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The crystal and molecular structure of tetra-u-
chloro-tetra-u-ethyloxycarbene-di-ushydroxo-dodeca-
carbonyl-di-chloro-hexaruthenium(Il )-benzene, [Rus-
Cla(COC,H )o,{OH)CO )] 2+ CeHg, have been deter-
mined. The complex crystallizes as monoclinic crys-
tals in space group P 2,/c with unit cell dimensions a
=10.71{2) A, b = 1041{2) A, ¢ =21.92(3) A, 8 =
113° 15'(10') and Z = 2. A three-dimensional X-ray
analysis, based on 3101 observed reflections, con-
verged to a R of 0.076. The crystal structure of the
complex consists of centrosymmetric hexanuclear
molecules. The three ruthenium atoms of the asym-
metric unit are octahedrally coordinated. The
octahedra share a common vertex occupied by a
hydroxo group which bridges three ruthenium atoms.
Significant differences in the Ru—Cl bond lengths are
accounted by the ‘‘trans influence’ of the carbene
nature of the C,HsCO groups.

Introduction

n-Allyl ruthenium complexes of formula RuX(C;-
H;)CO); (X = Cl, Br) have been used as catalysts in
several reactions involving unsaturated substrates
[1, 2]. The reactivity with different olefinic and
acetylenic ligands was also widely investigated [3].

In the course of these studies some new ruthenium
complexes, obtained in crystalline and amorphous
forms, by reaction of RuCl(C3Hs)CO); (I) with
ethylene were isolated [2].

Since the analytical and spectroscopic data (IR
and 'H n.m.r.) did not allow to establish exactly the
nature of the products and to understand some IR
and analytical differences observed for the crystalline
and amorphous product, recourse was had to X-ray
crystallography.

Experimental

Preparation

By reaction of I (1 g, 3.8 mmol) with ethylene
under pressure (50—-60 atm) at 70-80 °C for 10 h in
benzene solution and by standing the reaction
mixture in the autoclave at room temperature for
several days, a crystalline compound (II), initially
formulated as [RuCl(COC,H;)(CO),], with solvate
benzene, was obtained [Found: C, 24.57; H, 2.17;
Cl, 14.3; Ru, 40.2; M(benzene, Mechrolab Osmo-
meter), 1600. Calc. for C;,H,3ClsO,3Rug (on the
basis of the formula determined by X-ray structural
data): C, 24.09; H, 1.88;Cl, 14.22; Ru, 40.55%; M,
1495.7]. The complex could also be isolated as an
amorphous product (III) either by adding n-pentane
to the benzene solution or by evaporating to dryness
[Found: C, 23.82; H,2.18;Cl, 14.6;Ru, 39.2. CsH;-
ClO3Ru requires C, 24.05; H, 2.02; Cl, 14.21; Ru,
40.4%] .

IR and H n.m.r. Spectra

The IR spectra (Perkin—Elmer 225 spectrometer,
in KBr) of the crystalline and amorphous products
showed three bands in the carbonyl stretching region
at 2130 vw, 2060vs, 2005vs cm~! and the bands
assignable to a bridging acyl group (1543scm™") [4]
and to the terminal (329w cm™!) and bridging
chlorine atoms (290w and 260w cm™') [5]. The IR
spectrum of the crystalline product differed from
that of the amorphous one for a weak but sharp
absorption at 3280 cm™! [{(OH)], by a more com-
plex pattern of bands in the Ru—C—0O deformation
and Ru—C stretching region (650—400 cm™!) and by
the bands due to solvate benzene.

The 'H n.m.r. spectrum of the crystalline product
(Varian T 60 spectrometer, in benzene solution)
showed a quartet and a triplet at 7.32 and 9.15 7
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Structure of Ruthenium(ll) Carbene Complex

from TMS, in the proper intensity ratio for an ethyl
group, and a resonance at 109 r assignable to a tri-
ple bridging OH group [6]. This last resonance
was absent in the spectrum of the amorphous
product.

X-ray Crystallography

Unit-cell dimensions and space group for the
crystals of the complex II were obtained from
precession photographs taken with Mo Ka radiation.
The crystals belonged to the monoclinic system with
a=107112) A,5b=10412Q) A,c=2192(3) &, 8=
113° 15’ (10"). Systematic absences (hOl absent for
1 =2n + 1 and 0kO absent for k = 2n + 1) indicated
space group P 2,/c. For Z = 2 the calculated density
was 2.45 g/cm®.

The intensity data were recorded with Ni-filtered
Cu Kq radiation (A = 1.5418 A) by means of Weissen-
berg photographs with multiple film technique and
integration process. A crystal elongated in the b
direction was reduced to nearly cylindrical shape
with a radius of 0.013 cm (uR = 2.70 for Cu Ka
radiation). Nine layers with b as rotation axis (k = 0
through 8) were taken.

A total of 4138 independent reflections (3101
observed) were collected. The intensities measured
with a Nonius microdensitometer have been corrected
for Lorentz and polarization effects, for the incipient
but incomplete a; — a, spot doubling and for the
absorption factor using the three-constant formula
proposed by Palm [7] for cylindrical crystals.

Solution and Refinement of the Structure

The ruthenium atoms were located from three-
dimensional Patterson function. All chlorine, carbon,
and oxygen atoms were located by successive Fourier
syntheses. Various cycles of block-matrix least
squares refinement lowered the value of R = Z [|F,|
— |F,ll/ZIF4| to 0.092: unit weights were assumed
for all observed reflections, isotropic temperature
factors were attributed to carbon and oxygen atoms,
while anisotropic temperature factors were attributed
to ruthenium and chlorine atoms.

The anisotropic refinement was extended to all the
atoms and the weighting scheme \/w = 1/(a + |F| +
b|F,|?) proposed by Cruickshank [8] was introduced
with a =40.0 and b = 0.005.

Seventeen strong reflections, probably affected by
extinction, were excluded from the last refinement
cycles. The final R value was 0.076.

Scattering factors used in the structure factor
calculations were taken from International Tables
for X-ray Crystallography [9]. All the programs used
are incorporated in the X-ray 70 system [10].
Positional and thermal parameters for the atoms in
the asymmetric unit are given in Table I. Observed
and calculated structure factors are compared in
Table II.
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Results and Discussion

The resolution of the structure of the crystalline
product II allows to formulate this as tetra-u-chloro-
tetra-u-ethyloxycarbene-di-u 3-hydroxo-dodecacarbo-
nyl-dichloro-hexaruthenium(Il)-benzene,  [Ru;Cl;-
(COC;Hs),(OHXCO)s] 2*CoHe .

The crystal structure of II is composed of two
discrete hexanuclear molecules located at the
inversion centers at (0, 0, 1/2) and (0, 1/2, 0) in the
monoclinic unit cell. At another pair of centers at
(1/2, 0, 0) and (1/2, 1/2, 1/2) are two molecules of
benzene of crystallization.

This structure is closely analogous to that of a
toluene-containing form of di-u-aquo-di-u3-hydroxo-
deca(l,1,1 -trifluoropentane-2 4 -dionato)hexanickel-
(II) [11] which also crystallizes in the space group
P 2,/c with two hexanuclear molecules at two
inversion centers and two disordered molecules of
toluene at another pair of centers. The resemblance
goes further as both the complex molecules are com-
posed of two trinuclear units, related by a center of
symmetry and joined by two bridging water mole-
cules in the nickel complex and by two bridging
chlorine atoms in II. In both cases the three metal
atoms in the asymmetric unit are each octahedrally
coordinated and the three octahedra share a common
vertex at the position of the hydroxo group.

Fig. 1 is an ORTEP [12] drawing of the molecule.
Bond lengths and angles are given in Tables III and
IV, together with their standard deviations.

As shown the molecular structure of II has a
number of unusual features that seldom are present
in a same molecule.

The first one is the presence of two bridging C,Hs-
CO groups between the Ru(2) and Ru(3) atoms; a
similar situation was up to now found only in the
crystal structure of bis-(u-phenyloxycarbene-tricar-
bonyliron) [13]. In that case, however, the C atoms
of the two bridging groups are both linked to the
same iron atom, whereas the oxygen atoms are
linked to the other iron atom. The C—O bond lengths
of C;HsCO groups [C(7)-0(7): 1.246 & ; C(8)-0(8):
1.276 A] longer than that of a keto group (1.23 A)
and analogous to those found in the “carbene com-
pound” Fe,(CO)s[C(O)Ph], [13] and the Ru—C
distances [Ru(2)-C(8): 1.944 A; Ru(3)-C(7): 1.996
A], longer than the ruthenium carbonyl lengths
(1.89 A) but shorter than those of a Ru—C (o) bond
(2.07 A) [14], indicate for the bridging C,HsCO
groups an arrangement of carbene type [13]. The
carbene character of C,HsC(O) groups, which display
a high o-donor and a low m-acceptor power, is also
evidenced by the lengthening by trans effect [15, 16]
of the Ru(2)-C1(2) and Ru(3)-CI(1)" bonds.

The C,H; groups in II arise from the insertion of a
C,H, molecule into a ruthenium—hydrogen bond
formed by B-elimination of pentadienes from the
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TABLE II. Observed and Calculated Structure Factors (X 102). The reflections marked with a star were excluded from the last
refinement cycles.
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Structure of Ruthenium(II) Carbene Complex 237
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alkyl intermediate derived by a primary insertion of
ethylene into a ruthenium—allyl bond of I [2].

The second feature is the presence of a triple
bridging hydroxo group: such a group has been
previously characterized in the crystal structure of
[Pt(OHXCH3)3]4 [17,18],Nig(CF;COCHCOCH;),0-
(OH)Z(H20)2 [11] and [W(OH)(CO)3H]4'4 OPth'
Et [19]. As the hydroxo group is a five-electron
donor, in one molecule of II there are a total of sixty
ligand-donated electrons, so each ruthenium atom can
conform to the closed shell configuration without
any metal-metal bond.

The close approach 0(9)..CI(3)' [3.174(9) A]
between the oxygen of the hydroxo group and the
terminal chlorine atom is indicative of hydrogen
bonding: as appears from Fig. 1, the relative orienta-
tion of the two atoms is favourable for hydrogen
bonding which assures a further linking between the

two centrosymmetrically related trinuclear units in
the molecule. This is also confirmed by the sharp IR
absorption at 3280 cm™!, consistent with the O-H
stretching frequency for an O...Cl bond distance of
3.19 A [20]. The origin of the hydroxo group of
II, indicated also by a resonance at 109 7 in the 'H
nan.r. spectrum [6], is not clear: it might arise from
the moisture of the commercial ethylene used as well
as from decomposition of carbon monoxide [21].

The last feature of the molecular structure of II is
the different coordination of the three ruthenium
atoms in the asymmetric unit: in fact, Ru(2) and Ru-
(3) are identically coordinated, each being linked to
two carbonyl groups, to the “carbene atom” of one
ethyloxycarbene group and to the oxygen atcm of
the other ethyloxycarbene group, to a bridging chlo-
rine atom and to the triple bridging hydroxo group.
Ru(l) on the contrary is linked to three chlorine
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Figure 1. The molecular structure of [ Ru3Cl3(COC,H;s)2(OH)(CO)g] 2+ CeHe.
TABLE HI. Bond Distances (4)®. atoms (one terminal and two bridging), to two car-
bonyl groups and to the triple bridging hydroxo
Ru(1)-Ci(1) 2.446(3) Ru(3)-0(8) 2.094(10) group.
guggiigi %gzgg; Ru(3)~-0(9) 2.14609) Concerning the structure of the amorphous prod-
u .
Ru(1)-C(1) 1.851(19) C(1)-0(1) 1.109(24) uct, tbe IR spectrum does not shqw Fhe presence of
Ru(1)-C(2) 1.842(12) C(2)-0(2) 1.158(16) the triple bridging OH group and indicates a simpler
Ru(1)-0(9) 2.169(10) C(3>-0(3) 1.134(25) arrangement of the CO groups as results from the
RUD-CIY)  2.541(4) gg;:gg; H%ggg% lower Ru—C stretchings between 650 and 400 cm™ .
u 1 . . i i ~
Ru(2)-C(3)  1.854(20)  C(6)-O(6) 1.162(21) Ehehhlgh value Oft ﬂée nt'}?.lec‘ﬂard Wflgh}‘( 2t000,2
Ru(2)-C(3) 1.887(13) C(1H-0(7) 1.246(19) urthermore suggests for this product a “u-catena
Ru(2)—C(8) 1.944(16) C(8)-0(8) 1.276(19) arrangement of RuCl(COC,H;)(CO), units of type:
Ru(2)-0(7) 2.118(8) C(7)—C(©9) 1.497(17)
Ru(2)-0(9) 2.155(11) C(9)—C(10) 1.499(28)
) C(8)-C(11) 1.509(23) CaHs CaHs
Ru(3)-C1(1)! 2.5714) C(11)Qa2) 1.602(29) al CIO CI Clo . C|O I CIO
Ru(3)-C(5) 1.885(19) C(13)-C14) 1.43(5) ~C—0 C ~LC—0 Cl
Ru(3)-C(6)  1.805(17)  C(13~C(15)_  1.37(5) . T ' SR >
Ru(3)-C(7) 1.996(14) ca4)-casHt  1.37(5) | o—Cc” | a | to—c” | ~a
CcO | co CO | co
2The figures in parentheses are the estimated standard CoHs CoHs n
deviations. PThe symmetry code used in this and in the
subsequent table is the following:
i atom at -—x -y l-z Both the crystalline and amorphous products are

ii atom at 1-x -y —z stable in the solid state and give by treatment with
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TABLE 1V. Bond Angles (°)2.
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Bond Angles at the Ruthenium Atoms

C1(1)-Ru(1)-C1(2) 89.7(1)
C1(1)-Ru(1)-C1(3) 89.6(1)
C1(1)»-Ru(1)-C(1) 89.5(4)
Cl(1)-Ru(1)-C(2) 176.6(5)
Cl(1)}-Ru(1)-0(9) 85.4(2)
C1(2)-Ru(1)-C1(3) 172.3(2)
C1(2)-Ru(1)-C(1) 95.5(6)
CI(2)-Ru(1)-C(2) 87.6(6)
C1(2)-Ru(1)-0(9) 84.2(3)
C1(3)-Ru(1)-C(1) 92.2(6)
C1(3)-Ru(1)-C(2) 93.4(6)
C1(3)-Ru(1)-0(9) 88.0(3)
C(1)>-Ru(1)-C(2) 88.8(6)
C(1)»-Ru(1)-0(9) 174.9(4)
C(2)-Ru(1)-0(9) 96.2(6)
CI(2)-Ru(2)-0(9) 81.2(3)
Cl(2)-Ru(2)C@4) 89.7(5)
C1(2)-Ru(2)-0(7) 89.3(3)
C1(2)-Ru(2)-C(3) 99.3(6)
C1(2)-Ru(2)-C(8) 169.2(6)
0(9)-Ru(2)-C@) 98.1(6)
0(9)-Ru(2)-0(7) 81.5(4)
0O(9)-Ru(2)-C(3) 175.9(6)
Bond Angles in the Ligands
Ru(1)-CI(1)-Ru(3)! 130.0(2)
Ru(1)-C1(2)-Ru(2) 88.7(1)
Ru(1)-C(1}-0(1) 176.1(19)
Ru(1)-C(2)-0(2) 178.1(17)
Ru(2)-C(3)-0(3) 174.8(16)
Ru(2)-C(4)-0@4) 176.6(17)
Ru(3)-C(5)-0(5) 172.5(15)
Ru(3)-C(6)-0(6) 177.6(13)
Ru(1)-0(9)-Ru(2) 106.0(4)
Ru(1)-0(9)-Ru(3) 126.1(4)
Ru(2)}-0(9)-Ru(3) 103.0(4)

Bond angles in the Benzene Molecule

C(14)-C(13)-C(15) 118.6(31)
C(13)-C(14)-C5)i 119.1(29)
C(13)-C(15)-C4)H 122.3(33)

0(9)-Ru(2)-C(8) 88.1(6)
C4)-Ru(2)-0(7) 178.9(11)
C@4)»-Ru(2-C(3) 86.0(7)
C(@4)»-Ru(2)-C(8) 92.2(6)
O(7)-Ru(2)-C(3) 94 .4(5)
O(7)-Ru(2)-C(8) 88.7(4)
C(3)-Ru(2)-C(8) 91.4(8)
0(9)-Ru(3)-Cl1(1)1 88.3(3)
0(9)>-Ru(3)}-C(5) 100.2(6)
0(9)-Ru(3)-C(7) 87.2(5)
0O(9)»-Ru(3)-C(6) 174.4(7)
0(9)-Ru(3)-0(8) 82.2(4)
CL(1)-Ru(3)—C(5) 87.6(6)
CI(1)-Ru(3)-C(7) 175.2(5)
CI(1)'-Ru(3)-C(6) 92.4(5)
C1(1)-Ru(3)-0(8) 93.1(3)
C(5)»-Ru3)-C(7) 91.6(7)
C(5)-Ru(3)-C(6) 85.4(8)
C(5)-Ru(3)-0(8) 177.6(5)
C(7)-Ru(3)-C(6) 92.3(7)
C(7)-Ru(3)-0(8) 88.0(5)
C(6)-Ru(3)-0(8) 92.2(6)
Ru(2}-O(7)-C(7) 124.7(8)
Ru(3)-C(7)-0(7) 117.2(8)
Ru(3)-C(7)»-C(9) 126.7(12)
O(7)-C(7)-C(9) 116.1(13)
C(7)-C(9)-C(10) 110.9(12)
Ru(3)-0(8)-C(8) 124.7(10)
Ru(2)-C(8)-0(8) 117.5(11)
Ru(2)-C(8)»-C(11) 127.5(12)
O(8)-C(8)-C(11) 115.0(14)
C(8)-C(11)-C(12) 116.3(16)

2The numbers in parentheses are the corresponding standard deviations.

triphenylphosphine or pyridine, with releasing of
carbon monoxide and breaking of the bridging struc-
ture, the same mononuclear compounds Ru(COC,-
H;)(CO)L,Cl-Sv (L = PPh;, Py; Sv = benzene,
methylene chloride, tetrahydrofuran) [2] .
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