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Electron pairing as a stabilizing factor in open-shell organometallics. The case of 15-electron CpMCI2(PH3) (M = Cr and Mo)
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DFT (BLYP) calculations with lull geometry optimization on the PH3 addition to CpMCl2(PH3) show very different results for M = Cr and Mo, in accord with the experimentally established stability of 15-electron CpCrX2L and 17-electron CpMoX2L2 (X = 1-electron ligand; L = 2-electron ligand). The calculations point to the paramount importance of electron pairing energy: 22.53 kcal/mol must be spent to promote the ground state 4 A" CpCrCl2(PH3) to the 2 A' excited state, and only 16.51 kcal/mol are regained upon formation of the second Cr-PH3 bond. The cost of pairing the electrons in CpMoCl2(PH3), on the other hand, is much less (3.95 kcal/mol) and the bond formation energy along the spin doublet surface is 12.26 kcal/mol. The relevance of electron pairing

energy as a stabilizing factor for the general class of open-shell organometallics is pointed out.

. Werner-type complexes and low-valent organometallic compounds form two different and mutually exclusive classes of transition metal coordination compounds. The rationalization oi their structure and properties follows very different lines of thought, emphasizing ionic interactions in one case (crystal field theory and variations thereof) and covalent ones (molecular orbital theory) in the other.

There are, however, a growing number of compounds that do not find their proper place in either category but can be thought of falling in the grey area between the two extremes. 1 These are, in general, compounds with ligands typical of lower-valent organometallic chemistry but in oxidation states typical of Werner complexes and having two or more unpaired electrons in an open-shell configuration (e.g. EAN < 17). Ground rules for a general rationalization of structure and stability of these systems are not available. [START_REF] Huheey | Inorganic Chemistry: Principles of Structure and Reactivity[END_REF][START_REF] Collman | Principles and Applications of Organotransition Metal Chemistry[END_REF] In this contribution, we shall address the energetic effect of a spin state change and show that it can be of dramatic importance in this area of chemistry.

Although the argument will be applied here to a particular case, i.e. half-sandwich systems of group 6 M 3+ , it has complete generality in the field.

Half-sandwich compounds with the general formula CpCrX2L (X = l-electron ligand; L= 2-electron ligand), [START_REF] Fischer | [END_REF][5][6] are stable l5-electron systems with a S = 3/2 ground state and show no tendency to add a second neutral 2-electron ligand. On the other hand, the corresponding Mo(III) systems show the opposite trend: they are well represented for the 17-electron, S = l/2 CpMoX2L2 class, 7 but do not exist with the 15-electron, CpMoX2L configuration. 8 'The reluctance of the Cr 3+ systems to add an additional 2-electron donor cannot be attributed to the smaller size of the metal center, because CpMX2L2 compounds are stable for the similar size V 3+ center, even with bulkier ligands, e.g. CpVCl2(PEt3)2. 9 In order to probe the energetic factors that regulate the ligand addition reaction to l5-electron CpMX2L (M = Cr, Mo), we have carried out a theoretical investigation of the model system where X = Cl and L = PH3 (eq. I).

CpMCl2(PH3) + PH3 CpMCl2(PH3)3 (1) 
The calculations consisted of Density Functional Theory (DPT-BLYP) [10][11][12] geometry optimizations. [START_REF]Calculations were carried out with the Gaussian 94 package. 22 The LANLZDZ basis set includes both Dunning and Hay's D95 sets for H and C 23 and the relativistic ECP sets of Hay and Wadt for the heavy atoms. 24-26 Electrons outside the core were all those of H and C atoms, the ns, np[END_REF] The scheme follows closely that employed in recent literature, for instance to calculate the CO binding energy to Fe(CO)n -. [START_REF] Bauschlicher | [END_REF] The energetic picture is summarized in Figure 1. The bond distances and angles for [START_REF] Fischer | [END_REF] A" CpCrCl2(PH3) and 2 A' CpMoCl2(PH3)2 are in good agreement with the experimentally determined structures of compounds CpCrCl2(η 1 -(dmpm) 15 and CpMoCl2(PMe3)2, 16 the maximum deviation being 0.12 Å for the bond distances and 3.2° for the bond angles. Much longer distances (especially Cr-P) were obtained with optimization at the SCF level. For both metals, the l5-electron system is calculated to be more stable in the spin quartet state, as experimentally known for Cr. The three unpaired electrons are located in three metal-based orbitals (la', la" and 2a'), which are directed away from the ligands and can be related to the t2g set in octahedral complexes. 17 Restricted Open SCF (ROSCF) also supports a [START_REF] Fischer | [END_REF] A" ground state, the energy gap being for both systems 30-40 kcal/mol larger than the corresponding DFT-BLYP values. As expected, neglecting correlation -whose effect is larger for the doublet -increases the energy gap. Thus the relative energy of the spin states is described correctly in the one-electron picture, which may thus be helpful to understand why the "promotion energy" is much larger for Cr than for Mo. Using an approach similar to that of Hall et al., [START_REF] Simpson | [END_REF] the energy of the doublet can be estimated using the ROSCF orbitals of the quartet state. Let [core]φ1 α φ2 α φ3 α denote the l5-electron quartet ground state, with φj indicating a singly occupied metal-based d orbital. An approximate doublet state can be obtained as

[core]φ1 α φ1 β φ2 α . Straightforward manipulations lead to

2 E-4 E = (ε1 -ε3) + J11 -J13 + K12 + K13 (2)
where the ε are the quartet state orbital energies and J (K) denotes Coulomb (exchange) integrals.

Values of these parameters are assembled in the Table . The approximation gives reasonable estimates of the ROSCF gaps. The mixing of the three metal d orbitals with the 3p orbitals of Cl is negligible, thus a π-donation mechanism, which should stabilize the doublet vs the quartet state, appears to be quite unimportant. Doublet relaxation being neglected, these values are in excess. The larger difference for Cr with respect to Mo is due to the larger Coulomb and exchange "pairing energy", as expected from the greater contraction of d orbitals for Cr, while a minor role is played by the orbital energies. The difference of correlation energy between the doublet and the quartet is greater for the Cr (34.0 kcal/mol) than for the Mo (25.6 kcal/mol) system. This is consistent with the larger localization of the d orbitals in the Cr complex. a All energies are expressed in kcal/mol. b From eq. ( 2). c From ROSCF calculations at the DFT-B3LYP optimized geometries.

The process of ligand addition can ideally be divided in two steps: the electron pairing, which vacates the metal orbital to be used for the incoming PH3 ligand electrons; and the bond formation along the spin doublet energy surface. The latter process is represented by the broken lines in the Figure . The calculated bond formation energy along the spin doublet surface is some 4 kcal/mol larger for Cr than for Mo. This contrasts with the generally accepted view that bond strengths increase upon descending a group of transition metals. 19 In summary, the calculations attribute the different behavior of halfsandwich Cr(III) and Mo(III) compounds essentially to the much greater pairing energy for the lighter element. The existence of the above mentioned CpVCl2(PEt3)2 (S = l) finds a rationale in the absence of a spin pairing upon coordination of the second phosphine ligand to a hypothetical 14-electron CpVC12(PEt3) system.

These arguments are applicable to any open-shell system where a ligand addition causes a spin state change. Thermodynamically measured (e.g. by equilibrium studies) bond dissociation energies must reflect the cost of pairing the electrons and such experimental values should not be taken as measures of an "intrinsic bond strength". The effect of spin pairing was proposed by Calderazzo et al. 20 and by Brintzinger et al. 21 as a factor determining the low dissociation enthalpies of 13.1±1.0 and 18.8±0.5 kcal/mol for the metal-CO bonds in Cp2VI(CO) and Cp2Cr(CO), respectively. The calculations presented here indicate that this effect can be sufficiently large to compete effectively with the bond formation and provides a rationalization for the existence of a growing number of electronically unsaturated, unpaired-spin organometallics, especially for 3d metals in moderately high oxidation states.

Figure 1 .

 1 Figure 1. Total energies of the DFT-BLYP geometry-optimized CpMCl2(PH3) + PH3 vs. CpMCl2(PH3)2 (M = Cr or Mo).

Table I

 I 

	J13	486.4	321.2
	K12	22.3	15.4
	K13	16.6	13.0
	ΔE b	65.0	44.7
	ΔE c	56.5	29.6
	. -Monoelectronic analysis of the quartet-doublet gap for l5-electron CpMCl2(PH3) (M = Cr,
	Mo). a		
		CpCrCl2(PH3)	CpMoCl2(PH3)
	Δε = (ε1 -ε3) -4.7	-7.2
	J11	517.3	344.8
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