
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2026, 55,
5529

Received 29th December 2025,
Accepted 3rd March 2026

DOI: 10.1039/d5dt03104d

rsc.li/dalton

Deciphering the mechanistic insights and
reactivity trend of high-valent Mn/Fe/Co–oxo
species toward C–H bond activation and oxygen
atom transfer

Mukhtar Ahmed,a Manjeet Kumar, b Mursaleem Ansari,*c Manoj Kumar Gupta *a

and Azaj Ansari *a

Understanding the structure and reaction pathways of high-valent metal–oxo species in C–H bond acti-

vation and oxygen atom transfer reactions is of great importance for improving their reactivity. Herein, we

examine the reactivity of heme-based Mn/Fe/Co–oxo porphyrin complexes supported by an axial 1,3-di-

methylimidazole ligand with substrates such as methane, 1,4-cyclohexadiene and dimethyl sulfide using

density functional theory. Our calculations predicted quartet, triplet and doublet as the ground state for

Mn, Fe and Co species, respectively. This study also reveals a reactivity trend of species Co > Fe > Mn

during C–H bond activation and oxygen atom transfer reactions. Computed reaction profiles consistently

identify the Co–oxo species as the most reactive, establishing the reactivity order. Furthermore, the for-

mation of Co(III)-oxyl rather than a Co(IV)vO species in species 3 is supported by the pronounced spin

density localized on the oxygen atom, orbital analysis, M–O bond length and stretching frequency trends.

Non-covalent interactions and quantum theory of atoms in molecules analyses show stronger dispersive

stabilization and greater Co–O bond polarization relative to the Mn and Fe analogues. Energy decompo-

sition analysis further confirms more favorable interaction energies for the Co–O transition states. Our

analysis demonstrates that the higher reactivity of species 3 arises from its uniquely polarized electronic

structure, enhanced oxyl radical character, enhanced non-covalent transition state stabilization and stron-

ger polarization in the Co–O bond. Overall, this work provides a new mechanistic understanding that

moves beyond the traditional focus on the spin state and oxyl radical character and offers definitive

design principles for developing bioinspired catalysts capable of selective C–H bond and oxygen atom

transfer functionalization.

Introduction

High-valent metal–oxo species are widely recognized as impor-
tant intermediates in oxidation reactions catalyzed by both
metalloenzymes and synthetic metal complexes.1 The chem-
istry of these reactive species, particularly for early transition
metals, has been extensively explored,1 owing to their stability
imparted by vacant d-orbitals.2 Numerous terminal oxo com-
plexes of chromium,3 manganese,4 and iron5,1e have been syn-
thesized, isolated, and comprehensively characterized. Their
reactivity has been studied in depth, especially in the oxidation

of organic substrates through processes such as oxygen atom
transfer (OAT) and C–H bond activation.6 OAT refers to reac-
tions in which an oxygen atom is directly transferred from the
metal–oxo unit to a substrate. Molecular models of heme and
non-heme iron enzymes such as analogs of cytochrome P450
and other oxidative enzymes have been at the forefront of
efforts to elucidate the mechanisms of OAT from iron–oxo
complexes to organic substrates.7 These studies have signifi-
cantly advanced our understanding of how such species
mediate various oxidation reactions.

High-valent manganese–oxo complexes coordinated by
both heme and non-heme ligands have similarly attracted con-
siderable attention in the fields of bioinorganic and oxidation
chemistry. These species are postulated as crucial intermedi-
ates in manganese-catalyzed oxidation of organic substrates
and in the water splitting process of Photosystem II.8 Their
efficient reactivity has led to numerous biomimetic investi-
gations involving both OAT and C–H activation
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reactions.9,1f,h,6b There is also sustained interest in the broader
class of atom transfer reactions involving high valent metal–
oxo complexes particularly those transferring oxygen, sulfur
and nitrogen atoms due to their central role in various enzy-
matic systems. Examples include cytochrome P450, sulfite
oxidase, phosphine oxidases, nitrate reductase, dimethyl sulf-
oxide (DMSO) reductase and oxygen evolution in Photosystem
II.10,9a,b Given their biological and industrial significance, OAT
reactions mediated by such high-valent species continue to be
an active area of research.11

The iron(IV)–oxo porphyrin π-cation radical species (com-
monly referred to as Compound I) has long been recognized as
a key oxidizing intermediate in cytochrome P450 catalysis
responsible for both C–H activation and OAT
reactions.12,1c,f,2a,9d,9e Its one-electron reduced form, the iron
(IV)–oxo porphyrin complex (Compound II)13 along with related
non-heme iron(IV)–oxo analogs14 also plays crucial roles in a
wide range of oxidative transformations. Numerous studies
have explored how the ligand environment influences the
structure and reactivity of these complexes. Parameters such as
electronic effects,15 equatorial ring size,16 ligand topology17

and axial ligand identity18 have been shown to profoundly
affect their oxidative performance.

Similarly, mononuclear non-heme manganese complexes
have demonstrated high catalytic activity in olefin epoxidation
and alkane hydroxylation particularly when using environmen-
tally benign oxidants like hydrogen peroxide in combination
with carboxylic acids. These processes are often proposed to
proceed via high-valent Mn(V)vO intermediates. Mn(V)–oxo
species with macrocyclic ligands including porphyrins, cor-
roles, corrolazines, and TAMLs have been synthesized and
characterized by various spectroscopic and crystallographic
methods.19 Cobalt–oxo complexes have also emerged as
promising oxidants with Co(IV)–oxo species suggested as key
intermediates in cobalt mediated catalytic oxidations.20

Building on these experimental findings, many research
groups have developed biomimetic models that successfully
mimic the reactivity of their enzymatic counterparts.21

Computational studies have played a pivotal role in elucidat-
ing the electronic structures, bonding characteristics and
reaction mechanisms of these high-valent metal–oxo com-
plexes. These investigations have also helped decode the
energetic profiles and kinetic pathways involved in both OAT
and C–H activation.22 Rajaraman and co-workers have pro-
vided mechanistic insights into the formation of Mn(III)vO
and Mn(IV)vO with ligand [H3buea]

3− [H3buea = tris[(N-tert-
butylureaylato)-N-ethylene]aminato] using molecular oxygen
under ambient conditions.23 They also examined hydrogen
atom transfer (HAT) from 9,10-dihydroanthracene (DHA) by
these manganese–oxo complexes.24 HAT refers to the abstrac-
tion of a hydrogen atom from a C–H bond by the metal–oxo
species which results in the generation of a substrate radical
and a metal-hydroxo intermediate. Likewise, de Visser and
colleagues conducted theoretical studies on the activation of
bisphenol A (BPA) via a model of human liver cytochrome
P450.25

Furthermore, previous studies have demonstrated that
incorporation of N-heterocyclic carbene donors into the por-
phyrinoid framework, by replacing the pyrrole group, leads to
substantial changes in the electronic structure and coordi-
nation chemistry of iron complexes.26 Inspired by these
advancements, we have modeled terminal high-valent Fe, Mn
and Co–oxo species supported by the dianion of 5,10,15,20-tet-
rakis(phenyl)porphyrin (TPP) and N-heterocyclic carbene (1,3-
Me2Imd) ligands based on Compound II-type intermediates
(M(IV)vO).27 These biomimetic systems are designed to inves-
tigate mechanistic pathways of C–H bond activation and OAT
reactions involving substrates such as methane, 1,4-cyclohexa-
diene and dimethyl sulfide.24 In previous studies, general reac-
tivity patterns for various metal–oxo systems have been
discussed;5a,6e,9e,27j,28 however, a systematic and combined
comparison of how the identity of the metal center controls
mechanistic preferences and reactivity trends toward these
reaction channels within an identical porphyrin framework
remains limited. In this context, the present work aims to
address this gap by employing a consistent computational
framework to compare the reactivity of modeled high-valent
Fe, Mn and Co–oxo porphyrin complexes toward these reac-
tions. This study provides molecular level insight into the
origin of metal dependent reactivity trends and explores the
factors governing HAT and OAT pathways. Our objective is to
evaluate the oxidative potential of these complexes and to elu-
cidate the critical factors governing their reactivity toward C–H
activation and OAT processes.

Computational details

The Gaussian16 program was used to perform all the DFT cal-
culations.29 A gas phase optimization was conducted without
any constraints on local minima or transition states (TS). The
calculations were performed using the dispersion-incorporated
unrestricted hybrid density functional UB3LYP-D2.30 For the
transition metals, LANL2DZ (Los Alamos National Laboratory
2 Double-Zeta),31 a commonly applied ECP type basis set was
used. For the other organic elements (C, N, O and H), the 6-
31G32 basis set was employed. The “GEN” keyword was used
for the generation of this mixed basis set. B3LYP-D2 has con-
tinuously shown during the course of its development and it is
able to predict energetics and structures of transition metal-
based catalytic reactions with high accuracy.22b,c,27c,33 In order
to promote smooth convergence, the fragmentation strategy34

which is already included in Gaussian16 has also been used to
increase the computing efficiency. Analytic frequency calcu-
lations were used to determine the transition state geometries
that were optimized at the same theoretical level. Local
minima have all the real frequencies, but only one imaginary
frequency containing the appropriate vibrational distortion
supported the transition state. Furthermore, a conductor-type
polarized continuum model (CPCM)35 was employed for
single-point computations using a bigger (TZVP) basis set36 in
order to account for the solvent (acetonitrile) influence on all
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of the optimized structures. The potential energy surface (PES)
profile was estimated utilizing the solvation energies com-
puted using the B3LYP-D2 method which incorporates free-
energy corrections resulting from vibrational frequency com-
putations. For the purpose of picture clarity, H atoms are
removed from the optimized structures with the exception of
the H atom included in transition state structures. Non-
covalent interaction (NCI), electron localization function (ELF),
localized orbital locator (LOL), interaction region indicator
(IRI) and quantum theory of atoms in molecules (QTAIM) ana-
lyses are executed with the help of VMD 1.9.3 and Multiwfn
3.8 software.37,38

We applied energy decomposition analysis (EDA)39 using
the Gaussian16 program to investigate the factors contributing
to barrier heights in the reaction. Specifically, this analysis was
conducted on the H-atom abstraction step examining the
associated barrier height (ΔE‡).40 This is defined as follows in
eqn (1a) and (1b):

ΔE ‡ ¼ ΔEdef þ ΔEint ð1aÞ
where

ΔEdef=dist ¼ ½fERðTSÞ þ ESðTSÞg � fER þ ESg� ð1bÞ
The substrate and reactant equivalents are denoted by S

and R in their structure of the transition state. Here, ES and ER
are defined as the energy of the substrate and reactant in their
undistorted state, whereas ES(TS) and ER(TS) are the single-point
energy of the separated substrate and oxidant fragments in the
transition state.

The total deformation energy (ΔEdef ) represents the energy
needed to distort both the substrate and the oxidant into their
geometries in the transition state (TS). The interaction energy
(ΔEint) is the energy between these deformed reactants as they
are brought to their TS distances. Interaction energy (1c) can
be stabilizing (ΔEint < 0) when the orbital mixing term (ΔEorb)
is dominant and there is a favorable electrostatic interaction
(ΔEel). Alternatively, ΔEint may be destabilizing (ΔEint > 0) due
to steric repulsions denoted in eqn (1c) as ΔEPauli(steric).41

ΔEint ¼ ΔEorb þ ΔEel þ ΔEPauliðstericÞ ð1cÞ
Here, we used notations MA–XN where the superscript ‘M’

denotes the spin multiplicity and the subscript N denotes the
different spin configurations (high spin, low spin etc.) of the
Mn/Fe/Co species. A and X represent the name and number of
complexes.

Results and discussion

This report presents a detailed analysis of three modeled high-
valent manganese–oxo (species 1), iron–oxo (species 2) and
cobalt–oxo (species 3) catalytic systems denoted as Mn+O(TPP)
(Im) (Mn+ = MnIV, FeIV, CoIV; TPP = meso-tetraphenylporphyrin;
Im = 1,3-Me2Imd). The study primarily focuses on investigating
the geometry, spin-state energetics, electronic structures and

mechanistic behavior of these systems. All the possible spin
states are considered to comprehensively explore the reaction
mechanisms. To evaluate the catalytic performance, substrates
such as methane (CH4), cyclohexadiene (CHD) and dimethyl
sulfide (SMe2) are employed as they are widely utilized in
studies of C–H bond activation and oxygen atom transfer reac-
tions. The subsequent sections delve into the electronic struc-
ture of these species and then in-depth examination of their
catalytic capabilities in C–H bond activation and oxygen atom
transfer reactions followed by comparative analysis.

Electronic structure and spin-state energetics of species 1–3

All three species have 1,3-Me2Imd carbene as a supporting
ligand to the M–O (MvMn/Fe/Co) axis whereas the TPP ligand
is perpendicular to the M–O axis (see Scheme S1of the SI). We
have optimized possible spin surfaces of species 1–3 and the
optimized geometry of the ground state with key geometric
parameters are shown in Fig. 1. DFT calculations reveal that
species 1 (Fig. 1(a)) has a quartet (4R-1hs) as the ground state
while the doublet state (2R-1ls) lies at 51.0 kJ mol−1 higher in
energy (see Table S1 of the SI). Similarly, species 2 has a triplet
(3R-2is) as the ground state (Fig. 1(c)) while species 3 has
doublet (2R-3ls) as the ground state (Fig. 1(e)). All the computed
ground states are consistent with the earlier reports.42,26c The
singlet (1R-2ls) and quintet (5R-2hs) spin states of species 2 lie
at 125.0 and 52.9 kJ mol−1 higher in energy while the quartet
(4R-3is) and sextet (6R-3hs) spin states of species 3 lie at 59.3
and 123.2 kJ mol−1, respectively (see Tables S2 and S3 of
the SI).

In the previous study, DLPNO-CCSD(T) calculations identi-
fied the triplet and doublet states as the respective ground
states of species 2 and 3.42 These findings are consistent with
the DFT results which further support the reliability of the
employed methodology.33c,43 The Mn–O bond length of
species 1 is computed to be 1.686 Å for the quartet and
1.707 Å for the doublet spin states. Similarly, the Fe–O bond
length of species 2 is computed to be 1.671 Å (singlet), 1.672 Å
(triplet) and 1.662 Å (quintet), whereas 1.854 Å (doublet),
1.699 Å (quartet) and 1.924 Å (sextet) in the case of Co–O.
These computed bond parameters of all the three species are

Fig. 1 Optimized structures along with the corresponding spin density
plots of (a and b) 4R-1, (c and d) 3R-2 and (e and f) 2R-3 (contour value
= 0.03) (given bond lengths are in Å).
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in agreement with slightly different ligand architectures (see
Tables S4–S6 of the SI).43a,44 The computed spin density values
at Mn, Fe and Co centres of species 1–3 are found to be 2.34,
1.05 and −0.06, respectively (Fig. 1(b, d and f) and Tables S7–
S9 of the SI). Furthermore, the computed spin density (ρ) at
the oxygen atom is found to be 0.78, 1.03 and 1.05 for species
1, 2 and 3, respectively. A significant spin density is found to
be at the oxygen centre of species 1–3 (see Fig. 1(b, d and f)
and Tables S7–S9 of the SI) which can facilitate the catalytic
activity toward C–H bond activation and oxygen atom transfer
reactions.45

Furthermore, the electronic configuration for the ground
state of species 1 and species 2 is found to be (dxy)

1(dxz)
1

(dyz)
1(dx2

_
y2)

0(dz2)
0 and (dxy)

2(dxz)
1(dyz)

1(dx2
_
y2)

0(dz2)
0, whereas it

is (δxy)
2(πxz)2(πyz)2(δx2_y2)0 (σz2)0(σOpz)

2(π*Opy)
2(π*Opx)

1 for
species 3 (see Fig. S1–S3 of the SI). The electronic configur-
ation of species 3 is different from that of species 1 and 2
because of low-lying d-orbitals of cobalt.42,46 The bonding
π(Co–O) orbitals arise primarily from the Co based d-orbital,
whereas the corresponding antibonding π*(Co–O) orbitals are
dominated by O-based p-orbitals. This electronic distribution
suggests that the bonding in the doublet state of species 3 is
more appropriately described as a Co(III) center bound to an
oxyl radical (O•−) with the unpaired electron residing in a p
orbital oriented perpendicular to the Co–O bond axis (Fig. S3
of the SI).46

Molecular electrostatic potential (MEP) surfaces are com-
puted to gain further insight into charge distribution in
species 1–3 (Fig. S4 of the SI). In all three species, the oxygen
centre is located in the most negative potential region (red)
which highlights its electron-rich nature, making it susceptible
for electrophilic attack.47 The relationship between the M–O
bond length (Å) and the corresponding stretching frequency
was further examined using Badger’s rule.48 A near-linear cor-
relation was observed when plotting the calculated bond
lengths against 1/ν2/3M–O (cm2/3) as shown in Fig. 2 (R2 =
0.98).49 This strong correlation demonstrates that Badger’s
rule is also applicable to the computed high-valent Mn, Fe and
Co–oxo porphyrin species. From this plot, it is concluded that

the bond length variation in M–O affirms that the species 1
and species 2 are the true Mn/Fe(IV)–oxo units, whereas the
species 3 is the Co(III)–oxyl unit. The data validate the expected
inverse correlation between bond strength and bond length as
per Badger’s rule.49

Reactivity of 1–3 towards methane

The adopted mechanism for methane hydroxylation by species
1–3 is shown in Scheme S1 of the SI. This generic mechanism
involves the CH4 substrate approaching the metal–oxo (R)
centres to form a reactant complex (RC) adduct. After the for-
mation of the adduct, species 1–3 activate the C–H bond of
CH4 in the first step via TS1 leading to the formation of a
metal-hydroxo (M–OH) along with the CH3 radical (INT1). In
the subsequent step, –OH rebound via TS2 leading to a
hydroxylated product (INT2) which further leads to the for-
mation of the M(II) precursor. This proposed mechanism is con-
sistent with previous studies on related complexes.50,4b,6a,1f,41a

To gain a deeper insight into the reactivity pattern of the three
complexes, we computed the activation barriers for C–H bond
activation of a methane molecule.

For the species 1, the computed potential energy (PESs)
diagram is shown in Fig. 3. Here, the quartet (4R-1hs) spin
surface is found as the ground state and a reactant complex
(4RC-1hs) is formed upon approaching CH4 which is lying at
23.0 kJ mol− relative to the reactant while its doublet spin
surface (2RC-1ls) is found at 71.5 kJ mol−1 which reflects that
the reaction will proceed via 4RC-1hs. In the next step, the reac-
tant complex (4RC-1hs) abstracts the hydrogen leading to the
formation of the first transition state (4,2TS1-1) which requires
102.2 kJ mol−1 and 156.4 kJ mol−1 at the quartet (4TS1-1hs)
and the doublet surfaces (2TS1-1ls) indicating that the hydro-
gen abstraction takes place at the high spin surface. The com-
puted Mn–O (1.838 Å) and O⋯H (1.122 Å) bond lengths of the

Fig. 2 Badger plot for the M–O bond length of species 1–3 versus 1/ν2/
3
M–O (cm2/3) with the νM–O stretching vibration for the M–O bond.

Fig. 3 The key geometric parameters of the transition states (4TS1-1hs
and 2TS2-1is) and energy profile (ΔG in kJ mol−1) for C–H bond acti-
vation of CH4 by 1 (given bond lengths and bond angles are in Å and °).
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4TS1-1hs confirm the formation of the transition state, whereas
the Mn–O–H angle is computed to be 114.1° suggesting the
π-pathway. In 4TS1-1hs, the spin density on the Mn and O
centres is found to be 2.00 and 0.51, respectively, whereas C of
methane possessing a significant spin density of 0.70 suggests
the formation of a radical rather than the cationic or anionic
character (see Table S7 of the SI). Following hydrogen atom
abstraction, the intermediate INT1-1 is formed. Here, we have
computed all possible interactions of the intermediate (Mn
(III)–OH) with the methyl radical (i.e., all possible interactions
are summarized in Table S10 of the SI).51 Computed results
show that 4INT1-1is is located at 85.3 kJ mol− while the other
spin surfaces are found at higher energy (see Fig. 3 and
Table S10 of the SI). Subsequently, the reaction then proceeds
through a second transition state (TS2-1; see Table S11 of the
SI). Among all the computed spin states of TS2-1, the inter-
mediate spin state (2TS2-1is) shows a lower energy barrier
(42.0 kJ mol−1) compared to the other spin states such as high
spin (6,4TS2-1) (49.2 and 110.0 kJ mol−1 for 6TS2-1hs and

4TS2-
1hs), intermediate spin (71.4 kJ mol−1 for 4TS2-1is) and low
spin (82.1 kJ mol−1 for 2TS2-1ls) surfaces. In the 2TS2-1is tran-
sition state, the Mn–O bond undergoes further elongation
(1.868 Å), while a new O⋯C bond (2.305 Å) is simultaneously
formed (Fig. 3 and Table S4 of the SI). The bond angle of Mn–
O–C and Mn–O–H is found to be 118.4° and 113.6°, respect-
ively, which also indicate the π-pathway. Notably, the energy of
2TS2-1is is lower than that of 4TS1-1hs, suggesting that the HAT
step is the rate-determining step rather than the rebound step.
This transition state leads to the formation of INT2-1 stabilized
at −98.0 kJ mol−1 at 6INT2-1hs (see Fig. 3 for other states). In
the last step, the –OH group is expected to rebound to the
methyl radical to give methanol and the product which is
further stabilized at −100.6 kJ mol−1 (6P-1hs, see Fig. 3 for
other states). Our DFT computed results are consistent with
the previous report for high-valent transition metal–oxo
systems towards C–H activation.52

Similarly, we have computed the energy profile for the C–H
bond activation of methane by species 2 and is shown in
Fig. S5 of the SI. For species 2, 3R-2is is found as the ground
state followed by 5R-2hs (52.9 kJ mol−1) and 1R-2ls (125.0 kJ
mol−1) states.

The computed barrier height for the hydrogen atom
abstraction is estimated to be 80.6 kJ mol−1 (3TS1-2is) followed
by 5TS1-2hs (143.8 kJ mol−1) and 1TS1-2ls (176.2 kJ mol−1) (see
Fig. S5 of the SI). The Fe–O–H bond angle is 112.4° depicting
the π-channel (see Table S5 of the SI). The Mulliken spin
density values are found to be 0.91 and 0.55 at the Fe and O
centre, while 0.76 at the carbon of CH3 suggests the formation
of radical character (see Table S8 of the SI). In the next step,
formation of Fe(III)–OH along with the methyl radical inter-
mediate takes place with 3INT1-2ls at 56.2 kJ mol−1 (see
Table S10 of the SI for other states). The rebound barrier for
this state is 32.6 kJ mol−1 (3TS2-2ls) (see Fig. S5 and Table S11
of the SI). Here also, the HAT step is the rate-determining step
over OAT. This transition state leads to the formation of
5,3,1INT2-2 where 1INT2-2ls is stabilized at −98.9 and the final

product complex 5P-2hs is further stabilized at −99.5 kJ mol−1

(see Fig. S5 for other states).
Furthermore, the PESs for the C–H bond activation of

methane by the species 3 are also computed and 2R-3ls is
found as the ground state (Fig. S6 of the SI). The calculated
possible spin states of the reactant complex show that 2RC-3ls
(10.3 kJ mol−1) is the ground state. The computed barrier for
abstraction of hydrogen is 23.6 kJ mol−1 for the 2TS1-3ls (see
Fig. S6 for the other states). The computed bond lengths of the
2TS1-3ls also depict the formation of the transition state (see
Fig. S6 and Table S6 of the SI). This hydrogen atom abstraction
step yields the radical-type intermediate where 2INT1-3ls
(−3.5 kJ mol−1) is found as the ground state (see Table S10 of
the SI). In the next step, the oxygen transfer takes place via
2TS2-3ls and the estimated barrier is found to be 35.2 kJ mol−1

(see Fig. S6 and Table S11 for other states). In the next step,
2INT2-3ls and

4INT2-3hs are formed and are thermodynamically
stabilized at −148.8 and −136.6 kJ mol−1, respectively. The for-
mation of the product is further stabilized at −167.1 kJ mol−1

(2P-3ls) indicating the facile formation as compared to the
species 1 and 2. Notably, the low-spin surface offers a lower-
energy pathway throughout the transformation compared to
both the intermediate and high-spin states. The spin density
value of Co (−0.02) and O (0.45) for 2TS1-3ls shows the spin
delocalization between cobalt and oxygen centres which leads
to hydrogen abstraction and consistent with a radical-type
transition state. As shown in Fig. 4, it is concluded that the
overall calculated barrier height shows that species 3 is more
reactive than the species 1 and 2 and these results are consist-
ent with the previous study.53

Reactivity of 1–3 towards cyclohexadiene

Furthermore, we have also tested the reactivity trend of species
1–3 toward C–H activation of cyclohexadiene (CHD) (see
Scheme S2 of the SI) and the computed energy profile for CHD
activation by species 1–3 is shown in Fig. S7–S9 of the SI. It

Fig. 4 Computed potential energy (ΔG in kJ mol−1) surface of ground
states for methane hydroxylation by 1 (red), 2 (green) and 3 (blue).
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demonstrates a stepwise mechanism that proceeds via two
transition states (TS1 and TS2) which involves sequential
abstraction of two allylic hydrogen atoms (Scheme S2 of the
SI).54 Here, the computed spin state of the reactant complex
shows 4RC-1hs as the ground state which is lying at 18.0 kJ
mol−1 from the 4R-1hs. Furthermore, the estimated barrier for
first hydrogen abstraction of CHD is found to be 26.1 kJ mol−1

at the high-spin surface (4TS1-1hs) while 37.4 kJ mol−1 at the
low spin (2TS1-1ls) (see Fig. S7 of the SI for other states). In the
optimized geometry of 4TS1-1hs, Mn–O, C⋯H and O⋯H bond
lengths are computed to be 1.770, 1.327 and 1.236 Å, whereas
the Mn–O–H bond is found to be 120.0° which indicates the
π-pathway (see Table S4 in the SI). The spin density values of
0.54 (oxygen) and 0.31 (carbon) depict the formation of oxyl
character at the oxo centre and radical character at the carbon
of CHD (see Table S7 in the SI). This step results in the for-
mation of intermediate 4INT1-1is which lies at −69.7 kJ mol−1

below the reactant, highlighting the thermodynamic driving
force associated with the more stabilized allylic radical (see
Table S10 of the SI). In the next step, Mn(III-OH) interacts with
the monohydrohexadiene radical (MHD) and abstracts the
second hydrogen, resulting in benzene as a product. Here, all
the possible spin surfaces for TS2 are computed (see Fig. S7
and Table S11 of the SI).51 The computed barrier for the
second hydrogen abstraction is 26.8 kJ mol−1 (2TS2-1is). Both
the transition states involve MnvO⋯H–C interactions consist-
ent with sequential hydrogen atom abstraction steps rather
than rebound-type recombination. The intermediate formed
after the second hydrogen atom abstraction stabilized at
−256.9 kJ mol−1 (6INT2-1hs) which further converted into the
final product at −292.3 kJ mol−1 on the high spin surface
(6P-1hs) (see Fig. S7 for other states). These large negative
values reflect the formation of a highly stabilized conjugated
diene and Mn(II)–OH2 species.

Similarly, for species 2, the PESs (Fig. S8 of the SI) show
that the intermediate-spin reactant complex (3RC-2is) is the
ground state (−12.4 kJ mol−1). The first hydrogen abstraction
proceeds via 3TS1-2is with a barrier of 28.6 kJ mol−1 (see
Fig. S8 for other states). A spin density value of 0.33 on the
substrate carbon confirms the radical character (see Table S8
of the SI). The resulting Fe(III)–OH/MHD radical intermediate
(INT1-2) has a triplet ground state (3INT1-2ls) lying at −101.1 kJ
mol−1 (see Fig. S8 and Table S10 of the SI for other spin
states). Subsequently, the second hydrogen abstraction occurs
via TS2 with a 25.4 kJ mol−1 barrier (1TS2-2ls) (see Fig. S8 and
Table S11 for other spin states). The corresponding intermedi-
ate (1INT2-2ls) is stabilized at −294.3 kJ mol−1 and the final
product (5P-2hs) is strongly exergonic at −306.6 kJ mol−1 (see
Fig. S8 for other states). Overall, the first hydrogen abstraction
is the rate-determining step consistent with the known behav-
ior of Fe-porphyrin systems in hydrocarbon oxidation.55

For species 3, the PESs for C–H bond activation of CHD are
illustrated in Fig. S9 of the SI. The reaction starts from the
doublet ground state (2R-3ls) forming the reactant complex
2RC-3ls at −29.8 kJ mol−1. The first hydrogen atom abstraction
occurs via 2TS1-3ls with a remarkably low barrier of 7.7 kJ

mol−1 indicating low kinetic barrier and high exergonicity (see
Fig. S9 of the SI for other states). Thus, species 3 exhibits a sig-
nificantly lower first hydrogen atom abstraction barrier com-
pared to species 1 and 2. The 2TS1-3ls transition state features
an elongated Co–O bond (1.869 Å) and a forming O⋯H bond
(1.347 Å) with a Co–O–H bond angle of 114.4°. The resulting
intermediate 2INT1-3ls is stabilized at −159.9 kJ mol−1 reflect-
ing the strong thermodynamic favorability of CHD radical for-
mation which is more stable than the methyl radical observed
in methane oxidation (see Fig. S9 and Table S10 of the SI). The
second hydrogen atom abstraction proceeds via 2TS2-3ls with a
33.3 kJ mol−1 barrier forming a doublet intermediate 2INT2-3ls
which is stabilized at −345.1 kJ mol−1 (see Fig. S9 and
Table S11 of the SI for the other spin states). In the next step,
product complex 2P-3ls is stabilized at −361.2 kJ mol−1.
Overall, the computed energy profile (see Fig. 5.) predicts that
CHD oxidation by species 3 can be more favorable on the low-
spin doublet surface which can further depict the higher reac-
tivity of the Co–oxo species.

Reactivity of 1–3 towards dimethylsulfide

To further elucidate the oxidative capabilities of species 1–3,
we examined the sulfur oxidation reaction using dimethyl-
sulfide as the substrate and evaluated the kinetic requirements
of this oxidation reaction. In contrast to the stepwise mecha-
nism adopted for C–H activation of substrates such as CH4

and CHD, the oxidation of dimethyl sulfide (SMe2) proceeds
via a direct OAT mechanism (see Scheme S3 in the SI). Here,
we have calculated the energy profile (see Fig. 6 and S10–S12
of the SI) for species 1–3 which reveals the formation of a tran-
sition state through which the terminal oxo ligand is trans-
ferred to the sulfur centre of SMe2. The initial association of
the species 1–3 with SMe2 forms a reactant complex where the
quartet (4RC-1hs), triplet (3RC-2is) and doublet (2RC-3ls) spin
states are found to be ground states for species 1–3, respect-
ively. The OAT reaction proceeds via concerted transition states

Fig. 5 Computed potential energy (ΔG in kJ mol−1) surface of ground
states for C–H activation of CHD by 1 (red), 2 (green) and 3 (blue).
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in which the Mn/Fe/CovO bond is simultaneously cleaved
while a new S–O bond is formed. The barrier heights are esti-
mated to be 90.9 kJ mol−1 (2TS-1ls), 105.6 kJ mol−1 (3TS-2is)
and 50.2 kJ mol−1 (2RC-3ls) for the species 1, 2 and 3, respect-
ively, indicating a kinetically demanding step (see Fig. S10–S12
of the SI).26c The Mn/Fe/Co–O bond lengths in the ground
states increase, whereas the O–S bond shortens. The bond
angle ∠M–O–S is found to be 122.9°/139.4°/129.4° for species
1/2/3 which depicts the π-pathway during OAT (see Tables S4–
S6 of the SI).

The spin density values of 1.69/1.70/0.59 at Mn/Fe/Co
centres whereas −0.04/0.19/0.22 and −0.12/0.18/0.16 at the
oxygen and sulphur centres, respectively, further support the
formation of the O⋯S bond (see Tables S7–S9 of the SI).
Following OAT, the intermediate is formed where the sextet
spin state, 6INT-1hs (37.6 kJ mol−1), is found to be the ground
state for species 1, whereas the singlet, 1INT-2ls (2.0 kJ mol−1)
and doublet, 2INT-3ls (−44.3 kJ mol−1) were found to be the
ground state for species 2 and 3, respectively, (see Fig. S10–S12
of the SI for other states). In the next step, the final product is
formed at −13.4 (6P-1hs), −12.3 (5P-2hs) and −79.8 (2P-3ls) kJ
mol−1 for species 1, 2 and 3, respectively. This pathway is also
supported by the previous studies.56–57,43a The trend reflected
here is similar to that of the C–H activation reaction and
suggests that there is a common reactivity trend for these
metal–oxo species.

Discussion

Our computed barrier heights reveal that species 3 consistently
shows the lowest energy barriers for hydrogen abstraction and
oxygen atom transfer across CH4, CHD and SMe2 substrates.
This persistent barrier reduction establishes species 3 as the
most kinetically favorable and catalytically efficient among the
three metal–oxo species. The Badger plot also depicts that

species 3 possesses the weakest and most activated M–O bond
which further supports the computed barriers (see Fig. 2).

To further understand the energetic origins of the HAT and
OAT processes, we looked at the deformation energy and inter-
action energy (see Table S12 of the SI). Transition states associ-
ated with the abstraction of hydrogen and transfer of oxygen
atoms are computed to evaluate the deformation and inter-
action energies. In the case of methane activation, the defor-
mation energy values are estimated to be 100.9 (4TS1-1hs),
101.9 (3TS1-2is) and 61.1 (2TS1-3ls) kJ mol−1 for 1, 2 and 3,
respectively. The computed interaction energy significantly
contributed to the barrier height in all three species.41a For
methane activation, the barriers are governed predominantly
by deformation energy. In 1, large deformation energy leads to
a higher barrier. In 2 and 3, a more stabilizing interaction
(−16.6 and −27.2 kJ mol−1 for 3TS1-2is and

2TS1-3ls) lowers the
barrier to 85.3 and 33.9 kJ mol−1 from the reactant, respect-
ively. These results demonstrate that attractive interaction
energy reduces the barrier height. Similarly, in CHD activation,
the deformation energies are substantially smaller as com-
pared to methane. The computed deformation energy for 1 is
found to be 30.4 kJ mol−1 (4TS1-1hs), whereas for 2 and 3 it is
−0.43 kJ mol−1 (3TS1-2is) and −27.8 (2TS1-3ls) kJ mol−1,
respectively. For SMe2 oxidation, the deformation energy con-
tributes more to the barrier. 1 exhibits a large deformation
energy (133.4 kJ mol−1 for 2TS-1ls), whereas 2 displays a more
moderate deformation energy (46.5 kJ mol−1 for 3TS-2is). In 3,
deformation is favourable which leads to a reduced barrier of
66.0 kJ mol−1 as compared to 1 and 2. Overall, these defor-
mation and interaction energy analyses show that lower defor-
mation requirements and increasingly favourable interaction
energies from 1 to 3 support the observed reactivity trend.

Furthermore, NCI analysis highlights the role of weak inter-
actions in stabilizing the transition states involved in both the
H-atom abstraction and oxygen atom transfer.58 For all three
metal–oxo species reacting with CH4, CHD and SMe2, the 3D
NCI isosurface consistently displays green regions between the
metal–oxo unit and the approaching substrate which is a
characteristic of dispersive van der Waals interactions (see
Fig. S13–S15 of the SI). These effects are more pronounced for
CHD and SMe2, reflecting their weaker C–H and S–Me bonds
and enhanced susceptibility for activation. Collectively, NCI
results indicate that these weak interactions support transition
state stabilization and correlate well with the observed reactiv-
ity trend 3 > 2 > 1. Steric (%Vbur) analysis further clarifies how
ligand crowding influences the substrate accessibility.59,60 All
three complexes exhibit buried volumes greater than 86%
around the metal–oxo center. These species also show %Vbur
values in several quadrants particularly in NE and NW regions
(see Table S13 and Fig. S16–S19 of the SI). From these com-
puted values it is concluded that all three species have
sufficient open space for substrate approach. This suggests
that the steric factor alone does not govern reactivity, and elec-
tronic factors play a more decisive role.61

Furthermore, QTAIM analysis provides additional insights
into the electronic structure at the transition states.62 Species 3

Fig. 6 Computed potential energy (ΔG in kJ mol−1) surface of the
ground state for oxidation of SMe2 by 1 (red), 2 (green) and 3 (blue).
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consistently exhibits lower electron density and less negative
total energy density at the MvO bond critical point which
shows a more polarized and reactive oxo bond (see Table S14
and Fig. S20–S22 of the SI). In contrast, the O–H and O–S
bond critical points formed during HAT and OAT show higher
ρ and more negative H(r) values for 3, indicating a stronger
interaction with the substrate. These results also support that
3 possesses a more reactive electronic environment which
leads to lower activation barriers. Furthermore, ELF and LOL
analyses support this trend by showing increased electron
localization and stronger orbital overlap at the metal–oxo and
forming bonds in 3.63 The transition states involving 3 display
more defined ELF and LOL isosurfaces with higher localization
values, reflecting more efficient charge reorganizations and
stronger directional bonding during HAT/OAT (see Fig. S23–
S28 of the SI). Moreover, IRI analysis further differentiates
interaction strengths.64 The transition states involving 3 con-
sistently exhibit denser and more continuous IRI isosurfaces
in the O⋯H–C and O⋯S interaction regions compared to 1
and 2 (see Fig. S29–S31 of the SI). Overall, all these analyses
conclude that 3 exhibits stronger non-covalent stabilization,
greater electron localization, more polarized MvO bonds and
more favourable orbital interactions than 1 and 2. These fea-
tures collectively support the computed reactivity trend 3 > 2 >
1 for both HAT and OAT processes.

Furthermore, the reactivity trends observed in this study
align well with the electronic characteristics of Mn/Fe/Co–oxo
species reported in the literature.65 Species 1 is known to be
more basic and likely to protonate. This leads to reduced
efficiency in C–H activation which results in higher barrier for
HAT. On the other hand, 2 has supported concerted HAT
mechanisms particularly favoring the activation of weak ali-
phatic C–H bonds. In contrast, 3 exhibits higher reactivity
attributed to its more oxyl character arising from low-lying
d-orbitals and greater localization of π* orbitals on the oxygen.
These features promote the strong oxyl character at the oxygen
center, making 3 highly competent in both HAT and OAT
processes.66,44c

Furthermore, we also examined how the reaction channel
and C–H⋯π interactions influence the barrier height of the
reactions. All three species are found to react through the
π-channel, in contrast to non-heme metal–oxo species which
typically favor the σ-channel with the substrate to lower the
barrier height.67 To explore the role of secondary interactions
in modulating the reactivity, we also examined the presence of
CH⋯π non-covalent interactions in the ground state of tran-
sition states for hydrogen atom abstraction by 1–3 (see Fig. 7).
These interactions occur between the hydrogen atom of the
substrate and the π-electron cloud of the porphyrin ring and
are characterized by short H⋯π distances (2.69–3.65 Å) and
favourable ∠CH⋯π angles (90–130°).68 This isosurface demon-
strates that the π-face of the porphyrin ring and the edge of the
substrate group engage in an attractive interaction (see
Fig. 7).69 For CH4 activation (Fig. 7(a–c)), 3 exhibits a compara-
tively larger ∠CH⋯π angle (129.2°) with balanced H⋯π dis-
tances (∼2.76 Å), suggesting an optimized geometry for orbital

alignment during hydrogen atom abstraction. 1 and 2 show
slightly bent angles of 124.5° and 127.2°, respectively, but com-
parable H⋯π distances (∼2.76–2.95 Å). In the case of CHD
(Fig. 7(d–f )), the interactions are slightly weaker with longer
H⋯π distances (up to 3.65 Å), yet still within the range of stabiliz-
ing noncovalent contacts. These observations collectively support
the overall reactivity trend as stronger CH⋯π stabilization and a
more favorable π-channel orientation led to reduced barrier
heights in 3 which is also supported by previous studies.70

Conclusions

In this study, DFT calculations were employed to understand
the electronic structure of high valent heme-based Mn/Fe/Co–
oxo species bearing a TPP ligand framework with 1,3-dimethyl-
imidazole as the axial ligand. DFT results affirmed the quartet
(4R-1hs), triplet (3R-2is) and doublet (2R-3ls) as the ground
states for 1–3, respectively. In addition to this, the mechanism
of C–H bond activation and OAT with substrates CH4, CHD
and SMe by these species has been explored. Across all the
substrates examined, the computed barrier heights predicted a
reactivity order of 3 > 2 > 1. Steric map analyses confirmed that
all three metal–oxo species provide accessible active sites for
substrate approach. Spin density analyses highlighted a signifi-
cant localization on the terminal oxo group conferring strong
oxyl character that enhances catalytic activity. Furthermore,
from NCI, QTAIM, deformation–interaction, ELF/LOL and IRI
analyses it is concluded that 3 significantly benefitted from
enhanced non-covalent stabilization of transition states, stron-

Fig. 7 Optimized structures of the ground state of hydrogen abstrac-
tion transition states of CH4 (a–c) and CHD (d–f ) by 1–3 showing the
shortest distance between the H atoms of the methyl/MHD group and
the π-cloud of the porphyrin ring (CH⋯π interactions). All the distances
are given in Å and angles in°.
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ger polarization of the Co–O bond, greater oxyl radical charac-
ter and reduced geometric distortion requirements. All of
these factors support the higher reactivity of 3.

To this end, this theoretical study provides a comprehensive
mechanistic understanding of how geometric strain, electronic
structure and non-covalent interactions collectively influence
the reactivity of high-valent metal–oxo complexes. Moreover,
these bioinspired model species may serve as promising
candidates for advancing the development of improved
catalytic systems for selective and efficient C–H and OAT
functionalization.
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