsH4sCH(CH3)), 1.63(s, 18 H, Cp'Bu), 1.45
(s, 18 H, Cp'Bu), 1.40 (d, Jun = 6.8 Hz, 6 H, CH;CsH4CH(CH3)2), 1.09 (s, 18 H, Cp'Bu), —9.44 (brs, 2
H, Hydride); “C {'H} NMR (100 MHz, 25 °C, C¢D¢, &/ppm) &103.5 (Cp'Bu), 103.4
(CH3CsH4CH(CH3)2), 101.9 (Cp'Bu), 983 (Cp'Bu), 92.8 (CH3CsH4CH(CH3)), 76.2
(CH3C¢H4CH(CH3)2), 74.2 (CH3CsH4CH(CHs)2), 74.0 (CpH), 69.7 (CpH), 34.3 (CpCMes3), 34.0
(CpCMe3), 33.1 (CH3CsHsCH(CHs3),), 32.5 (CpCMes), 31.7 (CpCMes), 31.5 (CpCMes), 29.9
(CpCMe3), 24.0 (CH3C6H4CH(CHs3),), 20.1 (CH3C¢H4CH(CH3)2); "H-"H COSY (25 °C, C¢Ds, 8/ppm)
85.25-065.17,85.01 -54.30, 8 2.62 - 5 1.40; HMQC (25 °C, C¢De, 6/ppm) dc 76.2 - du 5.25, 6¢
74.2 - 81 5.01, 8¢ 74.0 - 81 5.17, d¢ 69.7 - 0n 4.30, d¢c 34.3 - 8u 1.63, d¢ 34.0 - On 1.45, 8¢ 31.5 - du
1.09, 8¢ 24.0 - 8u 1.40, 8¢ 20.1 - 85 2.16; (8¢ 33.1 - dn 2.62 is not observed due to weak intensity.)
HMBC (25 °C, C¢Ds, 8/ppm) d¢ 103.5 - 8y 5.01, 4.30, 1.09, d¢ 103.4 - 64 5.17, 1.40, d¢ 101.9 - dn
5.01,4.30, 1.63, 6c 98.3 - &g 5.01, 4.30, 1.45, 8¢ 92.8 - 81 5.25, 2.16, 6¢ 76.2 - du 5.17, 2.16, 5¢c 74.2
- 0n 4.30, ¢ 74.0 - 81 5.25, 8¢ 69.7 - du 5.01, &¢ 33.1 - 6u 5.25, 1.40, 8¢ 32.5 - 8 1.63, 8¢ 31.7 - 8u
1.45, 8¢ 29.9 - 6u 1.09, d¢ 24.0 - 8y 2.62, d¢ 20.1 - 0n 5.17;

Synthesis of Cp*Ru(u-H);Ru(benzene) (23b) and 24b.

6 (101.8 mg, 137.6 pmol) and 21b (70.5 mg, 140.1 pmol) were charged in a 50-mL Schlenk tube and
suspended in 2-propanol (20 mL). The reaction mixture was stirred at 70 °C for 3 h. The reaction
mixture turned from orange suspension to brown suspension. K,CO3 (124.4 mg, 0.90 mmol) was
added to the solution and stirred for 1 day at 70 °C. The color of the solution turned from brown to
dark brown. The solvent was removed under reduced pressure, and the brown purple residue was
extracted with toluene. The extracts were placed on Celite® and alumina layers packed in a glass frit
and eluted with toluene. Then, the solvent was removed from the resulting solution under reduced
pressure. The brown residue was purified by alumina column chromatography. From the first green
band (eluent: hexane/toluene = 5/1), 24b (29.8 mg, 35.0 umol, 25%) was obtained as a green brown
solid after the removal of the solvent. From the brown band (eluent: toluene), 23b (55.4 mg, 107.2
umol, 39%) was obtained as a brown solid after removal of the solvent. 23b: 'H NMR (400 MHz,
25 °C, C¢Ds, &/ppm) & 4.75 (s, 6 H, Ru(Benzene)), 4.35 (s, 2 H, CpH), 1.63 (s, 18 H, Cp'Buz), 1.48 (s,
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9 H, Cp'Bu), —13.86 (s, 3 H, Hydride); *C NMR (100 MHz, 25 °C, CsDs, 8/ppm) & 94.7 (m, Cp'Bu),
93.4 (m, Cp'Buy), 79.3 (d, Jeu = 171.6 Hz, CeéHs), 65.0 (dd, Jcu = 169.3 Hz, 6.5 Hz, CpH), 34.3 (m,
Cp(CMes),), 31.8 (m, CpCMes), 31.3 (m, Cp(CMes)), 29.6 (m, CpCMes3); HMQC (25 °C, CeDs,
&/ppm) d¢ 79.3 - du 4.75, 8¢ 65.0 - Oy 4.35, d¢c 34.3 - 8u 1.63, 5¢ 31.8 - 6 1.48; HMBC (25 °C, C¢De,
O/ppm) Oc 94.7 - du 4.35, 1.48, 8¢ 93.4 - 61 4.35, 1.63, 8¢ 79.3 - 6u 4.75, —13.86, 6¢ 34.3 - 6 1.63, d¢
31.8-0n1.48, 8¢ 31.3 - 0n 1.63, d¢ 29.6 - du 1.48; 23b+0.5(toluene): Anal. Calcd for Ca6 sHaoRus: C,
56.56; H, 7.52. Found: C, 56.62; H,7.55. 24b: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.40(s, 6
H, Ru(Benzene)), 5.15 (s, 4 H, CpH), 1.60 (s, 36 H, Cp'Buz), 0.95 (s, 18 H, Cp'Bu), —10.95 (brs, w12
= 52.1 Hz, 4 H, Hydride); *C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 98.7 (m, Cp'Buz), 96.6 (m,
CpBu), 79.2 (d, Jeu = 174.4 Hz, CsHs), 68.5 (dd, Jeu = 170.2 Hz, 6.4 Hz, CpH), 34.1 (m,
Cp(CMes)2),32.1 (m, Cp(CMe3),), 31.1 (m, CpCMes3), 29.0 (m, CpCMes); HMQC (25 °C, CeDs,
d/ppm) O¢ 79.2 - dn 5.40, ¢ 68.5 - 01 5.15 8¢ 34.1 - 8y 1.60, d¢ 31.1 - 85 0.95; HMBC (25 °C, CeDe,
&/ppm) d¢ 98.7 - du 5.15, 1.60, dc 96.6 - du 5.15, 0.95, 8¢ 79.2 - 6 5.40, &¢ 34.1 - 8 1.60, &¢ 32.1 -
On 1.60, 8¢ 31.1 - 81 0.95, ¢ 29.0 - 61 0.95; 24b: Anal. Caled for C4oHesRus: C, 56.38; H, 8.04. Found:
C,56.40; H,8.27.
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Figure 8-3-1. VI-'H NMR spectrum (400 MHz, thf-ds) of 24b. All region (above) and hydride

region (below).

Synthesis of Cp*Ru(u-H)2(u-Cl)Ru(p-cymene) (252).

6 (123.7 mg, 167.2 umol) and 21a (101.5 mg, 165.4 umol) were charged in a 50-mL Schlenk tube
and dissolved in a 2-propanol/THF solution (10 mL/10 mL). The color of the solution turned from
purple to red brown within a few minutes. K,COs3 (141.4 mg, 1.02 mmol) was added to the solution
and stirred vigorously for 36 h at 60 °C. The color of the solution turned from red brown to purple.
The solvent was removed under reduced pressure, and the brown residue was extracted with toluene.
The extracts were placed on Celite® layers packed in a glass frit and eluted with toluene. After the
solvent was removed under reduced pressure, the residual purple-brown solid was purified by alumina
column chromatography. From the first purple band (eluent: toluene), a mixture of 25a and 23a (78.2
mg, 25a/23a = 1.6/1.0 molar ratio) was obtained as a purple solid. 25a could not be isolated since 25a
eluted together with 23a in the column chromatography. 25a: 'H NMR (400 MHz, 25 °C, C¢D, 8/ppm)
8 4.94 (d, Jun = 5.8 Hz, 2 H, CH3CsH4sCH(CH3)»), 4.78 (d, Jun = 5.8 Hz, 2 H, CH3CsH4sCH(CH3)»),
430 (s, 2 H, CpH), 2.26 (sept, Jun = 6.8 Hz, 1 H, CH3CsH4sCH(CH3)), 1.84 (s, 3 H,
CH3CsH4CH(CH3),), 1.57 (s, 18 H, Cp'Buz), 1.42 (s, 18 H, Cp'Bu), 1.10 (d, Jun = 6.8 Hz, 6 H,
CH;CsH4CH(CHs),), —12.14 (s, 2 H, Hydride); *C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm)
8102.5 (CH3CsH4CH(CHs),), 94.5 (CpBu), 92.1 (Cp'Buz), 90.6 (CH3CsH4sCH(CH3),), 80.2
(CH3C¢HsCH(CH3)2), 79.3 (CH3CeH4CH(CH3)2), 63.6 (CpH), 33.9 (Cp(CMes),), 32.0
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(CH3CeH4CH(CHs)y), 31.8 (Cp(CMes),), 31.3 (CpCMes), 29.9(CpCMes), 23.6 (CH:CeHsCH(CHs),),
20.4 (CH3CsH4CH(CHa),).

Preparation of Cp*Ru(p-H);RuCp* (2d).

To a THF (10 mL) solution of 3a (144.8 mg, 133 pumol) and 1¢ (219.8 mg, 266 pumol) was dropwise
added an excess amount of LiEt:BH (1.0 M in THF, 8 mL) at =78 °C. The reaction mixture was slowly
warmed to ambient temperature and was stirred for 1 h. To the resulting orange solution, ethanol (3
mL) was added dropwise at —78 °C. The reaction mixture was warmed to ambient temperature and the
solvent was removed under reduced pressure. A mixture of the products was extracted from the residue
with three portions of toluene (10 mL). The extracts were filtered through Celite® and alumina layer
packed in a glass frit. The solvent was removed from the resulting solution under reduced pressure.
The dark orange residue was purified by alumina column chromatography (eluent: hexane). From the
second orange band, 2d (40.0 mg, 66 umol, 12%) was obtained as a red solid. 2d: 'H NMR (400 MHz,
25 °C, C¢Dg, 8/ppm): & 4.75 (s, 2H, CpH), 1.92 (s, 15H, CsMes), 1.45 (s, 18H, Cp'Bu), 1.27 (s, 9H,
Cp'Bu), —13.77 (s, 4H, Ru-H-Ru). *C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm): & 106.4 (m, Cp'Bu)
104.7 (m, Cp'Bu) 87.5 (s, CpMe) 74.7 (dd, 'Jeu = 169.6 Hz, *Jcu = 6.7 Hz, CpH) 34.5 (m, CpCCH3)
31.9 (m, CpCCH3) 31.4 (m, CpCCH3) 29.6 (m, CpCCH3) 12.7 (q, Jen = 125.7 Hz, CpMe). Anal.
Calcd for Cy7HasRuz: C, 56.42; H, 8.42. Found: C, 56.43; H, 8.32.

An alternative method for the preparation of Cp*Ru(u-H)sRuCp* (2d).

1a (150.9 mg, 246 pmol) and 6 (88.8 mg, 120 pmol) were charged in a 25-mL Schlenk tube equipped
with a J. Young valve. Dichloromethane (2 mL) was added and stirred for 2 min. The reaction mixture
soon turned into green-brown solution. The solvent was removed under reduced pressure. Pentane (5
mL) was added to dissolve the green solid and an excess amount of LiEt;:BH (1.0 M in THF, 5.4 mL)
was added dropwise at —78 °C. The reaction mixture was slowly warmed to ambient temperature and
stirred for 30 min. To the resulting orange solution, ethanol (3 mL) was added dropwise at —78 °C.
The reaction mixture was warmed to ambient temperature and the solvent was removed under reduced
pressure. A mixture of the products was extracted from the residue with toluene. The extracts were
filtered through Celite® and alumina layer packed in a glass frit. The solvent was removed from the
resulting solution under reduced pressure. The dark orange residue was purified by alumina column
chromatography (eluent: hexane). From the second orange band, 2d (34.4 mg, 60 pmol, 25%) was

obtained as a red solid.
An alternative method for preparation of Cp*Ru(u-H)4RuCp* (2d).
6 (124.4 mg, 168.1 umol) and THF (10 mL) were charged in a 100-mL Schlenk tube. The solution

was cooled at —78 °C and LiAlH4 (28.5 mg in 5 mL of diethyl ether, 745 pumol, 4.4 eq.) was added
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dropwise. The reaction mixture was warmed to ambient temperature and stirred for 30 min. The color
of the solution immediately turned red and gradually turned yellow on warming. The solution was
cooled at —78 °C, 3a (103.9 mg in 3 mL of THF, 95.6 umol, 1.13 eq.) was added and stirred at ambient
temperature for 5 min. The solution was cooled at —78 °C and quenched with ethanol (1 mL). After
stirring the solution at ambient temperature, the solvent was removed under reduced pressure. A
mixture of the products was extracted from the residue with toluene. The extracts were filtered through
Celite® and alumina layer packed in a glass frit. The solvent was removed from the resulting solution
under reduced pressure. The dark orange residue was purified by alumina column chromatography
(eluent: hexane). From the second orange band, 12d (49.9 mg, 86.7 umol, 26%) was obtained as a red
solid. (The crude product contained 2a/2¢/2d in molar ratio of 0/25/75.)

Reaction of 20¢ with benzene. Synthesis of Cp*Ru(p-H)2(u-Ph)RhCp* (27).

20c¢ (0.6 mg, 1.0 umol) and benzene (0.4 mL) were charged in an NMR sample tube equipped with a
J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles. The reaction mixture
was irradiated with UV-light using pot-365 (365 nm) at ambient temperature for 18.5 h. The solvent
was removed under reduced pressure. 'H NMR spectrum showed the formation of 27 in 52% yield

estimated from the product distribution.

Synthesis of Cp*Ru(u-H)2(u-OCPhO)RhCp* (28).

18c (34.2 mg, 59.4 umol), benzoic acid (8.5 mg, 69.6 pumol) and CsD¢ (0.45 mL) were charged in an
NMR sample tube equipped with a J. Young valve. The reaction mixture was stayed at ambient
temperature for 13 days. The color of the solution changed from red purple to green. The solvent was
removed under reduced pressure and the green residue was purified by alumina column
chromatography (eluent: toluene). From the green band, 28 (25.0 mg, 16.4 pmol, 60%) was obtained
as a green solid. 28: 'H NMR (400 MHz, 25 °C, CsDs, 8/ppm) & 8.43 (d like m, *Jun = 8.4 Hz, 2H, o-
Ph), 7.19 (t like m, *Jun = 7.4 Hz, 2H, m-Ph), 7.10 (tt, *Jun = 7.3 Hz, “Jun = 1.2 Hz, 1H, p-Ph), 4.20
(s, 2H, CpH), 1.77 (s, 15H, Cp*), 1.68 (s, 18H, ‘Bu), 1.41 (s, 9H, ‘Bu), —10.90 (d, Jrau = 33.3 Hz, 2H,
Hydride); *C {'H} NMR (100 MHz, 25 °C, C¢D¢, 8/ppm) & 178.6 (u-OCO), 132.8 (ipso-Ph), 130.6
(p-Ph), 129.8 (m-Ph), 127.6 (0-Ph), 94.6 (RuCp'Bu), 93.4 (d, Jrac = 6.7 Hz, RhCsMes), 91.0 (Ru-
Cp'Buy), 61.7 (Ru-CpH), 33.7 (Ru-Cp(CMes),), 32.5 (Ru-Cp(CMes),), 31.3 (Ru-Cp(CMe3)), 30.1
(Ru-Cp(CMes)), 10.8 (RhCsMes); IR v(CO) (ATR, cm™): 1538.

Alternative synthesis of 27. Reaction of Cp*Ru(u-H)2(u-OCPhO)RhCp* (28) with PhLi.
18¢ (52.9 mg, 91.9 pumol), benzoic acid (13.1 mg, 107.3 pmol, 1.2 eq.), and toluene (4 mL) were
charged in a 10-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was heated at

80 °C for 12 h. The color of the solution changed from red purple to emerald green. The reaction
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mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. PhLi (1.9 M in
butyl ether, 0.1 mL, 2.1 eq.) was added to the solution at —78 °C and stirred at ambient temperature
for 10 min. The solvent was removed under reduced pressure and the purple residue was purified by
alumina column chromatography (eluent: hexane). From the purple band, 27 (45.2 mg, 69.4 umol,
76%) was obtained as a purple solid. 27: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 8.00 (d like, *Jun
=7.5Hz, 2H, 0-Ph), 7.22 (tt, *Jun = 7.3 Hz, “*Jun = 1.4 Hz, 1H, p-Ph), 6.88 (t like, *Juu = 7.4 Hz, 2H,
m-Ph), 4.12 (s, 2H, CpH), 1.69 (s, 15H, Cp*), 1.55 (s, 18H, ‘Bu), 1.10 (s, 9H, ‘Bu), —13.17 (d, Jrau =
39.6 Hz, Hydride); *C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 149.1 (0-Ph), 131.9 (d, Jrnc =
43.7 Hz, ipso-Ph), 124.9 (m-Ph or p-Ph), 124.9 (m-Ph or p-Ph), 95.4 (d, Jrnc = 5.5 Hz, RhCsMes),
93.7 (RuCp'Bu), 90.5 (RuCp'Bu), 65.2 (RuCpH), 34.0 (RuCpC(CHs)3), 31.7 (RuCpC(CH3)3), 31.1
(RuCpC(CH3)3), 30.0 (RuCpC(CHs)3), 10.9 (RhCsMes); "H-"H NOESY (25 °C, C¢Ds, 8/ppm): § 8.00-
1.55, 1.10; Anal. Calcd for CssHs;RhRu: C, 60.82; H, 7.89. Found: C, 60.82; H, 7.99.

H/D exchange reaction of 20c with C¢Ds.
20c¢ (6.1 mg, 10.6 umol) and C¢Ds (0.45 mL, internal standard: hexamethyldisiloxane) were charged
in an NMR sample tube equipped with a J. Young valve. The reaction mixture was heated at 120 °C,

and the reaction was monitored by 'H NMR measurement.

H/D exchange reaction of 20d with C¢Ds.
20d (4.3 mg, 7.5 pumol) and CsDs (0.45 mL, internal standard: hexamethyldisiloxane) were charged
in an NMR sample tube equipped with a J. Young valve. The reaction mixture was heated at 120 °C,

and the reaction was monitored by 'H NMR measurement.

Alternative synthesis of (Cp*Ru)z(u-H)s(us-H)2 (30a).

Sodium metal (130.6 mg, 5.7 mmol) and 2-propanol (30 mL) were charged in a 200-mL Schlenk
tube and warmed until the sodium metal dissolved. The solution was degassed in order to get rid of
the hydrogen evolved and backfilled with atmospheric pressure of Ar. 1a (536.0 mg, 872.3 pmol) was
added to the solution and heated at 80 °C for 2 h. The color of the solution immediately changed to
red purple as the complex dissolved, and changed into brown suspension after the heating. The solvent
was removed under reduced pressure, and the product was extracted from the brown residue with THF.
The extracts were placed on Celite® and alumina layers packed in a glass frit and eluted with THF.
The solvent was removed from the resulting eluent under reduced pressure to afford 30a (397.6 mg,

559.6 umol, 96%) as a dark brown solid.

Synthesis of Cp*Ru(u-H)4(u-CI(RuCp*)2 (29¢).
6 (41.6 mg, 56.2 umol) and 2a (51.1 mg, 107.2 umol) were charged in a 50-mL Schlenk tube,
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dissolved in hexane (10 mL) and stirred at 80 °C for 15 min. The color of the solution turned from
purple to brown. The solvent was removed under reduced pressure. Recrystallization from an acetone
solution at —30 °C afforded 29¢ (61.3 mg, 72.4 umol, 68%) as brown crystals. 29¢: 'H NMR (400
MHz, 25 °C, thf-ds, 8/ppm) & 5.13 (s, 2H, CpH), 1.75 (s, 30H, Cp*), 1.32 (s, 9H, Cp'Bu), 1.21 (s, 18H,
Cp'Bu), —10.09 (s like, 4H, Ru-H-Ru); *C NMR (100MHz, 25 °C, thf-ds, 8/ppm) & 105.7 (m, Cp'Bu),
103.1 (m, Cp'Bu), 82.5 (m, CsMes), 70.9 (dd, Jcu = 169.5 Hz, 6.4 Hz, CpH), 34.3 (m, CpC(CMes)),
32.4 (m, CpC(CMe3)) 32.3 (m, CpC(CMes)), 30.3 (m, CpC(CMes)), 12.3 (q, Jcu = 125.5 Hz, CsMes);
Anal. Calcd for C37Hg3CIRus: C, 52.49; H, 7.50. Found: C, 52.44; H, 7.74.

Synthesis of Cp*Ru(u-H)3(us-H)2(RuCp*); (30c¢).

6 (62.5 mg, 84.5 umol) and 2a (79.9 mg, 167.6 umol) were charged in a 50-mL Schlenk tube,
dissolved in hexane (10 mL), and stirred at 80 °C for 5 min. The color of the solution changed from
purple to brown. 2-Propanol (10 mL) and KOH (2 pellets, 235.1 mg, 4.2 mmol) were added to the
reaction mixture and sonicated for 30 min. at ambient temperature. The color changed from brown to
red brown. The solvent was removed under reduced pressure and 2-propanol (10 mL) was added. The
reaction mixture was heated at 80 °C for 15 h. The solvent was removed under reduced pressure. The
red residue was extracted with toluene and filtered through Celite® and alumina packed in a glass frit.
Then the solvent was removed from the resulting solution under reduced pressure. The red brown
residue was recrystallized from a cold acetone solution (=30 °C) to afford 30c¢ (58.3 mg, 71.8 umol,
43%) as red brown crystals. Cp*Ru(p-H)3(p3-H)2(RuCp*), (24b): 'H NMR (400 MHz, 25 °C, C¢Ds,
&/ppm) & 5.65 (s, 2 H, RuCpH), 2.04 (s, 30 H, RuCp*), 1.60 (s, 18 H, RuCp'Bu), 0.78 (s, 9 H, RuCp'Bu),
—6.67 (s, 5 H, Hydride); *C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 103.8 (m, Cp'Bu), 95.0 (m,
Cp'Bu), 86.4 (m, CsMes), 70.6 (dd, Jcu = 169.4 Hz, 6.4 Hz, CpH), 34.3 (m, CpC(CMe3)), 31.9 (m,
CpC(CMe3)), 30.7 (m, CpC(CMe3)), 28.8 (m, CpC(CMe3)), 13.1 (q, Jeu = 125.4 Hz, CsMes); HMQC
(25 °C, C¢Dg, d/ppm) 6¢ 70.6- du 5.65, ¢ 34.3- du 1.60, d¢ 31.9- du 0.78, d¢ 13.1- du 2.04; HMBC
(25 °C, CgDg, 6/ppm) d¢ 103.8- 6y 5.65, du 1.60, d¢c 95.0- du 5.65, 64 0.78, ¢ 86.4- 6y 2.04 6¢ 31.9-
du 1.60, &¢ 30.7- 6y 0.78; Anal. Caled for C37HssRus: C, 54.72; H, 7.94. Found: C, 54.51; H, 8.20.

Synthesis of Cp*RuH;z{Ru(p-cymene)}; (34).

23a (168.1 mg, 293.5 umol) and 21a (89.9 mg, 146.8 umol) were charged in a 50-mL Schlenk tube,
dissolved in 2-propanol (10 mL), and stirred at 80 °C for 30 min. The orange suspension turned into
red solution. K»,COs3 (90.8 mg, 658.0 pmol) was added to the reaction mixture at ambient temperature
and stirred at 80 °C for 16 h. The color of the solution turned from brown to red. The solvent was
removed under reduced pressure. The red residue was extracted with hexane and filtered through
Celite® packed in a glass frit. The brown residue was recrystallized from a cold acetone solution (—

30 °C) to afford 34 (142.0 mg, 175.7 umol, 60%) as brown crystals. 34: 'H NMR (400 MHz, 25 °C,
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CsDs, 8/ppm) 8 6.11 (d, Jun = 5.4 Hz, 4H, CsHy), 5.90 (d, Jun = 5.4 Hz, 4H, CsHy), 5.18 (s, 2H, CpH),
1.73 (sept, Jun = 6.9 Hz, 2H, CHMe>), 1.61 (s, 18H, Bu), 1.19 (s, 9H, ‘Bu), 1.17 (s, 6H, CH3), 0.76
(d, Jun = 6.9 Hz, 12H, CHMe,), —12.37 (s, 3H, Hydride)'"; *C NMR (100 MHz, 25 °C, C¢D, 8/ppm)
899.4 (m, Cp'Bu), 98.8 (m, Cp'Bu), 90.6 (m, CH3CsHsCH(CH3),), 81.9 (m, CH3CsH4CH(CH3)), 80.4
(m, CH3C¢H4CH(CH3)2), 80.3 (m, CH3C¢H4CH(CHs)2), 69.6 (dd, Jcu = 168.3, 6.6 Hz, CpH), 34.6
(dsept, Jcu = 124.4, 4.8 Hz, CMe3), 32.2 (m, CH3CsH4CH(CH3)2), 32.0 (m, CMe3), 31.5 (gsept, Jcu =
124.4, 4.8 Hz, CMe3), 29.5 (m, CMe3), 23.5 (m, CH3C¢H4CH(CH3)2), 20.8 (tq, Jcu = 126.0, 2.8 Hz,
CH3C¢H4CH(CH3)); Anal. Calcd for C37HeoRus: C, 54.99; H, 7.48. Found: C, 54.74; H, 7.63.

Chapter 4

Thermolysis of 2b in CeD13.

2b (5.5 mg, 11.0 pumol) and C¢D12 (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at
180 °C. The reaction was monitored by 'H NMR (0, 2, 4, and 12 h). The conversion of 2b reached to
99% in 2 h, the formation of 36b (54%), 37b (41%), and 30b (4%) were confirmed by 'H NMR
measurement. The product distribution changed to 36b (19%), 37b (76%), and 30b (5%) after 12h.

Thermolysis of 2¢ in C¢D13.

2¢ (7.9 mg, 9.8 umol) and CsD12 (0.6 mL, internal standard: hexamethyldisiloxane 1 pL) were charged
in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-
pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C. The
reaction was monitored by 'H NMR (0, 2, 14, and 38 h). The result are listed in Tables 8-4-1 and 8-4-
2.

Thermolysis of 2¢ in octane-ds.

2¢ (6.6 mg, 9.8 umol) and octane-dis (0.5 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at
180 °C. The reaction was monitored by 'H NMR (0, 2, 14, and 38 h). The result are listed in Tables 8-
4-1 and 8-4-2.

17 Two other isotopomers (6—12.78 and —13.22 ppm) were observed due to fast H/D exchange between C¢De.
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Table 8-4-1. Integrals of 2¢ and the solvent referenced to internal standard.

residual peak ‘Bu CpH Hydride
CH; -CH,- 1,2-Bu 4-Bu
CsD12 Oh 70.49  633.78  330.12 69.8 69.86
2h 7537 603.47  306.82 67.74 65.86
14h 150.54 3959 198.77 65.71 54.47
38h 24583  68.29 27.11 54.45 12.36
Octane-dig Oh 43.79 104.35 853.09 419.41 91.16 90.06
2h 77.97 102.44 762.02  386.66 96.23 84.61
14h 292.03 108.13  230.82  292.03 81.62 37.25
38h 370.16 110.48  73.57 30.82 63.29 10.36

Table 8-4-2. Percentage deuteration of 2¢ referenced to aromatic proton signal of Cp* ligand.

‘Bu CpH Hydride
1,2-'Bu 4-'Bu

CsD12 Oh 0.0% 0.0% 0.0% 0.0%
2h 1.9% 4.2% 0.0% 2.9%

14h 33.6% 36.0% 0.0% 17.2%

38h 86.2% 89.5% 0.0% 77.3%

Octane-d3g Oh 0.0% 0.0% 0.0% 0.0%
2h 15.4% 12.7% 0.0% 11.0%

14h 69.8% 22.2% 0.0% 53.8%

38h 87.6% 89.4% 0.0% 83.4%

Thermolysis of 2¢ in C¢Ds.

2¢ (2.2 mg, 3.3 umol) and Ce¢Ds (0.45 mL, internal standard: hexamethyldisiloxane 1uL) were

charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was heated at

120 °C for 12 h. 'H NMR spectrum showed trace formation of 39¢, and H/D exchanged product of 2¢
(‘Buz: 95%,Bu: 66%, Hydride: 94%) was observed.'®

Reaction of 2¢ with hexane.

2¢ (42.2 mg, 62.7 umol) and hexane (5 mL) were charged in a glass autoclave. The reaction mixture

was degassed by freeze-pump-thaw cycles and back-filled with 7 atm of N,. The reaction mixture was

heated at 180 °C for 12 h. The solvent was removed under reduced pressure and the residue was

18 Referenced to CpH.
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analyzed by '"H NMR measurement. The product contained 2¢ (93%), 38¢ (6%), and 16¢ (1%) along
with trace amount of new hydride complexes. 38¢: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.27
(tq like ddddd, *Jun = 5.7 Hz, “Juy= 0.6 Hz, 1H, n°-CsHsMe), 4.50-4.40 (m, 2H, n°-CsHsMe), 4.47 (d,
“Jun = 2.0 Hz, 1H, CpH), 4.42 (d, *Jun = 2.0 Hz, 1H, CpH), 2.92 (dd, *Juu = 8.3 Hz, 2Jun = 2.6 Hz,
1H, n’>-CsH¢Me), 1.67 (dd, *Jun = 5.9 Hz, *Jun = 0.2 Hz, 3H, n°-CsHeMe), 1.34 (s, 9H, Cp'Bu), 1.23
(s, 9H, Cp'Bu), 1.22 (s, 9H, Cp'Bu), 0.84 (dq, *Jun = 7.9, 5.9 Hz, n°-CsHeMe), 0.23 (dd, *Jun = 8.5 Hz,
2Jun = 2.6 Hz, 1H, n°-CsHeMe).

H/D exchange reaction of 2d with thf-ds.
2d (2.2 mg, 3.8 umol) and thf-ds (0.4 mL, internal standard: 2,2,4,4-tetramethylpentane 1pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was heated at

100 °C, and the reaction was monitored by 'H NMR. The time course is shown in Fig. 8-4-1.
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Figure 8-4-1. Thermolysis of complex 2d in thf-ds.
(left: signal intensity referred to internal standard, right: H/D exchange based on Cp*)

Photolysis of 2b in C¢D1s.

2b (5.6 mg, 11.2 umol) and CgD1> (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was degassed by
freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The solution was irradiated with UV light
(Rex-250, 313 nm) at ambient temperature for 24 h. The conversion of 2b was 80%, and the formation
of 36b (32%), 37b (8%) were confirmed by "H NMR measurement. Several paramagnetic species

were observed in the 'H NMR spectrum.

Photolysis of 2¢ in C¢D12.
2¢ (8.2 mg, 12.2 pmol) and C¢D12 (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were

charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
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by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The solution was irradiated with UV
light (Rex-250, 313 nm) at ambient temperature for 24 h. The conversion of 2¢ was 88% and 40c was
obtained in 67% yield. 40¢: 'H NMR (400 MHz, 25 °C, CsDs, 8/ppm) & 5.26 (brs, wi2 = 52 Hz, 36H,
'Bu), 4.37 (brs, w2, = 48 Hz, 18H, 'Bu). ESR (pentane, 25 °C)" g value: 2.05111.

Reaction of 2¢ with ethylene. Preparation of Cp*Ru(u-H)(u-CCH;)(u-CHCH3)RuCp? (42).

A solution of 2¢ (119.8 mg, 178.0 umol) in toluene (5 mL) was transferred to a 25-mL Schlenk flask
equipped with a J. Young valve, and degassed by freeze-pump-thaw cycles. The reaction mixture was
warmed to ambient temperature and backfilled with 1 atm of ethylene. The reaction mixture was stirred
for 18 h at 80 °C. The color of the solution changed from red to dark red. The solvent was removed
under reduced pressure to give a dark red residue. Recrystallization from a cold pentane solution
(=30 °C) afforded 42 as a dark red crystalline solid (72.1 mg, 99.2 umol, 56%). 42: '"H NMR (400
MHz, 25 °C, C¢Ds, d/ppm): 6 10.57 (quintet like dq, Jun = 6.4, 6.8 Hz, 1H, u-CHCH3), 5.25 (d, Juu =
2.2 Hz, 2H, CpH), 4.93 (d, Jun = 2.2 Hz, 2H, CpH), 3.96 (s, 3H, u-CCH3), 2.27 (d, Jun = 6.8 Hz, 3H,
u-CHCHs) , 1.58 (s, 18H, Cp'Bu) , 1.16 (s, 18H, Cp'Bu) , 1.12 (s, 18H, Cp'Bu), —18.22 (d, Juu = 6.4
Hz, 1H, Ru-H-Ru); *C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm): & 378.8 (u-CCH3), 136.0 (u-
CHCH3), 111.8 (Cp'Bu), 110.5 (Cp'Bu), 105.8 (Cp'Bu), 90.2 (CpH), 86.0 (CpH), 48.8 (u-CCH3), 45.5
(u-CHCH3), 34.5 (CMe3), 34.2 (CMes), 32.7 (CMe3), 32.2 (CMes), 32.1 (CMes), 30.4 (CMes); H-H
COSY (25 °C, CgDg, &/ppm): 6 10.57-6 2.27 and & —18.22, 6 5.25-8 4.93; Anal. Calcd for C3sHesRuo:
C, 62.95; H, 9.17. Found: C, 63.15; H, 9.45.

Photochemical conversion of 42 into Cp*Ru(u-CCH3):RuCp* (43).

An NMR sample tube equipped with a J. Young valve was charged 42 (11.6 mg, 16.0 umol),CsDs
(0.4 mL), and hexamethyldisiloxane (1puL) as internal standard. Upon UV irradiation (365 nm) at
ambient temperature for 19 h, disappearance of 42 and formation of 43 (76%) and 2¢ (15%) were
confirmed by 'H NMR spectroscopy. The solvent was removed under reduced pressure, and the
residual reddish brown solid was extracted with pentane. Purification by alumina column
chromatography (eluent: pentane) afforded 43 (8.8 mg, 12.2 pmol, 76%) as brown crystals. 43: 'H
NMR (400 MHz, 25 °C, Cs¢Ds, &/ppm): 8 4.93 (s, 4H, CpH), 4.40 (s, 6H, u-CMe), 1.39 (s, 36H, Cp’Bu),
0.85 (s, 18H, Cp'Bu). *C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm): & 365.1 (q, 2Jcn = 6.5 Hz, u-CMe),
114.5 (m, Cp'Bu), 110.9 (m, Cp'Bu), 86.9 (dd, 'Jeu = 167.0 Hz, *Jcu = 7.2 Hz, CpH), 50.6 (q, 'Jeu =
134.9 Hz, u-CMe), 34.5 (m, CpCCH3), 34.4 (m, CpCCH3), 32.6 (m, CpCCH3), 29.9 (m, CpCCH3).
HMQC (25°C, C¢Ds, &/ppm): 8¢ 86.9-0n 4.93, ¢ 50.6-0n 4.40, d¢ 34.5-6u 1.39, 6¢c 32.6-64 0.85.
HMBC (25°C, C¢Ds, &/ppm): ¢ 365.1-64 4.40, 6¢ 114.5-0u 1.39, &¢ 110.9-6y 0.85, 8¢ 34.4-6y 1.39,
Oc 29.9-0y 0.85. Anal. Caled for CssHgsRuz: C, 63.12; H, 8.92. Found: C, 63.44; H, 9.25.

19 The ESR spectrum was measured with the mixture of 2¢ and 40c.
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Reaction of 2¢ with acetonitrile.

2¢ (116.4 mg, 173.0 umol) and acetonitrile (5 mL) were charged in a 50-mL Schlenk tube and heated
at 80°C for 3h. The color of the solution changed from red to brown. The solvent under reduced
pressure, and the residual solid was purified by alumina column chromatography. From the red brown
band (eluent: hexane), 45 (87.5 mg, 120.8 pumol, 70%) was obtained as a red brown solid. From the
brown band (eluent: toluene), 46 (20.5 mg, 27.2 pmol, 16%) was obtained as a brown solid. 45: 'H
NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.21 (s, 4H, CpH), 4.98 (q, J= 7.2 Hz, 2H, NCH>CH3), 1.91
(t, J=7.2 Hz, 3H, NCH.CH?3), 1.41 (s, 36H, Cp'Buy), 0.99 (s, 18H, Cp'Bu), —11.02 (s, 2H, Hydride).
BC {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 109.1 (Cp'Buz), 105.1 (Cp'Bu), 79.0 (CpH), 77.0
(NCH2CHz3), 34.3 (CpCMes), 32.1 (Cp(CMes)2), 31.2 (CpCMes), 29.6 (Cp(CMes)2), 20.8 (NCH2CH3);
'H-"H COSY (25 °C, C¢Dg, 8/ppm): & 4.98 - 5 1.91. Anal. Caled for C3sHesNRuo: C, 60.55; H, 9.18;
N, 1.96. Found: C, 60.54; H, 9.37; N, 2.12. 46: '"H NMR (400 MHz, 25 °C,

c3
CeDs, 8/ppm) & 5.46 (d, J = 1.8 Hz, 1H, CpH), 4.81 (d, J = 1.9 Hz, 1H, CpH), \C1—N
4.63 (d, J=1.9 Hz, 1H, CpH), 4.63 (br, J=1.9 Hz, 1H, NH), 4.40 (d, J= 1.8 HN”\ /\\cz—c“
Hz, 1H, CpH), 2.74 (s, 3H, C*H3), 2.59 (s, 3H, C*H5), 1.56 (s, 9H, Cp'Bu), 1.45 Ru

(s, OH, Cp'Bu), 1.42 (s, 9H, Cp'Bu), 1.33 (s, 9H, Cp'Bu), 1.29 (s, 9H, Cp'Bu), 0.99 (s, 9H, Cp'Bu), —
9.33 (s, 1H, Hydride); *C {'"H} NMR (100 MHz, 25 °C, CsDs, 8/ppm) & 218.8 (C?), 123.1 (C"), 110.0
(Cp'Bu), 105.8 (Cp'Bu), 103.6 (Cp'Bu), 103.2 (Cp'Bu), 98.6 (Cp'Bu), 98.4 (Cp'Bu), 78.4 (CpH), 76.5
(CpH), 75.2 (CpH), 75.1 (CpH), 39.3 (C?), 34.8 (CpC(CH3)3), 34.2 (CpC(CH3)3), 33.8 (CpC(CH3)3),
33.5 (CpC(CHz3)3), 32.8 (CpC(CHs)s), 32.53 (CpC(CHs)3), 32.51 (CpC(CHs)s, CpC(CHzs)3), 32.4
(CpC(CH3)3), 31.2 (CpC(CH3)3), 30.8 (CpC(CH3)3), 30.1 (CpC(CH3)3), 20.6 (C*); HSQC (25 °C, C6Ds,
&/ppm) d¢ 78.4 - du 5.46, d¢c 76.5 - 6u 4.81, ¢ 75.2 - du 4.63, ¢ 75.1 - 6u 4.40, S¢ 39.3 - Ou 2.59, 6¢
34.8 - 6u 1.42, 8¢ 34.2 - 81 1.33, 8¢ 33.8 - 0 1.29, 8¢ 33.5 - 0n 1.45, 8¢ 32.51 - 64 1.56, 8¢ 31.2 - dn
0.99, 8¢ 20.6 - du 2.74; Cigar2j3j (25 °C, C¢De, 6/ppm) d¢ 218.8 - 01 2.59, 8¢ 123.1 - 81 2.74, 8¢ 110.0
- 0n 4.81,4.63, 1.33, 8¢ 105.8 - 0n 5.46, 4.40, 1.45, 5c 103.6 - 61 4.81, 4.63, 1.56, d¢c 103.2 - oy 4.81,
4.63, 1.42, 8¢ 98.6 - O 5.46, 4.40, 1.28, ¢ 98.4 - 8y 5.46, 4.40, 0.99, d¢c 78.4 - 0n 4.63, 1.42, 5¢ 76.5
- 01 4.40, 1.30, 8¢ 75.2 - Ou 5.46, 1.45, ¢ 75.1 - 6n 4.81, 1.33, 5¢ 34.8 - 0n 1.42, 8¢ 34.2 - du 1.33, 6¢
33.8-0n1.29, 6¢ 33.5 - 0n 1.44, 8¢ 32.8 - 61 1.33, 0¢ 32.5 - 0 1.55, 1.45,1.29 , 8¢ 32.4 - 8 1.42, 6¢
31.2-0610.99, d¢ 30.8 - 8 1.55, 0¢ 30.1 - 01 0.99;  Anal. Calcd for 46+acetone (C41H72N2ORuy): C,
60.71; H, 8.95; N, 3.45. Found: C, 60.29; H, 9.50; N, 3.56.

Reaction of 2¢ with triphenylphosphine. Synthesis of (Cp*Ru)2(u-PPhz)(u-H)s (49).
2¢ (41.5 mg, 61.5 umol), PPh; (140.3 pumol, 2.3 eq.), and toluene (5 mL) were charged in a 50-mL
Schlenk tube. The reaction mixture was stirred at ambient temperature for 24 h. The color of the

solution changed from red to purple. The solvent was removed under reduced pressure and the purple
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residue was purified by alumina column chromatography (eluent: hexane). From the purple band, 49
(16.1 mg, 18.8 umol, 31%) was obtained as a purple solid. 49: '"H NMR (400 MHz, 25 °C, C¢Ds,
&/ppm) o 7.89 (m, 4H, 0-Ph), 7.14 (m, 4H, m-Ph), 7.02 (m, 2H, p-Ph), 5.05 (s, 4H, CpH), 1.28 (s, 36H,
Cp'Bu), 1.24 (s, 18H, Cp'Bu), -12.36 (d, 3H, Jeu= 22.8Hz, Hydride); *C {'H} NMR (100 MHz, 25 °C,
CeDs, &/ppm) 6 146.3 (d, Jep=27.8Hz, ipso-Ph), 134.8 (d, Jep= 12.3Hz, 0-Ph), 127.4 (d, Jcp=2.6Hz,
p-Ph), 126.9 (d, Jep= 10.0Hz, m-Ph,), 110.4 (Cp'Bu), 104.9 (Cp'Bu), 74.7 (d, Jcp= 2.4Hz, CpH), 33.9
(CpC(CHs)s), 32.2 (CpC(CHs)3), 31.4 (CpC(CHs)3), 30.3 (CpC(CHs)s); *'P {'H} NMR (161 MHz,
25 °C, CgDg, 0/ppm) 6 90.9 (n-PPhy); Anal. Caled for C4¢H71PRu2: C, 64.46; H, 8.35. Found: C, 64.30;
H, 8.26.

Reaction of 2d with triphenylphosphine. Synthesis of S0.

2d (22.4 mg, 39.0 umol), PPh3 (50.1 mg, 190.9 pumol, 4.9 eq.), and toluene (5 mL) were charged in
a 50-mL Schlenk tube equipped and stirred at ambient temperature for 17 h. The color of the solution
changed from orange to brown. The solvent was removed under reduced pressure and the brown
residue was purified by alumina column chromatography (eluent: hexane). Recrystallization from
hexane afforded 50shexane (25.2 mg, 22.8 pmol, 58%) as a brown crystal. 50: '"H NMR (400 MHz,
25 °C, C¢Dg, &/ppm) 8 8.2-6.7 (m, 24 H, Ph), 4.87 (d, Jun= 1.4 Hz, 1H, CpH), 3.56 (d, Jun= 1.4 Hz,
1H, CpH), 1.66 (s, 9H, Cp'Bu), 1.56 (s, 15H, CpMe), 1.08 (s, 9H, Cp'Bu), 1.06 (s, 9H, Cp'Bu); *C
{'H} NMR (100 MHz, 25 °C, CsDs, 8/ppm) & 145.6 (dd, Jec = 54, 7.2 Hz, Ph), 138.0 (d, Jpc = 12 Hz,
Ph), 134.1 (d, Jec= 20 Hz, Ph), 132.4 (d, Jec= 9.7 Hz, Ph,), 129-126 (m, Ph), 115.9 (Cp'Bu), 111.5
(Cp'Bu), 107.8 (d, Jec = 6.0 Hz, Cp'Bu), 92.0 (CpMe), 89.9 (CpH), 75.9 (CpH), 34.9 (CpC(CH3)3),
34.8 (CpC(CHs)3), 33.0 (CpC(CHa3)3), 32.4 (CpC(CHa3)3), 32.2 (CpC(CH3)3), 31.8 (CpC(CHz3)3), 14.3
(CpMe);*'P {'"H} NMR (161 MHz, 25 °C, C¢Ds, 8/ppm) & 167.6 (d, Jep= 19 Hz, 1P, u-PPh,), 69.4 (d,
Jep= 19 Hz, 1P, PPh3); Anal. Calcd for Cs;HesP2Ruz* CsHia: C, 68.58; H, 7.49. Found: C, 68.92; H,
7.53.

Synthesis of (Cp*Ru)2(u-H)2(PMe;Ph) (51).

2¢ (25.1 mg, 37.3 pmol), PMe,Ph (26.5 pL, 5 eq.), and hexane (5 mL) were charged in a 50-mL
Schlenk tube and stirred at ambient temperature for 1 h. The color of the solution changed from orange
to green brown. The solvent was removed under reduced pressure and the residue was purified by
alumina column chromatography (eluent: hexane). From the green brown band, 51 (28.1 mg, 34.7
umol, 93%) was obtained as a brown solid. 51: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 8.09 (m,
2H, Ph), 7.24 (m, 2H, Ph), 7.10 (m, 1H, p-Ph), 4.09 (s, 4H, CpH), 2.19 (d, J= 8.1 Hz, 6H, PMe), 1.49
(s, 36H, Cp'Bu), 1.38 (s, 18H, Cp'Bu), —13.89 (d, J = 20.6 Hz, 2 H, Hydride); *'P {'H} NMR (161
MHz, 25 °C, CsDs, 6/ppm) 6 8.9 (PMezPh).
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Synthesis of (Cp‘Ru)z(u-H)3(u-PMe,) (52).

2¢ (52.1 mg, 77.4 pmol), PMe,Ph (11.0 pL, 1 eq.), and hexane (2 mL) were charged in a 10-mL
Schlenk tube equipped with a J. Young valve and stirred at ambient temperature for 30 min. The color
of the solution changed from orange to green brown. Then the reaction mixture was heated at 80 °C
for 4 h. The color of the solution changed to brown. The solvent was removed under reduced pressure
and the residue was purified by alumina column chromatography (eluent: hexane). The gray band was
collected and washed with acetone to afford 52 (13.4 mg, 18.3 umol, 24%) as a red purple solid. 52:
"H NMR (400 MHz, 25 °C, CsDs, 8/ppm) & 5.08 (s, 4H, CpH), 1.93 (d,J = 9.8 Hz, 6H, PMe), 1.43 (s,
36H, Cp'Bu), 1.20 (s, 18H, Cp'Bu), —12.57 (d, J = 20.5 Hz, 3H, Hydride); *'P {'H} NMR (161 MHz,
25 °C, CgDg, 6/ppm) 6 65.4 (PMey).

Synthesis of (Cp‘Ru);Hs(u-PMe;) (53).

2¢ (27.7 mg, 41.1 pmol), PMe,Ph (29.2 uL, 5 eq.), and hexane (5 mL) were charged in a 50-mL
Schlenk tube and stirred at ambient temperature for 30 min. The color of the solution changed from
orange to green brown. The solvent was removed under reduced pressure and the residue was purified
by alumina column chromatography (eluent: hexane). The green brown band was collected and
charged to an NMR sample tube equipped with a J. Young valve. The solvent was removed under
reduced pressure. The residue was dissolved in C¢Ds (0.45 mL) and heated at 80 °C for 20 min. The
reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The
reaction mixture was again heated at 80 °C for 10 min. The color of the solution changed from brown
to green. The solvent was removed under reduced pressure and the residue was purified by alumina
column chromatography (eluent: hexane). From the green brown band, 53 (23.5 mg, 32.0 umol, 78%)
was obtained as a brown solid. 53: "H NMR (400 MHz, 25 °C, C¢D¢, 8/ppm) & 4.94 (broadening
doublet, 4H, CpH), 2.10 (d, J = 10.0 Hz, 6H, PMe), 1.49 (br s, 36H, Cp'Bu), 1.26 (s, 18H, Cp'Bu), —
12.45 (br, 4 H, Hydride), —15.12 (br, 1 H, Hydride); *'P {'H} NMR (161 MHz, 25 °C, C¢Ds, 8/ppm)
5 155.0 (PMe»).

Reaction of 2¢ with dicyclohexylphenylphosphine. Synthesis of (Cp*Ru)2(u-H)2(u-Cy2PH) (54).
2¢ (43.4 mg, 64.5 pumol), PCy,Ph (35.4 mg, 129.0 umol, 2 eq.), and hexane (2 mL) were charged in
a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was stirred at 120°C for
5 h. The color of the solution changed from orange to purple. The solvent was removed under reduced
pressure and the residue was purified by alumina column chromatography (eluent: hexane). From the
purple band, 54 (31.3 mg, 36.0 umol, 56%) was obtained as a purple solid. 54:
"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.73 (s, 4H, CpH), 2.25 (m, 2H,
PCy, C'H), 1.96 (m, 4H, PCy, C*H), 1.83 (m, 4H, PCy, C?H), 1.66 (m, 2H, PCy,
C*H), 1.49 (s, 36H, Cp'Bu) 1.31 (s, 18H, Cp'Bu), ,1.31-1.15 (m, 10H, PCy, C?H,
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C*H, C*H), -12.01 (d, J = 6.5 Hz, 3H, Hydride); *C{'H} NMR (100MHz, 25 °C, C¢Ds, &/ppm) &
106.6 (Cp'Bu), 102.2 (Cp'Bu), 70.2 (d, Jo_c = 2.3 Hz, CpH), 38.5 (d, Jo-c = 16.3 Hz, C"), 34.5
(CpCMes), 33.7 (d, Jo-c = 1.5 Hz, C%), 32.0 (CpCMes3), 31.8 (CpCMes), 30.3 (CpCMes), 27.8 (d, Jp—c
= 11.8 Hz, ?), 26.9 (d, Jo-c = 1.5 Hz, C*); *'P {{H} NMR (161 MHz, 25 °C, C¢D¢, 8/ppm) & 80.0
(PCy»); 'H-"H COSY (25 °C, C¢Ds, 8/ppm) & 2.25 - § (1.31-1.15), 6 1.96 - 5 (1.31-1.15), 5 1.83 - &
(1.31-1.15), 8 1.66 - & (1.31-1.15); HSQC (25 °C, C¢Ds, 8/ppm) 8¢ 70.2 - &u 4.73, 8¢ 38.5 - 8 2.25,
(1.31-1.15), 8¢ 34.5 - 81 1.49, 8¢ 33.7 - 85 1.96, (1.31-1.15), 8¢ 31.8 - 811 1.49, 8¢ 27.8 - 61 1.85, (1.31-
1.15), 8¢ 26.9 - 8 1.66, (1.31-1.15); Cigar2j3j (25 °C, CsDs, 8/ppm) ¢ 106.6 - 85 4.73, 1.31, 8¢ 102.2
- 81 4.73, 1.49, 8¢ 34.5 - 8 1.49, 8¢ 32.0 - 811 1.49, 8¢ 31.8 - 6 4.73, 1.31, 8¢ 30.3 - 85 4.73, 1.31.
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Figure 8-4-2. IR spectrum of 54. (KBr, cm™)
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Figure 8-4-3. VI-NMR of 54. (a-c: '"H NMR 400 MHz, d: *'P {{H} NMR 161 MHz, thi-ds)

*the spectrum of —120 °C was measured in toluene/THF = 1/5 solution.

Reaction of 2¢ with di-fert-butylphosphine. Synthesis of Cp*Ru(u-‘BuzPH)(u-H)RuCp? (55).

2¢ (71.0 mg, 105.5 pumol), PH'Bu, (78 uL, 4 eq.), and hexane (5 mL) were charged in a 25-mL
Schlenk tube equipped with a J. Young valve and heated at 120 °C for 14 h. The reaction mixture
turned from orange to purple. The solvent was removed under reduced pressure and the residue was
purified by alumina column chromatography (eluent: hexane). The purple band was collected and the
solvent was removed under reduced pressure. Recrystallization from a cold acetone solution (=30 °C)
afforded 55 (70.1 mg, 83.3 umol, 79 %) as purple crystals. 55: '"H NMR (400 MHz, 25 °C, C¢Ds,
&/ppm) & 4.65 (s, 4H, CpH), 1.52 (s, 36H, Cp’Bu), 1.34 (d, Jeou = 13.9 Hz, 18H, P'Bu), 1.27 (s, 18H,
Cp'Bu), —11.62 (d, Jeu = 20.6 Hz, 3H, Hydride); *C{'H} NMR (100MHz, 25 °C, C¢D¢, 8/ppm) &
103.2 (Cp'Bu), 101.8 (Cp'Bu), 68.4 (d, Jeu = Hz, Cp'Bu), 35.5 (d, Jpu = 9.6 Hz, PCMe3), 34.5
(CpCMes), 34.1 (d, Jeu = 7.6 Hz, PCMe3), 32.2 (CpCMes), 31.8 (CpCMes), 30.4 (CpCMes); 3'P {'H}
NMR (161MHz, 25 °C, C¢De, 8/ppm) 8 91.6 (P'Bu); HMQC (25 °C, C¢Ds, 8/ppm) 8¢ 68.4 - 8y 4.65,
d¢ 34.5 - 8u 1.52, 6¢ 34.1 - 8u 1.34, 8¢ 31.8- 6u 1.27; Cigar2j3j (25 °C, CsDs, 0/ppm) d¢ 103.2 - dn
4.65,1.27 , 8¢ 101.8 - 6y 4.65, 1.52, 8¢ 35.5 - O 1.34, 8¢ 34.5 - 6u 1.52, 8¢ 34.1 - 6 1.34, 6¢ 32.2 -
On 4.65,1.52,8¢31.8-011.27, 8¢ 30.4 - 81 4.65, 1.27; Anal. Caled for CooH79Ru2: C, 61.73; H, 9.74.
Found: C, 62.09; H, 9.75.

330



Experimental Section

100
920
80

*

70 1681 cm?
;,'TE: 60

50

40

30
20

3000 2500 2000 1500 1000 500
Wavenumber [cm-1]

Figure 8-4-4. IR spectrum of 55. (KBr, cm™)
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Figure 8-4-5. VI-NMR of 55. (a-c: '"H NMR 400 MHz, d: *'P {{H} NMR 161 MHz, thi-ds)

*the spectrum of —120 °C was measured in toluene/THF = 1/5 solution.

Reaction of 20c with triphenyl phosphine. Synthesis of Cp*Ru(x-H)2(#-PPh2)RhCp* (57).

20c (25.5 mg, 44.3 pmol), PPhs (11.4 mg, 43.5 umol, 0.98 eq.), and THF (4 mL) were charged in a
50-mL Schlenk tube and stirred for 1 h. The color of the solution changed from red purple to purple.
The solvent was removed under reduced pressure and the residue was purified by alumina column
chromatography (eluent: hexane). From the purple band, 57 (24.5 mg, 32.2 umol, 73%) was obtained
as a purple solid. 57: 'H NMR (400 MHz, 25 °C, C¢De, 8/ppm) & 7.64 (m, 2H, 0-Ph), 7.15 (m, 2H, m-
Ph), 7.02 (m, 1H, p-Ph), 4.76 (s, 2H, CpH), 1.61 (s, 15H, Cp*), 1.45 (s, 18H, ‘Bu), 1.27 (s, 9H, '‘Bu),
—14.67 (dd, Jrnu = 31.2 Hz, Jeu = 31.2 Hz, 2H, Hydride); *C{'H} NMR (100MHz, 25 °C, C¢Ds,
&/ppm) & 144.3 (d, Jec = 24.6 Hz, ipso-Ph), 134.0 (d, Jec = 12.5 Hz, 0-Ph), 127.3 (d, Jpc = 2.8 Hz, p-
Ph), 127.1 (d, Jec = 10.0 Hz, m-Ph), 101.8 (d, Jec = 1.9 Hz, Cp'Bu), 99.3 (d, Jec = 3.2 Hz, Cp'Bu),
96.9 (d, Jrnc = 50.4 Hz, Jpu = 1.5 Hz, CpMes), 67.5 (d, Jec = 1.9 Hz, CpH), 34.3 (CpCMe3), 31.9
(CpCMe3), 31.5 (CpCMes), 30.2 (CpCMes), 10.9 (CpMes); *'P {'H} NMR (161MHz, 25 °C, C4Ds,
O/ppm) 6 106.0 (d, Jern = 107.7 Hz, 1~-PPhy); Anal. Calcd for C42Hs3PRhRu: C, 62.83; H, 7.91. Found:
C, 63.01; H, 7.98.

Reaction of 2¢ with norbornadiene. Synthesis of Cp*Ru(u-n*:n3-C;Hs)RuCp?* (59).

2¢ (61.1 mg, 90.8 pumol), norbornadiene (0.46 mL, 45.2 mmol, 500 eq.), and hexane (2 mL) were
charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was heated at
150 °C for 3 h. The color of the solution did not change from orange. The solvent was removed under
reduced pressure and the orange residue was purified by alumina column chromatography (eluent:
hexane). The orange band was collected and recrystallized from an acetone solution to afford 59 (41.6
mg, 54.7 umol, 60%) as orange crystals. 59: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 12.13 (d, Jun
=5.9 Hz, 2H, H"), 5.08 (t, Jun = 6.4 Hz, 2H, H*), 4.70 (d, Juu = 2.2 Hz, 2H, CpH), 4.38 (d, Jun = 2.2
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Hz, 2H, CpH), 2.63 (m, 2H, ), 1.53 (s, 18H, ‘Bu), 1.32 (s, 18H, ‘Bu), 1.19 (s, 18H, ‘Bu), 0.88 (t, Jim
— 6.9 Hz, 2H, H*); 3C NMR (100 MHz, 25 °C, C¢De) § 173.4 (dd, Jox = 144.7, 9.8 Hz, C1), 113.1
(m, CprBu), 112.0 (m, CpBu), 108.0 (m, CprBu), 83.8 (dd, Jex
— 167.6, 6.6 Hz,CpH), 82.1 (dd, Jey = 167.0, 6.4 Hz,CpH),
69.7 (d, Jor = 156.8 Hz, C2),39.9 (d, Jou = 142.9 Hz, C%), 34.7
(CpC(CH3)s), 34.1 (CpC(CHs)s), 33.4 (CpC(CHs)s), 32.5
(CpC(CHy)3), 32.0 (CpC(CHy)s), 31.6 (CpC(CHy)s), 184 (,
Jen = 125.6 Hz,C*); Anal. Caled for C41HessRuz: C, 64.70; H,
8.74. Found: C, 64.79; H, 8.73.

Photochemical reaction of 2a with carbon dioxide. Synthesis of Cp*Ru(p-OCHO)(u-H);RuCp*
(63a).

The THF (10 mL) solution of 2a (48.0 mg, 101.5 umol) was degassed and back-filled with latm of
carbon dioxide at ambient temperature. The solution was irradiated with UV light (Pot-365, 365nm)
at 0 °C under vigorous stirring. The orange solution of 2a changed into a dark orange solution after
irradiation for 24 h. The solution was cooled to —78 °C and bubbled with carbon dioxide/oxygen (1:1)
gas for 10 sec. in order to oxidize 30a. The solvent was removed under reduced pressure. The
extraction of the residue with hexane at =78 °C afforded 25.9 mg (71% purity by integral intensity of
Cp* region in 'H NMR) of 63a.

Photochemical reaction of 2a with carbon dioxide. NMR sample tube experiment.

An NMR sample tube equipped with a J. Young valve was charged with 2a (2.2 mg, 4.7 umol), and
thf-ds (0.45 mL, internal standard: hexamethyldisiloxane 1uL) was introduced into the tube by
vacuum-transfer. 1 atm of carbon dioxide was introduced to the sample tube and the solution was
irradiated with UV light (REX-250, 365 nm) at 0 °C. The orange solution of 2a changed into a dark
solution after irradiation for 48 h. '"H NMR spectrum showed 96% conversion of 2a and the formation
of 63a (57%) and 30a (23 %). 63a: 'H NMR (400 MHz, 25 °C, thf-ds, 5/ppm) & 6.84 (s, 1H, HCOO),
1.86 (s, 30H, CsMes); The hydride signals were not observed at 25 °C due to the dynamic behavior.
3C NMR (100 MHz, 25 °C, thf-ds, 8/ppm) & 171.1 (d, Jcu = 204.3 Hz, HCOO), 86.7 (s, CsMes), 11.6
(q, Jen = 125.7 Hz, CsMes); 'H NMR (400 MHz, —80 °C, thf-ds, 8/ppm) & 6.80 (s, 1H, HCOO), 1.83
(s, 30H, CsMes), 0.86 (t, Jun = 6.0 Hz, 1H, Ru-H), —15.07 (d, Jun = 6.0 Hz, 2H, Ru-H); Selective
decoupling experiments were performed to confirm the coupling between the two hydride signals. IR

v(CO) (KBr,cm™): 1587.

Photochemical reaction of 2b with carbon dioxide. NMR sample tube experiment.

An NMR sample tube equipped with a J. Young valve was charged with 2b (2.0 mg, 4.0 umol), and
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thf-ds (0.45 mL, internal standard: hexamethyldisiloxane 1puL) was introduced into the tube by
vacuum-transfer. 1 atm of carbon dioxide was introduced to the sample tube and the solution was
irradiated with UV light (REX-250, 365 nm) at 0 °C. The orange solution of 2b changed into a dark
solution after irradiation for 21 h. "H NMR spectrum showed 96% conversion of 2b and the formation
of 63b (48%) and 30b (18 %). 63b: 'H NMR (400 MHz, 25 °C, thf-ds, 8/ppm) § 6.76 (s, 1H, HCOO),
2.27 (q, 4H, Juu = 7.6 Hz, -CH>CH3), 1.86 (s, 12H, CpMe), 1.84 (s, 12H, CpMe), 1.03 (t, 6H, Juu =
7.6 Hz, -CH,CH3). The hydride signals were not observed at 25 °C due to the dynamic behavior. The
formate carbon was observed at § 170.9 ppm (d, 'Jen = 204.5 Hz) in *C NMR (100 MHz, 25 °C, thf-
dg, 8/ppm).

Photochemical reaction of 2¢ with carbon dioxide. Synthesis of Cp*Ru(u-CO)(u-O)RuCp? (64)
The toluene (4 mL) solution of 2¢ (33.2 mg, 49.3 umol) degassed by freeze-pump-thaw cycles and
back-filled with 1atm of carbon dioxide at ambient temperature. The solution was irradiated with UV
light (Pot-365, 365nm) at 25 °C with vigorous stirring. The red solution of 2¢ changed into a wine red
solution after irradiation for 20 h. Removal of the solvent under reduced pressure, followed by
purification of the residual solid by alumina column chromatography (eluent: toluene) afforded 11.7

mg (16.4 umol, 33 %) of 64 as wine red solid.

Photochemical reaction of 2¢ with carbon dioxide. NMR sample tube experiment.

An NMR sample tube equipped with a J. Young valve was charged with 2¢ (0.3 mg, 0.4 pmol) and
CsDs (0.45 mL, internal standard: hexamethyldisiloxane 1uL) was added. The solution was degassed
by freeze-pump-thaw cycles and back filled with 1 atm of carbon dioxide. The solution was irradiated
with UV light (REX-250, 365 nm) at 25 °C. The red solution of 2¢ changed into a wine red solution
after irradiation for 40 h. '"H NMR spectrum showed complete (>99%) conversion of 2¢ and the

formation of 64 in 80% yield.

Photochemical reaction of 2¢ with carbon dioxide in THF.

An NMR sample tube equipped with a J. Young valve was charged with 2¢ (12.8 mg, 19.0umol) and
dissolved in THF (0.5 mL). The solution was degassed by freeze-pump-thaw cycles and back filled
with 1 atm of carbon dioxide. The solution was irradiated with UV light (pot-365, 365 nm) at 0 °C.
The red solution of 2¢ changed into a wine red solution after irradiation for 60 h. Removal of the
solvent under reduced pressure, followed by purification of the residual solid by alumina column
chromatography afforded a mixture of 16¢ and 67¢ (4.4 mg, 16¢/67¢ = 82/18) from brown band eluted
with pentane. 64 (3.8 mg, 5.3 umol, 28%) was obtained from red purple band eluted with toluene. 64:
'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.91 (s, 4H, CpH), 1.41 (s, 36H, 'Bu), 1.02 (s, 18H, ‘Bu);
BC{'H} NMR (100 MHz, 25 °C, C¢D¢, 8/ppm) & 255.5 (u-CO), 109.5 (CpCMe3), 105.3 (CpCMe3),
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86.7 (CpH), 33.7 (CMe3), 32.7 (CMes), 30.8 (CMe3), 29.8 (CMe3); IR v(CO) (KBr,cm™): 1765; Anal.
Caled for C35HssO2Ruz: C, 58.96; H, 8.20. Found: C, 59.29; H, 8.34. 16¢: '"H NMR (400 MHz, 25 °C,
CsDs, d/ppm) & 4.78 (s, 4H, CpH), 1.45 (s, 36H, Cp'Bu), 1.34 (s, 18H, Cp'Bu), —12.51 (s, 2H, Ru-H);
B3C NMR (100 MHz, 25 °C, C¢D¢, 8/ppm) & 223.5 (t, 2Jcn = 4.4 Hz,u-CO), 106.7 (m,Cp'Bu), 105.6
(m,CpBu), 79.1 (dd, 'Jeu = 170.2 Hz, *Jcu = 6.8 Hz, CpH), 34.4 (m,CpCCH3), 31.8 (m,CpCCH3),
31.8 (m,CpCCH3), 30.5 (m,CpCCH3); IR v(CO) (KBr, ecm™): 1808; Anal. Caled for C3sHgoORua: C,
60.14; H, 8.65. Found: C, 60.45; H, 9.05.

Thermoreaction of 2¢ with carbon dioxide. Alternative synthesis of 64 and 16c¢.

A 50-mL glass autoclave was charged with 2¢ (100.0 mg, 148.6pumol) and heptane (10 mL). The
solution was degassed by freeze-pump-thaw cycles and back filled with 8 atm of carbon dioxide. The
reaction mixture was stirred at 140 °C for 66 h. The color of the solution changed from orange to
brown. Removal of the solvent under reduced pressure, followed by purification of the residual solid
by alumina column chromatography afforded 16¢ (63.3 mg, 90.6pumol, 61%) from brown band eluted
with pentane. 64 (36.6 mg, 51.3umol, 35%) was obtained from red purple band eluted with toluene.

Thermoreaction of 2¢ with carbon dioxide (1 atm).

An NMR sample tube equipped with a J. Young valve was charged with 2¢ (4.0 mg, 5.9 umol) and
CsDs (0.4 mL, internal standard: hexamethyldisiloxane 1puL) was added. The solution was degassed
by freeze-pump-thaw cycles and back filled with 1 atm of carbon dioxide. The solution was heated at

120 °C for 12 h. Formation of a trace amount of 64 (2%) was confirmed by '"H NMR measurement.

Decomposition of 63a under 1 atm of CO; atmosphere.

Thf-dg solution of 63a (ca. 10 mg) was degassed and back-filled with latm of carbon dioxide at
ambient temperature. The solution was stayed at ambient temperature for 16 h. Disappearance of
complex 63a and formation of 2a (22 %) and 30a (19 %) were confirmed by '"H NMR. (Yield was

calculated referenced to the integral intensity of the residual signal of thf-ds.)

Decomposition of 63a in acetone.
The decomposition of 63a (0.1 mg, purity 30%) was monitored by 'H NMR measurement using
(CD3)2CO as a solvent and 2,2,4,4-tetramethyl pentane as an internal standard. The time course of

the reaction is shown in Fig. 8-4-6.
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Figure 8-4-6. Reaction of 63a with acetone.

Decomposition of 63a in toluene.
The decomposition of 63a (0.2 mg, purity 41%) was monitored by 'H NMR measurement using

toluene-ds as a solvent and 2,2,4,4-tetramethyl pentane as an internal standard. The time course of

the reaction is shown in Fig. 8-4-7.

100%
‘ #63a M conv. of 63a 61 X 62 ®61+62
80%

Yield [%]

Reaction time [h]

Figure 8-4-7. Reaction of 63a with toluene.

Reaction of 2¢ with CS,. Synthesis of Cp*Ru(u-S;CH)(u-H)RuCp* (65c¢).

2¢ (17.1 mg, 25.4 pmol) was charged in an NMR sample tube equipped with a J. Young valve and
dissolved in hexane (0.4 mL). CS; (15.3 pL, 10 eq.) was added to the reaction mixture and stayed at
ambient temperature for 30 min. Generation of gas was observed immediately after addition of CS,
and the color of the solution change from orange to dark orange. Removal of the solvent afforded 65¢
(19.7 mg, 26.4 umol, quant.) as a red solid. 65¢: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 8.04 (s,
1H, u-S2CH), 5.44 (s, 2H, CpH), 4.97 (s, 2H, CpH), 1.48 (s, 18H, Cp'Buz), 1.34 (s, 18H, Cp'Bu>), 1.19
(s, 9H, Cp'Bu), 1.06 (s, 9H, Cp'Bu), —8.43 (s, 1H, pu-H); *C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) &
113.3 (m, Cp'Bu), 108.6 (m, Cp'Bu), 102.6 (d, Jcu = 194.3 Hz, p-S2CH), 100.0 (m, Cp'Bu), 94.4 (m,
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Cp'Bu), 80.8 (dd, Jcu = 170.0, 6.6 Hz, CpH), 72.3 (dd, Jcu = 168.4, 6.6 Hz, CpH), 34.2 (m, CMe3),
34.1 (m, CMe3), 32.8 (m, CMe3), 32.1 (m, CMe3), 31.6 (m, CMe3), 31.4 (m, CMes3), 30.6 (m, CMe3),
30.0 (m, CMe3); Anal. Caled for C3sHsoRu2S2: C, 56.27; H, 8.10. Found: C, 55.97; H, 7.84.

C-S bond cleavage of 65c¢. Synthesis of Cp*Ru(u-SCH,)(u-S)RuCp? (66¢).

65c¢ (3.5 mg, 4.7 umol) was charged in an NMR sample tube equipped with a J. Young valve and
dissolved in Cg¢Dg¢ (0.45 mL, internal standard: hexamethyldisiloxane 1pL). The solution was
irradiated with UV light (pot-365, 365 nm) at ambient temperature. The color of the solution changed
from dark orange to purplish dark orange. 66¢ was obtained in 96% yield calculated from the integral
of the internal standard. 66¢: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.05 (d, Jcu = 2.2 Hz, 1H,
CpH), 4.84 (d, Jcu = 2.0 Hz, 1H, CpH), 4.66 (d, Jcu = 1.2 Hz, 1H, SCH>), 4.62 (d, Jcu = 2.0 Hz, 1H,
CpH), 4.56 (d, Jcu = 2.2 Hz, 1H, CpH), 2.41 (d, Jen = 1.2 Hz, 1H, SCH>), 1.73 (s, 9H, Cp'Bu), 1.45
(s, 9H, Cp'Bu), 1.39 (s, 9H, Cp'Bu), 1.37 (s, 9H, Cp'Bu), 1.19 (s, 9H, Cp'Bu), 0.91 (s, 9H, Cp'Bu); 1*C
NMR (100 MHz, 25 °C, C¢De, 8/ppm) & 115.2 (Cp'Bu), 113.9 (Cp'Bu), 108.4 (Cp'Bu), 106.2 (Cp'Bu),
105.8 (Cp'Bu), 104.1 (Cp'Bu), 82.3 (CpH), 82.1 (CpH), 77.3 (CpH), 76.1 (CpH), 60.1 (SCH>), 34.8
(CMe3), 34.5 (CMes), 34.2 (CMes), 34.1 (CMes), 33.8 (CMes3), 32.9 (CMe3), 32.7 (CMes), 32.33
(CMe3), 32.28 (CMes), 31.6 (CMes), 31.3 (CMes), 29.6 (CMes); Anal. Caled for CssHsoRuzS2: C,
56.27; H, 8.10. Found: C, 56.39; H, 8.27.

Chapter 5
Photo-irradiation to 2c¢ in tetrahydrofuran. Synthesis of {Cp*Ru(pu-H)}:2(u-cyclo-
CCH;CH;CH;0-) (67¢).

Hexane solution of 2¢ (1 mL, 0.15 M, 0.15 pumol) was charged in an NMR tube equipped with a J.
Young valve. After the solvent was removed under reduced pressure, the residual solid was dissolved
in 0.45 mL of C¢Ds involving 1 uL of hexamethyldisiloxane as an internal standard. The "H NMR
spectrum of the solution was measured for evaluating the molar ratio between 2c¢ and the internal
standard. Then, CsDs and hexamethyldisiloxane were transferred into the other vessel by vacuum-
transfer and 0.45 mL of THF was introduced into the tube by vacuum-transfer. Pressure of the NMR
tube charged with 2¢ and THF was kept reduced during photo-irradiation. The solution was irradiated
with UV-light (Rex-250, 365nm) at ambient temperature. The color of the solution changed from
orange to brown after 48 h. After the removal of the solvent under reduced pressure, the residual solid
was dissolved in the reserved CeDg¢/hexamethyldisiloxane solution introduced into the tube by
vacuum-transfer. The "H NMR spectrum of the residue showed that 67¢ was formed in 77% yield on

the basis of the signal intensity compared to that of the internal standard.
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Alternative synthesis of 67c. Photo-irradiation of 2¢ in 2,3-dihydrofuran.

2¢ (62.8 mg, 93.3 umol) and 2,3-dihydrofuran (4 mL) was charged in a 25-mL Schlenk tube equipped
with a J. Young valve. The reaction mixture was irradiated with UV-light (two Pot-365, 365 nm) at
ambient temperature. The orange solution of 2¢ changed into a brown solution after 72 h. The solvent
was removed under reduced pressure. The brown residue was placed on a column packed with alumina
and eluted with hexane. From the brown band, 67c (31.6 mg, 42.6 umol, 46%) was obtained as a
brown solid. 67¢: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.30 (br, wy, = 52.9 Hz, 4H, CpH), 3.99
(t like, Jug = 6.6 Hz, 2 H, p-cyclo-CCH,CH,CH,0-),2.83 (t like, Jun = 7.0 Hz, 2 H, p-cyclo-
CCH>CH,CH,0-), 1.60 (quint. like tt, Jun = 7.0 Hz, 2 H, p-cyclo-CCH,CH>CH,0-), 1.47 (s, 36H,
'Bu), 1.34 (s, 18H, 'Bu), —12.3 to —12.8 (br, 2H, Ru-H-Ru); *C {'H} NMR (100 MHz, 25 °C, CsDs,
&/ppm) & 248.6 (u-C), 101.5 (Cp'Bu), 76.5 (br, CpH), 73.7 (u-cyclo-CCHCH,CH,0-), 67.9 (u-cyclo-
CCH>CH,CH,0-), 34.4 (br, CpCMes), 32.6 (CpCMes), 31.8 (br, CpCMes), 29.6 (CpCMes), 25.3 (-
cyclo-CCH,CH,CH,0-); Two of the three Cp'Bu signals was not observed due to the severe
broadening owing from the rotation of the oxycarbene ligand. 'H-'H COSY (25 °C, C¢D¢, 8/ppm): &
3.99 -5 1.60, 6 2.83 - 5 1.60; Anal. Calcd for C3gHesORuz: C, 61.59; H, 8.98. Found: C, 61.20; H,
8.75.

Photo-irradiation to 2a in tetrahydrofuran.

2a (6.7 mg, 14.6 umol) was charged in an NMR tube equipped with a J. Young valve. THF (0.4 mL)
was introduced into the NMR tube by vacuum-transfer and the pressure of the tube was kept reduced
during the photo-irradiation. The solution was irradiated with UV-light (Rex-250, 365 nm) at 0 °C.
The orange solution of 2a changed into a dark brown solution after 24 h. The solvent was removed
under reduced pressure to afford a dark brown product (6.4 mg). Distribution of the products were

calculated from the "H NMR signal intensities of the Cp* region as 2a/67a/36a/37a = 86/1.4/4/9.

Photo-irradiation to 2b in tetrahydrofuran.

2b (3.5 mg, 6.9 umol) was charged in an NMR tube equipped with a J. Young valve. THF (0.4 mL)
was introduced into the NMR tube by vacuum-transfer and the pressure of the tube was kept reduced
during the photo-irradiation. The solution was irradiated with UV-light (Rex-250, 365 nm) at 0 °C.
The orange solution of 2b changed into a dark brown solution after 24 h. The solvent was removed
under reduced pressure to afford a dark brown product (3.7 mg). Distribution of the products were

calculated from the "H NMR signal intensities of the CpMe region as 2b/67b/36b/37b = 60/12/23/5.
Alternative synthesis of {Cp*Ru(u-H)}2(u-cyclo-CCH,CH,CH;,0-) (67a). Reaction of 2a in 2,3-
dihydrofuran.

2a (178.0 mg, 373.5 umol), toluene (10 mL) and 2,3-dihydrofuran (0.57 mL, 20 eq.) were charged
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in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was heated at 50 °C
for 16 h. The orange solution of 2a changed into a brown solution. The solvent was removed under
reduced pressure. 67a (144.4 mg, 264.1 pmol, 71%) was obtained as brown crystals by
recrystallization from a cold THF solution (-30°C). 67a: '"H NMR (400 MHz, 25 °C, CsDs, 8/ppm)
64.14 (t, Jun = 8.0 Hz, 2 H, p-cyclo-CCH,CH,CH>O-), 2.88 (t, Jun = 8.0 Hz, 2 H, p-cyclo-
CCH>CH,CH,0-), 1.75, (s, 30 H, Cp*), 1.68 (quint., Jun = 8.0 Hz, 2 H, p-cyclo-CCH.CH>CH,0-), —
12.5 to —13.0 (br, 2H, Ru-H-Ru); *C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 250.1 (m, p-C), 87.6 (s,
CpMes), 77.8 (t, Jcu = 149.9 Hz, p-cyclo-CCH,CHoCH0-), 62.7 (t, Jen = 131.7 Hz, p-cyclo-
CCH2CH,CH0-), 25.4 (t, Jcu = 129.9 Hz, p-cyclo-CCH,CH,CH>0-), 11.3 (q, Jeu = 125.3 Hz,
CpMes); 'H-"H COSY (25 °C, C¢Ds, 8/ppm): & 4.14-5 1.68, § 2.88-5 1.68. 'H-'*C HMQC (25 °C,
C6De, 8/ppm): 8¢ 77.8-0114.14, 8¢ 62.7-8112.88, 8¢ 25.4-8111.68, 5¢ 11.3-5 1.75; 'H-*C HMBC (25 °C,
Ce¢Ds, 6/ppm): d¢ 250.1-0n 4.14, d¢ 250.1-012.88, d¢ 250.1-01 1.68, d¢ 87.6-0 1.75, 8¢ 77.8-6n 2.88,
d¢ 77.8-6u 1.68, d¢c 62.7-014.14, d¢c 62.7-01 1.68, ¢ 25.4-0n 4.14, d¢ 25.4-61 2.88; Anal. Caled for
C4H3s0Ruz: C, 52.92; H, 7.03. Found: C, 52.95; H, 7.23.

Alternative synthesis of {Cp*‘Ru(u-H)}2(u-cyclo-CCH,CH,CH;0-) (67b). Reaction of 2b in 2,3-
dihydrofuran.

2b (75.6 mg, 151.0 umol), pentane (5 mL) and 2,3-dihydrofuran (0.24 mL, 20 eq.) were charged in
a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was heated at 50 °C for
10.5 h. The orange solution of 2b changed into a brown solution. The solvent was removed under
reduced pressure. 67b (77.2 mg, 134.8 umol, 89%) was obtained as brown crystals by recrystallization
from a cold pentane solution (-30°C). 67b: 'H NMR (400 MHz, 25 °C, C¢De, 8/ppm) & 4.13 (t, Juu =
8.0 Hz, 2 H, p-cyclo-CCH,CH,CH,0-), 2.86 (t, Jun = 8.4 Hz, 2 H, p-cyclo-CCH>CH,CH,0-), 2.28
(quint., Jun = 7.8 Hz, 4 H, CpCH->CH3), 1.77 (s, 12 H, CpMe), 1.74 (s, 12 H, CpMe), 1.68 (quin. like
tt, Jun = 8.0, 8.4 Hz, 2 H, p-cyclo-CCH,CH,CH,0-), 0.97 (t, Jun = 7.8 Hz, 6 H, CpCH,CH3), —12.4
to —13.6 (br, 2H, Ru-H-Ru); *C NMR (100 MHz, 25 °C, CsDs, 8/ppm) & 250.4 (m, p-C), 93.7 (s,
CpEt), 87.7 (s, CpMe), 87.2 (s, CpMe), 77.7 (t, Jcu = 145.3 Hz, p-cyclo-CCH,CH>CH,0-), 63.0 (t,
Jen = 132.4 Hz, p-cyclo-CCH,CH,CH,0-), 25.3 (t, Jeu = 130.0 Hz, p-cyclo-CCH,CH,CH,0-), 19.6
(tq, Jeu = 126.1 Hz, 2Jcu = 3.8 Hz, CpCH,CH3), 15.8 (tq, Jen = 125.1 Hz, 2Jcu = 4.4 Hz, Cp
CpCH2CH3), 11.2 (q, Jen = 125.6 Hz, CpMe), 11.1 (q, Jeu = 125.1 Hz, CpMe); 'H-'H COSY (25 °C,
CeDs, 8/ppm): & 4.13-8 1.68, & 2.86-5 1.68, § 2.28-5 0.97. 'H-*C HMQC (25 °C, C¢Ds, 8/ppm): S¢
77.7-8u4.13, 6¢ 63.0-01 2.86, dc 25.3-01 1.68, 8¢ 19.6-61 2.28, ¢ 15.8-610.97, 8¢ 11.2, 11.1-61 1.77,
1.74. 'H-3C HMBC (25 °C, C¢Ds, &/ppm): 8¢ 250.4-554.13, 2.86,1.68, &c 93.7-
on2.28,1.77,1.74,0.97, 6¢ 87.7, 87.2-01 2.28, 1.77, 1.74, 8¢ 77.7-61 2.86, 1.68, ¢ 63.0-614.13, 1.68,
Oc 25.3-014.13,2.88, 8¢ 19.6-0610.97,0¢ 15.8-061 2.28. Anal. Caled for CosH42ORus: C, 54.52; H, 7.39.
Found: C, 54.63; H, 7.67.
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Reaction of 2¢ with tetrahydrothiophene. Synthesis of (Cp*Ru)2(u-H)2(u-SCsHs) (68¢).

2¢ (37.2 mg, 55.3 pumol), tetrahydrothiophene (0.1 mL), and hexane (10 mL) were charged in a 25-
mL Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-
thaw cycles and back filled with 1 atm of Ar. The solution was heated at 80 °C for 3 h. The color of
the solution changed from red to orange. The solvent was removed under reduced pressure and the
residue was recrystallized from an acetone solution (r.t.) to afford 68¢ (29.9 mg, 39.4 umol, 71%) as
brown crystals. 68¢: 'H NMR (400 MHz, 25 °C, C¢D¢, 8/ppm) & 4.60 (s, 4H, CpH), 2.62 (m, 4H, p-
SC4Hs), 1.72 (m, 4H, u-SCsHs), 1.53 (s, 36H, Cp'Bu), 1.31 (s, 18H, Cp'Bu), —
15.14 (s, 2H, Hydride); '*C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 99.1
(Cp'Bu), 98.6 (Cp'Bu), 68.6 (CpH), 56.8 (C'), 34.6 (CpCMes), 32.0 (CpCMes),
31.7 (CpCMes), 29.6 (CpCMes), 29.1 (C?); 'H-"H COSY (25 °C, C¢Ds, 8/ppm)
52.62-61.72; HSQC (25 °C, CsDs, 6/ppm) d¢c 68.6 - 61 4.60, ¢ 56.8 - 81 2.62, ¢ 34.6 - du 1.53, d¢
32.0 - 6n 1.31, 8¢ 29.1 - 8y 2.62; Cigar2j3j (25 °C, C¢Ds, 0/ppm) ¢ 99.1 - 64 4.60, 1.53, 5¢ 98.6 - du
4.60, 1.31, 8¢ 56.8 - 6y 1.72, —15.14, 8¢ 34.6 - du 1.53, 8¢ 32.0 - 61 1.31, 8¢ 31.7 - du 4.60, 1.53, dc
29.6 - 61 4.60, 1.31, 8¢ 29.1- 6y 2.62; Anal. Calced for C3gHgoSRuz: C, 60.12; H, 9.03. Found: C, 60.09;
H, 9.11.

Reaction of 2¢ with tetrahydrothiophene. Synthesis of (Cp*Ru)2(pu-H)z(u-dibenzothiophene)
(69¢).

2¢ (130.4 mg, 193.8 pumol), dibenzothiophene (78.9 mg, 428.1 pumol) and heptane (4 mL) were
charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was heated at
180 °C for 3.5 h. The color of the solution changed from red to green. The solvent was removed under
reduced pressure and the residue was purified by alumina column chromatography (eluent: hexane).
From the green band, a mixture of 69¢ and dibenzothiophene was obtained. Recrystallization from the
crude product afforded 69¢ (52.4 mg, 59.1 umol, 30%) as orange crystals. 69¢: '"H NMR (400 MHz,
25 °C, CeDs, &/ppm) & 7.91 (d like, Jun = 7.8, 2H, dibenzothiophene), 7.65 (d like, Jun = 7.6, 2H,
dibenzothiophene), 7.25 (t like, Jun = 7.9, 2H, dibenzothiophene), 7.18 (t like, Jun = 7.5, 2H,
dibenzothiophene), 4.57 (s, 4H, CpH), 1.40 (s, 18H, ‘Bu), 1.29 (s, 36H, ‘Bu), —14.5 (s, 2H, Hydride),
Anal. Calcd for Cs4sHgsRusS: C, 64.60; H, 8.01. Found: C, 64.88; H, 8.22.

Photoreaction of 2¢ with pyrrolidine. Synthesis of Cp*Ru(pu-H)2(u-CsH7N)RuCp# (70a).

2¢ (42.5 mg, 63.2 umol) and pyrrolidine (2 mL, 24.4 mmol) were charged in a 25-mL Schlenk tube
equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and
back filled with 1 atm of Ar. The solution was irradiated with UV light (POT-360, 365 nm) at 25 °C

for 44 h. The color of the solution changed from red to purple. The solvent was evacuated under
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reduced pressure and the purple residue was purified by alumina column chromatography (eluent:

hexane). From the purple band, 70a (28.1 mg, 38.0 umol, 60%) was obtained as a purple solid.

Thermoreaction of 2¢ with pyrrolidine. Synthesis of Cp*Ru(u-H)2(u-C4sH7N)RuCp* (70a).

2¢ (98.6 mg, 146.5 pumol), pyrrolidine (120.3 pL, 10 eq.), and hexane (5 mL) were charged in a 25-
mL Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-
thaw cycles and back filled with 1 atm of Ar. The solution was heated at 180 °C for 7 min. The color
of the solution changed from red to purple. The solvent was evacuated under reduced pressure and the
purple residue was purified by alumina column chromatography (eluent: hexane). From the purple
band, 70a (37.0 mg, 50.0 pmol, 34%) was obtained as a purple solid. 70a: 'H NMR (400 MHz, 25 °C,
CeDs, O/ppm) 6 4.61 (brs, 1H, -NCHCH,CH,CH»-), 4.47 (br, 4H, CpH), 3.23 (br, 2H, -
NCHCH>CH,CH>-), 2.43 (br, 2H, -NCHCH,CH>CH>-), 1.48 (br, 36H, ‘Bu), 1.27 (br, 18H, ‘Bu), —8.78
(br, 1H, Ru-H-Ru), —20.32 (br, 1H, Ru-H-Ru); Signals of (br, 2H, -NCHCH,CH,>CH>-) were obscured
with the Cp* ligand. '3C NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 69.1 (t, 'Jeu = 144.5 Hz, -
NCHCH,CH,CH:-), 59.3 (d, 'Jen = 181.0 Hz, -NCHCH,CH,CH>-), 34.9 (-NCHCH,CH,CH,-)*, 34.1
(br m, CpCMes), 31.8 (br m, CpCMes), 31.3 (br m, CpCMe3), 21.8 (t, 'Jeu = 131.5 Hz, -
NCHCH,CH,CHz>-); Signals of (br, Cp'Bu), (br, CpH), and (br m, CpCMes) were not observed due to
the broadening. Anal. Calcd for C3sHg7NRua: C, 61.61; H, 8.77; N, 1.75. Found: C, 61.67; H, 9.13; N,
1.89.

Photoreaction of 2¢ with piperidine.

2¢ (9.6 mg, 14 umol) and piperidine (0.4 mL) was charged in an NMR sample tube equipped with a
J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and back filled with
1 atm of Ar. The solution was irradiated with UV light (POT-365, 365 nm) at 25 °C for 24 h. The
solvent was removed under reduced pressure. Full recovery of 2¢ was confirmed by 'H NMR

measurement.

Thermoreaction of 2¢ with hexamethyleneimine. Synthesis of Cp*Ru(u-H)2(u-CsH1iN)RuCp?*
(70¢).

2¢ (71.2 mg, 105.8 pmol), hexamethyleneimine (0.119 mL, 1.06 mmol, 10 eq.), and hexane (5 mL)
were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was
degassed by freeze-pump-thaw cycles and back filled with 1 atm of Ar. The solution was heated at
160 °C for 16.5 h. The color of the solution changed from red to purple. The solvent was evacuated
under reduced pressure and the purple residue was purified by alumina column chromatography

(eluent: hexane). From the purple band, 70¢ (57.6 mg, 75.0 umol, 71%) was obtained as a purple solid.

20 The coupling constant could not be read since the signals obscured with the Cp* ligand.
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70c: 'H NMR (400 MHz, 25 °C, C¢De, 8/ppm) & 4.96 (br, win = 22.2 Hz, 1H,
CpH), 4.90 (d like, Jiii= 10.4 Hz, 1H, C'H), 4.59 (b, w12 = 6.6 Hz, 1H, CpH),
4.50 (br, wy2 = 7.2 Hz, 1H, CpH), 4.18 (br, wi» = 4.3 Hz, 1H, CpH), 3.92 (m, 1H,
C°H>), 2.60 (m, 1H, C°H>), 2.48 (m, 1H, C?H), 2.48 (m, 1H, C°H>), 1.98 (d like,
Jun=13.6 Hz, 1H, C3H>), 1.85 (m, 1H, C*H>), 1.85 (m, 1H, C*H>), 1.66 (m, 1H,
C*H), 1.66 (m, 1H, C°H3), 1.55 (br, 9H, ‘Bu ), 1.52 (br, 9H, ‘Bu ), 1.43 (br, 18H, ‘Bu ), 1.41 (br, 9H,
‘Bu), 1.27 (m, 1H, C°H), 1.12 (br, 9H, ‘Bu ), =9.16 (d, 1H, Jim = 6.8 Hz, Ru-H-Ru), —19.96 (dd, 1H,
Jun=2.4 Hz, 6.8 Hz, Ru-H-Ru); C {'H} NMR (100 MHz, 25 °C, CsDs, 8/ppm) & 104.1 (br, Cp'Bu),
102.0 (br, Cp'Bu), 97.0 (br, Cp'Bu), 93.9 (Cp'Bu), 89.9 (Cp'Bu), 82.5 (CpH), 74.4 (br, C'), 68.9 (CpH),
62.2 (CpH), 59.8 (br, C°), 37.3 (br, C?), 34.7 (br, CpCMe3), 34.4 (br, CpCMes), 34.0 (br, CpCMes),
33.3 (br, CpCMe3), 33.0 (br, CpCMes or C° or C* or C°), 32.4 (br, CpCMes or C° or C* or C°), 31.8 (br,
CpCMes), 31.6 (br, CpCMes or C* or C* or C°), 31.5 (br, CpCMes3), 31.2 (br, CpCMe; or C* or C* or
C®), 30.1 (br, C* or C* or C%), 28.7 (br, C* or C* or C%);Other signals were not observed due to the
broadening. 'H-'H COSY (25 °C, C¢Ds, 8/ppm): 54.90 - 52.48, 1.85,-19.96, §3.92 - 52.48, 1.66, &
2.60 - 62.48, 1.85,1.66, 62.48 - 61.98, 1.85,1.27, 61.98 - 61.27; Anal. Calcd for C3sHe7NRuz: C,
62.44; H, 9.43; N, 1.66. Found: C, 62.54; H, 9.32; N, 1.82

Reaction of 67a with zbutyl isocyanide. Synthesis of cis-{Cp*Ru(‘BuNC)}(u-cyclo-
C=CHCH;CH;0-)(p-H) (cis-71a).

67a (88.1 mg, 161.7 umol), toluene (10 mL) and fert-butyl isocyanide (92 pL, 810 pmol, 5 eq.) were
charged in a 50-mL Schlenk tube. The reaction mixture was stirred at ambient temperature for 16 h.
The brown solution of 67a changed into an orange solution. The solvent was removed under reduced
pressure. The "H NMR spectrum of the residual solid showed that cis-71a and trans-71a were formed
in a ratio of 78:22. Analytically pure cis-71a (28.3 mg, 39.9 umol, 25%) was obtained as an orange
crystal by recrystallization from a cold pentane solution (-30°C). cis-71a: '"H NMR (400 MHz, 25 °C,
CeDs, 0/ppm) 6 4.46 (ddd, Jun = —8.43, 10.70, 5.02 Hz, 1H, p-cyclo-C=CHCH,>CH-0-), 3.84 (ddd,
Jun = —8.43, 8.45, 9.51 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 3.00 (dd, Jun = 5.65, 0.02 Hz, 1H, p-
cyclo-C=CHCH,CH,0-), 2.57 (dddd, Jun = 10.70, 8.45, 5.65, —13.00 Hz, 1H, p-cyclo-
C=CHCH,CH;0-), 2.16 (s, 15H, CpMe), 2.14 (dddd, Jun = 5.02, 9.51, 0.02, —13.00 Hz, 1H, p-cyclo-
C=CHCH,CH0-), 1.80 (s, 15H, CpMe), 1.24 (s, 9H, '‘BuNC), 1.23 (s, 9H, ‘BuNC), —16.11 (s, 1H, Ru-
H); C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 201.3 (u-cyclo-C=CHCH>CH,O- or ‘BuNC),
198.8 (u-cyclo-C=CHCH,CH,0- or 'BuNC), 174.4 (u-cyclo-C=CHCH,CH,O- or 'BuNC), 94.4
(CpMe), 91.4 (CpMe), 71.6 (pu-cyclo-C=CHCH,CH,0-), 55.5 (Me3CNCQ), 54.8 (Me3sCNC), 46.6 (u-
cyclo-C=CHCH,CH,0-), 32.2 (p-cyclo-C=CHCH,CH,0O-), 31.7 (Me3CNC), 29.8 (MesCNC), 12.1
(CpMe), 10.8 (CpMe); "H-'H COSY (25 °C, C¢D¢, 8/ppm): & 4.46 - § 3.84,2.57,2.14, 5 3.84 - § 2.57,
2.14,83.00 -52.57, §2.57 -82.14. IR UCN) (KBr, cm™): 2036, 1880; Anal. Calcd for
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C34Hs54N20ORu2: C, 57.60; H, 7.68; N, 3.95. Found: C, 57.52; H, 7.79; N, 3.86.

Thermolysis of cis-71a. Synthesis of trans-{Cp*Ru(‘BuNC)}2(u-cyclo-C=CHCH,CH,O-)(u-H)
(trans-71a).

cis-71a (62.3 mg, 87.9 umol) and hexane (5 mL) were charged in a 25-mL Schlenk tube equipped
with a J. Young valve. The reaction mixture was heated at 60°C for 84 h. The color of the solution
remained unchanged. The solvent was removed under reduced pressure. trans-71a (46.4 mg, 65.5
pmol, 74%) was obtained as an orange crystal by recrystallization from a cold acetone solution (—
30°C). trans-71a: '"H NMR (400 MHz, 25 °C, C¢De, 8/ppm) § 4.48 (dddd, Juu = —7.50, 10.20, —0.30,
2.80 Hz, 1H, p-cyclo-C=CHCH>CH-0-), 4.11 (ddd, Jun = -7.50, 10.40, 9.10 Hz, 1H, p-cyclo-
C=CHCH,CH-0-), 2.71 (dddd, Jun = 10.20, 10.40, 4.56, —12.12 Hz, 1H, p-cyclo-C=CHCH,CH,0-),
2.68 (dd, Jun =-0.30, 4.56 Hz, 1H, p-cyclo-C=CHCH,CH,0-) 2.23 (s, 15H, CpMe) 2.10 (ddd, Juu =
2.80,9.10,—-12.12 Hz, 1H, p-cyclo-C=CHCH,CH»0-) 1.94 (s, 15H, CpMe), 1.18 (s, 9H, ‘BuNC), 1.12
(s, 9H, ‘BuNC), —15.29 (s, 1H, Ru-H); °C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) & 214.8 (u-
cyclo-C=CHCHCH,0- or 'BuNC), 194.9 (u-cyclo-C=CHCH,CH,0- or 'BuNC), 171.6 (u-cyclo-
C=CHCH,CH>O- or 'BuNC), 94.6 (CpMe), 91.4 (CpMe), 71.1 (u-cyclo-C=CHCH,CH>O-), 54.7
(MesCNC), 54.1 (MesCNCQ), 53.8 (u-cyclo-C=CHCH>CH»0-), 33.5 (p-cyclo-C=CHCH,CH,0-), 32.3
(Me3CNC), 31.7 (Me;CNC), 12.1 (CpMe), 11.4 (CpMe); IR CN) (KBr, cm™): 2015, 1876; Anal.
Calcd for C34HssN2ORuy: C, 57.60; H, 7.68; N, 3.95. Found: C, 57.76; H, 7.92; N, 3.83.

Reaction of 67a with carbon monoxide. Synthesis of {Cp*Ru(CO)}2(p-cyclo-
C=CHCH;CH;0-)(u-H) (72a).

67a (18.1 mg, 33.2 umol), toluene (5 mL) were charged in a 50-mL Schlenk tube. The solution was
degassed by freeze-pump-thaw cycles. Carbon monoxide (1 atm) was introduced into the reactor at
ambient temperature and stirred at ambient temperature for 24 h. The brown solution of 67a changed
into a yellow solution. The yellow residue was placed on a column packed with alumina and eluted
with hexane/toluene = 5/1 solution. From the yellow band, 72a (12.0 mg, 20.0 pmol, 60%) was
obtained as yellow oil. Single crystals suitable for the X-ray diffraction studies were obtained from a
hexane solution stored at —30°C. 72a: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.44 (ddd, Jun = —
8.50, 10.28, 2.70 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 4.17 (ddd, Jun = -8.50, 10.60, 9.16 Hz, 1H, p-
cyclo-C=CHCH,CH,0-), 2.55 (d, Juu = 4.56 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 2.36 (dddd, Juu =
10.28, 10.60, 4.56, —12.80 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 2.07 (s, 15H, CpMe), 1.84 (ddd, Juu =
2.70, 9.16, —12.80 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 1.74 (s, 15H, CpMe), —14.53 (s, 1H, Ru-H);
BC {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) 217.7 (u-cyclo-C=CHCH,CH,O- or CO), 208.3 (u-
cyclo-C=CHCH,CH>O- or CO), 203.3 (u-cyclo-C=CHCH,CH»O-or CO), 97.8 (CpMes), 95.8
(CpMes), 72.6 (u-cyclo-C=CHCH,CH»0-), 56.4 (u-cyclo-C=CHCH,CH,O-), 32.2 (p-cyclo-

343



Experimental Section

C=CHCH,CH,0-), 11.2 (CpMes), 10.7 (CpMes); IR (CO) (KBr, cm™): 1912, 1892; Anal. Caled for
C26H3603Ruz: C, 52.16; H, 6.06. Found: C, 52.45; H, 6.14.

Reaction of 67a with carbon monoxide.

67a (11.2 mg, 20.6 pmol) and CsDs (0.4 mL) were charged in an NMR tube equipped with a J. Young
valve. The solution was degassed by freeze-pump-thaw cycles. Carbon monoxide (1 atm) was
introduced into the tube at ambient temperature and stirred for 24 h. The brown solution of 67a
changed into a yellow solution. Full conversion of 67a was confirmed and afforded 72a and 73a in
69/31 molar ratio based on signal intensity of the Cp* region in 'H NMR spectrum. {Cp*Ru(CO)}2(p-
cyclo-CCH,CH,CH,0-)(u-CO)(73a): 'TH NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.09 (t, 2H, *Jun =
6.6 Hz, p-cyclo-CCH,CH,CH,0-), 3.65 (t, 2H, 2Jun = 6.8 Hz, p-cyclo-CCH>,CH2CH0-), 1.90 (quint.
like tt, 2H, *Jun = 6.6, 6.8 Hz, p-cyclo-CCH,CH,CH,0-), 1.74 (s, 30H, CpMe); 'H-'H COSY (25 °C,
CsDs, 0/ppm): 6 4.09 - 5 1.90, & 3.65 - & 1.90. 73a was not able to be isolated in enough amount for
13C NMR and elemental analysis.

Reaction of 67c with carbon monoxide. Synthesis of {Cp*Ru(CO)}2(p-cyclo-
C=CHCH;CH;0-)(p-H) (72c¢).

67c¢ (4.9 mg, 6.6 umol), toluene (2 mL) were charged in a 50-mL Schlenk tube. The solution was
degassed by freeze-pump-thaw cycles. Carbon monoxide (1 atm) was introduced into the reactor at
ambient temperature and stirred at 60 °C for 24 h. The brown solution of 67¢ changed into a yellow
solution. The solvent was removed under reduced pressure and the yellow residue was placed on a
column packed with alumina and eluted with hexane/toluene = 5/1 solution. From the yellow band,
72¢ (4.0 mg, 5.0 umol, 76%) was obtained as yellow oil. Single crystals suitable for the X-ray
diffraction studies were obtained from an acetone solution stored at —30°C. 72¢: 'H NMR (400 MHz,
25 °C, CgDs, 8/ppm) & 5.49 (d, Jun = 2.3 Hz, 1H, CpH), 5.23 (d, Jun = 2.3 Hz, 1H, CpH), 4.97 (d, Jun
=2.4 Hz, 1H, CpH), 4.59 (d, Juu = 2.4 Hz, 1H, CpH), 4.28 (ddd, Jun =-9.00, 10.60, 3.20 Hz, 1H, p-
cyclo-C=CHCH,CH,0-), 4.17 (ddd, Jun =-9.00, 10.20, 9.30 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 4.15
(d, Jun = 5.20 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 2.46 (dddd, Jun = 10.60, 10.20, 5.20, —13.00 Hz,
1H, p-cyclo-C=CHCH,CH;0O-), 2.13 (ddd, Juu = 3.20, 9.30, -13.00 Hz, 1H, p-cyclo-
C=CHCH,CH,0-), 1.61 (s, 9H, Cp'Bu), 1.51 (s, 9H, Cp'Bu), 1.43(s, 9H, Cp'Bu), 1.35 (s, 18H, Cp'Bu),
1.33 (s, 9H, Cp'Bu), —15.69 (s, 1H, Ru-H); *C {'H} NMR (100 MHz, 25 °C, C¢Ds, 5/ppm) & 224.0
(p-cyclo-C=CHCH,CH,0O- or CO), 207.7 (u-cyclo-C=CHCH>CH,O- or CO), 204.4 (p-cyclo-
C=CHCH,CH,O- or CO), 122.4 (Cp'Bu), 120.5 (Cp'Bu), 119.4 (Cp'Bu), 118.2 (Cp'Bu), 106.9 (Cp'Bu),
106.3 (Cp'Bu), 94.4 (CpH), 82.2 (CpH), 79.6 (CpH), 78.5 (CpH), 72.8 (u-cyclo-C=CHCH,>CH,0-),
46.1 (u-cyclo-C=CHCH,CH>0-), 35.0 (CMes), 34.8 (CMe; or p-cyclo-C=CHCH,CH,0-), 34.4
(CMes), 34.2 (CMes3), 34.1 (CMes or p-cyclo-C=CHCH,CH,O-), 33.5 (CMes or p-cyclo-
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C=CHCH,CH;0-), 33.4 (CMes3), 33.1 (CMe; or p-cyclo-C=CHCH,>CH>0-), 32.9 (CMes or p-cyclo-
C=CHCH,CH;0-), 32.3 (CMes3), 31.82 (CMes), 31.79 (CMe; or p-cyclo-C=CHCH>CH»0-), 31.0
(CMej; or p-cyclo-C=CHCH,CH,0-); IR (CO) (KBr, cm™): 1906; Anal. Calcd for C40HesO3Ruz: C,
60.43; H, 8.11. Found: C, 60.43; H, 8.10.

Reaction of 67a with ethylene. Synthesis of {Cp*Ru(C;H4)}:(u-cyclo-C=CHCH;CH,O-)(u-H)
(74a).

67a (6.1 mg, 11.2 umol) and C¢Ds (0.4 mL) were charged in an NMR tube equipped with a J. Young
valve. The solution was degassed by freeze-pump-thaw cycles. Ethylene (1 atm) was introduced into
the tube at ambient temperature and stirred for 68 h. The brown solution of 67a changed into an orange
solution. Full conversion of 67a was confirmed and afforded 74a. {Cp*Ru(Ca2Ha)}2(u-cyclo-
C=CHCH,CH,O-)(u-H) (74a): '"H NMR (400 MHz, 25 °C, C¢D¢, 8/ppm) & 4.52 (ddd, Jun = —9.14,
1069, 9.14 Hz, 1H, p-cyclo-C=CHCH,CH,0-), 4.32 (ddd, Jun = -9.14, 4.35, 10.62 Hz, 1H, p-cyclo-
C=CHCH,CH,0-), 2.18 (dddd, Juu = 10.69, 4.35, 6.22, —12.80 Hz, 1H, p-cyclo-C=CHCH->CH,0-),
2.03 (ddd, 2H, Jun = 11.0, 8.8, 1.5 Hz, n*-CoHs), 2.00 (dd, Jun = 6.22, 1.10Hz, 1H, p-cyclo-
C=CHCH,CH-0-), 1.94 (dddd, Juu = 9.14, 10.62, —12.80, 1.10 Hz, 1H, p-cyclo-C=CHCH,CH,O-),
1.85 (s, 15H, CpMe), 1.46 (s, 15H, CpMe), 1.46 (br, 1H, 17-C2Hs), 1.23 (br, 1H, 7>-C2Ha), 1.17 (dd,
2H, Juu = 11.0, 8.8 Hz, n?-C2H4), 0.89 (dd, 2H, Jun = 10.9, 8.8 Hz, n*-C,Ha), 0.89 (br, 1H, n?-C2Hy),
0.46 (dd, 2H, Juu = 10.8, 8.4 Hz), 0.44 (br, 1H, n>-C2Ha), —16.88 (s, 1H, Ru-H); 1*C {'H} NMR (100
MHz, 25 °C, CsDs, 6/ppm) 6 222.9 (u-cyclo-C=CHCH,CH,0-), 94.1 (CpMe), 93.1 (CpMe), 76.1 (p-
cyclo-C=CHCH,CH0-), 43.8 (u-cyclo-C=CHCH,CH»0-), 43 .4 (u-cyclo-C=CHCH,CH,0-), 34.5 (br,
N>-CHy), 32.1 (n?-CoHy), 30.3 (n*-C2Ha), 29.8 (br, n>-C>Ha), 10.5 (CpMe), 9.5 (CpMe); 'H-"H COSY
(25 °C, CgDs, 0/ppm): 6 4.53 - 54.32,2.18,1.94,64.32-52.18, 1.94, 5 2.18 - 5 2.00, 1.94 5 2.03 -
561.17,0.45, -16.88 6 1.17 - 5 0.89, 5 0.89 - 5 0.45. 74a could not be isolated since it decomposed

under an Ar atmosphere.
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NMR simulation of cis-71a, trans-71a, 72a, 72¢, and 74a.
(1) cis-7T1a

Table 8-5-1. Parameters for the simulation of '"H NMR spectrum of cis-71a.
) w Jun (Hz)
(ppm) (Hz) HY H°® H? H®
HY 4.457 1.20
He | 3.843 120 -8.43
H* 3.003 120 0.0 0.00 Ru Ru
HP 2566 120 10.70 8.45 5.65
H® | 2.141 160 5.02 951 0.02 -13.00

\ |
TR )
VMM P -
M I [
| |

4.49 448 447 448 4.45 4.44 443 442 3.88 387 3.86 3.85 3.84 383 3.82 381 380

1 (ppm) 1 (ppm)
il
/| ‘
I M \
H //\y/ v \J
261 2.60 259 258 257 2.56 2.55 254 253 252 215 2.14 213
1 (ppm) 1 (ppm

Figure 8-5-1. '"H NMR spectra of cis-71a measured at 25 °C (black) and results of the
simulations (red) showing the dihydrofuranyl moiety region (400 MHz, C¢Ds). The signal
derived from H¢ is partly obscured by the strong Cp* signal resonating at 6 2.16 ppm.
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(2) trans-T1a

Table 8-5-2. Parameters for the simulation of '"H NMR spectrum of trans-71a.
) w Jun (Hz)
(ppm) (Hz) HY H® HP H?
HY 4479 1.40
H¢ 4.105 140 -7.50
HP 2.707 140 1020 10.40
H* 2683 1.10 -030 0.00 4.56
H¢ 2.087 140 280 9.10 -12.12 0.00

A
“‘ |
I
{ \ / | |
/ A | |
ﬂ \U L U) |
451 450 449 448 447 446 445 444 15 414 413 412 M 410 400 408 407 406
1 (ppm) f1 (ppm)

276 275 274 273 272 27‘}‘1 (WZ':;) 269 268 267 266 265 ‘ 2‘.16 ‘ 2‘,14 ‘ 2‘,12 ‘ 2_{:0(99'“) 2‘,06 ‘ 2‘_06 ‘ 2‘,04 ‘ 2‘.02 ‘
Figure 8-5-2. '"H NMR spectra of trans-71a measured at 25 °C (black) and results of the
simulations (red) showing the dihydrofuranyl moiety region (400 MHz, C¢Ds). The signal
derived from H¢ is partly obscured by the satellite peaks of Cp* signals and a small amount of

impurities.
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3) 72a

Table 8-5-3. Parameters for the simulation of "H NMR spectrum of 72a.
) w Jun (Hz)
(ppm) (Hz) HY H°® H? H°
HY 4442 0.80
H¢ 4.165 1.00 -8.50
H* | 2552 1.00 0.00 0.00 Ru/ Ru
H® 2363 1.00 10.28 10.60 4.56
H¢ | 1844 1.10 270 9.16 0.00 -12.80

I /\ /V \ ’W\ /p\ /\

L\

447 446 445 444 443 442 a4 420 4.19 4.18
1 (ppm)

256 254 262 250 248 246 244 242 240 238 236 234 232 1.88 1.87 1.86 1.85 1.84
1 (ppm)

Figure 8-5-3. '"H NMR spectra of 72a measured at 25 °C (black) and results of the simulations

1.83 1.82 1.81

(red) showing the dihydrofuranyl moiety region (400 MHz, C¢Ds).
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@) 72¢

Table 8-5-4. Parameters for the simulation of '"H NMR spectrum of 72c.
) w Jun (Hz)
(ppm) (Hz) HY H°® H? H°
HY 4282 1.20
H¢ 4.170 120 -9.00
H* | 4.150 1.20 0.00 0.00
HP 2457 140 10.60 10.20 5.20
H® | 2.133 120 3.20 930 0.00 -13.00

253 2.52 251 2.50 249 248 2.47(12.46 245 244 243 242 241 240 239

1 (ppm)

VUMV

217 216 215 214 213 212 21 210 2.09
1 (ppm)

Figure 8-5-4. '"H NMR spectra of 72¢ measured at 25 °C (black) and results of the simulations

(red) showing the dihydrofuranyl moiety region (400 MHz, C¢Ds).
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Table 8-5-5. Parameters for the simulation of "H NMR spectrum of 74a.

(5) 74a
3

(ppm)

H* 4.522
H¢ 4.320
HP 2.182
C:Hy  2.028
H? 1.995
H* 1.941
CH, 1.173
C;H,  0.883
C:H, 0461

hydride -16.878

w
(Hz)
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
3.00

He

-9.14
10.69
0.00
0.00
9.14
0.00
0.00
0.00
0.00

Jun (Hz)

H HP C:H,

4.35

0.00  0.00

0.00 622  0.00
10.62 —-12.80 0.00
0.00  0.00 11.03
0.00  0.00 0.00
0.00  0.00 8.38
0.00  0.00 1.50

Ha

1.10
0.00
0.00
0.00
0.00

HC

0.00
0.00
0.00
0.00

C:H4

C.Hy

C.Hy

8.77
0.00
0.00

10.91
0.00

Ru

0.00

4.58 455 452 449 446 443 4.40 437 434 431 423 4.25 224 221 21B 215 212 ZUB 206 2“3 ZW 197 194 191 1.88

1.205 1.195 1.185

1 (ppm)

AMA U

1. 175

1.155

1.145 1135 0.950 0.940 0.930 0920 0.910 um 0880 DBW 0.870 0.860 0.850 0.840 0.830
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0.495 0.485 0.475 0.465 0.455 0.445 0.435 0.425
1 (ppm)

Figure 8-5-5. '"H NMR spectra of 74a measured at 25 °C (black) and results of the simulations
(red) showing the dihydrofuranyl moiety region (400 MHz, CsDs).
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Figure 8-5-6. VI-'H NMR spectrum of 67a (left) and simulated nmr spectrum (right). Hydride

region. Impurity is denoted as an asterisk. (400 MHz, toluene-ds)

\ y =-7283.7x + 24.161
R? =0.9987

T

In(k/T)
o A LU N KB O R, N W A

.0028 0.003 0.0032 0.0034 0.0036 0.0038 0.004
1T

Figure 8-5-7. Eyring plot of 67a.
AH* = 60.6 + 1.7 kJ/mol, AS* = 3.3 £ 5.8 J/mol K, AG* = 52.3 kJ/mol (298 K)
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Figure 8-5-8. VI-'H NMR spectrum of 67c.

(400 MHz, [Ds]toluene, a: aromatic reagion, b: ‘Bu reagion, c: hydride region)

The rate for the exchange of the hydride signals at coalescence temperature (30°C) was calculated as

k=313.5 s using Av = 141.2 Hz at —20°C. The AG* at 30°C was calculated as AG* = 59.8 kJ/mol.

The rate for the exchange of the CpH signals at coalescence temperature (20°C) was calculated as k=

230.9 s using Av = 103.9 Hz at —20°C. The AG* at 30°C was calculated as AG* = 58.5 kJ/mol.

Reaction of 2¢ with pyrrolidine. Synthesis of Cp*Ru(u-n%(N,N):n*(C,N,C,N)-CsH2N;)RuCp?*

(75a).

2¢ (73.8 mg, 109.7 umol), pyrrolidine (90 pL, 1.01 mmol, 10 eq.), and hexane (5 mL) were charged

ina25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-

pump-thaw cycles and back filled with 1 atm of Ar. The solution was heated at 180 °C for 17 h. The

color of the solution changed from red to dark orange. The solvent was removed under reduced

pressure and the residue was washed with methanol to afford 75a (81.3 mg, 101.0 umol, 92%) as an

orange solid.
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75a: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.31 (br, 2H, CpH),
4.04 (s, 2H, CpH), 3.70 (ddd, Juu = —12.60, 7.80, 2.40 Hz, 2H, H),
3.49 (ddd, Jun = —12.60, 9.80, 6.90 Hz, 2H, H°), 2.89 (ddd, Jus = —
14.02, 7.90, 2.20 Hz, 2H, H”), 2.23 (ddd, Juu =—14.02, 10.10, 8.10 Hz,
2H, H°), 1.81 (ddddd, Jun = 7.80, 9.80, 7.90, 10.10, —12.00 Hz, 2H,
H%, 1.69 (ddddd, Jun = 2.40, 6.90, 2.20, 8.10, —12.00 Hz, 2H, H°), 1.59
(s, 9H, ‘Bu), 1.50 (s, 9H, ‘Bu), 1.49 (s, 18H,'Bu), 1.28 (s, 18H, 'Bu); *C {'H} NMR (100 MHz, 25 °C,
CsDs, 8/ppm) & 107.4 (Cp'Bu), 103.9 (Cp'Bu), 96.9 (br, Cp'Bu), 89.5 (C"), 86.9 (br, Cp'Bu), 68.2
(CpH), 68.0 (br, CpH), 64.5 (C*), 34.1 (CpCMes), 33.9 (CpCMes), 32.9 (CpCMes), 32.65 (CpCMes),
32.60 (CpCMes), 32.3 (CpCMes), 31.3 (CpCMes), 30.7 (CpCMes), 26.8 (C2 or C?), 26.3 (C* or C%);
'H-"H COSY (25°C, C¢Ds, 8/ppm): & 3.70 - & 3.49, 1.81,53.49 - 5 1.81, 1.69, § 2.89 -5 2.23, 1.81, &
2.23-81.81,81.81 - 1.69; Anal. Calcd for CasHaNoRuo: C, 55.24; H, 6.95; N, 4.60. Found: C, 54.92;
H, 6.57; N, 4.63.

Table 8-5-6. Parameters for the simulation of "H NMR spectrum of 75a.
) w Jun (Hz)
(ppm) (Hz) Hf H® HP H? H¢
Hf 3.704 2.60
H¢ 3.486 2.50 -12.60
HP 2890 250 0.00 0.00
H* 2227 250 0.00 0.00 -14.02
HY 1806 250 7.80 9.80 7.90 10.10
H¢ 1.690 250 240 690 220 810 -12.00

JL B

3.76 373 3.70 3.67 3.64 3.61 358 3.55 352 349 3.46 343 3.40 2.945 2.935 2.925 2.915 2.905 2.895 2.885 2.875 2.865 2.855 2.845 2.835
1 (ppm) 1 (ppm)
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Figure 8-5-9. '"H NMR spectra of 75a measured at 25 °C (black) and results of the simulations
(red) showing the diimine moiety region (400 MHz, C¢Dg).

Reaction of 2¢ with piperidine. Synthesis of Cp*Ru(u-n*(N,N):n*(C,N,C,N)-C1oH6N2)RuCp*
(75b).

2¢ (89.3 mg, 132.7 pmol), piperidine (131 pL, 133 mmol, 10 eq.), and hexane
(5 mL) were charged in a 25-mL Schlenk tube equipped with a J. Young valve.

The reaction mixture was degassed by freeze-pump-thaw cycles and back filled

with 1 atm of Ar. The solution was heated at 180 °C for 17 h. The color of the

solution changed from red to dark orange. The solvent was removed under reduced pressure and the
residue was washed with methanol to afford 75b (105.8 mg, 127.0 umol, 96%) as an orange solid.
75b: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 4.44 (br, 2H, CpH), 4.38 (m, 2H, C°H,), 4.05 (s, 2H,
CpH), 3.33 (m, 2H, C3H»), 2.65 (m, 2H, C*H>), 2.30 (m, 2H, C*H>), 1.83 (m, 2H, C*H,), 1.60 (s, 9H,
'Bu), 1.58 (s, 9H, 'Bu), 1.53 (s, 18H, 'Bu), 1.47* (m, 2H, C3H,), 1.40* (m, 2H, C*H>), 1.39* (m, 2H,
C’Ha), 1.35 (s, 18H, ‘Bu); *confirmed by 'H-'H COSY. *C {'H} NMR (100 MHz, 25 °C, C¢Ds,
8/ppm) & 107.8 (Cp'Bu), 102.6 (Cp'Bu), 97.0 (br, Cp'Bu), 87.7 (C"), 87.4 (br, Cp'Bu), 68.9 (br, CpH),
68.1 (CpH), 64.5 (C%), 34.1 (CpCMes), 34.0 (CpCMes), 32.7 (CpCMes), 25.6 (C? or C* or C*), 24.3
(C? or C* or C*), 21.0 (C? or C* or C*); 'H-'H COSY (25°C, C¢Ds, 8/ppm): & 4.38 — & 3.33, 1.83, 1.40,
863.33-61.83,1.40,62.65-62.30,1.47,1.39,62.30-61.47,1.39,061.83-061.40,1.39,51.47-9
1.40,1.39, 6 1.40 - & 1.39. Anal. Caled for C44H7N2Ruo: C, 63.27; H, 9.17; N, 3.35. Found: C, 63.64;
H, 9.23; N, 3.15.

Reaction of 2¢ with hexamethyleneimine. Synthesis of Cp‘Ru(pu-n*(N,N):n*(C,N,C,N)-
Ci12H20N2)RuCp? (75¢).

2¢ (28.7 mg, 42.6 pmol) and hexamethyleneimine (3 mL, 26.6 mmol) were charged in a 25-mL
Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-
thaw cycles and back filled with 1 atm of Ar. The solution was heated at 180 °C for 20 h. The color of
the solution changed from red to dark orange. The solvent was evacuated under reduced pressure and

the residue was washed with methanol to afford 75¢ (27.1 mg, 31.5 pmol, 74%) as an orange solid.
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75¢: 'H NMR (400 MHz, 25 °C, CsDs, 8/ppm) & 4.62 (m, 2H, C12H20Ny), 4.41 (br, 2H, CpH), 4.11 (br,

2H, CpH), 3.25 (m, 2H, C12HxN3), 2.92 (m, 2H, C12HxoN2), 2.49 (m, 2H, S, 3

4
ClezoNz), 2.36 (m, ZH, ClezoNz), 1.82 (m, 2H, C12H20N2), 1.73 (m, 4H, J 1\

5
Ci2HxoN2), 1.60 (s, 18H, 'Bu), 1.51 (br, 18H, ‘Bu), 1.38 (s, 18H,'Bu), 1.19 (m, 4H, "\R .';"'N 6

C12H20N2); 'H NMR (400 MHz, 80 °C, Cg¢Ds, &/ppm) & 4.61 (dd like, 2H,
C1oHaoN2), 4.41 (s, 2H, CpH), 4.03 (s, 2H, CpH), 3.27 (t like, 2H, C12H0N2), 2.96 (dd, 2H, C12HaoN),
2.54 (dd like, 2H, C12HoN2), 2.36 (d like, 2H, C12HaoN2), 1.69-1.88 (m, 6H, C12FH:0Na), 1.58 (s, 18H,
‘Bu), 1.47 (s, 18H, 'Bu), 1.39 (s, 18H, 'Bu), 1.15-1.25 (m, 4H, C12H2N>); 3C {'"H} NMR (100 MHz,
80 °C, CDs, 8/ppm) 5 107.1 (Cp'Bu), 98.4 (Cp'Bu), 89.4 (Cp'Bu), 87.1 (C'), 69.2 (CpH), 67.6 (C°),
34.6 (CpCMes3), 34.2 (CpCMes), 32.7 (CpCMes or C* orC? or C* or C°), 32.3 (CpCMe; or C* orC? or
C* or (%), 31.5 (CpCMe3), 31.2 (CpCMe; or C? orC® or C* or %), 30.7 (CpCMes), 30.4 (CpCMes or
C? orC® or C* or C°), 28.2 (CpCMe; or C? orC® or C* or C®); Signals of (Cp'Bu), (CpH), (CpCMes),
and (CpCMes) could not be determined in this condition. Anal. Calcd for C4¢H7sN2Ruz: C, 64.15; H,
9.13; N, 3.25. Found: C, 63.87; H, 9.28; N, 3.22

Reaction of 70¢ with H,.

70c¢ (1.9 mg, 2.5 pmol) and CsDs (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and back filled with 1 atm of H». The solution was heated at 80 °C for 66
h. The conversion of 70c reached to 60% and the formation of 2¢ (60%) and hexamethyleneimine

(58%) was confirmed by 'H NMR measurement.

Thermolysis of 70a.

70a (4.8 mg, 6.5 pmol) and CsDs (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and back filled with 1 atm of Ar. The solution was heated at 80 °C and
the reaction was monitored by '"H NMR measurement. After 80 h, the conversion of 70a reached to
93% and the formation of 2¢ (47%) and 75a (37%) was confirmed. Further heating did not change the

product distribution.

Thermolysis of 70c. synthesis of Cp*Ru(u-1n*(C,N):n*(C,N)-CsHoN)RuCp* (76¢).

70¢ (39.3 mg, 51.1 umol) and hexane (10 mL) were charged in a 200-mL Schlenk tube equipped with
a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and heated at 180 °C
for 2 h. The color of the solution changed from purple to orange. The reaction mixture was frozen by
liquid nitrogen directly from 180 °C and degassed by freeze-pump-thaw cycles. The mixture was again

heated at 180 °C for 18 h. The reaction mixture was frozen by liquid nitrogen directly from 180 °C
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and degassed by freeze-pump-thaw cycles. The solvent was removed under N
reduced pressure and the residue was recrystallized from an acetone solution c 5 C4\C3
(=30 °C) to afford 76¢ (35.3 mg, 46.1 pmol, 90%) as brown crystals. 76c: / \
'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.08 (d, Jin = 1.6 Hz, 2H, CpH), CG\ /Cz
4.78 (d, Jun = 1.6 Hz, 2H, CpH), 3.56 (m, 2H, C°H>), 2.96 (m, 2H, C*H>), N—Cc!

1.90 (m, 6H, C3H,C*H and C3H), 1.48 (s, 18H, Cp'Bu), 1.39 (s, 18H, Cp'Bu),

1.04 (s, 18H, Cp'Bu), —2.46 (s, 1H, Ru-H-Ru); °C {'H} NMR (100 MHz, 25 °C, C¢Ds, 8/ppm) 5 182.5
(C1), 103.8 (Cp'Bu), 103.5 (Cp'Bu), 100.3 (Cp'Bu), 74.0 (CpH, dd, Joi =168.4, 6.6 Hz), 73.1 (CpH,
dd, Jei =167.9, 6.6 Hz), 65.0 (C%, t, Jeu =137.7Hz), 45.5 (C2, t, Jo =127Hz), 34.2 (CpCMes), 34.1
(CpCMes), 32.6 (CpCMes), 32.1 (CpCMes), 31.9 (CpCMes), 31.5 (CpCMes), 29.5 (C or C¥), 29.4
(C3 or C*), 25.1 (C?, t, Jeu =125.5Hz); *Coupling constants that could be read in *C NMR are shown
in the parenthesis. "H-'H COSY (CgDs, 25°C): 8 5.08 — 4.78, § 3.56 — 1.90, § 2.96 — 1.90; Anal. Calcd
for C40HeoNRu,: C, 62.71; H, 9.08; N, 1.83. Found: C, 62.88; H, 9.36; N, 1.80.

Reaction of 76¢ with dihydrogen.

76¢ (7.6 mg, 9.9 umol) and CsDs (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and the 'H NMR spectrum was measured. Then, 1 atm of H, was back-
filled to the reaction mixture. The color of the solution changed from brown to purple immediately as
the hydrogen was introduced. "H NMR spectrum was measured and the quantitative formation (99%)

of 70¢ was confirmed.

Reaction of 76¢ with pyrrolidine.

76¢ (2.3 mg, 3.0 umol), pyrrolidine (2.5 pL, 10 eq.) and Ce¢Ds (0.45 mL, internal standard:
hexamethyldisiloxane 1 pL) were charged in an NMR sample tube equipped with a J. Young valve.
The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The
reaction mixture was heated at 80 °C for 24 h. The color of the solution stayed unchanged. 'H NMR

spectrum showed that the conversion of 76¢ was 0 %.

Reaction of 76¢ with y-picoline. Synthesis of Cp*Ru(u-12(N,N):n*(C,N)-C2H16N2)(1-
H)(H)RuCp* (77).

76¢ (1.2 mg, 1.6 umol), y-picoline (1.3 puL, 10 eq.) and C¢Ds (0.45 mL, internal standard:
hexamethyldisiloxane 1 pL) were charged in an NMR sample tube equipped with a J. Young valve.
The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The
reaction mixture was heated at 80 °C for 24 h. The color of the solution changed from brown to orange.

"H NMR spectrum showed the formation of 77 in 95% yield.
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Reaction of 76c with y-picoline. Preparation of Cp*Ru(p-n2(N,N):n*(C,N)-Ci2H16N2)(1-
H)(H)RuCp* (77).

76¢ (21.9 mg, 28.6umol), y-picoline (23.0 uL, 10 eq.) and C¢Ds (0.45 mL) were charged in an NMR
sample tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw
cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at 80 °C for 24 h. The color
of the solution changed from brown to orange. The solvent was removed under reduced pressure and
the residue was washed with methanol to afford 77 (17.3 mg, 20.1 umol, 70%) as an orange solid.
77: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 8.13 (d, Juu = 5.8 Hz, 1H,
C"H), 6.53 (s like, 1H, C®H), 5.75 (dd, Jun = 5.8, 1.4 Hz 1H, C'°H), 4.97 (d, \eoigs  c2-C?
Jun=2.2 Hz, 1H, CpH), 4.94 (m, 1H, C°H), 4.37 (d, Ju = 2.2 Hz, 1H, CpH), CQ}‘; _ N//C"C\l s
4.37 (m, 1H, C°H), 4.19 (d, Juu = 1.4 Hz, 1H, CpH), 4.00 (d, Juu = 1.4 Hz,
1H, CpH), 3.02 (m, 1H, C*H), 2.55 (m, 1H, C°H), 2.27 (m, 1H, C*H), 1.96 (m, 1H, C°H), 1.73 (s, 9H,
Cp'Bu), 1.70 (s, 3H, CpMe), 1.67 (m, 1H, C3H)*, 1.54 (s, 9H, Cp'Bu), 1.53 (s, 9H, Cp'Bu), 1.41 (s, 9H,
Cp'Bu), 1.41 (m, 3H, C*H and C*H)*, 1.33 (s, 9H, Cp'Bu), 1.23 (s, 9H, Cp'Bu), —12.79 (s, 1H, Ru-H-
Ru),-16.10 (s, 1H, Ru-H); *confirmed by COSY and selective decoupling experiment. *C {!H} NMR
(100 MHz, 25 °C, C¢Ds, 8/ppm) & 174.5 (C7), 153.2 (C'"), 142.2 (C?), 116.8 (C® or C!’), 114.8 (C® or
C'%), 108.6 (Cp'Bu), 104.6 (Cp'Bu), 97.8 (Cp'Bu), 91.6 (Cp'Bu), 90.4 (C’), 85.1 (CpH), 83.9 (CpH),
76.8 (CpH), 75.2 (C%), 72.9 (Cp'Bu), 35.7 (C? or C?or C* or C°), 35.4 (CpCMes x 2), 35.2 (CpCMes),
34.5 (CpCMes), 33.7 (CpCMe; or C? or C*or C* or C°), 33.0 (CpCMe; or C? or C* or C* or C°), 33.0
(CpCMe; or C? or C3or C? or C°), 32.4 (CpCMes), 32.0 (CpCMe; or C or C or C? or C°), 31.9
(CpCMe; or C? or C3or C? or C°), 31.9 (CpCMe; or C? or C*or C? or C7), 31.7 (CpCMe3), 31.5
(CpCMe; or C? or C3 or C? or C°), 30.8 (C? or C?or C* or C°), 26.6 (C* or C* or C* or C°), 20.8 (Me);
three signals of (Cp'Bu), (CpH), and (Cp'Bu) could not be determined under this condition. 'H-'H
COSY (CsDs, 25°C): 6 8.13-5.75,56 6.53 -5.75,04.97-4.37,64.94-4.37,2.27,54.37-2.55,54.19
-4.00,63.02-2.27,1.67,52.55-1.96,1.41 62.27 - 1.41,5 1.96 - 1.41, 56 1.67 - 1.41; Anal. Calcd
for C4sH76N2Ruz: C, 64.30; H, 8.92; N, 3.26. Found: C, 64.05; H, 8.69; N, 3.15.

Reaction of 76¢  with 1-pyrroline. Preparation of Cp‘Ru(u-n*(N,N):n*(C,N,C,N)-
C10H16N2)RuCp# (75d).

76¢ (3.3 mg, 4.4 umol), 1-pyrroline (10 pL, a mixture of monomer and trimer) and C¢Ds (0.45 mL,
internal standard: hexamethyldisiloxane 1 pL) were charged in an NMR sample tube equipped with a
J. Young valve. The reaction mixture was heated at 80 °C for 40 h. 'H NMR spectrum showed the
formation of 75d and 75a in 57% and 42% yield, respectively. The solvent was removed under reduced
pressure and the residue was washed with methanol to afford a mixture of 75d and 75a (2.5 mg, 75d:

75a = 71:29) as an orange solid. 75d: '"H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.06 (d, J= 1.8 Hz,
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1H, CpH), 4.51 (dd, J = 12.6, 6.2 Hz, 1H, diimine), 4.40 (d, /= 1.4 Hz, 1H, CpH), 4.10 (d, /= 1.4 Hz,
1H, CpH), 3.69 (d, J = 1.9 Hz, 1H, CpH), 3.39-3.18 (m, 2H, diimine), 2.72 (m, 2H, diimine), 2.58-
2.47 (tlike dd, J= 12.9 Hz, 1H), 2.38 (q like m, J = 13.3 Hz, 1H, diimine), 2.14 (ddd, J= 13.6, 11.5,
7.4 Hz, 1H, diimine), 1.61 (s, 9H, Cp'Bu), 1.53 (s, 18H, Cp'Bu), 1.49 (s, 9H, Cp'Bu), 1.34 (s, 9H,
Cp'Bu), 1.31 (s, 9H, Cp'Bu); Other signals could not be determined because the signals obscured.

Reaction of 76¢ with CO. Synthesis of (Cp*Ru)2(u-H)(u-CsH1oN)(CO): (78).

76¢ (30.0 mg, 39.2 umol) and hexane (5 mL) were charged in a 50-mL Schlenk tube. The reaction
mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of CO. The reaction
mixture was stirred for 2 h. at ambient temperature. The color of the solution changed from brown to
orange. The solvent was removed under reduce pressure and the residue was purified on alumina
column chromatography (eluent: hexane). From the yellow band, 78 (32.6 mg, 39.7 umol, quant.) was
obtained as a yellow solid. 78: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) & 5.26 (d, J = 2.4 Hz, 1H,
CpH), 5.09 (second order d, /= 2.4 Hz, 1H, CpH), 5.08 (second order d, /= 2.4 Hz, 1H, CpH), 4.93
(d, J=2.4 Hz, 1H, CpH), 3.73 (m, 2H, u-CsH10N), 3.05 (m, 2H, u-CsH1oN), 1.57 (s, 9H, Cp'Bu), 1.55
(s, 9H, Cp'Bu), 1.48 (s, 9H, Cp'Bu), 1.45 (s, 9H, Cp'Bu), 1.42 (m, 2H, u-CsHioN), 1.34 (m, 2H, p-
CsH10N), 1.30 (s, 9H, Cp'Bu), 1.27 (s, 9H, Cp'Bu), —20.71 (s, 1H, Hydride); *C {'"H} NMR (100 MHz,
25 °C, C¢De, 8/ppm) 6 217.9 (CO or p-CsHioN), 209.3 (CO or p-CsHioN), 209.1 (CO or p-CsHioN),
114.7 (Cp'Bu), 114.2 (Cp'Bu), 112.2 (Cp'Bu), 111.0 (Cp'Bu), 110.7 (Cp'Bu), 103.5 (Cp'Bu), 87.2
(CpH), 84.4 (CpH), 82.9 (CpH), 82.4 (CpH), 68.8 (n-CsH10N), 53.2 (u-CsH10N), 35.2 (CpCMes), 34.5
(CpCMes3), 34.2 (CpCMes), 33.9 (CpCMes), 33.2 (CpCMes), 33.0 (CpCMes), 32.50 (CpCMes), 32.46
(CpCMe3), 32.4 (CpCMes), 32.1 (CpCMes), 31.2 (u-CeHioN), 31.1 (CpCMes3), 31.0 (CpCMes), 26.8
(n-CeHioN), 22.4 (n-Ce¢H10N); 2 Methylene protons could not be determined since the signal obscured
with the ‘Bu group. 'H-'H COSY (25 °C, C¢Ds, 8/ppm) & 5.26 - § 4.93, 5 5.09- § 5.08, & 3.73- 5 1.38,
8 3.05- & 1.42. Methylene signals were obscured with the ‘Bu group. HSQC (25 °C, C¢De, 8/ppm) 8¢
87.2 - 81 5.26, dc 84.4 - 01 5.09, &¢ 82.9 - 51 4.93, O¢ 82.4 - 6y 3.73, S¢ 68.8 - du 3.05. Other signals
could not be determined since the signals were overlapped or had a weak intensity. Cigar2j3j (25 °C,
CeDs, 6/ppm) d¢c 217.9 - 6u —20.71, 8¢ 209.3 - 8u —20.71, 8¢ 209.1 - 6y —20.71, 8¢ 114.7 - 8u 5.09,
5.08,1.30,0c 114.2 - 81 5.26,4.93, 1.27,0¢ 112.2 - 814 5.26,4.93, 1.57, 8¢ 111.0 - 81 5.26, 4.93, 1.48,
Oc 110.7 - 8u 5.09, 5.08, 1.55, 6¢ 103.5 - 8u 5.09, 5.08, 1.45. Other signals could not be determined
since the signals were overlapped or had a weak intensity. IR (CO) (KBr, cm™): 1900, 1860; Anal.
Calcd for C42HgoNO2Ruy: C, 61.36; H, 8.46; N, 1.70. Found: C, 61.36; H, 8.72; N, 1.91.

Reaction of 70¢ with PMes. Synthesis of (Cp*Ru)2(u-H)(u-CsHioN)(PMes) (79).
76¢ (2.4 mg, 3.1 pmol) and CsDs (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were

charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
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by freeze-pump-thaw cycles and back-filled with 1 atm of H,. 'H NMR spectrum showed the
quantitative formation of 70c. The reaction mixture was degassed by freeze-pump-thaw cycles and
back-filled with 1 atm of Ar and PMes (4 pL, 10eq.) was added. The reaction mixture was heated at
80 °C for 19 h. The color of the reaction mixture turned from purple to brown. 'H NMR spectrum
showed the formation of 79 in 79% yield.

Reaction of 76¢ with PMes. Synthesis of (Cp*Ru)z(u-H)(u-CsH1oN)(PMes) (79).

76¢ (34.8 mg, 45.4 umol), PMe; (46 pL, 10eq.), and hexane (5 mL) were charged in a 50-mL Schlenk
tube. The reaction mixture was heated at 80 °C for 15 h. The color of the solution changed from brown
to greenish brown. The solvent was removed under reduce pressure and the residue was purified by
alumina column chromatography (eluent: hexane). From the greenish brown band, 79 (37.3 mg, 44.3

umol, 98%) was obtained as a greenish brown solid. 79: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) &

5.02 (m, 1H, u-CsHioN), 4.67 (t like dd, Joy = 2.4 Hz, Jou = 2.4 Hz, 1H, | 4 )
CpH), 4.57 (t like dd, Jos = 2.4 Hz, Jou = 2.4 Hz, 1H, CpH), 453 (m, 1H, | €3 ~C3
n-CeHioN), 4.08 (second order d, J= 1.5 Hz, 1H, CpH), 4.07 (second order C/G \CZ
d,J= 1.5 Hz, IH, CpH), 3.39 (m, 1H, p-CeH1oN), 3.06 (t like, J = 12.2 Hz, \N—C1/

IH, p-CeHioN), 1.84 (m, 1H, p-CeHioN), 1.73 (m, 1H, p-CeHioN), 1.69 (s, J

9H, Cp'Bu), 1.58 (s, 9H, Cp'Bu), 1.49 (s, 9H, Cp'Bu), 1.48* (m, 1H, pu-CsHioN), 1.47 (s, 9H, Cp'Bu),
1.41 (s, 9H, Cp'Bu), 1.31 (s, 9H, Cp'Bu), 1.27* (m, 1H, u-Ce¢H1oN), 1.21 (d, Jpu = 7.9 Hz, 9H, PMe3),
—13.19 (d, J=21.2 Hz, 1H, Hydride); * Determined by 'H-'"H COSY. *'P{'H} NMR (161MHz, 25 °C,
CsDs, 8/ppm) & 8.63 (PMes); *C {'H} NMR (100 MHz, 25 °C, CsDs, 8/ppm) & 229.4 (C"), 115.4
(Cp'Bu), 107.6 (Cp'Bu), 99.2 (Cp'Bu), 91.2 (Cp'Bu), 84.3 (Cp'Bu), 83.2 (Cp'Bu), 81.4 (PMe3)RuCpH),
75.0 ((PMe3)RuCpH), 66.8 (RuCpH), 66.6 (C°), 63.6 (RuCpH), 57.2 (C?), 35.2 (CpCMes), 34.6
(CpCMes), 34.3 (CpCMes), 33.4 (CpCMes), 33.3 (CpCMes), 33.2 (CpCMe;s or p-CeHioN), 32.8
(CpCMes or p-CsHioN), 32.3 (CpCMes or p-CsHioN), 31.8 (CpCMes or p-CsHioN), 30.9 (CpCMes or
p-CsHioN), 30.7 (CpCMes), 30.0 (CpCMes or p-CgHioN), 29.91 (CpCMes or p-CsHioN), 29.89
(CpCMes or u-CsHigN), 28.4 (d, Jpc = 25.4 Hz, PMe3), 24.3 (u-CsH1oN); 2 Methylene protons could
not be determined since the signals obscured with the ‘Bu group. 'H-"H COSY (25 °C, C¢Ds, 8/ppm)
05.02-54.53,1.84,564.53-561.73,83.39-053.06, 1.48, 5 3.06 - & 1.27; Other signals could not be
determined since the signals were overlapped or had a weak intensity. HSQC (25 °C, CsDs, 8/ppm) d¢
81.4 - 61 4.67, 8¢ 75.0 - 31 4.57, 8¢ 66.8 - 6 4.08, d¢ 66.6 - Oy 5.02, 4.53, 6¢ 63.6 - 6u 4.07, ¢ 57.2
- 0n 3.39, 3.06, 8¢ 35.2 - 6 1.41, 8¢ 34.6 - 8 1.69, d¢ 34.3 - 8 1.47, 8¢ 33.4 - 81 1.49, 8¢ 33.3 - dn
1.58, 8¢ 30.7 - 81 1.31, 8¢ 28.4 - 8y 1.21. Other signals could not be determined since the signals were
overlapped or had a weak intensity. Cigar2j3j (25 °C, C¢Ds, &/ppm) ¢ 115.4 - 6y 1.41, 3¢ 107.6 - O
1.58,08¢ 99.2 - 61 1.47,0c91.2 - 015 1.69, 8¢ 84.3 - 0 1.49, 0¢ 83.2 - 61 1.31, d¢ 28.4 - Oy 1.21. Other

signals could not be determined since the signals were overlapped or had a weak intensity.

359



Experimental Section

Anal. Calcd for C43sH7sNpRus: C, 61.32; H, 9.34; N, 1.66. Found: C, 61.05; H, 9.09; N, 1.53.

Chapter 6
Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst. (1:1 molar ratio, temperature
dependence)

A pyrrolidine solution of 2¢ (1 mL, pyrrolidine: 12.2 mmol, 2¢: 12.2 umol) and water (0.22 mL, 12.2
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was heated at 80 °C, 120 °C, 160 °C, or 180 °C for 24 h. A THF solution of biphenyl (101 mM, 1.0
mL, 101 pmol) were added as an external standard and the yield of 2-pyrrolidinone was calculated by

the means of gas chromatography.

Table 8-6-1. Dehydrogenative oxidation of pyrrolidine using 2¢ as a catalyst.

(Temperature dependence)

Entry Temp. [°C] Time [h] TON
1 80 24 6
2 120 24 2
3 160 24 60
4 180 24 115

2Determined by GC analysis using biphenyl as an external standard.

Dehydrogenative oxidation of pyrrolidine using 2c as a catalyst. (Ar atm, 1:1 volume ratio)

A pyrrolidine solution of 2¢ (1 mL, pyrrolidine: 12.2 mmol, 2¢: 12.2 pmol) and water (1 mL, 55.6
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was
heated at 180 °C for 1, 2, 4, 12, or 24 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 umol)
were added as an external standard and the yield of 2-pyrrolidinone was calculated by the means of

gas chromatography.

Table 8-6-2. Dehydrogenative oxidation of pyrrolidine using 2¢ as a catalyst.

entry temp. [°C] time [h] TON-a
1 180 1 1
2 180 2 2
3 180 4 6
4 180 12 48
5 180 24 96

2Determined by GC analysis using biphenyl as an external standard.

360



Experimental Section

Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst. (Hz atm, 1:1 volume ratio)

A pyrrolidine solution of 2¢ (1 mL, pyrrolidine: 12.2 mmol, 2¢: 12.2 pmol) and water (1 mL, 55.6
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 1, 2, 4, 12, 24, or 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol)
were added as an external standard and the yield of 2-pyrrolidinone was calculated by the means of

gas chromatography. The yields were calculated from the average of 3 trials.

Table 8-6-3. Dehydrogenative oxidation of pyrrolidine using 2¢ as a catalyst.

(Time course under hydrogen atmosphere)

entry Reaction time [h] and TON=
1 2 4 12 24 72
1 4 47 73 175 187
2 27 54 101 152 330 127
3 9 33 134 131 202 194
Average 13 44 103 153 239 160

2Determined by GC analysis using biphenyl as an external standard.

Dehydrogenative oxidation of pyrrolidine using 2c as a catalyst. (Effect of water)

A pyrrolidine solution of 2¢ (1 mL, pyrrolidine: 12.2 mmol, 2¢: 12.2 umol) and water (0.22 mL, 12.2
mmol), (0.44 mL, 24.4 mmol), (0.88 mL, 48.9 mmol), or (1.75 mL , 97.8 mmol) were charged in a 25-
mL Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-
thaw cycles and back-filled with 1 atm of H». The reaction mixture was heated at 180 °C for 24 h. A
THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an external standard and the

yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

Table 8-5-4. Dehydrogenative oxidation of pyrrolidine using 2c as a catalyst. (Effect of water)

Entry H,0 [mL] TON
1 0.22 215
2 0.44 278
3 0.88 224
4 1.75 127

Standard condition performed using 2¢, pyrrolidine/water/catalyst = 1000/2000/1,

Hz2 (1 atm), 180 °C, 24 h. *Determined by GC analysis using biphenyl as an external standard.
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Dehydrogenative oxidation of pyrrolidine using 2c as a catalyst. (Effect of solvent)

A decane solution of 2¢ and pyrrolidine (1 mL, pyrrolidine: 973 pumol, 2¢: 9.73 pumol) and water (1
mL, 55.6 mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction
mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction
mixture was heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were
added as an external standard and the yield of 2-pyrrolidinone was calculated by the means of gas

chromatography.

A 1,4-dioxane solution of 2¢ and pyrrolidine (1 mL, pyrrolidine: 973 pmol, 2¢: 9.73 umol) and water
(1 mL, 55.6 mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The
reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The
reaction mixture was heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101
pmol) were added as an external standard and the yield of 2-pyrrolidinone was calculated by the means

of gas chromatography.

A 2-methyl-2-propanol solution of 2¢ and pyrrolidine (1 mL, pyrrolidine: 1.13 mmol, 2¢: 11.3 pmol)
and water (0.5 mL, 27.8 mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve.
The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H. The
reaction mixture was heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101
pmol) were added as an external standard and the yield of 2-pyrrolidinone was calculated by the means

of gas chromatography.

Table 8-5-5. Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst. (Effect of solvent)

Entry Solvent TON
1° n-decane 0
20 1,4-dioxane 10

3¢ 2-methyl-2-propanol 62

Standard condition performed using 2¢, pyrrolidine/catalyst = 100/1 , H2 (1 atm), 180 °C. *Determined by GC

analysis using biphenyl as an external standard. *Solvent:water = 1:1 vol. ratio. *Solvent:water = 1:0.5 vol. ratio
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Substrate scope

Table 8-5-6. Dehydrogenative oxidation of pyrrolidine using 2c¢ as a catalyst.

Yield [%]*
Entry Substrate Product Conversion [%] (selectivity TON
[76])
1 y 4 29.0 22.6 (78) 226
20 N N =0 333 21.8 (65) 218
3¢ O Oé 35.4 20.8 (63) 208
H

H
N
4 O q 268 18.7 (70) 187
H

N
54 Q (_\)// nd. 6.7 67

H
N
H
N
j { nd. 0 0
0
7 ( 7 Q& n.d. 1.3 13

Standard condition performed using 2¢, substrate/water/catalyst = 1000/2000/1 , H2 (1 atm), 180 °C, 72 h. *Determined

6d

by GC analysis using biphenyl as an external standard. PAr atm. °Catalyst:2a. Conversion was not determined due to

the low yield.

Dehydrogenative oxidation of pyrrolidine using 2c as a catalyst. (Hz atm)

A pyrrolidine solution of 2¢ (1 mL, pyrrolidine: 12.2 mmol, 2¢: 12.2 umol) and water (0.43 mL , 24
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an

external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

Dehydrogenative oxidation of pyrrolidine using 2c as a catalyst. (Ar atm)

A pyrrolidine solution of 2¢ (1 mL, pyrrolidine: 12.2 mmol, 2¢: 12.2 umol) and water (0.43 mL , 24
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an

external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.
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Dehydrogenative oxidation of pyrrolidine using 2a as a catalyst. (Cp*)

A pyrrolidine solution of 2a (1 mL, pyrrolidine: 12.2 mmol, 2a: 12.2 pmol) and water (0.43 mL , 24
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an

external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

Dehydrogenative oxidation of piperidine using 2¢ as a catalyst. (H; atm)

A piperidine solution of 2¢ (1 mL, piperidine: 1.01 mmol, 2¢: 1.01umol) and water (0.36 mL , 20
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an

external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

Dehydrogenative oxidation of hexamethyleneimine using 2c¢ as a catalyst. (H; atm)

A hexamethyleneimine solution of 2¢ (1 mL, hexamethyleneimine: 8.42 mmol, 2¢: 8.42 pmol) and
water (0.32 mL , 18 mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve.
The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H. The
reaction mixture was heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101
pmol) were added as an external standard and the yield of 2-pyrrolidinone was calculated by the means

of gas chromatography.

Dehydrogenative oxidation of morpholine using 2c¢ as a catalyst. (H; atm)

A morpholine solution of 2¢ (1 mL, morpholine: 11.5 mmol, 2¢: 11.5 pmol) and water (0.41 mL, 23
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an

external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

Dehydrogenative oxidation of /N-methylpyrrolidine using 2¢ as a catalyst. (H; atm)

An N-methylpyrrolidine solution of 2¢ (1 mL, N-methylpyrrolidine: 9.44 mmol, 2¢: 9.44 umol) and
water (0.34 mL, 19 mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The
reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The
reaction mixture was heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101

pmol) were added as an external standard and the yield of 2-pyrrolidinone was calculated by the means
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of gas chromatography.

Stoichiometric reaction of 70c with water.

76¢ (5.2 mg, 6.8 pmol) and hexane (0.4 mL) were charged in an NMR sample tube equipped with a
J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with
1 atm of H> to form of 70¢. The solvent was removed under reduced pressure. 2-Methyl-2-propanol
(0.4 mL) and water (0.1 mL) were added to the residue. The reaction mixture was degassed by freeze-
pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C for 12
h. The color of the solution changed from purple to brown and finally to red purple. The solvent was
removed under reduced pressure and 'H NMR spectrum showed the formation of Cp*Ru(u-
OH),RuCp* (80) (91%) and & caprolactam (99%). (Yields were calculated from the distribution of
Cp*H region.)

Stoichiometric reaction of 76¢ with water.

76¢ (3.1 mg, 4.0 umol), 2-methyl-2-propanol (0.4 mL) and water (0.1 mL) were charged in an NMR
sample tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw
cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C for 12 h. The color
of the solution changed from brown to red purple. The solvent was removed under reduced pressure
and "H NMR showed formation of 80 (96%) and &-caprolactam (79%). (Yields were calculated from
the distribution of Cp*H region.)

Reaction of 2¢ with water. Synthesis of 80.

2¢ (8.2 mg, 12.2 umol), water (0.1 mL), and 2-methyl-2-propanol were charged in an NMR sample
tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles
and back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C for 12 h. The color of the
solution changed from orange to red. The solvent was removed under reduced pressure to afford 80

(8.2 mg, 11.7 umol, 99%) as a red solid.

Reaction of 6 with NaOH. Synthesis of 80.

6 (48.8 mg, 66.0 umol), NaOH (1 pellet, 69.3 mg, 1.7 mmol), water (5 mL), and hexane (10 mL) were
charged in a 50-mL Schlenk tube and stirred for 1 h. The color of hexane solution changed from purple
to red. The aqueous solution was removed syringe and hexane was removed under reduced pressure
to afford 80 (48.4 mg, 65.1 umol, 99%) as a red solid. 80: 'H NMR (400 MHz, 25 °C, C¢Ds, 5/ppm)
8 3.71 (s, 4H, CpH), 3.49 (s, 2H, OH), 1.48 (s, 36H, Cp'Bu), 1.38 (s, 18H, Cp'Bu); °C {'H} NMR
(100 MHz, 25 °C, C¢Ds, 8/ppm) 8 85.6 (Cp'Bu), 83.3 (Cp'Bu), 57.1 (CpH), 33.5 (CpC(CMe3)), 32.1
(CpC(CMen)), 31.2 (CpC(CMe3)), 30.1 CpC(CMes)); Anal. Caled for C34HgoO2Ruz: C, 58.09; H, 8.60.
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Found: C, 58.02; H, 8.92.

Reaction of 80 with H,.

80 (5.3 mg, 7.5 umol), CsDs (0.45 mL, internal standard: hexamethyldisiloxane) were charged in an
NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-
pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was heated at 80 °C for 3 h.

The conversion of 80 was 81% and 2¢ was formed in 29% yield.

Reaction of 80 with cyclic amine.

80 (5.1 mg, 7.3 pmol), Ce¢Ds (0.45 mL, internal standard: hexamethyldisiloxane),
Hexamethyleneimine (8.1 pL, 16 eq. by NMR) were charged in an NMR sample tube equipped with
a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled with
1 atm of Ar. The reaction mixture was heated at 80 °C for 1 h and then at 180°C for 1h. The reaction
did not proceed at 80 °C. The reaction at 180 °C afforded a complex mixture, which contained 76¢

(7% yield).

Species observed in catalytic condition using 2¢ as catalyst.

2¢ (38.0 mg, 56.4 umol), pyrrolidine (1.32 mL, 16.7 mmol, 300 eq.), and water (0.61 mL, 339 mmol,
600 eq.) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. The solvent was removed under reduced pressure and the residue was

washed with methanol to afford a mixture of 75a, 2¢, and 16¢ (24.2 mg, 75a/2¢/16¢ = 61/12/27).

Catalytic activity of 16c¢.

16¢ (8.5 mg, 12.2 pumol), pyrrolidine (1.00 mL, 12.2 mmol, 1000 eq.), and water (0.43 mL, 24 mmol,
2000 eq.) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an
external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

2-pyrrolidinone formed in 1.8 % yield (TON = 18).

Catalytic activity of 70c.
70c¢ (16.8 mg, 21.9 pmol), pyrrolidine (1.80 mL, 21.9 mmol), and water (0.50 mL, 27.8 mmol) were
charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed

by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was heated at
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180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an external
standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography. 2-

pyrrolidinone formed in 14.4 % yield (TON = 144).

Catalytic activity of 75a.

Pyrrolidine solution of 75a (1 mL, pyrrolidine: 12.2 mmol, 75a: 12.2 umol) and water (0.43 mL , 24
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an
external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

2-pyrrolidinone formed in 24.9 % yield (TON = 249).

Catalytic activity of 75a. (Ar atmosphere)

Pyrrolidine solution of 75a (1 mL, pyrrolidine: 12.2 mmol, 75a: 12.2 umol) and water (0.43 mL , 24
mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was
heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an
external standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography.

2-pyrrolidinone formed in 0.8 % yield (TON = 8).

Catalytic activity of 75b.

75b (15.9 mg, 19.1 pmol), pyrrolidine (1.57 mL, 19.1 mmol), and water (0.50 mL, 27.8 mmol) were
charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was heated at
180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were added as an external
standard and the yield of 2-pyrrolidinone was calculated by the means of gas chromatography. 2-
pyrrolidinone formed in 17.0 % yield (TON = 170). &-Valerolactam was not observed in gas

chromatography analysis.

Reaction of 75a with water.

75a (9.7 mg, 12.0 pmol), 2-methyl-2-propanol (0.4 mL), and water (0.1 mL) were charged in an
NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-
pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C for 72
h. The color of the solution did not change. The solvent was removed under reduced pressure and 'H

NMR spectrum showed quantitative recovery of 75a.
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Reaction of 75b with cyclic amine.

75b (4.7 mg, 5.6 pmol) and pyrrolidine (0.4 mL) were charged in an NMR sample tube equipped
with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled
with 1 atm of Ar. The reaction mixture was heated at 180 °C for 24 h. The color of the solution did not
change. The solvent was removed under reduced pressure and '"H NMR spectrum showed quantitative

recovery of 75b.

Reaction of diimine complex with N-deuterated pyrrolidine.

75a (4.0 mg, 5.0 umol), N-deuterated pyrrolidine (0.2 mL) were charged in an NMR sample tube
equipped with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and
back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C for 42 h. The color of the
solution did not change. The solvent was removed under reduced pressure. 'H NMR spectrum showed

recovery of N-deuterated pyrrolidine.

Reaction of 75a with CO. Synthesis of Cp*Ru(u-CO)(u-CsHi2N2)RuCp* (81).

75a (8.7 mg, 10.8 umol) and C¢Ds (0.45 mL, internal standard: hexamethyldisiloxane 1 pL) were
charged in an NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed
by freeze-pump-thaw cycles and the 'H NMR spectrum was measured. Then, 1 atm of CO was back-
filled to the reaction mixture and stayed for 18 h. at ambient temperature. The color of the solution

changed from orange to brown. "H NMR spectrum showed the quantitative formation of 81.

Reaction of 75a with CO. Preparation of Cp*Ru(u-CO)(u-n%(N,N):n?(C,N)-CsH12N2)RuCp* (81).

75a (125.0 mg, 155.3 umol) and hexane (10 mL) were charged in a 25-mL Schlenk tube equipped
with a J. Young valve. The reaction mixture was degassed by freeze-pump-thaw cycles and back-filled
with 1 atm of CO. The reaction mixture was stirred for 6 h. at ambient temperature. The color of the
solution changed from orange to brown. The solvent was removed under reduce pressure and the
residue was purified by alumina column chromatography (eluent: hexane/toluene = 1/1). The brown
band was collected and the solvent was removed under reduce pressure. Recrystallization of the brown

residue from a acetone solution (r.t.) afforded 81 (102.1 mg, 122.5 pmol, 79%) as brown crystals.

81: 'H NMR (400 MHz, 25 °C, C¢Ds, 8/ppm) 8 5.02 (d, Jun N
— 1.4 Hz, 1H, CpH), 4.76 (dd, Jux = 11.0, 7.0 Hz, 1H, p- C3./C2' /CZ\C3
CsHi2N»), 4.65 (d, Jun =2.0 Hz, 1H, CpH), 4.41 (d, Jun=1.4 | c1 '_C1 |

Hz, 1H, CpH), 4.37 (ddd, Jun = 10.8, 10.8, 6.8 Hz, 1H, p- c‘LN// \\N _c4
CsH12N2), 4.19 (d, Jum = 2.0 Hz, 1H, CpH), 3.50 (ddddd, Jin Ru

. /

=13.1,8.1, 8.1, 1.7, 1.7 Hz, 1H, p-CgH12N2), 3.40 (ddd, Jun
=13.1, 8.4,3.56 Hz, 1H, p-CgH12N2), 2.13 (m, 3H, p-CgH12N2), 1.99 (dd, Jun = 11.7, 8.6 Hz, 1H, p-

368



Experimental Section

CsH12N»), 1.8-1.6 (m, 2H, u-CsH12N»), 1.50 (m, 1H, u-CsH12N2)*, 1.50 (s, 9H, Cp'Bu), 1.49 (s, 9H,
Cp'Bu), 1.46 (s, 9H, Cp'Bu), 1.41 (s, 9H, Cp’Bu), 1.40 (s, 9H, Cp'Bu), 1.35 (s, 9H, Cp’Bu), 1.35 (m,
1H, p-CsH1oNo)*; *Determined by 'H-'H COSY and selective decoupling experiment. *C NMR (100
MHz, 25 °C, C¢Ds, 8/ppm) & 234.2 (s, CO), 182.6 (s, C"), 120.2 (br, Cp'Bu), 112.1 (brs Cp'Bu), 110.3
(br, Cp'Bu), 105.4 (brs Cp'Bu), 101.3 (br, Cp'Bu), 96.3 (br, Cp'Bu), 87.8 (brd, Jcu = 168.2 Hz, CpH),
81.6 (dd, Jcu = 165.4 Hz, 7.5 Hz, CpH), 80.1 (dd, Jcu = 166.2 Hz, 6.1 Hz, CpH), 73.6 (brd, Jcu =
164.0 Hz, CpH), 70.0 (s, C"), 67.4 (t like dd, Jcu = 136.4 Hz, C* or C*), 59.3 (t like dd, Jcu = 140.4
Hz, C* or C*), 35.2 (m, CpCMe3), 34.7 (m, CpCMes), 33.9 (brm, CpCMes), 33.7 (m, CpCMes), 33.3
(CpCMes or diimine), 33.3 (CpCMes or diimine), 32.9 (CpCMes or diimine), 32.4 (CpCMes or
diimine), 32.3 (CpCMes or diimine), 32.3 (m, CpCMe3), 32.3 (CpCMe; or diimine), 32.1 (CpCMe; or
diimine), 31.4 (CpCMe; or diimine), 31.2 (m, CpCMe3), 27.2 (t like dd, Jeu = 130.5 Hz, C° or C*),
24.2 (tlike dd, Jou = 131.6 Hz, C° or C*); 'TH-"TH COSY(C4Ds, 25 °C): § 5.02 - § 4.41, 5 4.76 - 5 4.37,
2.13,04.65-64.19,04.37-562.13,(1.8-1.6), 6 3.50 — 5 3.40, 2.13, 1.50, 1.35, 5 3.40 - 5 2.13, 1.50,
1.35,8 2.13 - 5 1.99, (1.8-1.6), 1.50, 1.35, 6 1.99 - (1.8-1.6). Other signals could not be determined
because the signals obscured. IR CO) (KBr, cm™): 1742; Anal. Calcd for C43H70N2ORuz: C, 61.99;
H, 8.47; N, 3.36. Found: C, 62.13; H, 8.56; N, 3.15.

Species observed in catalytic condition using 75b as catalyst.

75b (34.4 mg, 41.3 pumol), pyrrolidine (1.7 mL, 210 mmol, 500 eq.), and water (0.74 mL, 410 mmol,
1000 eq.) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction mixture
was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H,. The reaction mixture was
heated at 180 °C for 24 h. The color of the solution did not change. The solvent was removed under
reduced pressure and residue was washed with methanol to afford a mixture of 75b, 2¢, and 16¢ (28.7

mg, 75b/2¢/16¢ = 98/1.4/0.3).

Reaction of diimine complex with methanol.

75b (7.7 mg, 9.2 pumol), methanol (37.4 pL, 0.92 mmol), and hexane (0.6 mL) were charged in an
NMR sample tube equipped with a J. Young valve. The reaction mixture was degassed by freeze-
pump-thaw cycles and back-filled with 1 atm of Ar. The reaction mixture was heated at 180 °C for 24
h. The solvent was removed under reduced pressure to afford a mixture of 75b, 16¢, and 82¢ (7.8 mg,

75b/16¢/82¢ = 97/2/1).

Poisoning experiment using methanol. (cat: 75a)
75a (12.2 pmol), pyrrolidine (1.00 mL, 12.2 mmol), water (0.43 mL, 24 mmol), and methanol (49.2
pL, 1.22 mmol) were charged in a 25-mL Schlenk tube equipped with a J. Young valve. The reaction

mixture was degassed by freeze-pump-thaw cycles and back-filled with 1 atm of H». The reaction
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mixture was heated at 180 °C for 72 h. A THF solution of biphenyl (101 mM, 1.0 mL, 101 pmol) were
added as an external standard and the yield of 2-pyrrolidinone was calculated by the means of gas

chromatography. 2-pyrrolidinone formed in 0.9 % yield (TON = 9).
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Table S-1. Crystallographic Data. (1/15)

Experimental Section

1c (CCDC 965050) 2¢(CCDC 965055) 2d (CCDC: 965056) 2e 4c¢ (CCDC 965051)
Formula C34Hss8ClaRu2 CsaHe2Ruo C27HacRu2 C3sH7002Ruz C34H53C14ORu2
Formula weight 810.74 672.98 572.78 761.08 826.74
Crystal description platelet platelet block block block
Crystal color brown red red orange orange

Crystal size (mm)

Crystallizing solution
Crystal system

Space group

a(A)

b (A)

c(A)

a(°)

B ()

7 (®)

V(A3

Z value

Dealca (g/cm?)
Measurement temp. (°C)
#(Moka) (mm™")

29max (deg)

No. of reflections collected
No. of unique reflections

No. Reflections observed (>20)

Abs. correction type

Abs. transmission

Ri [1>20(])]

wR2 [1 > 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.692x0.691x0.458

Ethanol / Et20 / hexane (—30°C)

Monoclinic
P2i/c (#14)
10.2518(4)
15.9857(7)
12.0787(5)

110.8750(13)

1849.55(13)

2

1.456

-150

1.127

55.0

17963

4231 (Rint = 0.0450)
3896

Empirical

0.6970 (min.) 1.0000 (max.)
0.0378

0.0921

0.0412

0.0944

4231/0/225

1.028

3.188 and —0.997 e-A™3

0.188x0.096x0.058

Pentane (30 °C)
Triclinic

P-1 (#2)

10.2280(5)
11.6952(7)
14.0881(5)
85.2160(16)
85.1040(14)
87.3850(19)
1671.94(14)

2

1.337

-150

0.922

55.0

13766

6074 (Rinc = 0.0305)
5188

Empirical

0.6009 (min.) 1.0000 (max.)
0.0277

0.0632

0.0356

0.0669
6074/0/429

1.039

0.821 and —0.573 e-A3

0.147x0.109%0.082

Pentane (30 °C)
Triclinic

P-1(#2)

11.0205(5)
17.2266(7)
17.8346(7)
60.4180(12)
80.6290(14)
69.7430(13)
2762.2(2)

4

1.377

-150

1.103

55.0

22873

10071 (Rint = 0.0337)
8200

Empirical

0.6796 (min.) 1.0000 (max.)
0.0327

0.0710

0.0457

0.0762
10071/0/653

1.038

0.665 and —0.649 e-A3

0.218%0.178x0.164

acetone (—30°C)
triclinic
P-1(#2)
8.6022(5)
10.9901(7)
11.4627(6)
105.221(2)
100.7880(10)
107.446(2)
955.04(10)

1

1.323

-130

0.819

55

9498

4323 (Rint = 0.0322)
3928

Empirical

0.6289 (min.) 1.0000 (max.)

0.0281
0.0673
0.0321
0.0699
4323/0/208
1.063

0.793 and —0.662 e- A3

0.791x0.397x0.309

Ethanol / Et2O / Hexane (—30°C)

Monoclinic
P21/n (#14)
10.4522(5)
11.1637(7)
15.6750(7)

98.435(2)

1809.26(16)

2

1.518

-150

1.155

55.0

17520

4127 (Rint = 0.0284)
3950

Empirical

0.7473 (min.) 1.0000 (max.)
0.0284

0.0675

0.0296

0.0683

4127/0/231

1.060

2.807 and —1.103 e-A~3
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Table S-1. Crystallographic Data. (2/15)

Experimental Section

5¢ (CCDC 965054) 6 (CCDC 965052) 6 (rotamer) Tc 7d
Formula C34H58CIzRu2 C34Hs58CIoRu2 C34Hs58CI2Ru2 Cs4HsgRu Cs1Hs2Ru
Formula weight 775.29 739.84 739.84 567.87 525.79
Crystal description needle platelet platelet block block
Crystal color orange purple purple colorless colorless
Crystal size (mm) 0.184%0.056x0.046 0.247x0.133%0.106 0.185x%0.161x0.115 0.476x0.424%0.184 0.400%0.255%0.200
Crystallizing solution Pentane (30 °C) Pentane (-30 °C) 2-Propanol (r.t.) CHaClz/hexane (r.t.) Hexane (r.t.)
Crystal system Triclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P-1(#2) P-1(#2) P2/c (#13) P2i/c (#14) P2i/n (#14)
a(A) 10.5017(4) 9.6980(4) 22.6380(7) 18.5769(11) 13.1616(3)
b (A) 13.8218(7) 11.4602(6) 8.7837(3) 17.2137(11) 14.3332(4)
c(A) 15.4523(8) 16.8913(7) 17.7191(7) 19.6428(12) 14.8248(5)
a (°) 62.9080(13) 72.3950(19)
£ 67.3960(14) 87.6590(17) 100.0940(10) 91.134(2) 96.0950(10)
y(°) 88.4110(14) 77.2220(18)
V(A3 1813.59(14) 1744.39(14) 3468.8(2) 6280.1(7) 2780.86(14)
Z value 2 2 4 8 4
Deated (g/em?) 1.420 1.409 1.417 1.201 1.256
Measurement temp. (°C) -150 -150 —-110 -150 -150
u(Mokq) (mm™") 1.074 1.039 1.045 0.518 0.580
26max (deg) 55.0 55.0 55 55 55
No. of reflections collected 150 14448 32083 50056 27173
No. of unique reflections 6617 (Rint = 0.0409) 6362 (Rint = 0.0248) 7916 (Rint = 0.0860) 11470 (Rint = 0.0375) 6355 (Rint = 0.0520)
No. Reflections observed (>20) 5275 5792 5688 10841 5263
Abs. correction type Empirical Empirical Empirical Numerical Empirical

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.6627 (min.) 1.0000 (max.)
0.0334

0.0655

0.0485

0.0718

6617/0/439

1.028

0.647 and —1.004 e¢-A~3

0.7356 (min.) 1.0000 (max.)
0.0206

0.0476

0.0243

0.0494

6362/0/431

1.022

0.578 and —0.414 ¢-A™3

0.6919 (min.) 1.0000 (max.)
0.0356

0.0638

0.0615

0.0702

7916/0/361

0.949

1.101 and —0.983 ¢-A3

0.8061 (min.) 1.0000 (max.)
0.0219

0.0549

0.0235

0.0558

11470/0/ 667

1.038

0.357 and —0.295 ¢-A3

0.6477 (min.) 1.0000 (max.)
0.0303

0.0619

0.0417

0.0661

6355/0/305

1.042

0.628 and —0.481 ¢-A~3
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Table S-1. Crystallographic Data. (3/15)

Experimental Section

8 9¢ (CCDC 965059) 10 (CCDC 965053) 12¢ 13
Formula C35HssCLORuz Ci9H29ClO2Ru C34HssCLORuz C34HssClaRha2 C17H29CLIr
Formula weight 767.85 425.94 755.84 814.42 496.50
Crystal description platelet block platelet block block
Crystal color orange yellow orange red brown
Crystal size (mm) 0.088%0.070x0.067 0.170%0.124x0.091 0.118x0.079%0.046 0.410%0.352x0.176 0.392x0.252x0.182
Crystallizing solution Pentane (30 °C) Hexane/THF/Methanol (r.t.) Pentane (30 °C) CHaClz/hexane (r.t.) Methanol (r.t.)
Crystal system Monoclinic Orthorhombic Triclinic Monoclinic Monoclinic
Space group P2i/n (#14) Pca2: (#29) P-1(#2) P2i/c (#14) P2i/c (#14)
a(A) 14.4459(9) 15.4202(7) 10.4630(6) 10.2764(5) 9.4115(5)
b (A) 13.8780(9) 10.4543(5) 12.9430(6) 15.9705(7) 14.4989(7)
c(A) 18.1058(12) 12.1248(7) 14.8352(6) 12.0297(5) 13.7955(6)
a (°) 102.5820(13)
B(°) 100.760(2) 94.7270(15) 110.7200(10) 105.4640(10)
y(°) 111.3920(16)
V(A3 3566.0(4) 1954.61(17) 1796.50(15) 1846.61(14) 1814.33(15)
Z value 4 4 2 2 4
Deated (g/em?) 1.430 1.447 1.397 1.465 1.818
Measurement temp. (°C) -150 —150 -150 —-110 -150
u(Mokq) (mm™") 1.022 0.945 1.013 1.204 7.643
20max (deg) 55 55 55.0 55 55
No. of reflections collected 46659 15342 14805 17898 17682
No. of unique reflections 6518 (Rint = 0.2040) 3586 (Rint = 0.0237) 6500 (Rint = 0.0429) 4214 (Rint = 0.0418) 4134 (Rint = 0.0475)
No. Reflections observed (>20) 3667 3520 4860 3883 3837
Abs. correction type Empirical Empirical Empirical Empirical Numerical

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.4181 (min.) 1.0000 (max.)
0.1107

0.2807

0.1773

0.3301

6518/0/379

1.038

4.605 and —1.896 ¢-A~

0.8123 (min.) 1.0000 (max.)
0.0139

0.0335

0.0144

0.0337

3586/ 1/252

1.057

0.228 and —0.149 e-A~3

0.6926 (min.) 1.0000 (max.)
0.0352

0.0769

0.0586

0.0893

6500/0/440

1.048

1.475 and —0.555 e-A3

0.6088 (min.) 1.0000 (max.)
0.0226

0.0506

0.0252

0.0519

4214/0/ 190

1.028

0.505 and —0.566 ¢-A3

0.1836 (min.) 0.3398 (max.)
0.0242

0.0591

0.0265

0.0604

4134/0/190

1.051

1.020 and —1.505 e-A~3
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Table S-1. Crystallographic Data. (4/15)

Experimental Section

16¢

18¢ (CCDC 1444273)

18d

20c (CCDC 1444274)

20d

Formula

Formula weight

Crystal description
Crystal color

Crystal size (mm)
Crystallizing solution
Crystal system

Space group

a(A)

b(A)

c(A)

a (%)

B

7 ()

V(A%

Z value

Dealed (g/cm3)
Measurement temp. (°C)
u(Mokq) (mm™")

Zﬁmax (deg)

No. of reflections collected
No. of unique reflections
No. Reflections observed (>20)
Abs. correction type

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

CssHeoORu2

698.97

block

brown
0.344x0.294x0.152
Pentane (30 °C)
Monoclinic

P2i/n (#14)
11.7256(3)
10.3388(4)
28.2062(9)

91.8140(10)

3417.69(19)

4

1.358

-150

0.907

55

26962

6210 (Rint = 0.0383)
5930

Empirical

0.7203 (min.) 1.0000 (max.)
0.0234

0.0640

0.0246

0.0649

6210/0/410

1.059

0.623 and —0.301 e-A3

Cz7H47IrRu

664.91

block

orange
0.404%0.272x0.158
Hexane (30 °C)
Orthorhombic
Pnma (#62)
19.9013(5)
12.7243(3)
11.0606(3)

2800.88(12)

4

1.577

-150

5.295

55

36007

2685 (Rint = 0.0514)
2606

Numerical

0.1567 (min.) 0.5118 (max.)
0.0296

0.0703

0.0304

0.0706

2685/0/157

1.107

0.849 and —0.727 ¢-A™3

Cz7HaalrRu

661.89

platelet

orange
0.346x0.293%0.236
Hexane (30 °C)
Triclinic

P-1 (#2)
11.0478(6)
16.8628(8)
17.7285(7)
111.286(2)
100.4230(10)
107.156(2)
2782.4(2)

4

1.587

110

5.331

55

27690

12689 (Rint = 0.0322)
11173

Numerical

0.2991 (min.) 1.0000 (max.)
0.0316

0.0745

0.0379

0.0773

12689 /0 /541
1.032

1.638 and —0.877 ¢-A3

C27H47RhRu

575.62

block

purple
0.174x0.167%0.147
Hexane (-30 °C)
Orthorhombic
Pnma (#62)
19.8730(7)
12.7159(4)
11.0421(5)

2790.37(18)

4

1.370

—150

1.142

55

21682

2672 (Rint = 0.0519)
2462

Numerical

0.8231 (min.) 0.8712 (max.)
0.0418

0.1056

0.0454

0.1078

2672/0/170

1.073

0.690 and —0.506 e-A3

C27H44sRhRu

575.62

block

purple
0.209%0.166x0.124
Hexane (-30 °C)
Triclinic

P-1 (#2)
11.0267(5)
17.2404(7)
17.7249(8)
61.8900(10)
79.561(2)
69.5120(10)
2783.6(2)

4

1.374

-110

1.145

55

27890

12677 (Rint = 0.0259)
11129

Empirical

0.7151 (min.) 1.0000 (max.)
0.0343

0.0914

0.0399

0.0953
12677/0/553
1.013

1.534 and —0.763 e- A3

374



Table S-1. Crystallographic Data. (5/15)

Experimental Section

23a (CCDC 1444271) 23b0.5(C7Hs) 24a 24b (CCDC 1444270) 25a (CCDC 1444272)
(CCDC 1444269)
Formula C27H46Ruz2 C23H3sRu2¢0.5(C7Hs) CasH76Ru3 CaoHesRus3 C27H45CIRu2
Formula weight 570.78 562.74 908.25 852.15 607.22
Crystal description needle needle platelet block needle
Crystal color orange orange blue brown purple
Crystal size (mm) 0.347x0.098%0.057 0.408x0.113x0.077 0.267x0.235%0.091 1.157x0.684%0.571 0.346x0.079x0.065
Crystallizing solution Toluene (30 °C) Toluene (30 °C) Hexane (-30 °C) Acetone (30 °C) Hexane (-30 °C)
Crystal system Triclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group P-1(#2) C2/c (#15) P2i/n (#14) P2i/c (#14) P-1(#2)
a(A) 11.7162(6) 30.7358(17) 10.4221(4) 15.5197(5) 10.0537(6)
b (A) 14.4647(7) 9.0344(5) 20.3557(8) 12.1417(4) 10.3818(5)
c(A) 15.6249(8) 19.3594(10) 20.3320(7) 20.7235(6) 14.0293(7)
a (°) 90.696(2) 81.862(2)
£ 93.4290(10) 111.032(2) 96.7920(10) 92.5430(10) 72.477(2)
7 (°) 94.3250(10) 81.676(2)
V(A% 2635.3(2) 5017.6(5) 4283.1(3) 3901.2(2) 1374.19(13)
Z value 4 8 4 4 2
Dealcd (g/cm?) 1.444 1.490 1.408 1.451 1.467
Measurement temp. (°C) -150 -150 -150 -150 -150
£(Mokz) (mm™!) 1.156 1.213 1.071 1.171 1.207
20max (deg) 55 55 55 55 55
No. of reflections collected 21596 19782 56061 61199 13690
No. of unique reflections 9618 (Rint = 0.0568) 4574 (Rint = 0.0515) 7834 (Rint = 0.0809) 8920 (Rint = 0.0650) 6248 (Rint = 0.0353)
No. Reflections observed (>20) 7024 3780 6391 8384 5063
Abs. correction type Numerical Numerical Numerical Numerical Empirical

Abs. transmission

Ri [1>20(])]

wR2 [1>20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.8154 (min.) 0.9433 (max.)
0.0420

0.0964

0.0619

0.1071

9618 /0/567

1.014

1.062 and —1.129 e-A™3

0.6746 (min.) 0.9297 (max.)
0.0329

0.0695

0.0431

0.0730

4574/0/283

1.059

0.764 and —0.668 e- A~

0.8056 (min.) 0.9367 (max.)
0.0399

0.0949

0.0526

0.1015

7834/0/461

1.060

0.893 and —1.609 e- A3

0.3962 (min.) 0.6134 (max.)
0.0272

0.0650

0.0295

0.0661

8920/0/422

1.067

0.605 and —0.819 e-A™3

0.5757 (min.) 1.0000 (max.)
0.0319

0.0662

0.0435

0.0711

6248 /0/291

1.029

0.700 and —0.645 e- A3

375



Table S-1. Crystallographic Data. (6/15)

Experimental Section

27 28 29¢ 30c 34
Formula Cs3HsiRhRu C37Hs5602RhRu C37He3C1Ru3 Cs7He4Rus Cs7HeoRu3
Formula weight 651.71 736.79 846.5 812.0 808.0
Crystal description block platelet block block needle
Crystal color purple green brown brown brown
Crystal size (mm) 0.424x0.415%0.215 0.255%0.117x0.058 0.318x0.230%0.218 0.242x0.194%0.112 0.153%0.145%0.076
Crystallizing solution Hexane (r.t.) Hexane (30 °C) Acetone (30 °C) Acetone (r.t.) Acetone (-30 °C)
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic
Space group P 2i/c (#14) P 2i/n (#14) P21/c(#15) P-1(#2) P2i/n(#14)
a(A) 16.0329(7) 9.0546(7) 12.1089(4) 17.8273(8) 17.7767(10)
b (A) 8.9184(5) 12.0027(9) 35.9795(13) 18.4152(8) 10.3209(6)
c(A) 21.4396(10) 33.047(2) 16.9188(7) 20.4534(10) 20.7709(14)
a (°) 67.726(2)
£ 90.400(2) 90.069(2) 98.500(2) 66.3340(10) 103.895(2)
7 (°) 72.6030(10)
V(A3 3065.5(3) 3591.5(5) 7290.1(5) 5605.0(5) 3699.4(4)
Z value 4 4 8 6 4
Deated (g/em?) 1.412 1.363 1.543 1.444 1.451
Measurement temp. (°C) -150 -150 -140 -150 -150
u(Moka) (mm™") 1.049 0.908 1.324 1.219 1.231
20max (deg) 55 55 55 55 55
No. of reflections collected 33767 34418 112725 54291 35543
No. of unique reflections 7017 (Rint = 0.0416) 8209 (Rint = 0.0820) 16664 (Rint = 0.0518) 25414 (Rint = 0.0646) 8399 (Rint = 0.1253
No. Reflections observed (>20) 6667 5842 15499 17893 4724
Abs. correction type Numerical Empirical Numerical Empirical Empirical

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.6714 (min.) 0.7973 (max.)
0.0239

0.0566

0.0255

0.0573

7017 /0/338

1.093

0.913 and —0.559 e-A3

0.5927 (min.) 1.0000 (max.)
0.0524

0.1139

0.0826

0.1328

8209/0/390

1.044

0.968 and —1.436 ¢-A~3

0.7174 (min.) 1.0000 (max.)
0.0318

0.0678

0.0344

0.0690

16664 /0 / 809

1.086

1.009 and —0.780 e-A

0.4116 (min.) 1.0000 (max.)
0.0583

0.1486

0.0892

0.1738

25414/0/1078

1.064

1.847 and —1.515¢-A™3

0.6807 (min.) 1.0000 (max.)
0.0614

0.1329

0.1343

0.1962

8399/0/386

1.106

1.501 and —2.010 e-A3

376



Table S-1. Crystallographic Data. (7/15)

Experimental Section

36a (CCDC 1519873) 36b (CCDC 1519874) 37b (CCDC 1519875) 40c 42 (CCDC 965057)
Formula CaoHecRua4 CasH74Rus CasH72Ru4 CssHe1Ruz CssHecRuz
Formula weight 951.20 1007.31 1005.29 671.96 725.05
Crystal description block needle block platelet block
Crystal color black black black orange orange
Crystal size (mm) 0.145%0.137x0.118 0.211x0.124x0.100 0.341x0.133x0.131 0.171x0.091x0.082 0.172x0.127x0.097
Crystallizing solution THF (70 °C) Hexane (30 °C) Hexane (-30 °C) Pentane (0°C) Pentane (-30°C)
Crystal system Triclinic Orthorhombic Orthorhombic Triclinic Monoclinic
Space group P-1 (#2) Pnma (#62) Pnma (#62) P-1 (#2) P2i/m (#11)
a(A) 10.8082(4) 15.3508(6) 15.2441(3) 10.2322(3) 10.4817(7)
b(A) 10.8464(3) 17.1336(6) 17.0861(5) 11.6834(4) 14.8519(9)
c(A) 18.0784(7) 16.1327(6) 16.0747(3) 14.0998(4) 11.9429(8)
a(®) 83.5770(10) 84.9150(10) 90.00
B(°) 84.2980(10) 84.8990(10) 101.5230(18)
y(°) 66.7760(10) 87.1620(10) 90.00
V(A3 1931.83(12) 4243.1(3) 4186.85(17) 1670.83(9) 1821.7(2)
Z value 2 4 4 2 2
Dealed (g/em?) 1.635 1.577 1.595 1.336 1.322
Measurement temp. (°C) -150 -120 -120 -150 -150
u(Mokq) (mm™") 1.559 1.425 1.444 0.923 0.852
20max (deg) 55 55 55 55 55
No. of reflections collected 19142 66543 44573 16764 18279
No. of unique reflections 8661 (Rint = 0.0349) 5007 (Rint = 0.0963) 4934 (Rint = 0.0888) 7611 (Rint = 0.0275) 4340 (Rint = 0.0472)
No. Reflections observed (>20) 6977 4488 4777 6361 3461
Abs. correction type Empirical Numerical Numerical Empirical Empirical

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.7423 (min.) 1.0000 (max.)
0.0356

0.0942

0.0471

0.1024

8661/0/381

1.092

1.801 and —1.252

0.8179 (min.) 0.9153 (max.)
0.0313

0.0743

0.0359

0.0765

5007 /0/260

1.047

0.759 and —0.789 e-A3

0.7186 (min.) 0.8436 (max.)
0.0264

0.0692

0.0272

0.0699

4934/0/249

1.048

0.717 and —0.603 e-A3

0.7152 (min.) 1.0000 (max.)
0.0250

0.0566

0.0348

0.0615

7611/0 /343

1.133

0.640 and —0.603 e-A~3

0.7359 (min.) 1.0000 (max.)
0.0472

0.1259

0.0629

0.1472

4340 /0/268

1.141

1.200 and —0.926 ¢-A3

377



Table S-1. Crystallographic Data. (8/15)

Experimental Section

43 (CCDC 965058) 46 49 50 52
Formula CssHesRuz C41H72N20Ru2 CssH71PRu2 Ce3Hs2P2Ru2 CssHe7PRu2
Formula weight 723.03 811.14 857.13 1103.36 733.00
Crystal description block block needle block block
Crystal color orange orange yellow red purple
Crystal size (mm) 0.301%0.217x0.130 0.666x0.377x0.198 0.251x0.075%0.032 0.362%0.342x0.194 0.377%0.361x0.076
Crystallizing solution Pentane (r.t.) Acetone (-30 °C) Acetone Hexane (-30 °C) Acetone (0°C)
Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group C2/c (#15) P-1 (#2) P2i/n (#14) P2i/c (#14) C2/c (#15)
a(A) 22.3185(9) 10.5010(9) 12.6515(3) 17.4442(5) 23.3239(10)
b (A) 10.4295(4) 11.8440(10) 19.5896(5) 16.5194(4) 16.3369(5)
c(A) 16.4055(8) 18.4711(15) 17.6765(4) 19.5343(5) 19.5898(8)
a (°) 90.00 90.635(6)
B 106.1560(13) 100.723(7) 94.3340(10) 101.9520(10) 97.0240(10)
7 () 90.00 113.607(8)
V(A% 3667.9(3) 2058.9(3) 4368.38(18) 5507.1(3) 7408.5(5)
Z value 4 2 4 4 8
Dealed (g/cm?) 1.309 1.308 1.303 1.331 1.314
Measurement temp. (°C) -113 -120 —-130 —-150 -130
(Moks) (mm™) 0.846 0.764 0.757 0.645 0.880
26hmax (deg) 55.0 55 55 55 55
No. of reflections collected 14296 20635 58270 53880 36201
No. of unique reflections 3341 (Rine = 0.0359) 9372 (Rint = 0.0564) 9984 (Rint = 0.0734) 12556 (Rint = 0.0460) 8474 (Rint = 0.0636)
No. Reflections observed (>20) 3060 7618 8183 10871 6959
Abs. correction type Numerical Numerical Empirical Empirical Numerical

Abs. transmission

Ri1 [I>20(])]

wR2 [1 > 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.8290 (min.) 0.9420 (max.)
0.0357

0.0921

0.0388

0.0949

3341/0/211

1.078

0.691 and —0.724 ¢-A™3

0.6280 (min.) 0.8706 (max.)
0.0354

0.0816

0.0492

0.0871

9372/0/480

1.015

0.823 and -0.694 e-A-3

0.7413 (min.) 1.0000 (max.)
0.0351

0.0670

0.0485

0.0716

9984 /0/472

1.043

0.487 and —0.763 e-A~3

0.7084 (min.) 1.0000 (max.)
0.0451

0.1071

0.0536

0.1126

12556/ 0/ 638

1.057

3.829 and —4.092 e-A3

0.7849 (min.) 0.9444 (max.)
0.0446

0.1022

0.0564

0.1094

8474 /0 /384

1.069

1.846 and —1.466 ¢-A™

378



Table S-1. Crystallographic Data. (9/15)

Experimental Section

53 54 55 57 59
Formula CisHeoPRuz Ca6HssPRuz Ca2H79PRuz Cs2HesPRhRu Ca1HecRuz
Formula weight 735.02 869.23 817.16 802.87 761.07
Crystal description block block needle platelet block
Crystal color blue brown purple green orange
Crystal size (mm) 0.408x0.148x0.083 0.717%0.347x0.322 0.393%0.132x0.084 0.249%0.209x0.065 0.573%0.509x0.406
Crystallizing solution Acetone (-30 °C) Acetone (25°C) Acetone (-30°C) Hexane (30 °C) Acetone (r.t.)
Crystal system Monoclinic Monoclinic Orthorhombic Triclinic Monoclinic
Space group P2i/c (#14) C2/c (#15) Pna2i (#33) P-1 (#2) C2/c (#15)
a(h) 17.8560(5) 14.3702(7) 20.7900(10) 10.4697(4) 28.3491(16)
b(A) 11.3007(3) 17.4120(8) 11.5658(7) 11.3516(4) 28.3727(17)
c(A) 20.7876(7) 18.2745(9) 18.0532(10) 17.6406(7) 19.7843(10)
a(®) 92.6800(10)
L) 115.7770(10) 94.8870(10) 100.4390(10) 110.021(2)
y(°) 108.6020(10)
V(A% 3777.2(2) 4555.9(4) 4340.9(4) 1941.80(13) 14951.6(15)
Z value 4 4 4 2 16
Dealed (g/cm?) 1.293 1.267 1.250 1.373 1.352
Measurement temp. (°C) -130 -130 -130 -150 -150
u(Mokg) (mm™") 0.863 0.726 0.758 0.882 0.834
26max (deg) 55 55 55 55 55
No. of reflections collected 36250 22205 41536 31441 68997
No. of unique reflections 8617 (Rint = 0.0340) 5210 (Rint = 0.0362) 9307 (Rint = 0.0596) 8872 (Rint = 0.0454) 17039 (Rint = 0.1176)
No. Reflections observed (>20) 7623 5085 8163 7916 13233
Abs. correction type Numerical Numerical Numerical Numerical Numerical

Abs. transmission

Ri [I>20(])]

wR2 [1>20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.8929 (min.) 0.9654 (max.)
0.0276

0.0654

0.0333

0.0683

8617/0/392

1.038

1.554 and —0.617 e-A™3

0.6889 (min.) 0.8312 (max.)
0.0235

0.0589

0.0241

0.0592

5210/0/239

1.091

0.905 and —0.563 e- A3

0.8228 (min.) 0.9518 (max.)
0.0285

0.0554

0.0368

0.0586

9307/ 1/442

1.046

0.455 and —0.434 e- A3

0.8398 (min.) 0.9493 (max.)
0.0240

0.0578

0.0291

0.0601

8872/0/429

1.034

0.435 and —0.382 e- A3

0.6533 (min.) 0.7290 (max.)
0.0850

0.1949

0.1050

0.2137

17039/ 0/ 849

1.042

3.537 and -1.218 e-A3

379



Table S-1. Crystallographic Data. (10/15)

Experimental Section

60b (CCDC 902861) 61 63a (CCDC 989620) 64 (CCDC 989621) 65¢
Formula C25Ha0ORu2 Co7Ha2Ru2 C21H3402Ru2 C35Hs5802Ru2 CssHeoRu2S:2
Formula weight 558.71 568.74 520.62 712.95 747.09
Crystal description Block platelet block block platelet
Crystal color Purple purple orange red red

Crystal size (mm)
Crystallizing solution
Crystal system

Space group

a(A)

b(A)

c(A)

a(®)

AQ)

7 ()

V(A%

Z value

Dealed (g/cm?)
Measurement temp. (°C)
u(Moke) (mm™")

29max (deg)

No. of reflections collected
No. of unique reflections
No. Reflections observed (>20)
Abs. correction type

Abs. transmission

Ri [I>20(])]

wR2 [1 > 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.168x0.161x0.130
Pentane (=30 °C)
Monoclinic
P21/c(#14)
8.6710(3)
11.8552(3)
22.9406(7)

92.8060(9)

2355.39(11)

4

1.576

-150

1.295

55

23540

5652 (Rint = 0.0445)
4812

Empirical

0.7396 (min.) 1.0000 (max.)
0.0226

0.0493

0.0275

0.0519

5379/0/321

1.058

0.506 and —0.493 e-A™3

0.206x0.142%0.137
Pentane (-30 °C)
Orthorhombic
Pna2, (#33)
9.6707(9)
8.9213(6)
19.3324(9)

2471.9(2)

4

1.528

-150

1.233

55

17957

5593 (Rint = 0.0621)
4969

Empirical

0.7678 (min.) 1.0000 (max.)
0.0315

0.0556

0.0403

0.0600

5593/1/306

1.062

0.592 and —0.557 e-A3

0.106x0.088x0.079
Pentane (=30 °C)
Monoclinic

C2/c (#15)
11.6376(9)
12.4810(10)
14.8625(13)

105.310(2)

2082.1(3)

4

1.661

-150

1.462

55.0

10088

2378 (Rint = 0.0953)
1632

Empirical

0.4153 (min.) 1.0000 (max.)
0.0543

0.1194

0.0841

0.1372

2378/0/142

1.079

1.487 and —1.348e-A3

0.108x0.078x0.070
Pentane (-30 °C)
Monoclinic

P2i/n (#14)
11.7654(6)
10.2405(5)
28.1348(13)

92.0810(6)
3387.5(3)
4

1.398

-150

0.919

55.0

32680

7723 (Rint = 0.0540)
6234

Empirical

0.7333 (min.) 1.0000 (max.)
0.0320

0.0637

0.0459

0.0698

7723 /0/437

1.043

0.811 and —0.625 e-A3

0.339%0.325x%0.144
Acetone (-30 °C)
Triclinic

P-1(#2)

9.8678(4)
12.8532(5)
15.5466(8)
111.8620(10)
95.272(2)
96.4540(10)
1799.19(14)

2

1.379

-150

0.976

55

29254

8206 (Rint = 0.0281)
7557

Numerical

0.7452 (min.) 1.0000 (max.)
0.0221

0.0514

0.0249

0.0526
8206/0/378

1.052

0.800 and —0.351 e-A3
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Table S-1. Crystallographic Data. (11/15)

Experimental Section

66¢ 67a (CCDC 1450114) 67b (CCDC 1450115) 67c (CCDC 1450116) 68c
Formula CssHeoRu2S2 C24H330Ru2 C26H420Ru2 CssHesORu2 CssHesRuzS
Formula weight 747.09 544.68 572.73 741.04 759.12
Crystal description platelet block platelet block block
Crystal color brown brown brown brown brown
Crystal size (mm) 0.174x0.103x0.088 0.170x0.144%0.142 0.303x0.224%0.067 0.321x0.183%0.173 0.625%0.416%0.349
Crystallizing solution Acetone (30 °C) THF (- 30°C) Pentane (— 30°C) Acetone (— 30°C) Acetone (r.t.)
Crystal system Triclinic Triclinic Triclinic Monoclinic Triclinic
Space group P-1#2) P-1#2) P-1#2) Pn(#7) P-1(#2)
a(A) 9.6332(7) 8.5051(3) 8.5163(8) 10.2806(6) 12.2906(4)
b (A) 14.3335(8) 10.0519(4) 11.2111(11) 11.8219(7) 12.5631(4)
c(A) 14.4097(9) 13.1631(5) 13.2210(13) 15.4868(10) 13.7356(5)
a (°) 64.654(2) 88.1100(10) 88.343(2) 80.0780(10)
£ 89.360(2) 88.3640(10) 87.845(3) 103.059(2) 71.6600(10)
7 (°) 82.425(2) 88.2110(10) 85.305(3) 74.1490(10)
V(A3 1780.2(2) 1123.76(7) 1256.8(2) 1833.53(19) 1927.93(11)
Z value 2 2 2 2 2
Deated (g/em?) 1.394 1.610 1.513 1.342 1.308
Measurement temp. (°C) -120 -150 -150 -150 -130
u(Moka) (mm™") 0.987 1.355 1.215 0.850 0.860
26max (deg) 55 55 55 55 55
No. of reflections collected 15161 9248 10372 17803 19323
No. of unique reflections 7962 (Rint = 0.0333) 4093 (Rint = 0.0302) 4600 (Rint = 0.0820) 8224 (Rint = 0.0320) 8757 (Rint = 0.0318)
No. Reflections observed (>20) 6416 3539 3992 8063 7773
Abs. correction type Empirical Empirical Numerical Numerical Empirical

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.7216 (min.) 1.0000 (max.)
0.0321

0.0625

0.0472

0.0718

7962 /0/378

1.045

1.738 and —0.691 e-A3

0.6806 (min.) 1.0000 (max.)
0.0269

0.0619

0.0339

0.0653

4093 /0 / 346

1.051

0.638 and —0.450 - A~

0.7237 (min.) 0.8934 (max.)
0.0527

0.1325

0.0590

0.1387

4600 /0 /344

1.053

0.890 and —1.037 e-A~3

0.8124 (min.) 0.8787 (max.)
0.0275

0.0703

0.0283

0.0711

8224 /2 /465

1.044

0.462 and —0.470 - A3

0.7106 (min.) 1.0000 (max.)
0.0249

0.0585

0.0298

0.0606

8757/0/396

1.035

0.659 and —0.647 ¢-A3
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Table S-1. Crystallographic Data. 12/15)

Experimental Section

69c 70a 70c cis-71a (CCDC 1450117) trans-71a (CCDC 1450118)
Formula CacHesRu2S CssHe7NRu2 CaoH71NRuz C34Hs4N20Ru2 C34H54N20Ru2
Formula weight 855.20 740.06 768.11 708.93 708.93
Crystal description block block platelet block block
Crystal color orange purple purple orange orange

Crystal size (mm)
Crystallizing solution
Crystal system

Space group

a(A)

b(A)

c(A)

a (%)

B

7 ()

V(A%

Z value

Dealed (g/cm3)
Measurement temp. (°C)
u(Mokq) (mm™")

Zﬁmax (deg)

No. of reflections collected
No. of unique reflections
No. Reflections observed (>20)
Abs. correction type

Abs. transmission

Ri [1>20(])]

wRa [1> 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.612x0.370x0.312
Hexane (30 °C)
Monoclinic

P2i/n (#14)
10.3349(3)
19.6979(4)
21.5062(4)

101.9390(10)

4283.44(17)

4

1.326

-150

0.783

55

68332

9766 (Rint = 0.0661)
8857

Numerical

0.7431 (min.) 0.8384 (max.)
0.0255

0.0637

0.0289

0.0655

9766/ 0/ 468

1.035

0.421 and —0.409 e-A3

0.176x0.149x0.109
Hexane (30 °C)
Triclinic

P-1 (#2)
10.7174(4)
11.7914(6)
15.5572(6)
106.892(2)
90.1440(10)
100.581(2)
1845.93(14)

2

1.331

-150

0.843

55

18552

8412 (Rint = 0.0371)
7232

Empirical

0.5642 (min.) 1.0000 (max.)
0.0283

0.0607

0.0350

0.0639
8412/0/424

1.054

0.975 and —0.575 e-A3

0.156x0.152x0.121
Methanol (-30 °C)
Triclinic

P-1(#2)
12.0479(6)
17.9355(8)
19.8202(9)
100.4410(10)
99.138(2)
103.936(2)
3994.9(3)

4

1.277

-150

0.781

55

65107

18288 (Rint = 0.0714)
12733

Empirical

0.6842 (min.) 1.0000 (max.)
0.0490

0.1085

0.0802

0.1252

18288 /0/836

1.039

1.103 and —1.364 ¢-A™3

0.422x0.347x0.246
Pentane (— 30°C)
Triclinic

P-1(#2)

11.273(2)

12.396(2)

12.556(2)
85.370(3)
80.494(4)
80.253(3)

1702.8(5)

2

1.383

-150

0.913

55

13969

6209 (Rint = 0.0520)
5803

Numerical

0.7543 (min.) 1.0000 (max.)
0.0309

0.0789

0.0327

0.0803
6209/0/418

1.026

0.435 and —0.475 e¢-A3

0.175%0.096x0.062
Acetone (— 30°C)
Monoclinic

P2i/n (#14)
13.2186(4)
17.8772(5)
14.3598(4)

97.2790(10)
3366.04(17)
4

1.399

-150

0.924

55

53196

7690 (Rint = 0.0378)
6880

Empirical

0.7142 (min.) 1.0000 (max.)
0.0242

0.0590

0.0294

0.0616

7690/0/392

1.013

1.076 and —0.404 ¢- A3

382



Table S-1. Crystallographic Data. (13/15)

Experimental Section

72a (CCDC 1450119) 72¢ (CCDC 1450120) 75a 75b 75¢
Formula C26H3603Ru2 C40He4O3Ru2 Ca2H70N2Ru2 CasH74N2Ru2 Ca6H7sN2Ruz
Formula weight 598.69 795.05 805.14 833.19 861.24
Crystal description platelet platelet block block block
Crystal color yellow orange orange orange red
Crystal size (mm) 0.477x0.258%0.087 0.326x0.221x0.115 0.173x0.159%0.106 0.321x0.171x0.125 0.274%0.149x0.115
Crystallizing solution Hexane (- 30°C) Hexane (- 30°C) THF (r.t.) Hexane (30 °C) Hexane (0 °C)
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic Monoclinic
Space group P2i/n (#14) P2i/c (#14) P2i/n (#14) Pbca (#61) C2/c (#15)
a(A) 8.5953(3) 19.5372(5) 10.5579(5) 16.9579(4) 14.6002(9)
b (A) 20.2385(6) 9.2054(3) 33.9623(12) 17.0098(5) 16.8492(11)
c(A) 14.6209(6) 23.5257(6) 11.0622(5) 28.8179(8) 18.1756(10)
a(°)
L) 99.5490(10) 111.3880(10) 97.3520(10) 99.985(2)
7 (®)
V(A% 2508.15(15) 3939.66(19) 3934.03) 8312.5(4) 4403.5(5)
Z value 4 4 4 8 4
Dealed (g/cm?) 1.585 1.340 1.359 1.332 1.299
Measurement temp. (°C) -130 -150 -150 -150 -150
u(Mokq) (mm™") 1.228 0.800 0.798 0.758 0.717
260max (deg) 55 55 55 55 55
No. of reflections collected 24455 61273 38688 78846 21681
No. of unique reflections 5734 (Rint = 0.0366) 8964 (Rint = 0.0517) 9009 (Rint = 0.0661) 9477 (Rint = 0.0623) 5006 (Rint = 0.0825)
No. Reflections observed (>20) 5222 7459 7227 7753 3618
Abs. correction type Numerical Numerical Empirical Empirical Numerical

Abs. transmission

Ri1 [I>20(])]

wR2 [1 > 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.6498 (min.) 0.8717 (max.)
0.0203

0.0456

0.0238

0.0469

5734/0/298

1.052

0.404 and —0.342 e-A™3

0.8357 (min.) 0.9238 (max.)
0.0256

0.0547

0.0352

0.0576

8964 /0/448

1.043

0.408 and —0.640 e- A3

0.5729 (min.) 1.0000 (max.)
0.0499

0.0913

0.0672

0.0987

9009 /0/433

1.048

3.070 and —1.694 e- A3

0.5701 (min.) 1.0000 (max.)
0.0378

0.0909

0.0507

0.0964

9477/ 0/ 475

1.032

1.210 and —0.969 e- A3

0.8612 (min.) 1.0000 (max.)
0.0511

0.1199

0.0759

0.1428

5006/0/275

1.080

1.170 and —1.080 ¢- A3

383



Table S-1. Crystallographic Data. (14/15)

Experimental Section

75d 76¢ 77 78 79
Formula Ca4H74N2Ru2 CsoHeoNRu2 CasH76N2R12 C2HeoNO2Ru2 C43H78sNPRu2
Formula weight 833.19 766.1 859.2 822.12 842.17
Crystal description block platelet block block platelet
Crystal color orange brown orange orange brown
Crystal size (mm) 0.108x0.075%0.061 0.239x0.182x0.110 0.176x0.162%0.150 0.176x0.174%0.085 0.783%0.629%0.258
Crystallizing solution Acetone (0 °C) Acetone (0 °C) Acetone (r.t.) Acetone (0 °C) Acetone (0°C)
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic Monoclinic
Space group P2i/n (#14) C2/c (#15) P2i/n (#14) Pbca (#61) P2i/c(#14)
a(A) 10.7555(3) 19.0527(10) 18.4357(8) 12.4881(2) 14.4324(4)
b (A) 35.2527(11) 9.6779(4) 11.3913(6) 43.0969(8) 16.7705(3)
c(A) 11.1031(4) 21.5593(9) 20.9382(10) 15.0560(3) 18.3395(4)
a(°)
L) 97.6250(10) 109.3640(10) 102.3070(10) 100.9120(10)
7 (®)
V(A% 4172.6(2) 3750.4(3) 4296.1(4) 8103.1(3) 4358.61(17)
Z value 4 4 4 8 4
Dealed (g/cm?) 1.326 1.357 1.328 1.348 1.283
Measurement temp. (°C) -130 -150 -150 -130 -130
u(Mokq) (mm™") 0.755 0.832 0.735 0.779 0.757
260max (deg) 55 55 55 55 55
No. of reflections collected 65797 18135 41821 88511 42500
No. of unique reflections 9526 (Rint = 0.0911) 4265 (Rint = 0.0343) 9764 (Rint = 0.1012) 9269 (Rint = 0.0519) 9951 (Rint = 0.0320)
No. Reflections observed (>20) 7430 3743 6804 8012 9311
Abs. correction type Empirical Empirical Empirical Empirical Numerical

Abs. transmission

Ri1 [I>20(])]

wR2 [1 > 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.7578 (min.) 1.0000 (max.)
0.0457

0.0950

0.0657

0.1041

9526/0/451

1.068

1.538 and —1.258 e-A3

0.5915 (min.) 1.0000 (max.)
0.0233

0.0599

0.0283

0.0622

4265/0/225

1.068

0.693 and —0.278 e-A3

0.5772 (min.) 1.0000 (max.)
0.0466

0.0911

0.0753

0.1022

9764 /0 /478

1.040

0.858 and —0.928 e-A 3

0.6709 (min.) 1.0000 (max.)
0.0258

0.0614

0.0321

0.0648

9269 /0 /447

1.039

0.517 and —0.725 e-A 3

0.6430 (min.) 0.8130 (max.)
0.0337

0.0824

0.0362

0.0838

9951/1/449

1.048

3.412 and —0.610 e-A3
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Table S-1. Crystallographic Data. (15/15)

Experimental Section

80 81
Formula C34He0O2Ru2 C43H70N20Ru2
Formula weight 702.9 833.15
Crystal description block platelet
Crystal color red brown
Crystal size (mm) 0.435%0.415%0.224 0.238x0.225%0.097
Crystallizing solution Hexane (-30°C) Acetone (r.t.)
Crystal system Monoclinic Monoclinic
Space group C2/c(#15) P2i/n (#14)
a(A) 15.0870(9) 12.2704(5)
b (A) 10.3034(5) 16.9468(7)
c(A) 22.0252(11) 20.4301(9)
a(°)
B(°) 100.518(2) 104.068(2)
7 (®)
V(A% 3366.2(3) 4120.9(3)
Z value 4 4
Dealcd (g/cm3) 1.387 1.343
Measurement temp. (°C) -140 —-150
(Moks) (mm™) 0.924 0.766
2amax (deg) 55 55
No. of reflections collected 26083 65343
No. of unique reflections 3853 (Rint = 0.0330) 9419 (Rint = 0.0736)
No. Reflections observed (>20) 3719 7627
Abs. correction type Numerical Numerical

Abs. transmission

Ri1 [I>20(])]

wR2 [1 > 20(1)]

R (all data)

wR: (all data)

Data / restraints / parameters
Goodness of fit on F?
Largest diff. peak and hole

0.7736 (min.) 1.0000 (max.)
0.0233

0.0558

0.0241

0.0562

3853/0/185

1.049

1.204 and —0.804 ¢- A3

0.7885 (min.) 1.0000 (max.)
0.0350

0.0818

0.0472

0.0866

9419/0/487

1.056

1.180 and —0.954e-A3

385
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