
608 J .  CHEM. SOC., CHEM. COMMUN., I987 

Relationship between CO Fluxionality of Carbonyl Clusters in Solution and Thermal 
Motion in the Solid State 
Dario Bragaa* and Brian T. Heatonb 
a Dipartimento di Chimica ’G. Ciamician’, Universita di Bologna, Via F. Selmi 2, 40126, Bologna, Italy 
b IPI Chemistry, PO Box 147, University of Liverpool, Liverpool L69 3BX, U.K. 

Using difference vibrational parameters obtained from solid state X-ray data for [Ph4P]2[Rh6C(C0)13] and evaluated 
along different internuclear directions, it has been possible to show for [Rh&(CO)&- that there is extensive 
vibrational motion of the carbonyl ligands around the Rh4-equatorial plane (Rh 1,3, 5, 6); this behaviour in the solid 
state is exactly in accord with the lowest energy CO migrational pathway found by previous n.m.r. studies in 
solution . 

Extensive use has already been made of anisotropic vibra- 
tional (‘thermal’) parameters as obtained from X-ray single 
crystal studies of organic molecules for predicting and 
rationalizing reaction pathways. 1 Recently similar approaches 
were used to investigate low-spin-high-spin dynamic Jahn- 
Teller distortions in solid CuII and FeIII complexes2J as well as 
magnetic and phase transitions in niobium clusters.4 
However, because of the complexity and lack of accurate 
X-ray measurements, such an approach has not been so far 
applied to transition metal carbonyl clusters, although Muet- 
tertiess previously suggested that X-ray crystallography could 
provide information about low energy intramolecular re- 
arrangement processes. 

We now provide the first evidence from solid state X-ray 
data of [R~I&(CO)~~]~-  (a structure previously reported6), 
which shows that there is a strongly correlated vibrational 
motion of seven carbonyl ligands in the Rh4-equatorial plane 
[Rh 1, 3, 5 ,  6, see Figures 1 and 2(a)], while the other 
carbonyls in the other two equatorial planes (Figure 2b,c) are 
much less mobile and their motion is uncorrelated. This is 

exactly in accord with previous fluxional n.m.r. studies in 
solution on the same species.’ 

In order to make a reliable interpretation of the vibrational 
motion it was necessary to undertake a new data collection on 

Table 1. Mean values of lAA,Bl ( x 104 A2) computed along interatomic 
directions for the three octahedral equators. 

E m a  Eq(2Ib Eq(3)c 
Cco-C carbide 182 98 108 

cco-cco= 46 159 154‘ 
Cco-outer Rh-atomsd 207-205 50-41 66-64 

a See Figure 2(a). See Figure 2(b). See Figure 2(c). A Value? 
refer to the two Rh-atoms above and below each equatorial plane. e A 
values refer to interatomic directions between consecutive C-atoms in 
each equatorial plane (‘CO-belt’). f C(1) and C(2) bonded to Rh(1) 
but not coplanar with Eq(3) were included [without C(l) and C(2) A 
= 951. 
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Figure 1. ORTEP drawing of [Rh6C(C0)13]2- showing 50% thermal 
ellipsoids. 

crystals of [Rh6C(C0),#-. The quality of the crystals 
permitted collection at room temperature of a much larger and 
accurate data set than the one previously used.? 

The method used for the evaluation of correlated vibra- 
tional motions between bonded or non-bonded atom pairs is 
based on the 'rigid body' test,8 which is a generalization of the 
Hirshfeld 'rigid bond' postulate.9 The basic assumption is that 
the dfierence between mean square displacements of pairs of 
atoms, as derived from anisotropic vibrational parameters, 
evaluated along internuclear directions [AA,B = Z2a,b - Z2b,a] 
within the same molecule should approach zero if the atom 
pair(s) behaves as a rigid body in its motion. When this 
condition is not satisfied information about the relative 
motion of one atom (or of groups of atoms) with respect to 
other parts of the molecule can be obtained.8 Using this 
approachlo it was possible to calculate mean values of AA,B, 
(A for several different reference points within the molecule. 
The results are shown in Table 1 with respect to the three 
octahedral equators shown in Figure 2(a,b,c). 

The most useful reference points are the metal atoms above 
and below each equatorial plane and the central carbide atom. 

t Crystal data: C6&&3PzRh6, M = 1672.3, monoclinic, a = 
24.326(2), b = 12.557(3), c = 19.839(3) A, (3 = 91.94(1)", U =  6056.66 
813, D, = 1.84 g cm-3, space group 2 = 4, Enraf-Nonius CAD4 
diffractometer, Mo-K, radiation (A = 0.71069), 28 range 5 4 " ,  
19172 collected reflections, 8427 of which were considered observed, 
scan method -28, o-scan width 0.8 + 0.35 tg 8, prescan rate 5 deg 
min-1, prescan acceptance u (Z)/Z 0.5, requested u (Z)/Z for each 
measurement 0.01, maximum time 150s, octants collected fh, +k, 
+l. 8214 Reflections [F, > 2 u (F,)] were used for least squares 
refinement of 417 independent variables, initial co-ordinates based on 
data from the structural model previously obtained.6 No appreciable 
decay was observed. Absorption correction was applied by the Walker 
and Stuart method.12 All non-hydrogen atoms except for the phenyl 
C-atoms were treated anisotropically , cation H-atoms were added in 
calculated positions and not refined though their contribution to the 
structure factors was taken into account. For all calculations a slightly 
modified version of SHELX7613 was used. The agreement factors are 
R = 0.035 and R ,  = 0.038 where R ,  = Xl(F,, - F,)Ivw/'Z ( F , v w )  and 
w = K/[u2(F) - Ig l (F) ]  (K = 1.02, andg = 0.0002). 

Atomic co-ordinates, bond lengths and angles, and thermal 
parameters have been deposited at the Cambridge Crystallographic 
Data Centre. See Notice to Authors, Issue No. 1. 

Figure 2. ORTEP drawings of the three equatorial planes of 
[Rh&(CO),,]*- showing 50% thermal ellipsoids. 

It can be seen that the carbonyls in one equatorial plane, 
Eq(l), undergo more extensive motiqn than those in the other 
two equatorial planes. Furthermore A values computed along 
interatomic directions joining consecutive C-atoms within 
each equatorial plane ('CO-belt') show that the vibrational 
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motion of the CO-groups is strongly correlated only in one 
equatorial plane, Figure 2( a). 

These solid state results are in exact accord with the lowest 
energy carbonyl migration previously found using n.m.r. 
methods in solution.7 However it should be emphasized that 
our vibrational motion analysis does not implicate actual 
occurrence of fluxionality processes in the solid state of the 
kind postulated from solid state n.m.r. data on some metal 
carbonyl clusters by Hanson et al. 11 Nonetheless these X-ray 
data support a preferred movement of the CO ligands around 
a fixed metal octahedron rather than movement of the metal 
framework within the carbonyl envelope. 

Such an approach offers a powerful link between thermal 
motion in the solid state and preferred migrational pathways 
in solution. 
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