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In this contribution, we studied the OC-C bond in carbon suboxide and related allene compounds
using the valence bond method. The nature of this bond has been the subject of debate, whether it is a
regular, electron sharing bond or a dative bond. We compared the nature of this bond in carbon subox-
ide with the gold—CO bond in Au(CO),", which is a typical dative bond, and we studied its charge-shift

Received 22nd September 2020, bond character. We found that the C—CO bond in carbon suboxide is unique in the sense that it cannot

Accepted 20th January 2021 be assigned as either a dative or electron sharing bond, but it is an admixture of electron sharing and
DOI: 10.1039/d0cp05007e dative components, together with a high contribution of ionic character. These findings provide a clear

basis for distinguishing the commonly found dative bonds between ligands and transition metals and the
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Introduction

The nature of the chemical bond has been occupying chemists
from the dawn of chemistry. The notions of electron sharing to
form a covalent bond, and the octet rule have been and still are
very successful concepts to explain structure and reactivity of
molecules. However, even small molecules, that, at first sight,
look straightforward and follow the rules, show a richer chemistry
than expected based on the simplest Lewis structures.

Frenking and coworkers studied carbon suboxide (1), related
allenenic compounds, and carbodiphosphoranes (Scheme 1).'™®
Using various computational techniques, they studied the nature
of the OC-C bond.>” A main question in this research was to
explain the bonding in 1, as 1 shows a very shallow C-C-C
bending potential®*° and it is argued that it is slightly bent
(156°) in the gas phase."" In the solid state, it is on average linear,
but large vibrational ellipsoids of the oxygen and central carbon
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present case of what may be described as coordinative bonding to carbon.
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Scheme 1 Structures of the molecule studied in this contribution.

atoms are visible."” This very flexible C-C-C bending mode and
the non-linear structure was also confirmed with coupled cluster
calculations.” Frenking and coworkers performed extensive
energy decomposition analyses (EDA),'* using different frag-
ments that can be envisioned to compose the bond, such as
singlet/triplet CO that forms a bond with the 'D/S of carbon,
respectively.® They not only looked at the orbital interaction
terms, but also at the excitation energies for the fragments to
access the so-called ‘reactive state’ from their ground state ie.,
the electronic state that the fragments should have to form the
bonds. This extensive analysis showed that the CO-C c-bond
could be best described as a dative bond from CO to the central
C atom. Thus, they proposed that the C atom in 1 is in an
oxidation state of 0, and that it formally has two lone pairs and
accepts two dative bonds from the two CO moieties, and termed
it a carbone." This conclusion was not only based on EDA, but
was further substantiated with NBO analyses, proton affinities
and reactivity studies, confirming the formal oxidation state of 0,
that would be derived from the existence of dative bonds towards
carbon.”
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Not only 1 exhibits a central carbon atom that can accept
dative bonding: the allenes, such as 3 and 4, can also be viewed
as a central carbon(0) atom that accepts two dative bonds from
a carbene CL, ((CL,)C(CL,)). Different allenes (with different
ligands L) have been the subject of a study towards the nature
of the central C—C bond, and similar conclusions were drawn:
these allenenic structures have carbone character.>*>”'%'7
Carbodiphosphorane 2 was also computationally intensively
studied,"'® and a more conclusive picture emerged: carbon is
able to accept dative bonds, while being in a formal oxidation
state of 0. It was found that if the singlet/triplet splitting of the
ligand is high and the singlet is favored, the carbone character
is higher.'® This view of dative bonding to carbon (for an
example of using the term coordination chemistry in this
context see ref. 19) was able to explain the non-linear geometry
of the aforementioned allenes. The dative bonding and the
existence of the two lone-pairs on the central carbon atom
would lead to bent geometries, whereas the traditional view-
point of two double, electron sharing, bonds would suggest a
linear geometry.

However, this view was disputed in the literature.
Discussions erupted whether it was really necessary to intro-
duce more ‘arrow drawing’ in chemistry, and it was questioned
if terming these bonds to carbon as dative added a valuable
perspective. It was argued that the traditional view with ionic
resonance structures could equally well explain the bent
geometry of 1 and related compounds and their observed
chemistry. These two viewpoints remain to co-exist and have
not been unified into one “final” concept.

In an attempt to provide a unified view, valence bond (VB)
theory®® is applied to interpret the wavefunctions of these
molecules, where we provide the basis for differentiating dative
bonding in carbones when compared to classical transition
metal complexes. The heavier homologues of 1 have been
previously studied using VB theory,>* but 1 itself was left out.
VB can offer a view to chemical bonding much closer to the
commonly used Lewis structures than traditional, orthogonal,
molecular orbital theories. In VB theory, a bond is represented
by the spin-coupling of two electrons in two, mutually non-
orthogonal, singly occupied orbitals. These singly occupied
orbitals are atomic in nature. Using spin-coupled bonds, a
wavefunction for a VB structure can be built that resembles
one of the possible Lewis structures. The final VB wavefunction
is written as a linear superposition of the possible VB structures.
Each VB structure is then a linear combination of Slater deter-
minants with fixed spin-coupling coefficients, resembling one
particular binding motif, or Lewis structure. The expansion
coefficients for the VB structures in the final VB wavefunction
are variationally optimized, and the orbitals that comprise the
determinants in each structure are simultaneously optimized.
During the orbital optimization, the orbitals may be kept
localized on atoms or particular molecular fragments, or may
be allowed to delocalize over the entire molecule.>> >’ It is also
possible to use different orbitals for different VB structures
(breathing orbital method*®*>"). The VB treatment offers a
wavefunction that can directly be interpreted from a Lewis
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Scheme 2 The five types of valence bond structures considered in this
work.

structure perspective, and provides insight into the importance
of a particular structure/representation for the total description of
the molecule. It also provides the set of optimized orbitals that
form the chemical bonds in the molecule, which will aid in the
interpretation of the bonding motifs in a molecule, by aiding in
the interpretation of the VB structure. Furthermore, it provides
energies of the individual structures, and an energy for the final
wavefunction, thus a stabilization energy due to resonance
between VB structures is unambiguously defined.**** Different
flavours of VB theory exists, e.g., the spin-coupled VB method®**’
and the Generalized VB method,*®*® but we opt here for the
valence bond self-consistent field (VBSCF) method.>*>¢

In this contribution, we performed VBSCF calculations and
an interpretation of the VBSCF wavefunctions in terms of
different bonding motifs for selected carbones, together with
reference molecules containing traditional electron sharing
and dative bonding (Scheme 1). The molecules 1-3 are reported
to have high degrees of carbone character, whereas 4 is con-
sidered as a traditional allene with two traditional electron
sharing bonds. The gold(1)(CO)," complex 5 is a typical complex
with two dative bonds from CO to Au as commonly found in
coordination chemistry; there is little t-backbonding from the gold
towards CO, making the Au-CO bonds clean dative bonds.*'™**

In our study, we considered the VB structures as depicted in
Scheme 2. Structure A represents the traditional electron sharing
bond, structure B is the carbone structure with two dative bonds,
and structure C is a carbene-like model, with one dative and one
covalent double bond. The structures D and E represent the
ionic structures, which are invoked to explain the bonding in 2.
We have chosen to keep the orbitals in the valence bond
structures localized on the ligands (L) and on the central carbon
atom. The electron pairs depicted in Scheme 2 are described by
spin-coupled bonds, while the remaining bonds of the ligands
are described by doubly occupied, orthogonal bonds.

Computational details

Geometries were optimized with ADF,***® using the TZ2P basis
set and BP86 functional (no symmetry constraints). Energy
decomposition analyses were also performed with ADF.'* Hessian
calculations were performed to confirm that all optimized
structures are local minima at this level of theory. For 5, scalar
relativistic effects were included via the ZORA method.*”*°

For 1, CCSD/cc-pVTZ geometry optimization and CCSD
angle scan were done using Gaussian16,’ using the cc-pVTZ
basis set.>

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp05007e

Open Access Article. Published on 27 January 2021. Downloaded on 8/1/2025 9:17:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Valence bond SCF calculations®>?*® were performed with
TURTLE,”>>* as implemented in GAMESS-UK.>* For the
Valence Bond calculations, the cc-pVDZ (gold: cc-pVDZ-PP)
basis set>’”>>” was used. Basis sets were taken from the
BasisSet Exchange Library.’®*® The molecules were divided in
three fragments, viz. the central carbon atom, and each of the
two ligands. The orbitals were kept localized on each fragment
(for a justification of this approach, see the ESIT). Two sets of
valence bond calculations were performed: (1) Only the neutral
valence bond structures depicted in Scheme 2 were used: this
resulted in 7 structures for 1 (2 x A, 1 x B, 4 x C), 3 for 2 (1 x B,
2xC),4for3(1 xA,1xB,2xC),4fora(1xA,1xB,2xC),
and 7 for 5 (2 x A, 1 x B, 4 x C), and (2) both the neutral and
ionic valence bond structures were used: this resulted in 12
structures for1 (2 x A;1 x B,4 X C,1 x D, 4 x E), 6 for 2 (1 x B,
2xC,1xD,2%xE),7for3(1xA,1xB,2xC,1xD,2xE),
7fora(1 xA 1xB,2xC,1xD,2xE),and 12 for 5 (2 x A,
1 X B,4 x C,1 x D, 4 x E). Note that for the linear molecules 1
and 5, the number of structures A, C, and E is doubled, due to
degeneracies of x and y. The Gallup and Norbeck scheme®" is
used to calculate the weights of the individual, non-orthogonal,
VB structures (see also Table S9 (ESIt) for the Chirgwin and
Coulson®” weights). The advantage of these weights is that they
are always positive, and sum to 1.

Results and discussion
Energy decomposition analysis

For comparison with existing literature, we also performed
energy decomposition analyses for the molecules 1-5 (Table 1
and Table S8, ESIt). For 1, the linear structure was used in these
calculations. Two different fragment sets were used: (1) in
which the central carbon atom is prepared in its °S state, and
triplet states for the ligands (referred to as open-shell), and (2)
in which the carbon atom is prepared in a 'D state with singlet
states for the ligands (referred to as closed-shell). In Table 1,
the orbital interaction terms for the different fragments are
listed for 1-5. According to Frenking and co-workers,’ the
bonding situation is best described for fragments with the
smallest orbital interactions. Note that in this study, we have
chosen for three fragments in contrast to the earlier work,’ as
we also have three fragments in our VB study. The reference
molecule 4, allene, has the smallest orbital interaction energy
(AEom) for the open-shell fragments, while the orbital

Table 1 The orbital interaction energy (kcal mol™) as provided by the
energy decomposition analysis; fragments are either open shell, or closed
shell

AE, open AE,, closed
Compound shell shell AEop(0S) — AEo(CS)
1 —609.91 —603.80 —6.11
2 —508.84 —537.26 28.42
3 —531.65 —566.94 35.29
4 —514.27 —697.34 183.07
5 —609.71 —108.70 —501.01
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interaction energy is considerably larger for the closed-shell
fragments. This result further confirms that 4 can be considered
as having two electron sharing bonds. The gold(i) complex 5, that
is typically described as having dative bonds,**™** shows the
smallest orbital interaction for the closed-shell fragments. It has
a significantly higher AE,, for the open-shell fragments. Again,
this result is in line with chemical intuition and corroborates the
assignment of two dative bonds from the CO ligands to a central
atom, here gold.

Now, we turn to the carbone compounds 1-3. The obtained
differences between the open-shell and closed-shell AE,s in
these cases is considerably smaller. This suggests that the
assignment of covalent or dative bonding is not straightforward
in these cases. The open-shell fragment case is favored for
molecules 2 and 3, whereas the closed-shell fragment case is
favored for 1. This might lead to the temptation to interpret
these results in a way that would assign 1 as a carbone, while 2
and 3 could be best described as having covalent, electron
sharing, bonds. However, the differences between the open
and closed-shell fragment AE,, is rather small (around
30 kecal mol™"), so these EDA results leave some ambiguity,
and it can be expected that 2 and 3 can have (considerable)
carbone character.

Valence bond self consistent field calculations

To analyze the bonding situation in the molecules 1-5 in a
direct manner, we have performed valence bond self-consistent
field (VBSCF) calculations using the structures depicted in
Scheme 2. The Gallup and Norbeck (GN) weights for the two
sets of calculations (set one with only the neutral VB structures
and set two that also includes the ionic structures) are listed in
Table 2.

We consider the allene 4 first. The VBSCF calculation with
only the neutral structures shows a high weight for the covalent
structure (A), a negligible weight for the carbone structure (B)
and some importance for structure C, which has a lone-pair on
the central carbon (similar to a carbene), and one electron

Table 2 The combined GN weights of the different types of valence bond
structures in the two sets of calculations: first, the weights are listed when
only the neutral structures are considered, second, the weights of the
structures when the ionic structures are included as well (indicated with an
asterisk)

Compound Wcovalent (A) Wcarbone (B) Wcarbene (C) u/i(mic (D) u/ionic (E)

1 0.601 0.013 0.385
1* 0.747 0.026 0.085 0.001 0.141
2 — 0.157 0.843
2* — 0.096 0.064 0.242 0.598
3 0.720 0.022 0.258
3* 0.779 0.029 0.078 0.015 0.099
4 0.894 0.003 0.103
4* 0.960 0.002 0.031 0.000 0.007
5 0.006 0.753 0.241
5% 0.004 0.440 0.056 0.441 0.058
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sharing bond with one of the ligands, and a dative bond with
the other. Upon inclusion of the ionic components to the
bonding, the importance of the covalent structure A increases,
whereas the combined weight of VB structure C decreases; the
weight of the carbone structure B is not affected and the
weights of the ionic structures are also insignificant. In line
with the EDA analysis, 4 can be considered as having two
covalent, double bonds.

The situation for reference molecule 5 is different: when only
the neutral VB structures are taken into consideration, the
dominant structure is the VB structure with dative bonds from
CO to gold. The carbene-like structure C also has a considerable
contribution to the wavefunction. Upon including the ionic
structures, this picture changes drastically: the weight of structure
B decreases, and it gets as important as ionic structure D. The
weight of structures C declines considerably, and its weight
becomes equal to that of the ionic structures E. The weight
of the pure covalent structure A is negligible in both sets of
calculations. Hence, the OC-Au bond in 5 can be described as a
hybrid between dative bonding B and the ionic structure D that
possesses two covalent bonds as well. This picture is also in line
with the EDA, although the information of the contributing ionic
structure D is missing from the EDA.

n-CO
Fig.1 The symmetry unique optimized VBSCF orbitals for 1.

n-C

a)
== | EEES EEES B ES S ™
<+ CCSD —— —
~ VB-I —— ]
= ]
g o VB-II — .
N i
< DFT ——
Eap ]
=
o C TR —t—L L]
140 150 160 170 180

C—-C-C angle (°)

View Article Online

PCCP

After the discussion of the reference compounds 4 and 5,
where it was seen that the bonding in 4 can be assigned in a
clear-cut way as being an electron sharing bond, and the
bonding in 5 as dative B with ionic/covalent contributions D,
we can turn our attention to the carbones 1 and 3, as they
behave rather similarly. For both compounds, the covalent
structure A is dominant, and it gains in weight upon including
the ionic structures. Unexpectedly, the weight of the carbone
structure B is rather low, and it is clear from the VBSCF point of
view that both 1 and 3 cannot be described solely by a Lewis
structure that has two dative bonds. When the ionic structures
are not included in the calculation, the structures C with one
dative bond are important for the description of the molecules.
However, as soon as the ionic structures are added to the
wavefunction, the weights of structures C decreases, and the
ionic structures E get a non-negligible weight. Thus, 1 and 3 can
be described as covalent structures with important contribu-
tions from the ionic structures and mixed dative/electron
sharing structures C. The latter have one dative bond to the
central carbon atom each. The VBSCF orbitals of 1 (Fig. 1) do
not show any abnormalities and can be considered as regular o
and 1 orbitals localized on the CO fragment and the central
C atom.

Geometry dependence of the Valence Bond wavefunctions

One can wonder whether the VBSCF results obtained for 1 are
biased by the chosen linear geometry of 1, while the equili-
brium geometry of 1 is bent (for the discussion of bond angles
in carbones and related compounds, see ref. 3, 13 and 63-68).
Therefore, we performed a scan of the / C-C-C angle at the
CCSD/cc-pVTZ level of theory (keeping / C-C-C frozen and
optimized the rest of the molecule) and did VBSCF calculations
on the obtained geometries. The energy and the weights as a
function of / C-C-C are depicted in Fig. 2. The results show
that the VBSCF and the CCSD calculations agree that 1 is
not linear, and that the linear structure is a transition state
connecting to the two bent minima. However, the barrier
calculated using VBSCF theory is considerably higher than
the CCSD one. One might consider the bond angle to be

= T T T T T
+ WA _ wc B — WE —_—

© "
o[ WB - ‘ B
© | o
o

= E J
<L il
o
| i
o
o e T

140 150 160 170 180
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Fig. 2 (a) The CCSD, VB-I (only neutral structures), VB-Il (neutral and ionic structures) and DFT (BP86/TZ2P) energies (kcal mol™?), relative to the lowest
point, as a function of the C-C-C angle (°); (b) the weights of the VB structures as a function of the C-C-C angle (°).
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Table 3 Optimized geometries of 1 with selected valence bond struc-
tures: listed are the total energies (au), relative energies with respect to the
energy of entry 1 (kcal mol™), the C—C—C angles (°) and the C—C distances
(A). For entries 6 and 7, the geometry was constrained to be linear. As a
reference, in entry 8, the CCSD/cc-pVTZ optimized geometry is listed

Entry  Eypscr Erel Structures L C-C-C Rcc
1 —263.324650  0.00 A+B+C+D+E 133.0 1.324
2 —263.296732 17.52 A+B+C 133.5 1.313
3 —263.158396 104.33 A 124.6 1.307
4 —263.097006 142.85 B 48.9 6.152
5 —263.182792  89.02 C 124.1 1.316
6 —263.144968 112.75 A 180.0 1.289
7 —262.744954 363.77 B 180.0 1.334
8 —264.256849 CCSD 146.3 1.285

quasi-linear when using CCSD.? Also, the degree of bending is
substantially different: VBSCF theory predicts a considerably
smaller £ C-C-C than CCSD. The inclusion of ionic structures
in the VBSCF calculations has only a small effect on the height
of the transition state and the C-C-C angle. The composition of
the wavefunction, however, remains constant on the reaction
path. Structure A remains the dominant structure on the whole
path, and structure B, the carbone structure remains to con-
tribute rather little. This means that VB results obtained for the
linear geometry are also valid for the bent structure of 1 and
that the geometry has hardly any influence on the composition
of the wavefunction.

Full geometry optimizations are also possible with VBSCF
theory.”>®>”° When all structures are included a bent geometry
is obtained (Table 3, entry 1). The obtained OC-C bond length
is a bit elongated with respect to the reference CCSD structure,
and the angle is more bent. Omission of the ionic structures in
the VBSCF wavefunction does not lead to any significant
changes in the geometry of 1 (entry 2). Surprisingly, if only
the covalent structure A is included in the VBSCF wavefunction
(entry 3), a more bent structure is found, instead of the
expected linear geometry. The carbone structure B alone does
not lead to bonded minimum (entry 4), and dissociation of the
CO moieties is observed. The dative bonding is not strong
enough to keep the molecule bonded. A resonance hybrid of
structures C leads to a similarly bent structure as has been
obtained in the optimization of structure A only (entry 5).

When a linear geometry is enforced, and structure A is only
used in the wavefunction (entry 6), the energy obtained is
higher than the bent structure A geometry, as expected. If only
carbone structure B is taken (entry 7), while enforcing linearity,
a bonded situation is found. However, the energy is consider-
ably higher than the dissociated products.

A last issue to address is whether the OC-C bond has some
degree of charge-shift bond character;”"”> dative bonding in
metal-ligand complexes has a high degree of charge-shift bond
character,”” hence, the dative part of the OC-C bond in 1 may
also have a high degree of charge-shift bond character. There-
fore, we elongated one of the OC-C bonds and calculated the
VBSCF energy, including the ionic structures. The covalent
structure A is the structure with the lowest energy (Fig. 3) in
the region of the equilibrium bond length. On the dissociation
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Fig. 3 The total VBSCF energy (Eyg), and the energy of the covalent
structures (Ea), the carbone structure (Eg), the carbene structures (Ec)

and the ionic structures (Ep) and (Eg) as a function of the OC-CCO
distance.

path, this structure has a minimum that nearly coincides with
the minimum in the total energy curve. Ionic structures E are
next higher in energy: this curve also possesses a minimum
near the equilibrium structure. Although interactions between
the structures considerably lowers the energy, the dissociation
curves do not resemble the curves that are obtained for typical
charge-shift bonds like the one in F,,”* hence, the OC-C bond
cannot be assigned to the charge-shift bond family.

Conclusions

Here we have reported a valence bond study of typical molecules
that were assigned to possess dative bonding towards a carbon
atom, and therefore termed as carbones. We have shown that, in
comparison with archetypical molecules classified with electron
sharing (H,C—=C—CH,) and dative bonds ([OC-Au-CO]"), the
carbone VB structure is not important in the description of the
bond. The covalent structure prevails with relatively high con-
tributions of ionic structures. The importance of the mixed
dative/electron sharing bond structures shows that the bond in
the so called carbone molecules do have dative bond character,
but these bonds cannot be assigned to purely dative. The
carbone structure itself proves to be unstable, and does not lead
to a bonded molecule. The OC-C bond also does not show any
significant sign of charge-shift bond character.

Based on these results, we see that indeed the OC-C bond in
1 and 3 are distinct from “normal” electron sharing bonds and
from dative bonding. As bonding in molecules covers a large
spectrum, it might be best classified to be placed in between these
two extremes.
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