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The solution Raman spectra of ferrocene, ruthenocene and osmocene 
have been reinvestigated. Polarization measurements in general support previ- 
ous assignments for CpzFe (Cp = cyclopentadienyl), but the weak line at 1186 
cm-’ was found to be polarized and a new assignment for this vibration is dis- 
cussed. AD assignment of the skeletal modes for Cp,Os is made and patterns in 
the frequencies and force constants in the series CplM (M = Fe, Ru, OS) are dis- 

cussed. 

The vibrational spectra of ferrocene (Cp2Fe), ruthenocene (Cp,Ru) and 
osmocene (Cp,Os) (Cp = cyclopentadienyl) have been discussed repeatedly in 
the literature [l-16]. The IR spectra of Cp,Fe as a gas, solution and solid at am- 
bient and low temperatures have been studied, as have the deutero derivative 
in the IR and far IR regions, and the Raman spectra of Cp,Fe and CP~F~-CI,~. 
Anassignment of the ring and skeletal modes has been given. The first Raman 
spectrum of a metallocene to be measured was that of Cp,Fe [I], but no polar- 
ization measurements were made in this study because the lines were too weak. 
The results of such measurements have since been given [ 161 but only for the 
strong lines. The Raman spectra of a solution of Cp,Fe has been obtained [5], 
but polarization data were not given and, therefore, the assignment of some 
weak Raman lines may be ambiguous. 

In the present study the solution Raman spectra of Cp,Fe are reinvesti- 
gated and our data in general support previous assignments. All Raman lines, 
assigned to A Ig modes, are polarized. In particular, of two weak lines at 812 
and 834 cm-’ which are assigned to the out-of-plane CH modes of the Cp ring 
the former was found polarized in CH31 solution and the latter depolarized 
(Fig. l), but unexpectedly the weak line at 1186 cm-‘, which is usually as- 
signed to an in-plane CH bending mode Y,&%,&, was found to be polarized in 
Ccl, solution (Fig. 1). Earlier we found that the corresponding line of the Cp 
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Fiz. 1. Raman spectra of C!azFe III Lbe SOOcm-I (CH3I soluL~on) and 1200 cm-l (CCla soluhon) 
repio~~.. 1. polarned.. 1. non-r8olmzed. 

ring in cyclopentadienylmanganese tricarbonyl is also polarized [ 191. This ob- 
servation is at variance with the previous assignment and the mode is probably 
the overtone of vZ6 (out-of-plane Cp mode at about 600 cm-‘). In this case the 
overtonesymmetryis2X Ezg=Als +A?,+E,,. This line may be polarized ifthe 
principal contribution to the intensity is made by the A,, component. For in- 
stance in the Raman spectrum of Cp,Ru this line is depolarized [9], but this may 
be due to different contributions of -4,s and Elg components to this line. We were 
unable to measure the polarization of this line for C&OS because of its low in- 
tensity and the low solubility of the compound. 

Of special interest for Cp?M compounds are the skeletal modes. Symmetrrc 
(A ,s, Raman) and asymmetric (A zu, IF,) stretching modes Q-M, and symmetric 
and asymmetric ring tilts (E,,, Raman, and E,,, IR respectively) and CpMCp 
bending modes are expected in the region below 500 cm-’ for sandwich com- 
plexes. Polarization data have been obtained for the Raman active modes of 
C!p?Fe and Cp?Ru and the assignment is unambiguous. For CplOs Raman data 
were onIy available for the solid state 1141. We have now obtained -he polarized 
Raman spectrum of Cp,Os in CH J solution, and we assigned the strong polarized 
Line at 356 cm-’ to v,(A Ig) and the line at 415 cm-’ to v,JElg)_ Thus a systema- 
tic increase in u, takes place in the series Cp,Fe < Cp2Ru < Cp,Os. This regu- 
larity can only be esplained by an increase in the force constant of the Cp-M 
bond, because the frequency of v4(AIg) does not depend on the mass of the me- 
tal atom. It has been shown by crystal splitting in the low-temperature IR spec- 
tra of Cp,Fe that the hand at 478 cm-’ may he assigned to v~,(A~~) and that at 
492 cm-’ to vzI(El,)(ring tilt) [14]. For Cp2Ru and Cp20s, the weak bands at 
530 cm-’ observed only for the solids were earlier assigned to vZr(Eru)[4, 141, 
but the spectra below 400 cm-’ were not investigated and the strong IR bands 
at 380 cm-’ (CpzRu) and 353 cm-’ (Cp20s) were therefore not observed. How- 
ever, we and other authors [9,10] observed no bands in the 530 cm-’ region 
for Cp,Ru and Cp,Os either in the solid state at room temperature (KBr pellets, 
Nujoi) or irz solution, and neither was splitting of the skeletal modes of Cp,Ru 
and Cp*Os in the IR spectra of the solids at low temperatures observed [9, lo]. 
On the basis of model calculations for Cp?Ru [S] the band at 446 cm-’ is as- 
signed to vI , and that at 380 cm-’ to v?, . Thus a change in the order found for 
CpzFe (vZI > v, I > is suggested. For the m-phase modes of all three complexes 
the stretching mode v4 is dWayS at a lower h-equency than the ring tilt v16. On 
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TABLE 1 

SKELETAL hlODES (cm-l) AND FORCE CONSTANTS (mdyn/A) FOR Cpzhl 

hl MA lg) VI :(Azu) u16(Elg) “21=1u) 

Fe 303 478 388 492 

RU 329 385 402 446 

OS 356 353 415 428 

“ZZ(ElU) 

170 

162 
172 

160 
166 

K(M-Cp) H 

3.05 0.48 

3.33 0.85 

0.98 3.83 

the other hand such an assumption for Cp?Ru would signify that the in-phase 
tilt has a higher frequency than the out-of-phase one. This observation caused 
a change of assignment to V, , 380 cm-’ and v2, 446 cm-’ [lo]. We are of the 
opinion that such an assignment 1s more likely and the IR spectra of Cp,Ru at 
high pressure also seems to agree with this assignment [ 151. Assuming that for 
Cp20s the order must not be changed we assign the band at 353 cm-’ to vII and 
that at 430 cm-’ to v2,. Thus, in contradiction to vJ, the Y, , frequencies de- 
crease in the series Cp,Fe > CpzRu > Cp,Os, a fact which may be explained by 
the increase in mass of the metal atom. A result of this is that for C&OS the 
frequencies vJ and v ,, are virtually coincident (strong IR band 353 cm-’ and 
polarized Raman line 356 cm-‘). Taking into consideration that the mutual ex- 
elusion rule works well for Cp,Ru and Cp,Fe, IR and Raman bands occuring at 
the same frequency must be assigned to the different modes. 

The force constants, calculated using a simple three mass model, are given 
in Table 1. In accordance with the ZJ? frequency order they increase in the ser- 
ies Cp,Fe < Cp,Ru < Cp,Os. 

The behaviour of the ring tilt vibrations is similar to thai of the metal-ring 
stretching modes: the frequency of the in-phase mode increases and that for the 
out-of-phase mode decreases with increasing atomic weight of the metal atom. 
The CpMCp bending modes for all compounds in the solid state are located in 
approsimately the same region (160-170 cm-‘) and are split because of crystal 
effects. 
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