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Summary: The binuclear ruthenium complex (Me;-
SiSiMey)[(7°-CsH4)RU(CO)]2(u-CO), (3) was obtained in
poor yield by reaction of Ru3(CO);» with CsHsMe;-
SiSiMe,CsHs in boiling heptane. A thermal rearrange-
ment reaction of 3 in heptane afforded the complex
[(Me2Si)(7°-CsH4)RU(CO),]2 (4), which was evidently
formed via a metathesis between Si—Si and Ru—Ru
bonds in 3. Molecular structures of 3 and 4 have been
determined by X-ray diffraction.

Introduction

There is currently considerable interest in the syn-
thesis and study of a variety of transition-metal com-
plexes which either activate or contain a silicon—silicon
bond.? We recently reported a novel rearrangement
reaction involving an intramolecular metathesis be-
tween Si—Si and Fe—Fe bonds in the dinuclear iron
complex (Me;SiSiMey)[(575-CsH4)Fe(CO)]2(u-CO), (1).2
The reaction involves formally the rupture of one Si—
Si and one Fe—Fe bond and the formation of two Si—
Fe bonds. The rearrangement product [(Me,Si)(°-
CsH4)Fe(CO)2). (2) has C; symmetry, and the six-
membered ring consisting of two silicon, two iron, and
two bridgehead carbon atoms of the cyclopentadienyl
ring adopts a stable chair conformation. Subsequently,
an alternative mechanism was proposed on the basis
of detailed investigations of the rearrangement ste-
reospecificity, reaction intermediates, and crossover
reaction.® In order to extend the applied range of the
rearrangement, the similarity of electron configuration
between ruthenium and iron prompted us to synthesize
the related ruthenium analogue (Me;SiSiMey)[(17°-CsH.)-
Ru(CO)]2(u-CO), (3) and to examine the metathetical
reaction between Si—Si and Ru—Ru bonds.

Experimental Section

Schlenk and vacuum line techniques were employed for all
manipulations of air- and moisture-sensitive compounds.
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Reaction solvents were distilled from appropriate drying
agents under argon before use. Tetrahydrofuran, hexane,
xylene, and heptane were distilled from sodium/benzophenone
ketyl and purged with an argon atmosphere prior to use. CsHs-
Me,SiSiMe,CsHs* was prepared according to a literature
methods. 'H and 3C NMR spectra were obtained on a Bruker
AC-P200 spectrometer using CHCI; (6 7.24 ppm (*H), 77.0 ppm
(*3C)) as an internal standard, while 2°Si NMR spectra were
recorded on the same spectrometer using SiMe, as an internal
standard. Elemental analyses were performed on a Perkin-
Elmer 240C analyzer. Infrared spectra were obtained as KBr
disks and recorded on a Nicolet 5DX FT-IR spectrometer.

Preparation of Compounds 3 and 4. A solution of 1.80
g (7.2 mmol) of CsHsMe,SiSiMe,CsHs and 1.0 g (1.93 mmol)
of Ru3(CO)12 in 95 mL of heptane was refluxed for 4 h. Solvent
was removed under vacuum to give a yellow-brown oily
residue, which was introduced to an alumina column in a
minimum amount of dichloromethane. Elution with hexane
developed a yellow band, and after collection a crude product
was obtained, which was further purified by preparative TLC
to yield 60 mg (4%) of colorless crystals (4). Elution with
hexane-dichloromethane (3:2) gave another yellow band, and
after collection a crude oily product was obtained, which was
further purified by preparative TLC to afford 50 mg (3%) of
golden yellow crystals (3). Data for 3 are as follows: Mp: 171—
172 °C. Anal. Calcd for CigH,004RU,Si,: C, 38.70; H, 3.61.
Found: C, 38.63; H, 3.48. 'H NMR (CDCl3): ¢ 0.27 (s, 12 H,
SiMey), 5.22 (t, 4 H, Cp H), 5.73 (t, 4 H, Cp H). IR (vco, cm™Y):
1976 (s), 1932 (m), 1807 (m), 1767 (s). Data for 4 are as
follows: Mp: 209—210 °C. Anal. Calcd for CigH2004RUSSi;:
C, 38.70; H, 3.61. Found: C, 38.67; H, 3.56. 'H NMR
(CDCl3): 6 0.47 (s, 12 H, SiMe), 5.37 (s, 8 H, Cp H). *C NMR
(CDClg): 6 7.95 (SiMe), 87.1 (Cp), 98.1 (Cp), 99.8 (ipso Cp),
202.1 (Ru—CO0). 2°Si NMR (CDCl3): 6 20.8. IR (vco, cm™2):
1990 (s), 1933 (s), 1905 (sh, w).

Thermal Rearrangement of 3. A solution of complex 3
(90 mg) in 15 mL of heptane was refluxed for 11 h. The solvent
was removed under vacuum. The residue was introduced to
an alumina column in a minimum amount of dichloromethane.
Elution with hexane yielded 30 mg (33%) of colorless crystals
(4).

Crystallographic Studies. Crystals suitable for X-ray
diffraction were obtained from hexane/dichloromethane solu-
tions. All data sets were collected on Enraf-Nonius CAD-4 or
Rigaku AFC 7R diffractometers with graphite-monochromated
Mo Ka radiation. The corrections for empirical absorption
were applied to intensity data. The structures of 3 and 4 were
solved by direct methods and expanded using Fourier tech-
niques. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms for 4 were refined isotropically. Hydrogen
atoms for 3 were included but not refined. All calculations
for 4 were performed using the teXsan Crystallographic
Software Package of Molecular Structure Corp., while for 3,
all calculations were performed on a PDP 11/14 computer

(4) Kumada, K.; Kondo, T.; Mimura, K.; Ishikawa, M.; Yamamoto,
K.; Ikeda, S.; Konda, M. J. Organomet. Chem. 1972, 43, 293.

(5) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. 1V,
Table 2.2A.
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Table 1. Summary of X-ray Diffraction Data

3 4

formula C13H2004RUzSi2 ClgHzoOARUZSiz
fw 558.67 558.67
space group P1 P21/n
cryst syst triclinic monoclinic
y4 2 2

a(A) 7.812(3) 9.043(6)

b (A) 10.178(4) 10.681(4)
c(A) 15.702(5) 10.866(5)
a, deg 76.11(3) 90

f, deg 78.16(3) 95.83(4)

y, deg 70.87(3) 20

V (A3) 1042(1) 1044.1(9)
dcalc (g Cm_l) 1.779 1.777

0.10 x 0.15 x 0.40 0.20 x 0.20 x 0.30
Mo Ko (0.710 73) Mo Ka (0.710 73)

cryst size (mm)
radiation (A3)

u,cmt 15.53 15.81
data collection method w—26 w—20
max 26, deg 46 50
total no. of observns 2862 2069
no. of unique data, 1562 1712
1 > 3o(l)

final no. of variables 235 159
R2 0.068 0.017
Rw? 0.068 0.028
goodness of fit 2.70 151

33 [IFol = IFll/ZIFol. ® [XW(IFo| — [Fel)FwI|Fol?]42.
Table 2. Selected Bond Lengths (A) and Angles

(deg) for 3
Bond Distances

Ru(1)-Ru(2) 2.700(1) Ru(2)—C(1) 1.86(2)
Si(1)-Si(2) 2.316(9) Ru(2)—-C(2) 2.05(1)
Ru(1)—C(1) 2.01(1) Ru(2)—C(4) 1.83(1)
Ru(1)-C(2) 1.96(1) Ru(1)—Cp(1) 1.9062
Ru(1)—C(3) 1.91(2) Ru(2)-Cp(2) 1.9018

Bond Angles

Ru(1)-Ru(2)-C(21) 108.9(4) Ru(1)—C(11)-Si(l) 129.4(9)
Ru(2)-Ru(1)-C(11) 108.0(5) Ru(2)—C(21)-Si(2) 124.6(6)
Ru(1)-C(1)-Ru(2)  88.4(7) C(11)-Si(1)-Si(2)  120.6(5)
Ru(1)-C(2)-Ru(2)  84.6(6) C(21)-Si(2)-Si(l) 116.0(4)

a8 The distance from the centroid of the Cp ring to the linked
Ru atom.

Table 3. Selected Bond Lengths (A) and Angles

(deg) for 4
Bond Distances
Ru—Si 2.4074(9) Ru—Cp(1) 1.91552
Ru—C(1) 1.859(3) C(1)-0(1) 1.145(3)
Ru—C(2) 1.857(3) C(2)-0(2) 1.147(3)
Bond Angles
Ru*—Si—C(7) 111.30(8) C(1)—Ru—C(2) 89.6(1)
Ru—C(7)-Si 130.5(1) C(8)—Si—C(9) 106.3(2)
Si*—Ru—C(7) 100.76(6)

a8 The distance from the centroid of the Cp ring to the linked
Ru atom.

using the SDP-PLUS program system. Neutral atom scatter-
ing factors were taken from the tabulations of Cromer and
Waber.5 For 3, the maximum and minimum peaks on the final
difference Fourier map corresponding to 1.3 and —1.16 e/A3
were associated with the Ru(l) atom. A summary of the
crystallographic results is presented in Table 1. Selected bond
distances and angles for 3 and 4 are given in Tables 2 and 3,
respectively.

Results and Discussion

Synthesis of 3 and Its Thermal Rearrangement
Reaction. We recently reported that the diruthenium
complex (Me,Si)[(7°-CsH4)RU(CO)]2(4-CO), was pre-
pared by heating a solution of Ru3(CO), and CsHsMe;-

Notes

Scheme 1

Ru3(CO) ég o ;Z
@-MeZSi—SiMeZ—G Ru (O ez O
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SiCsHs in heptane.® The same method is successful for
(MezSiSiMey)[(17°-CsHa)Ru(CO)]2(u-CO)2 (3). Thus, when
Ru3(CO)12 and a 3-fold excess of the ligand CsHsMe;-
SiSiMe,CsHs were heated under reflux in heptane for
4 h, 3 was obtained in 3% yield (Scheme 1). In addition,
the rearrangement product 4 was simultaneously iso-
lated in 4% yield. When the reaction time was pro-
longed to 7 h, only 4 was obtained in 6% yield.
Changing the solvent did not produce a satisfactory
result. Even 3 could not be formed in hexane, owing to
the lower refluxing temperature. In xylene both 3 and
4 were not isolated since Ru3(CO);, decomposed exten-
sively over the course of the reaction. To illuminate the
relationship between 3 and 4, a heptane solution of pure
3 was refluxed for 11 h. It was found that 3, despite
the decomposition, was entirely converted into 4. This
indicates that 4 is the rearrangement product of 3. The
rearrangement result is totally consistent with the case
previously reported for the iron analogue.?

Complex 3 can undergo rearrangement in boiling
heptane, and the rearrangement temperature is much
lower than that of 1, indicating that the rearrangement
reaction of 3 proceeds more readily than that of 1.
According to the mechanism we proposed previously, the
rearrangement involves initial thermal homolysis of
metal-metal bonds and formation of an active interme-
diate containing two metal-centered radicals.® Since
Ru—Ru bonds are usually weaker than Fe—Fe bonds,
it is assumed that 3 is inclined to dissociate more readily
than 1. Thus, it is not difficult to understand that 3
with Ru—Ru bonds can undergo the rearrangement at
lower temperature.

Complex 3 is an air-stable golden yellow solid, The
IR spectrum of a KBr disk consists of two terminal
carbonyl absorptions and two bridged carbonyl absorp-
tions, which is consistent with the formulation. The H
NMR spectrum shows one singlet at 0.27 ppm (Me;-
SiSiMe;) and two groups of resonances at 5.22 and 5.73
ppm (AA" and BB' parts of the Cp AA'BB’ spin system).
Complex 4 is obtained as air-stable colorless crystals.
The 'H NMR spectrum indicates one singlet at 0.47 ppm
(Me3SiSiMey) and only one group of resonances at 5.37
ppm (the Cp AA'BB’ spin system), possibly due to the
difference of chemical shifts between a- and g-protons

(6) Zhou, X.; Zhang, Y.; Xu, S.; Tian, G.; Wang, B. Inorg. Chim. Acta
1997, 262, 109.



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on December 23, 1997 on http://pubs.acs.org | doi: 10.1021/0m9706424

Notes

Figure 1. Molecular structure of (Me,SiSiMe,)[(7°-CsH,)-
Ru(CO)].(u-CO), (3). Hydrogen atoms are omitted for
clarity.

being too slight. The 13C and 2°Si NMR spectra of 4
are rather analogous to those of its iron analogue 2,
except for the difference in chemical shifts.

The formation of 4 from 3 implies formally the
rupture of one Si—Si and one Ru—Ru bond and the
formation of two Si—Ru bonds. Under ordinary condi-
tions, the reaction between Si—Si and Ru—Ru bonds is
difficult; therefore, few examples of this type have been
reported.” The driving force of this reaction presumably
comes from the strain force of the cyclic structure of 3,
containing simultaneously one Si—Si and one Ru—Ru
bond. This is based on the fact that no reaction was
observed when a mixture of MesSiSiMe; and [(°-t-
BuCsH,)Ru(CO)]2(u-CO), (5) was heated at reflux.8 In
addition, this conclusion is further supported by studies
on some reactions of iron analogues. We have found
that no reaction was observed when a mixture of PhMe;-
SiSiMe,Ph and [(5°-CsHs)Fe(CO)]2(«-CO), or solely [(#°-
MesSi>CsHa)Fe(CO)]2(u-CO), in xylene was heated at
reflux.® In the former case, Si—Si and Fe—Fe bonds
exist in two different molecules, while in the latter,
there is an absence of a six-membered cycle containing
one Si—Si and one Fe—Fe bond. Similar treatment of
the trisilane-bridged analogue [(77%:77°-CsH4(SiMe2)3CsHa)-
Fe(CO)]2(u-CO), does not lead to the occurrence of the
rearrangement reaction between Si—Si and Fe—Fe
bonds.10 All these things indicate that the six-mem-
bered ring consisting of two silicon, two iron (or ruthe-
nium), and two bridgehead carbon atoms of the cyclo-
pentadienyl ring is of significant importance to the
rearrangement.
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Figure 2. Molecular structure of [(Me;Si)(r>-CsH4)Ru-
(CO)2]2 (4).

Crystal and Molecular Structures of Complexes
3 and 4. The molecular structure of 3 is shown in
Figure 1. The molecule consists of two [(7°-CsH4)Ru-
(CO),] moieties linked by one dislane bridge and one
Ru—Ru bond, and its structure is very similar to that
of the iron analogue.? 3 has mirror symmetry except for
some twisting about the Si—Si bond, and the six-
membered ring Ru(2)—Ru(1)—C(11)-Si(1)-Si(2)—C(21)
constituting the molecular framework adopts a twist-
boat conformation. It should be noted that the molecule
of 3 prefers to take a carbonyl bridging configuration,
similar to the case for the analogue (Me,Si)[(175-CsHa)-
Ru(CO)]2(u-CO),,611 rather than a nonbridging form
appearing in the molecule of [(#%:%°-CsH4CH2CsH4)RuU,-
(C0O)4].22 The Ru—Ru bond distance (2.700(1) A) is close
to that (2.706(1) A) in (Me2Si)[(77°-CsH4)Ru(CO)]2(u-CO)
and slightly shorter than that in trans-[(°-CsHs)Ru-
(CO)]2(u-CO)2 (2.735 A),13 presumably as a consequence
of the existence of a disilyl bridge in 3, and much shorter
than those in the related compounds [(3%:#°-CsHgs-
CH2CsH4)Ru2(CO)4] (2.766(1) A)2and [(HSZnS-Clng)RUZ-
(CO)4] (2.821(1) A),24 attributable to the existence of two
bridging carbonyl groups. The Si—Si bond length
(2.316(9) A) is slightly shorter than that (2.346(4) A) in
the iron analogue.? The silicon methyl groups are
almost eclipsed with one another (the smaller C—Si—
Si—C torsion angles fall in the range of 1.07—7.11°,
compared to 12.1-13.3° in 1). The Cp ring planes in 3
are inclined toward one another at a shallower angle
(91.9°) than is usually the case in related species: e.g.
103.53°, (MezSi)[(17°-CsH4)RU(CO)]2(u-CO)2;81t 112.9°,
[(7’]5:175'C5H4CH2C5H4)RUZ(CO)4];12 151.5°, [(775:1’]5-C10H8)-

(11) Bitterwolf, T. E.; Leonard, M. B.; Horine, P. A.; Shade, J. E.;
Rheingold, A. L.; Staley, D. J.; Yap, G. P. A. J. Organomet. Chem. 1996,
512, 11.

(12) Knox, S. A. R.; Macpherson, K. A.; Orpen, A. G.; Rendle, M. C.
J. Chem. Soc., Dalton Trans. 1989, 1807.

(13) Mills, O. S.; Nice, J. P. J. Organomet. Chem. 1967, 9, 339.

(14) Vollhardt, K. P. C.; Weidman, T. W. J. Am. Chem. Soc. 1983,
105, 1676.
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Figure 3. View of 4 along the straight line from the
centroid of the Cp ring to the linked Ru atom.

Ruy(CO)4].%* This indicates that the dihedral angle
between the two Cp rings decreases with an increase
in the bridge length. The two silicon atoms are bent
out of the linked cyclopentadienyl rings by 0.318 and
0.075 A, respectively.

Notes

The molecular structure of 4 is shown in Figure 2.
The molecule consists of two [(Me,)Si(;7°-CsH4)Ru(CO),]
moieties linked by two Ru—Si bonds. Like many related
analogues,?1® 4 has C; symmetry, and the six-membered
ring Ru—Si*—C(7*)—Ru*—Si—C(7) constituting the mo-
lecular framework adopts a stable chair conformation
(Figure 3). The Ru—Si distance (2.4074(9) A) is shorter
than the estimated Ru—Si single-bond length (2.44 A)16
and also shorter than those (2.452(3)-2.507(8) A)7 in
acyclic molecules, and a similar phenomenon was also
observed in the iron analogue 2.2 This may be a factor
in the smooth advancement of the rearrangement reac-
tion.
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