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A trimetallic u-hydroxo complex, [(Cp*Rufu-OH)(us-CH)(us-nt:n%n-CHCMeCH)F" (6), was
obtained by the reaction of an equilibrating mixture of the dicationictrts{rbene) complexes [(Cp*Ry)
(1z-CH)(u-H)(us-n3-CsMeH,)]?" (4a and 4b) with water. Treatment of thae-hydroxo complex with a
base affords a novels-2-oxa-4-methylruthenacyclopentenyl complex, [(Cp*Rug-CH){ us-OC(H)C-
(Me)CH-1}]?* (8), as a result of reductive 80 bond coupling. Comple8 underwent unprecedented
isomerization to ats-2-oxa-3-methylruthenacyclopentenyl complex, [(Cp*Ruy-CH) us-O-C(Me)C-
(H)CH-}]2" (8), containing a methyl group at the 3-position of the oxaruthenacycle moiety upon heating,
which involves sequential €0 bond cleavage and re-formation via the formation of a trangiemto
complex having aus-7°-C3 ring on the triruthenium plane.

Introduction

Oxidative addition of water is highly relevant to a variety of
catalytic processes such as watgas shift and olefin/nitrile
hydration? Since an G-H bond scission is regarded as an initial
step of the catalytic process, hydridbydroxo complexes
formed by the reaction of transition metal complexes with water
have so far attracted considerable attentibhlowever, reactiv-
ity of the resulting hydroxo group with the hydrocarbyl ligand
has been scarcely investigatedithough this is a key step of
the functionalization of hydrocarborig®
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We have studied the reactivity of a triruthenium pentahydrido
complex,{ Cp*Ru(u-H)} s(us-H)2 (1; Cp* = 1°-CsMes), with
various hydrocarbons including alkane, so*dhe reaction of
1 with cyclopentadiene affordedrado-ruthenacyclopentadiene
complex2 as a result of C(sp—C(sp®) bond cleavage induced
by the cooperative action of the neighboring ruthenium centers
(Scheme 1¥. Further C-C bond cleavage was observed on
heating?2 at 140°C, and aus-methylidynegs-r°-diruthenaallyl
complex, (Cp*Ruj(us-CH)(us-3-CHCMeCH)u-H) (3), was
obtained in high yield.Although this reaction implies the high
potential of a cluster compound in activating molecules, attempts
to introduce a functional group in®by the reaction of water
or other nucleophiles were unsuccessful due to the robustness
of 3 toward air and moisture. In order to enhance the reactivity
with nucleophiles such as water, we examined the chemical
oxidation of3 and obtained a mixture of hexafluorophosphate
salts of the dicationic complexeta and 4b by two-electron
oxidation (Scheme 2P The diruthenaallyl skeleton & was
transformed to th@s-173-Cs ring structure upon oxidation. The
most striking feature of thes-13-Cs ring structure found in the
monocationic complex [(Cp*Rueus-CH)(uz-13-CsMeHy)] ™ (5),
which was obtained by deprotonation from the dicationic
mixture 4a and4b, is the extremely long €C bond distances
(average of the three -€C distances was 1.60 A). The DFT
calculations showed that the-73-Cs ligand was a resonance
hybrid between the trigtcarbene) and thegs-cyclopropenyl
structurel! The Jc—y value of 196 Hz observed for the ring
carbon of4a strongly implied the carbenic character of the ring
carbon.
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Complex4 contains highly charged ruthenium centers, and was increased along with raising the reaction temperature, and
this caused spontaneous liberation of the hydrido ligand as athe yield reached 65% at 5.

proton to generate the monocationic comBek is anticipated

Apparently, nucleophilic attack of water at the metal center

that such highly charged metal centers would increase thefollowed by the elimination of dihydrogen occurred during the

reactivity toward nucleophiles. We report herein a carbon

reaction, and this was accompanied by the skeletal rearrange-

oxygen bond formation on the electron-deficient metal centers ment of theus-;73-Cs ring to the diruthenaallyl skeleton. Due to

via au-hydroxo complex by the reaction df with water. A

the electron deficiency of the cationic ruthenium centers, the

novel skeletal rearrangement of the obtained oxaruthenacycleacidity of the coordinated water should increase. This would

by way of sequential €O bond cleavage and re-formation is
also mentioned.

Results and Discussion

The dicationic complexe$a and4b immediately reacted with
water at room temperature to form a dicatiopiehydroxo
complex, [(Cp*Ru}(u-OH)(us-CH)(uz-1*1%n-CHCMeCH)F"

(6), and 5 in 27 and 73% yield, respectively (Scheme 3).

Complex6 is formed by way of a nucleophilic addition of water
to 4, and5 is formed via deprotonation fromh The yield of6

(11) Takao, T.; Inagaki, A.; Murotani, E.; Imamura,rganometallics
2003 22, 1361-1363.

facilitate proton transfer from the coordinated water to the
hydrido ligand. Therefore, complékwas probably formed by
way of proton transfer rather than oxidative addition of water,
which was often observed for a low-valent metal center, such
as Ir(1)2 The fact thab was obtained as a single isomer having
the 2-methyldiruthenaallyl structure indicates that the carbon
carbon bond was selectively cleaved at the G(BJH) position.

A single crystal of the tetrafluoroborate salt@$uitable for
the diffraction studies was obtained by changing the counter-
anion from Pk~ to BF,~. The molecular structure @fis shown
in Figure 1, and relevant bond lengths and angles are listed in
Table 1. Both the hydroxo group and the allylic group bridge
Ru(2) and Ru(3), and the molecule has an approximate mirror
plane with O(1), C(1), C(3), C(5), and Ru(1) atoms. Notably,
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C(36) c(17)

Figure 1. Molecular structure and labeling scheme &fwith
thermal ellipsoids at the 30% probability level. An anionic moiety
(BF4~) and solvent molecules ga@) are omitted for clarity.

c(32  c@n)

c(35)

Figure 2. Molecular structure and labeling scheme &fwith
thermal ellipsoids at the 30% probability level. An anionic moiety
(BPhy™) is omitted for clarity.

the hydroxo and the diruthenaallyl groups were located on the

opposite face of th@s-methylidyne group with respect to the
Rus plane. Structural parameters®ére similar to those found
in the dicationicus-diruthenaallyl complex, [(Cp*Ruyju-Cl)-
(13-CH)(uz-173-CHCMeCH)F" (7), which was obtained by the
reaction of4 with CH,ClI,.10

The 1H and 13C signals of the allylic moiety o6 shifted

downfield by comparison with those of the corresponding neutral

diruthenaallyl comple®. A singlet signal of the proton attached
to thea-carbons appeared at10.09 in the'H NMR spectrum
of 6. While that of the dicationi@ appeared at the same shift
(0 10.09)10 that of 3 appeared at a higher magnetic fieldl (
8.24)? Thus, the downfield shift is probably due to the

deshielding effect induced by the dicationic metal centers. The

13C signal of thea-carbons ¢ 194.1) also shifted downfield
compared to that o8 (6 174.6)°

The presence of thg-hydroxo group was unambiguously
ascertained by thtH NMR spectrum, although the stretching
vibration of the u-hydroxo group was not clear in the IR

spectruni? The signal assignable to the hydroxy group appeared

(12) A broad absorption was observed at 3545 tin the IR spectrum
of 6. However, we could not assign the signal to th©H group or the
lattice water since a single crystal 6fcontains three molecules of water.
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at 0 8.58 as a singlet, which completely disappeared upon
addition of D,O. The chemical shift od 8.58 was significantly
lower than those reported for the triosmiushydroxo clusters,
Os3(u-H)(u-OH)(CO)o-nLn (0 —1.6 to 0.4)* This is probably
due to the dicationic nature &

Actually, treatment of6 with triethylamine resulted in
deprotonation from the hydroxy group, and the monocationic
2-oxaruthenacycle complex [(Cp*Ryl)s-CH) us-OC(H)C-
(Me)CH-}]" (8) was quantitatively formed (Scheme 4). A
C—0O bond was formed between the diruthenaallyl and the
u-hydroxo groups, which are mutually positioned @is
geometry. This reaction shown in Scheme 4 is reversible. The
C—0O bond was readily cleaved upon treatment 8fwith
HBF4-OEtL or CRCOOH, and complex was quantitatively
regenerated. Re-formation of tleehydroxo group as a result
of C—0 bond scission suggests that protonation occurred at the
lone-pair electron on the oxygen atom. We have reported similar
site-selective protonation at the nitrogen atom in a perpendicu-
larly coordinated benzonitrile complex, (Cp*R@s-»%n%(0)-
PhCN){-H),(us-H),*32and a face-cappings-pyridine complex,
(Cp*Ruls(us-n%n%n?-CsHsN) (u-H)3, 22" respectively.

An X-ray diffraction study clearly demonstrates the oxaru-
thenacycle skeleton & (Figure 2). Relevant bond lengths and
angles of8 are listed in Table 2. Although there have been a
few examples containing &4 or aus-2-oxametallacyclopen-
tenyl ligand!® it is noteworthy that the 2-oxaruthenacyclopentyl
skeleton in8 was a very rare example of-@ bond formation
by reductive coupling between theg-diruthenaallyl moiety and
theu-hydroxo group. Formation & represents a novel method
to introduce a functional group into a hydrocarbyl ligand using
a cationic cluster. We have previously shown a similar type of
functionalization of hydrocarbons by the reaction{ @p*Ru-
(13-OH)} 4 with activated alkyned?

The C(4-0(1) distance of 1.380(2) A lies between the G
single bond (1.43 A) and the=€0 double bond (1.23 A). The
oxacycle is regarded as a coordinated methacrolein on the Ru
plane. The'3C signal assignable to C(4), which is next to the
oxygen atom, was observed at84.3 as a doubletl¢—y =
180.7 Hz). The relatively largéc—y value is quite consistent
with that found for aldehydes.

The C(2-C(3) and C(3)-C(4) lengths of 1.413(2) and 1.414-
(3) A, respectively, indicate that there still remains some allylic
character among the C(2), C(3), and C(4) atoms. In addition,
the 13C signal of the C(2) appeared@tl76.2 (d Jc—y = 164.9
Hz), and the shift is characteristic for tiyecarbene ligand.
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Table 1. Selected Bond Distances (A) and Angles (deg) for 6

Ru(1)-Ru (2) 2.7085(8) Ru(BHRu(3) 2.7200(7) Ru(®C(1) 2.004(7)
Ru(1)-C(2) 2.134(7) Ru(1}C(3) 2.261(7) Ru(1C(4) 2.127(7)
Ru(2)-Ru(3) 2.6254(7) Ru(2C(1) 2.029(6) Ru(2C(4) 2.018(7)
Ru(2)-0(1) 2.038(5) Ru(3yC(1) 2.024(6) Ru(3YC(2) 2.030(7)
Ru(3-0(1) 2.035(5) c(@rc@) 1.431(9) C(3rC(4) 1.405(10)
C(3)-C(5) 1.511(10)
Ru(2-Ru(1)-Ru(3) 57.845(19) Ru(®Ru(1)-C(1) 48.19(17) Ru(3YRu(1)-C(1) 47.84(18)
C(2)-Ru(1)-C(3) 37.9(3) C(3FRu(1)-C(4) 37.2(3) Ru(1yRu(2)-Ru(3) 61.30(2)
Ru(1)-Ru(2)-C(1) 47.43(19) Ru(BRu(2-0(1) 97.25(16) Ru(HRu(2)-C(4) 50.97(19)
Ru(3)-Ru(2)-C(1) 49.56(18) Ru(3)Ru(2)-C(4) 86.69(19) Ru(BRu(2)-0(1) 97.25(16)
Ru(3)-Ru(2-0(1) 49.81(14) Ru(BRu(3-Ru(2) 60.857(19) Ru(BRu(3)-C(1) 47.22(19)
Ru(2)-Ru(3)-C(1) 49.70(17) Ru(2yRu(3)-C(2) 87.2(2) Ru(LyRu(3)-0(1) 96.98(15)
Ru(2)-Ru(3)-0(1) 49.93(14) Ru(2)O(1)-Ru(3) 80.26(17) Ru(HC(1)-Ru(2) 84.4(2)
Ru(1)-C(1)—Ru(3) 84.9(2) Ru(2rC(1)-Ru(3) 80.7(2) Ru(1C(2)-Ru(3) 81.5(3)
Ru(1)-C(2)-C(3) 75.9(4) Ru(3}C(2)-C(3) 121.5(5) Ru(B-C(3)-C(2) 66.2(4)
Ru(1)-C(3)-C(4) 66.2(4) Ru(1}C(3)-C(5) 132.3(6) C(2XC(3)-C(4) 116.3(6)
C(2)-C(3)-C(5) 120.9(6) C(4yC(3)-C(5) 122.2(6) Ru(1C(4)-Ru(2) 81.5(2)
Ru(1)-C(4)-C(3) 76.6(4) Ru2-C(4)-C(3) 123.3(5)

Table 2. Selected Bond Distances (A) and Angles (deg) for 8
Ru(1)-Ru(2) 2.87712(18) Ru(BRu(3) 2.68917(18) Ru(BHO(1) 2.0155(12)
Ru(1)}-C(1) 1.9537(16) Ru(HC(4) 2.3767(17) Ru(2Ru(3) 2.6807(2)
Ru(2)-C(1) 2.0039(16) Ru(2)C(2) 2.0767(17) Ru(2)C(3) 2.2334(17)
Ru(2)-C(4) 2.5254(19) Ru(3)0(1) 2.1143(11) Ru(3)C(1) 2.0635(17)
Ru(3-C(2) 2.0261(17) o(BC@) 1.380(2) C(®rCc@d) 1.413(2)
C(3)-C(4) 1.414(3) Cc(3rC(5) 1.505(2)
Ru(2-Ru(1)-Ru(3) 57.460(5) Ru(2)Ru(1)-0(1) 78.09(3) Ru(2)Ru(1)-C(1) 44.06(5)
Ru(2-Ru(1)-C(4) 56.50(5) Ru(3yRu(1)-C(1) 49.74(5) Ru(3yRu(1)-0(1) 50.99(3)
Ru(3)-Ru(1-C(4) 66.64(4) Ru(LyRu(2-Ru(3) 57.745(5) Ru(BRu(2-C(1) 42.68(5)
Ru(1-Ru(2)-C(2) 93.43(5) Ru(1yRu(2)-C(3) 84.21(5) Ru(1yRu(2)-C(4) 51.70(4)
Ru(3)-Ru(2)-C(1) 49.74(5) Ru(3YRu(2)-C(2) 48.39(5) Ru(3}Ru(2)-C(3) 71.23(5)
Ru(3)-Ru(2)-C(4) 64.86(4) Ru(BRu(3)-Ru(2) 64.795(5) Ru(BRu(3)-0(1) 47.79(3)
Ru(1)-Ru(3)-C(1) 46.26(4) Ru(LyRu(3)-C(2) 100.41(5) Ru(2yRu(3-0(1) 81.32(4)
Ru(2)-Ru(3)-C(1) 47.82(4) Ru(2}Ru(3)-C(2) 50.03(5) O(L)}Ru(3)-C(2) 79.64(6)
Ru(1)-0O(1)-Ru(3) 81.22(4) Ru(BO(1)-C(4) 104.25(10) Ru(3Y0(1)-C(4) 86.72(10)
Ru(1)-C(1)-Ru(2) 93.26(7) Ru(5C(1)-Ru(3) 84.00(7) Ru(2}C(1)-Ru(3) 82.44(6)
Ru(2)-C(2)-Ru(3) 81.58(6) Ru(2)C(2)-C(3) 76.99(11) Ru(3)C(2)-C(3) 112.82(12)
Ru(2)-C(3)-C(2) 64.96(10) Ru(2)C(3)-C(4) 84.47(11) Ru(2)C(3)-C(5) 127.43(15)
C(2)-C(3)-C(4) 112.40(15) C(®C(3)-C(5) 125.44(17) C(4yC(3)-C(5) 121.14(17)
Ru(1)-C(4)-Ru(2) 71.80(5) Ru(BC(4)-0(1) 57.85(8) O(1)>C(4)-C(3) 115.92(16)

In order to eliminate methacrolein or 2-methylpropionalde- O(1)—C(2)) was 107.0(3) while the corresponding angle in
hyde from the triruthenium core, the reaction 8f with 8, JRu(3)-0O(1)—C(4), was much smaller (86.72(ED) This
dihydrogen was carried out. However, it has been shown thatimplied reduction of distortion in the five-membered ringdn
complex8 does not react with even under forcing conditions.  This is also clearly seen in the bond lengths between Ru(2)
Instead, we found that thermolysis ®fed to formation of an and the carbon atom, to which the methyl group directly bound.
isomeric oxaruthenacycle complex, [(Cp*RBas-CH) us-OC- The Ru(2)-C(2) distance of 2.522(5) A i@ was significantly
(Me)C(H)C(H)-}1" (9), as a result of sequential-@® bond longer than the Ru()C(3) in 8 (2.2334(17) A). This means
cleavage and re-formation. that the steric repulsion between the Cp* group on Ru(2) and

the methyl group on the oxacycle moiety was considerably

Me . Me
n a*
9 '\> </" :o
Cp"—Rd' \— —’Ru-Cp* Cp**Ru"— — —I‘!u—Cp'
AV , N “
cp,\| 100°C,24 h cp.\|
[+ [of
H H
8 9

Thermolysis of8 at 100°C for 24 h resulted in quantitative
formation of9 (eq 1). The most arresting feature of this reaction
is that the methyl group seemingly migrates from the 4- to the
3-position of the 2-oxaruthenacycle skeleton. The metallacycle
was thus transformed from a coordinated methacrole® tm
a coordinated methylvinyl ketone B

The molecular structure d® is shown in Figure 3, and

C(20)

relevant bond lengths and angles are listed in Table 3. The CB9_ eyt o] S8 can
structure clearly showed the migration of the methyl group on Q ‘%m)
the oxacycle moiety. Due to the presence of the methyl group c40) cEs)  C6Y

at the next position of the oxygen atom, the structural parametersgigure 3. Molecular structure and labeling scheme ®fwith
of the oxacycle moiety 09 were considerably different from  thermal ellipsoids at the 30% probability level. An anionic moiety
those of8. The angle around the oxygen atomArf(]Ru(3)— (PR") is omitted for clarity.
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Table 3. Selected Bond Distances (A) and Angles (deg) for 9

Ru(1)-Ru(2) 2.8985(4) Ru(BRu(3) 2.6829(4) Ru(BC(1) 2.005(4)
Ru(1)-C(2) 2.540(5) Ru(1C(3) 2.196(4) Ru(1rC(4) 2.086(4)
Ru(2)-Ru(3) 2.6931(5) Ru(20(1) 2.036(3) Ru(2C(1) 1.967(4)
Ru(2-C(2) 2.522(5) Ru(3}0(1) 2.132(3) Ru(3yC(1) 2.071(4)
Ru(3)-C(4) 2.022(4) O(1FC(2) 1.384(5) C(¥C@A) 1.419(8)
C(2)-C(5) 1.502(7) C(3yC@) 1.406(7)

Ru(2)-Ru(1)-Ru(3) 57.545(11) Ru(3Ru(1)-C(1) 42.61(11) Ru(2Ru(1)-C(2) 54.78(11)
Ru(2)-Ru(1)-C(3) 86.68(14) Ru(2}Ru(1)-C(4) 94.54(12) Ru(3}Ru(1)-C(1) 49.92(11)
Ru(3)-Ru(1)-C(2) 66.39(10) Ru(3yRu(1)-C(3) 71.38(13) Ru(3yRu(1)-C(4) 48.21(12)
Ru(1)-Ru(2)-Ru(3) 57.204(11) Ru(BRu(2)-0(1) 75.51(9) Ru(LyRu(2)-C(1) 43.65(11)
Ru(1)-Ru(2)-C(2) 66.46(11) Ru(3}Ru(2)-0(1) 51.32(9) Ru(3}Ru(2)-C(1) 49.85(11)
Ru(3)-Ru(2)-C(2) 66.46(11) Ru(BRu(3-Ru(2) 65.252(12) Ru(BRu(3y-0(1) 79.17(8)
Ru(1)-Ru(3)-C(1) 47.78(11) Ru(BHRu(3)-C(4) 50.26(12) Ru(2}Ru(3)-0(1) 48.22(8)
Ru(2)-Ru(3)-C(1) 46.53(11) Ru(2}Ru(3)-C(4) 102.55(14) O(BRu(3)-C(4) 79.43(17)
Ru(2-0(1)-Ru(3) 80.46(10) Ru(2)O(1)-C(2) 93.0(2) Ru(3}0(1)-C(2) 107.0(3)
Ru(1)-C(1)-Ru(2) 93.74(16) Ru(BC(1)-Ru(3) 82.30(14) Ru(2)C(1)-Ru(3) 83.62(14)
Ru(1)-C(2)-Ru(2) 69.87(11) Ru(HC(2)-0(1) 100.0(3) Ru(1rC(2)-C(3) 59.7(2)
Ru(1)-C(2)—-C(5) 130.2(4) Ru(2}C(2)-0(1) 53.7(2) Ru(2}C(2)-C(3) 125.0(3)
Ru(2)-C(2)-C(5) 106.8(4) O(1)¥C(2)-C(3) 114.2(4) O(1¥C(2)-C(5) 117.9(5)
Ru(1)-C(3)-C(2) 86.4(3) Ru(13C(3)-C(4) 66.6(2) C(2yC(3)-C(4) 115.7(4)
Ru(1)-C(4)-Ru(3) 81.53(16) Ru(BC(4)-C(3) 75.2(3) Ru(3)C(4)-C(3) 112.7(3)

reduced in9, and this would be a driving force for this Csring leading to an intermediate and subsequent-&C bond

isomerization. cleavage at the C(Me)C(H) position yielding 1-methyldiru-
The kinetic studies for the isomerization were performed, and thenaallyl intermediat& should take place. Successive-O

temperature dependence of the first-order rate condtgnivés bond formation at the quaternary carbon would furnish the

used in deriving Arrhenius activation parameteybl* andAS:. skeletal rearrangement froéto 9.

The activation parameters assumed from the first-order rate The key step for the migration of the methyl group would be

constant are estimated AH* = 29.0+ 0.8 kcal/mol andAS re-formation of theus-13-Cs ring on the triruthenium core. We

= 1.1 £+ 2.4 eu. The relatively small absolute value for the have shown that the highly charged metal center renders the

entropy of activation indicates an intramolecular mechanism for skeletal rearrangement of the diruthenaallyl togley-Cs ring

the reaction. structure as shown in Schemé®Although complex8 was
Previously, we reported a similar type of isomerization of monocationic, electron density of the metal center would

the nido-ruthenacyclopentadiene complé®a Upon heating, substantially decrease due to the formation gf@xo ligand.

complex10aundergoes isomerization to be converted @i,

which is a positional isomer of the methyl group of the five-

membered ruthenacycle (Scheme 5a). The activation parameter§) @._ @
for this isomerization were estimated/s* = 26.2+ 2.2 kcal/ cp*-R%'.{:—‘jﬁ\u—cw cp«-R}.’{i‘ jl‘i\u-Cp*
mol andAS' = 8.6 + 0.4 eu based on the kinetic study by L ‘l:"p* H 100°C, 24h H/'E“T”
means of!H NMR spectroscopy’ Notably, the activation 10 P
parameters for the isomerization frdno 9 are comparable to 2 100
those for the isomerization of thredo-ruthenacyclopentadiene
Comp'exlOa to lob lHMigration H Migration T

On the basis of the DFT calculation, we proposed a sequence
of reactions for the mechanism of the isomerization frbda :
to 10b, which involved a hydride transfer,-€C bond cleavage, />“Ru — s, RISHS fqu —

Scheme 5

and C-C bond re-formation. In the first step, the hydrido ligand CoBond Ru—H  ccoand (RN
located below thet-carbon atom of the ruthenacyclopentadiene

moiety interacts with thex-carbon atom and forms an inter- A B ¢
mediateA, which possesses an agostic-Rd—C interaction. (b) Mo o+
Then, the G-C bond in the ruthenacyclic allyl specidswas o\ < 7
cleaved to formu-methyleneus-diruthenaallyl intermediatB. cp,_Rﬁ'Qhu_W cp*_Ru.'_'Q Ru-cp?
The isomerization process was completed by the reductiv@ C ?,Rt7 100 °C, 24h \',Ru’
coupling at another ruthenium center to fonfollowed by " ep \l

[}

the H migrationt” : :
There is a close structural analogy between the oxaruthena-

cycle complex and the ruthenacyclic allyl intermediate On l &0 8ond c.0 8ona T

the basis of the mechanism shown in Scheme 5a, it is plausible

that au-oxo-us-2-methyldiruthenaallyl intermediat is formed Me _|+ W et o
by the C-O bond cleavage (Scheme 5b). The intermediBtes f\} ~/9=.r.9z. ! \_we
and F correspond to thei-methyleneus-diruthenaallyl inter- O,R-(\—Ruﬁnu - . o'R"\_’\\E, CRe o O,Rq\—Ru;‘m
mediateB. But, additional rearrangement of the allylic moiety A\ c-CBond \(|:/ C-CBond \|/
would be required for the methyl migration from the 4- to the b Formeton H Clenvege i
3-position of the oxaruthenacycle. Re-formation of they®- D E F

(17) Inagaki, A.; Musaev, D. G.; Takemori, T.; Suzuki, H.; Morokuma,
K. Organometallic2003 22, 1718-1727. Ru = (C5;Mes)Ru
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Table 4. Crystallographic Data for 6-BF,, 8-BPhy, and 9-PF;

Organometallics, Vol. 26, No. 7, 2Q0655

6-BF4 8-BPhy 9-PFs
(a) Crystal Data

empirical formula 65H5832F804Ru3 C59H7lBORLt3 C35H51F60PRL3
fw 1019.64 1110.18 935.94
cryst description prism block platelet
cryst color red green green
cryst size 0.50< 0.20x 0.10 mm 0.80x 0.80x 0.50 mm 0.25x< 0.25x 0.05 mm
crystallizing solution THF30°C) acetone/water{4 °C) MeOH/THF (4°C)
cryst syst triclinic orthorhombic triclinic
space group P1 (#2) Pbca(#61) P1 (#2)

lattice params

a=11.5978(9) A
b=12.3053(9) A
c=16.1981(15) A
a = 105.579(3)

a=19.5902(2) A
b=19.8383(2) A
c=26.3502(3) A

a=11.2603(6) A
b=13.3116(7) A
c=14.2274(6) A
o= 92.738(3)

p = 92.274(5) £ =102.493(2)

y = 98.537(4) y = 102.0860(17)
\Y 2194.4(3) R 10240.64(19) A 2026.24(17) &
Zvalue 2 8 2
Dcalc 1.543 g/lcm 1.440 g/crd 1.534 g/cmd
measurement temp —110°C —-50°C —20°C
w(Mo Kay) 1.086 mntt 0.913 mnrt 1.195 mmt

(b) Intensity Measurements

diffractometer RAXIS-RAPID RAXIS-RAPID RAXIS-RAPID
radiation Mo Ko Mo Ko Mo Ka
monochromator graphite graphite graphite
26max 60° 55° 60°
no. of reflns collected 22998 93739 17 784
no. of indep reflns 11 93R = 0.0432) 12 71Rn = 0.0351) 11 233Rint = 0.0255)
no. of reflns obsd 20) 9740 9581 9747
abs corr type numerical numerical empirical
abs transmn 0.9852 (min.), 0.6701 (min.), 0.7544 (min.),

0.9958 (max.)

0.7573 (max.)

0.9427 (max.)

(c) Refinement (SHELXL-97)

Ri (I > 20(1)) 0.0769 0.0208 0.0531

WR (I > 20(1)) 0.2052 0.0456 0.1462

R: (all data) 0.0942 0.0305 0.0611

wR (all data) 0.2183 0.0470 0.1531

no. of data/restraints/params 11 910/0/498 11 726/0/606 11 233/0/444
GOF 1.098 0.930 1.101

largest diff peak and hole 4.289 and 505 eA—3 0.362 and—0.465 eA—3 2.415and-1.172 eA3

Conclusion would be caused by the reduction of the steric repulsion between
_ _ ~ the Cp* group and the methyl group on the oxacycle.

We have demonstrated introduction of an oxygen atom into  Currently, introduction of the functional group into other types
the hydrocarbyl ligand on the triruthenium cluster by the reaction of hydrocarbyl ligands on the Rwplane and isolation of the

with water. The dicationic nature dfwould play a key role in - functionalized ligand as an organic molecule are under inves-
nucleophilic addition of water to the metal center as well as tigation.

formation of theu-hydroxo group. While neutral dimetalloallyl
complexes of group 8 were shown to be thermally stable, the
dicationic diruthenaallyl comple&, having au-hydroxo group,
underwent C-O bond formation upon deprotonation, ang General Procedures.All experiments were carried out under
2-oxaruthenacyclopentenyl complek was obtained. These an argon atmosphere. All compounds were treated with Schlenk
results indicate the usefulness of an electron-deficient clustertechniques. Dehydrated tetrahydrofuran, dichloromethane, and
for carbon-heteroatom bond formation. methanol used in this study were purchased from Kanto Chemicals

The X-ray diffraction study suggests that the order of the @nd stored under an argon atmosphere. Acetone and acktoree
formed G-O bond is between single and double. Therefore, dried over MS-4A and stored under an argon atmosphere. Dichlo-
the oxacycle o8B can be regarded as a coordinated methacrolein. rorr_lethanealz was degassed and stored under an argon atmosphere.
However, we could not obtain “free” methacrolein fr@wulue Deionized water was degassed and stored under an argon atmo-
to lack of reactivity toward dihydrogen. Protonation 8f sphere. The dicationic mixture daand4b was prepared according

. diatel d a dicationichvd I to a previously published method in ref 10, namely, treatment of
immediately regenerated a dicatiopihydroxo complexs as uz-methylidynegz-13-2-methyldiruthenaallyl complex (Cp*Rgt)

a result of CG-O b_ond cI_eavag(_a. Furthermore, thermolysis8of (1s-CH)(uz-7°-CHCMeCH) -H) (3)° with 2 equiv of ferrocenium

led to the formation of isomeric oxaruthenacycle com@eas salt. IR spectra were recorded on a Nicolet AVATAR 360 E.S.P.
a result of migration of the methyl group from the 4- to the gpectrophotometetH and3C NMR spectra were recorded on a
3-position of the oxaruthenacycle. On the basis of the mecha-varian INOVA-400 spectrometer with tetramethylsilane as an
nism proposed for the isomerization of thelo-ruthenacyclo- internal standard. Elemental analyses were performed on a Perkin-
pentadiene complet0a a mechanism for the skeletal rear- Elmer 2400lI.

rangement involving cleavage of the—© bond leading to X-ray Structure Determination. X-ray-quality crystals of
formation of au-oxo intermediate was proposed. Although the 6-BF,, 8-BPh,, and 9-PFs were obtained from the preparations
mechanism still remains unclear, isomerization fr8nto 9 described below and mounted on glass fibers. Diffraction experi-

Experimental Section
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ments of6-BF,, 8-BPh,, and9-PF; were performed on a Rigaku
RAXIS-RAPID imaging plate with graphite-monochromated Mo
Ko radiation ¢ = 0.71069 A) at—110, —50, and —20 °C,
respectively. The structures 68, and9 were solved by a Patterson

Moriya et al.

(s, 115-OC(H)C(Me)C(H)—), 84.3 (d Jess = 180.7 Hz ut-OC(H)C-
(Me)C(H)-), 95.7 (s,CsMes), 96.1 (s,CsMes), 97.5 (s,CsMes),
176.2 (d.Jon = 164.9 Hz,u3-OC(H)C(Me)C(H)—), 336.5 (d\Jon

method and subsequent Fourier difference techniques. The structuresk (ATR): 704, 732, 864, 903, 927, 1021, 1072, 1261, 1374, 1425,

were refined anisotropically for all non-hydrogen atoms by full-
matrix least-squares calculation Bhusing the SHELX-97 program

package. All hydrogen atoms except for that of the bridging hydroxo

1447, 1481, 2913, 2983, 3029, 3054 (cnAnal. Calcd for GsHs;
FsOPRuy: C, 44.91; H, 5.49. Found: C, 44.52; H, 5.49.

Protonation of [(Cp*Ru) 3(uz-CH){us-OC(H)C(Me)CH —}]*

group of 6, which was not located during sequential difference (8). Dichloromethana, (0.4 mL) and the hexafluorophosphate salt

Fourier synthesis, were refined isotropically. Neutral atom scattering

factors were obtained from the standard souté€&systal data and
results of the analyses are listed in Table 4.

Preparation of the Hexafluorophosphate Salt of [(Cp*Ru}-
(u-OH)(uz-CH)-(uz-nx:1%n1-CHCMeCH)] 2* (6). Acetone (5 mL)

and an equilibrated mixture of hexafluorophosphate salts of the

dicationicus-73-C3 complexes [(Cp*Ruy(uz-CH)(uz-173-CsMeH,)-
(u-H)]?* (4a and4b, 34.2 mg, 0.0321 mmol) were charged in a

of 8 (11.2 mg, 0.012 mmol) were charged in an NMR tube with
cyclooctane (2L, 0.015 mmol) as an internal standard. A large
excess amount of trifluoroacetic acid (1@, 0.130 mmol) was
then added to the NMR tube. The solution was allowed to react
for 0.5 h. Quantitative formation of the dicationjc-hydroxo
complex6 was confirmed by théH NMR spectrum. Addition of
D,0 to the solution resulted in the disappearance of the sigrial at
6.79 in thelH NMR spectrum!H NMR (400 MHz, 23°C, CD»-

reaction flask. After water (1 mL) was added to the solution, the
solution was vigorously stirred for 60 h at 8G. The color of the
solution changed from brown to purple. After the solvent was

Cl): 6 1.78 (s, 15H, @Mes), 1.84 (s, 30H, @Ves), 2.45 (s, 3H,
1s73-CHCMeCH), 6.79 (s, 1H,u-OH), 9.63 (s, 2H, usn*

removed under reduced pressure, the residual solid was washe

with 5 mL of THF three times to remove the monocationier;®-
Cs complex [(Cp*Ru)(us-CH)(us-173-CsMeH,)]* (5). On the basis

of theH NMR spectra of the obtained mixture, the ratio between
5 and 6 was estimated to be 35:65. A 7.1 mg amount of the

hexafluorophosphate salt 6fwas obtained as a purple solid on

drying under reduced pressure (20% yield). A single crystal use
for the diffraction studies was prepared from the THF solution of

6 in the presence of HBFOMe; stored at—30 °C. 'H NMR (400
MHz, 23 °C, acetoneds): ¢ 1.93 (s, 15H, GMes), 1.97 (s, 30H,
CsMes), 2.49 (s, 3Hus-n3-CHCMeCH), 8.58 (s, 1Hu-OH), 10.09
(s, 2H, uz17*-CHCMeCH), 15.05 (s, 1Hus-CH). 3C NMR (100

é:HCMeCH), 14.29 (s, 1Hu3-CH). A broad signal derived from

the remaining CECOOH was also observed at10.1.13C NMR
(400 MHz, 23°C, CD,Cl): 6 9.9 (q,Jo_n = 128.2 Hz, GMey),
10.4 (q,dc_n = 128.2 Hz, GMe), 20.2 (q,Jc_n = 128.2 Hz us
7°-CHCMeCH), 103.1 (sCsMes), 105.5 (s,CsMes), 108.4 (sus-
13-CHCMeCH), 193.8 (dJc-n = 160.9 Hz,uz-13-CHCMeCH),

43243 (dJe - = 174.0 Hz,uz-CH).

Preparation of a Hexafluorophosphate Salt of [(Cp*Ru}(us-
CH){us-OC(Me)C(H)C(H)—}]" (9). THF (10 mL) and the
hexafluorophosphate salt of [(Cp*R)s-CHY us-OC(H)C(Me)-
CH—-}]" (8) (34.5 mg, 0.0369 mmol) were charged in a glass
autoclave. The solution was heated at 2G0for 24 h. Removal of

MHz, 23 °C, acetonedks): 6 10.3 (q,Jcy = 128.7 Hz, GMes),
10.7 (q,dcn = 126.7 Hz, GMes), 20.2 (9,Jcn = 128.8 Hz uz-15-
CHCMeCH), 103.3 (sCsMes), 105.5 (s,CsMes), 108.1 (S,L£3-173-

the solvent under reduced pressure afforded the hexafluorophosphate
salt of9 (30.5 mg, 0.0326 mmol) as a green solid (88% yield). A
single crystal used for the diffraction studies was prepared from a

CHCMeCH), 194.1 (dJcy = 162.1 Hz us-3-CHCMeCH), 324.9
(d, Jcq = 173.0 Hz,us-CH). IR (ATR): 804, 836, 1021, 1091,
1261, 1380, 1430, 1463, 2919, 2962 (cin Anal. Calcd for
CzsHs:BoFsORW3H,0: C, 41.23; H, 5.73. Found: C, 41.52; H,
5.49.

Preparation of the Hexafluorophosphate salt of [(Cp*Ru}-
(us-CH){usz-OC(H)C(Me)CH—1}]" (8). Dichloromethane (5 mL)
and a hexafluorophosphate salt of [(Cp*Ru}OH)(us-CH)(us-

THF solution of9 stored at—30 °C. 'H NMR (400 MHz, 23°C,
acetoneds): 0 1.66 (s, 15H, GMes), 1.83 (s, 15H, 6Mes), 1.91
(s, 15H, GMss), 2.16 (s, 3Huz-OCMe)C(H)C(H)—), 4.20 (d,Ipn
= 4.4 Hz, 1H,us-OC(Me)CH)C(H)—), 8.35 (d,Jun = 4.4 Hz,
1H, 1H,u5-OC(Me)C(H)CH)—), 17.14 (s, 1Hus-CH). 13C NMR
(100 MHz, 23°C, acetoneds): 10.8 (q,Jch = 127.0 Hz, GMes),
10.9 (q,Jcy = 127.0 Hz, GMes), 11.5 (q,Jcn = 126.6 Hz, G-
Mes), 25.9 (q,Jch = 127.8 HZ,Iug-OC(Me)C(H)C(H)_), 71.3 (d,

ntn3n*-CHCMeCH)F* (6) (74.0 mg, 0.0776 mmol) were charged  Jg,, = 164.2 Hz,us-OC(Me)C(H)C(H)—), 95.7 (s,CsMes), 96.8
in a reaction flask. After triethylamine (3%L, 0.249 mmol) was (s, CsMes), 98.3 (s,CsMes), 109.5 (s,us-OC(Me)C(H)C(H)-),
added to the solution at room temperature, the solution was 174.9 (d,Jcy = 168.4 Hz,us-OC(Me)C(HIC(H)-), 339.9 (d,Jcn
vigorously stirred for 2 h. The color of the solution changed from = 161 1 Hz3-CH). HMQC: 6y 4.20-6¢ 71.2,01 8.35-0¢ 174.9.
purple to green. After the solvent was removed under reduced |g (ATR): 836, 874, 911, 1020, 1072, 1262, 1287, 1377, 1457,

pressure, the residual solid was dissolved in 2 mL of THF. The 2912 2961 (cmb). Anal. Calcd for GsHsy FOPRu: C, 44.91;
residual solid was then purified by the use of column chromatog- 4 549, Found: C, 45.14: H, 5.65.

raphy on alumina (Merck, Art. No. 1097) with tetrahydrofuran/
methanol (1:1). Removal of the solvent under reduced pressure
afforded the hexafluorophosphate salB¢B4.5 mg, 0.0369 mmol)

as a dark green solid (48% vyield). X-ray diffraction studies were
carried out on a tetraphenylborate salBpfvhich was obtained by
adding a large excess amount of NaBRha methanol solution of

8. A single crystal used for the diffraction studies was prepared
from an acetone/bD solution of8-BPh, stored at—4 °C.H NMR
(400 MHz, 23°C, CD,Cl,): 6 1.58 (s, 15H, GMes), 1.73 (s, 15H,
CsMes), 1.84 (s, 15H, 6Mes), 2.18 (s, 3Hus-OC(H)CMe)C(H)—

), 5.87 (d,Jyn = 2.0 Hz, 1H,us-OCH)C(Me)C(H)-), 8.58 (d,

Jnn = 2.0 Hz, 1H,u3-OC(H)C(Me)CH)—), 16.84 (s, 1Hus-CH).

13C NMR (100 MHz, 23°C, CDCly): 6 9.9 (q,Jch = 128.7 Hz,
CsMes), 10.4 (g,Jdcn = 128.7 Hz, GMes), 10.7 (9,Jcn = 126.1

Hz, GMes), 16.8 (q,Jcn = 127.1 Hzu3-OC(H)CMe)C(H)—), 71.3

Kinetic Experiments of the Isomerization of 8 to 9. The
hexafluorophosphate salt 8{18.2 mg, 0.019 mmol) was dissolved
in DMSO-ds (2.0 mL), and the solution was divided into four equal
parts and charged in NMR tubes, respectively. After the NMR tube
was sealed, the solution was allowed to react. The reaction
proceeded at 60, 90, 100, and 1°ID. The consumption 08 was
monitored at each temperature by mean¥-bNMR spectroscopy,
and the intensities of the resonances &t87 and 8.58, which were
assignable to the methine protons of the oxacycle moiety, were
recorded periodically. At regular times, the distribution8ofvas
estimated by dividing the integral value f8rby the sum of the
integral values foB and9. This value was used for the determi-
nation of the rate constant. Temperature dependence of the rate
constant was used in deriving activation parametét$ andAS'.
The rate constants obtained at each temperature were as follows:
kazsk = 1.08 x 10657, kagak = 5.39 x 10°s7, ka7ak = 1.33 x
104 Sﬁl, and k383K =3.70x 104sL

(18) International Tables for X-ray CrystallographyKynoch Press:
Birmingham, U.K., 1975; Vol. 4.
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