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Abstract: Metal-superoxo species are ubiquitous in metal-
loenzymes and bioinorganic chemistry and are known for their
high reactivity and their ability to activate inert C—H bonds.
The comparative oxidative abilities of M—O,~ species (M =
Cr' Mn™ Fe™ and Cu") towards C—H bond activation
reaction are presented. These superoxo species generated by
oxygen activation are found to be aggressive oxidants com-
pared to their high-valent metal-oxo counterparts generated by
O--0 bond cleavage. Our calculations illustrate the superior
oxidative abilities of Fe"'— and Mn""—superoxo species com-
pared to the others and suggest that the reactivity may be
correlated to the magnetic exchange parameter.

M ononuclear metalloenzymes with coordinated oxygen at
the metal center have applications in biology, industry, and
the laboratory.! Oxygenated metal intermediates like oxo,
peroxo, hydroperoxo, and superoxo species play a vital role in
catalytic reactions such as hydrogenation, halogenation,
hydroxylation, olefin epoxidation, and C—H bond activa-
tion.”! In the last decade many high-valent metal-oxygen
species have been studied to understand the fundamental
structural, functional, and mechanistic aspects of their
enzymes and their counterparts.’*®3 Apart from the metal—
oxo species, oxidation of C—H bonds by several superoxo—
metal complexes is also reported.! Unlike the metal-oxo
species, the reactivity of M—-O, species and their competing
oxidative abilities are relatively less explored, although
nature utilizes both species to carry out efficient catalysis."!

Among other factors, the nature of the transition metals in
M-0O," species is also important, as it determines the
electronic structure and the reactivity of these species. Over
the years, the synthesis, structure, and reactivity of superoxo
species containing copper,” iron,>”! and manganese!® have
been reported along with other metals.”! An important
addition to this class is the report of the crystal structure of
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the end-on Cr-O,~ species and kinetic studies to probe its
ability to perform C—H bond activation in hydrocarbons.!"”

Metal-superoxo species are generally transient in nature
and are generated at the first step of the oxygen activation
both in enzyme catalysis and in biomimetic chemistry.”s1%!
As these species are key intermediates in iron and copper
catalysis, it suggests that the M-O,~ species perhaps play
a larger role as an oxidant in enzyme catalysis.*!!! In the M-
O, species the unpaired electrons on the metal and the
radical center are strongly coupled and the electronic config-
uration of the metal ions dictates the nature of the magnetic
coupling (/) and this may in turn correlate to the C—H bond
activation. Here we have undertaken a detailed theoretical
study to specifically address the following questions 1) prob-
ing the mechanism of C—H bond activation by Cr-O,™ and its
comparative oxidative ability to high-valent metal-oxo spe-
cies, 2) establishing the comparative oxidative abilities of
Fe™, Mn™, Cu", and Cr™ superoxo-species towards C—H
bond activation reactions, and 3) elucidating the role of
magnetic exchange coupling on the activation barrier.

We Dbegin with the recently reported [Cr(14-
TMC)(0OO)(CDH]" (1; TMC=14_8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane) species!® and elaborate later its
reactivity (see Table S1 and Figures S1-S5 in the Supporting
Information for computational details). The spin states play
an important role in the reactivity and as a result of the radical
character of the O, moiety, there is a direct magnetic
exchange between the Cr'™ and O, moiety. The magnetic
exchange interaction between O, and the Cr'™ ion is
computed to be antiferromagnetic in nature (—1176.3 cm™)
and this suggests a triplet ground state for this species.!"?! For
this species a strong m-type interaction between the Cr(d,,)
and the oxygen mt* orbital, and a relatively weak interaction
between the Cr(d,,) and oxygen m* orbital are estimated.
These interactions are essentially a result of the nonlinear
Cr'"™-0-0O bond angle, and the non-orthogonality and strong
mixing lead to a relatively strong antiferromagnetic inter-
action. As we move from Cr'™ to Mn™ ([Mn(14-
TMC)(0O0)(CD]T; 2), Fe™ ([Fe(14-TMC)(OO)(CH]™; 3),
and Cu" ([Cu(14-TMC)(OO0)(CD)]; 4),"*! the additional
electrons enter into the o* e, (specifically d../d,._,.) orbitals,
thus leading to orbital orthogonality and enhanced contribu-
tions to the ferromagnetic coupling. The calculated values are
in line with the expectation where the computed J values are
—7249cm™!, +144.8 cm™!, and +299.9 cm™! for Mn'", Fe''!,
and Cu" respectively."¥! A change in the sign of the J value
leads to stabilization of S=3 and S=1 in the high-spin
ground state for Fe' and Cu" superoxo-species, respectively.
For M-O,~ type species, another important issue is the
formation energies which are often not favorable.?" In this
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regard we have computed the formation energies from the
[M(14-TMC)(CI)]"* complex, and the computed energies are
exothermic in nature for all the metal ions, which suggests
a favorable formation energy for this type of species (see
Table S2).

We begin our study with 1, where a detailed mechanism of
C—H bond activation of 9,10-dihydroanthracene (DHA) by
1 is presented (Scheme 1) and its comparative oxidative
ability with chromium-oxo counterparts such as Cr''=0 and
Cr¥=0 is discussed. Then we discuss the reactivity of the
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Scheme 1. Mechanism of C—H bond activation by metal-superoxo
species. M=Cr", Mn", Fe", and Cu".

species 2-4. DFT-computed spin-state energetics for 1 are
given in Figure 1. The C—H bond activation by the superoxo
species could be facilitated either by a proximal or distal
oxygen atom of the O, moiety. The barrier height computed
for attack by the proximal oxygen atom is prohibitively high
and is related to the accessibility of the oxygen atom and the
associated steric factors (supported by computed deformation
energies, 49 kImol™' versus 149 kJmol™" for the distal and
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Figure 1. B3LYP-D3-computed potential energy surface (AG in k)mol™') for C—H bond activation of 9,10-

dihydroanthracene (DHA) by Cr'"—O, species.
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proximal attacks, respectively, see below). Thus, the proximal
attack results are not discussed any further.

For the distal oxygen atom attack, the barrier height is
computed to be 91.7 kJmol™" (°I;-ts1) at the quintet surface
while the barrier height in the triplet surface is computed to
be twice as much (Figure 1). This difference demands a spin
inversion™! and suggests that the antiferromagnetic exchange
observed for this species hinders its reactivity. The optimized
structure of *I-ts1 along with the computed spin density plot
is shown in Figure 2. At this transition state significant spin

Figure 2. B3LYP-optimized structure and spin density plot of °ItsT.

density on the DHA moiety is noted and this indicates
a possible proton-coupled electron-transfer (PCET) mecha-
nism for the C—H bond-activation process.!""! The abstraction
of the H atom from DHA leads to the formation of Cr'"'-
OOH species and this step is exothermic by 2.0 kImol™!
(Figure 1).

The second hydrogen atom
abstraction from the MHA
(monohydroanthracene) holds
the key to the formation of the
final product, which is detected
experimentally as a Cr'™-OH
species.'®  Various possible
pathways for this step are illus-
trated in Scheme S1 in the Sup-
porting Information. The first
pathway considers abstraction
of the second H atom by Cr''-
OOH itself, thus leading to the

IV__

@‘@ @‘@ formation of the Cr''=O spe-
R S cies, water, and anthracene
(,/" (Pathway I,; see Scheme S1 in

_\J.r,.‘_ the Supporting Information).

1™ The Cr'V=0 generated in this

-186.6 ; fashion could further attack

another DHA and yields

a Cr'"-OH species. The second
possibility considered here is
the homolytic and heterolytic
(Pathway I, and I, respectively;
Scheme 2) cleavage of the O--O
bond of the Cr'™-OOH species,
thus leading to the formation of
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Scheme 2. Mechanism of C—H bond activation by Cr'/"—oxo species.

Cr'Y=0 and Cr"=0, respectively, which could then activate
the second hydrogen atom.

For Pathway I, (Figure 1), the barrier height is estimated
to be 96.2 kJ mol ™ on the quintet surface and the formation of
CrV=0 is found to be exothermic by a large energy
margin.'"! This large gain in thermodynamic stability eases
further steps and eventually leads to the formation of Cr™—
OH species as the final product. For the Cr'V=0 species, the
S=1 state is computed to be the ground state, with §=0
being 36.4 kImol~' higher in energy. The computed ground
state is consistent with the experimental observation, where
the species is found to be EPR silent, and magnetic studies
reveal an S=1 ground state. Calculation of the zero-field
splitting parameter for this species yields a D value of
—5.74 cm™" with an E/D value of 0.066. The large negative
D value computed is consistent with the EPR-silent nature at
an X-band frequency.!'” The unpaired electrons are found to
be in the Cr(d,,)—O(s*) and Cr(d,,)—O(n*) orbitals with
a significant spin density detected on the oxygen atom. The
barrier height for the C—H bond activation by this species is
47.7 kJmol™" (Figure 1), thus indicating that this species is
a stronger oxidant than the Cr'™ superoxo species, if we ignore
the energy required to generate this species. The final Cr'™—
OH product formation is also computed to be exothermic in
nature.

In the second possible pathway, the O--O bond of the
Cr"-OOH species is assumed to be cleaved (Scheme 2, and
see Figures S6 and S7). The O--O bond of the Cr'"™-OOH
species could cleave homolytically or heterolytically (Path-
way I, or I;; Scheme 2) and here at the transition state, the
spin densities on the two oxygen atoms are equally distrib-
uted, thus suggesting an electronically favored homolytic
cleavage of the O-+-O bond. The barrier height for this
cleavage is computed to be 69.5 kImol ' and the formation of
the Cr'Y=0 species by this pathway is also exothermic by
36.4 kImol ™. This Cr'V=0 generated could attack MHA or
another DHA and may finally produce a Cr'™-OH species.
Although our transition state reveals the formation of a Cr'¥=
O species upon O--O cleavage, an external stimuli such as
protons could lead to heterolytic cleavage of the O--O bond,
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thus resulting in the formation of the putative Cr'=
species.”” This species has recently been synthesized by
direct oxidation of the Cr™ complex using iodosylbenzene as
the oxidant.'"™ The Cr¥=0 formation here from Cr'"—OOH,
however, is excessively endothermic (183.3 kImol™!) and
suggests that Cr'=O0 is unlikely to be generated from a Cr'"'-
OOH species without any external stimuli. Since this species
has been generated by a direct oxidation route, we decided to
test the C—H bond activation ability of the Cr¥=0 species, and
computed the C—H bond activation step, wherein the barrier
height is estimated to be 22.1 kI mol™" and is much lower than
that of the Cr™V=0O species. These data are in line with the
nonheme iron chemistry where an FeY=O species has been
termed the vigorous oxidant compared to the popular Fe™V=0
species.?217

The final product expected in the C—H bond-activation
reaction is a Cr'™—-OH species. To test also the ability of this
species for C—H bond activation, we computed the corre-
sponding transition states with DHA and also with MHA, and
the computed barriers are prohibitively high (154.0 and
113.8 kI mol ™', respectively), thus suggesting product inhib-
ition is operative in this reaction. This outcome is also in
accord with ESI-MS data which suggest that the final product
of this reaction is a [Cr'"'(14-TMC)(OH)(CI)]* species.!"”!

Thus, our calculations suggest that the individual oxida-
tive abilities have the following pattern Cr'=0 > Cr"V=0 >
Cr™-O00". However if either the Cr'V=0 or Cr¥=0 species
are to be generated from the Cr'™-OOH species, the situation
changes, as there is a significant kinetic barrier for the O--O
bond cleavage and the calculation predicts a Cr'"-00~ ~
Cr¥=0 > Cr'Y=0 pattern for the oxidative abilities. This
pattern clearly illustrates that the reaction proceeds through
pathway I, as described in Figure 1, and is supported by the
oxygen-atom-transfer reaction rate reported for the superoxo
species.*]

Now that the comparative oxidative ability within the
chromium-oxo species is established, we compared the
reactivity across the metal-superoxo species. The computed
potential energy surfaces (PESs) for the species 1-4 are
shown in Figure 3 (see also Figure 2). From the profile we
observe that both Mn-O,~ and Fe-O,~ species have lower
barrier heights, with Mn—O," possessing the lowest barrier
height of all. The Cr-O,~ and Cu-O,~ species, however,
possess relatively higher barrier heights, with Cu-O,~
demanding close to 97.2 kImol™" energy for the C—H bond
activation. The observed trend can be rationalized based on
the exchange enhanced reactivity (EER)™ concept where
lower barrier heights are expected for species possessing more
unpaired electrons at the transition state. Although the EER
concept predicts Fe-O,~ to be the lowest, the additional
electron in the case of Fe enters into the d,. . orbital, thus
rendering a weaker effective exchange. The schematic
representation of orbital evolution for these species is
shown in Scheme S2, and clearly demonstrates this point.
These data suggest that the Fe—O,"~ and Mn-O,"~ species are
vigorous oxidants compared to Cr-O," and Cu-O,, where
the computed barrier heights are much higher. To further
elucidate the oxidative abilities on a different set of reactions,
we tested the epoxidation of olefins (with cis-2-butene as
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Figure 3. B3LYP-D3-computed potential energy surface (AG in
k) mol™") for C—H activation by chromium (green), copper (blue), iron
(burgundy), and manganese (pink) superoxo species.

substrate) with these superoxo species,'” and have computed
the kinectic requirement for the epoxidation reaction. The
barrier heights are estimated to be 52.6, 56.8, 76.5, and
111.8 kJmol~! for Mn-O,~, Fe-O,~, Cr—O,” and Cu-O,",
respectively (see Figure S8 and Table S3). The trend reflected
here is similar to that of the C—H activation reaction and
suggests that there is a common reactivity trend among the
M-0O," species. This trend suggests that the reactivity pattern
may have relevance to nature’s choice of metal ions in
metalloenzymes: choosing Fe/Mn-O,~ species when aggres-
sive oxidative abilities®*7**®! are required and Cu-O,"
species when relatively milder conditions are desired.7*!1]

Although the magnetic coupling among these species
cannot be directly compared to the C—H bond-activation
parameter, here we have probed how magnetic coupling
influences these reactivities within the species. Thus, here we
decided to fine-tune the J parameter by varying the M-O-O
angle in 1-4 (magneto-structural correlation) and computed
the barrier heights as J varies. A near-linear relationship
between the activation barrier and J values are witnessed for
some species (see Figure S9 and Table S4) and this reiterates
our hypothesis that the magnetic coupling, which is a well-
established parameter in molecular magnetism, is strongly
correlated to the kinetics of the C—H bond-activation process
and EER. Earlier studies on Cu-O,~ species!*! and reactivity
patterns associated with hemoglobin also reveal that the M-
0-0 angle is strongly correlated to its reactivity.?? Since the
angle alters the magnetic coupling significantly this in turn
affects the reactivity. This relationship can be substantiated if
the magnitudes of the spin density on the metal atoms are
analyzed. Antiferromagnetic coupling resulting from deloc-
alization/polarization of spins lead to a relatively smaller spin
density compared to that of the ferromagnetic state, thus
leading to larger exchange stabilization and greater reactivity.
Our magneto-structural correlation suggests that structural
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features can be fine-tuned to alter the J values, which in turn
will influence the reactivity of these species.

To this end, we explored the reactivity of a series of M—
O, species and their competing oxidative abilities. Among
different high-valent species generated by oxygen activation,
metal-superoxo species are found to be the most vigorous
oxidants. This reactivity is inherently due to a large kinetic
barrier for the O--O bond cleavage which overshadows the
strong oxidative abilities of the metal-oxo species. Among
several metal-superoxo species tested, our calculations reveal
that Mn/Fe-O,~ species are stronger oxidants compared to
either Cr-O,~ or Cu-O,", and the oxidative abilities are
found to be correlated to the magnetic exchange parameter J.
These findings have direct relevance to the functions of
several metalloenzymes.
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