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Multicenter Bonding in Ditetracyanoethylene Dianion: A Simple Aromatic Picture in Terms of Three-Electron Bonds

The nature of the multicenter, long bond in ditetracyanoethylene dianion complex [TCNE] 2 2-is elucidated using high level ab initio Valence Bond (VB) theory coupled with Quantum Monte Carlo (QMC) methods. This dimer is the prototype of the general family of pancake-bonded dimers with large interplanar separations. Quantitative results obtained with a compact wave function in terms of only six VB structures match the reference CCSD(T) bonding energies. Analysis of the VB wave function shows that the weights of the VB structures are not compatible with a covalent bond between the π* orbitals of the fragments. On the other hand, these weights are consistent with a simple picture in terms of two resonating bonding schemes, one displaying a pair of interfragment three-electron σ bonds and the other displaying intrafragment three-electron π bonds. This simple picture explains at once (1) the long interfragment bond length, which is independent of the countercations but typical of three-electron (3-e) CC σ bonds, (2) the interfragment orbital overlaps which are very close to the theoretical optimal overlap of 1/6 for a 3-e σ bond, and (3) the unusual importance of dynamic correlation, which is precisely the main bonding component of 3-e bonds. Moreover, it is shown that the [TCNE] 2 2system is topologically equivalent to the square C 4 H 4 2-dianion, a well-established aromatic system. To better understand the role of the cyano substituents, the unsubstituted diethylenic Na + 2 [C 2 H 4 ] 2 2-complex is studied and shown to be only metastable and topologically equivalent to a rectangular C 4 H 4 2-dianion, devoid of aromaticity.

■ INTRODUCTION

Long, multicenter carbon-carbon bonding has been observed in dimers of a number of organic π-radicals. For example, the dimer of the tetracyanoethylene (TCNE) anion radical, referred to as [TCNE] 2 2-, was characterized as early as 1981 in the solid state. 1 Since then other dianion dimers of the same type, i.e., exhibiting large interplanar separations, have been been reported, e.g., the dimers of tetracyanoquinodimethane (TCNQ -• ), 2 dicyanodichlorobenzoquinone (DDQ -• ), 3 chloranyl (CA -• ) 4 anion radicals, and others. 4 As a prototype of such dimers, [TCNE] 2 2-has been the object of many theoretical studies aimed at understanding the nature of the interactions that bind the two anion radicals. One outcome of these studies is a consensus that the bare [TCNE] 2 2-dianion is unstable due to Coulomb and Pauli electronic repulsion, which needs be compensated by cation-anion attractive forces in the crystalline solid state, or by ion-solvent interactions in solution. [5][6][7][8][9][10] Thus, the cations or the solvent molecules act as the glue that keeps the two [TCNE] -• anions at a distance that enables the orbitals of each fragment to overlap. In the solid state, the most stable conformation has been shown to be the one in which the cations are in an equatorial position (I in Scheme 1). 6,11 Since the mere electrostatic interaction is attractive in this conformation, one may wonder if there exists a direct bond between the two anionic fragments, or if the dimer is only bound by electrostatics. Now the remarkable fact is that the distance R separating the two anionic fragments is nearly independent of the size of the cation. 6,12 Thus, among 14 different cation-mediated [TCNE] 2 2-crystals, the distance between the [TCNE] -• units was found to be 2.90 ± 0.05 Å, whatever the nature of the cations, ranging from monatomic like K + or Cs + to bulky ones like [Cr(C 6 Me 3 H 3 ) 2 ] + or [iPr 4 N] + . 6 Moreover, the same "magic" interfragment distance of 2.9 Å was found in other dianions like [TCNQ] 2 2-and [CA] 2 2-. A slightly longer distance (3.05 Å) was found for [TCNE] 2 2-in solution. 8 The near constancy of R suggests that the interf ragment distance is not controlled by the electrostatic cation-anion or solvent-anion interactions but by the direct interaction between the two anion radicals. Actually, the decisive proof of a direct interfragment bond in [TCNE] 2 2-was provided by a calculation of Jung and Head-Gordon, 7 where the chosen geometry is one in which the K + countercations are in an axial position, respectively above and below the [TCNE] 2 2complex, like II in Scheme 1. This conformation is not the most stable geometry, but it is a particularly interesting one as the two K + [TCNE] -• fragments form two dipoles that point in opposite directions, so that the electrostatic component of the interaction must be repulsive. Thus, in this conformation, any attractive interaction between the two fragments must be entirely due to a direct bond between the two [TCNE] -• units. This is actually the case in the K 2 + [TCNE] 2 2-axial complex, which is found to be more stable by 11.2 kcal/mol at an equilibrium distance than at infinite distance, at the MCQDPT/CASSCF(2,2) level with counterpoise correction. 7 Moreover, another sign of a direct interaction between the two TCNE fragments is the presence of a (3,-1) bond critical point in the middle of each C-C interlinkage, 13 in accord with Bader's definition of a bond. [START_REF] Bader | Atoms in Molecules, X-Ray Analyses and the Structure of Organic Molecules[END_REF] Thus, it is definitely clear that there is a chemical bond between the two [TCNE] -• units, and that this bond contributes to the stability of the dimer. The next question is, of course, "What kind of bond is it?"

In the molecular orbital (MO) framework, each [TCNE] -• radical anion has an unpaired electron in a π* orbital. When the two [TCNE] -• fragments are facing each other in two parallel planes, the two π* orbitals overlap and combine to form a bonding MO of b 2u symmetry, as shown in Scheme 2. In accord, the interaction between the [TCNE] -• fragments has first been considered as a simple, albeit multicenter, stretched two-electron covalent C-C bond, more precisely a cationmediated or solvent-mediated covalent bond. 5,6 As the bond involves four carbon atoms, it was designated as a two-electron/ four-center bond, while different multicenter bonds in other dimers were identified as n-electron/m-center bond (ne -/mc), n being the number of unpaired electrons in the fragments, e.g., 2e -/12c for the phenalenyl dimer, 10 2e -/8c for the tetracyanopyrazine dimer, 15 and so on. These designations, while topologically clear, do not provide much insight into the nature of the bonding interactions. Are these new types of bonds, or can the bonding be described in terms of known bonding types, e.g. two-electron bonds, dispersion interactions, or other elementary bonding types? The 2e -/mc designation is also potentially unsuitable because it implies that only two electrons participate in the interactiona questionable assumption, as will be shown below.

Back to the [TCNE] 2 2-complex, it has been noted that some features of the interfragment bonds are not fully compatible with a classical covalent nature. For example, it has been noted 16 that electron density analysis shows electron depletion in the bonding region as reflected by the positive or close to zero Laplacian at the bond critical points, at variance with the negative Laplacians that are normally observed for covalent bonds. Besides, the average bond length of 2.9 Å is intriguing. It is much longer than a standard C-C two-electron bond (1.54 Å) and shorter than the sum of carbon van der Waals radii (3.4 Å). Moreover, Head-Gordon 7 showed that the axial conformation is found unstable at the level of twoconfiguration calculation of the MCSCF type, i.e., at the CASSCF(2,2) level, while such a computational level normally describes very well a classical covalent bond like, e.g., the C-C bond of ethane. This author also showed that adding a secondorder perturbative correction to the CASSCF(2,2) wave function, leading to the MCQDPT/CASSCF(2,2) level, stabilizes the relative interaction energy of the two K + [TCNE] -• fragments by ∼23 kcal/mol, which is much more than expected for a stretched C-C covalent bond. Calculations of a similar type with different geometries were subsequently performed by Novoa et al. 9 Finally, the importance of dynamic correlation, and the irrelevance of a classical covalent scheme, was further emphasized in a recent calculation using the generalized valence bond method with subsequent configuration interaction (CI) by Tian and Kertesz, who suggested that bonding of the charge-shift type 16 significantly contributes to the chemical bonding in [TCNE] 2 2-complexes. 17 Jung and Head-Gordon 7 and Novoa et al. 11 addressed the question of the nature of the interfragment bond as follows.

Having showed that taking dynamic correlation into account is critical in describing TCNE anion dimerization, they interpreted this finding as a sign of an important contribution of dispersion attractions between the two cofacial monomers, together with some interdimer π-bonding interactions. Now it should be noted that dynamic correlation may also be important in some bonding interactions that do not involve dispersion, like for example odd-electron bonding 18 or chargeshift bonding. 16a It follows that the quantitative contribution of dispersion, per se, is difficult to quantify, and that the exceptional magnitude of dynamical correlation is perhaps not to be entirely ascribed to dispersion, but possibly to some intradimer π-bonding interaction different from the twoelectron covalent type. Thus, it appears that the origin of the long four-center bond in [TCNE] -dimers and related compounds is still not a definitely settled matter. In the discussion below, we explore other possible types of bonding for [TCNE] 2 2-. For a system displaying no attractive electrostatic forces, chemical bonds can be of the one-electron, two-electron, or three-electron type, if one leaves dispersion forces aside. [START_REF] Shaik | A Chemist's Guide to Valence Bond Theory[END_REF][START_REF] Shaik | [END_REF] At long distances, each TCNE unit has three electrons in its π system and consequently displays a three-electron (3-e) π bond (see Scheme 3 below). When the fragments are brought together, these intrafragment 3-e bonds can convert into a pair of interf ragment 3-e bonds, as will be detailed below. Could such bonds, which have not been considered in previous theoretical studies, provide a way to understand the bonding in the anion radical dimers, and in particular the intriguing average bond length of 2.9 Å? Qualitatively speaking, there are a priori two arguments in favor of this type of bonding. First, calculated 3-e bonding energies are extremely sensitive to dynamic correlation. For example, the calculated bonding energy of F 2 -, a 3-e bonded molecule, is close to zero at the Hartree-Fock level but increases to ∼30 kcal/mol when dynamic correlation is taken into account. 18 Therefore, the same argument that was used for [TCNE] 2 2-in favor of dispersion forces, 7,11 based on the importance of dynamic correlation, could also be used to support the 3-e bonding model. Second, 3-e bonds are long bonds. Strikingly enough, an MP2 optimization of the 3-e C-C bond length in the ethane anion radical, [H 3 C∴CH 3 ] -, gives an equilibrium distance of 2.65 Å, which is almost exactly the interfragment distance found in [TCNE] 2 2-at a comparable level of calculation using the same basis set. 7 Based on the reasons cited above, we were motivated to perform a theoretical study of [TCNE] 2 2-using ab initio valence bond (VB) theory to investigate the nature of the multicenter bond with the aim of providing insight that standard MO methods cannot give. The choice of a VB rather than an MO-based computational method is indeed ideal for our purpose for three reasons: (i) VB provides an extremely compact wave function made of a small number of VB structures which are expressed in the chemist's language and clearly interpretable in terms of bonding interactions, (ii) VB theory provides in particular a clearly identifiable resonating description of three-electron bonding interactions as we will see later on, and (iii) dynamic correlation can be included in the VB method without altering the compactness and interpretability of the wave function. Thus, the interpretation of the electronic structure in terms of a bonding model is made by directly analyzing the accurate wave function, and not by analyzing a lower-level one as is often the case. This latter feature is obviously quite critical owing to the importance of dynamic correlation in the problem at hand.

■ COMPUTATIONAL METHODS

A many-electron system wave function Ψ in VB theory is expressed as a linear combination of Heitler-London-Slater-Pauling (HLSP) functions, Φ K in eq 1: 21

∑ Ψ = Φ C K K K (1)
where Φ K corresponds to "classical" VB structures and C K represents structural coefficients. The weights of the VB structures are defined by the Coulson-Chirgwin formula, [START_REF] Chirgwin | [END_REF] eq 2, which is the equivalent of a Mulliken population analysis in VB theory.

∑ = + ⟨Φ |Φ ⟩ ≠ W C C C K K L K K L K L 2 (2)
where ⟨Φ K |Φ L ⟩ is the overlap integral of two VB structures. There are several computational approaches for VB theory at the ab initio level. 23 In the VBSCF procedure, 24 both the VB orbitals and structural coefficients are optimized simultaneously to minimize the total energy. As such, the VBSCF method takes care of the static electron correlation, but it lacks dynamic correlation. Among the electrons and orbitals, one distinguishes an active space, here the π orbitals of each fragments and their electrons, from an inactive space (all the rest). The active space is treated at the VB level, and its electrons are explicitly correlated, while the inactive part of the molecule is described as a set of doubly occupied orbitals, so that the correlation of inactive electrons and the active-inactive correlation are not explicitly taken into account. An important feature of our VB calculations is that all the active orbitals are strictly localized on a single atom, like in the classical VB method, so as to ensure a clear correspondence between the mathematical expressions of the VB structures and their physical meaning, ionic or covalent.

Very recently, a mixed Valence Bond/Quantum Monte Carlo (VB/QMC) method was proposed which managed to provide Scheme 3. Representations of the Three-Electron π Bond in the Ethylene Anion: (a) the Valence Bond Framework and (b) the Molecular Orbital Framework high accuracy while keeping the full interpretative capabilities of classical valence bond methods. 25 Basically, the VB/QMC wave function we utilized consists of a VBSCF determinant part multiplied by a Jastrow function that is included to account for electronic correlation. In this study, the Jastrow parameters, VB structure coefficients, and active orbitals are optimized simultaneously using the Variational Monte Carlo (VMC) optimization algorithm, while the inactive orbitals are taken from a previous VBSCF calculation and held fixed. This level is referred to here as the VB-VMC method. The VB-VMC wave function is projected onto the ground state using the Diffusion Monte Carlo (DMC) algorithm under the fixed-node approximation, a procedure that recovers most of the remaining correlation effects that are missing at the VB-VMC level and usually provides very accurate energy differences. 25,26 This method is referred to here as VB-DMC. For both types of VB/ QMC calculations, the systematically convergent basis sets of Burkatzi et al. 27,28 were used together with their corresponding pseudopotentials for C and N. For Na, only the pseudopotential is used in the calculation in order to ensure that true Na + ions were considered. For the ditetracyanoethylene dianion [TCNE] 2 2-, in order to keep a reasonable computational cost, the original double-ζ polarized basis set was used for the four carbon atoms implied in the pancake bonding, whereas the polarization functions on the cyano substituents were removed from the calculation. The VBSCF part of the calculations was carried out with the Xiamen Valence Bond (XMVB) program, [START_REF] Song | XMVBAn Ab initio Nonorthogonal Valence Bond[END_REF]30 while the QMC calculations were carried out using the CHAMP program. [START_REF] Umrigar | a Quantum Monte Carlo ab initio program[END_REF] The reliability of the CCSD(T) calculations, performed to get a reference dissociation energy curve for the Na 2 + [TCNE] 2 2-complex, was ensured by means of the standard "T1 diagnostic," [START_REF] Lee | [END_REF] which amounts to 0.015. A coupled-cluster calculation displaying a T1 value smaller than 0.02 is generally considered as reliable. 33 The VB Structure Set and Its Relationship to MO Configurations. The active VB space, in the sense defined above, is made of the π orbitals χ 1 -χ 4 of both fragments and of the six electrons that occupy these orbitals. All the VB structures corresponding to this active space are generated. For such an active space of six electrons in four orbitals there are, in principle, 10 VB structures, which are represented in Scheme 4 as 1-10 and correspond to the VB functions ϕ 1 -ϕ 10 . The most important ones are obviously 1-6, which all have two singly occupied atomic orbitals (AO). The four remaining structures 7-10, represented by the smaller depictions in Scheme 4, all have one empty AO and three doubly occupied ones and bear four formal charges. As these latter VB structures are practically negligible at bonding distances, as will be shown below, they will not be considered in the qualitative interpretation of the VB wave functions.

As is well-known, any configuration state function in the MO framework can be mapped to VB structures, a transformation that can easily be done by hand in the six-electron/four-orbital case. [START_REF] Shaik | A Chemist's Guide to Valence Bond Theory[END_REF]34 Particularly interesting is the MO-VB correspondence for the Hartree-Fock configuration (eq 3) and first doubly excited configuration (eq 4), which constitute the two configurations involved in a GVB calculation.

ϕ ϕ ϕ ϕ ϕ ϕ = + + - -- - (a ) (b ) (b ) ( ) g 2 3u 2 2u 2 1 2 3 4 5 6
(3)

ϕ ϕ ϕ ϕ ϕ ϕ = -- + + - - (a ) (b ) (b ) ( ) g 2 3u 2 1g 2 1 2 3 4 5 6 (4) 
where is a generic term standing for a normalization constant, and structures ϕ 7 -ϕ 10 are ignored for the reasons stated above. It is noteworthy that mixing these two configurations necessarily yields a state in which the four VB structures 1-4 have equal coefficients. On the other hand, the coefficients of structures 5 and 6, which represent chargetransfer terms displaying a neutral TCNE fragment in front of a di-ionic one, are different from those of 1-4 owing to the configuration mixing. Thus, the covalent interaction that is inherent to a GVB or CASSCF(2,2) wave function would correspond to a VB wave function having identic weights for each of the VB structures 1-4, and a presumably very small amount of structures 5 and 6, since long covalent bonds are practically pure diradicals involving very few charge-transfer terms. Recall that GVB or CASSCF(2,2) levels completely lack dynamic correlation and dispersion terms.

■ RESULTS

The geometries of the Na 2 + [TCNE] 2 2-system have been fully optimized at the MP2 level, for a series of fixed interfragment distances using the same double-ζ basis set as for the VB/QMC calculations. Using these geometries, the equilibrium interfragment distance was subsequently reoptimized at the CCSD(T) level using the counterpoise corrections for the basis set superposition error (BSSE), a level referred to here as CP-CCSD(T). This was done by plotting the dissociation curve, which was obtained by a series of single point energy calculations at the CP-CCSD(T) level, using the cc-pVTZ basis set for the four central carbons and the lighter 6-31G(d) basis set on the cyano groups. A real minimum was found at an interfragment distance of 2.56 Å. The geometry of this equilibrium structure, displayed in Figure 1, is quite similar to that determined by Jung and Head-Gordon, 7 with the cyano substituents slightly bending away from the center of the dimer as in the X-ray structure. 4 As the fragments are pulled away from each other, the energy smoothly rises in a barrierless dissociation up to the separate fragments, lying 11.6 kcal/mol above the equilibrium structure at the CP-CCSD(T) level (Table 1, entry 1). Once again, this result is in excellent agreement with the dissociation energy of 11.2 kcal/mol obtained by Jung Head-Gordon at the MCQDPT/CASSCF-(2,2) level with counterpoise correction. 7 Of course, these values are lower limits for the true interaction energy since the electrostatic component is repulsive in this axial conformation.

The VB calculations of bonding energies for the Na 2 + [TCNE] 2 2-complex are displayed in Table 1, for both the ground state and various diabatic states. All VB calculations use the same geometries as the ones used above in the CP-CCSD(T) calculations, for the complex and dissociated fragments. At the most accurate VB level, VB-DMC involving the whole set of structures 1-10 displayed in Scheme 4, the bonding energy amounts to 9.7(9) kcal/mol (Table 1, entry 5), thus very close to the CP-CCSD(T) reference, showing that a compact 10-structure VB wave function is able to capture the essential physics of the TCNE-TCNE interaction, provided dynamic correlation is properly included. The VB-VMC level, which includes all static correlation and a large part but not all of the dynamic correlation effects, 25,26 still provides a bonding energy of 5.2(9) kcal/mol (Table 1, entry 4). Albeit less accurate than VB-DMC, the VB-VMC level has the advantage of being appropriate for the calculation of diabatic states, involving a restricted set of VB structures (see, e.g., entries 2 and 3 in Table 1). This added flexibility makes the VB-VMC level a useful tool for interpretative purposes and will be used in what follows for deeper analyses of the VB results.

The four active orbitals χ 1 -χ 4 , as they arise from the orbital optimization at the VB-VMC level, are schematically represented in Scheme 5, whereas the exact contour plot of one of them is shown in Figure 2. All these active orbitals are equivalent and deduced from each other by a symmetry operation. It can be seen in Figure 2 that each χ i orbital is significantly delocalized over the CN substituents, i.e., moved away from the center of the C-C link in each TCNE fragment, relative to an unsubstituted ethylenic unit. This has the consequence that the intrafragment overlaps S 12 and S 34 are quite weak, 0.176, and hardly larger than the interfragment overlaps S 14 and S 23 , 0.156, as shown in Scheme 5. As will be shown shortly in the Discussion, both this quasi-equality between intra-and interfragment orbital overlaps and this value of ∼0.16-0.17 are more than mere coincidences and turn out to be fundamental features of the [TCNE] 2 2-complex. The weights of the VB structures, as calculated at the VB-VMC level, are displayed in Table 2, entry 1. As anticipated, the closed shell structures 7-10 are practically negligible, with a weight of 1.75% each. Accordingly, the analysis of the VB weights will focus on a simplified wave function, restricted to structures 1-6, entry 2 of Table 2. It can be seen that structures 1 and 2 and structures 3 and 4 are clearly the major ones, with weights of 21.7% and 17.3%, respectively. It is noteworthy that these two sets of VB structures have clearly different weights, at variance with Hartree-Fock or GVB wave functions as the latter appear once mapped on VB structures (vide supra). These unequal weights make sense physically, since the two fragment ionic charges borne by the π lone pairs are facing each other in 3 and 4, which is destabilizing relative to 1 and 2 where the lone pairs are remote from each other (see Scheme 6). The 1 and 2 vs 3 and 4 difference may also be understood in terms of induced-dipole-induced-dipole interactions. Indeed, the two TCNE fragments exhibit two dipoles in a stabilizing arrangement due to their opposite directions in 1 and 2, while 3 and 4 are destabilized with their two dipoles pointing in the same direction, as shown in Scheme 6. Thus, the unequal weights of 1 and 2 vs 3 and 4 reflect some instantaneous correlated fluctuations of two electrons, one on each monomer. Last, the charge transfer structures 5 and 6 also have quite significant weights, 10.9% each, an important feature that will be discussed in the next section.

An alternative way to appreciate the importance of a VB structure is to calculate the stabilization that results from its contribution to the ground state. By removing the structure from the wave function, and comparing the energy of the reduced wave function to that of the full multistructure, one can easily estimate this stabilization. As seen in Table 1, the wave function reduced to structures 1-6 is only 1.7 kcal/mol higher than the full wave function involving structures 1-10, showing that 7-10 are negligible indeed. On the other hand, removing 5 and 6 from 1-6 results in a significant destabilization, 8.9 kcal/mol, such that the resulting wave function involving only 1-4 is now repulsive. Therefore, the decisive stabilizing effects of 5 and 6, as well as their significant weights, is clear proof that these two VB structures, which now have nothing to do with dispersion, are essential ingredients of the electronic structure of the Na 2 + [TCNE] 2 2-complex.

■ DISCUSSION

As shown above, even with cations in an axial conformation, in which the electrostatic interaction is not stabilizing, the two anionic TCNE fragments are linked by a significant multicenter bonding interaction that is captured by a simple description in terms of the six VB structures 1-6. The information provided by this compact wave function can now be used to better understand the nature of the bond that holds together the two fragments.

A Mere Covalent Two-Electron Bond? As shown by several authors, a simple covalent two-electron bond between the π* orbitals of the TCNE units is unable to hold the two anionic fragments together in the [TCNE] 2 2-dianion. Furthermore, the unusually large contribution of dynamic correlation to bonding was found to be incompatible with covalent CC bonding. 7,10,11 Our VB calculations provide additional arguments to rule out the two-electron covalent bonding model. Besides the fact that a GVB wave function, which is normally very well suited for a two-electron covalent bond, would correspond to a VB function with all structures 1-4 having the same weights, at variance with our more accurate VB results, another intriguing fact is the large weight of structures 5 and 6. In a two-electron bonding scheme involving a covalent bond between the π* MOs of each monomer, 5 and 6 would be the charge-transfer components of the bond. However, such components are normally very small for standard CC bonds at large interatomic separations, as is the case here. Indeed, in an ethane molecule stretched to 2.56 Å and distorted so as to mimic the geometry of [TCNE] 2 2-, the weight of charge-transfer structures (displaying ionic bonds C + C -and C -C + ) is only 4.8% as calculated at the VBSCF level, less than half the weights of structures 5 and 6. Clearly then, the large weights of these charge-transfer structures are not compatible with a mere two-electron bond and must be the signature of an alternative bonding scheme.

A Combination of Three-Electron Bonds? Threeelectron bonding is common in chemistry and biochemistry. Examples include many radical cations or anions, 35,36 among which are the disulfide S∴S bridge in reduced biochemical compounds, and the π bonds of dioxygen. Before examining the three-electron bonding hypothesis in the case at hand, we briefly recall the main features of this type of bonding. Let us consider two atoms or fragments A • and A′ • , each displaying a singly occupied orbital. Adding one electron to this system yields an anion, in which A and A′ can be linked by a threeelectron bond, noted [A∴A′] -, as in eq 5:

Ψ ∴ ′ = ′ ↔ ′ - -• • - (A A ) A: A A :A (5)
Here, the wave function is made of two interacting Lewis structures. In (A: -• A′), A displays a doubly occupied orbital facing the singly occupied orbital of A′, and the reverse is true in (A • :A′ -).

The two Lewis structures corresponding to VB description of a π three-electron bond in the ethylene anion are depicted in Scheme 3a. The corresponding molecular orbital picture is shown in Scheme 3b. It is important to note that each of these two Lewis structures, taken alone, is unbound. Indeed, in elementary VB theory, [START_REF] Shaik | A Chemist's Guide to Valence Bond Theory[END_REF] it is known that such a system displays a three-electron repulsion of -2βS/(1 -S 2 ) (β is a negative reduced resonance integral as in Huckel theory, and S is the overlap between the interacting atomic orbitals). Therefore, the bonding energy is entirely due to resonance between the two Lewis structure, leading to a bonding energy β(1 -3S)/(1 -S 2 ) relative to the separate fragments. [START_REF] Shaik | A Chemist's Guide to Valence Bond Theory[END_REF] It has been shown 37 that the bonding energy is greatest when the orbital overlap S ≈ 1/6, a rather small value which explains why 3-e σ bonds are always long bonds.

Turning now to the TCNE monomers, it is clear that each of them displays an intrafragment 3-e bond in its π system, as in Scheme 3a, when they are at infinite distance from each other. In terms of VB structures for the entire dimer, the interacting combination 2↔3 (or 1↔4) describes an internal 3-e π bond between orbitals χ 1 and χ 2 in the upper fragment, while the orbital occupancies of χ 3 and χ 4 in the lower fragment are frozen. Conversely, 1↔3 (or 2↔4) describes an internal 3-e π bond in the lower fragment. Thus, the supersystem with infinite interfragment separation displays a pair of intrafragment 3-e bonds that is well described by structures 1-4 with equal weights. Then, as the interfragment distance is reduced, the ⟨χ 1 |χ 4 ⟩ and ⟨χ 2 |χ 3 ⟩ interfragment overlaps increase while the cross overlaps stay close to zero (see Scheme 5). Finally, at equilibrium distance, the inter-and intrafragment orbital overlaps become nearly equivalent, respectively 0.156 and 0.176, implying that the χ 1 -χ 4 and χ 2 -χ 3 3-e interactions become comparable to the χ 1 -χ 2 and χ 3 -χ 4 ones. It follows that the intrafragment 3-e π bonds that were unique at infinite separation now coexist with interfragment 3-e σ bonds, as represented in Scheme 7. Remarkably, the equilibrium structure is reached when the interfragment orbital overlaps, ⟨χ 1 |χ 4 ⟩ and ⟨χ 2 |χ 3 ⟩, are almost equal to the "magic" value 1/6 that ensures maximum stabilization for a 3-e interaction.

In the same way as the intrafragment 3-e π bonds (Scheme 7a) are represented by 1-4, the interfragment 3-e σ bonds (Scheme 7b), which hold the two fragments together, are represented by 1, 2, 5, and 6. Thus, the dianion complex is the site of a competition between intrafragment and interfragment 3-e bonds. Because 5 and 6 are unique to the interfragment 3-e bonds while 3 and 4 are unique to the intrafragment ones, the ratio of 5 + 6 vs 3 + 4 weights can measure the ratio of inter-vs intrafragment bonds. As a result, the ratio of interfragment to intrafragment bonding amounts to 38.5% vs 61.5% (normalized to unity) in the [TCNE] 2

2-system at equilibrium, at the VB-VMC/DZ level. This bonding scheme immediately explains the large weights of the charge transfer structures 5 and 6 and is also consistent with the weights of 1 and 2 being larger than those of 3 and 4.

The description of the above dianionic complexes in terms of six main VB structures and the simple 3-e bonding model can now be compared with various features of these unusual compounds. The first feature relates to their intriguing interfragment bond length, which is too short for a van der Waals interaction but too long for covalent C-C bonding. As noted above, such bond lengths fall within the range expected for 3-e C-C bonds, in the same way as the interfragment orbital overlaps are typical of this type of bonding. A second aspect of the [TCNE] 2 2-dianion is the overwhelming importance of dynamic electron correlation, estimated to contribute 23 kcal/mol to bonding. 7 Once again, this is in perfect agreement with the 3-e bonding model. Indeed, all the electron correlation of the active electrons in such bonds is of a dynamic nature and has been shown to contribute some 16-28 kcal/mol to bonding in 3-e homonuclear bonds of first rowcompounds (from N to Ne). 18 An Aromatic System. Another aspect of bonding in the [TCNE] 2 2-system becomes apparent when one considers the overlaps between the active orbitals at equilibrium distance, Scheme 5. As has been noted, the overlaps between neighboring orbitals are nearly the same, 0.166 ± 0.01, both almost identical to the "magic" theoretical value of 1/6 where a three-electron bonding interaction is maximal, 37 while the cross overlaps (e.g., ⟨χ 1 |χ 3 ⟩) are negligible. Particularly striking is the fact that, in terms of overlaps, this makes the four-orbital/6-e system topologically equivalent to the n system of the C 4 H 4 2aromatic ring, which is stable when complexed by two cations, one above and one below the ring, in perfect analogy with the Na 2 + [TCNE] 2 2-system! This dianion has been studied by Jung et al. 38 and was shown to possess all the characteristics of an aromatic system: equal bond lengths, a negative Nuclear Independent Chemical Shift (NICS), and significant aromatic stabilization energy. It is therefore quite conceivable that "pancake bonding" is reinforced by aromaticity in the TCNE anion dimer, whose active electronic system complies to Huckel's "4n + 2" rule.

What Is the Role of the CN Substituents? To elucidate the role of the CN substituents in the Na 2 + [TCNE] 2 2complex, we performed a VB study of a simpler model system, Na 2 + [C 2 H 4 ] 2 2-, made of two unsubstituted planar ethylene anions with Na + countercations in axial positions (Scheme 8).

A set of geometries for the Na 2 + [C 2 H 4 ] 2 2-complex were optimized in the standard 6-31G* polarized double-ζ basis set at the MP2 level of theory for a series of fixed interfragment distances ranging from 2.3 to 4.7 Å. [START_REF]Only the core basis functions for Na + have been used in the calculations, in order to avoid significant[END_REF] Then, using these MP2 geometries the dissociation curve was calculated at the CP-CCSD(T) level using a cc-pVTZ basis set and counterpoise corrections for the BSSE. The CP-CCSD(T) curve, which is displayed in the Supporting Information (SI) document, reveals a geometrical minimum for an interfragment distance of 2.75 Å. However, this minimum is only a secondary one, as the dissociation of this model complex is exothermic. At this computational level, the Na 2 + [C 2 H 4 ] 2 2-model complex is metastable, lying 10.9 kcal/mol above the separate fragments, with a barrier to dissociation of 4.7 kcal/mol, that is reached at an interfragment distance of 3.85 Å. Such a secondary minimum is typical of bonding interactions between ions and results from the superposition of an attractive bonding interaction over a purely repulsive electrostatic curve. This indicates that there is indeed a bonding interaction between the two C 2 H 4 -• units, but too weak to overcome the repulsive electrostatic interaction in the axial conformation of the Na + cations.

Table 2 also displays the weights of VB structures 1-6 for the diethylene system (entry 3), as calculated at the VB-VMC level with the same double-ζ as used in the real Na 2 + [TCNE] 2 2-system. By comparison with the real system, the diethylene system exhibits two differences: (i) the weights of structures 5 and 6 are smaller (only 7% each) and (ii) the weights of structures 1 and 2 and structures 3 and 4 are almost the same. These two features reduce the interfragment 3-e bonding component in the diethylene system relative to the Na 2 + [TCNE] 2 2-and consequently reduce the strength of the bonding interaction in the former. The reason for this poor bonding interaction becomes clear when one considers the orbital overlaps between the active AOs in the diethylene system, Scheme 8. It can be seen that the intrafragment overlaps, ⟨χ 1 |χ 2 ⟩ and ⟨χ 3 |χ 4 ⟩, are now much stronger than the interfragment ones, 0.43 vs 0.19. Such a strong overlap between two adjacent π AOs of the same monomer necessarily disfavors structures 5 and 6, in which the two negative charges are concentrated in the same C 2 H 4 unit. As a consequence, poor bonding between the two ethylene anions results since, as we have seen, structures 5 and 6 are essential for 3-e interfragment bonding. This brings some new light onto the effect of the CN substituents to strengthen the interfragment bond. Of course, these substituents may strengthen this bond by making the β Huckel parameter of carbon more negative, as it is well-known that 3-e bonding is stronger between more electronegative atoms. 35,36 However, another facet of the role of CN substituents consists of delocalizing the active fragment orbitals so as to put them apart from each other and lower their mutual overlap. This effect stabilizes structures 5 and 6, which can now come into play and contribute to 3-e bonding between the two fragments.

An alternative way to view the difference between this model and the real system calls for the analogy with anionic C 4 H 4 rings. As has been said, the Na 2 + [TCNE] 2 2-system with its quasi-identical overlaps between neighboring orbitals is topologically equivalent to a square C 4 H 4 2-aromatic ring. On the other hand, the diethylene system with its alternated overlaps (Scheme 8) is rather analogous to a C 4 H 4 2-ring that would have been strongly deformed to a rectangular structure, thus losing its aromatic properties. From this topological analogy, the role of the CN substituents could be viewed as delocalizing the fragment orbitals up to the point where the intra-and interfragment orbital overlaps become equal, thus endowing the Na 2 + [TCNE] 2 2-complex with aromatic properties.

■ CONCLUSION

The ditetracyanoethylene dianion complexed by a pair of sodium cations has been calculated at the CCSD(T) level and at ab initio VB levels including both static and dynamic electron correlation. In agreement with previous calculations at the MCQDPT/CASSCF(2,2) level, 7 the CCSD(T) reference calculations show that a bonding interaction exists between the two TCNE anions, as shown by the existence of a true minimum on the dissociation curve, lying ca. 10 kcal/mol lower than the dissociation products, despite the axial geometrical conformation that has been chosen in order to eliminate the electrostatic contribution to bonding. The VB calculations show that the essential physics of the multicenter bonding is captured by a very simple description in terms of only six VB structures, provided electron correlation of all electrons, and most importantly dynamic electron correlation, is included in the compact wave function, as is done when VB is coupled with QMC theory. The VB picture is consistent with a dispersionassisted bonding interaction between the two TCNE anions, in agreement with the conclusions of other authors. 7,10,11 However, the bonding interaction that takes place between the π systems of the two anions cannot be of the two-electron covalent type, as indicated by the large weights of the chargetransfer VB structures that sum up to 21.7% and are not compatible with a stretched covalent bond at this long interatomic distance. On the other hand, the weights of the VB structures are consistent with a simple picture in terms of two three-electron-bonded cartoons, one displaying a pair of interfragment 3-e σ bonds and the other displaying intrafragment 3-e π bonds, as illustrated in Scheme 7. This simple picture explains at once (1) the long interfragment bond length, which is independent of the counter-cations but typical of 3-e CC σ bonds, (2) the interfragment orbital overlaps which are very close to the theoretical optimal overlap of 1/6 for a 3-e σ bond, and (3) the unusual importance of dynamic correlation, which is precisely the main bonding component of 3-e bonds.

Interestingly, the intrafragment orbital overlaps are also very close to the same value of 1/6, while the cross overlaps are negligible. This makes the Na 2 + [TCNE] 2 2-system topologically equivalent to the square C 4 H 4 2-dianion, surrounded by two cations in the axial position. Indeed, both systems have six active electrons, four active orbitals, and equal overlaps between neighboring orbitals. As the Li 2 + C 4 H 4 2-complex has been shown to have all the characteristics of an aromatic system, in compliance to the "4n + 2" Huckel rule, it is clear that aromaticity must also play a significant role in the remarkable stability of the Na 2 + [TCNE] 2 2-complex. In this respect, it is interesting to note a formal analogy between the active electronic system of [TCNE] 2 2-and the π-electronic system of S 2 N 2 and related systems (S 2 E 2 and E 4 2+ , E = S, Se, Te), which also involve six electrons over four centers. 40 These latter molecules have also been shown to possess significant aromaticity, based on both magnetic 41 and energetic criteria. 40 The analogy between C 4 H 4 2-and [TCNE] 2 2-also makes clear the role of the cyano substituents and why a naked diethylene dianion complex, even surrounded by two axial cations, is only metastable. Such a complex exhibits very different overlaps between neighboring active orbitals, according as the orbitals belong to the same ethylenic fragment or face each other along an axial direction. This makes the system analogous to a rectangular C 4 H 4 2-dianion, therefore devoid of significant aromaticity. The role of the cyano π-attractive substituents is therefore to move the fragment orbitals away from each other inside each ethylenic fragment, thus lowering their mutual overlap so that all orbital overlaps can be equalized, a necessary condition for aromaticity to be effective. These mutual overlaps are necessarily small and close to 1/6, as required for interfragment 3-e σ bonding to be strongest. To achieve this overlap equalization, the ethylenic units must be substituted with very strong π attractors, a condition that is met in each tetracyanoethylene fragment.

It is clear from the above picture that all six active electrons contribute to interfragment bonding. Consequently, the "2-e/4c" label for the [TCNE] 2 2-bond would better be replaced by "6-e/4-c". More generally, the "n-e/m-c" label for related systems might also be deemed inappropriate. In line with this simple picture, we conclude that the so-called 2-e/4-c bonding in the [TCNE] 2 2-dianion is not to be considered as a new type of bond, since the fragments are held together by a resonating combination of classical 3-e bonds, a type of bond that was described for the first time by Pauling in 1931. 42 Dispersion forces obviously also play a role, even if we cannot clearly separate these forces from other bonding interactions. Incidentally, because 3-e bonds can be considered as a particular case of charge-shift bond (bonds in which the resonance energy is the major cause for bonding), 16 our results formally agree with the suggestion of Tian and Kertesz that charge-shift bonding contributes to the chemical bonding in [TCNE] 2 2-dimers. 17 
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 1 Scheme 1. Schematic Equatorial (a) and Axial (b) Conformations for the X 2 + [TCNE] 2 2-Complex
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 4 Scheme 4. The Set of 10 VB Structures That Are Necessary and Sufficient to Represent the [TCNE] 2 2-Complex

Figure 1 .

 1 Figure 1. Optimized geometries of the Na 2 + [TCNE] 2 2-system in its axial conformation.

Scheme 5 .

 5 Scheme 5. The Four Fragment Orbitals Involved in the VB Calculations of Na 2 + [TCNE] 2 2-and Their Mutual Overlaps

Figure 2 .

 2 Figure 2. One of the four fragment orbitals involved in the VB calculations of Na 2 + [TCNE] 2 2-. The three other ones are identical on each C(CN) 2 fragment.

Scheme 7 .

 7 Scheme 7. Representation of the [TCNE] 2 2-Complex in Terms of Interacting Intrafragment Three-Electron π Bonds (a) and Interfragment Three-Electron σ Bonds (b)

Table 1 .

 1 Relative Energies, in kcal/mol, of the Equilibrium Structure of the [TCNE] 2 2-System, Relative to Separate Fragments

Table 2 .

 2 Weights of the VB Structures 1-6, in the The weights are given in % units and sum up to 100%. b Weights of 1-6 from entry 1, renormalized to unity.

	Na 2 Na 2 VB-VMC/DZ Level a 2-Complex, and in an Unsubstituted + [TCNE] 2 + [C 2 H 4 ] 2 2-Diethylene Complex, As Calculated at the
	VB structures	1, 2	3 , 4	5 , 6	7 -10
	Na 2	+ [TCNE] 2 2-	20.2	16.1	10.1	1.75
	Na 2	+ [TCNE] 2 2-b	21.7	17.3	10.9	n/a
	Na 2	+ [C 2 H 4 ] 2	2-	21.9	21.1	7.1	n/a

a Scheme 6. Interacting Instantaneous Dipoles in Structures 1-4
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