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The synthesisof Na[Mes*,CsHs-GaGa-GHs-Mes*;] (Mes*
= 2,4,6i-Pr;C¢Hy; also abbreviated to Triphas resulted in much
discussiof about the nature of the Géa5a interaction in this
molecule, in particular whether the digallium bond may be
properly designated a triple bond. A natural orbital analysis of
[H-GaGa-HF~ shows that the three occupied orbitals describing
the Ga-Ga interaction comprise and s bonding orbitals and
one orbital that is strongly localized on, but not restricted to, each
Ga# Analysis of these orbitals obtained from density functional
calculations for more realistic digallium molectistiows similar
features, as do extensive calculatibfts a variety of digallium
species. Although the interpretation of these orbitals may differ,
the body of calculations for [R-GaGa-R]suggests that the Ga
Ga interaction may be understood in terms of two bonding (
and) orbitals and one orbital that is variously ascribed as either
non- or moderatelyr bonding.

This work is concerned with understanding why these [R-GaGa-
R]?> species adopt a significantly bent geometry with a trans
arrangement of R groups. In the experimental georéti/two
Ga—Ga—C bond angles are 128.5(4) and 133.3(4nd the

theoretical predictions, regardless of the levels of theory used,

reproduce thisrans-bent geometry with GaGa—C angles in the
range of 126-13(°, depending upon the substituent R £RH,
Me, Ph, and 2,5-¢HsPh). Recent calculatioridor [R-Si=Si—
R] molecules suggest that thr@ns-bent structure is favored over
other structural isomers when R is sterically significant.

The preference fotrans-bent geometries in these JBa)]?~
molecules has been explained in terms of the coupling of two
RGa fragment§® each in a?[1 ground-state rather than the
higher energyX state. This localized atomic orbital explanation
has also been used to account for bent cumulericares was
originally suggested in the context of main group chemistry to
explain the observed bent geometries of group 14 metalfenes.

These explanations do not, however, provide a rationale for the
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Figure 1. A Walsh diagram for [GHCHs);]?~ calculated in 10
increments of JC—Ga—Ga with reoptimization of the other structural
parameters.

Our calculation¥ for [Gay(CHs),]?>~ yielded a transbent
optimized geometry with bond lengths and angles in agreement
with those obtained previousfy® The calculated GaGa bond
length (2.487 A) is longer than observed (2.319 A). It has been
suggestetthat the shortening is due to Narene interaction in
the crystal structure. The central argument over the correct
designation of the bond order for the €@a bond in molecules
of the general type [GR;]?>~ stems from the roles played by the
o and twoszr molecular orbitals describing the G&a interaction.

A Walsh diagram for the molecular orbitals involved in
digallium bonding in [GgCHs),]? is instructive (Figure 1). When
linear, the molecular orbitals are acetylene-like, with onend
two xr orbitals involved in the formation of a GgGa triple bond.

On bending, thes bonding MO increases in energy which is
expected as the orbital overlap decreases. The energy of the b
MO (derived from the in-planer bonding MO), however,
decreases significantly compared to the energy ofthtO which
increases and drives the bending of the@®a—Ga bond angle.

This phenomenon is perhaps unexpected asrthe overlap
of the h, orbital also decreases significantly on bending of the
C—Ga—Ga bond angle. Examination of the behavior of the

energetics of bending, that is, what interactions keep the moleculecorresponding antibonding orbitals in Figure 1 indicates that this

oriented in a geometry akin to the coupling of its two fragments,

decrease in energy is a consequence of the mixing of the pure

preventing the reorganization of the molecule to become linear? in-planex orbital with theo™ LUMO, as shown in Figure 2. If
We propose an alternative explanation based on molecular orbitalthis MO argument is valid, the decrease in energy that ac-
(MO) arguments, which can explain the observed features of the COmpanies less orbital overlap requires explanation.

Ga—Ga bond in these molecules and, importantly, provide a
general picture for multiple bonding between heavier main group
atoms.
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Consideration of the orbital interactions and relative energies
of both the bonding and antibonding orbitals provides such an
explanation. A schematic orbital interaction diagram is given in
Figure 3 for both linear [RGa=Ga—R]>~ and R-C=C—R,
showing the relative energies of the highest occupied and lowest
unoccupied molecular orbitals. The LUMO & for a linear
[R—Ga&=Ga—R]?>™ while for R—-C=C—Ritis 7*. The HOMO—
LUMO gap is large for RC=C—R, while for [R—-Ga=Ga—

R]?>~ this gap is smaller, which is a consequence of the larger
energies separating the s and p orbitals in heavier main group
elements. It is energetically possible, then, for mixing of the
HOMO and LUMO orbitals to occur in linear [RGe=Ga—R]?",

(10) Calculations were performed at the HF/6-311G* level of theory using
the Gaussian 94 program (ref 11). Optimized-<&a distances, €Ga—Ga
bond lengths, andE (linear-bent) are: 248.7 pm, 129,719.1 kcaimol.
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Figure 2. HOMO—LUMO orbital mixing in [R—Ga&=Ga—R]?>~ mol-
ecules resulting from a second-order Jahn Teller distortion.
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Figure 3. Schematic molecular orbital diagrams for linear{Ba=Ga—
R]?>~ and R-C=C-R showing the relative energies of HOMO and
LUMO orbitals.

and the molecule undergoes a second-order-Ja@bher distor-
tion!?2 Thus the small HOMGLUMO gap in linear [R-Ga=
Ga—R]* can be used to account for theansbent distortion
observed for [R-GaGa-R]?>~ molecules. Whereas the pyrami-
dalization of ethylen® has also been explained in terms of a
second-order Jahfileller distortion, it is indeed an interesting
finding that the loss ofr—z overlap in these digallium molecules
is compensated by mixing with a* molecular orbital with
substantial s character.

The orbital mixing and the behavior of the Walsh diagram are
very similar to those discussed previously for the ethylene
analogue SiR;.°1214 The ethylene analogue does not, however,
have a second molecular orbital which remains energetically
unchanged upotrans-bending.
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Figure 4. A plot of V2 for [Gay(CHs)2]2~ projected onto the €EGa—
Ga—C plane. Bond critical points, bond paths, and interatomic surfaces
are also shown.

It is also of interest to understand the bonding in these
molecules in terms of the total charge density.’f The bond
critical point® defining the Ga-Ga bond for the optimizettans-
bent geometry shows significant ellipticity € 0.3) and a lower
value of p (0.046 eA3) than for the linear (triply bonded)
molecule € = 0.0;r = 0.076 e A3). The bond path connecting
the two gallium nuclei in thérans-bent geometry is nonlinear
(Figure 4) which is also indicative of bond distortion away from
a conventional triple bond. Integrated atomic chataee also
helpful. For thetransbent case the charge on Ga-$.31
whereas in the linear molecule the charge &39 which reflects
a decrease in bond order and a transfer of charge from the Ga
atom to the methyl groups, which is expected given the difference
in electronegativity between these atoms. Figure 4 is a plot of
the Laplacian of the charge density?p) showing charge density
accumulated on the C atom, consistent with the notion that the
extra electrons required to make this digallium molecule isoelec-
tronic with the analogous acetylene molecule are not only used
in Ga—Ga bonding.

The motivation for bent geometries in molecules of the general
type [GaR,]?>~ can be understood in terms of a mixing of the
in-planezz-HOMO and thes*-LUMO which results in decreased
sr-orbital overlap but overall stabilization of the molecule. This
second-order Jahn Teller distortion accounts for the bending of
the molecule. The GaGa bonding intransbent [GaR;]?>~
molecules is thus better described as having a disterteond,

a significantly weakened bond which is localized strongly on
the Ga atoms, and a putebond perpendicular to the &2 plane.
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