J. Am. Chem. Soc. 1988, 110, 4503-4505

4503
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Abstract: Ab initio MO calculations including correlation have been carried out on (CsHsV),CgHg. Important nondynamic
correlation effects lead to a new interpretation of the V-V bonding in terms of a weak, antiferromagnetic metal-metal interaction
involving the weakly overlapping 3d = and, mainly, 3d § orbitals. The computed singlet-triplet energy separation is 1122 cm™!
in agreement with the experimental evidence for a thermally populated triplet state. Several delocalized metal-ligand-metal
interactions stabilize the CgHg ligand in its #*:n° coordination mode. These delocalized interactions have a net V-V bonding
character and contribute more than half to the computed bond order of 1.10.

In a recent work, the electronic structure of (CsH;V),CgHg
(Figure 1) has been investigated by C.W.B. through ab initio SCF
calculations.! This molecule is characterized by a short V-V
distance of 2.44 A.2 This bond length can be a priori interpreted
either in terms of a multiple metal-metal bond or in terms of a
weak V-V bonding, the short distance resulting from the met-
al-ligand interactions. The magnetic properties of this molecule
indicate a singlet ground state with a low-lying, thermally pop-
ulated triplet state.® In order to determine the nature of the V-V
bond, the SCF energies have been computed for various config-
urations, namely the following: (i) A closed-shell configuration
referred to as (1) corresponds to the coupling of the six 3d electrons

lAl ...30a1214a2225b1217b22 (1)

through a triple V-V bond (one mixed ¢—é bond and one 7 bond
in the a, representation and another = bond in b,). (ii) Another
closed-shell configuration referred to as (2) contains two orbitals

lAl ...291214a2226b1217b22 (2)

with w-bonding character (292, and 17b,) and one w-antibonding
MO (26b,). The configuration (2) was 3.75 eV lower in energy
than (1)! and has been therefore considered to provide a correct
representation of the singlet ground state, characterized by a V-V
bond order between 0.58 and 1.86.! (iii) A triplet configuration
as shown in (3) is assigned to the thermally populated triplet state.

3B1 ...30a1114a2226b1117b22 (3)

Due to the difference in pair correlation energies, the RHF
open-shell calculation carried out for the triplet state yielded an
energy 1.09 eV lower than that of the reported singlet ground
state.!

A thorough investigation of the obtained wave functions however
suggests that including the correlation of the d metal electrons
could yield an alternative description of the V-V bonding:

(i) The characterization of the singlet ground state in our
previous work relies on the energy comparison between SCF
closed-shell configurations corresponding to different metal-metal
bond multiplicities. Former calculations on the multiple Cr-Cr
bond have shown that the weak overlap between 3d orbitals yields
large nondynamic correlation effects dramatically increasing with
the considered metal-metal bond order.* The symmetry-adapted
SCF calculations artificially favor the configuration with low
metal-metal bond order.’

(ii) An analysis of the 29a, and 30a; MOs in the configuration
(1) shows that the V-V bonding interactions in the a, irreducible
representation consist in (a) a 7 interaction involving d,, orbitals®
and (b) an interaction between d orbitals with mainly 2y2-x2-z2
character, i.e. with predominant § character. The 3d 6-3d &
overlap is known to be extremely weak beyond 2.0 A,” and a
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Table I. Energy (Hartrees) of the Lowest Closed-Shell and
Open-Shell Configurations Computed at the SCF and CI Levels?

SCF CI
config. state  energy  es, eV state  energy es, cm™!
n ‘A, -2573.1441 +3.51 'A, -2573.5002 0
2) 'A, -2573.2730 O
3) 3B, -2573.3347 -1.68 3B, -2573.4951 1122
4) SA; -2573.4619 -5.14 SA, -2573.4834 3696

9Energy separations (es) are indicated with respect to the lowest
singlet state.

single-determinant description of this interaction does not seem
appropriate.

We have therefore carried out ab initio calculations including
correlation effects® in order to reinvestigate the nature of the
metal-metal bond in the singlet ground state. The main results
are displayed in Table I.

SCF Results

Although the basis sets selected for the present study are
different from those used in our previous work,®!%!! the SCF
calculations carried out on the configurations (1)—(3) yield energy
separations and population analyses in excellent agreement with
those previously reported. However, the poor overlap between
metal = and é orbital combinations suggests that a high-spin
coupling of the metal electrons could be energetically favored at
the SCF level. The quintet state corresponding to the configuration
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Figure 1. Geometry of the (CsHV),CgHg molecule.

(4) was effectively found lower by 5.15 €V than the configuration
(2) (Table I).

SA; ..292,'30a,'142,226b,127b,!17b,? (4)

The nature of the frontier orbitals of b, symmetry appears as
the key point for a correct understanding of the V-V bonding.
As a matter of fact, the relatively small energy gap between the
closed-shell configurations (2) and (3) was interpreted in our
previous work in terms of a competition between the stabilization
brought in by the triple V-V bond in the configuration (2) and
by the metal-ligand interaction occurring through molecular
orbital 26b, in the configuration (3).

The simultaneous optimization of the 29a,, 30a,, 26b,, and 27b,
MOs through the open-shell SCF calculation of the quintet state
(4) provides a more balanced description of these frontier orbitals.
At variance from the analysis carried out from the closed-shell
results, each of the four semioccupied MOs displays almost pure
metal character (between 96 and 98%), and orbitals 26b, and 27b,
are the respective antibonding counterparts (with §* and =»*
character) of orbitals 30a; and 29a,.

From these results emerges an alternative view of the V-V
bonding, reminiscent of the weak interactions encountered in V,,
Cr,,'? and other complexes of the first transition series with
multiple metal-metal bonds.!® It is well established that for such
complexes the closed-shell configuration describing the multiple
bond generates large nondynamic correlation effects due to the
presence of several metal-bonding orbitals with low overlap.l4
Since the associated correlation energy cannot be obtained from
the plain closed-shell SCF treatment,!® this would account in the
present case for the relatively high SCF energy of the triply
bonding configuration (1). If we now consider the lowest
closed-shell singlet (2), most of the nondynamic correlation
vanishes due to the presence of only one remaining V-V bond
(7). thus explaining the low energy of this configuration at the
SCF level. A similar artifact occurring in the closed-shell SCF
description of the quadruple Cr—Cr bond in Cr,(O,CH), resulted
in a misleading interpretation of the early theoretical results
concerning this molecule: A nonbonding configuration was found
to be lower in energy than the expected quadruply bonding con-
figuration.’

A confirmation of these hypotheses should be provided by
evaluating the correlation energy of the metal d electrons.

CI Calculations and Results

The best possible description of the nondynamic correlation of
the metal d electrons should be obtained from a complete active
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Table II. Distribution of the Most Important Configurations in the
CT Expansion Describing the Singlet Ground State?

®2m20? 0.33 T L 0.09
#2m2o*? 0.17 wlrlotp*ip*! 0.01
memlgla*ig! 0.18 wlxlslorin*! 0.01
722 *? 0.13 w26in*2 0.005

97 and 6 are the bonding MOs of the a; representation; =* and 6*
stand for their antibonding counterparts in b;; ¥ represents 17b,, a
metal-ligand MO with n-bonding character. The values represent the
sum of the square of the coefficients corresponding to different spin

components of the same configuration.

space SCF (CASSCF) calculation!” involving 29a,, 30a;, 26b,,
and 27b, as active orbitals. A CASSCF calculation on such a
large molecule could unfortunately not be carried out for technical
reasons. We rather considered that a configuration interaction
(CI) expansion correlating the metal d electrons could yield a result
close to the CASSCF quality provided it is carried out using the
MO set of the quintet state (4). As a matter of fact, (i) all four
orbitals involved in the V-V direct interaction are variationally
optimized in the same subspace, thus yielding a balanced de-
scription of the active set, and (ii) in case the Cl expansion
confirms the hypothesis of a weak V-V double bond involving the
four active MOs, the population of each of these MOs should be
relatively close to one electron, and this would a posteriori justify
our initial choice.

Since we also intend to correlate the two electrons involved in
the third component of the V-V bond (17b,), we have included
in the MO basis of the CI expansion this MO and its two
unoccupied counterparts, namely, (i) the V-V bonding, V-CgHg
antibonding MOs (b, symmetry) and (ii) the V-V antibonding
MOs with 7*,, character (a, symmetry). The corresponding active
space was composed of 12 molecular orbitals populated with 6
electrons. Three complete CI expansions (including all excitations
up to sextuples) were carried out on this active space, in order
to characterize the 'A|, 3B,, and °A, states. The respective
numbers of generated configurations are 4000, 5814, and 2160.
The energies of the ground-state singlet and of the lowest triplet
and quintet states obtained from these expansions are displayed
in Table I. The computed singlet-triplet energy separation is 1122
cm™, in agreement with the reported thermal population of the
triplet state. The A, quintet state is only 3700 cm™ above the
ground state. The ground state is a covalent singlet corresponding
to a mixture of configurations, as listed in Table II. In terms
of the 7, and 8/ orbitals (a, symmetry) and of their antibonding
counterparts (b, symmetry),' the leading configuration is 723,
corresponding to a triple V-V bond (in all configurations with
major weights, the 7, orbital 17b, remains doubly occupied). The
weight of the leading term of the CI expansion is only 32.5%. The
weighted distribution of configurations displayed in Table 1I
involving a large amount of nonbonding and even antibonding
configurations with respect to =, and §/¢ is characteristic of a
weak metal-metal interaction of the antiferromagnetic type.

The orbital populations obtained from the CI expansion for the
singlet state are as follows:

8, 1.21; my, 1.28; 7%, 0.70; 6%, 0.80; 7, 1.89

The populations obtained for § and =, are in keeping with those

similarly computed for the § and individual = components of the

guadruple metal-metal bond of Cr,(O,CH), at d(Cr-Cr) = 2.20
19

These results confirm the hypothesis of a weak antiferromag-
netic interaction involving the four frontier orbitals of a; and b,
symmetry. The V-V bond order, assumed to be half the difference
between the metal-metal bonding and antibonding populations,
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Figure 2. Orbital interaction diagram between the (CsHsV), and the
CsHj; fragments (from extended Hiickel calculations). The orbital pop-
ulations of the (CsHV),CgHg molecule are those of the A state char-
acterized from the ab initio SCF calculations.

is computed to be 1.10 from the CI expansion describing the singlet
state. This estimate is not so different from the one obtained from
closed-shell SCF calculations.! From the populations of the four
frontier MOs of a, and b; symmetry, the contribution of the weak
double bond to the bond order can be estimated to 0.49. More
than half of the V-V bond order is therefore due to delocalized
metal-ligand—-metal interactions with overall metal-metal bonding
character. The most important of these interactions occurs through
orbital 17b,, which contributes 0.56 to the V-V bond order.

Metal-Ligand-Metal Interaction

A detailed analysis of the interaction stabilizing the CgHy ligand
in its n°:n° conformation can be obtained from extended Hiickel
calculations.?® As previously mentioned,' such calculations are
not expected to accurately delineate the nature of the metal-metal
bond, and as a matter of fact, important changes in the sequence
of the frontier orbitals and in their energy separation can be
ascertained with respect to the ab initio results concerning the
3A, state (Figure 2). Furthermore, the metal orbital combinations
seem to be systematically shifted to low energies with respect to
the CgHj orbitals. The qualitative nature of the orbital interactions
between the CgHg?™ and the [V(CsHs)],?* fragments (Figure 2)
can however be analyzed with confidence and in agreement with
the ab initio results.

The frontier = orbitals of the CgHj; cycle in its planar form are
well-known.?!  The puckering of the CgHg cycle (Figure 1)

(20) (a) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397. (b) Hoffmann, R.;
Lipscomb, W. N. /bid. 1962, 36, 2179, 3489; 1962, 37, 2872. The extended
Hiickel parameters used for hydrogen and first-row atoms were taken from
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lations; Freeman: San Francisco, CA, 1965. (b) Heilbronner, E.; Straub,
P. A. Hiickel Molecular Orbitals; Springer-Verlag: Berlin, 1966. (¢) Thorn,
D. L.; Hoffmann, R. Inorg. Chem. 1980, 17, 126.
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abolishes the separation between the ¢ and the = subsets of MOs
and breaks the degeneracy between the (by, b,) and (a,, a,) orbital
pairs. In the folded CgHj ring four MOs with mainly = character
are responsible for the most important interactions with the (VCp),
dimer. The lowest in energy, 1b,, is characterized by a =-bonding
character connecting atoms 1, 2, and 8 on the one hand and 4-6
on the other hand (Figure 2). Much higher in energy, the an-
tibonding counterpart of this orbital, 2b,, remains unoccupied.
In between the two b, orbitals, two nonbonding orbitals, 1a, and
la,, respectively, display = character on the odd- and even-num-
bered carbon atoms (Figure 2). Both la, and la, are doubly
occupied in CgHg>™. The sequence of the 10 metal orbital com-
binations occupied with 6 electrons in the (VCp), fragment is also
displayed in Figure 2.

The bonding between V,Cp, and CgHj results from stabilizing
interactions in the a;, a,, and b, irreducible representations. Two
distinct interactions are present in the b, symmetry. The 1b,
orbital of CgHj is stabilized by the appropriate combination of
metal d orbitals through a bonding interaction involving the =
lobes on carbons 2, 4, 6, and 8. In the ab initio calculation, this
interaction gives rise to molecular orbital 15b,, with 15% metal
character. The other (occupied) metal combination is globally
nonbonding with respect to 1b,. This latter bonding metal com-
bination is however strongly stabilized by the empty ligand orbital
2b,. The resulting MO is 17b,, which has 56% metal character
and as much as 42% CzH; weight (from the population analysis
of the ab initio quintet wave function).

From the three metal orbital combinations belonging to the a,
representation (all with metal-metal bonding character), the lowest
one only has a significant overlap with the ligand = orbital of same
symmetry (Figure 2). It must be noted however that the resulting
MO has predominant CgHg character, with 16% metal weight
only. Finally, we find in the a, irreducible representation two metal
orbital combinations both with V-V =, and §,, antibonding
character. Both combinations and particularly the one of lowest
energy, with metal orbitals oriented parallel to the ligands, strongly
stabilize the CyH; orbital with appropriate symmetry. The
corresponding MO, 14a,, corresponds for 70% to the HOMO of
CyHg% (Figure 2) with 29% metal weight.

The extended Hiickel calculations confirm that the four
open-shell orbitals in the quintet state are only slightly affected
by interactions with CgHg. This can be attributed to the large
energy gap between the cluster of metal levels and (a) the un-
derlying occupied orbitals of CgHg with b; symmetry and (b) the
high-lying unoccupied ligand orbitals with a; symmetry.

Conclusion

The present study shows that the V-V bond in (CsHsV),CsHjg
involves two contributions of distinct nature. One contribution
comes from a weak double bond of = and 6/ character. These
interactions are free of any significant ligand contribution and
are reminiscent of the multiple antiferromagnetic coupling oc-
curring in weakly bonded dichromium tetracarboxylates. As in
these multiply bonded molecules, the weak metal-metal coupling
is responsible for the small singlet-triplet energy separation ex-
perimentally observed and computed in the present work. This
weak double bond contributes less than half to the computed bond
order of 1.10, The other contribution to the V-V bond comes
from delocalized interactions through the CgHjg ligand. One of
these interactions stabilizes the metal-metal bonding combination
with & character (17b,), which contributes 0.56 to the V-V bond
order. Other stabilizing interactions with CgHy introduce in the
wave function significant contributions of both metal-metal
bonding (28a,, d,, - d,,: 16b,, d,, + d,.) and antibonding (14a,)
characters.
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