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ABSTRACT: Cyclobutane-1,2,3,4-tetrone has been both predicted and found
to have a triplet ground state, in which a b2g σ MO and an a2u π MO are each
singly occupied. The nearly identical energies of these two orbitals of (CO)4
can be attributed to the fact that both of these MOs are formed from a
bonding combination of C−O π* orbitals in four CO molecules. The
intrinsically stronger bonding between neighboring carbons in the b2g σ MO
compared to the a2u π MO is balanced by the fact that the non-nearest-
neighbor, C−C interactions in (CO)4 are antibonding in b2g, but bonding in
a2u. Crossing between an antibonding, b1g combination of carbon lone-pair
orbitals in four CO molecules and the b2g and a2u bonding combinations of π*
MOs is responsible for the occupation of the b2g and a2u MOs in (CO)4. A similar orbital crossing occurs on going from two CO
molecules to (CO)2, and this crossing is responsible for the triplet ground state that is predicted for (CO)2. However, such an
orbital crossing does not occur on formation of (CO)2n+1 from 2n + 1 CO molecules, which is why (CO)3 and (CO)5 are both
calculated to have singlet ground states. Orbital crossings, involving an antibonding, b1, combination of lone-pair MOs, occur in
forming all (CO)2n molecules from 2n CO molecules. Nevertheless, (CO)6 is predicted to have a singlet ground state, in which
the b2u σMO is doubly occupied and the a2u πMO is left empty. The main reason for the difference between the ground states of
(CO)4 and (CO)6 is that interactions between 2p AOs on non-nearest-neighbor carbons, which stabilize the a2u πMO in (CO)4,
are much weaker in (CO)6, due to the much larger distances between non-nearest-neighbor carbons in (CO)6 than in (CO)4.

■ INTRODUCTION
Oxocarbons, (CO)n, can be regarded as cyclic oligomers of carbon
monoxide.1 The dianions of oxocarbons, such as acetylenediolate
(CO)2

2−,2 deltate (CO)3
2−,3 squarate (CO)4

2−,4 croconate
(CO)5

2−,5 and rhodizonate (CO)6
2−,6 are well-known for their

thermodynamic stability and have been studied extensively.7

Consider the neutral oxocarbons, (CO)n, n = 2−6, which have
two fewer π electrons. These molecules are shown below. For
each, an unexceptional Lewis structure can be drawn, so one
might expect that these will be “normal” molecules. Therefore,
themost interesting question about the (CO)n oxocarbons might
appear to be whether at least some of these molecules are
endowed with a modicum of kinetic stability toward
fragmentation to n molecules of CO.

However, as we will see in this paper, there is much, much
more to learn about these molecules. Despite the unexceptional

Lewis structure that can be drawn for each (CO)n molecule, the
electronic structures of these neutral oxocarbons have some real
surprises in store for us.
What is known experimentally? Not surprisingly, neutral

oxocarbons appear to be highly unstable, both thermodynami-
cally and kinetically. For example, only trace amounts of
cyclobutane-1,2,3,4-tetrone (CO)4, cyclopentane-1,2,3,4,5-pen-
tone (CO)5, and cyclohexane-1,2,3,4,5,6-hexone (CO)6 have
been detectable by mass spectrometry.8a Formation of a short-
lived cyclopropane-1,2,3-trione (CO)3 intermediate was pro-
posed in the reaction of oxygen atoms with carbon suboxide
(C3O2), but (CO)3 itself was not observed directly.8b In fact,
density functional theory (DFT) calculations predict that
cyclopropane-1,2,3-trione is a mountaintop on the (CO)3
potential energy surface,7b,c although some ab initio calculations
do find that D3h (CO)3 is a local energy minimum.9

(CO)2 and, more recently, (CO)4 have been of particular
interest to computational chemists, because (CO)2 is predicted
to have a triplet ground state10 and, quite surprisingly, (CO)4 is
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also calculated to have a very low-lying triplet state.11 Performing
calculations which are sufficiently reliable to be able to predict
definitively the relative energies of the triplet and low-lying
singlet states of (CO)4 has proven to be unexpectedly
challenging.11

In neutral (CO)4, two electrons must be distributed between
the b2g and a2u MOs. Perhaps the most convincing argument for a
triplet ground state for (CO)4 comes from calculations which
find that 2B2g and

2A2u states of both the (CO)4 radical cation and
(CO)4 radical anion are very close in energy.

12 Since the 2B2g and
2A2u states of both (CO)4

•+ and (CO)4
•− differ by whether the

unpaired electron occupies a b2g or a2u MO, these two MOs of
(CO)4 must also have nearly the same energies. In addition to
being nearly degenerate in energy, these orbitals are non-
disjoint,13 so Hund’s rule14 should apply to (CO)4. Therefore,
despite the unexceptional, closed-shell, Lewis structure that can
be drawn for (CO)4, the triplet has unequivocally been predicted
to be the ground state.12

This theoretical prediction has very recently been confirmed
experimentally.15 Wang and co-workers generated the radical
anion of (CO)4 and measured its negative ion photoelectron
spectrum. The triplet state was found to lie below the lowest
singlet state of (CO)4 by 1.5 kcal/mol, in good agreement with
the results of (U)CCSD(T) calculations.11b−d

The level ordering in (CO)4that the b2g σ and a2u πMOs of
(CO)4 are nearly degenerate in energyturns out to contain the
key to the peculiarities of the electronic structures of the neutral
oxocarbons. In this paper we show that the reason for near
degeneracy of this pair of MOs in (CO)4 is closely related to the
symmetry-enforced degeneracy of the πuMOs in (CO)2.We also
explain why, unlike the case in (CO)2 and (CO)4, (CO)2n+1
oxocarbons, such as (CO)3 and (CO)5, have closed-shell, singlet
ground states. Finally, we describe the reasons why (CO)6, unlike
the (CO)2n oxocarbons with n = 1 and 2, is also predicted to have
a singlet ground state.

■ COMPUTATIONAL METHODOLOGY
Dnh geometries (n = 2−6) for the neutral (CO)n oxocarbons were
optimized with B3LYP DFT calculations.16 Unrestricted (U)B3LYP
calculations were performed on triplets and monoradicals. Vibrational
frequency analyses were performed to ensure that the optimized Dnh
structures corresponded to local minima, and the calculated frequencies
yielded the zero-point vibrational energy (ZPVE) corrections. Single-
point coupled-cluster calculations at the (U)CCSD(T) level19 were
performed at the (U)B3LYP-optimized geometries. Except where
noted, the 6-311+G(2df) basis set20 was used for all of our calculations,
which were carried out with the Gaussian 09 suite of programs.21

■ RESULTS AND DISCUSSION

MOs of (CO)4. We enter the essential problem in the
electronic structure of (CO)n oxocarbons through (CO)4. The
two, nearly degenerate, MOs of (CO)4, each of which is singly
occupied in the triplet ground state, are depicted in Figure 1.11,12

TheMOs look very different, and they have different symmetries.
The b2g MO is a σ orbital, and the a2u MO is a π orbital.
However, these two MOs do share some features. For

example, they are each comprised largely of 2p AOs on carbon
and oxygen. In both MOs the 2p AOs on carbon are in-phase
with each other, but out-of-phase with the 2p AOs on the oxygen
atom to which each carbon is attached.
In fact, Figure 2 shows that the b2g and a2uMOs of (CO)4 share

a common origin in the π MOs of carbon monoxide, and that
is why these MOs of (CO)4 are nearly degenerate in energy.

The MOs are each formed by the in-phase overlap of one of the
degenerate pair of the π* MOs of four CO molecules. The b2g
MO is formed from the CO π* MOs that lie in the molecular
plane of (CO)4, and the a2u MO is formed from the CO π*MOs
that have a node in the plane of the molecule.
Although the b2g and a2u MOs of (CO)4 both have their

parentage in the degenerate pairs of π*MOs in four isolated CO
molecules, the nearly equal energies of the b2g and a2u MOs of
(CO)4 are, nevertheless, surprising. One might have expected
that the σ overlaps of the 2p AOs on adjacent carbons in the b2g
MO would have created stronger C−C bonding than the π
overlaps that are present in the a2uMO.However, Figures 1 and 2
both show that there is a compensating factor.
In the a2u π MO of (CO)4 the cross-ring π overlaps between

the 2p AOs on C1 and C3 and on C2 and C4 are bonding.
In contrast, the different topologies of orbital interactions in
creating σ and π bonding overlaps between nearest-neighbor 2p
AOs result in the cross-ring σ overlaps between the 2p AOs on
C1 and C3 and on C2 and C4 being antibonding in the b2g MO.
It is presumably a near cancellation between stronger nearest-
neighbor σ bonding in the b2g MO and stronger non-nearest-
neighbor π bonding in the a2u MO that results in the nearly
degenerate energies of these twoMOs in (CO)4.

12Wewill return
to this subject in a subsequent section.
Why are combinations of the antibonding, π* orbitals of four

CO molecules filled in the triplet state of the tetramer? The
diagram in Figure 2 also provides the answer to this question. As
shown in Figure 2, the b1g combination of lone-pair orbitals on
the carbons of four CO molecules (the most antibonding of the
four lone-pair combinations; the other three are not shown)
becomes a highly antibonding, unfilledMO in (CO)4. The pair of
electrons in the b1g combination of carbon lone-pair orbitals in
four COmolecules are removed from this MO in (CO)4, and the
electrons are distributed between the nearly degenerate b2g σ and
a2u π MOs of (CO)4. The possibility, which turns into a reality,
of a high-spin ground state for the molecule is thus created.
Now let us consider the diagram in Figure 2 as a real orbital

correlation diagram for a chemical reaction, the fragmentation of
(CO)4 into four CO molecules. Because there are crossings
between orbitals that are filled in the reactant and empty in the
product and vice versa, this hypothetical reaction, the thermo-
dynamically favorable decomposition of (CO)4 to four CO
molecules, is forbidden to be concerted by orbital symmetry.22

To compute the barrier to concerted breaking of all four ring
bonds in (CO)4, starting from the singlet state in which the b2g σ
MO is doubly occupied, we performed (8/8)CASSCF/
6-31G(d)23 and CASPT2/6-31G(d) calculations.24,25 At the
CASSCF level of theory, the reaction (CO)4 → 4CO is
exothermic by 71.4 kcal/mol, but concerted breaking of all four
ring bonds has a barrier height of 93.8 kcal/mol. The CASPT2
values for the exothermicity and barrier height are, respectively,

Figure 1. The two MOs that are singly occupied in the triplet ground
state of (CO)4.
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55.3 and 92.1 kcal/mol.26 Given the very large exothermicity, the
molecule will find ways to fragment in stepwise fashion.27

Similarity between the Electronic Structures of (CO)2
and (CO)4. A glance back at previous work on (CO)2 shows
that there is a close analogy between the electronic structures
of (CO)2 and (CO)4. Figure 3 shows the construction of the
corresponding MOs for the CO dimer. In the formation of
(CO)2 from twoCOmolecules, just as in the formation of (CO)4
from four CO molecules, a pair of electrons must be removed
from an out-of-phase combination of carbon lone-pair orbitals.
In both molecules this pair of electrons can occupy the in-phase
combinations of either of two sets of C−O π* orbitals. However,
unlike the case in (CO)4, in (CO)2 symmetry makes these two
sets of π* orbitals exactly degenerate in energy.
In (CO)4, because the b2g and a2u combinations of C−O π*

MOs are not degenerate by symmetry, calculations are necessary
to predict the relative energies of the triplet and lowest singlet

states. In contrast, without performing any calculations, the
symmetry-mandated degeneracy of the highest occupied pair
of orbitals in (CO)2 and their nondisjoint nature14 allow
Hund’s rule15 to be used to predict unequivocally that the ground
state of (CO)2 is a triplet. Previous calculations have, indeed,
confirmed the prediction of a triplet ground state for (CO)2.

10

(U)CCSD(T)10k and MR-CI calculations10m both place the
triplet state of (CO)2 slightly more than 9 kcal/mol below the
lowest singlet state.

MOs of (CO)3. Do the other oxocarbons behave like (CO)2
and (CO)4 and have triplet ground states? As we will see in this
section, the answer for (CO)3 is an unequivocal no, because the
electronic structure of this oxocarbon is very different from those
of (CO)2 and (CO)4.
The carbon lone-pair orbitals on three COmolecules span the

a1′ and degenerate e′ representations of the D3h point group.
The a1′ combination is nodeless, but as shown on the right-hand

Figure 2. Diagram showing how the b1g, b2g, and a2u MOs of (CO)4 are formed from symmetry combination of the orbitals of four CO molecules. The
orbitals below the dotted linethe b1g MO in four CO molecules and the b2g and a2u MOs in triplet (CO)4are filled. Just the frontier orbitals are
shown. There are three other combinations of CO lone pairs, which are all filled in (CO)4, and six other combinations of CO π* parentage, which are all
empty in (CO)4.

Figure 3.Diagram showing how the σu and πuMOs of (CO)2 are formed from symmetry combinations of the orbitals of twoCOmolecules. The orbitals
below the dotted lineσu

+ in two CO molecules and πu in (CO)2are filled.
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side of the orbital interaction diagram in Figure 4, the e′ combina-
tions of the lone-pair orbitals each have one node. Therefore,
in the absence of any other orbital mixing, the antibonding
interactions between the carbon lone pairs in the e′ MOs of
(CO)3 would cause these orbitals to be very high in energy. This
is, of course, what happens in the b1g MO of (CO)4 (Figure 2)
and in the σu

+ MO of (CO)2 (Figure 3).
However, Figure 4 shows that, unlike the b1g MO of (CO)4

and the σu
+ MO of (CO)2, the e′ carbon lone-pair orbitals of

(CO)3 are stabilized by mixing with another e′ combination,
derived from the formally empty, in-plane, π* orbitals of the
three CO molecules. The latter pair of orbitals has σ bonding
interactions between the COs. The mixing of the two sets of e′
orbitals results in the lower energy e′ combinations, shown in the
middle of Figure 4. These MOs, which are occupied in (CO)3,
resemble the bonding e′ ring orbitals of cyclopropane,28 albeit
with an admixture of the 2p lone-pair AOs on the three oxygens
that is C−O antibonding.
As a result of the stabilization of the e′ combinations of the

carbon lone-pair orbitals by mixing with the in-plane C−O π*
orbitals, the e′ pair of filled MOs on three CO molecules
correlates with the filled, e′ ring orbitals of D3h (CO)3. This
correlation between the filled, e′, lone-pair MOs of three CO
molecules and the filled, e′ MOs of (CO)3 is shown in Figure 5.
Singlet−Triplet Splitting in (CO)3 and the Fragmenta-

tion of Singlet (CO)3 to Three COMolecules.Comparison of
the diagram for formation of (CO)3 from three CO molecules in
Figure 5 with those for formation of (CO)4 in Figure 2 and (CO)2
in Figure 3 strongly suggests that, unlike (CO)2 or (CO)4, (CO)3 is
likely to have a closed-shell 1A1′ ground state. In (CO)2 and (CO)4
a total of two electrons must be placed into a pair of degenerate or
nearly degenerate highest occupied molecular orbitals (HOMOs).
In contrast, in (CO)3 the degenerate e′ σHOMOs are occupied by
a total of four electrons, and the a2″ π lowest unoccupied molecular
orbital (LUMO) lies significantly higher in energy.29

Indeed, at the optimized D3h geometries of singlet and
triplet (CO)3, the energy difference between the closed-shell,
1A1′ singlet state and the triplet state is −13.9 kcal/mol with
(U)B3LYP/6-311+G(2df) calculations and−26.5 kcal/mol with

(U)CCSD(T)/6-311+G(2df) calculations. The negative signs
are meant to indicate that the singlet is computed to be lower in
energy than the triplet by both types of calculations.
The results of these calculations on (CO)3 can be com-

pared with the results of our (U)B3LYP/6-311+G(2df) and
(U)CCSD(T)/6-311+G(2df) calculations on (CO)4. The

3B1u
state of (CO)4 is computed to lie lower in energy than the closed-
shell, 1A1g state that has eight π electrons by 14.0 kcal/mol with
(U)B3LYP and by 2.4 kcal/mol with (U)CCSD(T).30 Thus, our
(U)B3LYP and (U)CCSD(T) results both indicate that the
energy of the closed-shell singlet state is lower relative to that of
the triplet state by 28−29 kcal/mol in (CO)3 than in (CO)4.
However, this prediction that the ground state ofD3h (CO)3 is

a singlet may be of only theoretical interest. This state is
calculated by B3LYP to be a mountaintop and, after geometry
distortion, to fragment to three CO molecules without a
barrier.7b,9,31 If (CO)3 and the pathway for its fragmentation are
both constrained to have D3h symmetry, B3LYP finds ΔE =
−67.0 kcal/mol for this reaction and a barrier of only 1.1 kcal/
mol to concerted fragmentation of (CO)3.
The negligible barrier to concerted fragmentation of (CO)3

to three CO molecules is, at least in part, a consequence of
the smooth correlation between filled orbitals of reactant and
product, shown in Figure 5. This reaction is allowed by orbital
symmetry.22

MOs of (CO)5 and Other (CO)2n+1 Molecules. One might
guess that the odd principal axis of symmetry in the Dmh point
groups (m = 2n + 1), to which planar (CO)3, (CO)5, and other
planar (CO)2n+1 oxocarbons belong, would confer similar
electronic structures on these molecules, and this guess is
correct. The patterns of the MOs formed from (a) the carbon
lone pairs and (b) the in-plane π*MOs of 2n + 1 CO molecules
can be used, in conjunction with group theory, to create the
orbital interaction diagram in Figure 6, which proves this point.
The cyclic array of the 2n + 1 carbon lone-pair orbitals in 2n + 1

CO molecules constitutes a Hückel array.33 Therefore, as shown
in Figure 6, the orbitals that are formed by interactions between
the 2n + 1 lone-pair orbitals on carbon follow the familiar Hückel
pattern of one nondegenerate MO being lowest in energy,

Figure 4. Orbital interaction diagram showing schematically how the e′ combinations of the carbon lone-pair orbitals of three CO molecules are
stabilized by mixing with the e′ combinations of the in-plane π* orbitals in forming the degenerate e′ MOs of (CO)3. The relative energies of the e′
combinations of lone-pair and in-plane π* MOs are depicted as being almost the same, but the relative energies of these two sets of orbitals actually
change with the distance between the three CO molecules.
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followed by n pairs of degenerate orbitals. The lowest energy,
carbon lone-pair MO forms a nodeless, C−C, bonding MO, and
the remaining 2n carbon lone-pair MOs form n degenerate pairs
of filled ring orbitals with 1, 2, ..., n nodes.

In contrast, the cyclic array of the in-plane π* orbitals in 2n + 1
CO molecules constitutes a Möbius array. Therefore, as also
indicated in Figure 6, the orbitals that are formed by interactions
between the 2n + 1 in-plane π* orbitals follow the familiar
Möbius pattern,33 with the lowest, n, in-plane π*MOs occurring
in degenerate pairs with 1, 2, ..., n nodes between carbons.
Mixing of the n filled pairs of degenerate, carbon, lone-pair

orbitals with the n empty pairs of degenerate in-plane π* MOs
generates a total of n degenerate pairs of stabilized MOs. These
degenerate pairs of MOs, along with the a1′MO that results from
the in-phase combination of carbon lone-pair AOs, comprise
the filled ring MOs of (CO)2n+1. Thus, as in the specific case of
(CO)3, the carbon lone-pair orbitals in 2n + 1 CO molecules
correlate with the filled ring orbitals of (CO)2n+1.
The highest occupied pair of degenerate ring orbitals that are

filled in (CO)5 are shown in Figure 7. The large contribution of

the in-plane π* MOs of five CO molecules to these e2′ MOs is
evident in the antibonding interactions between the 2p AOs on

Figure 6. Orbital interaction diagram showing schematically the
stabilization of the n degenerate pairs of carbon lone-pair MOs, which
are filled in 2n + 1 CO molecules, by mixing with the n pairs of
degenerate in-plane π*MOs, which are empty in 2n + 1 CO molecules.
This mixing between filled and empty MOs of 2n + 1 CO molecules
forms all but one of the filled ring orbitals of (CO)2n+1. The carbon lone-
pair orbitals are shown as being lower in energy than the in-plane π*
MOs. However, the relative energies of these two sets of orbitals actually
change with the distance between the 2n + 1 CO molecules.

Figure 5.Orbital correlation diagram showing how the e′, a1′, and a2″ combinations of the lone-pair and π* orbitals of three COmolecules correlate with
the MOs of (CO)3. The orbitals below the dotted line are filled both in three CO molecules and in (CO)3.

Figure 7. Degenerate pair of e2′ HOMOs of (CO)5.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja3034087 | J. Am. Chem. Soc. 2012, 134, 10259−1027010263



the oxygens and the AOs on the carbons that form these two
degenerate, C−C bonding, ring MOs. The lone-pair orbitals on
the five COmolecules make much smaller contributions to these
e2′ MOs of (CO)5.
Singlet−Triplet Splitting in (CO)5 and the Fragmenta-

tion of Singlet (CO)5 to Five CO Molecules. The correlation
of the filled MOs of 2n + 1 CO molecules with the filled MOs of
(CO)2n+1 has two consequences.
First, it means that, as in (CO)3, the degenerate pair of σ

HOMOs of the ring are doubly occupied and that there is likely
to be a significant energy difference between these σ MOs and
the unoccupied, a2″ πMO, in which all of the π* CO orbitals are
in-phase. Therefore, the ground state of all (CO)2n+1 molecules
should be a closed-shell singlet, as indeed the ground state is
computed to be in planar (CO)5.
The (U)B3LYP value of the singlet−triplet energy separation

in (CO)5 is −10.7 kcal/mol, and the (U)CCSD(T) value is
−27.0 kcal/mol, where the negative sign means that the singlet is
computed to be lower in energy than the triplet. The negative ion
photoelectron (NIPE) spectrum of (CO)5

•− has recently been
measured,34 and as expected from the foregoing discussion of
the MOs of (CO)5 and from the results of our calculations, the
ground state of (CO)5 was found to be a singlet.
The second consequence of the correlation of the filled ring

MOs of (CO)2n+1 with the carbon lone-pair orbitals on 2n + 1
COmolecules is that the concerted fragmentation of (CO)2n+1 to
2n + 1 CO molecules is allowed by orbital symmetry.22 In the
case of (CO)5, the concerted fragmentation, which preserves the
D5h symmetry of the equilibrium geometry, is computed by
B3LYP to be exothermic by 25.4 kcal/mol and to have a barrier of
55.7 kcal/mol. The much larger barrier to concerted fragmenta-
tion of (CO)5 than of (CO)3 is, presumably, due to the ca.
40 kcal/mol lower exothermicity of the fragmentation of (CO)5
and to the necessity of simultaneously breaking five, rather than
three, C−C bonds in the concerted fragmentation reaction.
The D5h energy maximum for the concerted fragmentation is

found to have two pairs of degenerate vibrations with imaginary
frequencies. Therefore, although concerted fragmentation of the
(CO)5 to five CO molecules is allowed by orbital symmetry,
there must, in fact, be lower energy (CO)5 fragmentation
pathways, in which C−C bond breaking does not occur in a
concerted fashion. We have not attempted to find the transition
structures for stepwise breaking of the C−C bonds in (CO)5.
MOs of (CO)6 and Other (CO)2n Molecules. In (CO)2,

(CO)4, (CO)6, and other (CO)2n molecules, the cyclic array of
not only the lone-pair orbitals on carbon but also the in-plane π*
orbitals constitute a Hückel array.33 Consequently, as shown in
Figure 8, the lowest energy of each of these two sets of orbitals in
(CO)2n is followed by n− 1 degenerate pairs of orbitals of higher
energy, which are followed by a nondegenerate, completely
antibonding MO.
The highest energy, carbon, lone-pair MO of (CO)2n in

Figure 8, like the b1g MO of (CO)4 in Figure 2, has all of
the carbon lone-pair orbitals on adjacent carbons out-of-phase
with each other. This b1 MO (whether it is b1g or b1u depends on
whether n is even or odd) of (CO)2n has the wrong symmetry to
mix with and, hence, be stabilized by any of the in-plane, π*MOs
of the 2n CO molecules. Therefore, this b1g/b1u MO is highly
C−C antibonding, and although it is filled in 2nCOmolecules, it
is empty in (CO)2n.
The lowest energy, in-plane, C−O π*MO of (CO)2n has the

2p AOs on all of the adjacent carbons in-phase. As in the b2g MO
of (CO)4, which is shown in Figures 1 and 2, the lowest energy,

in-plane, CO π* MO of all (CO)2n molecules has the wrong
symmetry to mix with any of the lone-pair orbitals on carbon.
As indicated in Figure 8, this b2 MO (whether it is b2g or b2u

depends on whether n is even or odd) is empty in 2n CO
molecules, but it is doubly occupied in the lowest singlet state of
(CO)2n. The pair of electrons that occupy the b1 carbon lone-pair
MO in 2n COmolecules occupy this b2 MO in the lowest singlet
state of (CO)2n.

29 The change in which these two MOs are
doubly occupied is due to a crossing between these MOs in
forming (CO)2n from 2n CO molecules.35

In the singlet state of (CO)2n that is depicted in Figure 8, a
pair of electrons occupy the b2, C−C bonding combination
of in-plane, CO, π* MOs. However, in the triplet state one of
these two electrons occupies the out-of-plane, a2u, C−C bonding
combination of CO π* MOs. Whether the ground state of
(CO)2n is a closed-shell singlet or a triplet depends on the relative
energies of the in-plane (b2) and out-of-plane (a2u) C−C
bonding combinations of the CO π* MOs.
In (CO)2 these two π* MOs are degenerate by symmetry, so

Hund’s rule15 predicts that the ground state of (CO)2 should be a
triplet.10 In (CO)4 the σ (b2g) and π (a2u) MOs, formed from the
bonding combinations of the degenerate π*MOs in four isolated
CO molecules, are calculated to have nearly the same energy;12

and this near degeneracy results in the ground state of (CO)4 also
being computed11b−d and found15 to be a triplet. However, as
described in the next section, our calculations find that, in (CO)6,
the σ (b2u) C−C bonding MO is considerably lower in energy
than the π (a2u) C−C bonding MO. Therefore, the ground state
of (CO)6 is expected to be a closed-shell singlet, in which,
as shown schematically in Figure 9, the b2u σ MO is doubly
occupied and the a2u π MO is left empty.29

Singlet−Triplet Splitting in (CO)6. The planar, D6h
geometry of singlet (CO)6 is not an energy minimum,9 but its

Figure 8. Orbital interaction diagram showing schematically the
stabilization of the n − 1 degenerate pairs of carbon lone-pair MOs,
which are filled in 2nCOmolecules, by mixing with the n− 1 degenerate
pairs of degenerate, in-plane π* MOs, which are empty in 2n CO
molecules. This mixing between filled and empty MOs of 2n CO
molecules forms all but two of the filled ring orbitals of (CO)2n. (Whether
the en−1, b1, and b2 MOs are g or u depends on whether n is even or odd.)
The b2, in-plane, π* MO, which is bonding between all the carbons, is
depicted as being lower in energy than the b1, carbon lone-pair MO,
which is antibonding between all of the carbons. However, the relative
energies of these two orbitals actually change with the distance between
the 2n COmolecules. The pair of electrons that occupy the b1 MO in 2n
isolated CO molecules are shown as occupying the b2 MO in singlet
(CO)2n, but in the lowest triplet state, one of these two electrons occupies
the a2u, out-of-plane, π* MO, which is not shown in this diagram.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja3034087 | J. Am. Chem. Soc. 2012, 134, 10259−1027010264



B3LYP energy is less than 1 kcal/mol higher than that of the D3d
chair, which is the lowest energy conformation. (See Table S1 in
the Supporting Information.) Given the small energy difference
between these two conformations of (CO)6, to facilitate
comparisons with the results of the calculations on the D4h
geometry of (CO)4, the following discussion is based on calculations
on planar (CO)6 that were performed in D6h symmetry.
Unlike the case in (CO)4, where

3B1u is both predicted
11b−d,12

and found15 to be the ground state, our calculations on (CO)6
predict the ground state to be a closed-shell, 1A1g state, with the
b2u σMO doubly occupied. Table 1 summarizes the (U)B3LYP
and (U)CCSD(T) singlet−triplet energy differences in (CO)n,
n = 2−6. The 1A1g state of (CO)6 is computed to lie lower
than the 3B2g state by −9.5 kcal/mol with (U)B3LYP/6-
311+G(2df) and by −27.8 kcal/mol with (U)CCSD(T)/6-
311+G(2df).
The NIPE spectrum of (CO)6

•− has recently been measured.34

As predicted by our calculations, the ground state of (CO)6 was
found to be a singlet, which lies well below the lowest triplet state.
The reason that (CO)6 is calculated to have a singlet ground

state, in which the b2u σMO is doubly occupied, is that thisMOof
(CO)6 is considerably lower in energy than the a2u π* MO. The
energies of these two MOs can be compared by computing the
two lowest ionization energies (IEs) of the 3B1g state, in which
one electron occupies the b2u MO and one electron occupies the
a2u MO.12 According to Koopmans' theorem,37 the energy
difference between removing the electron from the b2u MO and
from the a2u MO in the 3B1g state should provide a good measure
of the relative energies of these two MOs in (CO)6.
The UB3LYP and UCCSD(T) vertical IEs for removing an

electron from each of these two orbitals in the 3B1g state of (CO)6
are given in Table 2. The vertical IEs were computed at the
UB3LYP geometry of the triplet state from the energies of the
triplet and of the radical cations formed from it. The adiabatic

IEs, computed using the UB3LYP-optimized geometries for the
radical cations, are given in parentheses, next to the adiabatic IEs.
Also given for comparison in Table 2 are the IEs computed for
the 3B1u state of (CO)4.

12,38

Table 2 shows that the UB3LYP IE for removing an electron
from the b2u σMOof triplet (CO)6 is calculated to be 19.5 (19.4)
kcal/mol larger than the IE for removing an electron from the a2u
π* MO. The UCCSD(T) value for the IE difference between
these two MOs is even larger, 25.7 (26.2) kcal/mol.
In contrast, as already discussed, in (CO)4 the b2g σ MO has

almost the same IE as the a2u π* MO.12 The difference in IEs is
only −0.3 (0.5) kcal/mol with UB3LYP and 2.8 (3.8) kcal/mol
with UCCSD(T). The near degeneracy of these two MOs in
(CO)4 is, of course, the reason why, unlike the case in (CO)6,
(CO)4 is predicted

11b−d,12 and found15 to have a triplet ground
state.
As shown in Table 2, an increase in the IE of the b2 σ MO

[b2g in (CO)4 and b2u in (CO)6] and a decrease in the IE of the
a2u π*MO both contribute to the much larger HOMO−LUMO
energy difference in (CO)6 than in (CO)4. At the UB3LYP level
of theory the IE of the b2u MO of (CO)6 is 4.9 (5.7) kcal/mol
lower in energy than that of the b2g MO of (CO)4. At the
UCCSD(T) level of theory, this difference in σ orbital IEs is
slightly larger, amounting to 6.9 (8.8) kcal/mol.
Table 2 also shows that the IE of the a2u π* orbital of (CO)6 is

higher than that of the a2u π* orbital of (CO)4 by 14.9 (13.2)
kcal/mol with UB3LYP and by 16.0 (13.6) kcal/mol with
UCCSD(T). Thus, on going from (CO)4 to (CO)6, the increase
in the IE of the a2u π* MO is a factor of 2−3 larger than the
decrease in the IE of the b2 σ MO.
Why is the vertical IE of the a2u π*MO of (CO)6 15−16 kcal/

mol higher than the IE of thisMO in (CO)4?Onemight first look
for the reason in a difference between the bonded C−C or
C−O distances. However, these distances (see the Supporting
Information) are within 0.01 Å of each other in the triplet states
of (CO)4 and (CO)6, for which the IEs in Table 2 have been

Figure 9. Orbital correlation diagram showing how the b1u, b2u, and a2u
combinations of the orbitals of six COmolecules correlate with theMOs
of (CO)6. [The correlations of the e1′ and e2′ combinations of the lone-
pair orbitals on the carbons of six COmolecules with the filled e1′ and e2′
combinations of ring bonds in (CO)6 are not shown.] The orbitals
below the dotted linethe b1uMO in six COmolecules and the b2u MO
in (CO)6are filled. The significantly lower energy of the b2u, σMO of
(CO)6 compared to the a2u, π MO is indicated schematically.

Table 1. (U)B3LYP and (U)CCSD(T) Singlet−Triplet
Energy Differences (kcal/mol) in (CO)n, n = 2−6, at
(U)B3LYP/6-311+G(2df)-Optimized Dnh Geometriesa

(U)B3LYP/6-311+G(2df) (U)CCSD(T)/6-311+G(2df)

(CO)2 10.3b 13.5c

(CO)3 −13.9d,e −26.5
(CO)4 14.0f 2.4
(CO)5 −10.7g −27.0
(CO)6 −9.5 −27.8

aA negative energy means that the singlet is calculated to be lower in
energy than the triplet. bA broken symmetry density functional theory
(BS-DFT) wave function was used for the singlet calculation, giving
⟨S2⟩ = 1.0068. The value in the table was obtained by correcting the
energy of the BS-DFT singlet for triplet spin contamination using the
method of Yamaguchi et al. (Yamaguchi, K.; Jensen, F.; Dorigo, A.;
Houk, K. N. Chem. Phys. Lett. 1988, 149, 537). cCCSD(T)/TZ2P//
CCSD/DZP singlet-point energy using a single-determinant reference
wave function.10k A value of 9.51 kcal/mol is obtained using a two-
determinant reference wave function.10k dThe D3h geometry for singlet
(CO)3 with six π electrons has two imaginary frequencies. Following
these modes leads to fragmentation to three CO molecules.36 eThe D3h
geometry for triplet (CO)3 undergoes a Jahn−Teller distortion to a
geometry with C2v symmetry and one long C−C bond, lowering the
energy by 27.1 kcal/mol. fBased on the energy of the singlet with eight
π electrons.30 gThe D5h geometry of triplet (CO)5 undergoes a Jahn−
Teller distortion to C2v symmetry, lowering the energy by 2.2 kcal/mol.
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computed. Therefore, we must look elsewhere for a rationale,
and at least two other contributors seem possible.
One is that, as shown in Figures 1, 2, and 9, these a2u π*MOs

are C−O antibonding between every carbon−oxygen atom pair.
The O−C−C bond angle determines how strong the
antibonding interaction is between each 2p π oxygen AO and
the pair of 2p π carbon AOs of the two carbonyl groups that are
adjacent to it. As shown in Figure 10, the 135° O−C−C bond
angle in (CO)4 results in the C1−O2 distance being 2.534 Å,
whereas the 120° O−C−C bond angle in (CO)6 results in the
C1−O2 distance being 2.384 Å. The 0.150 Å shorter C1−O2
distance in (CO)6 than in (CO)4 makes the antibonding
interactions between the oxygen of one carbonyl group and the
carbons of the two adjacent carbonyl groups more destabilizing
to the a2u π* MO in (CO)6 than in (CO)4.

39

A second possible contributor to the higher IE of the a2u π*
MO in triplet (CO)4 than in triplet (CO)6 is the difference
between the sizes of the stabilizing 1,3 C−C interactions between
the carbonyl carbons in these two compounds. As discussed in
the section on (CO)4, the cross-ring π overlaps between the 2p π
AOs on C1 and C3 and on C2 and C4 are bonding and stabilize
the a2u π* MO of (CO)4. Of course, such 1,3 π bonding inter-
actions between 2p π AOs on carbon also exist in the a2u π*MO
of (CO)6. In fact, as shown in Figure 10, each 2p π AO in (CO)6

interacts with not one, but two 2p πAOs that are on next-nearest-
neighbor carbons.
However, the C−C−C bond angles of 90° in (CO)4,

compared to 120° in planar (CO)6, make the distance between
next-nearest-neighbor carbons much smaller in (CO)4 than in
(CO)6. As shown in Figure 10, in the lowest triplet state the
distance between C1 and C3 is 2.198 Å in (CO)4, compared to
2.691 Å in (CO)6, a difference of nearly 0.5 Å.

40 Although each
carbon 2p π AO in (CO)6 also interacts with a carbon 2p π AO
directly across the six-membered ring, this 1,4 interaction occurs
over an even larger distance of 3.107 Å.
We tested computationally whether the greater distances

between C1 and C3 in (CO)6 compared to (CO)4 can account
for the higher energy of the a2u π*MO in (CO)6. We calculated
the vertical IEs of the π* MOs in the lowest n → π* triplet
states of cyclobutane-1,3-dione, cyclohexane-1,3,5-trione, and
cyclohexane-1,4-dione. We performed our calculations at both
partially optimized triplet geometries, in which the distances
between the carbonyl carbons were constrained to be the same as
those in (CO)4 or in (CO)6, and at the fully optimized triplet
geometries. The results of both sets of calculations are given in
Figure 10.
As shown in Figure 10, in the lowest n → π* triplet state of

cyclobutane-1,3-dione, with the C1−C3 distance constrained to
be the same as that in (CO)4, the UCCSD(T) vertical IE of the

Table 2. UB3LYP and UCCSD(T) Vertical and Adiabatic (in Parentheses) IEs (kcal/mol) of the Singly Occupied σ and π*MOs in
the Lowest Triplet States of Planar (CO)4

12 and (CO)6, Computed at UB3LYP-Optimized Geometries with the 6-311+G(2df)
Basis Set

UB3LYP UCCSD(T)

molecule IE(σ) IE(π*) IE(σ) IE(π*)

(CO)4 230.7 (224.2) 231.0 (223.7) 221.6 (215.9) 218.8 (212.1)
(CO)6 235.6 (229.9) 216.1 (210.5) 228.5 (224.7) 202.8 (198.5)

Figure 10. Non-nearest-neighbor C−C and C−O distances (Å) and vertical IEs (kcal/mol) of the electron in the π*MO in the lowest n→ π* triplet
states of cyclobutane-1,2,3,4-tetrone, cyclohexane-1,2,3,4,5,6-hexone, cyclobutane-1,3-dione, cyclohexane-1,3,5-trione, and cyclohexane-1,4-dione at
planar geometries. For simplicity, only the UCCSD(T) IEs are given; the UB3LYP IEs are available in the Supporting Information. Differences between
pairs of UB3LYP IEs are within about 2 kcal/mol of the corresponding differences between the UCCSD(T) IEs.
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electron in the π*MO is computed to be 135.1 kcal/mol. In the
lowest n → π* triplet state of cyclohexane-1,3,5-trione, with
the C1−C3, C1−C5, and C3−C5 bond distances constrained
to be the same as those in (CO)6, the UCCSD(T) vertical IE of
the electron in the π* MO is 120.3 kcal/mol. The difference of
14.8 kcal/mol between these IEs is only slightly smaller than the
16.0 kcal/mol difference between the vertical UCCSD(T) π* IEs
of triplet (CO)4 and triplet (CO)6 in Table 2.
Figure 11, which depicts the lowest energy π* MO of

cyclobutane-1,3-dione and of cyclohexane-1,3,5-trione, shows

that the difference between the IEs of these MOs is caused by
more than just the effect of cross-ring interactions between the
carbons of the carbonyl groups. Hyperconjugation, resulting
from the interactions between the π* orbitals of the carbonyl
groups and the C−H bonding and C−H antibonding orbitals of
the adjacent CH2 groups,

41 results in large contributions from
π-type combinations of the CH2 hydrogens to the lowest energy
π*MOs of cyclobutane-1,3-dione and cyclohexane-1,3,5-trione.
Comparison of Figure 11 with Figures 1, 2, and 9 shows that the
hydrogen 1s AOs enter these two π* orbitals with the same
phasing as the oxygen 2p π AOs enter the a2u π*MOs of (CO)4
and (CO)6. Therefore, the difference between the IEs of the
lowest π*MOs of cyclobutane-1,3-dione and cyclohexane-1,3,5-
trione contains a contribution that is very similar to that arising
from the difference between the strengths of the O2−C1
antibonding interactions in the a2u π*MOs of (CO)4 and (CO)6.
As shown in Figure 10, the UCCSD(T) IE of the lowest energy

π* MO in fully optimized triplet cyclobutane-1,3-dione, with
r(C1−C3) = 1.994 Å, is 9.0 kcal/mol higher than the IE of this
MO in the geometry in which r(C1−C3) is constrained to be
2.198 Å. Similarly, the UCCSD(T) IE of the lowest energy π*
MO in fully optimized triplet cyclohexane-1,3,5-trione, with
r(C1−C3) = 2.543 Å, is 6.7 kcal/mol higher than the IE of this
MO in the geometry in which r(C1−C3) is constrained to be
2.691 Å. These results confirm that the IEs of these MOs do, in
fact, increase as the C−Cdistances between the carbonyl carbons
decrease.
The results in Figure 10 also reveal that the distance

dependence of the π* IEs is more than twice as large for a
decrease in the C1−C3 distance from r = 2.198 Å to r = 1.994 Å
(Δr = 0.204 Å) in triplet cyclobutane-1,3-dione than for a
decrease in the C1−C4 distance from r = 3.107 Å to r = 2.940 Å
(Δr = 0.167 Å) in triplet cyclohexane-1,4-dione. As would be
expected for exponential changes in AO overlaps with distance,
the smaller the distance between the interacting AOs of the
carbonyl carbons, the more sensitive the π* IE is to a change in
this distance.
It seems surprising, however, that the UCCSD(T) π* IE of

triplet cyclohexane-1,3,5-trione at r(C1−C3) = 2.691 Å is only
0.9 kcal/mol larger than the UCCSD(T) π* IE of triplet
cyclohexane-1,4-dione at r(C1−C4) = 3.107 Å. In fact, the

UCCSD(T) π* IE in triplet cyclohexane-1,3,5-trione at
r(C1−C3) = 2.691 Å is actually 3.4 kcal/mol smaller than the
UCCSD(T) π* IE in triplet cyclohexane-1,4-dione at r(C1−C4) =
2.940 Å. If the π* IEs increase with decreasing distance between
the carbonyl groups, how can the relative values of these π* IEs in
the triplet trione and triplet dione be explained?
Inspection of Figure 11 provides the answer. This figure shows

graphically that the carbonyl distance is not the only contributor
to the difference between these IEs. Because each CH2 group in
cyclohexane-1,3,5-trione hyperconjugates with not one, but two
carbonyl groups, the hydrogens of the CH2 groups make a much
larger contribution to the π* MO of cyclohexane-1,3,5-trione
than to the π* MO of cyclohexane-1,4-dione. Therefore, the
antibonding interactions between the CH2 hydrogens and the
carbonyl carbons destabilize the π* MO of cyclohexane-1,3,5-
trione much more than the π* MO of cyclohexane-1,4-dione.
Consequently, as the bonding interactions between the carbonyl
carbons in cyclohexane-1,3,5-trione decrease with increasing
r(C1−C3) distance, the antibonding interactions between the
CH2 hydrogens and the carbonyl carbons result in the IE of the
π* MO of cyclohexane-1,3,5-trione becoming equal to or even
less than the IE of the π* MO of cyclohexane-1,4-dione.
Perhaps the most conclusive proof that the difference of

16.0 kcal/mol between the IEs of the a2u MOs of triplet (CO)4
and (CO)6 is largely due to the shorter distance between C1
and C3 in triplet (CO)4 than in triplet (CO)6 comes from a
calculation in which this distance between C1 and C4 in triplet
cyclohexane-1,4-dione was fixed at 1.994 Å, the same as the
distance between C1 and C3 in fully optimized, triplet
cyclobutane-1,3-dione. The computed vertical UCCSD(T) IE
of triplet cyclohexane-1,4-dione, thus constrained, is 154.3 kcal/
mol, which is an increase of 34.9 kcal/mol over the vertical IE of
119.4 kcal/mol in triplet cyclohexane-1,4-dione, with the C1−C4
distance constrained to be 3.107 Å.42

This result, combined with the results given in Figure 10,
provides excellent evidence that the higher energy (lower IE) of
the a2u π* MO in (CO)6 compared to (CO)4 can be attributed
to a combination of the weaker C1−C3 bonding interactions
and the stronger non-neighbor C1−O2 antibonding interactions
in the a2u π* MO of (CO)6. As already noted, the difference
between the orbital energies of the a2u π* MOs of these two
molecules is the chief reason40 that (CO)4 has a triplet ground
state,11,12,15 whereas (CO)6 is both calculated and found34 to
have a singlet ground state.

■ SUMMARY AND CONCLUSIONS
The simplest answer to the question, posed in the title, of why
(CO)4 has a triplet ground state is that its electronic structure
resembles that of (CO)2. In both (CO)2n molecules a pair of
electrons are removed from, what are in 2n CO molecules, an
antibonding combination of carbon lone-pair orbitals and
distributed between symmetric combinations of CO π* orbitals
that lie in orthogonal planes. In (CO)2 the π* orbitals are
degenerate by symmetry,10 and since these MOs are not
disjoint,13 Hund’s rule14 should apply. Therefore, the ground
state of (CO)2 can unequivocally be predicted to be a triplet,
without performing any electronic structure calculations.
In contrast, the C−C bonding combinations of the π* orbitals

of four CO molecules become the b2g σ and the a2u π MO of
(CO)4. These orbitals are not degenerate by symmetry, so per-
forming electronic structure calculations is necessary to predict
the ground state of (CO)4. For such a small molecule, performing
calculations at a high enough level to order the electronic states

Figure 11. Lowest energy π* MOs of cyclobutane-1,3-dione, cyclo-
hexane-1,3,5-trione, and cyclohexane-1,4-dione.
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correctly has proven to be surprisingly challenging,11 but the best
available calculations predict the triplet to be the ground state by
ca. 2 kcal/mol.
A more qualitative, but possibly more convincing, argument

for a triplet ground state in (CO)4 comes from calculations which
show the b2g σ and the a2u π MOs of (CO)4 to have nearly the
same energies.12 Then Hund’s rule can again be used to predict a
triplet ground state for (CO)4

14a prediction which has been
confirmed experimentally.15

The near degeneracy of the b2g σ MO and the a2u π MO of
(CO)4 is, at first, surprising, because C−C σ bonds are usually
stronger than C−C π bonds. However, the b2g σ orbital of (CO)4
is antibonding between C1 and C3 and between C2 and C4,
whereas the a2u πMO is bonding between these pairs of carbons.
These cross-ring interactions result in the near degeneracy of the
b2g σ MO and the a2u π MO of (CO)4.
Not only in (CO)2 and in (CO)4, but in (CO)2n molecules in

general, a pair of electrons must be removed from a b1 (b1g if n is
even and b1u if n is odd) combination of carbon lone-pair orbitals
and distributed between a b2 (b2g if n is even and b2u if n is odd) σ
MO and an a2u π MO. However, our calculations find that, in
agreement with experiment,34 (CO)6 has a singlet ground state,
in which the b2u σ MO is doubly occupied.
There are several reasons for the difference between the spins

of the ground states of (CO)4 and (CO)6. The 30° larger internal
C−C−C bond angles in (CO)6 than in (CO)4 make the size
of the C1−C3 bonding interactions in the a2u π MO and the
C1−C3 antibonding interactions in the b2 σ MO40 smaller in
(CO)6 than in (CO)4. The first of these changes raises the energy
of the a2u π MO of (CO)6 relative to the energy of this MO in
(CO)4, and the second effect lowers the energy of the b2u σMO
of (CO)6 relative to the energy of the b2g MO of (CO)4. Both of
these changes serve to stabilize the b2 σMO relative to the a2u π
MO in (CO)6 compared to (CO)4.
The 15° smaller O−C−C external angles in (CO)6 than in

(CO)4 increase the size of the C1−O2 (and, of course, the
C3−O2) antibonding π interactions in (CO)6 compared to
(CO)4. The resulting destabilization of the a2u π MO of (CO)6
further increases the energy difference between the b2u σMOand
the a2u πMO of (CO)6 and thus stabilizes the lowest singlet state
of (CO)6 relative to the triplet state.
Like (CO)6, all the members of the (CO)2n+1 series of

oxocarbons are predicted to have singlet ground states. This
prediction has been confirmed for (CO)5.

34 However, the reason
why the members of the (CO)2n+1 series have singlet ground
states is rather different from the reason that (CO)6 is calculated
and found34 to have a singlet ground state.
In forming (CO)2n+1 from 2n + 1 CO molecules, the

degenerate pairs of empty, in-plane, π* MOs mix with and
stabilize the degenerate pairs of filled carbon lone-pair MOs.
Consequently, unlike the case in forming (CO)2n from 2n CO
molecules, there is no crossing between filled and empty MOs
in forming (CO)2n+1 from 2n + 1 CO molecules. Therefore,
(CO)2n+1 molecules have closed shells of σ electrons and
substantial energy differences between the degenerate pair of en′,
σ HOMOs and the a2″, π LUMO.
The smooth correlation between the filled orbitals of the

reactant and product means that, unlike the case in the
fragmentation of (CO)2n molecules to 2n molecules of CO,
concerted bond breaking is allowed by orbital symmetry in the
fragmentation of (CO)2n+1 to 2n + 1 CO molecules. This is one
of the reasons that concerted fragmentation of (CO)3 has a
negligible barrier.

However, in the fragmentation of (CO)5 to five COmolecules,
not only is the D5h energy maximum 55.7 kcal/mol above that
of the reactant, but this structure has two degenerate pairs of
vibrations with imaginary frequencies. Therefore, although the
fragmentation of (CO)5 to five CO molecules is allowed to be
concerted by orbital symmetry,22 pathways involving stepwise
bond breaking are apparently preferred.
In the fragmentation of (CO)2n to 2n CO molecules there is a

crossing between filled and empty MOs of the reactant and
product. Therefore, concerted fragmentation is forbidden by
orbital symmetry,22 so the C−C bonds break in a stepwise fashion.
We have confirmed that this is the case for the fragmentation of
(CO)4 to four CO molecules.27

In summary, (CO)2n+1 oxocarbons are all predicted to have
singlet ground states. In the (CO)2n series only (CO)2 and
(CO)4 are predicted to have triplet ground states. The ground
state of (CO)6 is a singlet, because the 1,3 bonding and
antibonding interactions, which lead to the b2g σ and a2u πMOs
of (CO)4 having nearly the same energy, are attenuated by
the larger C−C−C bond angles and the smaller O−C−C bond
angles in (CO)6. The substantial energy gap between the b2u σ
and a2u π orbitals in (CO)6 that results is the reason why this
oxocarbon is predicted and found34 to have a singlet ground
state.
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(CO)6 (EA = 108.6) and (CO)4 (EA = 78.6),12 in forming the triplet
states of the neutrals, differ by 30.0 kcal/mol. This is 24.3 kcal/mol more
than the difference between the adiabatic IEs of electrons in the σMOs
of the triplet states of (CO)6 and (CO)4 in Table 2. Similarly, the
adiabatic IEs of electrons in the π* MO of the 2B2u radical anion of
(CO)6 (EA = 92.0 kcal/mol) and in the π*MO of the 2B2g radical anion
of (CO)4 (EA = 81.3 kcal/mol),12 in forming the triplet states of the
neutrals, differ by 10.7 kcal/mol. This is 23.9 kcal/mol more than the
difference between the IEs of electrons in the σMOs of the triplet states
of (CO)6 and (CO)4 in Table 2.
(39) As shown in Figures 1, 2, and 9, the interaction between the 2p π
AOs on adjacent oxygens is bonding in (CO)6 and in (CO)4. Since the
distances between adjacent oxygens of r(O1−O2) = 2.774 Å in (CO)6
are 0.456 Å smaller those of r(O1−O2) = 3.230 Å in (CO)4, O1−O2 π
bonding interactions act to stabilize the a2u MO more in (CO)6 than in
(CO)4. However, there are twice as many antibonding interactions
involving each 2p π oxygen AO and the pair of 2p π carbon AOs of the
two carbonyl groups that are adjacent to it than there are O1−O2
bonding interactions. Moreover, these C1−O2 antibonding π
interactions involve considerably shorter distances [r(C1−O2) =
2.384 Å in (CO)6 and r(C1−O2) = 2.534 Å in (CO)4] than the O1−
O2 bonding interactions. Therefore, C1−O2 antibonding interactions
destabilize the a2u πMOs of both (CO)6 and (CO)4 considerably more
than the O1−O2 bonding interactions stabilize these MOs.
(40) As shown in Figures 1 and 2, in the b2g σ MO of (CO)4 the
interaction between the 2p AOs at C1 and C3 is antibonding. Figure 9
shows that this is also the case in the b2u σMO of (CO)6. However, the
0.5 Å greater distance between C1 and C3 in (CO)6 than in (CO)4
should stabilize the b2u σ MO of (CO)6 relative to the b2g σ MO of
(CO)4. Although there are certainly many contributors to the 5−7 kcal/
mol difference between the IEs of these two MOs in Table 2, one factor
that makes the IE of the b2u MO of (CO)6 larger than the IE of the b2g
MO of (CO)4 is certainly the greater distance between C1 and C3 in
(CO)6 than in (CO)4.
(41) The π* orbitals mix in an antibonding way with the C−H σ
orbitals, but in a bonding way with the C−H σ* orbitals. This mixing of
π* with both σ and σ* C−H orbitals results in the near cancellation of
the contributions from the CH2 carbons to the resulting π* MOs, but
additive contributions from the CH2 hydrogens.
(42) With the distance between C1 and C4 in triplet cyclohexane-1,4-
dione constrained to be 1.994 Å, the UCCSD(T) vertical IE of 154.3
kcal/mol for the lowest π*MO is 10.2 kcal/mol larger than the IE of the
lowest π* MO in fully optimized 1,3-cyclobutanedione, with the same
distance between the carbonyl carbons. The reason for this result can
again be seen in Figure 11. The interactions between the carbonyl
carbons and the four pairs of C−H bonds in the lowest π* MO of
cyclohexane-1,4-dione are less destabilizing than the interactions

between the carbonyl carbons and the two pairs of C−H bonds in the
lowest π* MO cyclobutane-1,3-dione.
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