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It has been reported’ that when a pentane solution of cyclopentadienyldi- 
carbonylrhodium’ is allowed to stand for some weeks, dimerisation occurs. The IR 
spectrum of this dark red crystalline compound showed a close similarity to that of 
bis(cyclopentadienyldicarbonyliron) whose structure, in the solid3, contains two 
bridging and two terminal carbonyl groups in a centrosymmetiic molecule. As a result 
of our request for a sample of this dimer, a further preparation was put in hand. 
However, in an attempt to hasten the reaction, the solution was irradiated with 
ultraviolet light. fn this paper we report the analysis of the dark red compound 
formed during this irradiation and show that these crystals are the previously unknown 
CP2-W CO),. 

DISCUSSION 

The analysis of the photolysis product has demonstrated that during irradiation 
one carbonyl group has been lost from two monomer units. The product is the first 
example of a binuclear species which contains a single bridging carbony group. A 
sketch of the molecule is shown in Fig. 1. Atomic coordinates are listed in Table 1 and 
details of the molecular geometry in Table 2. 

Fig 1. Sketch of molecule showing atom numbering. 

The structure consists of discrete molecules with no intermolecular contacts 

less than 3.4%1 (hydrogen atom positions were not determined);The local environment 
of each rhodium atomis similar since an approximate two-fold axis passes thrdugh the 
bridging carbonyl group, perpendicular to the Rh-Rh vector.‘The n-cyclopentadienyl 
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Intramolecular angles and estimated standard deviations (degrees) 

339 

Cl-Rhl-RIG 47.6(S) Cl-Rh2-Rhl 48.4(S) 
Cl-Rhl-cZ 90.6 (8) Cl-Rh2-C3 91.9(8) 
c2-Rhl-Rh2 89.5 (6) C3-Rh2-Rhl 88.2(7) 
Rhl-Cl-Rh2 84-O(6) Rhl-C2-02 177_0(17) 
Rhl-Cl-01 136.5(17) Rh2-4x-03 175.6(19) 
Rh2-c1-01 139.2(16) 
C4-CS-C6 . 108.6(16) C9-clO-c11 103.0(20) 
cS-C6-C7 110.0(20) c1O-c11-c12 108.8(21) 
C6-C7-C8 110.3(19) Cll-Cl2-Cl3 104.6(24) 
c7-c8-C4 IO4.8(19) c12-c13-C9 112.4(19) 
c8-C4-C5 106.3(19) c13-C9-C10 110.5(19) 

The angles subtended at a carbon atom by the rhodium atom and adjacent carbon vary between 68.4 and 
7S.P with e.s.d. 1.2O and average values of 71.6 and 71.7” for the rings attached to Rhl and Rh2 respectively. 
The angles subtended at the rhodium atoms by adjacent carbon atoms vary between 33.9 and 38.9O with 
e.s.d_ ZO” and mean values 36.8 and 36.6” for Rhl and Rh2 respectively. 
Best least-squares pIones defined by atomic positions 

In the following equations the quantities X, Y, Z refer to orthogonal coordinates obtained by the 
transformation 

Xl a b-cosy 

[1[ 

C’COS p -x//a 
Y = 0 b-sin y -c-cosa*-sin B y/b 
Z 0 0 c-sin /?-sin a* I[ 1 ZfC 

(i) Plane defined by Rhl, -2, Cl and 01: 

-0.6854 X+0.1335 Y +0.7155 Z+O.2105 = 0 

Deviations of atoms from this plane (A): 

Rhl 0.006 Cl -0.030 
Rh2 0.007 01 0.017 

(ii) Plane defined by C4, CS, C6, C7 and C8: 

O-0583 X+0.0406 Y+O.9975 2+0_9669=0 

Deviation of atoms from this plane (A): 

C8 0.001 
Rhl 1.900 

(iii) Plane defined by C9, ClO, Cll, Cl2 and C13: 

0.0410 Xi-O.5081 Y+O.8603 Z-S.6310 = 0 

Deviations of atoms from this plane (A) : 

c9 0.022 Cl1 0.046 Cl3 0.008 
Cl0 -0.042 Cl2 -0.034 Rh2 -1.914 

groups are truns relative to one another. The structure can be considered as a distor- 
tion of that of Cp,Fe2(C0)43 or Cp2Ru,(CO)40. Since the atomic number of rhodium 
is one more than that of ruthenium, a dimer would nominalIy require one less bond and 
it is the metal-metal bond which remains and one of the bridging carbonyl groups 
which is eliminated. Because of the absence of this bridging group, a space results into 
which both cyclopentadienyl groups partially move i.e. away from the remaining 
carbonyl bridge. Thus whilst in Cp,Ru, (CO), the cyclopentadienyl rings are accurate- 
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ly parallel, in the present compound the normals to the rings make an angle of 28” 
with one another. 

The Rh-Rh distance is 2.68 A which indicates metal-metal bonding. The 
value is close to that found5 in the metal, 2.69 A, but shorter than those reported6 for 
Rhs(C%, mean 2.78 A. 

The Rh-CO distances show the usual differences associated with terminal 
and bridging character. The Rh-C(terminal), 1.87 A, are significantly shorter than 
the bridging distances, 2.01 A, and the expected value for a single bond distance 
after allowance for sp character of the carbon (1.32 +0.70 = 2.02 A). The values are 
comparable with those in Rh6(CO),66 and (PhsP)sRh(CO)H’, 1.86 and 1.81 A 
respectively, but this group is shorter than that reported in CpRh(CO)IC,Fs8, 1.97A. 
These terminal carbonyls are linear within experimental error and the C-O distances, 
average l.l3~,arecomparablewiththosefoundinRh,(CO),,and(Ph,P),Rh(CO)H, 
1.15 and 1.18 A, respectively. The Rh-C (bridge) distances are nearer to the single bond 
expectation value (1.32 +0.74 = 2.06 A) and can be compared to the values found in 
C~,RU,(CO),~, 1_99A_TheC-0 distance, 1_13&is howeverrathershorter than would 
be expected and reflects the inaccuracy in the data which is referred to in the exper- 
imental section. 

The cyclopentadienyl groups are planar; the maximum deviations from the 
“best least-squares planes” are 0.01 and 0.0.5pi for the rings attached to Rhl and Rh2 
respectively. The metal atoms lie 1.90 and 1.91 L! from these planes. The same values 
occur in (CpRhC0)3’. The corresponding Rh-C(ring) values are 2.25 and 2.27 A. 
However the individual C-C distances, and the Rh-C distances, do show variation 
but this is not related in a systematic way from one half of the molecule to the other. 
We attribute this to the lack of precision in the data to which we have already referred. 

The mass spectrum is in accord with the structure which we find. The main 
peaks occur at nz/e values of420[Cp,Rhz(C0)$], 392,364 and 336 (parent ion less 1,2 
and3carbonyls),233(RhCpf),224[CpRh(CO)f], 196(CpRhCO+)and 168(RhCpt). 
In addition a peak occurs at m/e 504 which corresponds to Cp,Rh,f . Since it is 
knowng*rO that Cp,Rhs (CO), is a further photolysis product of CpRh(CO),, it is 
possible that the trimer fragment occurred either as a result of decomposition on the 
probe or as an urnpurity in the sample (though not in the single crystals used for anal- 
ysis). We think the former is the more likely_ 

EXPERIMENTAL 

Crystal data 
Cl sH 1003RhZ (mol. wt. 420-O), triclinic, a = 8.08 + 0.04, b = 8.95 f 0.05, 

c = 9.46t0.05 A, a = 73O8’+ lo’, j3 = 80“33’+ lo’, y = 83”9’+ lo’, U = 644 A3, 
D, = 2.15g*cm-3 byflotationinaqueous thallousmalonate,Z = 2,D, = 2.17g.cm-3 
(the predicted value for the tetracarbonyl is 2.31 g-cmw3), spacegroup Pi(Ct, No. 2) 
by intensity statistics and refmement of structure. For MO-K, radiation@ = 0.7107&, 
p = 27.9 cm-‘. _. 

The complex occurs as a darkred solid and was recrystallised from petrol 
ether. Crystals from more than one preparation were examined to confirm that only 
one form of material was present and we succeeded in identifying and characterising 
only this one triclinic species. 
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For the measurement of intensities, a crystal was chosen whose maximum 
dimension was 0.15 mm. The data were collected and estimated by a : vtiety’ of 
techniques which included integrated Weissenberg and non-integrated precession 
photographs. The intensities were estimated either visuaIly or by the use of d Joyce- 
Loebl microdensitometer. In all nearly 3000 measurements were made of 1865 unique 
reflexions. No corrections were made for absorption. 

Structure determination and refinement 
The rhodium atom positions were determined from two-dimensional Patterson 

projections onto planes normal to the [lOO] and [OfO] directions. The phgsc con- 
tribution of these two atoms was suff%ient to reveal sixteen light atoms in a three- 
dimensional Foufier synthesis of electron density. These atoms corresponded to the 
two cyclopentadienyl rings, two terminal carbonyl groups and one bridging carbonyl 
group. The structure was improved by Fourier refinement but no evidence for a 
second bridging group, which wou!d have completed the analogy with Cp,Ru, (CO),, 
couId be found. Further we demonstrated that if a second bridging group were 
present, then the largest minimum distance between the oxygen atom of this group and 
the atoms of the rest of the molecule would be only 2.2 A whereas the van der Waals 
separation should be of the order of 3.2& In confirmation of this expected separation, 
we note that the shortest non-bonded contact which is made by the oxygen atom of 
the bridging group which we did find is 3.2w. We concluded therefore that the formula 
of the complex must be CpzRhz(CO),. 

The structure was refined by least-square methods. During the refinement we 
experienced some difliculties which we attribute to inaccuracies in the estimation of 
the intensities and some of the photographs were retaken and measured afresh. The 
structure is, however, left with rather a high degree of imprecision in the light atom 
positions. The rhodium atoms were refined with anisotropic thermal parameters but 
the light-atoms were treated isotropically. The final R factor, = X lJF,l - JF,iJ/ZlF,l, was 
8.4 7; when only non-zero intensities were considered and 13.7 % when all reflexions 
were included. This rather large difference is associated with the high threshold to 
detection associated with the use of the microdensitometer. The scattering factors used 
during the analysis were those of Thomas and Umeda’l for rhodium and Berghuis 
et al-l’ for carbon and oxygen. 
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SUMMARY 

The product of the ultraviolet-light irradiation of a pentane solution of mono- 

J. Organometak Chem., 10 (1967) 337-342 



342 0. S. MILLS, J. P. NICE 

merit cyclopentadienyldicarbonylrhodium is shown to be dicyclopentadienyltrii- 
carbonyldirhodium. The structure is unusual in that it cont$ns a single bridging 
carbonyl group. The crystals are triclinic with Q = 8.08 f0.04, b = 8.95-&0.05, 
c = 9_46+0.05 & a=73”8’flO’, /3=80”33’+10’, y=83°9’+10’. The Rh-Rh 
distance is 2.68 A, F2h-C ring) 2.26 A, Rh-C(termina1 carbonyl) 1.87 A and Rh-C- 
(bridging carbonyl) 2.01 d _ 
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