
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2020, 49,
2819

Received 22nd November 2019,
Accepted 9th January 2020

DOI: 10.1039/d0dt00042f

rsc.li/dalton

Peroxocobalt(III) species activates nitriles via a
superoxocobalt(II) diradical state†

Dasol Cho, a,b Seulhui Choi, a,b Jaeheung Cho *c and Mu-Hyun Baik *a,b

The dioxygenation of nitriles by [CoIII(TBDAP)(O2)]
+ (TBDAP = N,N-di-tert-butyl-2,11-diaza[3.3](2,6)-

pyridinophane) is investigated using DFT-calculations. The mechanism proposed previously based on

experimental observations, which invoked an outer-sphere cycloaddition, was found to be unreason-

able. Instead, calculations suggest that an inner-sphere mechanism involving the cleavage of one of

the Co–O bonds assisted by substrate uptake is much more likely. The reactively competent species

is a triplet consisting of a Co(II)-superoxo functionality, which can undergo O–C bond formation and

O–O bond cleavage traversing low energy transition states. The role of the structurally rigid TBDAP

ligand is to prevent the participation of the pyridyl ligand in the delocalization of the unpaired elec-

tron density.

Introduction

The activation of dioxygen is one of the central themes in bio-
inorganic chemistry and biomimetic metal–oxygen complexes
continue to attract much attention.1–17 In particular, oxy-
genases and oxidases that are capable of carrying out highly
demanding oxidative transformations of inert molecules con-
tinue to inspire much research.18–32 Several biomimetic
metal catalysts were studied as models for hydrocarbon
oxidation with molecular O2 as an oxidant, where dioxygen
must undergo coordination, O–O bond cleavage, and oxi-
dation.31,33–39 The reactivities of metal–oxygen complexes
have been reported with various substrates such as phos-
phines, aromatics, alcohols, aldehydes, carbon monoxide or
formic acid.16,17,31,40–47 Among the many metal-complexes,
[CoIII(TBDAP)(O2)]

+ (TBDAP = N,N-di-tert-butyl-2,11-diaza[3.3]
(2,6)-pyridinophane) that was recently discovered by one of us
is remarkable because it exhibited dioxygenase-like reactivity.
Specifically, it oxidized nitriles (RCN; R = Me, Et, and Ph) to
give cobalt-hydroximato complexes, as shown in eqn (1).48

ð1Þ

This reactivity is intriguing because nitriles are generally
inert and acetonitrile is often the preferred solvent for study-
ing metal–oxygen complexes.16,17,42–44,49–51 To date, only two
examples of metal-peroxo compounds are known to activate
nitriles.48,52 Previously, several mechanistic possibilities have
been speculated upon to rationalize the novel reactivity of the
CoIII-peroxo complex,48 but a satisfying mechanistic under-
standing could not be established thus far. Inspiration for the
mechanism of the 1,2-dioxygenation reaction may be taken
from the hydrolysis of nitriles that produces amide or car-
boxylic compounds depending on the operational pH53–57 or
the conversion of nitriles to peroxyimidic acid by a RhIII-
peroxo58 and NiII-superoxo species.59 The 1,2-dioxygenation
reaction of nitrile producing a hydroximato complex is unpre-
cedented, however, and it is difficult to propose a mechanism.
Nonetheless, based on the experimental results, a [2 + 2] or
[3 + 2] type of cycloaddition was previously proposed as a plaus-
ible mechanism. Mechanistic investigations that may allow for
obtaining precise information are exceedingly difficult and,
therefore, we performed density functional theory (DFT) calcu-
lations to evaluate the energetics of the most plausible
mechanistic possibilities. To our surprise, we found that the
simple cycloadditions that were previously proposed48 are not

†Electronic supplementary information (ESI) available: Cartesian coordinates
and energies of all computed structures are provided. See DOI: 10.1039/
d0dt00042f

aDepartment of Chemistry, Korea Advanced Institute of Science and Technology

(KAIST), Daejeon 34141, Republic of Korea. E-mail: mbaik2805@kaist.ac.kr
bCenter for Catalytic Hydrocarbon Functionalizations, Institute for Basic Science

(IBS), Daejeon 34141, Republic of Korea
cDepartment of Emerging Materials Science, DGIST, Daegu 42988, Republic of Korea.

E-mail: jaeheung@dgist.ac.kr

This journal is © The Royal Society of Chemistry 2020 Dalton Trans., 2020, 49, 2819–2826 | 2819

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
20

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
20

 3
:1

4:
57

 A
M

. 

View Article Online
View Journal  | View Issue

www.rsc.li/dalton
http://orcid.org/0000-0002-8549-469X
http://orcid.org/0000-0002-2537-7192
http://orcid.org/0000-0002-2712-4295
http://orcid.org/0000-0002-8832-8187
http://crossmark.crossref.org/dialog/?doi=10.1039/d0dt00042f&domain=pdf&date_stamp=2020-02-26
https://doi.org/10.1039/d0dt00042f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT049009


operative. Instead, we found that the complex electronic struc-
ture of the (NNNN)Co-peroxo moiety opens a different, unpre-
cedented reaction channel involving an asymmetric attack of
the peroxo moiety on the nitrile substrate.

Computational details

All calculations were carried out using density functional
theory60 (DFT) as implemented in the Jaguar 9.1 suite of pro-
grams.61 Geometry optimizations were performed with the
B3LYP62–66 functional augmented by Grimme’s D3 dispersion
correction.67 The 6-31G** basis set is used for main group
elements and cobalt was represented by using the Los Alamos
LACVP68–70 basis set that employs an effective core potential.
The electronic energies of optimized structures were reevalu-
ated with the triple-ζ basis set, cc-pVTZ(-f ).71 For cobalt, we
used the LACV3P basis set, in which the exponents of LACVP
were decontracted to match the triple-ζ quality basis of the
main group atoms. Analytical vibrational frequencies of the
optimized structures were computed at the same level of
theory as the geometry optimizations. All optimized structures
were confirmed as minima or saddle points on the potential
energy surface. The zero point vibrational energies and entro-
pies were obtained from this calculation. Solvation correction
energies for benzene (ε = 2.284) were calculated using the opti-
mized gas phase geometries via a self-consistent reaction
field72–74 (SCRF) approach based on numerical solution of the
Poisson–Boltzmann equation. The solution phase Gibbs free
energies were computed as follows:

GðsolÞ ¼ GðgasÞ þ GðsolvÞ ð1Þ
GðgasÞ ¼ HðgasÞ � TSðgasÞ ð2Þ
HðgasÞ ¼ EðSCFÞ þ ZPE ð3Þ

ΔGðsolÞ ¼ ΣGðsolÞ for products� ΣGðsolÞ for reactants ð4Þ
G(sol) is the solvation corrected Gibbs free energy from gas

phase free energy G(gas); H(gas) is the enthalpy in gas phase;
T is the temperature (313.15 K); S(gas) is the entropy in the gas
phase; E(SCF) is the self-consistent field converged electronic
energy; and ZPE is the vibrational zero-point energy. The
entropy of the solvent is implicitly included in the continuum
solvation model.

Results and discussion

In general, two mechanistic scenarios can be imagined, as
illustrated in Scheme 1. The first possibility is an outer-sphere
mechanism where the peroxo species is directly attacked by a
nitrile, shown in blue. Alternatively, insertion of the nitrile
into the O–O bond may occur as illustrated in red, which may
be imagined to proceed via a homolytic O–O bond cleavage of
the peroxo moiety to afford two terminal oxyl-radical frag-
ments that can react with the nitrile substrate. Whereas metal-

oxyl moieties proved powerful in many reactions, they require
a finely tuned electronic structure that supports an inverted
ligand field. Cobalt is a good candidate for such unconven-
tional electronic structure, but the formation of geminal
metal-oxyl fragments has not been confirmed. A different
inner-sphere mechanism is also possible and may involve the
reductive cleavage of one Co–O bond to produce a terminal
superoxo species and an empty coordination site that can be
employed to bind the nitrile substrate. The terminal superoxo
moiety then may attach the nitrile in an electrophilic fashion,
as illustrated in Scheme 1.

To determine which of these mechanisms are energetically
feasible, DFT-calculations were carried out. Several intermedi-
ates proposed in the reaction pathways could be easily identi-
fied as unreasonable. For example, species 9 that features an
iminyl radical on the peroxyiminyl moiety is unlikely to be
formed because its solution-phase free energy is too high at
28.2 kcal mol−1 (Fig. S1†), which effectively eliminates the
outer-sphere mechanism sketched in blue in Scheme 1. Our
calculations show furthermore that forming 10 from 1 is ener-
getically uphill but feasible at 16.9 kcal mol−1 with a barrier of
25.4 kcal mol−1, but the following O–C coupling step is associ-
ated with a barrier of 38.4 kcal mol−1, thus, disqualifying
this second outer-sphere pathway under the experimental
conditions (Fig. S2†). Moreover, we investigated the concerted
[2 + 2] and [3 + 2] cyclization mechanisms previously suggested
(Fig. S3†) and were unable to locate viable transition states
that allow for such reactions to take place. In conclusion, we
found no support for an outer-sphere mechanism being oper-
ative. Among the many possible mechanisms considered, the

Scheme 1 Mechanism scheme for computationally studied nitrile acti-
vation with CoIII(TBDAP)(O2) species (TEA = triethylamine).
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most plausible reaction pathway involves an unfamiliar Co-
superoxo intermediate 2 with the nitrile substrate bound to
the metal, which proceeds via an inner-sphere mechanism.

Before examining the reaction mechanism in detail, it is
instructive to first understand the electronic structure of the
reactant species 1. As summarized in Fig. 1, four spin states
are most relevant for the Co(III)-d6 complex in pseudo-octa-
hedral coordination geometry. The SQUID measurements
show that the ground state is diamagnetic48 with a triplet state
becoming dominant at higher temperatures. Among the poss-
ible spin states, the closed-shell (CS) singlet represents a classi-
cal low-spin configuration where the three t2g-like metal dπ
orbitals and the two ligand-centered π* orbitals are occupied,
as shown schematically in Fig. 1. The DFT-optimized O1–O2,
Co–O1 and Co–O2 bond lengths are 1.423, 1.829 and 1.830 Å,
respectively, in reasonable agreement with the single crystal
X-ray values of 1.455, 1.845 and 1.847 Å. Thus, the global
ground state observed in liquid helium at 2 K and isolated as a
single crystal can be assigned to the CS-singlet state.

Interestingly, the alternative open-shell (OS) singlet, triplet
and quintet states show significant radical character on the
[O2] fragment. The combined Mulliken spin densities ranging
from 0.90 to 1.20 of unpaired electrons indicate formal oxi-
dation to a superoxo state, which is matched by a formal
reduction of the Co(III)-center to a Co(II)-d7 state. Thus, these
three spin states are best characterized as Co(II)-superoxo com-
plexes. It is also remarkable that we were not able to detect any
redox non-innocent character on the TBDAP ligand. The triplet
state that was suggested to be dominant at high temperatures
shows the lowest energy in our calculations. The CS-singlet
state is calculated to be 4.7 and 3.2 kcal mol−1 higher in elec-
tronic and solution phase free energies, respectively. Thus, our
calculations do not correctly predict the CS-singlet state to be
the global minimum, which is easy to understand considering

that DFT typically overestimates the stability of high spin
states and the continuum solvation model we employed is un-
likely to properly account for the screening effect of the frozen
solvent matrix. Our calculations indicate furthermore that the
CS-singlet state is unable to carry out any reaction with the
nitrile substrate. This lack of reactivity is also easy to under-
stand, as the CS-singlet state represents a classical low-spin
18-electron Co(III)-d6 system. The triplet state is formally a low-
spin 19-electron Co(II)-d7 complex, which will easily engage in
cleaving the relatively strong Co–O σ-bond in exchange for a
weakly coordinating nitrile moiety.

The full energy profiles for the inner-sphere mechanism are
detailed in Fig. 2. Because it is not clear a priori which spin
state is most reactive towards the nitrile substrate, all spin
states have been modeled for the full cycle, except for the CS-
singlet state that gave an unrealistic energy of 36.1 kcal mol−1

for the CS2 intermediate. As shown in Fig. 2, the reaction starts
with 1 – note that we use the solution phase free energies at
313.15 K and display the calculated energies for the CS-singlet
state at 5.8 kcal mol−1 as calculated using DFT. Our calcu-
lations show that the triplet and quintet states are practically
isoenergetic and 1.8 kcal mol−1 lower in energy than the open-
shell singlet. The nitrile binding and Co–O bond cleavage to
form intermediate 2 with a dangling terminal superoxo moiety
is facile and only 1–4 kcal mol−1 uphill for all spin states con-
sidered, indicating an intrinsic lability of the Co–O bond of a
Co(II)-d7 system, as explained above. The key event for the
overall reaction is an electrophilic attack at the nitrile-carbon
by the superoxo group to afford the metallacycle 3, where the
barriers are found to be 14.5 and 17.3 kcal mol−1 for triplet
and quintet, respectively (T2-TS and Q2-TS). Curiously, the
open-shell singlet is incapable of carrying out this reaction, as
the transition state OS2-TS is too high in energy at 30.0
kcal mol−1. The reaction proceeds by homolytic O–O bond
cleavage to ring-open the metallacycle and the triplet state is
again most viable with the transition state T3-TS at 22.1 kcal
mol−1. All other spin states show barriers for this step that are
∼10 kcal mol−1 higher. The resulting intermediate T4 at
12.6 kcal mol−1 is a biradical species with spin densities cen-
tered around the metal-bound oxyl and the acetyl nitrenyl
nitrogen, which quickly rearranges to give the oxygen-bound
Co-hydroximate species T8 traversing the transition state T5-TS
at 15.8 kcal mol−1 (see Fig. S4† for detail). Whereas the corres-
ponding transformations can also be carried out in the other
spin states considered, the triplet state offers the lowest energy
path and is proposed to be the main reaction pathway.

The transformation of the η2-bound superoxo complex 1 to
the terminal η1-superoxo species deserves closer inspection, as
it is not only unusual, but constitutes a key event that initiates
the nitrile activation. Fig. 3 shows a more detailed reaction
energy profile. To reach intermediate 2, the superoxo fragment
must shift to open a binding site for the incoming substrate.
Interestingly, the mechanism of nitrile binding for the quintet
is fundamentally different from that of the triplet and OS-
singlet states. Whereas the triplet and OS-singlet species
undergo a concerted motion of Co–O bond cleavage and Co–

Fig. 1 Comparison of the electronic and structural features of the most
plausible spin states of Con(TBDAP)(O2). The electronic energy E(SCF)
and solvation corrected Gibbs free energy G(sol) at 4 K are given in kcal
mol−1. The spin densities are given as positive values for α-spin and
negative values for β-spin.
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NCMe bond formation via transition states T1-TS and OS1-TS
at 9.5 and 10.5 kcal mol−1, respectively, the quintet shows
a low energy pathway involving an intermediate Q1-M at

0.9 kcal mol−1. The structural motion of the superoxo func-
tionality is also vastly different. In the triplet and OS-singlet,
the superoxo group remains in the equatorial plane and moves
laterally, whereas it rotates out of the equatorial plane in the
quintet. The reason for this difference is simple: In the triplet
and OS-singlet only one of the two eg-like M–L antibonding
orbitals is occupied, but in the quintet both are occupied by
single electrons. Thus, the O2 unit is bound more loosely and
can be moved more easily to a single coordination site. Thus,
we expect substrate uptake to be around 3–4 orders of magni-
tude faster in the quintet state, demonstrating the power of
spin state changes as a vehicle for controlling substrate
uptake. Because the barriers for the triplet and OS-singlet
states are relatively low at ∼10 kcal mol−1, we can safely con-
clude that nitrile binding and transition from η2- to η1-bound
superoxo is unproblematic and rapid.

Although it is unsurprising that a terminal superoxo radical
can attack a nitrile substrate, there are several open questions.
First, the superoxo functionality is an electrophilic radical and
the nitrile-carbon is a poor nucleophile, suggesting that the
bond forming atoms are poorly matched. Second, it is curious
that the different spin states give rise to barrier differences as
large as ∼15 kcal mol−1, indicating that the radical cyclization
may not be a simple reaction step that tends to be less sensi-
tive to the electronics of neighboring groups. Fig. 4 shows the
relevant orbitals and the electronic reorganization in the tran-
sition states and illustrates that the formally oxidative O–C

Fig. 2 Energy profile of intramolecular superoxo-electrophilic attack mechanism.

Fig. 3 Energy profile for the transformation 1 → 2.
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bond formation is coupled to a Co(II) → Co(III) oxidation in T2-
TS. The superoxo π*-orbital containing the α-electron rotates
into the equatorial plane and forms a bond with the β-electron
from the nitrile π-orbital, which is replenished by a β-electron
transfer from the Co(II) center, ultimately placing two unpaired
electrons on the metal. In the quintet state, the metal is not
oxidized, because removal of a β-electron would give an
unstable high-spin Co(III) with four unpaired electrons.
Instead, the radical remains located on the nitrogen atom,

which is energetically less favorable giving a transition state
energy of 17.3 kcal mol−1. The remarkably high energy of OS2-
TS is also easy to understand: because the attacking superoxo
radical has a β-spin in this case, an α-electron is removed from
the metal, creating a closed-shell low-spin configuration that is
energetically not feasible at 30.0 kcal mol−1. These simple spin
orientations explain why the spin states give such different
barriers and show that the triplet configuration is most advan-
tageous. Another consequence of transferring an electron from
the metal to the nitrile is that the nucleophilicity of the nitrile-
carbon is increased notably, explaining why the O–C bond for-
mation in the triplet state is feasible.

Our calculations show that the rate determining step of the
reaction is most likely the O–O bond cleavage with a lowest
predicted barrier of 22.1 kcal mol−1 associated with T3-TS.
Scheme 2 describes the electronic reorganization required for

Fig. 4 Qualitative energy diagram for the electronic reorganization
during the electrophilic attack of the nitrile substrate by the superoxo
functionality. The solvation corrected Gibbs free energy are given in kcal
mol−1.

Scheme 2 Scheme for intramolecular electron transfer in the homoly-
tic O–O bond cleavage of peroxyiminyl ligand. The solvation corrected
Gibbs free energies are given in kcal mol−1.

Fig. 5 The energy profile comparing the relative energies from O2

complex (1) to acetamidyl-oxyl diradical complex (4) of (a) Con(TBDAP)
(Y)m and (b) Con(NHMe2)2(py)2(Y)m.
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this homolytic ring-opening step that generates a Co(III)-oxyl
and an acetamidyl radical in T4, where the ligand-based
unpaired electrons are antiferromagnetically coupled. Carrying
out the same reaction in the quintet intermediate Q3 requires
passage through Q3-TS at 32.7 kcal mol−1 and gives Q4, the fer-
romagnetically coupled analogue of T4. The spin mismatch
that prevented the oxidation of the metal center in the pre-
vious reaction step is corrected in this step and the cobalt
adopts the energetically more favorable Co(III)-state in Q4, but
this reaction pathway remains irrelevant due to the high bar-
riers and is only mentioned for conceptual interest. The OS-
singlet trajectory is similarly irrelevant and shown here only
for completeness.

One interesting open question relates to the role of the
TBDAP ligand, which is of course responsible for creating a
ligand framework that makes all of the transformations dis-
cussed above possible. Curiously, we found no evidence for
the TBDAP ligand playing a more active role in the electronic
reorganizations, e.g. by becoming redox non-innocent and
serving as an electron reservoir during the complex redox
reaction steps. A key feature of the TBDAP ligand is the struc-
tural rigidity enforced by having the pyridyl and amino func-
tionalities tethered to each other. To better understand the
functional role of the TBDAP ligand, we constructed a model
system containing two pyridyl and two dimethylamine
ligands to reproduce the contact atom properties without the
structural restrictions present in the TBDAP ligand. The ener-
gies of the key intermediates discussed above are evaluated
using this model complex and are compared to the original
intermediates in Fig. 5. A striking difference is that the
energy range of the spin states for the η2-bound peroxo/super-
oxo species is greater in the model system with the closed-

shell singlet CSA1 being 9.7 kcal mol−1 higher in energy than
the lowest energy species QA1. More importantly, the energy
difference between the intermediates along the calculated
reaction trajectory within each spin state becomes much
greater. The energy difference between the triplet Co(III)-
superoxo species TA1 and the Co(III)-acetamidyl-oxyl diradical
intermediate TA4 is 27.9 kcal mol−1, which is 15 kcal mol−1

greater than the energy difference of the two analogous
species with the TBDAP ligand. These calculations demon-
strate that the nitrile activation is impossible without the rigi-
dified N-donor ligands.

Fig. 6 highlights the structural and electronic differences
between T4 and TA4. The natural coordination geometry of the
pyridine ligand to an electron-rich metal center is to place the
molecular plane between the principal axes of an octahedral
ligand framework. Our calculations show that the pyridyl mole-
cular plane adopts an angle of 71.5° to xy-plane in TA4. By
tethering the pyridyl functionalities to the amino groups in
the TBDAP ligand, it is forced to adopt a nearly coplanar orien-
tation of 11.2° in T4. These obvious structural features have a
profound impact on the electronic structure: in TA4 the pyridyl
ligand participates in orbital mixing in which the responsible
orbital for this delocalization of the radical character is
HOMO-3 & HOMO-4 and is shown in Fig. 6. Consequently,
electron density that is needed for the oxidative O–C formation
and O–O bond cleavage is removed from the reactive center
and the energies of TA3 and TA4 are found at 11.8 and
30.4 kcal mol−1 compared to 1.5 and 12.6 kcal mol−1 seen for
T3 and T4, respectively. Thus, the structural rigidity provided
by the TBDAP ligand is critical for accessing the reactive triplet
state and directing the electron density to the reactive center of
the molecule.

Fig. 6 The structural data of the dihedral angle of pyridine π-plane, the orbital view of most interactive α-HOMOs containing SOMO character on
Co–O and spin density of magnetic centers under TBDAP ligand system and (NHMe2)2(py)2 ligand system.
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Conclusions

We propose a novel inner-sphere mechanism for the dioxy-
genation of nitriles by the Co(TBDAP)(O2)

+ complex that was
recently discovered and characterized. Whereas the closed-
shell ground state that was identified at liquid helium temp-
eratures was confirmed to be a Co(III)-peroxo species, the reac-
tively competent intermediate is found to be the triplet which
is formed by formal intramolecular electron transfer from the
peroxo moiety to the Co(III)-center. The electronic structure of
the triplet is most consistent with a Co(II)-superoxo complex,
i.e. the peroxo functionality displays redox non-innocent char-
acter. Surprisingly, the TBDAP ligand remains redox innocent
throughout the whole reaction. The proposed mechanism fea-
tures an unexpected cleavage of one on the Co–O bonds conco-
mitant to substrate uptake to give a Co(II) complex bearing an
η1-bound superoxo and nitrile substrate. Subsequent O–C for-
mation followed by O–O bond cleavage and rearrangement
affords the Co–hydroximato product in an inner-sphere mecha-
nism. A detailed analysis of the molecular orbitals and model
studies revealed that the functional role of the structurally
rigid TBDAP ligand is to inhibit the delocalization of the
unpaired electron density away from the reaction center.
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