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RUTHENIUM) 
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(Ike.ived January 2.5tI.1, 1967) 

Complexes of composition Cp2M,(CO), (I) have been prepared for M = Fe, 
Ru and Osle6. These complexes are of special interest structurally since they exist 
in solution in two isomeric molecular forms, the proportions of which are tempera- 
ture dependent. The “low temperature” form (II) contains two bridging and two non- 
bridging carbonyl grdups whilst the “high temperature” form (III) contains no bridg- 
ing groups. In the case of (I ; M = Fe) the form which occurs in the solid, at room 
temperature, is (IV), a centrosymmetric modification of the “low” form (II)7. In 
solution, at room temperature, the “low” form predominates, but since these solutions 
are polar, e.g. in benzene p = 3.10+0.10 D8, this form cannot be the form (IV). 
Solutions of (I ; M = Ru) are also polar, p = 2.75 kO.12 D’, and contain both isomers ; 
at room temperature approximately equal proportions of both forms occur’. The 
infrared spectrum of the solid is similar to that of the iron complex with absorptions 
in the region of 1946 and 1764 ems- ’ indicative of bridging carbonyl groups. We have 
undertaken the analysis of the ruthenium complex to establish the structure in the 
solid and to obtain values of Ru-Ru and Ru-C bond lengths. The structure of the 
osmium complex, which appears to exist in both solution and solid as the “high” 
form (III) is also under investigation. 

DISCUSSION 

The crystal structure of Cp,Ru,(CO), is very similar to that of CpzFe,(CO),. 
The molecules are centrosymmetric with two bridging and two non-bridging car- 

bony1 groups and so have the cyclopentadienyl groups arranged truns to one another. 
The bridging carbonyl groups and the ruthenium atoms are coplanar. The terminal 
carbonyl groups make an angle of 93.3” and the normals to the cyclopentadiene rings 

TABLE 1 
W’IERATOWC DISTANCES ((i) 

Bond M=Fe M=Ru d&-k 

W-W 1.24, 1.36, O-i22 

M-CO(terminal) 1.75 1.86 0.11 
M-CO[bridge) 1X5 1.99 0.14 
MX(ring) 212 2-26 0.14 
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406” to this plane. The bridging groups are symmetrical with a mean Ru-C distance 
of 1.99 & which is 0.13 A longer than the Ru-C(terminal) value. Table 1 illustrates 
that the differences in bond lengths between the ruthenium and iron complexes can 
be accounted for by the increased size of the ruthenium atom. Al1 the differences are 
consistent with an increase jn metal radius of0.12 A. 

The cyciopentadienyl rings are planar to within 0.01 A and the metal-ring 
plane distance is 1.91 A_ The cyclopentadienyl rings lie symmetrically with respect to 
the ruthenium atoms. Thus the vector from the ruthenium atom to the centroid of the 
ring makes an angle of only I* with the normal to the ring plane. The average Ru- 
C(ring) separation, 2.26& is larger than that observed in ruthenocene”, 2.21 A, and 
this parallels the trend shown between Cp,Fe, (CO),, 2.11 A, and ferrocene, 2.05 A’ ‘_ 
Individual C-C distances in the rings are not significantly different. 

The Ru-Ru distance, 2.73, & is significantly longer than the separation found 
in the metal itself. No other Ru-Ru distances are available for comparison. 

EXPERIMENTAJ-. 

A crystalline sample of bis(cyclopentadienyldicarbonylruthenium) was kindly 
supplied by Professor E. 0. Fischer. The unit cell and space-group were determined 

TABLE 2 
CRYSTAL DATA OF BLS(CYCLOPENTADIE~~LDlCARBONYLRWIENIUbf AND -IRON) 

System 
Mol. WL 
= (A) 
b (A> 
c (fv 
B 
u(A’) - 
Z 
D,(flotation) (&cm-‘) 
R (g-cm-‘) 
Space-group 
Radiation 
hki 

C 14 IO 4 H 0 Ru, 

Monoclinic 
444.36 
7.10 
12.48 
8.04 
101.33O 
@W) 
2 
213(Z) 
214 
P&/c (CZh5, No. 14) 
MO-K, 
three-dimensional 

C1.81004~~2 (ref. 7) 

Monoclinic 
353.92 
7.07 
12.46 
7.99 
10X.41° 
668(6) 
2 
1.77(f) 
1.76 
P&/c (Czh5, No. 14) 
Co-K, 
two-dimensional 

from precession and cone axis photographs taken with molybdenum radiation. The 
crystal data are compared with those of the iron complex in Table 2. 

Three-dimensional intensity data were estimated visually from precession 
photographs of the levels nkZ; n = 0, 1,2, 3 and hkn; n = 0, 1, 2, 3. The crystal used 
was of maximum dimension 0.35 mm and absorption corrections were not applied 
(p for Mo-K, radiation = 23.8 cm-‘). The data were correlated by the iterative least- 
squares procedure suggested by Hamilton, Rollett and Sparks” and coded for the 
Atlas computer. In all some 1413 inde_pendently observed reflexions were used. The 
structure was solved from Patterson and electron-density syntheses. The final refime- 
ment was based on, 1296 reflexions subsequent to the observation that 117 reflexions 
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in a well defmed region of reciprocal space on some photographs were repeatedly 
calculated with higher intensities than those observed. That this was associated with 
the use (or misuse) of the 3 mm annulus screens seems most likely since a later trial 
photograph taken with 5 mm screens showed no attenuation of intensity for these 
refl exions. 

The structure was refined by the full-matrix least-squares method. The pro- 
gramme used was a modification of that of Busing, Mtiin and Levy13. Analysis of 
the distribution of G bvAF2 against F,, and six&J/I.* showed that the weighting scheme 
used, w- 1 = l+O_OOiF,2, gave a uniform distribution of errors. Unobserved re- 
flexions, which were included in the data with F, = 0, were given zero weight if 
F,c 2.0 (the lowest recorded non-zero value of F,) ; if F, 22.0 then AF was set to 
t2.0 F, with a weight of 0.6. This arbitrarily adjusted weight brought the value of 
C&F* for unobserved reflexions into line with the main body of reflexions. Four 
cycles of least-squares were sufficient to make all shifts, positional and isotropic 
thermal, less than 0.4 e.s.d. (R = 11.5 %)_ A difference synthesis, however, showed 
clearly that the ruthenium atom should be treated anisotropically. When this was 
done the R value improved to 9.2%. Attempts to locate hydrogen atoms, based on 
probable positions calculated on the assumption of sp2 directions from the rings, 
were inconclusive and they were not included in the refmement. The light atoms were 
not refined anisotropically. 

The final atomic parameters are listed in Table 3. A sketch of the molecule, 
showing the more important interatomic distances and angles, but without standard 
deviations, is shown in Fig. 1. A fuller list, together with estimated standard deviations 

TABLE 3 
ATOMIC PARAh- 

Atom .x/a 

RU 0.0894( 1) 
C (bridge) -0.1017(19) 
0 (bridge) -0.1884(17) 
C(terminal) -0.1061(20) 
O(terminal) -0.2236(17) 
Cl (ring) 0.3528(22) 
CZ(rirlg) 0.2401(25) 
C3(ring) 0X05(23) 
C4(ring) 0.3504(24) 
C5 (ring) 0.4212(Z) 

y/b 

0.0646( 1) 
-0.0556(S) 
-0.1028(S) 

O-1668(9) 
0.2303(g) 

-0.0275(10) 
O.C!081(11) 
0.1219(10) 
0X56(11) 
0.0636(10) 

z,k B(-+f’) 

0.1336(i) 
0.1086(19) 2.76(20) 
0.2044( 18) 4.88(21) 
0.0808(20) 3.42(21) 
O.W94( 17) X19(23) 
0.2886(22) 4.02(24) 
0.4001(27) 4X0(30) 
0.3945(24) 4.16(25) 
0.2858(24) 4.49(28) 
0.X27(27) 4X%(3 1) 

The quantities enclosed in brackets are the estimated standard deviations estimated from the 
inverted least-squares matrix of the fmai cycIe of refinement and are in units of the last place of decimals 
given. 

The anisotropic temperature coefficients for the ruthenium atom are : 

bll = 0.01329(25) bz2 = 0.00420(6) b,, = 0_00862(21) 
bl+ = 0.00049(8) b13 = 0.00307(25) b,, = 0.00059(7) 

where expression for the temperature factor is : 

exp -(b,,fr2+b~,k2+b~,J*+b,,hk+b,,hJ+b~~kl) 

calculated from the inverse of the fullmatrix, is given in Table 4. Fig. 2 shows a pro- 
jection of the structure down the b axis. 
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Fig. 1. Sketchshowing main interatomicdistances &cd angIes. 

TABLE 4 

lNARAMOLECULAF& DIsTATCE.SAND~l-ED 

sl-Ar.JDARDD~mnoEis 

Nl-RAMOlBZULAR AXGLES AND I?sTBtA-i-EDsT~ARD 

DJzvunoNs 

Ru-Ru 
R&B 
RuXe 
Ru-C, 
RU-CL 
Ru-C2 
Ru-C3 
Ru-C4 

2735(2) 
X998(13) 
1.975(13) 
1.855(14) 
2x4(15) 
2.259(B) 
2.225(16) 
2.257( 17) 

Ru-C5 
C-0, 
C*T 
Cl-G? 
czC3 
c3-C4 
W-C5 
C5-Cl 

2.282(18) 
1.247(B) 
l-132(18) 
f-413(24) 
l-421(24) 
l-374(23) 
l-436(25) 
l-431(24) 

Ca-Ru-C;, 93.0(5) Ca-Ru-Ru’ 46.1(4) 
C~RU-C, 92.4 (6) Ce-Ru-Ru’ 46.8 (4) 
Cl-RU-C;, 91-S(6) G-G-G 107(l) 
Ru-Ce-Ru’ 87.0(5) C2-G-G 1Wl) 
Ru-Ca-0, 136(l) c3-G-G 1wu 
Ru-C&O;, 137(l) C*-C,-G lW1) 
Ru-G-Or 179(l) G-G-C, l@W 

The angles subtended at a carbon atom oithe ring by the ruthenium atom and an adjacent carbon 
atom vary between 70 and 73O with e.s.d. 1’ and avarage value oT71.8”. The angles subtended at the ruthe- 
nium atom by two adjacent carbon atoms in the ring vary between 36 and 37” with e-s-d. 0.6” and average 
value 36.4”. Ca = C(bridge); C, = C(termina1). 

Best least-squares planes through atomic positions 
In the following equations the quantities X, YZ refer to orthogonal coordinates 

obtained by the transformation 

[;]$j I ::;j;] [G$] 

@) Plane through Ru, C(bridge) and the origin i.e. the rnolectllar centre of 
symmetry- 

0.7128X - 0.6537 Y-I- 0.25422 = 0 

The oxygen atom of the bridging carbonyl group is within 0.001 A of this plane. 
(ii) Plane through Cl, C2, C3, C4 and C5 : 

0.6546x + 0.0123 Yi- 0.75582 = 2.9520 
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Distances of atoms from this plane 

Cl 0.006~ C2 0.000. C3 -00.007 
c4 0.010 CS -0.010 Ru 1.910 

Fig. 2. Projection of structure along the b axis. The shortest non-bonding distances are shown. 
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SUMMARY 

The structure of bis(cyclopentadienyldicarbonylruthenium) has been deter- 
mined in the solid at room temperature. The crystals are monoclinic with a = 7.10, 
b = 12.48, c = 8.04A and p = 104.33°. The cell dimensions, space-group and structure 
are compared with those of bis(cyclopentadienyldicarbonyliron). The Ru-Ru 
distance is 2.73 & Ru-C(terminal CO) 1.86 A, Ru-C(bridging CO) 1.99 A and 
Ru-C(ring) 2.26& In the solid the structure is centrosymmetrical. 
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