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A series of ab initio calculations are presented on the alkyne-bridged dicobalt hexacarbonyl cluster Co2 µ-C2H2

(CO)6, indicating that this compound has substantial multireference character, which we interpret as evidence of
singlet diradical behavior. As a result, standard theoretical methods such as restricted Hartree−Fock (RHF) or
Kohn−Sham (RKS) density functional theory cannot properly describe this compound. We have therefore used
complete active space (CAS) methods to explore the bonding in and spectroscopic properties of Co2 µ-C2H2

(CO)6. CAS methods identify significant population of a Co−Co antibonding orbital, along with Co−π* back-bonding,
and a relatively large singlet−triplet energy splitting. Analysis of the electron density and related quantities, such
as energy densities and atomic overlaps, indicates a small but significant amount of covalent bonding between
cobalt centers.

Introduction

The electronic structure of and bonding within transition
metal clusters has long been the center of experimental1 and
theoretical2 attention. In such studies, analysis of electron
density within the framework of Bader’s quantum theory of
atoms in molecules (QTAIM)3 has proven to be especially
useful, allowing orbital-independent comparison between

experiment and theory. Recent theoretical studies suggest
that the electron density alone may be insufficient to reveal
the fine detail of the region between bridged metal atoms,
and this region is found to be characteristically flat for
experimental densities.1c,eInstead, the total electronic energy
density,H(r ), has been proposed as an alternative to the
electron density. This follows the pioneering work by Cremer
and Kraka4 on the description of chemical bonding using
the kinetic (G(r )) and potential (V(r )) energy densities.

Numerous studies have employed the prototypical cobalt
dimer, Co2(CO)8, a fluxional molecule which contains two
bridging carbonyl groups in its lowest-energy form, to study
metal-metal bonding. On the basis of orbital symmetry
arguments, Thorn and Hoffmann suggest the presence of a
bent metal-metal bond.5 Leung & Coppens1a studied the
experimental electron density of this compound, finding no
evidence for density accumulation in the Co-Co region to
reflect bonding (bent or straight) between the Co atoms.
Topological analysis of the theoretical electron density
showed (3,-1) bond critical points (bcp) only in the Co-C
bonds, while a (3,+1) ring critical point (rcp) was found
close to the Co-Co midpoint, apparently at variance with
the prediction of a Co-Co single bond and the observation
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of a diamagnetic ground state of Co2(CO)8. Analysis of the
theoretical energy density2d locates a shallow minimum in
H(r ) halfway between Co nuclei, interpreted as a bent Co-
Co bond. The same authors use orbital-based arguments to
demonstrate that core and nonbonding orbitals dominate the
total electron density and, hence, that the energy density is
a more sensitive probe of metal-metal bonding.2e Very
recently, Gatti analyzed a series of metal clusters, such as
Mn2(CO)10 and Fe2(CO)9, as well as Co2(CO)8, in terms of
the “source function”, that is, the contribution of all atoms
in the system to the electron density at a given point.6 In
this way, they showed that the density in the intermetallic
region comes primarily from the oxygens of CO ligands
rather than from the metals themselves, a somewhat coun-
terintuitive finding that sheds fascinating new light on this
long-standing problem.

A closely related class of compounds are alkyne-bridged
dicobalt carbonyls, Co2(CO)6(C2R2). Early spectroscopic
studies indicate aC2V geometry, in which the alkyne lies
perpendicular to the Co-Co direction.7 Orbital arguments
again suggest a bent metal-metal bond, together with
donation of electrons from filledπ-orbitals on the alkyne
into metal d-orbitals, along with back-donation into formally
emptyπ*-orbitals. Such complexes are of particular interest
because of their role in the Pauson-Khand reaction, a widely
used method for regioselective synthesis of cyclopentanones8

(see Scheme 1). Indeed, these bridged dicobalt species are
the only intermediates isolated from typical reaction condi-
tions. Complexes of this form are used as models for
electronic communication along molecular wires, in which
the Co2C2 core acts as a redox center capable of interacting
with remote metal centers connected by a di-yne or poly-
yne chain.9 Cobalt alkyne complexes have also recently been
found to exhibit interesting antitumor properties and may
be effective in the treatment of leukemia, although the exact
biological target and mode of action remain unclear.10

Even in the simple MO picture defined by Thorn et al.,
the bonding and electronic structure in these complexes is
open to interpretation: as discussed above, metal-metal
bonding has been a particular focus. However, this is more
than an academic question because the nature of Co-C

bonding and any donation/back-donation present will have
an effect on the subsequent reactivity of the alkyne. Recently,
density functional theory (DFT) methods have been used to
propose intermediates and transition states on the Pauson-
Khand reaction pathway.11 Probing the electronic structure
of metal poly-yne compounds is crucial to understanding
their behavior and possible development for use in molecular
devices.12 However, the success or failure of such treatments
rests on the appropriate choice of theoretical method, one
capable of properly describing the bonding in bridged
dicobalt complexes.

Computational Methodology

All ab initio calculations were carried out using the Gaussian03
suite of programs.13 The geometry was extracted from recent high-
resolution X-ray results,14 with substituents on the alkyne bridge
replaced with H, symmetry-independent Co-Calkyne and Co-CCO

distances averaged, and the overall geometry symmetrized to the
C2V point group (see Supporting Information). The basis sets
employed included Pople’s 6-31G and Wachters and Hay’s
6-311G15 all-electron split-valence sets on Co, augmented with a
single-shell of f-functions with an exponent recommended by Ehlers
et al.,16 as well as the Lanl2DZ basis set and effective core potential
(ECP).17 Dunning’s correlation consistent cc-pVDZ and cc-pVTZ
functions18 were placed on C, H, and O atoms. We note that these
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Scheme 1. Pauson-Khand Reactiona

a See Figures 1 and 2 for 3D views of the title compound.
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are similar basis sets to those used recently by Kenny et al.19 and
by Bachler et al.20 in studies of cobalt carbonyl complexes and of
singlet diradical Ni complexes, respectively. The stability of all
Hartree-Fock wavefunctions was tested using the criteria of Seeger
and Pople,21 and where applicable, lower-energy solutions were
obtained by following the eigenvector corresponding to instability.
CAS-SCF calculations used the natural orbitals obtained from UHF
calculations as a starting point, with visual inspection confirming
the relevance of these to Co-Co or Co-C bonding (see below for
more details).

Topological analysis of the electronic density,F(r ), is based upon
those points where the gradient of the density,3F(r ), vanishes.
Bond critical points (bcp’s) are located where one curvature (in
the internuclear direction) is positive and two (perpendicular to the
bond direction) are negative. Properties evaluated at such points
are widely used to characterize bonding interactions. For example,
covalent interactions between “light atoms” typically have large
F(r ) and negative32F(r ), while noncovalent and metal-ligand
interactions are found to have lowF(r ) and positive32F(r ).22 For
metal complexes in particular, this simple analysis has been found
to be inadequate, and the energy density,H(r ), has been shown to
be a more sensitive probe: in regions of covalent bonding, potential
energy dominates, andH(r) is negative. All electron density analysis
was carried out using the AIMPAC23 and AIM200024 suites of
programs, and bond orders were calculated using an in-house
program, available from the authors on request.

Results and Discussion

Table 1 contains the energy of the HF and CAS-SCF
solutions found using 6-31G(f) on Co and cc-pVDZ on
remaining atoms. The initial restricted Hartree-Fock (RHF)
calculation converged smoothly, but stability analysis indi-
cated that a lower-energy UHF solution existed. The optimal

UHF solution is almost 4 eV more stable than the RHF value
but yields an expectation value of theS2 operator of 2.51,
that is, much higher than the expected value of 0 for a singlet
state. Such a large value ofS2 indicates significant spin
contamination from higher multiplicity states, such that the
term “singlet” may not be appropriate here. UHF calculations
on higher spin-states are reported in Table 1, revealing that
the triplet is just 0.49 eV higher in energy than the UHF
singlet, while the quintet, septet, and nonet states are rather
less stable. However, these higher multiplicity states cannot
be ignored, as evidenced by the largeS2 values for the triplet
and quintet states (4.4 and 7.4), compared with the expected
values of 2 and 6, respectively. Only in the septet and nonet
states doesS2 approach the “correct” values.

To test whether these findings are not simply an artifact
of the basis set employed, RHF and UHF singlet energies
were calculated using larger and smaller basis sets: with a
triple-ú basis (6-311G(f) on Co, cc-pVTZ on C, H, and O),
the UHF solution is 4.03 eV below the RHF, while with the
Lanl2DZ basis and ECP, the difference is 3.92 eV, that is,
values not greatly different from those in Table 1. We
therefore proceed with the combination of 6-31G* on Co
and cc-pVDZ on C, H, and O because more advanced
theoretical methods are computationally tractable for this
complex using this basis set.

As pointed out by Bachler et al.,20 “the singlet diradical
character of a molecule is large provided the symmetry-
broken unrestricted solution for the electronic ground state
is much lower in energy than the energy of the restricted
singlet ground-state solution”. We therefore take these
Hartree-Fock results as evidence of significant singlet
diradical character in the title compound. The spin density
of this UHF singlet is shown in Figure 1, revealing large
spins concentrated in Co d-orbitals, with smaller contribu-
tions from alkyne C p-orbitals. Mulliken spin populations
reveal values of(2.0 e on Co, and values no larger than
0.1 e on any other atom. Spin charges were also calculated
using AIM methods (see below for more details), resulting
in values of(1.9 e on the Co atoms, that is, in general
agreement with the Mulliken data.

Clearly, there is substantial multireference character in this
complex, such that the single-reference Hartree-Fock pro-
cedure is inadequate, as evidenced by the large spin
contamination observed. Natural orbitals from the UHF
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Table 1. Hartree-Fock and CAS-SCF Results with
6-31G(f)+cc-pVDZ Basis Set

multiplicity job type
total energy

(Eh)
relative energya

(eV) S2

1 RHF -3515.33723 0.0 0.00
1 UHF -3515.47449 -3.735 2.51
1 CAS[6,6] -3515.53367 -5.345 0.00
1 CAS[22,14] -3515.56143 -6.101 0.0
1 CAS[6,6]-PT2 -3519.13789 0.0
1 CAS[22,14]-PT2 -3519.08736 0.0
3 UHF -3515.45700 -3.259 4.42
3 CAS[6,6] -3515.48869 -4.121 2.00
3 CAS[22,14] -3515.50971 -4.693 2.00
3 CAS[6,6]-PT2 -3519.06759 2.00
3 CAS[22,14]-PT2 -3519.00341 2.00
5 UHF -3515.41030 -1.988 7.35
7 UHF -3515.35958 -0.608 12.73
9 UHF -3515.26963 +1.839 20.66

a Relative to RHF singlet energy, 1 eV) 23.06 kcal mol-1 ) 96.49 kJ
mol-1. Values not reported for CAS-PT2 calculations since these are not
strictly comparable to RHF/UHF.

Figure 1. Spin density of UHF solution, plotted at 0.05 au isosurface.
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singlet revealed six orbitals with populations significantly
different from the restricted values of two and zero: three
occupied natural orbitals were found with populations
between 1.2 and 1.95, and a corresponding set of three
unoccupied with populations between 0.05 and 0.8 was also
found. Visual inspection shows that these orbitals come in
pairs of bonding and antibonding combinations: the first pair,
with occupations of 1.22 and 0.78, consists almost solely of
the in-phase and out-of-phase combination of Co dz2 orbitals
(wherezcorresponds to the Co-Co internuclear vector). The
remaining two pairs of “active” natural orbitals combine Co
d-orbitals with Calkynep-orbitals and have occupations of 1.79,
1.46, 0.54, and 0.21 electrons. Graphical representations of
these natural orbitals can be found in Supporting Information.

Guided by these results, we then carried out CAS-SCF
calculations on the singlet state, using several choices of
active space based on the UHF natural orbitals. The first
included only the bonding/antibonding dz2 orbitals, denoted
CAS[2,2], and the second contained all six natural orbitals
with significant noninteger values, denoted CAS[6,6]. The
CAS[2,2] calculation suffered severe convergence problems,
perhaps indicative of too severe an imbalance between active
and inactive spaces. Despite repeated attempts with various
convergence options, no stable CAS[2,2] solution could be
found; these calculations were therefore not pursued any
further.

In contrast, CAS[6,6] converged smoothly from the UHF
guess to a solution with occupation numbers of active orbitals
equal to 1.88, 1.80, 1.67, 0.33, 0.19, and 0.12 electrons, that
is, substantially closer to restricted values of 2.0 and 0.0 than
the starting point. This overestimation of biradical character
by UHF methods is well-known.25 These orbitals are shown
in Figure 2. Visual inspection of these CAS[6,6] orbitals
reveals that the pair with largest deviation from integer
occupations, a and b in Figure 2, are indeed the Co-Co
bonding/antibonding pair of dz2-orbitals on Co. The remaining
two pairs consist of in-phase/out-of-phase combinations of
Co d-orbitals withπ* orbitals on the alkyne. This CAS[6,6]
expansion is dominated by two configuration state functions
(CSFs), namely, the original RHF state (with coefficient 0.85)
and the biradical state (0.33), with all other CSFs contributing
less. Full details are given in Supporting Information.

The CAS[6,6] energy is 1.6 eV lower than that of the
singlet UHF solution and more than 5 eV below the original
RHF value, showing that substantial stabilization results from
the greater flexibility of these CAS calculations. Although
natural orbital occupation numbers can give a guide to
choosing an active space, this does not permit an assessment
of convergence with respect to active space. We therefore
carried out further CAS calculations, includingall metal
d-orbitals, C-C π- and π*-orbitals, along with the three
“virtual” orbitals from the CAS[6,6] treatment (the [6,6]
active space is therefore a subset of this [22,14] one). In
total, this forms a CAS[22,14] calculation, consisting of over
40 000 possible configurations. This also converged smoothly,

and Table 1 shows that this treatment lowers the energy of
the singlet state by a further 0.7 eV. Weights of CSFs are
similar to the CAS[6,6] results given above, with just two
CSFs dominating.

The data presented in Table 1 indicates that the ground
state is a singlet diradical or, equivalently, that there is weak
antiferromagnetic coupling between cobalt atoms in this
complex. For such diradical species, the key spectroscopic
parameter of interest is the energy splitting between singlet
and triplet states, identified with theJ coupling constant used
in spin Hamiltonian methods and experimentally determined
by magnetic susceptibility or heat capacity curves.26 We have
therefore carried out corresponding CAS calculations on the
triplet state using both [6,6] and [22,14] active spaces, based
on the natural orbitals from the UHF singlet calculation.
Table 1 reports triplet energies from UHF, as well as CAS-
[6,6] and -[22,14] calculations, from which we estimate
singlet-triplet energy splittings of 0.47, 1.22 and 1.40 eV,
respectively. Thus, CAS results yield a much larger singlet-
triplet gap than does UHF, further evidence for the overes-
timation of singlet biradical character by the latter. The two
choices of active space give similar results, although one
could not claim that the result is converged with the smaller
active space. Nonetheless, we believe the results are suf-
ficiently close to use CAS[6,6] wavefunctions to analyze
electron density and bonding.

While CAS-SCF calculations properly describe the mul-
tireference character of such systems, the small active space
that must necessarily be employed means that dynamic
correlation is largely neglected. We have therefore calculated
the second-order perturbation theory correction to the CAS
energies for singlet and triplet states, denoted CAS-PT2 in
Table 1. The inclusion of dynamic correlation dramatically
lowers the energy of each state, and lowers that of the singlet
more than that of the triplet, such that these data further
increase the singlet-triplet energy gap to 1.913 and 2.284
eV, using small and large active spaces, respectively. These
singlet-triplet energy gaps reported in Table 1 are much
larger than those reported for the archetypal diradical copper
complexes discussed by Moreira and Illas,26 where typical
values range from 10 to 100 meV.

DFT is a computationally attractive procedure for treat-
ment of singlet diradical species, applicable to larger species
than the ab initio treatment described above. Despite the
theoretical basis of this approach having been questioned
by some authors, numerous studies show that hybrid func-
tionals are capable of yielding at least a qualitatively correct
description of bonding andJ couplings.26,27 Calculations
employing two different hybrid functionals, that is, B3LYP
and mPW1PW91, showed the same restricted to unrestricted
instability seen for HF data above. However, in these cases,
the energy difference between these solutions is much
smaller, with values of 0.007 and 0.07 eV, respectively.
These functionals differ markedly in their description of the
unrestricted ground state, for example, yielding Mulliken spin

(25) Jensen, F.Introduction to Computational Chemistry, 2nd ed.; Wiley:
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charges on each Co of(0.41 and(0.71 e, respectively.
Despite these differences, hybrid DFT values for singlet-
triplet splitting are in reasonable agreement with ab initio
values at 1.37 and 1.20 eV, respectively.

In contrast, two pure DFT methods, BLYP and PBEPBE,
lead to stable restricted solutions and no unrestricted ground
state. While this seems at odds with the ab initio data
presented above, these functionals yield singlet-triplet
splitting values of 2.07 and 2.09 eV, respectively, that is,
rather higher than those from hybrid DFT methods but much
closer to the best ab initio value from CAS-PT2 calculations.
This is similar to the findings of Cramer et al., who showed
that pure DFT methods outperform hybrid ones in prediction
of the relative energies of Cu2O2 isomers.27 This could be
interpreted as evidence that the nondynamical correlation is

well accounted for in the pure functional, while incorporation
of HF exchange via the hybrid functional introduces UHF
character, as discussed by Cramer et al. In the absence of
experimental confirmation of this spectroscopic quantity, it
is difficult to reach a sure conclusion on this matter from
these data.

The occupation of bonding and antibonding orbitals in the
CAS[6,6] wavefunction suggests a rather more complex
picture of metal-metal and metal-ligand bonding than
might be initially inferred. QTAIM analysis on the ground-
state singlet CAS[6,6] electron density was employed to gain
deeper insight into the bonding. The first and most obvious
result from this is the lack of a bond critical point (bcp) in
the region between cobalt nuclei, despite exhaustive search-
ing of the internuclear region. Four Co-Calkyne bonds are

Figure 2. Six active orbitals from CAS[6,6], plotted with isosurface value of 0.05 au.
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present in this analysis, along with all expected Co-CCO,
C-C, C-O, and C-H bcp’s. Properties of selected critical
points are reported in Table 2, and the resulting molecular
graph created from the theoretical results is displayed in
Figure 3, indicating the presence of two 3-membered
metallocycles in the Co2C2 core, sometimes referred to as a
“butterfly arrangement”.

Electron density data suggests substantial overlap between
the cobalt and coordinated alkyne: values ofF(r) are low,
and32F(r) values are positive in all cases, as is normal for
metal-ligand bonds. The energy density at the bcp is
dominated by the potential energy, leading to a value less
than zero in all bonds, indicative of significant covalent
bonding. Cobalt-carbonyl bonds show the properties ex-
pected on the basis of previous work, with lowF(r) and
positive32F(r) values. The value ofF(r) at the bcp has long
been used as a measure of bond order, especially, in nonpolar
bonds such as C-C. The value ofF(r) in the bridging alkyne
is rather low: for comparison, ethane has a value of 0.249,
ethene 0.352, and ethyne 0.403 au, from RHF calculations28

with the same basis set, suggesting the alkyne might be better
described as having a bond order of between 1.5 and 2.0.

In the light of the apparent success of pure DFT methods
in reproducing ab initio data for spectroscopy discussed

above, we also carried out AIM analysis of the BLYP-
calculated electron density. Because this DFT density should
include the effects of electron correlation for the whole
molecule, one might expect this to give a more balanced
picture of the bonding. In fact, very little difference is
observed between CAS[6,6] and BLYP density. The mo-
lecular graph that results is essentially identical to that shown
in Figure 3, with no Co-Co bcp and four Co-Calkyne bcp’s,
and it is shown in Supporting Information. Table 2 reports
BLYP properties at these bond critical points, which again
show only small differences from the CAS[6,6] data,
especially within the Co2C2 core. Slightly larger changes are
seen for the Co-CCO bonds, which is unsurprising since these
bonds are not included in the CAS[6,6] active space. At this
BLYP level, ethane, ethene, and ethyne haveFbcp values
equal to 0.240, 0.345, and 0.404 au, respectively, such that
the alkane again appears to lie between ethane and ethene.

As discussed above, the use of the electron density alone
in unambiguously identifying bonding interactions in transi-
tion metal systems has been questioned: we therefore turn
to two alternative metrics, the energy density,H(r ), and the
atomic overlap matrix (AOM). The AOM is derived from
the electron-pair distribution functionF(r1,r2) integrated over
atomic basins defined by QTAIM. Definitions of atomic
localizationδ(A,A) and delocalizationδ(A,B) have been set
out from this, the latter leading to robust definitions of bond
order, even for atoms that do not share a common interatomic
surface.29 Macchi et al. have employedδ(A,B) from Har-
tree-Fock calculations to explore metal-metal bonding in

(28) RHF calculations are used as a reference since theσ andπ-orbitals of
the alkyne are not included in the CAS[6,6] active space and, hence,
are not correlated with Co d-orbitals or C-C σ*- and π*-orbitals.

(29) (a) Bader, R. F. W.; Stephens, M. E.J. Am. Chem. Soc.1975, 97,
7391. (b) Angyan, J. G.; Loos, M.; Mayer, I.J. Phys. Chem.1994,
98, 5244.

Table 2. Topological Analysis of Electron Density (au)a

bond F ∇2F λ1 λ2 λ3 G V H

Co-Calkyne 0.104 +0.223 -0.114 -0.059 +0.397 0.106 -0.156 -0.050
0.102 +0.207 -0.116 -0.070 +0.392 0.096 -0.141 -0.045

C-C 0.318 -0.739 -0.544 -0.491 +0.296 0.140 -0.465 -0.325
0.318 -0.686 -0.535 -0.526 +0.375 0.142 -0.455 -0.313

Co-CCO 1 0.139 +0.763 -0.153 -0.127 +1.043 0.238 -0.286 -0.048
0.144 +0.607 -0.162 -0.160 +0.929 0.202 -0.252 -0.050

Co-CCO 2 0.131 +0.711 -0.135 -0.123 +0.969 0.222 -0.267 -0.045
0.135 +0.571 -0.155 -0.148 +0.875 0.190 -0.237 -0.047

a Reported as CAS[6,6] on first line and BLYP on the second. Properties at bond critical points:F ) total electron density;32F ) Laplacian of electron
density;λ1, λ2, λ3, ) curvatures of electron density;G ) kinetic energy density;V ) potential energy density;H ) total energy density.

Figure 3. Molecular graph of1 resulting from CAS[6,6] wavefunction.
Bond critical points shown as red dots, and ring critical points are shown
as yellow dots.

Figure 4. δ(A,B) bond orders for metal-metal and metal-ligand
interactions.
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a range of compounds, quoting a value of 0.37 between Co
atoms in Co2(CO)8, where a value of 1.0 indicates a single
bond.30 We calculate a value forδ(Co,Co) of 0.26 from the
CAS[6,6] wavefunction, although direct comparison of these
numbers is not possible because of the different theoretical
methods employed. Thus, the atomic overlap data suggests
a weak but nonzero overlap between cobalt atoms, in
complete agreement with the structural and orbital arguments
presented above.

δ(A,B) values for Co-C and C-C bonds have also been
calculated, and are shown in Figure 4. This shows substantial
covalent character of all C-C bonds (for comparison, Macchi
et al. report values of 0.70 for the bridging Co-C bonds in
Co2(CO)8). The value of 1.45 for the alkyne C-C bond
suggests that it has been considerably weakened by coordi-
nation to two cobalts, such that little of theπ-overlap between
carbon atoms remains. This agrees with conclusions drawn
from theFbcp alone and also with the picture gleaned from
inspection of the active orbitals in Figure 2, which shown
donation from metal d-orbitals intoπ*-orbitals on the alkyne.

The energy density,H(r ), is a popular alternative toF(r )
for probing bonding interactions in complexes such as this.
Finger et al.2d,eplotted this function along the 2-fold axis of
Co2(CO)8, using restricted B3LYP methods, finding a clear
minimum close to the intersection of the 2-fold axis and the
Co-Co vector, which they interpret as evidence for bent
metal-metal bonding. Figure 5 shows plots ofH(r ) along
both the 2-fold (y) axis and the perpendicular Co-Co (z)
axis.31 Along the 2-fold axis,H(r ) shows some similarities
to the plots reported by Finger et al.,2d,e with a shallow
minimum close to the Co-Co vector (Co atoms are located
at y ) +0.141 Å).32 In the perpendicular direction, large
negative values are found close to the Co nuclei, rising close
to H(r ) ) 0 at z ) (0.41 Å. Minima are observed atz )
(0.21 Å, but atz ) 0, we find thatH(r ) is actually a
maximum in this direction, such that we cannot assign this

point as a local minimum inH(r ), but instead it is a saddle
point. Nonetheless, it is clear from these plots thatH(r ) has
a negative value throughout the region between cobalt nuclei,
again supporting the picture of some covalent overlap
between metals obtained fromδ(A,B) values.

A further diagnostic tool of bonding interactions based
on energy densities has been proposed by Espinosa33 and
used in several works to probe bonding in metal-carbonyl
clusters.1e,6,34In this, the ratio of potential to kinetic energy
densities,|V(r )|/G(r ), is calculated at bond critical points.
A value of greater than two taken as indicative of shared or
covalent interaction, while a value of less than one indicates
closed-shell interaction. Between these extremes, a “transit”
region of incipient covalent bonding is proposed. Using the
CAS[6,6] wavefunction, we calculate values for this ratio
of 1.34 at the midpoint of the Co-Co vector and 1.44 at the
saddle point inH(r ) identified above, that is, both within
the transit region, consistent with the other results that point
to some covalent character in the metal-metal region. Gatti
et al. used similar diagnostics to compare bridged and
unbridged forms of Co2(CO)8, in which they found|V|/G to
be a useful tool to distinguish these binding modes, and they
reported similar values to those reported above (notwith-
standing differences in theoretical methods employed).6

In addition to bonding interactions, QTAIM defines a
rigorous partition of real space into atomic basins, used to
calculate properties of individual atoms within molecules.
This definition yields an atomic charge of+0.669 e on each
Co and of-0.408 on each alkyne C, consistent with the
picture of donation of electrons from a formal Co(0) into π*-
orbitals on the alkyne. Natural population analysis (NPA)
yields a similar picture of charges, with+0.813 on each Co
and-0.814 on each alkyne C, stemming from a 3d7.694s0.44-
4p0.04 configuration on Co. Further correspondence between
the NBO and QTAIM interpretations of bonding stems from
the absence of a bonding Co-Co orbital in the NBO analysis.

Conclusions

Ab initio and DFT calculations indicate that the ground-
state electronic structure of the alkyne-bridged dicobalt
complex Co2 µ-C2H2 (CO)6 is best described as a singlet

(30) Macchi, P.; Sironi, A.Coord. Chem. ReV. 2003, 383, 238.
(31) Figure 5b is not directly along the Co-Co vector but is parallel to it

at they-coordinate (+0.078) for which a minimum inH(r ) is suggested
by the former. Thus, the full Cartesian coordinates (in au) used to
generate Figure 5a are (0.0,-0.5, 0.0) to (0.0, 2.0, 0.0), and those
used to generate Figure 5b are (0.0, 0.078,-1.0) to (0.0, 0.078, 1.0).

(32) The fact that the 2-fold axis also bisects the C-C bond means that
this function reaches a large negative value at higher values ofy (C’s
are located aty ) +2.941 au), unlike in the case of Co2(CO)8. In the
x-direction, H(r ) reaches a minimum at the intersection with the
directions plotted in Figure 5.

(33) Espinosa, E.; Alkorta, I.; Elguero, J.; Molins, E.J. Chem. Phys. 2002,
117, 5529.

(34) Farrugia, L. J.; Mallinson, P. R.; Stewart, B.Acta Crystallogr., Sect.
B 2003, B59, 234.

Figure 5. Energy density from CAS[6,6] wavefunction along (a) 2-fold (y) axis and (b) parallel to the Co-Co (z) axis (au).
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diradical, with partial occupation of both bonding and
antibonding orbitals between Co atoms. This is evident in
Hartree-Fock, CAS-SCF, and hybrid DFT calculations,
although pure DFT methods are at odds with these findings.
These methods indicate that the singlet ground state is
between 1.2 and 1.9 eV lower in energy than the lowest
triplet state, that is, a considerably larger energy splitting
than in archetypal diradical species such as [Cu2Cl6]2-.
Topological analysis of the CAS-SCF electron density
suggests the absence of a direct Co-Co bond, but other
indicators such as the atomic overlap matrix and the total
energy density reveal significant overlap between cobalt
atomic basins, contributing to the stabilization of the
complex. These results suggest that caution should be
exercised in the selection of theoretical methods for study

of such complexes, for example, in proposing and testing
mechanisms for the Pauson-Khand reaction or their use as
models for molecular devices.
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