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Summary: Two-electron oxidation of a triruthenium nido- We have demonstrated the skeletal rearrangement of the

ruthenacyclopentadiene compléGp*Ru(u-H)} 3(CMe=CR— nido-1 to closotuthenacyclopentadiene compléxoy way of

CH=CH) (1a; R=H, 1b; R = Me, Cp*= 35-CsMes), proceeds nido2 (Scheme 1}. The nido to nido isomerization was

at —78 °C and exclusiely affords a cationic closo-ruthenacy- rationalized by a sequence of reactions, namel:CChond

clopentadiene complex, [(Cp*R{Cp*Ru(CH=CMe-CR= cleavage to form @s-diruthenaallylz-methylene intermediate

CH)} (u-H)2l(PFe) (68, R = H, 6b; R = Me). 3 and re-formation of the €C bond at the opposite end of the
allylic moiety 32 Transformation to thelosotype complex4

di Reaclt(lvlltles 0}: combplexgs that. Colmf""” a metagagyCIOpentﬁ_ (2) (a) Sappa, E.; Lanfredi, A. M. M.; Tiripicchio, Anorg. Chim. Acta
Iéne s g eton a}/e een |nt§n5|ve y |nve'st|gate ) ecause t €Y 98q 42, 255. (b) Rosenberg, E.; Milone, S. A. L.; Tiripicchio, A.; Lanfredi,
are key intermediates of various catalytic reactions such asA. A. M. J. Chem. Soc., Dalton Tran981, 2023. (c) Onitsuka, K.; Miyaji,
cyclotrimerization of alkyned.n this regard, many trimetallic ~ K.; Adachi, T.; Yoshida, T.; Sonogashira, Khem. Lett1994 2279. (d)

complexes containing a metallacyclopentadiene moiety havegfpfé"{g""(e'\;" /;/d;rsnincé'sj\.('égf:r’ AJ' ch.tir?gStg”‘fr'RS?g'rF%agi G

been synthesized. As far as triruthenium complexes are con-palton 1996 975. (f) Bruce, M. I.; Zaitseva, N. N.; Skelton, B. W.; White,
cerned, they are classified into two classeislo- and closo- A. H. J. Organomet. Cheni997 536-537, 93. (g) Bruce, M. I.; Surynt,

; _R. J.; Skelton, B. W.; White, A. HAust. J. Chem1997, 50, 701. (h) Bruce,
ruthenacyclopentadiene complexes. Most of the ruthenacyclo M. I.; Gulbis, J. M.; Humphrey, P. A.; Surynt, R. J.; Tiekink, E. R. T.

pentadiene complexes arelosotype (pseudo-pentagonal-  aust J. Chem1997 50, 875. (i) Davies, J. E.; Johnson, B. F. G.; Martin,
bipyramidal structure), in which a ruthenacyclopentadiene C. M.; Pearson, R. H. H.; Dyson, P. J. Organomet. Chenl998 550,
moiety bisects one of the RtRu vectors of the trimetallic cofe. ~ 431. () Ferrand, V.; Neels, A.; Stoeckli-Evans, H.isStFink, G.Inorg.
. . Chem. Commuri999 2, 561.
Previously, we have synthesized another type of metallacy-  (3) suzuki, H.; Takaya, Y.; Takemori, T.; Tanaka, 81Am. Chem. Soc.
clopentadiene, namelpjdo-ruthenacyclopentadiene complex, 199(921) %1)6}(10_279. A A Astakh N ML Dolaushin. F. ML }
* _ _1n2:002_ _ — . — . a) Koridze, A. A.; Astakhova, N. M.; olgusnin, F. IVl.; Yanovsky,
{CB Ru H)*}i(ﬂ3577 o CN3|e=CR CH=CH) (1a R=H, 1b; A. I.; Struchkov, Y. T.; Petrovskii, P. VRuss. Chem. Bulll994 43, 718.
R = Me, Cp* = 7>-CsMes).% In contrast to abundant. examples ) Koridze, A. A.; Astakhova, N. M.; Dolgushin, F. M.; Yanovsky, A. I.:
of the closometallacyclopentadiene complexes, thido-type Struchkov, Y. T.; Petrovskii, P. VOrganometallics1995 14, 2167. (c)
is still rare? Koridze, A. A.; Sheloumov, A. M.; Dolgushin, F. M.; Yanovsky, A. |.;
Struchkov, Y. T.; Petrovskii, P. VRuss. Chem. Bulll996 45, 702. (d)
Koridze, A. A.; Sheloumov, A. M.; Petrocskii, P. V.; Tok. O. Russ.
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would proceed via an intermediate similar 3oand would containing aus-methylidyne group, while thermolysis df at
involve flipping of theu-methylene ligand to the opposite face 140 °C was accompanied by further skeletal rearrangement of
of the Ry planesP 4, namely, formation ofiz-methylidyneus-diruthenaallyl com-
In this communication, we report a novel type of skeletal plex5.

rearrangement of theido-ruthenacyclopentadiene induced by
chemical oxidation. We have already reported skeletal re- _fr T
arrangements of a hydrocarbyl ligand on the;Rore induced |

by oxidation® Two-electron oxidation of as-diruthenaallyl

complex, (Cp*Rud(H)4(us-nt:n2%n-CMeCHCH), resulted in M Ru\
C—C bond formation to yield a trigtalkylidene) complex, \ic ,)y

[{ Cp*Ru(u-H)} 3(us-13-CsMeH)] ™, which contains a €ring on

the Ry plane®® In contrast, oxidation ofiido-1 did not yield a

T, 2 equiv [Cp,Fe](PFs) / R“

C, ring but a cationiccloseruthenacyclopentadiene complex, 1b;R=Me g§§§=ﬂe
6, exclusively.

Treatment ofl with 2 equiv of [CpFe](PF) (Fc™; Cp = A red single crystal oba suitable for an X-ray diffraction
n°-CsHs) in toluene immediately afforded a cationatoso study was obtained from a cold THF solutidfihe diffraction
ruthenacyclopentadiene complex, [(Cp*Rp*Ru(us-1%n*- study clearly demonstrates the open-farimsostructure of6a

CH=CMe—CR=CH-)} (u-H),](PFs) (6a; R = H, 6b; R = Me) The structure of the cationic part 6k is depicted in Figure 1
as a red precipitate (eq 1)Oxidation of 1 was complete at  along with relevant bond lengths and angles.

—78°C within 2 h. Oxidation ofL did not afford any byproducts The Ru-Ru bond lengths oba (ca 2.76 A) are slightly
shorter than those of the neut@dbsoruthenacyclopentadiene
(6) (a) Inagaki, A.; Takaya, Y.; Takemori, T.; Suzuki, H.; Tanaka, M.; complexes,4b°® and (Cp*Ru){ Cp*Ru(us-n*n*CEt=CH—
Haga., H.J. Am. Chem. S0d997 119, 625. (b) Takao, T.; Inagaki, A, CH=CH-)} (u-H) (7)° (av 2.79 A), but these values still lie in

Murotani, E.; Imamura, T.; Suzuki, HOrganometallics2003 22, 1361. : - -
(7) Toluene (10 mL) and aido-2-methylruthenacyclopentadiene com- the range of an RaRu single bond length. Direct bonding

plex,{ Cp*Rufu-H)} s(uz-%1>-CMe=CH—CH=CH-) (1a; 93.6 mg, 0.120 interaction between the Ru(2) and the Ru(3) (Ruk)(3), 3.72
mmol), were charged in a 50 mL reaction flask. After }Ep](PFs) (80.1 A) was negligible, as reported in othelosoruthenacyclopen-
mg, 0.242 mmol) was added to the solution at room temperature, the solution tadiene complexe%

was vigorously stirred for 2 h. The color of the solution immediately turned )
from purple to yellow, and a red precipitate was formed. The precipitate  1n€ metal-bound hydrogen atoms, H(20) and H(30), were

was separated by removing the supernatant, including ferrocene, and rinsedocated during the differential Fourier synthesis. Interestingly,
three times with 5 mL of pentane. The preC|p|tate was then dissolved in 10 add|t|0n of a proton to the neutrelbso,ruthenacyclopentad|ene

mL of CH,Cl; and rinsed with 15 mL of water three times by the use of a
separatory funnel in order to remove remaining Jagi(PF) and liberated complex had little influence on the structural parameters. The

acid. After the organic layer was dried over 8@ followed by filtration, Ru(2-Ru(1)>-Ru(3) angle (84.57(2) is nearly equal to those
the solvent was removed under reduced pressure. A 87.5 mg amadat of  of the neutral ones4p, 83.974(12);% 7, 83.72(3Y9)

was obtained as a red solid (79.4 % yield). Comg@bxvas synthesized in ; ; ; ;
90.0 % yield in a similar way usingb as a starting materiaba: *H NMR The ruthenacyclopentadiene moiety is approximately planar

(400 MHz, THFés, 23 °C) d 5.52 (d,Jun = 4.8 Hz, 1H, CH), 3.41 (s, (sum of the interior angles is 540)1 and a similarity among
1H, C*H), 3.23 (d,Jun = 4.8 Hz, 1H, CH), 2.63 (s, 3H,—C?CHg), 2.11 the C-C bond lengths (C(BC(2), 1.440(8) A; C(2>C(3),

(s, 15H, GMes), 1.89 (s, 30H, EMes), —8.11 (s, 2H, RuH); 13C NMR _
(200 MHz. THEG 23.0°C) 6'104.1 (0 Jos = 150 6'Hz —C1H), 108.1 1.467(7) A, C(3%-C(4), 1.449(7) A) shows that-electrons are

(d, Jon = 158.6 Hz,—C*H), 96.8 (s,CsMes), 92.9 (s,CsMes), 79.7 (s, delocalized over the ruthenacyclopentadiene moiety. This type
—C2CHg), 72.0 (d,Jc—n = 152.4 Hz,—C%H), 20.2 (q,Jc-n = 126.7,

—C?CHg), 13.1 (9,Jc-n = 126.2 Hz, GMes), 12.3 (9,Jc-n = 127.0 Hz, (8) Crystal data foba: CgsHsaFsPRws, fw = 921.95, monoclinic, space
CsMes). 6b: 'H NMR (400 MHz, acetonels, 23 °C) 0 3.51 (s, 2H, GH groupP2y/n (#14),a = 15.180(5) A,b = 15.044(8) A.c = 17.907(6) A,

and CH), 2.89 (s, 6H,—C?CH3 and—C3CHj3), 2.14 (s, 15H, €Mes), 1.87 B = 94.82(3), V = 4075(3) B, Z = 4, Dcaca = 1.503 g/crd, temp —50

(s, 30H, GMes), —7.92 (s, 2H, RuH); 3C NMR (100 MHz, acetones, °C,u(Mo Ka) = 11.85 cnt?, Ry = 0. 052 \WR: = 0.149 for 6753 reflections
23°C) 6 112.9 (d,Jc—n = 163.6 Hz,—C'H and —C?*H), 95.6 (s,CsMes), with | > 20(l). Hydrogen atoms attached to the ruthenium atoms were
91.6 (s,CsMes), 77.3 (s,—C2CHz and —C®CHj), 19.1 (q,Jc-+ = 127.0 located by sequential difference Fourier synthesis and refined isotropically.
Hz, —C?CH3 and —C3CHg), 11.8 (q,Jc-n = 126.7 Hz, GMes), 10.9 (q, (9) Inagaki, A.; Takemori, T.; Tanaka, M.; Suzuki, Angew. Chem.,

Je-n = 126.7 Hz, GMes). Int. Ed.200Q 39, 404.
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Scheme 2
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a(a) C—C bond cleavage. (b) Flipping of themethylene group across the Ruane. (c) C-C bond formation across the Rplane. (d) C-C
bond formation on the same side of the;Rlane.

Q@ =Cp*Ru

of delocalization is observed for the oth@osoruthenacyclo- downfield shift for those of C(2) and C(3) in comparison with
pentadiene complexes, and the-C bond lengths oBa lie those of neutralla.
within the reported range (1.42.48 A)2 Although complexéawas monocationic, 2 equiv of Favas

Two signals stemming from the Cp* groups &4 appeared essential to complete the reaction. In order to elucidate the
atd 1.89 and 2.11 with the intensity ratio of 2:1. The methine reaction mechanismz a THF solution b& was SHbJECted to
protons at C(1) and C(4) were observed&.41 (s) and 3.23 ~ CV scan. In the cyclic voltammogram df, quasi-reversible
(d, Juy = 4.8 Hz), respectively. These appeared in higher (Ex2= —319 mV) and irreversible one-electron wavég,(=
magnetic field than those @fa (6 4.34 and 4.18% by ca 0.9 +60 mV) were observed. Two-electron oxidation would,
ppm. In contrast, the methine signal at the C(3) shifted downfield therefore, be performed by the use of RE® = 159 mV vs
(6 5.52, d,Jun = 4.8 Hz) by 0.9 ppm in comparison to that of Ag/Ag™), and thus6a would be formed as a consequence of
4a A similar trend was also seen in th&C NMR spectrum, oxidation and subsequent skeletal rearrangement followed by

i.e, an upfield shift for the signals for C(1) and C(4) and a deprotonation. The cyclic voltammogram @& closely re-
sembles that of thgs-diruthenaallyl complex, (Cp*RyjH)a-

c(15) c(i) (us-nt:m3n-CMeCHCH), which is converted to a monocationic
c(o) Ce tris(u-carbene) complex{ Ep*Ru(u-H)} s(uz-173-CsMeH)] ™, via
c<14)C S st two-electron oxidation and subsequent deprotonation.
ECEN wP Y We previously reported a thermal rearrangement ohitle-

ruthenacyclopentadiene compléxo closc4 and proposed a

reaction mechanism based on the DFT calculation, which
ceet) involved formation of aus-diruthenaallylz-methylene inter-
mediate> As found in the thermal skeletal rearrangement,of
the methyl group on the ruthenacyclopentadiene moiety migrates
from the 2- to the 3-position of the metallacycle. This implies
that formation of6a proceeded in a similar manner to the
thermal skeletal rearrangement. According to the precedent, the
most plausible reaction paths froba to 6a are represented in
Scheme 2.

Two-electron oxidation ofaaffords a dicationic intermediate
C(25) I-1. Due to the cationic charge on the metal centers, the hydrides
c(35) OC(24) should become acidic. The increase in acidity of the hydrido
Q ligand would be responsible for acceleration of the hydride

) ) ~migration to the electron-rich carbon atom directly bound to
Figure 1. Molecular structure and labeling scheme of the cationic the rythenium atom. Migration of a hydrido ligand to the
part of 6awith thermal ellipsoids at the 30% probability level. The hydrocarbyl moiety lowers the bond order of the-C bond
ZQ;).Q;C(SZ&-'SR%Tl';tSS(fzc;rflsgiyz'(foe)'? gtf(%l;{ourég)Iezn%hesggf\()))gnd which results in G-C bond cleavage to form+2. A similar
Ru(L)-C(1), 2.074(5); Ru(E-C(4), 2.122(6); C(1}C(2), 1.440- bond-breaking reaction by the assistance of the hydride migra-

c(3t

(8): C(2)-C(3), 1.467(7), C(3}C(4), 1.449(7); Ru(2yRu(1)-Ru- tion was observed in the=N bond cleavage of the coordinated
(3), 84.57(2); C(1}Ru(1)-C(4), 75.8(2); Ru(1}C(1)-C(2), nitrile ligand on atrirgthenium centéy. _
121.2(4); C(1¥C(2)—C(3), 111.5(4); C(2-C(3)—C(4), 113.7(5); There are two possible routes frdr2 to 6a; path B involves

Ru(1)-C(4)—-C(3), 117.9(4). preisomerization tmido-ruthenacyclopentadiene compleA,
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while path A does not involve theido to nido isomerization. induces rearrangement of the hydrocarbyl ligands. This result
At present, it is not clear whether the skeletal rearrangementimplies that the acidity of the hydrido ligand strongly affects
proceeds via path A or B. the reactivity of a polyhydrido cluster. We are currently

Flipping of theu-methylene group it-2 (or I-5) across the investigating protonation, which also brings about rapid skeletal
Rus plane to forml-3 (or I-6) and subsequent -&C bond rearrangement of a hydrocarbyl moiety on thesRlane, in
formation followed by deprotonation would affo6& Flipping order to prove the role of the hydrido ligand.
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