
Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

ARTICLEDOI: 10.1002/zaac.201800122

Structure, Bonding, Reactivity and Spectral Features of Putative
NiIII=O Species: A Theoretical Perspective

Bhawana Pandey,[a] Kallol Ray,*[b] and Gopalan Rajaraman*[a]

Dedicated to Prof. Peter Comba on the Occasion of his 65th Birthday

Abstract. Although extensive efforts have been undertaken to study
in detail the formation, reactivity, and stability of mononuclear NiIII

species bearing a terminal oxo/hydroxo group, electronic structure of
such high-valent species is not unambiguously established. Using a
combination of density functional and ab initio CASSCF methods, we
have probed the structure, bonding, spectral features, and reactivity of
putative NiIII-oxo/hydroxo complexes supported by a tetradentatetripo-
dal TMG3tren {tris[2-(N-tetramethylguanidyl)ethyl]amine} ligand.
Our main focus is to establish the structure and bonding of putative

Introduction
Transition metal ions play a critical role in various oxidation

and electron transfer processes that occur in nature as well
as in industry and academics.[1] The high valent metal-oxo or
hydroxo groups also participate in a series of electron transfer
processes in biological and chemical transformations. Because
of their wide biological and chemical significance, an immedi-
ate issue is to understand the reactivity differences among
these related active transition metal ion species. Iron,[2] manga-
nese,[3] and copper[4] ions containing metalloenzymes are very
popular but the role of other metal ions are also remarkably
important. Study of these complexes help us to better under-
stand the detailed mechanism of the reactions catalysed by me-
talloenzymes and offer clues for the development of efficient
biomimetic catalyst.

Moreover, the study of nickel complexes is very essential in
metalloenzyme chemistry[5] due to their involvement in vari-
ous biological reactions and in homogeneous catalysis.[6]

Nickel enzymes play important roles in global biological car-
bon, nitrogen, and oxygen cycle. Hydrogenases,[7] Ni-SOD,[8]

urease,[9] glyoxalase,[10] CO dehydrogenase,[11] etc. are few
examples of metalloenzymes containing nickel ion in their
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NiIII=O/NiIII–OH/NiIV=O species and explore the mechanism by
which such species can be plausibly generated from an acylperoxon-
ickel(II) intermediate. The characteristic spectral features of these spe-
cies are computed and compared to available experimental data to ob-
tain confidence on the computed data. In addition, we have explored
the reactivity of the NiIII=O species in intra- and inter- molecular C–
H bond activation reactions. Our results reveal that these species are
extremely reactive and possess a significant oxyl radical character,
which is the driving force behind its potent reactivity.

active sites. The NiIII oxidation state is very unusual for nickel
chemistry because the synthesis and characterization of stable
NiIII complexes are challenging.[12,13] Nevertheless, over the
last few years, the study of high-valent central Ni ions are
gaining great attention because of their proposed involvement
in a variety of Ni-based oxidation reactions.[14,15] These com-
plexes are very rare, as they have transient properties at room
temperature, and correspondingly, only a few of them have
been successfully characterized.[16] Itoh et al. have reported
a nickel(II) complex [Ni(TPA)(OAc)(H2O)](BPh4), as a very
efficient and selective catalyst, for alkane hydroxylation with
m-chloroperbenzoic acid (m-CPBA) as an oxidant.[14c] This
has been extended later to include NiII complexes with dif-
ferent ligand architecture suggesting the formation of highly
reactive [NiIII=O] species as the active intermediates in these
reactions.[17] Furthermore, based on the experimental and theo-
retical studies, NiIII=O species has also been reported as a most
potent oxidant for the conversion of methane to methanol.[18]

However, identification of NiIII=O species under catalytic turn-
over conditions has not been achieved, which makes the
mechanism of NiII/mCPBA mediated oxidation reactions am-
biguous.

Previously, the stable oxo or superoxo complexes of Fe, Co,
and Cu complexes[13,19] with a tetradentatetripodal TMG3tren
ligand {tris[2-(N-tetramethylguanidyl)ethyl] amine} have been
reported, and recently Ray et al. have synthesized a mononu-
clear NiII complex, [NiII(TMG3tren)]2+, with the same li-
gand.[20] Further exploration of the reactivity of the
[NiII(TMG3tren)]2+ complex with m-CPBA reveal the forma-
tion of a very rare nickel(III)-oxygen species and kinetic and
spectroscopic studies have been performed to confirm the gen-
eration of NiIII-oxygen species. The proposed mechanism in-
volves coordination of NiII to the meta-chloroperbenzoate
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anion followed by the homolytic cleavage of O–O bond of
the acylperoxoNiII complex.[14b,17,21] This generates a highly
reactive NiIII=O intermediate. Despite extensive experimental
studies for the formation of mononuclear NiIII species bearing
a terminal oxo/hydroxo group, a detailed theoretical study fo-
cusing on the formation, stability, bonding and reactivity is
lacking and is very essential to completely understand the oxi-
dizing potential of this species.

Herein, we aim to explore the mechanism for the generation
of NiIII-oxo/hydroxo complexes with a tetradentatetripodal
TMG3tren ligand by using DFT methods. We try to answer the
following intriguing questions: (i) what is the exact mecha-
nism, by which the Ni-oxo species is generated and what are
their kinetic barriers?, (ii) the NiII–O• and NiIII=O species are
isoelectronic. Which are the stable species here and what are
the differences in bonding between these two electromeric
structures?, and (iii) how efficient is this Ni-oxo species
towards C–H bond activation (both intra and inter)?

Results and Discussion

The reaction starts with the formation of [NiII(TMG3tren)
(OTf)]+ (1), which upon oxidation with meta-chloroperbenzoic
acid (m-CPBA) forms the acylperoxonickel(II) complex (2)
(see Scheme S1 Supporting Information). The next steps in-
volve the cleavage of the O···O bond of complex 2 either via

Scheme 1. Schematic representation of the proposed mechanism for the formation and self-decay of complex 3.
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homolysis or heterolysis, leading to the generation of high-
valent NiIII=O/OH or NiIV=O/OH species, respectively. The
proposed mechanism adapted for DFT calculations is shown in
Scheme 1. There are two possible spin states for the complex 1
viz. S = 1 (31) and S = 0 (11). Our calculations reveal triplet
state (31) as the ground state with the singlet state estimated
to be 113.0 kJ·mol–1 higher in energy. In CH2Cl2 solution an
effective magnetic moment of 2.95 BM was determined at
25 °C, consistent with the S = 1 ground state of 1. The opti-
mized structure of 31 shows a trigonal bipyramidal (TBP) ar-
rangement around the central metal atom with the calculated
Ni–Nax and Ni–O bond lengths of 2.197 Å (X-ray 2.116 Å[20])
and 2.066 Å (X-ray 2.103 Å[20]), respectively (Figure 1).

Figure 1. B3LYP optimized structures and spin density plots of the
ground state of 1.
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From Figure 1, it is clear that the oxygen atoms of the trifl-
ate (–OTf) moiety has several C–H···O interactions with the
methyl hydrogen atoms present in the vicinity at the distance
ranging from ca. 2.3 Å to 3.4 Å (see Figure 1). The nitrogen
atoms of the TMG3tren ligand also interact with the nearby
hydrogen atoms; the combined hydrogen bonding interactions
contribute to the overall stability of 31 in the high spin state.
These structural parameters are in agreement with the experi-
ments (see Table S2, Supporting Information). The calculation
reveals a (dxz)2(dyz)2(dxy)2(dx2–y2)1(dz2)1 electronic configuration
with the dxz/dyz and dxy/dx2–y2 orbitals being nearly degenerate.
The near degeneracy of the dxy and dx2–y2 orbitals lead to a
Jahn-Teller distortion and this causes the Ni–N distances in the
equatorial plane to be asymmetric. As predicted by us earlier,
this arrangement is expected to also possess a very large nega-
tive zero-field splitting parameter.[22] Experimental determi-
nation of the zero-field splitting is underway in our laboratory
and will be reported in a subsequent publication. The spin den-
sity on Ni (ρNi) atom is found to be 1.660 and this indicates
a strong delocalization of spin densities to the ligand atoms.

Formation of species 2 from species 1 is expected via a
dissociative pathway. Our calculations indicate that the forma-
tion of a four coordinate intermediate [NiII(TMG3tren)]2+ (for
the optimized structure see Figure S4, Supporting Information)
from 1 is exothermic by 25 kJ·mol–1 and addition of m-CPBA
to species 1 is energetically favorable by –59.8 kJ·mol–1 (see
Figure 2). Accordingly, the formation of 2 from 1 is an ener-
getically facile process.

Figure 2. B3LYP computed energy profile diagram for the formation
of complex 3a and 3b from complex 1.

The optimized structure of the S = 1 state of species 2 (32hs)
is shown in Figure 3 along with the corresponding spin density
plot. Although, 2 was found to be a transient intermediate ex-
perimentally, acylperoxo NiII complexes have often been char-
acterized[23] and proposed as a reactive intermediate in a vari-
ety of NiII catalysed oxidation reactions. In contrast to complex
1, the Ni–Nax bond length is predicted to be slightly longer in
complex 2. The O···O bond length is found to be 1.460 Å,
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which comes in the range for peroxide O–O bond lengths [24]

confirming the acylperoxo nature of complex 2. In the triplet
state, the spin density value on NiII ion is found to be 1.641.
The spin density is delocalized into the coordinated N/O
atoms. While the proximal oxygen atom possesses significant
spin density compared to the other atoms, the distal oxygen
exhibits small negative spin density. The triplet-singlet gap is
found to decrease to 87.3 kJ·mol–1 for complex 2 from
113 kJ·mol–1 in 1. We have also explored the possibility for
the formation of NiIII-acylperoxo species (2�). The optimized
structure and spin density plot is shown in Figure 3. The 32�
state is found to be higher in energy by 192 kJ·mol–1 and sug-
gest that this is energetically not feasible.

Figure 3. B3LYP optimized structures and spin density plots of the
ground state of 2 and 2�.

In the next step, the O···O bond cleavage either via homoly-
sis or by heterolysis is expected via ts1. Homolysis will gener-
ate a NiIII=O species, while heterolysis will lead to the forma-
tion of a NiIV=O species (see Scheme 1). The optimized struc-
ture of 3ts1 is shown in Figure 4 along with the corresponding
spin density plot. At the transition state, the O···O bond length

Figure 4. B3LYP optimized structures and spin density plots of the
ground state for the O···O bond breaking step (3ts1).
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is found to increase from 1.460 Å to 1.900 Å, confirming a
cleavage of this bond at the transition state itself (late transition
state) and at the same time a significant shortening of the Ni–
O bond is found (shortened by 0.058 Å compared to 2).

The estimated barrier height is found to be 68.0 kJ·mol–1 at
the triplet surface (Figure 2) from species 2. Thus in contrast
to other stable metal-acylperoxo species,[25] the O···O bond
cleavage step in 2 is thermodynamically favorable. Notably, at
the singlet surface the barrier is estimated to be much larger
(94.5 kJ·mol–1 from 12 species), which may suggest an exclus-
ive cleavage of the O···O bond at the triplet surface. The spin
density values on Ni, O1 (proximal), and O2 (distal) are found
to be 1.605, 0.445, and –0.287, respectively. Significant spin
densities at the oxygen atoms reveal that the O···O bond cleav-
age is homolytic in nature with a spin-up α electron being
present in the proximal oxygen and a spin-down β electron
leaving with the distal oxygen atom. This leads to the forma-
tion of a NiII–O• (3a) or a NiIII=O (3b) species. Formation of
species 3a/3b from species 2 is found to be endothermic by
32.8 kJ·mol–1 (Figure 2); however, from the reactant species 1,
the overall reaction is still exothermic (see Figure 4).

Furthermore, the conversion of 1 to 2 requires the loss of a
proton; in presence of the highly-basic TMG3tren ligand, it is
highly probable that one of the guanidine arms acts as the pro-
ton acceptor. The protonated guanidine arm presumably pro-
vides additional stabilization to the NiIII=O core, via a stabiliz-
ing hydrogen-bonding interaction (see Figure 5), as has been
demonstrated in the previous stabilization of an otherwise un-
stable FeIII–O species by secondary hydrogen-bonding interac-
tion with the ligand.[24c] Furthermore, such hydrogen-bonding
interaction of the bound proton with the proximal oxygen atom
of the acylperoxo complex 2, will further reduce the O···O
bond cleavage barrier (see Figure 5); these will make the con-
version of 2 to 3 exothermic and thermodynamically feasible,
as has been observed experimentally. Although, for simplicity,
the role of protons has not been considered in the calculation,
the influence of protons in the O···O cleavage step as well as
in the stabilization of late transition metal-oxo cores are well
documented in the literature.[24c-d]

Figure 5. Schematic diagram illustrating the possible of role of proton
in the O···O bond cleavage step.

In contrast, the formation of the heterolysis product NiIV=O
(species 4) is found to be endothermic from species 2 by
13.2 kJ·mol–1. Also, as transition state corresponding to hetero-
lytic cleavage could not be obtained, the kinetic barrier associ-
ated with this cleavage has not been estimated.. Furthermore,
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the homolytic cleavage is predicted to be exothermic with a
very small kinetic barrier; thus our calculations favor homo-
lytic cleavage of the O···O bond. [15] The oxo-wall theory sug-
gests that NiIV=O species, which would result from O...O het-
erolysis, could not exist as the π-bonding orbitals are destabi-
lized. Although this is strictly valid only for octahedral com-
plexes, energetic preference for the formation of NiIII=O over
NiIV=O suggests that, such π bonding are destabilized also in
a trigonal bipyramidal arrangement. In the next section, we
discuss first the electronic structure of species 3a, 3b and 4
and its spectral features before we turn to discuss its reactivity.

Electronic Structure and Spin State Energetics of Species
3a and 3b

It was proposed that these species have the ability to per-
form hydrogen atom abstraction and oxo-transfer reactions.[20]

As these species are highly reactive and transient, there are
only indirect spectral evidences for its formation.[20] Species
3a and 3b are electromeric species with a variation only in the
nature of electrons present in the oxygen atom. A very strong
double bond between Ni and O yields species 3b, whereas only
a sigma bond yields species 3a. For 3a, since both NiII and
oxygen atoms possess unpaired electrons, there is a possibility
of spin-coupling (ferro or antiferro) leading to S = 3/2 or S =
1/2 states with the nature of coupling deciding the ground state
structure. Additional electronic complexity also arises for 3a
where the central NiII ion could also be low-spin. All these
possible electronic states for species 3a and 3b are shown in
Table 1. For species 3b, the central NiIII ion has two possible
spin states S = 3/2 and S = 1/2, as shown in Table 1..

We have computed all possible electronic states for 3a
(43ahs, 23ahs, 23als) and our calculations reveal that the ground
state of this species is S = 3/2 43ahs (see Table 1). This is rather
expected as the unpaired electrons in the NiII eg-like orbitals
are orthogonal to the π* orbital of the oxyl radical leading to
a ferromagnetic coupling and hence a S = 3/2 ground state.
The 23ahs, 23als states are found to be 56.7 kJ·mol–1 and
61.3 kJ·mol–1 higher in energy, respectively (see Table 1). A
very large gap between the 43ahs and 23ahs states reveals that
the ferromagnetic coupling between the NiII and the oxyl radi-
cal is very strong: a J value of 1415 cm–1 is estimated in our
calculation for the 43ahs species. This value is rather large;
however, given the fact that this is a direct coupling between
the radical and a central metal atom, this is within the expected
range.[26] The optimized structure, along with the spin density
plots for these species are shown in Figure 6 (for the optimized
structure of species 23ahs and 23als species see Figure S5, Sup-
porting Information).

In 43ahs species, the Ni–O bond length is found to be
1.844 Å, which is shorter than that found in complex 2, and
suggests a single bond between NiII and O radical. Notably,
on the doublet surface the Ni–O bond shrinks significantly;
Ni–O bond lengths of 1.751 Å and 1.710 Å have been deter-
mined for 23ahs and 23als, respectively. This reveals that at the
doublet surface the Ni–O bond strength enhances significantly.
The angle Nax–Ni–O increases from 171° to 175° as we go
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Table 1. Different spin states possible for species 3a and 3b along with the calculated spin density values on Ni and O atoms and their relative
energy.

Figure 6. B3LYP optimized structures and spin density plots of the
ground state of complex 3a (a) 43ahs; (NiII–O•); (b) complex 3b: 43bhs

(NiIII= O); (c) 23-OH.

from 32 to 43ahs. The energy level diagram with the computed
DFT based orbital for the 43ahs species is shown in Figure 7.
The degeneracy in the dxy and dx2–y2 orbital is lifted signifi-
cantly due to angular distortions in the equatorial plane and
weak interaction of these orbitals with the oxyl radicals. The
near degeneracy of the dxy and dx2–y2 is likely to lead to a very
large zero-field splitting as shown by us earlier.[22]
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The spin densities on the Ni and oxygen atoms in 43ahs are
estimated to be 1.586 and 1.134, respectively. This confirms
the presence of a strong radical character at the central oxygen
atom. Clearly the NiII ion undergoes a spin delocalization,
while the oxygen atom exhibits a strong spin polarization.

For species 3b, where a formal NiIII=O is assumed, the Ni–
O distances are significantly shorter (Ni–O distance is found
to 1.690 Å, see Figure 6b). Here, as well, 43b is found to the
ground state and this species is only 3.5 kJ·mol–1 higher in
energy than the 43a species. Although this species is
3.5 kJ·mol–1 higher in energy, this is within the limits of the
method and hence one can expect both 43a and 43b to be de-
generate. The S = 1/2 state of NiIII=O (23b) is found to lie
14.2 kJ·mol–1 higher in energy.

Further NBO analysis [27] reveals that the Ni–O σ bond is
more covalent in 43b compared to 43ahs. For 43ahs the Ni–O
σ-bonding interaction is composed of 16.9% of Ni(dz2) and
83.0 % of O(pz) orbitals (see Figure S9, Supporting Infor-
mation) and the Wiberg Bond Index (WBI) is estimated to be
0.576 revealing only a single σ bond between the nickel and
oxygen atoms. For species 43b, on the other hand, the Ni–O
σ-bonding interaction is composed of 32.9% of Ni(dz2) and
67.0% of O(pz) orbitals with the WBI estimated to be 0.954
(see Figure S9, Supporting Information) revealing clearly the
formation of a π bond between the nickel and oxygen atoms.
Besides the Ni–O σ bond is found to be more covalent for 43b
compared to 43a.

As 43a and 43b are nearly degenerate, one can expect an
equilibrium between these two species. The orbital ordering
reveals the near degeneracy of π*xz and π*yz orbitals for both
3a and 3b species. This near degeneracy leads to very small
π*xz�π*yz transition energies and therefore one can expect a
large axial zero-field splitting (zfs) parameter D for both the
species. To estimate the axial zfs parameter D and rhombic zfs
parameter E, state-average ab initio CASSCF calculations
were performed for both 3a and 3b using ground state geome-
tries (see computational details for a detailed discussion of the
methodology employed). Calculations yield D (E) values of
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Figure 7. B3LYP computed Eigen-value plot along with energies computed for d-based orbitals for 43a and 43b species.

–143.9 cm–1 (6.4 cm–1) and –201.1 cm–1 (0.067 cm–1) for 3a
and 3b, respectively (see Table S7, Supporting Information).
These estimated D values are some of the highest values re-
ported for Ni complexes and this is consistent with the experi-
mentally observed TBP geometry. With such a large D value,
only lower Ms = �3/2 Kramer’s doublet is expected to yield a
signal at X-band EPR, and these may attribute to the observed
doublet transitions in the experiments.[20] It is important to
note here that the main difference between these two species
is attributed to the difference in the Ni–O bond length with
43a possessing a bond length of 1.844 Å and 43b possessing a
bond length of 1.690 Å. This difference suggests a possibility
of bond-stretch isomerism between these two electromeric
form and this has been witnessed earlier in various metal com-
plexes.[28]

To further probe the other spectral features, TDDFT calcula-
tions were performed on 43a/43b species (see Figures S10 and
S11, Supporting Information). Experimentally three peaks
were observed at 464 nm, 520 nm, and 794 nm for the pro-
posed NiIII-O/OH species; notably similar features at this re-
gion have also been reported previously for the terminal-oxo
complexes of the Fe and Co metal ions involving the
TMG3tren ligand system. For 43a species, five intense features
are observed at 327, 347, 443, 574, and 726 nm (Figure S10,
Supporting Information). Features observed at 327, 347 and
443 nm correspond to ligand-to-metal charge transfer (LMCT)
transitions. The peak at 574 nm is due to δ(dxy–Opy)* orbitals
to the σ*(Mdxz–Opx) antibonding orbitals, whereas the feature
observed at 726 nm can be attributed to π(Mdyz–Opy) orbital
to the π*(Mdxy–Opx) antibonding orbitals.
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For 43b species, our calculations yield four intense features
at 356, 400, 490, and 793 nm, in agreement with the experi-
ments. Features observed at 793 nm correspond to the transi-
tions from the δ(dxy–Opy)* bonding orbitals to the antibonding
σ*(Mdz2–Opz) orbitals, whereas the feature observed at 490 nm
can be attributed to the transition from the π(Mdxz–Opx) orbital
to the π*(Mdxz–Opx) antibonding orbitals. Very intense fea-
tures observed at 400 nm and 356 nm, respectively, are due to
the ligand to metal charge transfer (LMCT) transitions occur-
ring between the ligand and the antibonding π*(Ni–O) orbitals.
Experimentally only one broad feature centered around
520 nm is noted and this is broadly in agreement with the com-
puted results.

We have also optimized the hydroxo complex, [(TMG3tren)
NiIII-OH]+2 (complex 3-OH). It was proposed that the ligand
undergoes a self-decay process and transfers a “H” atom to the
oxygen atom of the oxo group. Two spin states are possible for
complex 3-OH, S = 3/2 and S = 1/2. Our calculations reveal
S = 1/2 as the ground state with the S = 3/2 higher in energy
by ca. 20 kJ·mol–1. The optimized structure along with spin
density plot of the doublet ground state is given in Figure 6c.
The Ni–O(H) and Ni–Nax bond lengths are observed to be
1.863 Å and 2.210 Å respectively. In contrast to the complex
3a/3b, here the Ni–O bond length is longer and Ni–Nax dis-
tances are slightly shorter. This can be attributed to the lack of
strong π bonds between the hydroxo and central Ni atoms.

We have also optimized the NiIV=O species 4 considering S
= 2, S = 1, and S = 0 spin states. Here S = 1 (34) is found to
be the ground state with the S = 2 and S = 0 states being 18.4
and 97.6 kJ·mol–1 higher in energy. The optimized structure
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along with the spin density plot of 34 species is shown in Fig-
ure 8. Here the Ni–O bond length is estimated as 1.785 Å with
a longer bond length in S = 2 and a nearly similar bond length
in the S = 0 state (see Table S2, Supporting Information). NBO
analysis clearly reveal absence of π bond between the Ni and
oxygen atoms and WBI index (0.9016) also support a single
bond between Ni and oxo suggesting that this species rather
exist as NiIII–O• species without the formal double bond, com-
prising 26.3 % of Ni(dz2) and 73.6% of O(pz) orbitals (see Fig-
ure S9, Supporting Information). The spin density plot also
depicts this picture with a very strong delocalization of spin
density to the oxygen atom with only one electron being lo-

Figure 8. B3LYP optimized structures and spin density plots of the
ground state of the complex 34.

Figure 9. B3LYP computed energy profile diagram for the formation of product from complex 3.
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cated at the central Ni atom. Such strong oxyl radical charac-
ters suggest a very high reactivity for these species, if made.
This suggest that species 4 predominantly exist as NiIII–O•,
whereas species 3 likely exist as a combination of NiII–O• and
NiIII=O species.

Reactivity of Species 3: Towards Establishing the Self-
Decay Mechanism of the Ni-Oxo Species

In species 3, the trigonal bipyramidal arrangement is en-
forced by the sterically bulky tetramethylguanidinyl donors of
the tetradentatetripodal TMG3tren ligand. The close proximity
of the methyl substituents to the oxo-nickel unit facilitates the
self-decay of the ligand by intramolecular hydrogen atom ab-
straction and leads to the formation of a ligand hydroxylated
NiII product. This has been witnessed in the experimental re-
port.[13] A detailed mechanism adapted for our calculations is
shown in Scheme 1 and the developed potential energy surface
is shown in Figure 9. As mentioned earlier, the oxygen atom
of 3 has three strong C–H···O interactions with one of the
C–H···O bonds being very strong with a H···O distance of
2.224 Å. 44

This is in fact the starting point of the mechanism, where
this hydrogen atom in closer proximity is expected to be acti-
vated by the oxo group leading to the formation of the NiII-
OH species via ts2. The barrier heights are estimated to be
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14.8, 50.9, and 60.0 kJ·mol–1 at 4ts2hs, 2ts2hs and 2ts2ls sur-
faces, respectively. The optimized structure of the 4ts2hs sur-
face is shown in Figure 10. In 4ts2hs structure, the newly form-
ing H(1)···O bond length is shortened to 1.241 Å revealing that
at the transition state, the hydrogen atom is midway between
the oxygen and the carbon atoms. Also, the Ni–O bond length
is found to increase from 1.868Å to 1.917 Å. The calculated
O–H(1)–C(1) bond angle is nearly linear (162.9°). The com-
puted spin density plot reveals the generation of a significant
radical character at the carbon atom (0.405) with the concomi-
tant reduction in the spin density at the oxo atom (from 1.134
to 0.731) and the development of a very small spin density at
the hydrogen atom. This reveals that the β electron from the
C–H bond has already been transferred to the oxo group lead-
ing to the reduction of its spin density at the transition state.

Figure 10. B3LYP optimized structures and spin density plot of the
ground state of 4ts2hs.

The complete transfer of hydrogen atom from C to O leads
to the formation of a ligand based radical (Int1) and this for-
mation is found to be exothermic (–46.8 kJ·mol–1). The opti-
mized structure and spin density plot of Int1 is shown in Fig-
ure 11. In Int1 the O–H distance is decreased from 1.241 to
0.971 Å. At this intermediate, the C(1) carbon develops a full
radical character (spin density value of 0.850). The spin den-
sity at the central Ni atom is estimated to be 1.637 and this is
nearly unaltered during the course of the reaction; this suggests
that the hydrogen atom abstraction is primarily carried out at
the oxo center.

Figure 11. B3LYP optimized structures and spin density plot of the
ground state of 4Int1hs.

For Int1, three different spin states are computed with
4Int1hs being the ground state and the 2Int1hs, 2Int1ls states
lying higher in energy by 1.1 and 14.4 kJ·mol–1, respectively.
In the next step, rebound of –OH group to the radical carbon
centre is expected to proceed via ts3. At the quartet surface
the barrier is estimated to be 96.6 kJ·mol–1, while at the doub-
let surface the barrier is calculated to be 40.8 kJ·mol–1. Al-
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though the barrier heights seem significant, the formation of
int1 species is exothermic and this ease out the kinetic barrier.
From the reactant energy this step is essentially a barrier-less
process leading to the final product.

The optimized structure and spin density plot of ts3 is
shown in Figure 12. In 2ts3 the O–C(1) distance decreases
from 3.138 to 1.935 Å. At the same time the Ni–O bond length
increases from 1.922 to 2.017 Å. The Ni–O–C(1) angle is
found to be 103.8°. The spin density on Ni is maintained at
1.651. In the next step, the formation of the hydroxylated li-
gand complex Int2 is assumed. The formation of this species
is found to be endothermic by 50.2 kJ·mol–1 from int1. Here
a quartet state is found to be the ground state with the doublet
found to be 3 kJ·mol–1 higher in energy. The Ni–O distance at
the quartet state increases from 2.017 to 2.011 Å and the O–
C(1) distance decreases from 1.935 to 1.384 Å. In the next
step, the Int2 either dimerizes or reacts with 3 to form the
hydroxonickel(II)(Pro1) and alkoxonickel(II) complex (Pro2).
The optimized structures and the spin density plots of both the
species are shown in Figure 13. The formation of this final
product is found to be extremely exothermic by more than
300 kJ·mol–1, revealing a facile reaction once the hydrogen
atom abstraction takes place (see Figure 13). The calculated
Ni–O bond lengths in the hydroxonickel(II)(Pro1) and alkoxo-
nickel(II) complexes (Pro2) are found to be 1.913 and
1.968 Å, respectively and this reveals slighter longer Ni–O
bond compared to the NiIII-OH complex (3-OH). The spin
density values on Ni in Pro1 and Pro2 confirm the presence
of two unpaired electrons on the nickel ion, with some delocal-
ization to other atoms.

Figure 12. B3LYP optimized structures and spin density plot of the
ground state of 2ts3 (above) and 4Int2hs (below).

Intermolecular C–H Bond Activation by the Ni-Oxo Species

After a detailed reactivity study of complex 3 towards intra-
molecular C–H activation (or ligand self-decay process), we
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Figure 13. B3LYP optimized structures and spin density plot of the
ground state of products Pro1 (above) and Pro2 (below).

have further explored the reactivity of the same complex
towards the intermolecular C–H activation reaction, to put
some more light into the nature of the NiII–O• species. For this
particular study, we have chosen the 9,10-dihydroanthracene
molecule (DHA) as our substrate. The optimized structures and
the spin density plots of the transition state (tsinter) are shown
in Figure 14.

Figure 14. Optimized structure for the ground state of the intermo-
lecular C–H bond activation transition state (4tsinter).

The optimized structure of the ground state shows a shorter
Ni–O distance (1.889 Å) compared to the Ni–O distance ob-
served in case of intramolecular ts. The O–H and H–C bond
lengths are found to be 1.384 and 1.214 Å, respectively. The
spin density plot clearly shows that the radical pathway is su-
perintended for the mechanism to proceed. The O–H–C bond
angle is found to be nearly 170°, which is larger than what
was found in 4ts2hs (i.e. tsintra). From the shape of the orbital
one can predict the involvement of the eg set of orbitals in
nickel and p orbital of oxygen in the transition state. The
HOMO of the tsinter and tsintra are shown in Figure S20 (Sup-
porting Information). The representation of the HOMO orbital
of the tsinter clearly shows involvement of the π*(Nidz2–Opz)
orbitals and p orbitals of the carbon atom, while in case of the
tsintra, the π*(Nidxz–Opx) orbitals and p orbitals of the carbon
atom are involved.
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It can be concluded that one transition state is going through
a σ pathway (tsinter), whereas the other transition state pro-
ceeds through a π pathway (tsintra). The calculated barrier
height for the tsinter is found to be 91.7 kJ·mol–1, which is
estimated to be six times larger than what has been observed
for the tsintra (see Figure 15). It confirms that the unique ligand
architecture makes intramolecular C–H activation more feas-
ible in contrast to the intermolecular C–H activation step,
which requires a huge barrier. Our findings are in agreement
with the experimental results that shows generation of 3a/3b
or 3-OH in only 15% yield.

Figure 15. B3LYP computed energy profile diagram for the intermo-
lecular C–H bond activation reaction mediated by complex 3.

Conclusions

In the present study, we report for the first time theoretical
studies on a very rare terminal Ni-oxo species where its gener-
ation, spectral features and reactivity pattern are analyzed. The
major conclusions derived from this work are summarized be-
low:

(i) Our calculations reveal that the acylperoxonickel(II) in-
termediate cleaves homolytically with a barrier height of
68 kJ·mol–1 from the acylperoxonickel(II) intermediate at the
triplet surface leading to the formation of the putative NiIII=O
species. On the other hand, the heterolytic cleavage of O···O
bond is found to be thermodynamically not favored vis-a-vis
homolysis.

(ii) Electronic structure analysis reveal various possible
spin-states/electromers for the putative NiIII=O species. Our
calculations reveal that the NiII–O• species, which is an elec-
tromeric form of NiIII=O is nearly degenerate in energy with
both the species possessing S = 3/2 ground state. As the ar-
rangement around the central Ni atom is trigonaly bipyramidal,
the crystal field interaction is not strong enough to force pair-
ing of electrons. Calculations reveal significant radical charac-
ter for the oxo atom and this could be the driving force behind
its agressive oxidative abilities towards C–H bonds. The main
difference between the NiII–O• and NiIII=O is the difference in
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the Ni–O distance and the possibility of these two species be-
ing bond stretch isomers is proposed. Additionally, ab initio
calculations predict extremely large negative zero-field split-
ting parameter for both the species and this arise due to quasi
degenerate dxy/dx2–y2 orbitals at the central Ni atom.

(iii) The heterolytic cleavage product, the putative NiIV=O
species, however, was found to exist soley as NiIII–O• with a
significant radical character at the oxygen atom.

(iv) Both intramolecular and intermolecular C–H bond acti-
vation reactions are tested, where the NiII–O• was found to
easily undergo ligand self-decay process as suggested by the
experiments. The intermolecular C–H bond activation by DHA
substrate was found to be proceeded through radical mecha-
nism with a moderate barrier for the hydrogen abstraction step.

To this end, our theoretical study suggests a possible reactiv-
ity for the Ni-Oxo species beyond a two-state-reactivity con-
cept (see[25], reference therein), where two electromeric forms
(or bond-stretch isomers) are also potentially involved in the
reactivity, invoking a two-state-two-isomers-reactivity. The
scope for such examples are likely to extend beyond the
example studied here.

Methodology

All the calculations were carried out using the Gaussian 09 suite of
program.[29] The geometry optimizations were performed with B3LYP
functional.[30] The B3LYP has a proven track record of predicting the
structures and the energetics accurately for such metal mediated cata-
lytic reactions. LACVP basis set comprising LanL2DZ – Los Alamos
effective core potential for Ni[31] and a 6-31G* basis set for the C, H,
N, S, F, Cl, O atoms[32] was employed for geometry optimization and
the optimized geometries were used to perform single point energy
calculations using a TZVP basis set on all atoms. The solvation ener-
gies were computed using PCM solvation model[33] employing dichlo-
romethane as the solvent. Frequency calculations were performed on
the optimized structures to verify that they are minima on the potential-
energy surface (PES) and also to obtain free energy corrections. The
quoted DFT energies are B3LYP solvation energies incorporating
Gibbs free energies correction at computed at the temperature of
298.15 K, unless otherwise mentioned. The fragment approach avail-
able in Gaussian 09 was employed to aid smooth convergence in case
of radical intermediates. The ORCA package[34] was used to calculate
the UV/Vis spectra and other spin Hamiltonian parameters (g and D
tensors). B3LYP exchange correlation functionals[30] were used along
with the TZVP basis set on the Gaussian optimized geometries to com-
pute the spectral parameters. Time dependent density functional theory
(TDDFT) implemented in the ORCA program was used for the calcu-
lation of excitation energies. To calculate single-ion anisotropies of the
NiII/III centers high-level ab initio calculations were employed. All
these calculations were performed using the MOLCAS 8.0 suite of
programs.[35] Basis sets describing all the atoms were taken from the
ANO-RCC library available in the MOLCAS package. Herein, we em-
ployed the [ANO-RCC.6s5p3d2f1g.] basis set for Ni atoms,
[ANO-RCC.3s2p1d] basis set for C, N, and O atoms, and [ANO-
RCC..2s1p.] basis set for H atoms. High-level ab initio calculations
were employed to compute the single-ion anisotropies of the central
NiIII atoms. For the NiIII atoms, the active space comprises eight active
electrons in five active metal-based d orbitals, that is, a CAS(7,5)
setup. We computed 10 quartets and 35 doublets in the CI (Configura-
tion Interaction) procedure, followed by the mixing all of these states
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in the RASSI-SO module to compute the spin-orbit states. Similarly,
these SO states were introduced in the SINGLE_ANISO module[36] to
compute the g-tensors for each of the central NiIII atoms.

Supporting Information (see footnote on the first page of this article):
Supporting information contains, selected geometrical parameters of
all the species computed, optimized geometries, spin density plots,
Eigen-value plots, NBO donor-acceptor interactions, simulated absorp-
tion spectra, computed spin Hamiltonian parameters, AIM analysis
data and the coordinates of all the species computed.
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