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Abstract

Attachment of one electron to 1,2-diBeX-benzene and 1,2-diZnX-benzene derivatives leads to the formation of stronger Be-Be
and Zn-Zn interaction. This is reflected in the dramatic shortening of the Be-Be and Zn-Zn distance. The formation of these
2-center-1-electron bonds have also been confirmed by topological survey of electron density using quantum theory of atoms
in molecules and electron localization function. The formation of these bonds is expected to render stability to these radical
anions. These radical anions are stable towards electron detachment and computed bond dissociation energy values are also
significant.

Introduction

Homonuclear metal-metal bonds has always attracted chemists due to their enormous applications.1 One
such landmark advancement in this area was triggered by the discovery of first Zn(I) – Zn(I) σ bonded
complex [(η 5-Cp*)2-Zn2] (Cp* = C5Me5) by Carmona and coworkers.2 This seminal discovery has paved
the way for isolation of various Zn(I) – Zn(I) bonded complexes involving various ligands.3 Recent years has
also witnessed examples of multiply bonded Zn-Zn complexes.4,5

Bare Zn2 dimer, characterized by UV spectroscopy, appears to be a van der Waals complex with a Zn-Zn
distance of 4.19 Å.6 In principle, the nature of bond in Zn2 and Be2 is almost similar as Be2 has also been
characterized in gas phase and described as van der Waals complex with Be-Be distance of 2.45 Å.7-9 The
close analogy between the Zn2 and Be2 dimer is their similarity in valence electronic configuration (Be =
2s22p0; Zn = 3d104s24p0) and exhibit typical Morse-van der Waals type potential.10,11 Thus, it appears
that Zn will prefer similar chemistry as that of Be to a large extent. Brea and coworkers investigated
an interesting phenomenon of single electron intramolecular Be-Be bond in 1,8-diBeX-naphthalene radical
anion derivatives (Scheme 1).12 Their calculations reveal that the extra electron forms the Be-Be bond with
dramatic shortening of the Be-Be bond with respect to the neutral molecule. Both –BeX and –ZnX are acidic
in nature and there is similarity in valence electron configuration of Be and Zn, we therefore, expect that Zn
will exhibit similar intramolecular one electron bond formation. It should be noted that the distance between
the H atoms of naphthalene attached to C1 and C8 atoms is almost similar (2.47 Å) to the distance between
the H atoms attached to C1 and C2 atoms of benzene (Scheme 1). The choice of C1 and C8 disubstituted BeX
in the work of Brea and coworkers12 is obvious as these two positions are chemically most reactive.13However,
all positions in benzene are chemically equivalent. Thus, one can envision that similar intramolecular one
electron Be-Be and Zn-Zn bonds formation will be possible in substituted benzene derivatives. We therefore,
have undertaken a detailed theoretical study on the possible existence of intramolecular one-electron Be-Be
and Zn-Zn bonds in 1,2-diBeX-benzene and 1,2-diZnX-benzene radical anion derivatives (Scheme 1). The
probable questions that are likely to be answered in the contribution are – How strong can this one electron
bond be? What will be the effect of X group? Are these radical anions experimentally realizable?
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Scheme 1 . Schematic representations of the molecules considered in the study by Brea and coworkers12

and in this work.

Computational Details

All the structures were fully optimized without any symmetry constraints at M06-2X/def2-TZVP level of
theory.14 Harmonic vibrational frequency calculations were performed at the same level of theory to under-
stand the nature of the stationary states. All structures were found to be at their local minima with all real
values of the Hessian matrix. Unrestricted formalism was adopted for the open shell systems and otherwise
mentioned; we observed negligible spin contamination (< 1%) in all open shell calculations. To verify the
mono-determinant character of the wavefunction, T1 diagnostic values were evaluated using CCSD(T)/def2-
TZVP single point calculations on the M06-2X optimized geometries. Electronic structures of the systems
were studied using natural bond orbital (NBO) analyses15 and adaptive natural density partitioning (Ad-
NDP) scheme.16 All these calculations were performed using GAUSSIAN16 suite of program.17

Further, the topological properties of electron density were analyzed within the framework of quantum theory
of atoms in molecules (QTAIM)18 and electron localization function (ELF).19 All these calculations were
performed using Multiwfn program code.20

Results and Discussion

Figure 1 shows the optimized geometries of the radical anions. The T1 diagnostic values of the
CCSD(T)/def2-TZVP//M06-2X/def2-TZVP calculations are all lower than 0.02 suggesting single deter-
minant character of the wave functions. For the Be containing compounds, high lying isomers are also
located in the potential energy surface which feature no Be-Be interaction. These no Be-Be bond isomers
are very high in energy and represents bond stretch isomers which were theoretically explained in 1972 by
Hoffmann and co-workers for the polytopal rearrangement of (CH)5

+, (CH)5 and (CH)4CO.21 However,
for Zn containing compounds, such high lying isomers (or bond stretch isomers) were not located on the
potential energy surface. It is to be noted that all these molecules shown in Figure 1 are local minima in the
potential energy surface with real values of Hessian matrix. The Be-Be distance in these compounds ranges
from 2.586 to 2.450 Å with the shortest been found with –CN as the substituent attached to Be atoms.
The computed Wiberg bond indices (WBIs) are in the range of 0.146 to 0.195. Similarly, for Zn containing
compounds, the Zn-Zn bond distance ranges from 2.909 to 3.023 Å. The computed WBIs are in the range
of 0.258 to 0.268. Thus, these radical anions feature a strong Be-Be and Zn-Zn bonds.
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Figure 1 . Optimized geometries of the radical anions featuring 2 centre 1 electron bonds. Bond lengths
are in Å and Wiberg bond indices (WBI) are given within parenthesis. Relative energies are in kJ/mol. T1

diagnostic values of the CCSD(T)/def2-TZVP calculations are given within parenthesis.

The electronic structure of these radical anions were analyzed with adaptive natural density partitioning
(AdNDP) scheme.16 AdNDP is a powerful tool which helps in understanding the distribution of electron
pairs involving single, double and multiple centres. It provides unique identification of n-centre-n-electron
bonds where the highest value of n is the total number of atoms in the molecule. Figure 2 shows the Be-Be
and Zn-Zn bonds recovered using AdNDP scheme. AdNDP analyses identifies the presence of 2 centre 1-
electron Be-Be and Zn-Zn bonds in all these molecules with occupation number close to 1.0 |e|. Analyses of
the spin density also reveals that the location of the spin density is between two Be and Zn atoms in their
lowest energy structures indicating the formation of one electron bond between them. In contrast, the spin
density is mostly localized in the C-Be bonds in the bond stretch isomers of 1,2-diBeX anion radicals (Figure
3).
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Figure 2 . Be-Be and Zn-Zn bonds recovered using AdNDP analyses.

Figure 3 . Spin density plots of 1,2-diBeX and 1,2-diZnX radical anions. Bond stretch isomers of 1,2-diBeX
radical anions are shown in the middle column. Contour value used in 0.03.

We then turned our attention to investigate the electronic structure of the studied systems. For this, we
performed quantum theory of atoms in molecules (QTAIM),18 electron localization function (ELF)19 and
natural bonding orbital (NBO) analyses.15 Table 1 contains the numerical values.
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Table 1 . Electron density at the Be-Be and Zn-Zn bond critical points (ρ ), laplacian of electron density
([?]2ρ ), local electronic energy density, ELF population of the Be-Be and Zn-Zn bonds V(M,M), NBO
populations of Be-Be and Zn-Zn bonds and hybridization of the Be-Be and Zn-Zn bond. All values are in
a.u.

Compounds X ρ [?]2 H (r) V(M,M)
Electron
Population Hybridization

H 0.024 -0.007 -0.006 0.832 0.907 s(71.1%)p(28.7%)
F 0.022 -0.011 -0.005 0.901 0.921 s(75.3%)p(24.3%)
Cl 0.026 -0.013 -0.007 0.903 0.927 s(74.6%)p(25.0%)
CN 0.027 -0.013 -0.007 0.892 0.839 s(75.3%)p(24.2%)
H 0.02 0.009 -0.004 0.691 0.937 s(63.8%)p(36.2%)
F 0.02 0.001 -0.005 0.723 0.981 s(62.1%)p(37.0%)
Cl 0.02 0.011 -0.005 0.717 0.979 s(60.8%)p(38.6%)
CN 0.02 0.010 -0.005 0.762 0.962 s(52.4%)p(47.1%)

It is evident from Table 1 that accumulation of significant electron density between the Be-Be and Zn-Zn
bond critical points. The negative values of laplacian of electron density, [?]2ρand total electronic energy
density, H (r) suggests significant covalency in the Be-Be bonds. However, the positive value of laplacian of
electron density, [?]2ρ and negative value of total electronic energy density, H (r) for Zn-Zn bond suggests
polar covalent character. The calculated values of ELF populations, V(M,M) are significantly higher for
Be-Be bonds but somewhat smaller for Zn-Zn bonds. The electron population of the Be-Be bond and Zn-Zn
bonds obtained through NBO analyses15 are very close to the value of 1.0 suggesting 2-centre-1-electron
interaction. The hybridization of the Be-Be and Zn-Zn bonds have significant ns (2s for Be and 4s for Zn)
character supporting covalent nature of these bonds. The contribution of s character decreases slightly for
Zn-Zn bonds which has also reflected in the ELF basin populations, V(Zn,Zn) (Table 1). The V(Zn,Zn)
values of Zn-Zn bonds are close to 0.7 while they are close to 0.9 for Be-Be bonds. Figure 4 shows the
molecular graphs and 3D ELF plots of the compounds.
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Figure 4 . Molecular graphs of the compounds (first row for Be compounds and third row for Zn compounds)
and 3D ELF plots of the compounds (second row for Be compounds and fourth row for Zn compounds).
Population of the M-M disynaptic, V(M,M) (M = Be, Zn) basins are also given in |e|.

We then turned our attention to investigate the strength of M-M (M = Be, Zn) bonds. For, this we have used
two isodemic equations (Scheme 2). Moreover, stability of the radical anions towards electron detachment
is very important. To check the stability of the radical anions towards electron detachment, we have also
calculated the adiabatic detachment energies (ADEs). All these are collected in Table 2. It is evident from
Table 2 that the M-M BDEs based on both the isodesmic equations are significant suggesting strong 2-centre-
1-bonds. It should also be noted that in Figure 1 the other minimum energy structures of Be compounds are
higher in energy where there was no Be-Be interaction. Thus, the energy difference between the two isomers
may also be taken as a direct measure of BDE of the Be-Be bonds. The BDE values obtained with this direct
approach are very similar to those obtained using isodesmic equations. However, such direct measure of BDE
for the Zn compounds cannot be made as we could not locate any high lying isomers for Zn compounds. In
every case, the calculated BDEs are highest for X = CN. A positive value (or less negative value) of ADE
suggests that the anion is less stable towards electron detachment. The calculated value of ADE for benzene
is -19 kJ/mol whereas for all these radical anions studied here have significantly negative values of ADE
(more negative than benzene) suggesting the stability of these anion radical towards electron detachment.
The formation of M-M one electron bond is responsible to provide stability to these anion radicals.
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Scheme 2 . Isodesmic equations to evaluate M-M (M = Be, Zn) bond dissociation energies.

Table 2 . M-M (M = Be, Zn) bond dissociation energies (kJ/mol) based on equation 1 and 2 (Scheme 2)
and adiabatic detachment energies (ADE in kJ/mol).

Compounds X BDE BDE ADE

Eq 1 Eq 2
H 47.4 67.1 -44.1
F 66.3 72.0 -52.8
Cl 78.6 81.7 -92.1
CN 80.5 111.9 -176.8
H 56.9 60.1 -56.9
F 52.4 73.7 -127.2
Cl 52.7 72.1 -142.7
CN 62.7 87.7 -177.3

Conclusion

Quantum chemical calculations predict that attachment of one electron to 1,2-diBeX-benzene and 1,2-diZnX-
benzene derivatives leads to the formation of a strong 2-center-1-electron bond encompassing the two metal
centres. Topological features of electron density within the realm of quantum theory of atoms in molecules
and electron localization function also supports the formation of these bonds. One important aspect of these
radical anions is their stability towards electron detachment. The calculated adiabatic detachment energies
of these radical anions are significantly negative suggesting their stability. Moreover, the calculated bond
dissociation energy values are also significant.
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Supporting Information

Cartesian coordinates of all the molecules considered in this study along with their total energies in a. u.
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