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Novel triruthenium polyhydrido complexes having triply bridging alkylzinc ligadd3p Ru(u-H)} s-
(us-ZnR)(us-H) (3a R = Me, 3b: R = Et) and{CpRu(u-H)}s(us-ZnEt), (4ac R = Me, 4b: R = Et),
are obtained by the reaction{o€p Ru(u-H)} s(us-H) (2) with a stoichiometric amount of the corresponding
dialkylzinc ZnR.. X-ray diffraction studies o8b and4a display the structural identity of those that have
a triply bridging alkylzinc ligand. The X-ray studies as well'lBsNMR spectroscopy reveal the existence
of bonding interactions between thezinc and the Ru-bound hydrido ligands3rand4. In the variable-
temperaturéH NMR study of3b, activation parametera S* andAH*, for the coordination-site exchange
process among the hydrido ligands were estimatedab 4+ 1.3 cal mof? K and 15.04 0.4 kcal
mol~1, respectively. The reaction of a diruthenium tetrahydrido complex;R@p(u-H)4 (1), with an
equimolar amount of dialkylzinc yields (QRu)(u-ZnR)u-H); (5ac R = Me, 5b: R = Et). Di-u-alkylzinc
complexes, (CiRruk(u-ZnRy(u-H), (6ac R = Me, 6b: R = Et), are formed in the reaction dafwith
twice the molar amount of dialkylzinc. The crossover reaction betvibesind 1 equiv of dimethylzinc
proved thecis-geometry of the bridging alkylzinc ligands & The variable-temperaturiH NMR
experiment of5 demonstrated fluxionality of the hydrido ligands, and the activation parameters were
estimated anS’ = —5.8 & 2.0 cal mot! K-1 and AH* = 11.0 £ 0.5 kcal mot! for 5a and AS" =
—12.44 1.8 cal mof* K-* and AH* = 9.6 & 0.5 kcal motl? for 5b by the line-shape analysis.

Introduction and efficient method to control electron density at the metal
) ) - site of the polyhydrido cluster has, therefore, been one of the
Reaction chemlstry.of transition metgl cluster comp.lexes hgs main research targets in our group. At last, we arrived at the
been one of the fascinating subjects in the field of inorganic conclusion that introduction of a bridging ligand to the metal
and organometallic chemistry, and the study of the reactivity core of the cluster enabled control over the reactivity of the
of cluster complexes has been increasing in the past two cjyster complexes as a result of perturbation of the electron
decades.We have thus far synthesized a new clasg®CsMes density at the metal centers due to polarization of the metal
polyhydride cluster complexes of transition metals, such as ligand bond.
(CPRuU)(u-H)4 (1; Cp = 1°-CsMes) and{(CpRu)(u-H)} s(us-
H). (2),22 and demonstrated several novel types of reactions
stemming from the synergic effect of the adjacent metal cefiters.
The reactivity of the cluster complex depends primarily on the

It is necessary to introduce the bridging ligand into only one
face of the metal core. Otherwise, the reaction fields are covered
over with the bridging ligands and there would be insufficient
stereoelectronic environment of the reaction field. A change in space for coordination and activation of the substrate to thg metal

' site. We have, thus far, devoted ourselves to developing an

e et ffcient and reasonabl syihetc method of producin a seres
' of the clusters that have a bridging heteroatom ligand and
successfully achieved the synthesigigdhosphidoy-alkyliden-
amido, ands-borylene complexesin these clusters, the metal
centers are likely positively charged due to the difference in

the electronegativity between the metal and the heteroatom.
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Chart 1 characterization of the first trinuclear polyhydride having a triply

a8 S+ bridging ethylzinc ligand{ CpRu(u-H)} 3(usz-ZnEt)(us-H).11

We report herein the full details of the synthesis and
characterization of novel trinuclear and binuclear complexes
with a polarized Ru-Zn bond,{ CpRu(u-H)} 3(u3-ZnR)(us-H)
(3), (CPRuU)(uz-ZnR)(uz-H)3 (4), (CPRU(u-ZnR)(u-H)s (5),
and{CpRu(u-H)}2(u-ZnR), (6) (R = Me and Et). Mobility of
the hydrido ligands, which is closely correlated to the reactivity
of the cluster, has been also studied by means of NMR
spectroscopy.

Tm: Transition metal
M: Electropositive metal

Scheme 1. Bond-Forming Reactions between the Transition

Metal and the Zinc Group Results and Discussion

Reaction of { Cp'Ru(u-H)} s(us-H)2 (2) with Dialkylzinc:
Formation of Novel Trinuclear Complexes Having Triply

(a)
L Tm + Zn(Hg)

(b)

L,Tm=2Zn(Hg)

© bnTm +20% bTm=2n% Bridged Alkylzinc Ligands. Treatment oR with an equimolar
L.Tm(H) + Zn(OR), —ROH__ | Tm-znoR amount of dialkylzinc ZnR (R = Me and Et) in THF with a
- RNH increase in temperature from78 °C to room temperature
LaTm(H) + Zn(NR2)s LnTm=2Zn(NRz), resulted in the quantitative formation of a trinuclear ruthenium
C) 3 hydride complex having as-alkylzinc ligand,{ CoPRu(u-H)} s-
LoTm(H) + RZnX —F e L Tm-ZnX (us-ZnR)(us-H) (3a R =pn7e, 3b: R = Et), accomp(lgnied by
L,Tm(H) +ZnR, — RH L,Tm-ZnR the elimination of alkanes, methane, and ethane (eq 1). Monitor-

ing the reaction o with an equimolar amount of diethylzinc
Introduction of an electropositive element such as zn, Mg, Py means offH NMR spectroscopy confirmed quantitative
and Al into a metal core of the clusters most certainly raised formation of ethane. CompleXis soluble and stable in toluene
the electron density at the metal center as a result of polarization@nd THF and is slightly soluble in pentane. Addition of excess
between ruthenium and the electropositive metal (Chart 1). The Methanol to comples resulted in protonolysis to give parent
reaction field of the cluster would be thus affected electronically Pentahydride2.
and modified with regard to both reactivity and selectivity.

As far as heterobimetallic complexes having a direct bond fr
between the transition metal and the zinc are concerned, there R|u
have thus far been several reported examples. The bond-forming H N\ H ZnR; (1 equiv)
reactions between the transition metal and the zinc group are |,H,‘i\\| “RH
roughly classified as follows: (&) direct reaction of a transition /RU‘\ /RU\ THF, -78 °C ~rt
metal compound with zinc amalgéh(b) reaction of a transition H quant.
metal complex with zinc halidé,(c) reaction of a transition
metal complex with zinc amide or zinc alkoxiéi€d) reaction 2
of a transition metal complex with alkyl zinc haltler zinc “f?
alkyls or aryl3° (Scheme 1). Among these methods, the type d |
reaction is likely the most promising because we adopt the H//';{‘\H
polyhydride clusters (CRu)(u-H)4 and (CpRu)s(u-H)s(us-H)2 R|\/an| 1
as the starting materials. Ru‘\’ /‘Ru

We examined this method for the synthesis of the triruthenium k T
polyhydride cluster with a triply bridging ZnR ligand. In a
previous communication, we partly reported the synthesis and 3a (R=Me)

3b (R =Et)
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upper field probably due to the shielding effect stemming from
the aromatic ring current of the three '‘Gpoups.

In the 13C NMR spectrum of3b, a signal of the methylene
carbon directly bound to thes-zinc atom was observed at
20.3 ppm as a triplet with a coupling constantlefy = 115.8
Hz. This Jcy value is somewhat smaller than that observed
between an sphybridized carbon nucleus and a proton nucleus

Ohashi et al.

a bonding interaction with zinc, were also observed inltde
and the'3C NMR spectra of3a. The 13C NMR signal of the
methyl carbon attached to the zinc appeared &2 ppm with
a coupling constant afcy = 119.0 Hz. Thé'H NMR spectrum
of 3arevealed two singlet peaks at—26.82 (1H) and 2.95
(3H) ppm, and the latter signal was assignable to k¢l
ligands capping the Ruand the three Rin planes, respec-

and is characteristic of the methyl or methylene group attachedtively.

to an electropositive metal such as Mg and Zn.

We also confirmed this phenomenon fqegethylmagnesium
analogue{ Cp'Ru(u-H)} s(us-MgEt)(us-H), of which the meth-
ylene carbon signal appeareddad.7 (t,Jcy = 111.0 Hz) ppm
in the 13C NMR spectruni! In addition, Wilke et al. had
synthesized a series of NMg complexes (tmeda)MgR(R)-
Ni(C2Hg4)2 (R = Me, Et,"Pr) and reported that the corresponding
coupling constant value lay in the range from 104 to 114Hz.

In the™H NMR spectrum oB3b, resonance signals of the three
CsMes groups were observed to be equivalendd.00. The
13C NMR spectrum of3b exhibited a quartet a 13.0 and a

Introduction of the metal alkyl group into the Rcore most
certainly induces the change in the electron density at the
ruthenium center due to the polarization of the-Ri bond.

As the13C chemical shift is not governed by only the electron
density at the carbon atom, a simple correlation is not always
possible between the electron density at the metal center and
the chemical shifts of the carbon directly bound to the metal.
The 13C NMR chemical shift is, however, sometimes a good
standard for estimating the electron density. A positive correla-
tion has been reported between #R€ chemical shifts of the
ring carbons of aromatic compounds and the electron density

singlet ato 85.4 ppm assignable to the methyl carbons and the at the carboi® The resonance signal shifts upfield with an

ring carbons of the §/es ligands, respectively. These results

increase in electron density. Such a correlation is observed in a

suggested that there was a 3-fold axis perpendicular to the Ru series of ruthenium complexes [RuX(BR;5-CsHs)]" (X =

plane in the time-averaged structure3.

Cl, C,Ph, CO, CNBu; R= Me, Ph;n = 0 and+1).}” The13C

Two resonance signals attributable to the hydrides appearedchemical shifts of the ring carbons of theNles groups in3a

atd 2.56 (brs, 3 H) and —26.97 (br s, 1 H) ppm. These two

and3b ared 85.6 and 85.4 ppm, respectively, and are almost

signals disappeared when the reaction of pentadeuteride complexqual to that in the parent compléx(d 85.7). These values

2-ds with an equimolar amount of diethylzinc was carried out

imply that the charge at the ruthenium centeBaand3b is

under the same reaction conditions (eq 2). On the basis of theneutral or slightly positive, although zinc is more electropositive
control experiment, both of these resonance signals werethan ruthenium. Induction of cationic charge at the ruthenium
unambiguously assigned to those of the hydrides. The shift of center possibly stems from the Lewis acidic character of the
0 2.56 ppm for the hydrido ligand i8b is significantly lower  zinc. The available data so far are, however, insufficient to prove

field than that ordinarily observed for the hydrides directly g correlation between th8C chemical shift and the electron
bound to late transition metals. This is most certainly due to a density statistically.

bonding interaction of the hydrido ligands with not only the
ruthenium atom but also the zinc atom. Such a downfield shift

was reported for zinc hydride species NaHZngzHo 3.40) temperature, and they significantly broadened with an increase
by Shriver et al® This result strongly supports the presence of j, the temperature. This considerable spectral change strongly
an electron_-deflment b(_)ndlng |nteract_|on among Zn, H, and the implies an exchange process of the hydrides between the Ru
two ruthenium atoms ir8b. As mentioned below, the four- e and the three REn sites. The variable-temperatutel
centered interaction was confirmed by means of the X-ray N\R spectra of3h, which evidently demonstrate the fluxion-
diffraction study of3b. ality of the hydrido ligands, are illustrated in Figure 1.

A set of signals that appeared @t2.43 and—27.05 ppm
were slightly broadenedy,, = 5.3 and 11.4 Hz, respectively,
due to the site-exchange process even at room temperature. With
the decrease in the temperature, both peaks sharpened and
shifted downfield. At—40 °C, these two hydrido signals are
observed at 2.69 and—26.98 ppm as doublet peaks with a
mutual coupling constant of 2.0 Hz. In spite of lowering the
temperature t6-60 °C, the line-shapes and the chemical shifts
of these signals did not change any more. The spectrum
measured at-40 °C was, therefore, concluded to be a slow-
limit spectrum. Although these signals significantly broadened,

2 in turn, upon a rise in the temperature to 1TD, they never

/Ru\D/Ru\ coale;ced into one peak. o
This temperature dependence of the spectra strongly implies

the site-exchange process of the hydrido ligands in ke
alkylzinc complex3. Simulation of the spectra was carried out
on the hydride region by using a gNMR program package, and
Characteristic features of the NMR spectral parameters of the result is shown in the right half of Figure 1. According to
3b, a smallJcy value for the carbon positioned to the zinc
atom and the downfield shift of the signal of the hydride having

The line-shape of the two signals of the hydrido ligands that
appeared around 2.6 and —27 ppm depends upon the

|:|) ZnEt; (1 equiv)

3b-d,

(16) Levl, G. C.; Nelson, G. LCarbon-13 Nuclear Magnetic Resonance
for Organic ChemistsJohn Wiley & Sons, Inc.: New York, 1972, and
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(17) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. Bl. Chem.
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Figure 1. Variable-temperaturéH NMR spectra of{ CpRu(u-H)} s(us-ZnEt)(uz-H) (3b) showing hydrido signals (left) and results of

simulation (right).

Scheme 2. Possible Mechanism for the Site-Exchange of the
Hydrido Ligands in 3b2

Hy
e —
Ru _— Ru
Ha\\\> Ha H7 Q) /
Zln Zln
R R
Ha Ha
~ A
U sRu Ru —H:Ru
SR/ —— >‘Ru/’/
a\\\ /Hy Ha\\\
|n Zln
R R

Ru: (7°-CsMes)Ru

@ One of the thre@s-hydrido ligands located above the £ plane
is omitted for clarity.

the line-shape analysis of the variable-temperatitteNMR
spectra, the free energy of activatisdG* for this fluxional
process fol8b was estimated at 154 0.1 kcal mof! at 0°C
(ASF = —1.5+ 1.3 cal mof! K1, AH¥ = 15.0 + 0.4 kcal
mol~1). The AG* value for3a was similarly estimated at 15.2
+ 0.1 kcal mof! at 0°C (ASF = —0.3+ 0.7 cal mot? K71,
AH* = 15.14 0.2 kcal mof?).

Notably, theASF values for bottBaand3b are nearly 0 within

dimethylzinc quantitatively yielded (CRu)s(us-ZnMe(u-H)s

(4a), and the ethylzinc analogue (®u)s(us-ZnEt)(u-H)s (4b)

was obtained in a similar manner (eq 3). Thesg#alkylzinc
complexes are, of course, directly synthesized by the reaction
of 2 with more than two molar amount of the corresponding
dialkylzinc reagent. Treatment 8fwith 5 equiv of dimethylzinc
exclusively yielded the bicapped compléa

ﬁz

3%15(

3a (R=Me)
3b (R=Et)

ZnRz (1 equiv)

THF, 78 °C ~rt
quant.

(©)

4a (R = Me)
4b (R =Et)

Bis-us-ZnMe complexda was identified on the basis of the
observation of three singlet signals for the methyl protons of
the methyl zinc ligands, the Cgroup, and the hydrides at

experimental error, and this indicates that the site-exchange—1.32 (s, 6 H), 1.97 (s, 45 H), and 7.96 (s, 3 H) ppm,
process is most likely an intramolecular process (Scheme 2).respectively, in the'H NMR spectrum. The validity of the

The enthalpy of activation, ca. 15 kcal m|for this dynamic

assignment of the signal 8t7.96 was proved by the labeling

process is comparable to that calculated for the site-exchangeexperiment using triruthenium pentadeuterids instead of
of the hydride between the terminal and the bridging positions pentahydride€. The reaction o2-ds with 2 equiv of diethylzinc

in Re;H,(CO) (30—40 kJ moi?) by way of an intermediary
n?-H, complex!®

It is noteworthy that the reaction d® with dialkylzinc
proceeds stepwise. Treatment of the mag@lkylzinc complex
3 with an additional equimolar amount of dialkylzinc leads to
the quantitative formation of a bjssalkylzinc complex,
(CPRu)(us-ZnR)(u-H)s (4), which has triply bridging alkylzinc
groups on both faces of the Rplane. The reaction dda with

(18) Bergamo, M.; Beringhelli, T.; D’Alfonso, G.; Mercandelli, P.; Sironi,
A. J. Am. Chem. So@002 124, 5117.

smoothly proceeded to result in the formation of an isotopomer,
(CPRu)(us-ZnEty(u-D)3 (4b-ds). The signal observed ét7.96
assignable to the hydrido ligands 4l disappeared in théH
NMR spectrum of the product. The intensity ratio of 2:15
between the methylzinc group and theMes groups unambigu-
ously showed the introduction of the twg-methylzinc groups
into the Ry core.

In the 13C NMR spectrum o#a, a signal assignable to the
methylzinc groups appeared @6.0 with a coupling constant
of Jcy = 119.4 Hz. As mentioned above, thg, value of 119.4
Hz is slightly smaller than that usually observed for the
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Figure 2. Molecular structure of CpRu(u-H)} s(us-ZnEt)(us-H)
(3b), with thermal ellipsoids at the 30% probability level. Hydrogen
atoms are omitted for clarity. Symmetry transformations used to
generate equivalent atoms C2%; —y, z

Table 1. Selected Bond Lengths [A] and Angles [deg] for
{Cp'Ru(u-H)} s(us-ZnEt)(us-H), 3b

bond lengths bond angles
Rul—Ru2 2.7451(6) Ru2Rul—-Ru2* 59.81(2)
Ru2—Ru2* 2.7372(8) Ru2*Ru2-Rul 60.095(10)
Rul-Zn1 2.6749(10) RutZn1—Ru2 61.98(2)
Ru2-zZn1 2.6562(8) Ru2Znl-Ru2* 62.03(3)
Znl-C1 1.984(8) ZntRul-Ru2 58.67(2)
c1-C2 1.400(17) ZntRu2-Rul 59.34(2)

Zn1l—-Ru2—Ru2* 58.986(13)

Ohashi et al.

which is a triangular space surrounded by the threeg@mips,

on the opposite side of the;-ZnEt group with respect to the
Rus plane. The three Ru-Cfeentroid) vectors tilt away from
the us-ZnEt group by 4.8 (av) with respect to the Riplane,
and the size of the reaction site 8b is, therefore, slightly
reduced in comparison with that 8f The triply bridging zinc
atom is located above the center of thesRiangle, and the
average RuZn distance is 2.662 A. This is significantly longer
than the sum of the covalent radii of ruthenium and zinc (ca.
2.50 A).

A search of the Cambridge structural database found only
one precedent,Pi(u-CO)(PPHPL)s}{ uz-Znly}, for the tri-
nuclear transition metal complex having a triply bridging zinc
ligand. Complex3b is the second example of a structurally well-
defined trinuclear cluster capped by zinc.

Hydrogen atoms bound to the metal atom were located in
the difference Fourier maps and were refined isotropically. Three
of the four hydrogen atoms are located above thgZRyplane
and bridge these three metals. The rest lies above the center of
the Ry plane and triply bridges the ruthenium centers. The result
that the three hydrido ligands have a bonding interaction with
the zinc atom is well consistent with the downfield shift of their
resonance signal in thé1 NMR spectrum.

As mentioned above, the RiZn distance of ca. 2.66 A is
significantly longer than the sum of the covalent radii, ca. 2.50
A, of Ru and Zn. The interatomic distances between the
transition metal and the zinc in several metal hydrido complexes
are listed in Table 2. The existence of a bridging hydride
demonstrates a tendency to elongate the transition meitat
bond. In the case of having no bridging hydrido ligand, the
transition metatzinc distance is almost equal to the sum of
the ionic radii or less. The RtZn distance of 2.66 A ir8b

methylene group of an organic compound and is characteristic probably reflects the bridging coordination of the hydrido ligand

of the methyl or methylene group directly attached to an
electropositive metal such as Mg and Zn.

The chemical shift of 7.96 ppm for the hydrido ligand is
much lower than that of the mona-alkylzinc complex3a (6
2.95) and is comparable to that of the proton signal in the 1:2
adduct of sodium hydride and dimethylzinc, NaH[Zn(§#b
(6 5.44), in which the hydride is considered to have a bonding
interaction with zind> These results strongly indicate that the
hydrido ligands have a bonding interaction with the zinc atom.

X-ray Crystal Structure of us-Ethylzinc Complex 3b and
Bis-uz-methylzinc Complex 4a.The molecular structure ofs-
ethylzinc complex3b was definitely determined by means of
an X-ray diffraction study using a reddish-brown single crystal
obtained from dioxane at room temperature. The X-ray crystal-
lography of3b clearly demonstrated a trinuclear structure triply
bridged by the ethylzinc group (Figure 2). The crystal data for

between the ruthenium and the zinc.

The structure of bige-alkylzinc complex4 obtained by the
reaction of3 with dialkylzinc was also confirmed by means of
an X-ray diffraction study. A single crystal dfa suitable for
X-ray diffraction study was available from a THF solution at
—5 °C. The pentametallic Ré4n; clusterda crystallized in the
centrosymmetric space grolggs/m. An ORTEP drawing is
illustrated in Figure 3. Crystallographic data féa are sum-
marized in the Experimental Section (Table 4), and selected
bond lengths and bond angles are listed in Table 3.

Two zinc atoms are located at the axial positions in
approximate trigonal bipyramidal geometry. BisZnMe com-
plex 4ais also a 4é complex as well as parent complgxand
monowus-ZnEt-capped compledb, and the Rut-Ru bond length
of 2.7581(9) A of4ais almost equal to those ¢f and 3b.
Although the positions of the three hydrido ligands are not

3b are given in the Experimental Section (Table 4), and relevant definitely determined due to the disordered structuredaf

bond lengths and angles are listed in Table 1.

The Ry core consists of an approximately equilateral triangle,
and one face of the Ruore is bridged by an ethylzinc group.
Complex3bis a 44 complex as well as the parent triruthenium
pentahydride?, and the formal RttRu bond order should be
5/3 according to the EAN rule. The average-RRu distance
of 2.7424 A 'in3b is very similar to that o2 (ca. 2.75 AY

Not only electron density at the ruthenium centers but also the

size of the reaction site are likely affected by the introduced
triply bridging ligand. Complex3b provides a reaction site,

(19) Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K;
Inagaki, A.; Oshima, M.; Takao, Bull. Chem. Soc. Jpr2005 78, 67.

(20) Bansemer, R. L.; Huffman, J. C.; Caulton, K.J3Am. Chem. Soc.
1983 105 6163.

related byS; symmetry, the interatomic distance of 2.6414(10)
A between the ruthenium and the zinc atoms strongly implies
that the hydrido ligand bridges the ruthenium and the zinc atoms.
The hydrides likely lie above three of the six Zm planes or
on three of the six RaZn edges. On the basis of thid NMR
spectrum, it can be concluded that the three hydridedan
rapidly exchange their coordination sites in solution.

Reaction of (CgRu)2(u-H)4 (1) with Dialkylzinc: Forma-
tion of Novel Dinuclear Complexes Containing Bridging
Alkylzinc Ligands. The reaction of a transition metal poly-
hydride with dialkylzinc is a versatile method for the formation
of a transition metatzinc bond, and this method is applicable
to the dinuclear ruthenium polyhydride. The reaction of di-
nuclear ruthenium tetrahydridewith 1 equiv of dimethylzinc
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Table 2. Bond Type of the Hydrides and Bond Lengths between Transition Metal (M) and Zinc (Zn) for Hydrido Complexes
Having M —Zn Bonds

complex bond type bond length (A) r (R)P A (Aye ref
CpMoH(ZnBr,) M—(u-H)—2Zn 2.793(3) 2.54 0.25 6a
MnoZn(u-H)2(CO)(tmeda)-tedip) M—(u-H)—2Zn 2.544(4) 2.42 0.12 5
V2ZnoHa(BHa)2(PMePh), M—(u-H)—2Zn 2.656(1) 2.47 0.19 20
[(dippp)RNE(u-H)2(u-ZNCp) M—(u-H)—2zn 2.5854(7) 2.50 0.09 o9h
CpNbH,ZnCp H-M—Zn 2.5407(7) 2.59 —0.05 9%e
Cp.TaH(ZnCp} H-M-Zn 2.590(2) 2.59 0.00 of
[MeC(CHPPh)s]RhH,ZnN(SiMey), H—M—2n 2.3550(13) 2.50 ~0.14 7a

aM is a corresponding transition metét. is the sum of the two covalent radii (M, ZrfA is the difference between an actual measurementrand

Figure 3. Molecular structure of Co'Ru(u-H)} s(us-ZnMe), (4a),

with thermal ellipsoids at the 30% probability level. Hydrogen
atoms are omitted for clarity. Symmetry transformations used to
generate equivalent atoms Rul*-y{, x—y+1,7z Rul: y—x, 1—x,

z Zn?: x,y, —z+0.5.

Table 3. Selected Bond Lengths [A] and Angles [deg] for
{Cp'Ru(u-H)}3(us-ZnMe),, 4a

bond lengths bond angles
Rul-Rul* 2.7581(9) Rul*Rul-Rul 60.00(0)
Rul-Zn1 2.6414(10) RutZnl—-Rul* 62.95(3)
Znl-C1 1.992(12) ZntRul-zZn* 105.85(4)

resulted in the formation of a 95:5 mixture of the man@nMe
complex (CpRuk(u-ZnMe)u-H); (5a) and the bist-ZnMe
complex (CpRu)(u-ZnMe)(u-H), (6a) (eq 4). The reaction
was accompanied with liberation of methane, which was
detected by means 8H NMR spectroscopy.

ZnMe, (1 equiv)

- CH,4
toluene, -78 °C ~rt
conv. 95 %
1
Me Me Me
H Zr{ \in Zr(
s P
-Ru Ru—| + -Ru Ru—| 4)
s p
5a (95 %) 6a (5 %)

The ethylzinc analogue (CRu)(u-ZnEt)u-H)s (5b) was
synthesized in a similar manner by using 1 equiv of diethylzinc
instead of dimethylzinc. While the moneZnEt complex5b
is selectively obtained in the 1:1 reactionlofvith diethylzinc,
formation of5ais always accompanied with a small amount of
bis-u-ZnMe complex6a even in the reaction df with slightly

Scheme 3. Crossover Experiment among 1,,1and ZnEt,

an'=1)
-CsHe
ZnEt; | toluene
(1 equiv) | -78 °C ~rt
quant.
Et
H Z, H. Z
//h\rl //‘\rl
—Ry\/'Ru~ + —R\u /Ru—
HH W H

5b 5b’

less dimethylzinc, as mentioned above. This result clearly
indicates that a ratik(5—ZnRy)/k(1—ZnRy), wherek(5—ZnRy)

and k(1-ZnRy) are the rate constant of the reaction of Z2nR
with 1 and that of ZnR with 5, respectively, is smaller in the
case of R= Et than the case of R Me. This is probably due

to the bulkiness of the dialkylzinc reagent.

The reaction path involving fragmentation to a mononuclear
species and subsequent recombination to dinuclear corbplex
was ruled out on the basis of the following crossover experiment.
Treatment of a 1:1 mixture df and{(CsMesEt)RU} 2(u-H)4 (1)
with diethylzinc led to the formation of a 1:1 mixture &b
and { (CsMe4Et)RU} 2(u-ZnEt)(u-H)s (5b'), and the crossover
product{ (CsMes)Ru}{ (CsMesEt)RU} (u-ZNnEt) (u-H)3 (5b") was
not detected at all (Scheme 3).

The mono#-ZnR complex5 was identified by means of
NMR spectroscopy. ThéH NMR spectrum ofba recorded at
room temperature exhibited three singlet signals with the
intensity ratio of 30:3:3, assignable tg\es, 4-ZnMe, and the
hydrido ligands, respectively, at1.82, 0.25, and-15.06 ppm.
TheH NMR spectrum obb is very similar to that oba except
for the signal of the alkyl group bound to the zinc atom. This
proved the structural similarity betweé&a and5b. In the H
NMR spectra of bottbha and5b, the signal of the three hydrido
ligands was observed to be equivalent at room temperature
despite the coordination of the hydrides at the different sites,
namely,cis andtransto theu-ZnR group. With a decrease in
the temperature, the signal broadened and then split into two
singlets with the intensity ratio of 1:2. This implies the site-
exchange of the hydrido ligands between tieeand thetrans
sites (vide infra).

Addition of a large excess amount of dialkylzinct@auses
overreaction to generate a hisZnR-bridged complex, (CRu)-
(u-ZnR)(u-H)2 (6ac R = Me; 6b: R = Et) (eq 5). However,
the thirdu-ZnR group cannot be introduced into the molecule.



2336 Organometallics, Vol. 26, No. 9, 2007 Ohashi et al.

Strict control of the ratio between compléxand dialkylzinc
is, therefore, necessary to obtain the mgrdnR complex5 ,k
selectively. 295 K k=8.2x 10
278 K J/L = X 102
/H/\H\ ZnR, (excess) 264K K=15x 10?
-Ril _Ru4—| ————
\H\T-I' -2RH 213K k=52x 10
toluene, -78 °C ~rt
1 quant.
233 K k=5.2 X 10°

R
n7h
n,Zn
4 . -
—Ru\<:Ru— (5) 163K k=0
HVH 145 155 165 PPM 4% 155 165 PPM

Figure 4. Variable-temperaturéH NMR spectra of (CBRu)(u-

6a (R' = R?=Me) ZnEt)(u-H)s (5b) showing hydrido signals (left) and results of
6b (R' = R2 = Et) simulation (right).
Although there are two possible structures, nameity, and Scheme 4. Plausible I\/_Iecha_nism fqr the Site-Exchange of
trans-geometries, for the big-ZnR complex6 (Chart 2), they the Hydrido Ligands in 5b
are readily distinguishable by analyzing thé NMR spectrum ,R
of the mixed-ligand complex obtained by the reaction5bf HS Zn Hc Zn
and dimethylzinc. R L] —
\'_F\T_'E
Chart 2

R R P
Zn,Zn H, ZQ “
'Ru//\l‘?u— -Ru<<:Ru—
\H\T-I' znH
R

6-cis 6-trans Hc ZI‘I ch Zﬂ
~3
_Ru 1Y = / Ru—

The reaction obb with 1 equiv of dimethylzinc in toluene e Ht
exclusively afforded the mixed-ligand complex (Bp)(u-
ZnMe)(u-ZnEt)(u-H) (6¢) (eq 6). In theH NMR spectrum of
6¢, the signals of the hydrido ligands appearedat13.95 The activation parameters were estimated\& = —5.8 +
and—14.64 ppm with equal intensity. This spectrum unequivo- 2.0 cal mof!? K=1 and AH* = 11.0 4+ 0.5 kcal mof? for 5a
cally demonstrates that bisZnR complex6c is in the cis- andAS = —12.44+ 1.8 cal mot! K- andAH* = 9.6 + 0.5

geometry. Therefore, we concluded that the (bi&8nR com- kcal mol* for 5b by the line-shape analysis of the VMIBENMR
plexes6a and6b also havecis-geometries as well a6c. spectra. Small absolute values of the enthalpy of activation imply
that the site-exchange of the hydrides is an intramolecular
o process and proposes a possible reaction path involving an
ey ZnMe; (1 equiv) intermediary 72-H, species (Scheme 4). The enthalpies of
-RU\H\T-(RU_ ~CH, activation of 11 and 9.6 kcal mol for 5aand5b, respectively,
toluene, -78 °C ~rt are close to that calculated for the site-exchange of the hydrides
5 in ReH,(CO)y via ann?-H, intermediate8
Me  Et Conclusion
4
/Z}Erl A change in the electronic environment of the reaction field
-Ru Ru—| () ;
N deeply affects the course of the reaction, and the development
HYH g ;
of a reasonable and efficient method to control electron density
6¢c at the metal site of the polyhydrido cluster has, therefore, been

one of the main research targets in our group. To increase the

The bridging alkylzinc group readily undergoes protonolysis partial anionic charge at the ruthenium center of the cluster by
to regeneratel upon treatment with an excess amount of forming a polarized Rametal bond, we have examined the
methanol or ethanol. reaction of the ruthenium cluster with a variety of metal alkyls

The variable-temperatutél NMR spectra o demonstrated  that contain an electropositive metal. As a result, we have
fluxionality of the signals of the hydrido signals. The hydride successfully synthesized trinuclear ruthenium hydrido complex
region of the VTIH NMR spectra ofb are illustrated in Figure 3, which has a triply bridging alkylzinc group, by the reaction
4. While the signal of the hydrides was observed as a broad of triruthenium pentahydrido complexwith dialkylzinc ZnR,
signal at room temperature and it decoalesced and split into(R = Me and Et). Bistsz-ZnR complex4 was quantitatively

two signals with the intensity ratio of 2:1 below ca20 °C, obtained by the treatment of monocapped com@exith 1
the signal of the éMes group remained unchanged. A site- equiv of ZnR. TheH NMR spectra of3 and4 revealed that
exchange process of the three hydrides among theisvand the three hydrido ligands of each complex have bonding

atranssite reasonably explains the fluxionality of the spectra. interactions with not only the ruthenium atoms but also the zinc
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atom. The weak bonding interaction between the three hydrido (30 mL). After cooling the solution te-78 °C, diethylzinc (1.0 M
ligands and the zinc atom was clearly confirmed by the X-ray solution in hexane, 526L, 0.525 mmol) was added dropwise with
diffraction study of3b, while metal-bound hydrogen atoms were Vigorous stirring. The cooling bath was removed and the reaction
not located in the difference Fourier mapsdotn the variable- mixture was warmed to room temperature. The color of the solution
temperaturéH NMR study of3b, activation parameter@SF turned reddish-brown. Removal of the solvent under reduced
andAH?, for the coordination-site exchange process among the Pressure gave 420 mg (0.520 mmol, 99%$bas a reddish-brown
hydrido ligands were estimated &tl.5+ 1.3 cal mot* K- Solid- 'H NMR (300 MHz, rt, GDs, 0/ppm): —26.97 (br sy, =

and 15.0+ 0.4 kcal mot?, respectively. These values strongly 110 Hz, 1 H, R#), —0.50 (q,Jun = 7.8 Hz, 2 H, ZICH,CHy),

implied that the process was intramolecular and hydrido ligands ;éé (tt;JHH =78 (|5_|(Z)|-|3 HQZSCRHE.,HS)fsé'%OM(;‘ 1525HM%\/I65),
exchanged via an?-H, intermediate. 56 (br s,wi, = 6.0 Hz, , Rit). ( z, 1t

. . . CsDe, 0/ppm): 11.8 (qJcn = 123.0 Hz, ZnCHCHg), 13.0 (g,JdcH
Dinuclear r_uthenlum compl@ havmg au-ZnR group, was = 125.4 Hz, GMes), 20.3 (t,Jon = 115.8 Hz, ZICH,CH), 85.4
also synthesized by the reaction of diruthenium tetrahydrido (s c.ve.). Anal. Calcd for GHsiRuZn: C, 47.61; H, 6.74.

complex1 with dialkylzinc. Complex5 further reacted with 1 Foung: C, 47.42: H, 6.71.

equiv of ZnR to yield bisu-ZR complex6, selectively. A Preparation of {Cp'Ru(u-D)} s(ua-ZnEt)(u5-D) (3b-d). A 50
crossover experiment, namely, the reactiop-afnEt complex mL Schlenk tube was charged with a trinuclear (rutheZIium penta-
5b with ZnMe;, confirmed the cisgeometry of the Wo  geyteride comple-ds (25 mg, 0.035 mmol) and THF (5 mL).
u-alkylzinc ligands in6. The variable-temperaturéd NMR After cooling the solution to-78 °C, diethylzinc (35uL, 0.035
experiment ob demonstrated fluxionality of the hydrido ligands,  mmol) was added dropwise with vigorous stirring. The cooling bath
and the activation parameters were estimate§iSit= —5.8+ was removed and the reaction mixture was warmed to room
2.0 cal mot K~ and AH* = 11.0+ 0.5 kcal mot? for 5a temperature. The color of the solution turned reddish-brown.
andAS' = —12.4+ 1.8 cal mott K- andAH* = 9.6+ 0.5 Removal of the solvent under reduced pressure gave 28 mg (0.034
kcal mol* for 5b by the line-shape analysis. On the basis of mmol, 98%) of3b-d, as a reddish-brown solid. Measuring e
these activation parameters, we proposed reaction paths thalNMR spectrum of8b-d, in CsDg, two resonance signals attributable
involved an#n?-H, intermediate for the site-exchange of the to the hydrides oBb (6 —26.97 and 2.56) disappeared.
hydrido ligands inb. Preparation of {Cp'Ru(u-H)}3(us-ZnMe), (4a). A 50 mL
Estimation of the electronic charge at the ruthenium sites of Schlenk tube was charged w276 mg, 0.106 mmol) and toluene
the resulting cluster complexes;,4, 5, and6, and examination (10 mL). After cooling the solution te-78 °C, dimethylzinc (200

of their reactivities would be the basic imperatives subsequentuL, 0.220 mmol) was added dropwise with vigorous stirring. The
to the synthetic studies. cooling bath was removed and the reaction mixture was stirred at

room temperature for 24 h. Removal of the solvent and the
remaining reagent under reduced pressure gave 209 mg (0.099
Experimental Section mmol, 93%) of4aas a brown solidtH NMR (300 MHz, rt, GDs,
olppm): —1.32 (s, 6 H, ZiMe), 1.97 (s, 45 H, Mes), 7.96 (s, 3
General Procedures All manipulations were undertaken utiliz- H» RUH). **C NMR (125 MHz, 1t, GDs, d/ppm): 6.0 (q.Jon =
ing standard Schlenk, high-vacuum line, and glovebox techniques 1194 Hz, ZMe), 12.8 (q.Jcw = 126.3 Hz, GMe;), 86.5 (S,CsMes).
under an atmosphere of argon. Solvents were distilled under an”An@l- Calcd for GHsiRusZn: C, 44.04; H, 6.24. Found: C, 43.99;
atmosphere of argon from sodium benzophenone ketyl (toluene,Hv 6.30.
THF, and E40) or R.Os (pentane). Benzends, tolueneds, and Preparation of {Cp'Ru(u-H)}s(us-ZnEt), (4b). A 50 mL
THF-dg were distilled under an atmosphere of argon from sodium Schlenk tube was charged wizh(166 mg, 0.233 mmol) and THF
benzophenone ketyl and stored under an atmosphere of argon. Othef10 mL). After cooling the solution te-78 °C, diethylzinc (1.0 M
reagents used in this study that were purchased from commercialsolution in hexane, 606L, 0.600 mmol) was added dropwise with
sources were used without further purification. JEOL-GSX-500, Vigorous stirring. The cooling bath was removed and the reaction
Varian Gemini-300, and Varian INOVA 400 Fourier transform mixture was stirred at room temperature for 24 h. Removal of the
spectrometers were used for NMR spectroscéidyand!3C NMR solvent and the remaining reagent under reduced pressure gave 209
spectra were referenced to an internal solvent and corrected to TMS.mg (0.232 mmol, 99%) oflb as a brown solid. Complesb was
Elemental analyses were recorded on a Perkin-Elmer 2400Il. also obtained by the reaction 8b (25 mg, 0.031 mmol) with an
Dinuclear ruthenium complexes (®u)(u-H)s (1) and {(n°- equivalent of ZnEtin toluene for 24 hH NMR (300 MHz, rt,
CsMesEt)-Rubo(u-H)4 (1') and trinuclear ruthenium complexes  CeDs, 0/ppm): —1.32 (s, 6 H, ZMe), 1.97 (s, 45 H, eMes), 7.96
(CPRu)s(u-H)s(us-H), (2) were prepared according to a previously (S, 3 H, RiH). 3C NMR (125 MHz, rt, GDs, 6/ppm): 6.0 (g,JcH
published methogab.eh4 = 119.4 Hz, ZiMe), 12.8 (q,Jch = 126.3 Hz, GMes), 86.5 (s,
Preparation of { Cp'Ru(u-H)} s(us-ZnMe)(us-H) (3a). A 50 mL CsMes). Anal. Caled for GHsgRwsZny: C, 45.33; H, 6.49. Found:
Schlenk tube was charged wigh(143 mg, 0.201 mmol) and THF ~ C, 45.37; H, 6.11.
(10 mL). After cooling the solution te-78 °C, dimethylzinc (1.1 Preparation of {Cp'Ru(u-D)}s(us-ZnEt), (4b-d3). A 50 mL
M solution in toluene, 18@L, 0.198 mmol) was added dropwise  Schlenk tube was charged with a trinuclear ruthenium penta-
with vigorous stirring. The cooling bath was removed and the deuteride comple®-ds (25 mg, 0.035 mmol) and THF (5 mL).
reaction mixture was warmed to room temperature. The color of After cooling the solution to-78 °C, diethylzinc (1.0 M solution
the solution turned reddish-brown. Removal of the solvent under in hexane, 7QcL, 0.070 mmol) was added dropwise with vigorous
reduced pressure gave 159 mg (0.199 mmol, 99%3ahs a stirring. The cooling bath was removed and the reaction mixture
reddish-brown solidtH NMR (300 MHz, rt, GDg, d/ppm): —26.82 was stirred at room temperature for 24 h. Removal of the solvent
(br s,w1, = 25.2 Hz, 1 H, Rid), —1.21 (s, 3 H, ZMe), 2.00 (s, under reduced pressure gave 28 mg (0.034 mmol, 98%patk;
45 H, GMes), 2.95 (br swy, = 25.2 Hz, 3 H, RH). 3C NMR as a reddish-brown solid. Measuring & NMR spectrum oftb-
(75.5 MHz, rt, GDs, 6/ppm): 5.2 (q,Jcy = 119.0 Hz, ZnMe), d; in C¢Ds, a resonance signal attributable to the hydrideshofo
13.0 (9,Jcu = 127.0 Hz, GMes), 85.6 (s,CsMes). Anal. Calcd for 8.08) disappeared.
CaiHs:RwZn: C, 46.93; H, 6.61. Found: C, 47.16; H, 6.46. Preparation of (Cp'Ru)s(u-H)s(u-ZnMe) (5a). A 50 mL
Preparation of { Cp'Ru(u-H)} s(us-ZnEt)(us-H) (3b). A 50 mL Schlenk tube was charged wit(80 mg, 0.168 mmol) and toluene
Schlenk tube was charged wigh(373 mg, 0.522 mmol) and THF (7 mL). After cooling the solution te-78 °C, dimethylzinc (160
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uL, 0.168 mmol) was added dropwise with vigorous stirring. The Table 4. Crystallographic Data of 3b and 4&®
color of the solution turned bright red immediately. The cooling 3b 4a
bath was removed and the reaction mixture was warmed to room

temperature. Removal of the solvent under reduced pressure gave f?,\rppmcal formula Sg%HggRLbZn %3;?5745%2”2
the crude producba as an orange solid (90 mg, ca. 90% purity  temperature, K 22'3(2) 29}3(2)
based ontH NMR). The rest was a 1:1 mixture of the starting  cryst syst monoclinic hexagonal
materiall and a bist-ZnMe complex6a (see below)!H NMR space group C2/m (#12) P6s/m (#176)
(300 MHz, rt, GDg, 6/ppm): —15.06 (br swy, = 20.4 Hz, 3 H, a A 17.237(4) 11.279(3)
RUH), 0.25 (s, 3 H, ZMe), 1.82 (s, 30 H, @Mes). 23C NMR (125 b’/’;\ ﬁ-‘l‘gg@ 16.137(5
MHz, rt, CsDg, 6/ppm): 1.2 (q,Jch = 122.5 Hz, ZMe), 12.6 (q, g’ deg 175(3) 18765)
Jen = 126.5 Hz, GMes), 85.4 (s,CsMes). B, deg 104.903(14)

Preparation of (Cp'Ru),(u-H)3(u-ZnEt) (5b). A 50 mL Schlenk v, deg
tube was charged with (118 mg, 0.248 mmol) and toluene (20  Volume, & 3426.5(14) 1777.8(8)
mL). After cooling the solution to-78 °C, diethylzinc (0.8 M z Mg m-3 ‘11565 21630
solution in hexane, 316L, 0.248 mmol) was added dropwise with g;,j'j; deg 60.1 601
vigorous stirring. The color of the solution turned bright red limiting indices O<h<24 0O<h<13
immediately. The cooling bath was removed, and removal of the 0<k=<25 0<k=13
solvent under reduced pressure gave 141 mg (0.248 mmol, 100%) —15=<1=<15 0<l=22
of 5b as an orange solidH NMR (300 MHz, rt, GDg, 6/ppm): #(Mo Ker), mm- 2.010 2.592
—15.09 (br sy, = 13.9 Hz, 3 H, R#), 1.02 (q,Jun = 8.0 Hz F(000) 1632 876

) ! : ! ! 1 ! : ! cryst size, mm 0.5k 0.50x 0.30 0.50x 0.40x 0.20
2 H, ZFCH2CH3), 1.84* (obscured by gbes, ZnCI—|2CH3), 1.84 GOF onF2 1.079 1.118
(s, 30 H, GMes). *Determined by'H—H COSY spectrumi3C no. of data collected/ 11 900/4449 2603/1722
NMR (125 MHz, rt, GDe, 6/ppm): 12.6 (q,Jch = 125.1 Hz, unique
CsMes), 13.6 (q,Jcy = 127.0 Hz, ZNCHCH), 15.7 (t,Jcy = 120.6 no. of variables 193 73
Hz, ZnCH,CHj3), 85.6 (s,CsMes). Efforts for elemental analysis of Ru, WR [I > 20(1)] 0.0430,0.1188 0.0519, 0.0761
. Ri, WR; (all data) 0.0455, 0.1212 0.0595, 0.0793

the u-ZnEt complexes$b and 6b have been unrewarding due to residual electron 0.722 (max) 1.045 (max)
their higher reactivities. density, e A3

Reaction of a Mixture of the Dinuclear Complex (CPRu)2- —0.779 (min) —1.141 (min)
(u-H)4 (1) and {(5-CsMe4Et)Ru} z(u-H)4 (1) with 1 equiv of aRy = (3|IFol — IFdl)/ZIFol. PWRy = [SW(F2 — FA2/Y (WF4)] Y2 The

ZnEt,. A 50 mL Schlenk tube was charged with(11 mg, 0.023 function minimized: w(Fo? — F?)2

mmol),1' (12 mg, 0.024 mmol), and toluene (10 mL). After cooling

the solution to-78 °C, diethylzinc (48L, 0.048 mmol) was added by CsMes, ZNnCH,CHjz), 1.80 (s, 30 H, @Mes). *Determined by
dropwise with vigorous stirring. The color of the solution turned H—'H COSY spectrum!*C NMR (125 MHz, rt, GDg, 6/ppm):
bright red immediately. The cooling bath was removed, and removal 12.6 (q, Jcn = 126.6 Hz, GMes), 12.7 (q,Jch = 127.7 Hz,
of the solvent under reduced pressure gave 24 mg (0.046 mmol,ZNCH,CHy), 17.8 (t,Jcy = 124.9 Hz, ZICH,CHj3), 85.3 (s,CsMes).
99%) of a mixture ofsb and{ (175-CsMe,Et)RU} o-(u-H)3(u-ZnEt) Reaction of 5b with Dimethylzinc: Synthesis of (CpRuU)a(u-
(5b') as an orange solid. In this reaction, a mixed-ligand complex H)2(u-ZnMe)(u-ZnEt) (6¢). A 50 mL Schlenk tube was charged
{ (7>-CsMes)Ru} (u-H)3(u-ZnEtY (1°>-CsMesEt)RUF was not formed. with 5b (106 mg, 0.186 mmol) and toluene (20 mL). After cooling

Spectral data fobb': H NMR (400 MHz, rt, GDs, d/ppm): the solution to—78 °C, dimethylzinc (223:L, 0.223 mmol) was
—15.04 (br s, 3 H, RH), 0.90 (t,J44 = 8.0 Hz, 6 H, GMe4EY), added dropwise with vigorous stirring. The color of the solution
1.05 (q,d4n = 8.0 Hz, 2 H, ZICH,CHj), 1.84* (obscured by §Mes, turned bright orange immediately. The cooling bath was removed,
ZnCH,CHj), 1.84 (s, 24 H, Mes), 2.40 (q,dun = 8.0 Hz, 4 H, and the mixture was warmed to room temperature. Removal of the
CsMeyEt). *Determined by*H—'H COSY spectrum. solvent and the remaining reagent under reduced pressure gave 123

Preparation of (Cp'Ru)a(u-H)2(u-ZnMe), (6a). A 50 mL mg (0.189 mmol, 102%) dbc as an orange-yellow soliéiH NMR
Schlenk tube was charged wit{97 mg, 0.204 mmol) and toluene (400 MHz, 1t, GDe, 6/ppm): —14.64 (s, 1 H, RH), —13.95 (s, 1
(10 mL). After cooling the solution te-78 °C, dimethylzinc (400~ H, RuH), 0.19 (s, 3 H, ZMe), 0.97 (q, I = 8.0 Hz, 2 H,
uL, 0.440 mmol) was added dropwise with vigorous stirring. The ZNCH2CHs), 1.76 (s, 30 H, @Me). *A signal attributable to the
color of the solution turned bright orange immediately. The cooling Methyl proton was not observed probably due to the overlap with
bath was removed and the reaction mixture was stirred at room the GMes signal. . )
temperature for 1.5 h. Removal of the solvent and the remaining _ Crystallographic Data Collection and Structure Determina-
reagent under reduced pressure gave 136 mg (0.214 mmol, 105%}i0N-: Suitable crystals a8b and4awere coated with silicon grease

of 6a as an orange-yellow solidH NMR (300 MHz, rt, GDs, and sealed in glass capillaries. Data were collected by a Rigaku
Slppm): —14.65 (s, 2 H, RH), 0.18 (s, 6 H, ZMe), 1.81 (s, 30 RAXIS-CS equipped with a sealed tube X-ray generator (50 kV,
H, CsMes). 13C NMR (125 MHz, rt, GDs, 6/ppm): 3.9 (q.Jcn = 1OQ mA) with monochromatized Mo d€(0.71070 A) rac_hatlor_l in
120.2 Hz, ZMe), 12.5 (q.Jcn = 126.5 Hz, GMe), 85.3 (sCsMes). a nitrogen stream at 223(231) gnd 293(2) K 44a). Each indexing '
Anal. Calcd for GHsgRu,Zny: C, 41.58: H, 6.03. Found: C,41.81: Was performed from three oscillations exposed for 90 s. The unit
H, 5.92. cell parameters and the orientation matrix for data collection were

determined by the least-squares refinement with the setting angles
listed in Table 4. Details of the data collection are summarized in
Table 4.

Structure Determination and Refinement. The direct method
on SHELXS-97! was applied ta3b and 4a. All structures were
refined onF2 by full-matrix least-squares methods, using SHELXL-
9721 Collected nonequivalent reflections witkr 2.00(1) were used

Preparation of (Cp'Ru)a(u-H)2(u-ZnEt), (6b). A 50 mL
Schlenk tube was charged witi{114 mg, 0.239 mmol) and toluene
(8 mL). After cooling the solution te-78 °C, diethylzinc (48QuL,
0.480 mmol) was added dropwise with vigorous stirring. The color
of the solution turned bright orange immediately. The cooling bath
was removed, and the mixture was warmed to room temperature.
Removal of the solvent and the remaining reagent under reduced
pressure gave 165 mg (0.249 mmol, 104%)6bfas an orange- (21) Sheldrick, G. M.SHELX-97, Programs for Crystal Structure

yellow solid.*H NMR (300 MHz, rt, GDs, 6/ppm): —14.01 (s, 2 Analysis (Release 97-2Vniversity of Gdtingen: Gatingen, Germany,
H, RuH), 0.99 (q,Juy = 8.0 Hz, 4 H, ZICH,CH,), 1.80* (obscured  1997.
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for the structure determination. The C2 atom3imis disordered are also grateful to Kanto Chemical Co., Inc., for a generous
with thermal parameters with 0.5:0.5 occupancy. The hydrogen supply of pentamethylcyclopentadiene.

atoms of methylene and methyl groups were included in the
refinement on calculated positions riding on their carrier atoms.
All calculations of least-squares refinements were performed with
SHELXL-97 programs.

Supporting Information Available: Tables of atomic coordi-
nates and parameters, bond lengths and angles, torsion angles, and
structure refinement details and ORTEP drawings3bfand 4a
with full numbering schemes; crystallographic data are also
available in CIF format. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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