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ABSTRACT: Late transition metal oxo and imide complexes play an important role in the catalytic functionalization and
activation of small molecules. An emerging theme in this area over the past few decades has been the use of lower-
coordination numbers, and pseudo-tetrahedral geometries in particular, to stabilize what would otherwise be highly reactive
species. However, the bonding structure in d® oxo and imide complexes in this geometry is ambiguous. These species are
typically depicted with a triple bond, however recent experimental evidence suggests significant empirical differences
between these complexes and other triply bonded complexes with lower d-counts. Here we use a suite of computational
orbital localization methods and electron density analyses to probe the bonding structure of isoelectronic d® Co(III) oxo and
imide complexes. These analyses suggest that a triple bond description is inaccurate due to a dramatically weakened ¢
interaction. While the exact bond order in these cases is necessarily dependent on the model used, several metrics suggest
that the strength of the metal-0/N bond is most similar to other formally doubly bonded complexes.

Introduction

Late transition metal oxo and imide complexes are central
intermediates in the functionalization and activation of
small molecules.’-¢ The importance of these intermediates
has motivated intense efforts at isolating and characterizing
them to more thoroughly understand their properties and
reactivity. However, the high d-electron counts in the late
transition metals leads to weakening of the metal-oxygen
or metal-nitrogen bond, which simultaneously enables
much of their remarkable reactivity while making their
isolation challenging.®’ One strategy which has been
employed over the past few decades to enable the isolation
of these species is moving to lower-coordination numbers,
particularly in employing Csv pseudotetetrahedral
geometries. For instance, this strategy has enabled the
recent isolation and characterization of several Co(IlII)
imides and a Co(III) oxo complex.58-16

The C3vsymmetry of these complexes places the metal-oxo
and metal-imide (“M-E”) m-antibonding orbitals highest in
energy within the d-manifold and, for low-spin complexes,
thus allows for four d-electrons to populate metal centered
M-E nonbonding orbitals of predominantly dx-y> and dxy
character without significantly perturbing the M-E bond
(Figure 1).5816 The lack of any n-antibonding electrons in
this orbital picture suggests a triple-bond formulation in
these complexes, consisting of one ¢ bond and two 1 bonds.
Indeed this depiction is common in the literature.8-10.13.14
However, it has also been suggested that a double bond is
more appropriate.’>7 This discrepancy comes from the
question of whether to consider the o-symmetry highest
occupied molecular orbital (HOMO) as nonbonding or as
antibonding. Formally, this orbital is expected to be the
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Figure 1. Qualitative MO diagram for the Co-0 interaction in a
C3y symmetric d® oxo complex highlighting the dz-derived
HOMO of interest. The bond order in this case will be dependent
on the nonbonding or antibonding character of this orbital.
Phenyl and tert-butyl groups are omitted for clarity.
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Chart 1. Complexes analyzed in this study.

antibonding combination of Co 3dzz and the E c-donating
orbital; i.e. an M-E o* orbital. However, in C3yvsymmetry 3dz
has the appropriate symmetry to hybridize with 4s and 4p.,
which can impart some nonbonding character to the
HOMO.5 While it is generally acknowledged that the HOMO
will carry some antibonding character, the general
depiction of these complexes with triple bonds implies that
the predominant character of this orbital is nonbonding.

This qualitative prediction of a partially nonbonding dz
orbital is supported by molecular orbital (MO) theory and
DFT calculations on several systems.>7 However,
experimentally probing the bond strength in many of the
initially reported imide complexes is difficult as the Co-N
stretching frequency of these imide complexes is
convoluted by coupling with vibrations of their R-groups.!8
0xo complexes do not have this complication, and indeed a
recently isolated Co oxo complex (PhB(*Bulm)3Co™0O, Chart
1, 1) enables determination of the Co-O stretching
frequency. Interestingly, this frequency (815 cm™) is
markedly lower than unambiguous examples of triply
bonded oxo or nitride complexes,!019-22 indicating a lower
bond order may be warranted. In fact, this value is much
more reminiscent of formally doubly bonded Fe oxo
complexes which exhibit stretches at 800-850 cm™.23-27
This data stands on top of the observation that
psuedotetrahedral Co oxo and imide complexes, as well as
many related first-row d¢ examples, exhibit ~0.1 A longer
M-0/N bond lengths when compared with other bona fide

examples of triply bonded complexes such as
pseudotetrahedral Fe!V nitride complexes.”19-2128 This
experimental data reveals that the bonding in these
complexes is substantially weaker than that in other triply
bonded examples. A double bond formulation would also be
more consistent with bond orders typically drawn for d¢
oxo and imide complexes of second and third row transition
metals in other four-coordinate geometries.?%-31 While bond
orders can only imperfectly capture the complexities of a
chemical bond, limiting bond order representations, such as
double or triple bonds, imply different properties such as
more nucleophilic or electrophilic reactivity respectively.6 A
careful reevaluation of the bond order in these complexes is
therefore warranted, particularly given the unusual
basic/nucleophilic reactivity observed in Co oxo 1.32

To better understand the bonding in these complexes, we
performed Natural Bond Orbital (NBO) and Intrinsic Bond
Orbital (IBO) localizations and electron density analyses on
the Co oxo complex 1 and an isoelectronic imide complex
(PhB(*Bulm)3CoN*Bu, Chart 1, 2). The results obtained
were compared to two previously experimentally
characterized reference compounds with less ambiguous
triple bonds - an analogous Fe nitride complex
(PhB(*Bulm)sFe!YN, Chart 1, 3) and the vanadyl ion
([(H20)sVVO]?*, Chart 1, 4) - as well as a series of Fe oxo
complexes which are assigned with formal Fe-O double
bonds ([FeV(O)(TMC)(NCCHs)]?*, [FeV(O)(TMGstren)]?*,
[FelV(0)(N4Py)]?*, [FeV(O)(TMP)]?*, Chart 1, 5A-D).71923-
2533 We find that the dz based HOMOs of complexes 1 and
2 have significant antibonding character which makes a
triple bond description inaccurate. While the assignment of
a precise bond order between 2 and 3 will be highly
dependent on the model employed, several metrics in this
study, as well as experimentally determined stretching
frequencies,101922-26 suggest the bond strength in these d°
oxo and imide complexes is similar to that observed in
formally doubly bonded Fe oxo complexes.

Results and Discussion
Complex Scope and Geometries

In order to obtain a more comprehensive picture of the
bonding in these systems we chose a set of complexes which
spanned d° species in pseudotetrahedral geometries (1 and
2) as well as reference complexes for canonical triple (3,
and 4) and double bonds (5A-D).7210.19.23-2533 Each example
shown in Chart 1 had its geometry optimized with DFT
using the O3LYP functional and a local minimum was
verified by frequency calculations. The computed structural
parameters for each of these complexes match well with
experimentally obtained data.?1019.23-2533,34 While the Fe
oxo complexes will only be discussed in detail with regard
to their bond order metrics, namely through delocalization
indices (see below), complexes 1-4 were examined with a
suite of analyses to understand the bonding in these species
in greater detail.

Localization Analysis

We first used two localization methods, natural bond
orbitals (NBOs) and intrinsic bond orbitals (IBOs), to
convert the DFT-derived Kohn-Sham (KS) orbitals into



Figure 2. An antibonding combination of NBO localized Co and
O lone pairs of 1 (A), the Kohn-Sham (KS) HOMO of 1 (B), the
IBO-localized o-bonding orbital of 1 (C), and that of the Fe
nitride complex 3 (D). Phenyl and tert-butyl groups are omitted
for clarity.

more localized bonding, antibonding, and nonbonding
orbitals. NBO analysis aims to partition electron density
into an optimal Lewis diagram.353¢ The default NBO
localization settings assign double bonds to the Co oxo
complex 1 and the Co imide complex 2 and triple bonds to
the Fe nitride complex 3 and the V oxo complex 4. By itself,
this analysis indicates a double bond is at the very least a
competitive assignment for the Co-0 bond in 1 and the Co-
N bond in 2. Interestingly, while the Fe nitride complex 3
and the V oxo complex 4 both contain a clear o-bonding
metal-O/N orbital, neither Co complex includes one
(Figures S1-S5). In the Co imide complex 2, the two Co-N
bonding orbitals which are found are of clear m-symmetry.
In lieu of a o-bond there are overlapping o-symmetry lone
pairs on Co and N (Figure S3). The Co-0 bond in 1 is more
complicated, as one of the bonding orbitals lacks the axial
symmetry necessary to clearly label it as o or m. However,
as in 2, complex 1 has lone pairs on both Co and O which
overlap. The antibonding combination of these lone pairs
strongly resembles the KS-HOMO of 1, supporting that the
HOMO weakens the o-bonding interaction (Figure 2A and
B). Furthermore, for both Co oxo 1 and Co imide 2 these
lone pairs on Co are 99% 3d-orbital, 1% 4s-orbital, and the
total natural population of the Co 4s orbital is 0.3 electrons
(See table S3). No higher lying orbital with greater 4s
character is a major contributor to the KS-HOMOs of either
Co oxo 1 or Co imide 2. Together, these observations
suggest hybridization between the 3d and 4s Co orbitals is
minimal, further supporting a o* interaction in the HOMO.

For the Co imide 2, NBO localized a low-lying vacant orbital
which is 99% 4sbased, allowing a more detailed assessment
of this orbital’s interactions with other orbitals via second
order perturbation analysis. This analysis quantifies the
stabilization due to small amounts of mixing between low
lying and high lying orbitals in the NBO basis. By this
analysis, the 4s orbital of Co imide 2 has a substantial
interaction of 56 kcal/mol with the 3dz-derived Co lone
pair and an interaction of 21 kcal/mol with the N lone pair.
The only other significant interactions with this orbital
(those > 2 kcal/mol) are an interaction of 4 kcal/mol with

the N-C bond in the imide and an interaction of 26-27
kcal/mol with each of the carbene donor lone pairs. Thus,
despite the lack of a third bonding orbital between Co and
N and little mixing between the 3d and 4s orbital, the 4s
orbital nonetheless greatly stabilizes the Co imide 2. NBO
does not localize a similar unoccupied orbital for the Co oxo
1, however if C3v symmetry about the Co-0 bond is enforced
by restricting the B-Co-0 bond to 180°, such an orbital is
found. The interactions of this 4s orbital of the linearized Co
oxo 1 are similar to those of the Co imide 2: An interaction
of 42 kcal/mol with the Co 3dz, interactions of 27 kcal/mol
and 4 kcal/mol with the two O lone pairs, and interactions
of 34-35 kcal/mol with the carbene donor lone pairs. Thus,
while NBO analysis suggests a double bond formalism with
little hybridization for both of the Co oxo 1 and Co imide 2
complexes, significant stabilization from mixing with the 4s
orbital are also evident. These conflicting results suggest
that an intermediate bond order may be most appropriate,
and furthermore motivate the analysis of the bonds in these
molecules via other techniques.

IBO analysis is an alternative localization scheme that
concentrates an orbital’s electron population on as few
atoms as possible.3738 For both Co complexes 1 and 2, IBO
localization generates three occupied Co-O/N bonding
orbitals. However, in both cases the o-bonding orbital is
heavily polarized and resembles a lone pair on the ligand
(Figure 2C, S6, and S7), resulting in less electron density
localized in the internuclear region than in a typical o-
bonding orbital. This is a significant departure from the
corresponding metal-O/N o-orbital in both benchmark
complexes 3 and 4, which is more evenly shared between
the metal and the ligand (Figure 2D, S9, and S10). Such
extreme polarization is not seen in the metal-O/N m-
bonding orbitals of any complex (Figures S6, S7, S9, and
$10).

Similar to NBO localization, IBO localization also finds a
highly axially asymmetric Co-O bonding orbital for the Co
oxo complex 1, likely arising from the observed distortion
away from C3vy symmetry by bending of the B-Co-0 angle.
We further investigated this by reoptimizing the complex
with the B-Co-O angle restricted to a series of values
between the equilibrium 158° and the idealized 180°. As
this oxo bond is “straightened”, the axially asymmetric
orbital transforms into a m-bonding orbital (Figure S8) and
its energy increases. Thus, it appears that the distortion of
1 out of C3y symmetry strengthens one of the Co-0 m-bonds.
However, this is energetically offset by changes to other
orbitals, including the Co-0 o-interaction, which have a net
destabilizing effect. The overall DFT-derived energy
changes by less than 1 kcal/mol upon linearization,
indicating that the bond strength is not substantially altered
on the whole (Table S1).

The conclusion from these localization assays of the
bonding in the d® Co complexes 1 and 2 is that assigning the
Co-0/N bonds as triple bonds is too simplistic. NBO
localization predicts only two bonding orbitals in both
complexes, and neither of these orbitals represents a
canonical o-bond as observed in the reference complexes 3
and 4. Similarly, IBO localization supports two bonding
interactions and a highly polar o-interaction which
resembles an oxygen lone pair. Qualitatively, these analyses



Table 1. Atoms in Molecules bonding metrics.

1 2 3 4
pcp? 0.203 0.202 0.345 0.307
€cpb 0.054 0.006 0.002 0.007

aElectron density at the critical point (a.u.) as defined by
Atoms In Molecules. PEllipticity of the electron density at the
critical point (dimensionless) as defined by Atoms In
Molecules.

are consistent with the picture suggested by molecular
orbital theory and previous assumptions about the bonding
in these complexes, namely that there should be a
weakened but not entirely absent ¢ interaction due to
antibonding contributions. However, the localized orbitals
have o-interactions which are quite weak, and this is more
consistent with the assignment of 1 and 2’s HOMO as
predominantly, not partially, c-antibonding.

Electron Density Analysis

We next turned to analysis of the electronic density for
further insight into the nature of the bonding interaction in
these complexes.3® Bader’s theory of Atoms in Molecules
(AIM) provides a means of partitioning atoms and locating
bonds in real space based on the gradient of the electron
density. The boundary between atoms is positioned such
that the electron density is at a minimum as the boundary is
crossed. The position of maximum electron density on the
boundary between two bonded atoms is called the bond
critical point, pcp, and the electron density at this point can
be used to characterize the strength of the bond. Stronger
bonds tend to have more electron density at their bond
critical point, and asymmetry in the curvature of the
maxima within the boundary - the ellipticity, ecr -
differentiates between an odd and even number of m
interactions.4041

AIM analysis of both Co complexes 1 and 2 show a
significant reduction in electron density compared with the
benchmark complexes 3 and 4 at their respective metal-
0/N bond critical points indicating weaker bonds (Table 1,
Figure 3, Table 2). Furthermore, these same critical points
have ellipticity values close to zero, indicating a
cylindrically symmetric distribution of charge for all four
complexes. This is consistent with there being two m-bonds
between the metal and O/N ligands.#%4! While the Co oxo
complex 1 does have a higher ellipticity than the other
complexes, the value is still an order of magnitude lower
than those observed in canonical double bonds; the
ellipticity of the C-C bond in ethylene is 0.298.4! This further
supports that the geometric distortion from linearity in 1
does not substantially affect the nature of the Co-O bond.
Taken together, the critical point electron densities and
ellipticities show that while the Co-0/N bonds in complexes
1 and 2 have the symmetry of a triple bond, they are weaker
than canonical triple bonds. To the extent that bond
strength and bond order are related this means the Co-0/N
bond orders in 1 and 2 are lower than the metal-0/N bond
orders in complexes 3 and 4.

Delocalization Indices

Higher bond orders are associated with more shared
electron pairs, and the number of electron pairs shared
between two atoms can be estimated with the
delocalization index (DI). The computation of DI depends on
the method used to assign physical space to different
atoms.3° Bader’s partitioning is that of Atoms in Molecules
described above, in which the topology of the electron
density is used to rigidly draw boundaries between
different atoms. There are also methods which draw so-
called fuzzy boundaries in which atoms share points in
space as defined by weighting function; two such methods
are those of Becke and Hirshfeld which use atomic radii and
free atomic electron densities, respectively, to determine
the weighting functions.#243 Finally, it is also possible to
divide up atomic space based on atomic orbitals instead of
physical space; the Mayer bond order does just this with the
Mulliken partitioning of orbital space,** and the NAO-
Wiberg bond order does this with the natural atomic
orbitals from NBO analysis.

We find that within all definitions of atomic space there are
fewer electron pairs shared between Co and O/N in 1 and 2
than between Fe/V and N/O in 3 and 4 (Table 2). We note
in particular the delocalization index integrated in Becke
fuzzy atomic space (“fuzzy delocalization index”, or f-DI),
recovers values close to three electron pairs for the
canonical triple metal-O/N bonds in 3 and 4. In contrast,
the Co oxo complex 1 and Co imide complex 2 both have
substantially lower f-DI values closer to two electron pairs
(Table 2). This analysis indicates fewer electrons are
effectively shared across the Co-O/N bonds of 1 and 2 than
across the metal-O/N bonds of 3 and 4.

The impact of the individual orbitals on this bond order
metric can be specifically analyzed by the Molecular Orbital
Delocalization Index (MO-DI) which breaks the
delocalization index into orbital contributions.> This
breakdown considers both the delocalization within each
orbital (diagonal elements) as well as the interference
between orbitals (off-diagonal elements) which can be
either constructive or destructive.

MO-DI corroborates the assignment of the HOMO of the Co
oxo complex 1 as having significant antibonding character.
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Figure 3. Electron Density of 1 (A) and 3 (B), in a plane
containing the M-E bond.




Table 2. Delocalization indices computed in various definitions of atomic space

1 2 3 4 5a 5b 5¢c 5d

Becke 2.28 2.35 3.02 291 2.37 2.40 2.40 2.44
Hirshfeld 1.94 2.02 2.94 2.68 2.12 2.20 2.20 2.34
Bader 1.43 1.69 2.49 2.03 1.72 1.70 1.74 1.79
Mayer 141 1.84 2.80 242 2.06 191 1.97 2.06
NAO-Wiberg 0.93 1.20 2.13 2.13 1.51 1.53 1.56 1.62

The sum of the diagonal and off-diagonal elements
associated with the KS-HOMO of 1 corresponds to a
decrease of 0.34 electron pairs shared between Co and O,
which is 54% of the difference between the f-DI of the Co-0
bond of 1 and the V-0 bond of 4. This orbital interacts most
strongly with an orbital which is o-bonding with respect to
Co and O (Figure S11), with an off-diagonal destructive
interference of -0.36 electron pairs. The antibonding
character in the HOMO of 1 and the resultant destabilization
of the o-bond are both corroborated by this method.

The remainder of the difference between the f-DIs of the
Co-0bond of 1 and the V-0 bond of 4 primarily comes from
the formally nonbonding orbitals immediately below the
HOMO of 1. The total effects of the KS-HOMO-1 and KS-
HOMO-2 orbitals are decreases in 0.11 electron pairs and
0.09 electron pairs, respectively, due to destructive
interference with orbitals of m symmetry (Figure S11).
Surprisingly, this implies these formally Co-O nonbonding
orbitals have some m-antibonding character. This is likely
due to the idealized Csv symmetry of the complex, in which
the nonbonding orbitals have the same symmetry as m-
orbitals. Collectively, the KS-HOMO, KS-HOMO-1, and KS-
HOMO-2 in 1 account for 86% of the difference between the
Co-0 bond of 1 and the V-0 bond of 4, with the primary
contributor to the weaker bond in 1 being the antibonding
character in the KS-HOMO.

The same MO-DI analysis shows a much smaller effect when
applied to the frontier orbitals of the Co imide complex 2.
Collectively, 2’s KS-HOMO, KS-HOMO-1, and KS-HOMO-2
decrease the f-DI by 0.08 electron pairs. The most
destabilizing individual orbital of these three is the KS-
HOMO-2, which removes 0.05 electron pairs from the f-DI.
In fact, no particular orbital appears to be the dominant
reason for the decreased f-DI of 2 relative to the canonical
triple bonds in 3 and 4. A further difference between the KS-
orbitals of 1 and the KS-orbitals of 2 is the placement of the
dz-derived orbital; while in 1 this orbital is found as the
HOMO as predicted by MO theory, for 2 the KS-orbital most
resembling d.: is the HOMO-2 (Figure S12). We believe
these differences are due to 'Bu character in the frontier KS-
orbitals in 2, which could prevent the bonding and
antibonding interactions from being concentrated in
individual orbitals. Such an explanation is consistent with
the similarities in the NBO and IBO localized orbitals of Co
oxo complex 1 and Co imide complex 2 (see above) as well
as their similar overall f-DI.

The low delocalization indices of the Co-N/O bonds in
complexes 1 and 2 is further evidence that these bonds are
not full triple bonds and raises the question of whether
these cases are better defined as double bonds. To further
examine this possibility we analyzed several Fe(IV) oxo

complexes which are generally understood to have double
bonds (Chart 1, 5A-D).23-2533 Notably, all of these complexes
have larger delocalization indices than the Co complexes 1
and 2 with any definition used. No definition of atomic
space gives precise integer values as would be expected for
classic double or triple metal-O/N bond orders in
complexes 3-5, cautioning against using delocalization to
make a precise, quantitative assignment of the metal-0/N
bond order. However, this analysis does demonstrate that
the Co-0/N bonds in 1 and 2 resemble double bonds more
than triple bonds, at least by these metrics.

Conclusion

The analyses compiled in this work collectively indicate that
the Co-N and Co-O bonds in pseudotetrahedral Co(III)
imide and oxo complexes are fundamentally distinct from
canonical metal-0/N triple bonds. NBO and IBO analyses
demonstrate the o-electrons in the Co oxo complex 1 and
the Co imide complex 2 can be well-approximated as lone
pairs, in dramatic contrast to the evenly shared metal-0/N
o-bonding orbitals in benchmark triply bonded complexes
3 and 4. Electron density analysis reveals a lower critical
point electron density at the metal-O/N bond critical points
of 1 and 2 when compared to 3 and 4, providing further
evidence of weaker bonding. Delocalization indices of the
Co-0/N bonds of 1 and 2 and vibrational data of the former
provide a clearer picture that the bonding is more similar to
double Fe-0O bonds in complexes 5A-D than to the metal-
0/N triple bonds of 3 and 4. For the Co oxo complex 1, this
is rationalized by clear antibonding character in the HOMO
leading to weakened o-bonding, although it is likely that
weakened Co-0 m-bonding plays a small role as well.

The picture that emerges is consistent with MO theory, in
which limited hybridization prevents the d. orbital from
taking on full antibonding character. However, our analyses
here argue that the stabilization gained from hybridization
is minimal, and that the HOMO orbital maintains
predominant antibonding character. While the individual
orbital contributions to the Co imide complex 2 are less
clear, the properties of the bonds as a whole are sufficiently
similar that assigning significantly different bonding
pictures to the two bonds seems unreasonable. While our
conclusions here are only firmly tethered to the set
complexes we have examined, our results imply that
similarly lower bond orders may be present in related imide
complexes.

Altogether, our calculations are inconsistent with assigning
the Co-0/N bond in complexes 1 and 2 as a triple bond.
Such an assignment overstates the strength of the bond and
the extent of electron pair sharing within it. It is less clear
that the evidence is strong enough to confidently label these



bonding interactions as double bonds, however several
metrics, including experimental vibrational data, suggest
this assignment could be reasonable. Ultimately, there is
little merit in debating a precise fractional bond order
describing the interactions in these complexes.
Nonetheless, all analyses point towards a double bond as
being a closer reflection of the electronic properties of these
interactions, and at the very least rule out a triple bond as
an accurate representation.

Methodology

Geometry optimizations were performed in Orca 4.1 using
the O3LYP functional.#-#8 The resolution of identity
approximation was used for coulomb integrals and the
chain of spheres approximation was used for exchange
integrals. The initial geometry for complexes 1, 5a, 5b, and
5c were taken from the literature.l%254950 The initial
geometries for all other complexes (2, 3, 4, and 5d) were
generated in Avogadro 1.90.0.5%52 Calculations used the
def2-TZVPP basis set on the metal atom, the def2-TZVP
basis set on all atoms bonded to the metal atom, and the
def2-SV(P) basis set on all other atoms.>3%% A solvent
correction is incorporated via the conductor-like
polarizable continuum model with the dielectric constant of
acetonitrile. Optimization to stable minima was confirmed
via analytical frequencies calculations. All analyses were
then performed on the Kohn-Sham wavefunction similarly
calculated at the equilibrium geometry. NBO Analysis was
performed with NBO 6.0 and the orbitals visualized in their
pre-orthogonalized form.3¢ IBO calculations were
performed in IboView V20150427, with the IBO
(Exponent 4) chemical analysis function used to generate
the localized orbitals. Multiwfn 3.8 was used for electron
density analysis, delocalization index calculations, and
wavefunction input conversions.3® While there is little
theoretical support for the wuse of Kohn-Sham
wavefunctions for calculating delocalization indices, in
practice there is little difference between delocalization
indices calculated by DFT and those calculated by WFT.55
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