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The homogeneous spreading of valence electrons and free charges in metal carbonyl clusters is not ensured by 
the best steric disposition of the ligands; this is the major pitfall of all the theories of ligand stereochemistry 
based on purely steric arguments. In order to compute local formal charges, which are essentially a mathematical 
device for taking into account the distribution of local valence electrons and free charges, the electrons donated 
by a (VI-C) carbonyl ligand have been partitioned between adjacent metal atoms, according to a “bond valence” 
approach. Cotton’s charge equalization principle has been formulated quantitatively and used in molecular 
mechanics computations of metal carbonyl clusters which have been modeled as if they were mainly under the 
influence of (i) valence forces, constraining the CO to float on the equipotential surface maintaining the CO 
vector approximately perpendicular to the surface, (ii) van der Waals interactions, conveying both the (few) strong 
repulsions responsible for nonpenetrability of bodies and the (many) weakly attractive interactions, and (iii) local 
charge interactions, addressing the fulfilments of the local electron bookkeeping but also favoring the conformations 
associated with the better spread of the total charge on the cluster. The performance of the method has been 
discussed by comparing the experimental and computed stereochemistries of a series of metal carbonyl species 
([FeCO(CO)sl-, Fez(C0)9, Fez(CO)-i(bipy), Cr0s(C0)10, FedCO)&pz, MnRh(CO)&pz, CrNi(C0)4Cp~, VZ(CO)S- 
(Cp)2, [FedCO), 112-) deliberately chosen to assess local charge effects, which are relevant (and visible) whenever 
the best steric conformation of carbonyl ligands does not correspond to a reasonable distribution of local valence 
electrons andor charges. 

Many observations suggest that the ligand stereochemistry 
of metal carbonyl clusters depends on small interactions and 
that their potential energy surface (PES) is quite soft with respect 
to ligand mobility. For instance, in a few cases, two isomers 
of the same metal carbonyl cluster, differing only in the ligand 
disposition, have been structurally characterized in the solid 
state.2 The stereochemical flexibility in solution, as well as the 
presence of two or more isomers in solution, is well documented 
for many metal  cluster^;^ in addition, there are examples of a 
fluxional behavior even in the solid state.4 

The “reaction” trajectory for terminaYp2-bridgelterminal 
carbonyl exchange between two iron atoms has been obtained 
by Crabtree and L a ~ i n , ~  using the structure correlation method: 
thus demonstrating the earlier suggestion by Cotton that there 
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is a smooth continuum which encompasses terminal, bent 
semibridging, and symmetrically bridging CO groups.’ With 
the same method, the CO exchange process on a triangular M3 
face has been mapped out by Orpen, who has shown that the 
terminaYp2-bridge/p3-bridge path is more likely than the 
terminaYp3-bridge one, which however is not forbidden.8 

Even if there is no general theory for rationalizing the overall 
observed behavior, carbonyl mobility around the cluster surface 
has always been related to this group’s ability to act as a two- 
electron donor in all its coordination environments, whenever 
carbon is the only donor atom, and to the similarity of the 
binding energies of pl, p2, and p3  carbonyl^.^ Indeed the variety 
of the CO bonding capabilities and the multitude of cluster 
orbitals available for metal-metal and metal-ligand bonding 
allows the stabilization of conceivable transition states and the 
lowering of the fluxionality barriers. 

The flatness of the potential energy surface of metal carbonyl 
clusters makes the task of foreseeing their stereochemistry 
difficult. However, a favorable packing of the CO ligands about 
the cluster corelo and charge equalization over all the metal 
atoms’~”.’* are widely recognized as prerequisites for any 
reasonable ligand stereochemistry. 

Packing of the CO ligands about the cluster core was 
q~alitatively,’~ and later (semi)quantitatively,I4 investigated by 
Johnson et al., who tried to find the best fit between the metal 
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cluster and the optimumIs ligand polyhedron and eventually 
formulated what is actually known as the ligand polyhedral 
model (LPM).Ih The most powerful method for evaluating 
ligand crowding and the relative steric energy of different 
conformers is, however, molecular mechanics (MM). The first 
attempts to use a sort of MM in the cluster field have been 
made by Clare et al.I7 and by Horwitz et al.,Ix but it is only 
with the work of Lauherl‘) that MM has been really employed 
for rationalizing the stereochemistry of binary carbonyl metal 
clusters (BCMC). Lauher’s key idea was to describe in a unified 
way all the intermediate conformations of the concerted motion 
of some of the CO ligands about the metal frame assuming that 
the carbonyls are globally connected to the metal cage but 
dropping the ideas of a definite coordination geometry around 
each atom and of an individual metal-carbon connectivity 
(which, indeed, is not conserved when carbonyls scramble). In 
other words, all carbon atoms are free to float on a surface 
(maintaining the C-0  vector normal to that surface) which is 
named the equal potential sutface (EPS) since all the carbonyls 
feel the same (metal-centered) potential in all the surface points. 
In spite of the simplicity of this idea, its inclusion in a preexistent 
MM program is a rather complex task since the atom-atom 
connectivity is a central assumption of all the MM computa- 
tions.?() We recently showed that an EPS can be derived by 
maintaining a weakened concept of connectivity, i.e. assuming 
that the carbonyls were only locally connected.*’ The assump- 
tion that the carbonyls are connected during each minimization 
cycle (but periodically redetermining their connectivity, on the 
basis of their actual coordinates until convergence) eventually 
allowed the implementation” of the EPS algorithm in Allinger’s 
MM2 program” with full retention of all its features.23 

The role of charge equalization in determining ligand 
stereochemistry was recognized early by Cotton when he 
accounted for the presence of semibridging carbonyl groups24 
in terms of their role in mitigating charge imbalance between 
two (or more) metal atoms.7 It is worth noting that, according 
to Cotton, charge imbalance must be avoided because of 
Pauling’s electroneutrality principle and that the role of charge 
equalization in determining the ligand stereochemistry around 
inherently different metal atoms (carrying opposite formal 
charges) derives from the ability of the metals to perturb adjacent 
CO groups through d--n* interactions. In the case of 
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Johnson. B. F. G.: Roberts. Y. V. Polyhedron 1993. 12. 977. 
(a) Clare. B. W.: Favas. M. C.: Kepert. D. L.; May. A. S. In Advunce.s 
in Qyricunic Stereoc.h~.mi.srn: Gielen, M. F.. Ed.; Freund Publishing 
House Ltd.: London. 1985. p I .  (b) Clare. B. W.: Favas. M. C.: 
Kepert. D. L.: May. A. S.; Taylor, N. R. J. Orgunomet. Chern. 1994. 
478. I 1 1 .  
Horwitz. C. P.: Holt. E. M.: Shriver. D. F. Inorg. Chem. 1984. 23, 
249 I .  
Lauher. J. W. J. AI??. Chern. Soc. 1986. 108. 1521. 
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Sironi. A. lnorg. Chern. 1992. 31. 2467. 
Allinger. N. L.: Yuh. Y. H. QCPE 1987, Program No. 395. 
The metal framework can be optimized together with the ligand 
geometry. symmetry constraints can be imposed, and the cluster 
stereochemistry can be straightforwardly studied in the presence of 
other “organic“ ligands. 
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Figure 1. The structure of [FeCo(CO)&. Without the semibridging 
CO, the attainment of 18-electron configurations on both metal atoms 
leads to a highly polarized structure (with a negative charge on the Fe 
atom). It can be noted that a structure with a completely symmetric 
CO bridge is also unsatisfactory in terms of charge distribution, since 
it places a full formal negative charge on the Co atom. According to 
Cotton, the semibridging CO group acts to mitigate the charge 
imbalance through electron density transfer from a filled Fe d orbital 
to an empty n* orbital of the semibridging C O  group (which is 
principally bonded to the Co atom). A complementary view is to 
assume that the two electrons donated by the semibridging C O  group 
are (somehow) partitioned between the Fe ( 6 )  and Co (2-6) atoms; 
for 6 = 0.5, the charge would be equally spread about the metal atoms. 

[F~CO(CO)~]- ,*~ for instance, the attainment of 18-electron 
configurations on both metal atoms leads to a highly polarized 
structure (with a negative charge on the Fe atom) when all the 
CO’s are terminal and the semibridging CO group (which is 
principally bonded to the Co atom) acts to mitigate this by 
receiving some electron density from a filled Fe d orbital (Figure 
1). Moreover, a structure with a completely symmetric CO 
bridge is also unsatisfactory in terms of charge distribution, since 
it places a full formal negative charge on the Co atom. A 
complementary view is to assume that the two electrons donated 
by the semibridging CO group are (somehow) partitioned 
between Fe (6) and Co (2 - 6) atoms; for 6 = 0.5, the charge 
would be equally spread over the metal atoms. 

Following this complementary but fully equivalent point of 
view, we propose in this paper a quantitative formulation of 
Cotton’s qualitative arguments, that is, a partition, between the 
adjacent metal atoms, of the electrons donated by a carbonyl 
ligand. This allows (i) the quantification of the electron flux 
associated with the bending of CO ligands, (ii) the assignment 
of the proper formal charge to each metal atom, and (iii) the 
inclusion in our MM force field for metal carbonyl clusters2’ 
of a force accounting for the tendency of the formal charges to 
smear and of the metal atoms to fulfill their “ideal” effective 
atomic number (EAN). 

Molecular Mechanics of Metal Carbonyl Clusters 

The Need for Control of Local Electron Bookkeeping. We 
have shown previously2’ that, as long as metal carbonyls are 
modeled within the local connectivity approach, by considering 
explicitly the 1,3-nonbonded interactions2h and avoiding any 
assumption regarding the C-M-C (and torsional) angles, the 
major contribution to the computed steric energies arises from 
the nonbonding  interaction^.'^ As a consequence, we were able 

(25) Chin, H. B.; Smith, M. B.; Wilson. R. D.; Bau. R. J. Am. Chem. Soc.. 
1974. 96, 5285. 

(26) (a) Hambley, T. W.; Hawkins. C. J.: Palmer. J. A.; Snow. M. R. Ausr. 
J. Chem. 1981.3445. (b) Ferguson. D. M.; Raber, D. J. J. Coinpirr. 
Chern. 1990. I / .  1061. 

(27) The valence forces maintain the carbonyl ligands on the EPS without 
a substantial contribution to the steric energy because of the lack of 
bending and torsional terms. Moreover. the globularity of inany 
carbonyl clusters makes dipolar interactions rather insensitive to the 
CO geometry. 
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to model a carbonyl cluster as if it were under the influence of 
the (intramolecular) van der Waals forces onlyZs and, by 
comparison between modeled and experimental structures, to 
verify whether or not intramolecular steric interactions are the 
predominant factor affecting carbonyl ligands in the choice of 
their local coordination geometry. The analysis of octahedral 
metal carbonyl cluster stereogeometries has clearly shown that 
“real” structures are only occasionally found in the global 
minimum of the “steric” PES; more frequently they are close 
to a local minimum if not somewhere along the valley 
connecting a minimum to a saddle point. Accordingly, in- 
tramolecular steric interactions were recognized not to be the 
leading term in determining BCMC stereogeometries. 

This implies the presence of “other” forces at work which 
should be added to the force field in order to enhance the 
performances of the MM approach. In particular, we think that 
the most important improvement to the force field will arise 
from the parametrization of the electron flow correlated to the 
floating of the carbonyl ligands on the EPS. In a conventional 
MM study, the connectivity of the atoms is exactly defined (and 
it is not allowed to change during the minimization), and as a 
consequence, the number of valence electrons of each atom is 
also strictly controlled. On the contrary, within the EPS 
formalism, allowing for a variable connectivity of the metals, 
we lose the control of the local number of valence electrons on 
each metal center. This is the major pitfall of the EPS approach, 
and we think that it is chemically sound to allow for a variable 
M-CO connectivity only i f a  new component of the forcefield 
accounts for the tendency of a homogeneous spreading of 
valence electrons. Indeed, the smearing of valence electrons 
is not ensured by the best steric disposition of the ligands, 
particularly when one is dealing with mixed-metal clusters. 

A “Bond Valence” Approach to Local Electron Book- 
keeping in Metal Carbonyl Clusters. A fin carbonyl ligand 
(n = 1-3), when symmetrically bound to n metal atoms, donates 
2/n electrons to each metal. However, in all the intermediate 
(semibridging) situations, the number of electrons donated by 
a CO ligand to each bonded metal has not yet been defined. 
We propose to use the “bond valence” method for partitioning 
the two electrons donated by a (vl-C) carbonyl ligand between 
each metal of the cluster. 

The so called valence sum rule,29 which is closely related to 
Pauling’s electrostatic valence states that the sum of bond 
valence (vij) at each atom ( i )  is equal to its atomic valence (Vi) 

Sironi 

j 

(the sum being extended to all the atoms j bonded to atoms i). 
The most commonly adopted empirical expression correlating 
bond length (dij) with bond valence is 

vu = exp[(D,, - du)/b] 

where b is commonly taken to be a “universal” constant equal 
to 0.37 A,3’ even if, in his pioneering discussion of C-C bonds, 
Pauling used a value of b = 0.31.32 The parameter Dref, in a 
formal sense, is the length of a single bond. 

(28) In other words, BCMC’s stereochemistry has been modeled as being 
determined by the packing of ligands around the surface of the metal 
core, rather than by the sum of the structures about the individual 
metal atoms. 

(29) Brown, I. D. In Srructure and Bonding in Crystals; O’Keeffe, M., 
Navrotsky, A,, Eds.; Academic: New York, 1981; Vol. 2, p 1. 

(30) Pauling, L. J .  Am. Chem. Soc. 1929, 51, 1010. 
(31) Brown, L. D.; Altermatt, D. Acru Crystallogr. 1985, 541, 244. 
(32) Pauling, L. The Nature ofthe Chemical Bond, 3rd ed.; Cornell: Ithaca, 

NY, 1960. 
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Figure 2. Continous line: terminal/pJterminal carbon atom reaction 
path computed according to formulas l a  and l b  of ref 21 (using M-M, 
M-C,, and M-C,2 values of 2.50, 1.70, and 1.85 A, respectively; the 
metal atoms are in the bottom comers). Dashed lines: electrons donated 
by the CO ligand to the metals along the terminaL/p2/terminal reaction 
path, according to the proposed “bond valence” partition. Note that 
the dashed lines do not reach 0.0 and 2.0; that is, even a terminal CO 
ligand donates a small fraction of its valence electrons to the adjacent 
metals. 

In the case of a carbonyl bound to a cluster, we may assume 
Dref = R,2 (R,2 being the reference M-C,2 bond distance) and 
that the following relation should roughly hold for each carbon 
atom 

Cexp[(R,, - d,)/b] = Ki = constant 

(the sum being extended to all the metals j adjacent to the carbon 
i ) .  Ki is not constant since vco depends on the CO coordination 
mode; accordingly, the EPS is not an “M-C isovalent surface”. 
However, we are interested only in the partitioning of valence 
electrons and not in a detailed correlation of M-CO bond 
distances; therefore, we can use Ki as a normalization factor 
and assume that the electrons (e,) donated by carbonyl i to the 
metal j are 

j 

eu = 2(exp[(RP2 - d,,)/b]>/K, 

The following will obviously hold: 

C e ,  = 2 
J 

Within this electron partition scheme, all the nearby metals 
are considered to interact with a given carbon atom; hence, even 
“true” terminal CO ligands appear to donate a small fraction of 
their valence electrons to the adjacent metals, as shown in Figure 
2. Apart from any physical meaning (which will not be 
discussed here), this will be a useful feature of the model, as 
we shall see later. 

Local Formal Charge Equalization. At the beginning of 
the 1970s, it became apparent that the structures of transition 
metal and main group clusters could be described in terms of a 
set of electron-counting rules, analogous to those developed for 
mononuclear compounds, which, given the shape of the metal 
cage, permitted the prediction of the number of cluster valence 
electrons (CVE). In the case of BCMC, the CVE number is 
simply computed from the relation 

CVE= E + E, - Q 

where E is the number of electrons deriving from the metal, EC 
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is the number of electrons donated by the carbonyl ligands, and 
Q is the charge of the cluster. 

Stable metal clusters require, however, not only an opportune 
CVE number but also a similar number of local valence 
electrons (LVE) on each metal center. The CVE number 
strongly determines the stoichiometry and the cluster shape. 
On the contrary, the correct LVE distribution influences the 
ligand conformation. The number of L W  of metal j can be 
computed as follows 

LVEj = Ej + EJM + Ejc - Qj 

where Ej is the number of electrons of the metal,  el^ is 
number of electrons obtained from the M-M bonds, Ejc is 
number of electrons donated by the M-C bonds, and Qj is 
local charge. Obviously 

the 
the 
the 

In order to normalize the average LVE count to 18 electrons, 
we assume that the formal number of electrons shared in a 
M-M bond is a = (18N - cVE)/nM (Nis the number of metals, 
and n M  the number of M-M bonds, as determined from the 
connectivity). a normally has a value close to 2, and it is exactly 
equal to 2 electrons when the cluster follows the EAN rule. On 
each metal center, E,M = a n j ~ / 2  (n,n is the number of Mj-M 
bonds). Obviously 

C E j M  = an,; CLVE,  = 18N 

Now the average LVE number is 18 and we know how to 
compute Ej, and Ejc (from the electron partition scheme of the 
previous section); hence we may use eq 1 for defining (and 
computing Qj 

Q j = E j + E j M + E j c -  18 

which we call formal local charge and, as follows from the 
above equation, is the charge a metal would have in order to 
reach the average LVE count (18). 

Note that LVE, and Qj are ~or re l a t ed .~~  This implies that 
the tendency to charge equalization and that to equidistribution 
to the valence electrons will appear as a unique effect. 

These formal local charges are not “true” charges; i.e., they 
do not interact through Coulomb’s law, but rather they are only 
a mathematical device for taking into account the local valence 
electron distribution. Now, because we know experimentally 
the validity of Pauling’s electroneutrality principle, we assume 
the following energy expression as a new component of our 
force field 

where El, is the energy associated with a particular local charge 
distribution, Kjc a force constant (here tentatively 3.0 kcal/(mol 
e*), and Qav the average charge per metal atom. Elc is a 
nonnegative quantity having a minimum for a totally delocalized 
(Q, = Qav, for all j )  formal local charge. Moreover, because 
El, is defined with respect to Qav, it will be possible to compare 
relative energies of charged and uncharged species. 

(33) A local deficit of valence electrons (LVEj < 18) appears as a negative 
local charge (if the cluster is neutral). 
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Table 1 
Stretching and Bending Parameters 

K, surface-C 3.0 mdydA Kb surface-C-0 0.05 mdyddeg 
K, C - 0  12.0 mdyn/A cubic stretch term -2.0 mdydA2 
K, M-M 2.0 mdydA 

Charge Interaction Parameters 
CO dipole moment 0.552 Da dielectric constant 1.5 

Bond Length Parameters (A)b 

Ni 1.20 1.771 1.882 1.93 1 
c o  1.25 1.780 1.914 1.950 
Fe 1.30 1.782 1.941 2.002 
Mn 1.35 1.808 1.940 2.09 
Cr 1.40 1.866 2.00 2.15 
V 1.45 1.946 2.05 2.20 
Ru 1.45 1.896 2.072 2.171 
Rh 1.40 1.847 2.040 2.170 
Re 1.50 1.936 2.073 2.20 
os 1.45 1.902 2.081 2.20 
Ir 1.40 1.870 2.065 2.15 
Pt 1.35 1.853 2.044 2.10 

a Corresponding to a charge separation of 0. l e  at 1.15 A. The values 
reported with three figures are from ref 35. 

Computational Details. All the computations have been 
made with the MM3 program,34 adapted for dealing with metal 
carbonyls as was previously carried out for MM2.2’ The 
adopted force field parameters are reported in Table 1. They 
are the parameters of the usual stretching, bending, and dipole- 
dipole interaction equations adopted in MM3. The reported 
M-C reference values, which are used to compute the EPS, 
concem terminal and symmetric bridging (DZ and ,US) carbonyl 
ligands and have been mainly taken from the compilations of 
organometallic bond distances given by Orpen et Note 
that in the minimum energy conformation the M-C interactions 
are normally 0.02-0.03 8, longer than the chosen reference 
values. In fact, the optimized geometry is a compromise 
between different effects and, in particular, the 1.3 vdW 
interactions actuate an inflation of the molecule. As a matter 
of personal choice, the reported M-C values in Table 1 are 
those found in the literature but the program will automatically 
use values 0.02 8, shorter in order to obtain optimized 
geometries closer to reality. 

The computed energies have little meaning outside the context 
of the present paper and should be used only to compare 
different conformers. This is not a serious limitation because 
the term “conformer”, within the EPS formalism, is compre- 
hensive also of all the stereoisomers which, differing in metal- 
carbonyl connectivity, would normally be considered constitu- 
tional isomers. Hereafter we will attribute essentially the same 
meaning to the terms “conformer” and “isomer”, and we will 
use them, indifferently, to address different stereogeometries 
of the M,(CO), manifold. 

As previously stated, it is possible to deal with “normal” and 
locally connected ligands at the same time. In the following 
computations, for instance, we will consider metal carbonyl 
clusters containing cyclopentadienyls (Cp) or 2,2‘-bipyridyl as 
extra ligands. It is not the aim of the present study to 
parametrize ligands other than CO. We have roughly assumed 
a M-C reference bond distance for Cp close to that found 
experimentally in the s ecies to be modeled and a M-C force 
constant of 1.0 mdyd 1 . On the contrary, 2,2‘-bipyridyl has 

(34) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H. J .  Am. Chem. Soc. 1989, 111, 

(35) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, 0.; Watson, D. 
8551. 

G.; Taylor, R. J .  Chem. Soc., Dalton Trans. 1989, S1. 
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been treated as a free organic molecule constrained into the 
experimental conformation by restraining the coordinates of the 
two Fe atoms and the N-C-C-N moiety. In this way, the 
only bipyridyllmetal-cluster interactions are the nonbonding ones 
and all eventual “electronic” interactions are not considered. 
Note, however, that in order to compute formal local charges, 
these ligands have been considered to donate five and four u 
valence electrons, respectively. 

Results and Discussion 

We will discuss a few simple examples where local charge 
equalization plays a significant role in order to test the 
performance of our approach. We will only demonstrate the 
ability of the model to correctly reproduce the essential 
geometrical features of such molecules. However, we think that 
the relative energies of the different conformers should also be 
meaningful; hence our computations could be useful in the 
interpretation of dynamic behavior. 

[FeCo(CO)&. The structure of [F~CO(CO)~] - ,~~  of idealized 
C, symmetry, is closely related to that of the lowest energy 
M2(CO)g isomer (which has DZd symmetry) but does not 
correspond to a minimum of the PES computed via steric forces 
alone.36 As a matter of fact, the sterically favored Du structure, 
when the metals contribute different numbers of valence 
electrons, is highly polarized and some proper distortion must 
occur in order to partially quench charge polarization (Figure 
1). 

The addition to the force field of the local charge component 
El, makes the absolute minimum of the PES close to the 
experimental structure. However, this is not enough to correctly 
reproduce the solid state structures of cc~(CO)g?’ [RU~(CO)~]~-?~  
and [ R U F ~ ( C O ) ~ ] ~ - . ~ ~  This can be considered, rather than a 
pitfall of the method, an indication that packing effects andor 
the tendency of certain metals for a definite local ligand 
stereogeometry can be relevant in determining the actual 
geometry of a given carbonyl cluster. Work is in progress in 
order to deal with such aspects of BCMC’s stereo~hemistry.~~.~’ 

Fez(C0)~. The most relevant M2(CO)9 stereogeometries are 
reported in Figure 3. When steric forces alone are taken into 
account, the low-energy conformer has C4” symmetry and a 
really odd distribution of valence electrons. The introduction 
of Elc favors a C, conformer, with one heavily and two slightly 
asymmetric (semi)bridging CO’s, which is closely related to 
the experimental structure of D3h symmetry$2 with three 
symmetric p-CO’s. The relative energies of the different 
conformers depend upon the geometrical reference values 

Sironi 

(36) Lauher, in order to force the calculation toward the experimental 
stereogeometry, had to constrain the Fe-Co-C angle of the semibridg- 
ing carbonyl group to its experimental v a 1 ~ e . l ~  

(37) Summer, G. G.; Klug, H. P.; Alexander, L. E. Acta Crystallogr. 1964, 
17, 732. Leung, P. C.; Coppens, C. Acta Crystallogr. 1983,839, 535. 

(38) Hsy, L.-H.; Bhattacharyya, N.; Shore, S .  G. Organometallics 1985, 
4 ,  1483. 

(39) Bhattacharyya, N.; Coffy, T. J.; Quintana, W.; Salupo, T. A,; Bricker, 
J. C.; Shay, T. B.; Payne. M.; Shore, S .  G. Organometallics 1990, 9, 
2368. 

(40) The tendency for a definite stereochemistry about a selected metal 
atom can be partially restored by considering explicitly the proper 
C-M-C bending interactions. The geometric preferences expressed 
by such bending interactions will smoothly add to those of the EPS 
even if some care is needed because of the strong correlation between 
bending and 1,3 interactions. In fact, within the local connectivity 
approach, the shape of the EPS IS controlled by a careful use of M-C 
and M-C-0 interactions while the local geometry on each metal 
center is controlled by the 1,3 interactions only. 

(41) Minimization of the molecular conformation within the crystal lattice 
is presently under implementation: Sironi, A,; Moret, M. To be 
published. 

(42) Cotton, F. A.; Troup, J. M. J .  Chem. SOC., Dalton Trans. 1974, 800. 

V 

Figure 3. Fez(C0)9 and related stereoisomers. 

Table 2. Steric Energies (kcal mol-]) of Selected Stereoisomers“ 

[Fe2(CO)913 C4,. 28.8 24.7 4.1 
23.6b 19.8b 3.8b 

[FedCO)91, D3h 29.5 29.5 0.0 
21 .9b 21.9b O.Ob 

tFe2(C0)91, C, 26.3 26.1 0.2 
21.lb 20.9b 0.2b 

[V2CPZ(C0)51, cs 10.3 10.1 0.2 
[V2CpdC0)51. cis C2, 24.8 24.8 0.0 
[V2CP2(CO)51, t“l CJ 19.6 19.6 0.0 

[Fe3(C0)111*-, C 26.6 26.6 0.0 

[FedCO)l~l*-, A 24.3 24.3 0.04 
[FedC0hd2- ,  B 25.2 23.9 1.3 

E,,, is the total steric energy; El, is the energy due to the local 
charge distribution; E*,1e, = E,, - El,. Energy-minimized using Fe-C 
and Fe-Fe reference values equal to those found in [Fe2(C0)9].42 

chosen for the Fe-C and Fe-Fe bond distances (see Table 2) .  
In particular, when the experimental data for Fe2(C0)942 are 
used, the minimized D3h and C, conformers become closer in 
energy (and shape). Since the use of the actual experimental 
bond distances favors the observed Fe2(C0)9 conformation, we 
think that the present force field can be further improved by 
introducing some general dependence of the M-C and M-M 
interactions on the actual local geometry into each metal center. 
It is well-known, for instance, that CO-bridged M-M bond 
lengths are systematically shorter than the unbridged ones43 and 
that M-CO interactions trans to an M-M bond are shorter 
than those trans to an M-CO bond. 

The conformation of the C, isomer is also closely related to 
that of Fe2(C0)7(2,2’-bipyridyl), where one of the two slightly 

(43) [Fe4(CO),312- for instance has been characterized either as the hexakis- 
(pyridine)iron(II) salt or as the PPN+ salt.’ The stereochemistries of 
the anions in the two different salts differ mainly in the degree of 
semibridging of three equatorial CO ligands in the basal plane. In 
the hexakis(pyridine)iron(II) salt, where the CO’s are strongly 
semibridging, the (bridged) Fe-Fe bonds are 2.50 A long, while in 
the PPN+ salt, where the CO’s are only weakly semibridging, the 
corresponding Fe-Fe bonds are 2.55 A long. 
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Figure 4. The structures of truns-MM’(CO)4(Cp)z complexes, 

semibridging CO’s has become almost terminal.44 The experi- 
mental structure of Fe2(C0)7(2,2’-bipyridyl) is reproduced well 
in the present computations by altering the formal bookkeeping 
of 0 electrons on the Fe atom which carries the bipyridyl ligand, 
Le. by considering such a ligand to contribute 3.4 rather than 4 
electrons. This procedure, even if a little anomalous, is only a 
short cut for considering a ligand which, being less n acidic 
than CO, does not dissipate efficiently the excess of 0 electrons 
(Le allows a buildup of negative local charge) through d-n* 
interactions. In fact, as stated above, LVE, and Qj correlate 
and a local deficit of valence electrons (LVEj < 18) appears as 
a negative local charge (if the cluster is neutral). 

M~(CO)IO. Most M2(C0)10 derivatives are built up from two 
staggered M(CO)5 fragments and have an idealized D4d sym- 
metry. Such a conformation is the low-energy one, and the 
only relevant stereochemical feature to discuss here is the value 
of the M-M-C,, angle. The bending of the equatorial CO 
ligands toward the adjacent metal atom has been rationalized 
by Bau et al. in terms of long-range d-n* intera~tions.4~ They 
have clearly shown that such bending cannot be due to steric 
repulsions alone. In the present computations, since we allow 
the M-C,, to be substantially shorter than the M-C,, distances 
(as is experimentally found), we partially account (on steric 
grounds) for the bending but we still cannot handle the small 
attractions due to long range d+n* interactions (e).46 Accord- 
ingly, in the case of [Cr~(C0)1ol~-, we foresee M-M-C,, 
angles (87.0’) larger than those found experimentally (average 
value 85.5’).47 It is, however, rewarding to analyze CrOs(CO)lo, 
where the different numbers of electrons contributed by the two 
metal atoms determine an uneven distribution of the formal local 
charge. In fact, the current view about CrOs(C0)lo assumes 
the presence of a dative (semipolar) (CO)5Os--Cr(CO)5 bond 
which determines the presence of a formal charge of +1 and 
-1 on the Os and Cr atoms, respectively. The structure of 
CrOs(C0)lo has not yet been determined; however, Pomeroy 
and co-workers have extensively studied complexes with 
unbridged dative bonds between osmium and a group 6 element. 
They have invariably found that there is an inward leaning of 
the equatorial CO’s on the donor half of the molecule (M- 

Table 3. Comparison between Calculated and (Observed) Local 
Geometries of Bridging Carbonyl ligands in rr~ns-MM’(CO)~Cpz 

FeFe MnRh CrNi 

M-Cp2,A 1.94 (1.92) 1.85 (1.87) 1.88 (1.88) 
M’-C,z, A 1.94 (1.92) 2.24 (2.17) 2.45 (2.43) 
M-C,2-O, deg 137 (138) 150 (153) 161 (168) 
M’-CP2-O, deg 137 (138) 126 (123) 124 (118) 
local charges, e 010 -0.19/+0.19 -0.46H0.46 

Os-C,, < 90’) while such inward leaning is not present in the 
equatorial carbonyls of the acceptor half of the molecule (Os- 
M-C,, = ca. 90”).4* This feature is well reproduced by our 
computations even if we do account only for the charge transfer 
and not for the net attraction due to long-range d+n* interac- 
t i o n ~ . ~ ~  Accordingly, we compute Cr-Os-C,, and Os-Cr- 
Ceq angles of 85.7 and 88.5’, respectively, to be compared, for 
instance, with those found in (Me3P)(CO)40sCr(CO)s, which 
average to 84.1 and 89.2’, re~pec t ive ly .~~ 

MM(CO)&p2. In Figure 4 the structures of trans-MM‘- 
(CO)4Cp2 for the couples of metal atoms Mr~/Rh,5~ and 
Cr/Ni52 are reported. The major stereochemical change, on 
varying the relative number of the electrons contributed by the 
metals, is the polarization of the two pz-bridging CO’s toward 
the most electron-demanding metal. This feature is reproduced 
well in our computations (Table 3). According to conventional 
electron bookkeeping, there is a normal covalent bonding 
(between two 17-electron fragments) in the FeFe and Cr/Ni 
derivatives while, in the MnRh one, the 18-electron MnCp- 
(co)3 fragment is supposed to donate an electron pair datively 
to the 16-electron RhCp(C0) fragment. The close relationship 
between dative bonding and semibridging carbonyls has been 
discussed previously by others,53 and apparently, in the Mn/Rh 
derivative bonding takes place through the semibridging car- 
bonyls with little net metal-metal interaction. Electron book- 
keeping techniques, in spite of having little in common with 
the “true” quantomechanical description of bonds, satisfy the 
fundamental need of the chemist to make the most reasonable 
predictions using the simplest model of their realm. Chemically, 
a 34-CVE count is normally associated with stable dimeric 

(44) Cotton, F. A.; Troup, J. M. J.  Am. Chem. SOC. 1974, 96, 1233. 
(45) Bau, R.; Kirtley, S .  W.; Sorrell, T. N.; Winarko, S. J .  Am. Chem. 

SOC. 1974, 96, 988. 
(46) Since local charges might originate from long-range d-x* interactions, 

we implicitly handle the “asymmetric” part of d--n* interactions. 
However, the concerted bending of a group of CO ligands (a 
compensating set in Cotton’s terminology) does not afford any charge 
separation (as in [Crz(CO)loI2-) and is not accounted for by the local 
charge approach. 

(47) Handy, 1. B.; Ruff, J. K.; Dah], L. F. J .  Am. Chem. SOC. 1970, 92, 
7312. Hey-Hawkins, E.; von Schnering, H. G. Chem. Ber. 1991,124, 
1167. 

(48) Shipley, J. A.; Batchelor, R. J.; Einstein, F. W. B.; Pomeroy, R. K. 
Organomerallics 1991, 10, 3620 and references therein. 

(49) Davis, H. B.; Einstein, F. W. B.; Glavina, P. G.; Jones, T.; Pomeroy, 
R. K.; Rushman, P. Organomerallics 1989, 8, 1030. 

(50) Mitscheler, A.; Rees, B.; Lehmann, M. S .  J .  Am. Chem. SOC. 1978, 
100, 3390. 

(5 1) Aldridge, M. L.; Green, M.; Howard, J. A. K.; Pain, G. N.; Porter, S .  
J.; Stone, F. G. A.; Woodward, P. J .  Chem. Soc., Dalton Trans. 1982, 
1333. 

(52) Madach, T.; Fischer, K.; Vahrenkamp, H. Chem. Ber. 1980,113,3235. 
(53) Barr, R. D.; Marder, T. B.; Orpen, A. G.; Williams, D. J .  Chem. Soc., 

Chem. Commun. 1984, 112. 
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Figure 5. Three different stereoisomers of V2(CO)j(Cp)2. 

Table 4. Comparison between Calculated and (Observed) Local 
Geometries of Bridging Carbonyl Ligands 

V2(CO)j(Cp)2 (Sympetry Idealized to C,)“ 
metal V-C, A V-C-0, deg 

~~~ 

v1 1.95 (1.94) 163 (169) 
v2 2.42 (2.42) 129 (123) 

[FedC0)111~- 
metal Fe-C, 8, Fe-C-0, deg 

Fe 1 ,,mC 1.86 (1.85) 143 (143) 
Fe2,pK 2.20 (2.21) 127 (129) 
Fe 1 ,,d 2.83 (2.72) 137 (135) 
Fe2y2C 1.94 (1.96) 136 (138) 

“Local charges, e:  V1, +0.18; V2, -0.18; Fel, -0.76 (-0.092 
below ea”); Fe2, -0.62 (+0.046 above ea\). 

species, and this is rationalized a posteriori by “assuming” the 
sharing of two electrons through a M-M bond. This is also 
the only assumption made in the computation of local charges 
(apart from the normalizing factor a)  and, inter alia, local 
charges do not rely on the distinction between dative and 
covalent bonds. 

In the light of the computed local charges for the minimized 
structures, it clearly follows that steric forces favor the most 
symmetric C2h conformation while the smearing of the local 
charges favors the maximization of the M-CO connectivity with 
the most electron-demanding metal. The competition between 
these two effects results from the fact that in the minimized 
structures the metal atoms are not formally neutral. According 
to the agreement between experimental and modeled geometries, 
the blending between steric and electronic factors in our model 
appears to be reasonably well parametrized. 

V2(C0)5(Cp)z. [V2(CO)5(Cp)2] was one of Cotton’s key 
compounds in his dissertation about charge equalization.’ The 
minimum-energy conformer has C, symmetry and an overall 
stereogeometry fairly close to the experimental one (Figure 5 
and Table 4). This confirms both Cotton’s original qualitative 
arguments (the V(CO)3(Cp) fragment is datively bonded to the 
V(CO)2(Cp) one and the two semibridging pz-CO’s occur in 
order to dissipate the negative charge accumulated on the latter 
fragment) and the present, more quantitative, formulation (the 
two semibridging p2-CO’s donate ca. 3 electrons to the closer 
V atom and ca. 1 electron to the other one). Moreover, because 
we may minimize the steric energy of different stereoisomers, 
such as the trans-C, and cis-Czv reported in Figure 5, by 
imposing either a symmetric p2-CO and/or a different symmetry, 
we now understand why these conceivable isomers are avoided. 

Indeed, even if they offer a perfect solution to the smearing of 
the local charge, they are intrinsically unstable on steric grounds 
(Table 2). 

FQ(CO)II]~-. It was proposed in 1959 that the [ F ~ ~ ( C O ) I I ] ~ -  
dianion is composed of a triangular array of Fe(C0)3 fragments 
which are coordinated to one another by two ps-CO ligands in 
addition to the M-M bonds (Figure 6B).54 However, a 
successive crystal structure analysis of the [NEt4]+ salt showed 
that the cluster possesses a symmetric p2-C0, a semibridging 
p3-CO, and (crystallographically imposed) C, symmetry (Figure 
6A).55 On the other hand, a third isomer can be derived from 
this latter one by transforming the semibridging p3-CO into an 
axial CO of a C2,-Fe(C0)4 fragment (Figure 6C). The agree- 
ment between the minimum-energy isomer (A) and the experi- 
mental geometry is fairly good (Table 4). Moreover, the present 
computations show that the isomer with two p3-CO group (B), 
in spite of the perfect smearing of charges, is destabilized on 
steric grounds having a steric energy 2.3 kcal mol-’ above the 
global minimum. The third isomer (C), where all the three Fe 
atoms reach the closed-shell requirements when the two charges 
are localized on the two Fe atoms carrying the p2-CO group, 
has an unfavorable charge distribution (-0.14, -0.93, -0.93) 
and accordingly has a steric energy 0.9 kcal mol-’ above the 
global minimum, the local charge contribution being 1.3 kcal 
mol-’. 

Conclusions 
It is intrinsic to molecular mechanics to express the total steric 

energy as a sum of different contributions (Le., the various force 
field components); as a consequence, minimum-energy struc- 
tures are, by definition, those realizing the better compromise 
between different tendencies. We have modeled carbonyl 
clusters as if they were under the influence of (mainly) three 
different forces: (i) valence forces, constraining the CO to float 
on the EPS surface maintaining the CO vector approximately 
perpendicular to the surface; (ii) van der Waals interactions, 
conveying both the (few) strong repulsion responsible for 
nonpenetrability of bodies and the (many) weakly attractive 
interactions; (iii) local charge interactions, addressing the 
fulfillment of the local electron bookkeeping but also favoring 
the conformations associated with the better spread of the total 
charge on the cluster. 

Local charge effects favor the crowding of ligands around 
electron-poor centers and are particularly evident in the realm 

(54) Mills, 0. S.: Hock, A. A,; Robinson, G. Proc. Int. Cong. Pure Appl .  

( 5 5 )  Lo, F. Y.-K.; Longoni, G.; Chini, P.; Lower. L. D.; Dahl. L. F. J .  Am. 
Chem. 1959, 17, 143. 

Chem. SOC. 1980. 102, 7691 
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[Fe3(C0),,I2- (A) [Fe3(C0)1112- (B) [Fe3(C0)1112- (C) 

Figure 6. Three different stereoisomers of [Fe3(CO)j , I 2 -  

of heteronuclear BCMC (such as [FeCo(CO)&) and/or in the 
presence of ligands “isosteric” with CO but carrying a different 
charge (CN-) or donating a different number of electrons 
(NO)? However, even for homonuclear BCMC, there are 
situations where steric and local charge effects conflict because 
the best steric conformation of carbonyl ligands does not 
correspond to a reasonable distribution of local valence electrons 
and/or charges (as in Fe~(C0)9 and [Fe3(CO)11I2-). 

It has been straightforward to consider ligands with a definite 
connectivity pattern and locally connected CO’s together. In 
spite of the rough parametrization of the Cp ligand, we have 
correctly reproduced the experimental V2(CO)5(Cp)2 stereo- 
chemistry and, remarkably, we have been able to dismiss for 
steric reasons the alternative trans-C, and cis-C2” isomers, even 
if they offer a perfect solution to the smearing of the local 
charge, quantifying and extending Cotton’s description of this 
system. 

The EPS approach, implying that all the carbonyls feel the 
same (metal-centered) potential in all the surface points, is the 
quantitative formulation of the kernel of Johnson’s LPM: the 
freedom of carbonyls about the metal cage or, the other way 
round, the freedom of the metal cage to librate within the ligand 
envelope. However, as shown earlier for octahedral BCMC2I 
and now for a few dimeric species, the stereochemical variability 
within a given [MmM‘m(CO),]q- class of derivatives cannot be 
accounted for by intramolecular steric interactions only. From 
this point of view, LPM, in spite of being very useful in offering 

a “different” point of view on fluxionality, is inadequate for 
dealing with the stereochemistry of BCMC. It is only the 
interplay among many different factors (inter- and intramolecular 
steric interactions, charge and local bookkeeping equalization, 
and more specific electronic effects) that determines the real 
structure.21 However, the correct blending of the different 
effects is difficult to reach because, as suggested by many 
experimental findings,’-7 the potential energy surface of metal 
carbonyl clusters is quite soft. 

To counterbalance the CO connectivity freedom (intrinsic to 
the EPS approach) with the control of local valence electrons 
is a major advance in the task of building a force field for metal 
carbonyl clusters. However, since the are some more effects 
in need of being considered (like the intermolecular vdW 
interactions) or parametrized (like the tendency of certain metals 
for a definite local ligand stereogeometry), it is still difficult to 
use MM computations to foresee the correct ligand stereochem- 
istry of BCMC. Steric energies can be, anyway, safely used to 
justify small distortions around a given geometry or to exclude 
a particularly crowded stereoisomer. 
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