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Why is Bis-Indenylchromium a Dimer? A DFT Investigation

Unsubstituted bis-indenylchromium has been shown to be a dimer, Cr 2 (Ind) 4 , whereas the monomeric sandwich-type structure, Cr(Ind) 2 , has been only observed for substituted relatives.

DFT calculations indicate that dimerization allows the building of a quadruple Cr-Cr bond whereas it can still participate in five formal 2-electron metal-ligand bonds. Despite of this apparently favorable situation with respect to dimer stability, the energetic balance in favor of the dimer is computed not to be very large. Calculations on a series of related Cr, Mn, Fe and Co relatives indicate that Cr 2 (Ind) 4 appears unique in terms of its stability relatively to its monomer. However, dimeric species such as Cr 2 (Cp) 2 (Ind) 2 , Cr 2 (Cp) 4 or Mn 2 (Ind) 4 appear to be not that much unstable relatively to their monomer for being observed under some specific circumstances.

Introduction

Indenylide, (C 9 H 7 ) -, can be viewed as a substituted cyclopentadienyl anion (Lewis structure I in Scheme 1), although, as a ligand in organometallic complexes, it can induce properties which can be quite different from those of their regular cyclopentadienyl relatives [1], due to significant contribution of Structure II which emphasizes the somewhat allylic character of the 5-fold ring.

From this point of view, the bis-indenyl complexes of first-row transition-metals have fairly different properties (including sometimes spin states) as their metallocene analogues [2][3][4][5][6][7][8][9]. The case of chromium is even more puzzling since sandwich-type bis-indenyl chromium complexes exist only with substituted indenyl ligands [4,5], the unsubstituted species being a dimer [10]. The structure of Cr 2 (Ind) 4 , (Ind = indenyl) is sketched in Scheme 2 and shown in Figure 1, Because of steric congestion, it has a somehow unsymmetrical structure and exhibits two η 5 -Ind and two µ,η 3 -Ind ligands. From its compact nature, one can understand that the presence of substituents on the indenyl ligands might disfavor dimerization. Considering the ligands as formally monoanionic (indenylides), (η 5 -Ind) -and (η 3 -Ind) -are 6-and a 4-electron donors, respectively. Thus, in this molecule, each Cr(II) atom receives 6 electrons from one η 5 -indenylide and 2 electrons from each of the two bridging η 3 -indenylide it is bonded to. There is no mention in the original paper of Jolly and coworkers about the magnetic behavior of Cr 2 (Ind) 4 [10] but the comments of these authors on an apparently normal 13 C NMR spectrum, suggest it is diamagnetic. Assuming diamagnetism, a metal-metal quadruple bond can be expected if the 18-electron rule is satisfied, and actually the value of the observed intermetallic distance (2.175(1) Å) [10] does not contradict this hypothesis [11].

Scheme 1. Major Lewis structures of the indenyl anion.

As noted by Jolly and coworkers [10], the structure of Cr 2 (η 5 -Ind) 2 (µ-η 3 -Ind) 2 is related to that of Cr 2 (η 5 -Ind)(µ-Cl)(µ-η 3 -Ind) [10] and Cr 2 (η 5 -Ind) 2 (µ-η 3 -allyl) 2 [12] (see Scheme 2 and Figure 1). The cyclopentadienyl analog of the latter, Cr 2 (η 5 -Cp) 2 (µ,η 3 -allyl) 2, exists also (Scheme Scheme 2. Planar sketches of the discussed chromium compounds. The metal-metal bond (quadruple in the singlet state) is not represented. Thus, in these dimers, the existence of a quadruple bond between two 18-electron Cr(II) centers cannot be ruled out, although the metal-metal separations in the former and latter are more consistent with the existence of a lower bond order [11]. On the other hand, Cr 2 (η 3 -allyl) 2 (µ-η 3allyl) 2 exists also [START_REF] Benn | [END_REF] and has a related structure (Scheme 2 and Figure 1) with a Cr-Cr distance of 1.97(6) Å. [14b] Since the allyl anion is a 4-electron donor, Cr 2 (allyl) 4 bears 4 electron less than Cr 2 (Ind) 4 and cannot satisfy the 18-electron rule, even assuming a metal-metal quadruple bond.

Nevertheless, quadruply bonded 16-electron dinuclear complexes are not scarce [11]. Among all these complexes more or less related to Cr 2 (η 5 -Ind) 2 (µ-η 3 -Ind) 2 , only Cr 2 (η 5 -Cp) 2 (µ,η 3 -allyl) 2 [12,15] is described as paramagnetic, with a magnetic moment of 4.1 µ B determined under experi-
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mental conditions which do not exclude the presence of magnetic impurities [12]. All the other above-mentioned dichromium complexes are likely to be diamagnetic.

In order to understand the dimeric nature of Cr(Ind) 2 and to get a better insight in its spin state and bonding situation, as well as in the related compounds mentioned above, we have undertaken a density functional theory (DFT) investigation on the above-mentioned dimers. We also investigated the possibility for other M(Ind) 2 complexes to dimerize, as well as that of simple metallocenes.

Figure 1. Molecular structures of the four experimentally characterized dimers. [10,12] 

Computational Details

The quantum chemical description of the metal-metal interaction in multiply bonded dinuclear chromium complexes is not always straightforward and it is known that the best approach for such systems is by using a multiconfigurational method [16]. However, the use of such timeconsuming approaches is restricted to complexes of rather small size and cannot be applied to series of transition-metal complexes. On the other hand, although density functional theory (DFT) has limitations related to its monodeterminantal nature, recent calculations have proven to be able to provide a description of Cr-Cr bonding at a reasonably high level of accuracy [17]. This is why we have chosen this method for carrying out our investigation. All the calculations were performed with the 2010.01 version of the Amsterdam Density Functional (ADF) program developed by Baer-
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ends and co-workers [START_REF]Theoretical Chemistry[END_REF]. Assuming the Vosko-Wilk-Nusair parametrization for the local density approximation. [19] Because several spin states were likely to compete in the computed complexes, we have first tested three different non-local corrections, namely the GGA BP86 functional [20], which is known for its tendency for overestimating the low-spin state stability, the B3LYP hybrid functional [21], which usually overestimates the high-spin state stability, and the related B3LYP* functional [22]. This latter functional contains less Hartree-Fock contribution than B3LYP and therefore is in principle better suited for providing correct spin-state orderings. A systematic structural discrepancy was found between the results computed with these three functionals and the Xray structures of the compounds containing terminal indenyl ligands. Whereas the experimental structures exhibit a typical unsymmetrical η 5 -Ind coordination mode with three shorter (~ 2.2-2.3 Å) and two longer (~ 2.4-2.5 Å) Cr-C bonds, the corresponding optimized values of the longer bonds were found somewhat overestimated (~ 2.6-2.7 Å). Owing to the compactness of the investigated molecules, an overestimation of steric congestion was suspected so that it was decided to take into account dispersion forces by using the Grimme empirical corrections [23] through the use of the BP86-D and B3LYP-D functionals which are implemented in the ADF code. It was found that employing these functionals almost cancelled the above-mentioned discrepancy with the experimental structures found with the non-corrected functionals. In summary, the five above-mentioned functionals were used to carry out full geometry optimizations of different spin states of the considered chromium complexes.

The standard ADF TZP basis set was used, i.e., a triple-ξ Slater-type orbital basis set for the valence shells, augmented with single-ξ polarization functions (2p for H, 3d for C, 4p for the firstrow metals) [START_REF]Theoretical Chemistry[END_REF]. The BP86 and BP86-D calculations were performed assuming the frozen-core approximation [START_REF]Theoretical Chemistry[END_REF] up to 1s for C and 3p for the first-row metals. Spin-unrestricted calculations were performed for all the open-shell systems. The analytical gradient method developed by Versluis and Ziegler [25] was used in the calculations. When X-ray structures were available, they were used as starting geometries in the optimizations processes. The Cr 2 (Cp) 4 and Cr 2 (Cp) 2 (Ind) 2 starting geometries were derived from the X-ray structure of Cr 2 (Ind) 4. Only the Cr 2 (allyl) 4 and Cr 2 (Cp) 2 (allyl) 2 dimers were found to possess a symmetry element, i.e a mirror plane connecting the two Cr atoms (C s symmetry). All the other investigated compounds were found to be slightly unsymmetrical. Vibrational frequency calculations [26] were performed on all the optimized geometries which were ascertained as energy minima by the non-existence of imaginary frequencies. All trends as their ZPE-corrected total energy counterparts (∆E) which are provided as supplementary information (SI) material. Representations of the orbitals and of the molecular structures were done by using the ADF-GUI [START_REF]Theoretical Chemistry[END_REF] and the MOLEKEL4.1 [START_REF] Flükiger | MOLEKEL, Version 4.3.win32, Swiss Center for Scientific Computing (CSCS)[END_REF] programs, respectively. The natural population-based and Wiberg bond indices (NPAI and WBI, respectively) [START_REF] Wiberg | [END_REF] were obtained from calculations implemented in the NBO 6.0 program [29].

Energetic and structural results of the chromium complexes

The experimentally characterized complexes Cr 2 (allyl) 4 , Cr 2 (Cp) 2 (allyl) 2 , Cr 2 (Ind) 2 (allyl) 2 and Cr 2 (Ind) 4 have been computed, together with the hypothetical compounds Cr 2 (Cp) 2 (Ind) 2 and the dimer of chromocene, namely Cr 2 (Cp) 4 . In the case of Cr 2 (Cp) 2 (Ind) 2 , only the significantly more stable isomer, namely Cr 2 (η 5 -Cp) 2 (µ-η 3 -Ind) 2 , is considered in this paper. Their major energetic results (are reported in Table 1 (relative free energies, ∆G) and Table S1 (relative energies, ∆E) for all the functionals and spin states considered. The ∆G and ∆E values relatively to the corresponding monomeric species in their lowest spin state are also reported. All the computed ∆G and ∆E series follow the same trends. One can see that B3LYP and B3LYP-D calculations found all the complexes to have a triplet ground state. The same spin state ordering is found with B3LYP* but, as expected the corresponding energy difference is reduced. The BP86 and BP86-D results favour singlet ground states except for Cr 2 (Cp) 2 (allyl) 2 for which a triplet ground state is slightly preferred. If one assumes that all the experimentally characterized compounds are likely to be diamagnetic, except for Cr 2 (Cp) 2 (allyl) 2 (see above), one reaches the conclusion that, from the energetic point of view, the GGA results appear more reliable for this particular series of compounds.

Cr 2 (Ind) 4 is found to be stable with respect to dissociation in two chromium bis-indenyl monomers, in full agreement with experiment (Table 1) [10]. On the other hand, the hypothetical Cr 2 (η 5 -Cp) 2 (µ,η 3 -allyl) 2 and Cr 2 Cp 4 dimers are found to be unstable with respect to dissociation.

From the structural point of view, the Cr-Cr distances computed for the triplet states are closer to the X-ray values than the singlet state ones (Table 2). However, it is known that DFT tends to overestimate the distance between multiply bonded chromium atoms [16a]. A somewhat better overall
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agreement with X-ray is also found for the Cr-C distances computed for the triplet state, but it is difficult to conclude owing to the large dispersion and low accuracy of the experimental values.

Table 1. Computed singlet/triplet free energy differences (in kcal/mol) of the investigated dinuclear chromium complexes and their free dissociation energy (formation of monomers; BSSE considered).

a Presumed magnetic behavior (from refs 10, 12 and14, see text). b ∆G S/T = G(singlet) -G(triplet) (in kcal/mol). A negative value means singlet ground state. c ∆G Diss = 2 x G(monomer ground state) -G(dimer ground state) (in kcal/mol). A negative value means that the compound is more stable in its monomer form.

Bonding analysis of the chromium complexes

In the followings, the bonding in the singlet states is first analysed. The results which are commented below are taken from the BP86-D calculations. In the case of the Cr 2 (η 3 -allyl) 2 (µ,η 3allyl) 2 , the ligand environment of each Cr(II) center can be roughly approximated to square planar. Thus, Cr 2 (η 3 -allyl) 2 (µ,η 3 -allyl) 2 can be related for example to the family of the D 4h Cr 2 (CO 2 R) 4 complexes in which the Cr(II) atoms are bridged by four carboxylate ligands and lying in a local square planar CrO 4 ligand environment [11a]. Such complexes are known for exhibiting a quadruple bond between the two 16-electron metals and indeed, this is also the case for Cr 2 (η 3allyl) 2 (µ,η 3 -allyl) 2 , the Kohn-Sham orbital diagram of which is shown in Figure 2. It clearly exhibits four occupied metal-metal bonding orbitals which, despite of some σ/π/δ mixing due to the low molecular symmetry, can be identified as the σ, π ⊥ , π // and δ components of the metal-metal bond.

Unsurprisingly, the LUMO is the δ* orbital. It lies 1.65 eV below the LUMO+1, preventing the S1). In all the computed dimers, the triplet state corresponds to the expected (δ) 1 (δ*) 1 configuration and the Cr-Cr bond order decreases to 3. Investigation of the stability of related M 2 (Ind) 4 and M 2 (Cp) 4 dimers.

Starting from the fact that Cr 2 (Ind) 4 exists with a metal-metal quadruple bond, one may wonder if other dimers with lower bond order might be reasonably stable. This is why the M 2 (Ind) 2 series, with M = Mn, Fe, Co, corresponding respectively to triple, double and single metal-metal bond order in the singlet state, has been investigated. For the sake of comparison the M 2 (Cp) 2 series has also been investigated. The major computed results are provided in Tables 3,4 and S2. Both series of compounds exhibit similar trends and from the data of Table 3, it is difficult to predict with certainty that a particular dimer is isolable. On the other hand, the dimer of ferrocene is predicted unlikely to be isolated whatever is the functional used. Analysis of the electronic structures in their singlet states confirms the expected metal-metal bond orders of 3, 2 and 1 for Mn, Fe and Co, respectively. However, the computed bond indices indicate rather weak bonds in the case of iron and cobalt.

Cr2(allyl)4 Cr2(Cp)2(allyl)2 Cr2(Ind)2(allyl)2 Cr2(Ind)4 Cr2(Cp)2(Ind)2 Cr2(Cp)4
Exp. BL 1.97 (6) [14b] 2.299(1) [12] 2.171(1)-2.198(1) [12,[START_REF]Two independent molecules in the unit cell of this compound[END_REF] 2.175(1) [10] Computed spin state 

S = 0 S = 1 S = 0 S = 1 S = 0 S = 1 S = 0 S = 1 S = 0 S = 1 S = 0 S =

Conclusion

The elusive electron-deficient Cr(η 5 -Ind) 2 sandwich monomer possesses six formal 2electron metal-ligand bonds. Its dimerization in Cr 2 (η 5 -Ind) 2 (µ-η 3 -Ind) 2 allows each metal center to build four Cr-Cr bonds (in the singlet state) whereas it still participates in five formal 2electron metal-ligand bonds. Thus, in terms of bonding the balance of dimerization appears very positive at first sight. However, one has to consider that in general a 2-electron metal-metal bond is substantially weaker than a metal-ligand bond, especially in the case of first-row metals. One has also to consider that the crowding of the ligands around the two metal centers tends to destabilize the dimer. The preference of aromatic 5-fold rings for η 5 -rather than η 3 -coordination (even in the case of indenyl, although less pronounced than for cyclopentadienyl) has also to be considered. It results that the energetic balance in favour of the dimer is not very large. This is why Cr 2 (Ind) 4 appears as unique in the series of the related complexes that we have computed. In the case of hypothetical cyclopentadienyl-containing dimers, one has to consider that metalcyclopentadienyl bonding is stronger than metal-indenyl bonding and thus tends to weaken M-M bonding, rendering dimerization less favourable. Nevertheless, dimers such as Cr 2 (Cp) 2 (Ind) 2 , Cr 2 (Cp) 4 (the dimer of chromocene) or Mn 2 (Ind) 4 appear to be not that much unstable relatively to their monomer for being observed under some specific circumstances.

Supporting Information

Kohn-Sham orbital diagram of Cr 2 Cp 2 (allyl) 2 and Cr 2 Cp 4 (Figure S1). Computed lowspin/high-spin energy differences of the investigated dinuclear complexes and their free dissociation energy (Tables S1 andS2). A text file of the optimized geometries in Mol format. -The peculiar nature of the indenyl ligand favors dimerization.

-The dimer of chromocene is a not so high energy minimum.

  reported in this paper include zero-point energy (ZPE) correction. Dissociation energies have been corrected from basis set superposition error (BSSE) with the counterpoise method. The relative enthalpy values (∆G) are computed for room temperature. They show similar

  low-lying excited quintuplet state. The BP86-D NPA Cr-Cr bond index (3.3, see Table 2) is fully consistent with the existence of a quadruple bond, the corresponding Wiberg index being, as expected, lower (2.5).

Figure 2 .

 2 Figure 2. Kohn-Sham orbital diagrams obtained by BP86-D calculations on the singlet states of different dichromium complexes.

-

  The existence of a Cr-Cr quadruple allows stabilizing bis-indenylchromium.

  

Table 2

 2 computed dimers, namely the hypothetical Cr 2 Cp 2 (Ind) 2 and Cr 2 Cp 4 , have similar electronic structure (see Table2 and Figure

	). The lower computed

Table 2 .

 2 Experimental and computed Cr-Cr bond lengths (BL, in Å) of the chromium species and corresponding computed NPA and Wiberg bond indices (NPAI and WI, respectively; see Computational Details).

Table 3 .

 3 Computed singlet/triplet or singlet/quintuplet free energy differences of the M 2 (Ind) 2 and M 2 (Cp) 2 (M = Mn, Fe, Co) dimers and their free dissociation energy (formation of monomers; BSSE considered).
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Table 4 .

 4 Computed M-M bond lengths (BL, in Å) for the M(Ind) 4 models (M = Mn, Fe, Co) and corresponding computed NPA and Wiberg bond indices (NPAI and WI, respectively; see Computational Details).
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