
DOI: 10.1002/ijch.201900142

Mechanistic Insights on the Formation of high-valent
MnIII/IV=O Species Using Oxygen as Oxidant: A Theoretical
Perspective
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Abstract: High-valent metal� oxo species are of great interest
as they serve as a robust catalyst for various organic
transformations, and at the same time, they offer significant
insight into the reactivity of various metalloenzymes. For-
mation of Mn� Oxo species is of great interest as they are
involved in the Oxygen Evolving Complex of Photosystem II,
and various bio-mimic models were synthesized to under-
stand its reactivity. In this context, using urea decorated
amine ligands, Borovik et al. have reported the facile
formation of MnIII=O and MnIV=O species from [Mn
IIH2buea]

2� (here H2buea= tris[(N’-tert-butylureayl)-N-ethyl]
amine) precursor complex using oxygen as the oxidant.
While reactivity of these species is thoroughly studied,
mechanism of formation of such species is scarcely explored.
In this work, we have attempted to establish the formation of
these species from the MnII precursor using the experimental
conditions. Our calculations reveal the following fundamen-
tal steps in the formation of such species: i) O2 activation by
MnII lead to formation of MnII� superoxide species wherein
the oxidation state of the MnII found to be intact upon O2

binding facilitated by the deprotonated nitrogen atom
present in the cavity (ii) in the second step, superoxo species
is converted to MnII� hydroperoxo species, [MnIIH2buea
(OOH)]2� using dimethylacetamide solvent as source for

HAT reaction (iii) presence of water molecule found to aid
the O� O bond cleavage in [MnIIH2buea(OOH)]2� species
leading to the formation of the putative MnIII=O species, [Mn
IIIH3buea(O)]2� (iv) one-electron oxidation of MnIII=O, leads
to the formation of [MnIVH3buea(O)]� species and this step
is endothermic and need some external oxidants for its
formation. While various spin-states and their roles are
explored, our calculations reveal that the Mn atom prefers to
be in the high-spin state across the potential energy surface
studied. However, the nature of the formation is strongly
correlated to the spin state arising from the radical nature
present in the O2 moiety and also in the deprotonated
nitrogen atom. This offers a unique multistate reactivity
channel for the formation these species easing various
kinetic barriers across the potential energy surface. Further,
we have also computed the spectral parameters for the
experimentally observed species, which are in agreement
with the reported data offering confidence on the mechanism
established. To this end, our study unveils a facile formation
of high-valent Mn� Oxo species using O2 as oxidant and role
of water molecules in the formation of such species, and
these mechanistic insights are likely to have implications
beyond the example studied here.
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1. Introduction

Over the past decades, much attention has been paid to the
study of the high-valent metal� oxo species with manganese
and iron metals in particular because they are well known as a
key intermediate in a variety of oxygenation reactions by
metalloenzymes and metal catalysts.[1,2] These metalloenzymes
have paved the way for biomimetic studies as they can solve
the mystery behind the complexity of the biochemical
processes, and this knowledge will help in designing new
catalysts with high efficiency and more selectivity of
pharmaceutical interest. Numerous metal� oxo complexes have
been synthesised and characterised by spectroscopy, which is
involved in C� H bond activation as well as oxygen atom
transfer reactions.[3] Several studies on the catalytic potential
of biomimetic iron� oxo complexes towards the C� H bond
activation were explored dramatically to ensure a clear under-

standing of the important geometrical, functional, and mecha-
nistic features of the corresponding enzyme counterparts.[4]
According to the literature, Mn� O species have also attracted
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much attention as an important intermediate in a wide range of
catalytic reactions such as; photosystem II,[5] peroxidases,[6]
and catalases.[7] However, the synthetic manganese� oxo
complexes, such as those with imines and porphyrin ligands,
have been postulated to be reactive species in catalytic
oxidations of various compounds. The formation of terminal
Mn/Fe� O complexes is facilitated by the high oxidation states
(generally�4+) of the corresponding metal so that they can
form multiple bonds with the oxo-group, which eventually
stabilise the M� O moiety. In contrast, manganese complexes
in their low-vacancies, such as 3+ valence with the terminal
oxo ligands in the axial position, are scarce because these low-
valent complexes tend to dimerise and form species like μ-oxo
bridged Mn(III)� (O)n� Mn(III) dimers (n=1–3).[9] Therefore,
it is important to understand the factors which can stabilise the
terminal Mn� O complexes in the +3/+4 oxidation states as
these are highly relevant for the active site structure of OEC of
photosystem II. In the metalloproteins the terminal oxo species
are generally stabilised by intramolecular hydrogen bonding
interactions from the active site residues and this type of
intramolecular interaction between the oxo and the properly
placed hydrogen bond donors in the cavity of the chelating
ligand helps in stabilising the terminal oxo complexes and this
idea has been actively explored in the area of biomimetic
chemistry.

In the literature, there are several experimental studies on
the generation of MnIII/IV� O(H) complexes using tripodal
ligand. Shirin et al.[8] synthesised the MnIII� O(H) complexes
[MnIIIH3buea(O)]2� and [MnIIIH3buea(OH)]� , (here buea= tris
[(N’-tert-butylureayl)-N-ethyl]amine) using tripodal ligand and
confirmed their formation by FTIR and X-ray diffraction
measurements. They found the high spin state as the ground
state configuration with effective magnetic moments of 4.92
and 4.90 μBM, respectively. Further, Gupta et al.[9] using water
synthesised MnIII/II� OH and MnIII� O complexes to probe their
reactivities and correlate the bond dissociation energies to the
reactivity of Mn� Oxo species. MacBeth et al.[10] have synthes-
ised a type of mononuclear FeIII and MnIII complexes with
terminal oxo and hydroxo ligands directly from dioxygen and
characterised them with IR, EPR, and X-ray studies to confirm
the formation of MIII/IV� O(H) species. In this study, they have
shown the formation of MnIV=O intermediates during the
reaction, which is capable of abstracting hydrogen atoms from
external sources, such as a solvent. Parsell et. al.[11] have
shown the reactivity of monomeric MnIII/IV� oxo complexes
and role of the oxo ligand in either C� H bond cleavage or O-
atom transfer reactions and they performed the kinetic analysis
to determine the basicity of the MnIII/IV� OH complex and they
found the large value of the pKa for the [MnIIIH3buea(OH)]2�
~28.3 than the [MnIVH3buea(OH)]2� . This result supports that
the basicity has greater importance on the reactivity that
involves the C� H bond activation.

A vast literature survey is accessible on the high valent-
manganese oxo species,[2f,g,i,12] of particular interest is the
ponderable efforts that have been devoted by Borovik and his
coworkers, with tripodal ligand in the formation of FeII/III/IV/Mn

II/III/IV� O(H) because this specific choice of ligand exhibits
characteristic of forming shielding hydrogen bond cavity
around the metal� (OH) units to avoid the tendency to form μ-
oxo bridged dimers.[3d,9–10,13] The main strategy of the exper-
imental group is influenced by the hydrogen bonding phenom-
enon occurring in the native metalloproteins and the use of a
chelating tetradentate tripodal tris[(N’-tert-butylureayl)-N-
ethyl]amine (buea) ligand is supposed to provide a rigid
hydrogen bonding framework involving metal� O(H) groups.
The urea groups of the ligand create a cavity around the metal
with three negatively charged and one neutral N donor sites
protecting the metal from dimerisation resulting in the
formation of terminal Mn� O species. Experimentally, the
precursor [MnIIH2buea]2� is prepared from the reaction of the
ligand with the acetate salt of the metal, Mn(OAc)2, in the
presence of solid KH (base) in dimethylacetamide (DMA)
used as a solvent under Ar atmosphere. Dry molecular O2 has
been used for the source of the oxygen during the reaction. In
one of the steps, H2O has been added, and we supposed that it
could help in the intermolecular transfer of hydrogen atom.
Finally, MnIV=O is forming via one-electron oxidation of Mn
III=O, and experimentally Cp2Fe+ cation is used for this
purpose.[10]

In recent years computational approaches to understand the
electronic structure and mechanistic features are gaining
attention in the area of high-valent heme and non-heme
enzymes. In a very recent study,[14] carried out by our group, in
which the hydrogen atom transfer (HAT) using [MnIIIH3buea
(O)]2� and [MnIVH3buea(O)]� species have explored and
suggested the possible mechanisms for HAT, to probe the role
of basicity in deciding the course of C� H activation
reaction.[14–15] In this direction, de Visser and his coworkers
have made significant contributions to focus on the reactivity
of high-valent manganese but with other ligand backbones,
where they reported the oxidative abilities of the species
involved in catalytic processes corresponds to cytochrome
P450.[14–15] In another report by the same group, they
elaborated hydrogen-bonding interactions to the metal oxo
group and concluded that hydrogen bonding lowers the bond-
dissociation energy BDEOH value and, consequently, the
oxidative power of the oxidant. While most of the studies both
on Fe� oxo and Mn� oxo focus on their electronic structure and
reactivity, studies on the mechanism of formation of these
species starting from simple MnII/FeII precursors are rare. In
this work, we report the computational studies on the
mechanism of the generation of the high-valent manganese
species (MnIII/IV=O) with tripodal ligand [H3buea]3� . In our
mechanistic study, we have proposed a possible mechanistic
pathway using O2 as an oxidant and analysed the structure,
bonding, and spin state energetic of all possible intermediates
and transition states to offer insight, for the first time, on the
formation of such species.
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2. Computational Details

All calculations were carried out using the Gaussian 09[16] suite
of program. All gas-phase geometry optimisations were
performed without any restriction using the UB3LYP[17] level
of theory. The 6-31G* basis set was used to describe the
nonmetal atoms such as C, H, O, and N where the metal atom,
i. e., Mn, is treated by LanL2DZ basis set with the treatment of
electron core potential (ECP). Single point energy calculations
were performed on the optimised geometries using a TZVP
basis set for all atoms. Vibrational analysis at the same level of
theory has been performed for all the optimised geometries
and confirms the minima or saddle points (transition states) in
the potential energy surface. All the transition states were
characterised by only one imaginary frequency corresponding
to the expected reaction coordinate and verified by animating
the vibration mode using Chemcraft software. All the
intermediate species on the potential energy surface possess
only positive frequencies. The transition states were computed
by a relax scan of a certain parameter such as bond length and
angles along a potential energy surface or by computing
molecular hessian corresponding to the geometry with max-
imum energy. All transition states and the intermediates were
optimised without any restriction. Intrinsic reaction coordinate
(IRC) calculation has been performed to evaluate the nature of
the species connected by a given transition state (TS). The
bulk solvent effect has been incorporated by the single point
energy calculations using polarisation continuum solvent
model (PCM)[28] with the same level of theory and TZVP basis
set for all the atoms. Here we have used DMA (dimeth-
ylacetamide) as a solvent. We here included zero-point energy
correction terms along with the free-energy corrections for the
reaction energy calculations for all intermediates and the
transition states on the potential energy surface for all the
species unless otherwise menitioned. For ts2* (see below)
however only electronic energy is considered as this is
obtained from potential energy scan. To calculate energies of
intermediate structures with degenerate spin states, fragment
technique available in Gaussian 09 is used. All spectroscopic
parameters (EPR parameters, absorption) were calculated
using the ORCA Program Version 3.0.1.[29] We have incorpo-
rated relativistic effect via zeroth-order regular approximation
method (ZORA) as implemented in ORCA suite.[18] The
solvent effect has been incorporated using COSMO method.[19]
DFT calculations have been performed for the estimation of
the D-tensor with the B3LYP functional using quasi-degener-
ate theory with CP approach.[20] The TZVP basis set was used
for all atoms. Increased integration grids (Grid 5 in ORCA
convention) along with tight SCF convergence were used.
Herein, we have used notations for all the species such as 2S+1

[species name]s(ij), where, in the subscript, s is the spin state of
the metal. In the parenthesis, i- denotes the spin of the
deprotonated nitrogen Nα’ of the ligand moiety next to the uryl
methyl group (spin-up/spin-down) and j-denotes the spin for
either O or in some cases C1 of DMA (H-donor) (spin-up/
spin-down) while in the notation 2S+1[species name]s(i) i-

denotes the unpaired spin on the nitrogen Nα’. For simplicity,
we have denoted Nα’ as N in all the figures. Also, spin-up and
spin-down are denoted by “u” and “d” for simplicity
throughout the manuscript.

3. Results and Discussion

The synthesis and reactivity of the various intermediate
involved in the generation of the MnIII/IV� oxo species were
reported by Borovik and coworkers.[10] Based on the above
experimental evidence, we have proposed the mechanism for
the formation of monomeric MnIII/IV� oxo complexes with the
tripodal ligand [tris[(N’-tertbutylureaylato)-N-ethyl]aminato,
(H3buea3� ) using density functional theory calculations
(Scheme 1). The proposed mechanism, which involves the
various intermediates and transitions states, has been depicted
in Scheme 1.

According to Scheme 1, The reaction initiates by the
formation of a MnIII� superoxo species, which is formed by the
reaction of the catalyst species [MnIIH2buea]2� (R) and
molecular oxygen. Here we expected that the negatively
charged nitrogen atom (Nα’, denoted by N in all the figures,
see Figure S1) of one of the urea ligand would donate one of
the radical to the MnIII centre making it MnII and the resulting
complex will be [MnIIH2buea(OO)]2� (int1). This superoxo
species expected to abstract hydrogen from DMA (solvent) to
form the [MnIIH2buea(OOH)]2� (int2) complex. This complex
again abstracts a proton from either DMA solvent or H3O+ ion
present which simultaneously leads to the elimination of water
molecule from [MnIIH2buea(OOH2)]� . After elimination of
water molecule, [MnIIIH2buea(O)]2� (int4) complex is formed.
The MnIII=O species will again abstract hydrogen from the
solvent, which leads to the formation of [MnIIH2buea(OH)]2�
(int5) complex. The Mn(II)� hydroxo species has been accom-
plished by the intramolecular hydrogen atom transfer towards
the endogenous basic nitrogen N site (Nα’) in the cavity, which
is in close proximity to the hydroxide moiety resulting in the
formation of [MnIIIH3buea(O)]2� (int6). Finally, the MnIV� oxo
species (P) could be formed from the precursor MnIII� oxo
species using oxidants, which is a one-electron redox process.
The stepwise formation of different species, along with their
transition states, will be discussed in the following section of
the manuscript.

Formation of superoxide species, [MnIIH2buea(OO)]2�
(int1) from free reactant [MnIIH2buea]2� (R): As depicted in
Scheme 1, the calculations have been initiated with the
approach of the catalyst, [MnIIH2buea]2� towards molecular
oxygen and the developed potential energy surface is given in
Figure 1. We have optimized the geometries of [MnIIH2buea]2�
in all the three possible spin states (S=5/2, S=3/2, and S=1/
2). From the DFT calculations, it is predicted that the catalyst
possesses a high spin, S=5/2, 6Rhs state as the ground state
while the other intermediate energy states, i. e., S=3/2 (4Ris)
and S=1/2 (2Rls) are lying 115.1 kJ/mol and 176.1 kJ/mol
higher in energy than the ground state respectively (see
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Figure 1). The spin density values on the MnII centre are
4.809, 3.013, 1.011 in the 6Rhs, 4Ris, 2Rls spin states respectively,
which is indicative of the 5, 3, and 1 number of unpaired
electrons, respectively (see Figure 2). These high lying S=3/2
and S=1/2 states are therefore excluded for our further
calculations. The average distance between the metal centre
and the equatorial deprotonated nitrogen atoms, (Mn� Nequi) in
the ground state is found to be in between 2.08 Å to 2.19 Å
which is much lower than that of the distance of the metal
centre and the axially ligated N atom (2.52 Å) (see Figure 2).
This is indicative of a distorted structure due to the presence
of different types of donors in the molecule. The support for
the S=5/2 ground state of the catalyst species comes from X-
band EPR measurement, although this was done with [Mn
IIH2bupa]� complex. It reveals that the complex as a nearly
axial S=5/2 spin has a zero-field splitting constant of D~
0.3 cm� 1 with the E/D~0.002062 cm� 1,[21] and our computed
D values are noted to be ~0.45 cm� 1. Also, the large value of
the rhombic parameter indicates lower symmetry around the
metal center or this ligand providing a more unsymmetrical

environment than [H3bupa]3� ligand. While accurate estima-
tion of zero-field splitting parameters require ab initio
CASSCF approach, the high-spin S=5/2 do not have any d-
electronic excited states and therefore contribution coming
from the higher excited states and spin-orbit coupling is
expected to be small and negligible with the main input to D
expected to arise from spin-spin contribution which is well
captured within DFT formalism as stated earlier.[22]

The tetra-anionic ligand complexed with MnII centre in the
first step simultaneously reacts with molecular oxygen in
DMA solvent under an argon atmosphere in the presence of a
solid KH base resulting in the formation of a superoxo species
(int1). However, the spin density values confirm that the metal
atom is not oxidised during the superoxide formation, and it is
due to the single-electron transfer from the anionic end of the
nitrogen (denoted by N, see supporting information, Fig-
ure S1) to the Mn centre during the course of the reaction,
keeping intact the oxidation state of the metal. This also results
in a simultaneous reduction of spin density on the nitrogen
centre (N), generating a radical. A radical centre at the

Scheme 1. Schematic diagram for the formation of MnIII/IV� oxo species from [MnIIH2buea]
2� . Here, DMA stands for dimethylacetamide which

is used as solvent here.
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nitrogen atom is justified as the protonation of all the nitrogen
present in the ligand found to not to generate the desired Mn
IV=O species in the experiments[10] suggesting the importance
of the one of the nitrogen to be deprotonated which as per our
calculations (see below) develops significant radical character
upon oxygen activation. To ascertain whether this radical
formation at the ligand is due to issue of the functional used,

we have carried out geometry optimisation for this intermedi-
ate (int1) in different level of theory such as TPSSH and PBE0
and these calculations also offer results which are similar to
B3LYP functional. The spin density values of int1 in the PBE0
and TPSSH level is tabulated in Table S2 and Table S3 (see
supporting information). Considering a high-spin MnII with a
radical on the superoxide moiety as well as on the newly
oxidised nitrogen atom (denoted by N) in int1, DFT
calculations reveal that 6int1hs(ud) state, where the radical on the
nitrogen N is spin-up, and that of superoxo species is spin-
down is found to be the most stable by 131.9 kJ/mol lower
energy than the reactant species. Other spin states, i. e., 8int1hs
(uu) (both the radicals on oxygen and the nitrogen N are spin-
up), 6int1hs(du) (the radical on nitrogen is spin-down, and that of
oxygen is spin-up), 4int1hs(dd) (both the radicals on oxygen and
the nitrogen are spin-down) are lying 16.4, 11.7, 4.5 kJ/mol
higher from the ground state 6int1hs(ud) (see Figure 1). All four
states computed are close lying in energy and could contribute
further to the reactivity. In low lying 6int1hs(ud) state, a spin
density of 4.687 on the Mn centre, � 0.337 and � 0.464 on the
proximal (O1) and distal oxygen (O2) atoms of superoxide
moiety respectively and a significant positive spin density of
0.915 on the N atom have been observed (see Figure 6). The
spin densities on the respective atoms of the other high-lying
states are given in Figure S2(b). The Mn� O bond distance of
2.06 Å and O� O distance of 1.34 Å in the ground state is
indicative of the MnII� O single bond character, and slight

Figure 1. Potential energy surface for the reactions as depicted in Scheme 1. All the energies are in kJ/mol. Red lines corresponds to radical
spin-up on Nα’ and green corresponds to radical spin-down on Nα’. Note in this figure different spins are related for the sake of simplicity only
considering the spin of the metal centre and the ligands in the primary coordination sphere. Herein, ts2* indicates that it is not the actual
saddle point in the potential energy surface, see computational detail for more discussion.

Figure 2. (a) DFT optimized geometry of the free catalyst
[MnH2buea]

2� in the S=5/2 (6Rhs), S=3/2 (4Ris), S=1/2 (2Rls) states
respectively showing important bonding parameters and (b) spin
density plots of the respective spin states.
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elongation in the O� O distance is due to a radical, anionic
character on the distal O atom. The average O� O distance in
all four spin states is between 1.34 Å to 1.35 Å. In all the four
possible spin states of int1, the average equatorial Mn� Nequi

(Nequi=N1, N3, and N4) bond distances are between 2.17 Å to
2.22 Å, whereas the Mn� Naxial bond distances vary from 2.42–
2.57 Å (see supporting information, Figure S2(a)). The occu-
pation of five electrons in 6int1hs(ud) state is found to be in π*yz1
π*xz1 P(N)1 π*(O� O)� 1 δx2–y21 δxy1 σ*z 2

1 (see supporting informa-
tion, Figure S14). The π*yz and π*xz orbitals are non-
degenerate by 0.06 eV energy while the degeneracy of the δ
orbitals is lifted by ~0.2 eV and lies 2.47 eV higher than that
of lowest π*yz orbital. The σ*z 2 orbital is the most destabilised
among all and lies at 2.89 eV compared to π*yz orbital.

Formation of hydroperoxide species, [MnIIH2buea
(OOH)]2� (int2): The formation of superoxide intermediate,
[MnIIH2buea(OO)]2� (int1) is then followed by the abstraction
of hydrogen from DMA, which is present in the reaction
medium as a solvent, which results in the formation of a Mn
II� hydroperoxo species, [MnIIH2buea(OOH)]2� (int2) through a
hydrogen transfer transition state ts1 (int1!int2). The lowest
energy barrier for the hydrogen atom abstraction step is found
to be 87.1 kJ/mol in the quartet energy surface, 4ts1hs(dd) with
the spin-down on radical both on the superoxide and on the
nitrogen N atom in S=5/2 surface of MnII ion. This hydrogen
abstraction step is highly energy demanding in other spin
surfaces. The transition energies associated with the states,
8ts1hs(uu), 6ts1hs(du) are very high, and lying uphill by an amount
of 330.1, 70.0 kJ/mol than 4ts1hs(dd) in the potential energy
surface. From these energy values, we can conclude that
although 6int1hs(ud) is the lowest energy point in the potential
energy surface for int1, the reaction will proceed via 4int1hs(dd)

state, which is associated with the lowest barrier of 87.1 kJ/
mol. From the energetics, it is seen that the transition state,
4ts1hs(dd) is exergonic by 40.3 kJ/mol than that of the ground
state S=5/2 of the catalyst, [MnIIH2buea]2� , which is
indicative of a barrierless process from the free reactant. From
the values, it is obvious that the reaction will not be feasible
through the potential energy surface corresponding to 8ts1hs(uu)
state due to prohibitively high energy barrier. The spin density
of � 0.706 on the C1 atom of the DMA molecule in the
transition state, 4ts1hs(dd) indicative of the transfer of α-electron
from DMA to the N atom reducing its spin density to nearly
zero and at the same time spin density on the metal is reduced
by 0.48 units (see Figure 3). Schematic MO diagrams of 4int1hs
(dd) and 4ts1hs(dd) are shown in Figure 4 in the manuscript, and
from the diagram, it is seen that 4int1hs(dd) has the following
electronic configuration π*(O� O)� 1 π*xz1 π*yz1 P(N)1 δxy1δx2–y21 σ*z
2
1 while after transferring a α-spin from the σC� H bond to the
P(N) orbital (the pure P orbital on the nitrogen N atom which is
indicative from the reduction of spin density on the nitrogen N
during the transition) during the transition state, the electronic
configuration at the transition state becomes P(N)1 δxy1π
*yz1δx2–y21 P(N)-1 π*(O� O)� 1 π*xz1 σ*z 2

1. The hydroperoxo� MnII
species (int2) possesses two possible spin states with the MnII
centre in the high-spin (S=5/2) state, the lowest energy 5int2hs
(d) state which is slightly exergonic by 14.4 kJ/mol than that of
4int1hs(dd) while the high lying septet energy state (7int2hs(u)) is
highly endergonic by 85.8 kJ/mol. From the energetics, we can
conclude that the reaction will proceed through the quintet
energy surface. In int2, the O� O bond is elongated by 0.14 Å
in the septet state, where the elongation is much less in the
quintet state by an amount of 0.02 Å compared to the int1 (see
supporting information, Figure S4 and Figure 5).

Figure 3. DFT optimized structure of (a) 4int1hs(dd) with important bonding parameters and its respective spin density plot and (b) 4ts1hs(dd) with
important bonding parameters and its respective spin density plot.
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The average MnII� Nequi (Nequi=N1, N3, N4) distance is
found to be in between 2.16 Å to 2.23 Å while the axial Mn
II� N2 bond length is decreases comparatively than the previous
states (int1) to 2.39 Å in S=2 spin states, respectively. The
spin density values reveal a significant amount of α- spin of
0.733 on the N atom in the septet state while in the quintet
state there is no β- spin on the N nitrogen but a small amount
of negative spin is observed on the O1 (� 0.289) and O2
(� 0.333) atoms. Also, the spin density is slightly reduced to
4.520 on the Mn centre 5int2hs(d), and all these facts are
indicative towards the transfer of β- spin from the N nitrogen
centre to the metal as well as to the oxygen atoms (see
Figure 6). In int2, the lower Mn� O bond length of 1.97 Å (see
Figure 5)in the lowest energy quintet state than that of Fe� O

distance of 2.014 Å[23] in the previously reported complexes
implies towards comparatively stronger Mn� O interactions.

Formation of [MnIIIH2buea(O)]2� (int4) species: Now
from int2, there are two possible pathways that lead to the
formation of int4, [MnIIIH2buea(O)]2� . Firstly, the int2 can
abstract another hydrogen as H+ from the water molecule that
is available in the precursor metal salts used, or it can abstract
H+ from the solvent molecule, DMA. In the first pathway, a
large energy gain has ensued when the int2 forms hydrogen-
bonding interaction with the cage leading to the formation of
int3 (243.4 kJ/mol and 322.6 kJ/mol in the septet (7int3hs(u))
and quintet (5int3hs(d)) energy surface, respectively). The
reduced spin density of 3.962 on the MnII centre and also no β-
spin on the N atom in 5int3hs(d) indicative of the transfer of the
β-electron to the metal lowering significantly the spin density

Figure 4. (a) Schematic MO diagrams of species 4int1hs(dd) and (b) Schematic MO diagrams of species 4ts1hs(dd) (c) The feasible electron shifts
between the σC� H bond and the Mn� O d-based orbitals during the corresponding transition.
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on Mn atom (see Figure 6) while in the S=3 state the β-spin
on the N has not transferred to the Mn but to the other N
groups of the buea ligand (see supporting information,
Figure S5). In the preceding step, int3 is involved in a
simultaneous bond-breaking and making process, which is
associated with ts2. In ts2, the O2 atom of the hydroperoxo
unit attacks a hydrogen ion from the donor species and at the
same time, simultaneously involved in the O1� O2 bond-
breaking process leading to the formation of int4. Now the
second proton transfer from the H3O+ ion present in the
system is associated with the intrinsic barrier of 179.7 kJ/mol
in the septet energy surface while that the quintet state is
associated with a 342.5 kJ/mol higher barrier than that of the
septet (see Figure 1). This is because hydrogen bonding lowers

the energy of the quintet state, 5int3hs(d) by 79.2 kJ/mol more
than that of the septet, and this reveals that the H-bonding
interactions and the associated stabilisation are strongly
correlated to the spin-states. Our attempts to optimise ts2 in
septet and quintet energy surface were not successful. To
obtain a realistic estimate of barrier heights on these surfaces,
we have performed a relaxed potential energy scan along the
O1� O2 bond ranging from 1.16 Å to 1.25 Å, and the highest
energy point on the potential energy scan graph has been taken
for the single point energy calculations to estimate the
maximum energy barrier at this potential energy surface (see
supporting information, Figure S15). For both the 7ts2*hs(u)-H3O
and 5ts2*hs(d)-H3O states, the critical O1� O2 bond length is
found to be 1.83 Å, and the newly forming O� H bond

Figure 5. DFT optimized structure showing important bond parameters of (a) 6int1hs(ud), (b) 5int2hs(d), (c) 5int3hs(d), (d) 5ts2*hs(d)-H3O, (e) 5ts2
hs(d)-DMA, (f)

6int4hs(u), (g)
6ts3hs(u), (h)

7int5hs(u), (i)
7ts4hs(u).
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distances are 1.25 Å and 1.24 Å, respectively in the limiting
state. In the transition state ts2, Mn� O1 bond length is found
to be decreased to 1.83 Å and 1.79 Å in the 7ts2*hs(u)-H3O and
5ts2*hs(d)-H3O states from 2.03 Å and 1.92 Å in the 7int3hs(u) and
5int3hs(d) states respectively, and the transition O� O bond
length of 1.83 Å is indicative of the fact that Mn� O bond is
getting shorter than a single bond but longer than a double
bond (see Figure 5 and supporting information, Figure S6(a)).
The 7ts2*hs(u)-H3O and 5ts2*hs(d)-H3O states possess an α-spin of
3.991 and 3.984 on the Mn-center along with the 0.601 and
� 0.574 spin densities on the N atom respectively. A
significant amount of spin densities of 0.693/0.574 and 0.479/
0.476 are found on the O1/O2 atoms in the respective 7ts2*hs(u)-
H3O and 5ts2*hs(d)-H3O states, which conclude the process of α-
spin transfer to these oxygen atoms from the metal centre as a
result of lowering the α-spin density on the metal (see Figure 6
and supporting information, Figure S6(b)). Another important

aspect in ts2 is the decrease in the Mn� Naxial bond lengths to a
much shorter range of 2.19 Å and 2.27 Å in 7ts2*hs(u)-H3O and
5ts2*hs(d)-H3O respectively (see Figure 5 and supporting informa-
tion, Figure S6(a)).

The second possibility for the same is a direct hydrogen
transfer from the DMA (present in the reaction mixture) to
int2 without any involvement of the crystallographic waters
(avoiding the formation of int3, path-b in the Scheme 1). In
this case, the activation barrier for the hydrogen transfer is
found to be 111.4 kJ/mol and 202.9 kJ/mol from the int2 in the
septet and quintet energy surface, respectively. In the ts2, the
concern O1� O2 bond length is 1.82 Å and 1.83 Å respectively
in the septet and quintet energy surface while that between H
and O2 are 2.29 Å and 2.27 Å respectively. In the transition
state, the C� H bond is slightly elongated to 1.10 Å in both
cases (see Figure 5 and supporting information, Figure S7(a)).
Also, the negative frequency of 600 cm� 1 is mainly associated

Figure 6. DFT computed spin densities of (a) 6int1hs(ud), (b)
5int2hs(d), (c)

5int3hs(d), (d)
5ts2*hs(d)-H3O, (e)

5ts2hs(d)-DMA, (f)
6int4hs(u), (g)

6ts3hs(u), (h)
7int5hs(u), (i)

7ts4hs(u).
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with the O1� O2 bond cleavage, and these bond length
parameters and frequencies are indicating a long-range hydro-
gen transfer from the DMA to O2; firstly, the O1� O2 bond
will cleave and newly formed OH� will simultaneously accept
hydrogen from DMA resulting in the formation of int4. The
spin densities on the Mn centre/N radical are 4.248/0.910 and
4.232/� 0.918 in the 7ts2hs(u)-DMA/5ts2hs(d)-DMA respectively (see
Figure 6 and supporting information, Figure S7(b)). We have
also calculated the deformation energies of the two transition
states corresponding to two different pathways. However, the
barrier of 7ts2*hs(u)-H3O and 5ts2*hs(d)-H3O is lower than that of the
DMA. Similarly, deformation energies are also similar for
7ts2*hs(u)-H3O/7ts2hs(u)-DMA (48.8/46.7 kJ/mol) while that of in the
quintet energy surface are 63.7 kJ/mol and 68.9 kJ/mol
respectively. From these values, we can conclude that it is the
hydrogen-bonding network present in int3 as well as ts2*-
H2O, which controls the rate of the hydrogen transfer. Both
possible mechanisms collapse in the next step to int4, i. e. the
first MnIII� O species in the reaction pathway. Formation of
int4 is highly exergonic by � 493.5 kJ/mol and � 366.9 kJ/mol
than that of the reactant in the septet and quintet potential
energy surface, respectively. In 6int4hs(u) and 4int4hs(d), a
significant amount of spin density is observed having values
3.787 and 3.784 respectively on the MnIII indicating the
presence of four unpaired α-spins on the centre. These two
spin density values, along with the 0.886 and � 0.821 spin on
the respective N atoms indicate a very less delocalisation of
the spins in int4 (see Figure 6 and supporting information,
Figure S8(b)). The MnIII=O distance is found to be 1.71 Å in
both the spin states, which is lower compared to the normal Fe
III=O bond length.[23b] The decrease of the Mn� O bond length
to 1.72 Å from 1.83 Å in ts2 points toward the formation of a
strong Mn� O double bond (see Figure 5). In the preceding
step, the oxo-group in int4 will abstract a hydrogen atom again
from the DMA molecule, eventually forming int5, [MIIH2buea
(OH)]2� .

Formation of [MnIIH2buea(OH)]2� (int5) species: The
formation of int4!int5 is associated with the transition state
ts3, which has a barrier of 105.6 kJ/mol in the quartet surface.
The barrier associated with the quintet surface is 109.4 kJ/mol
from int4 (see Figure 1). Here also we have found a similar
value of deformation energies of 56.8 and 59.5 kJ/mol for
septet and quintet species respectively. From the spin density
plot of 4ts3hs(d), we can observe a slight increase of spin density
on the metal (4.118, implies to ~five α-spins) while a
significantly low negative spin (� 0.124) on the C1 carbon of
DMA from where the hydrogen is supposed to transfer (see
supporting information, Figure S9(b)). The Mn� O bond length
of 1.86 Å in both the spin states along with a 1.02 Å length of
O� H bond and the 1.82 Å/1.83 Å (6ts3hs(u)/4ts3hs(d)) separation
between the C1 carbon and O unit directs to a late transition
state where already the C1� H bond is broken completely, and
O� H bond is started to form (see Figure 5 and supporting
information, Figure S9(a)). In int5, Mn� O(H) bond length is
found to be 2.06 Å, which is due to the newly forming Mn� O
single bond (see Figure 5). A significant amount of Mn/N spin

density of 4.833/0.717 and 4.793/� 0.601 in found in 6int5hs(u)
and 4int5hs(d), respectively (see supporting information, Fig-
ure S10).

Formation of [MnIVH3buea(O)]1� (P) species: The for-
mation of the [MnIVH3buea(O)]1� complex is accomplished by
first the intramolecular hydrogen atom transfer between the
� OH group and the anionic nitrogen end (N) and further the
int6, [MnIIIH3buea(O)]2� complex forms the [MnIVH3buea
(O)]2� after reduction using the highly oxidising reagent
Cp2Fe+. To calculate the oxidized product energy, we have
computed the energy of the corresponding Cp2Fe+/Cp2Fe
redox couple and calculated the thermodynamic energy
penalty due to the oxidation without computing any barrier
heights associated with this process. Here, in the int5, Mn
atom is in +2 oxidation with its � OH group from which the
hydrogen is being transferred to the mono-radical nitrogen
atom (N) in a homolytic cleavage mechanism via ts4 (int5!
int6) resulting in the formation of int6. Again in ts4, Mn is in
the +2 oxidation state, and it can couple with the mono-
radical N centre ferromagnetically as well as antiferromagneti-
cally generating two spin-states, 7ts4hs(u) and 5ts4hs(d) respec-
tively. The intrinsic barrier for this intramolecular hydrogen
transfer is lowest in the septet energy surface with an energy
of 5.6 kJ/mol while the barrier is significantly high in case of
5ts4hs(d) and it is lying 454.4 kJ/mol higher than the correspond-
ing 5int5hs(d) state. This barrier is prohibitively high for the
reaction to proceed, and hence one can safely ignore this
transition state. The � O� H bond distance of 0.97 Å in int5 is
elongated to 1.24 Å in 7ts4hs(u) (see Figure 5)and 1.39 Å in
5ts4hs(d) towards the radical nitrogen end and forms a weak
bond of distance 1.19 Å and 1.24 Å respectively (see support-
ing information, Figure S11(a)). The above bonding parame-
ters confirm that 7ts4hs(u) is early and that of 5ts4hs(d) is late
transition state where in 5ts4hs(d) the proton is already trans-
ferred to the N end but not in 7ts4hs(u). Spin density values have
shown a value of 4.807 and 3.820 on Mn in 7ts4hs(u) and 5ts4hs
(d), respectively, while a value of 0.558 and 0.010 spin on the
respective Ns (see Figure 6 and supporting information, Fig-
ure S11(b)) . A reduction in spin density in the quintet surface
is due to the transfer of negative β-spin from the N end to the
metal centre. Moreover, the manganese oxygen distance is
shortened to 1.75 Å in the quintet surface, indicating the
formation of the weak double bond. Now the transfer of
hydrogen atom leads the formation of the complex [Mn
IIIH3buea(O)]2� . In the int6, Mn ion is in the +3 oxidation state
with no significant radical character on the N atom. However,
the formation of int6 is exothermic by 127.7 kJ/mol for the
quintet surface and slightly exothermic 27.4 kJ/mol in triplet
surface from their corresponding int5 species, respectively.
These energetics are in broad agreement with the earlier
preliminary study on the intramolecular hydrogen transfer by
MacBeth et al..[10] In the last step of the mechanism, the
formation of the [MnIVH3buea(O)]1� (product) has been
explained, which is the one-electron redox process at
� 0.076 mV versus Cp2Fe+/Cp2Fe, which consequently forms
the product P, [MnIVH3buea(O)]1� complex by using the
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internal oxidant.[10,26] The formation of P is slightly exothermic
by 12.3 kJ/mol in doublet energy surface while in quartet
surface it is endothermic by 48.9 kJ/mol (see Figure 1). The
computed value of spin on the Mn is found to be 2.796, and
on the oxygen atom, it is 0.231 in the high spin state while on
the low spin state it is 0.909 on Mn and 0.103 on the oxygen
atom (see Figure 7 and supporting information, Figure S13).

Spectral Characteristics of [MnIII/IVH3buea(O)]2� /� : From
the spin density plots, it is clear that the Mn contains four
unpaired electrons in 5int6 with an α-spin value of 3.785, and
in 3int6 the value is 1.977, indicating two unpaired electrons.
The remaining spin delocalised to the ligand, although no
significant spin on O atom is observed. From the DFT study of
vibrational analysis, a strong vibration is assigned to ν(Mn� O)
bond at 781.3 cm� 1, which is in agreement with the
experimental value, i. e., ν(Mn� O) of 700 cm� 1.[10] Moreover, a
strong vibrational feature was observed for MnIV in MnIV=O
porphyrins at 754 cm� 1[24] and for MnV complex at
979 cm� 1,[25] which is characteristic of multiple bonds between
manganese and oxo ions. For the [MnIIIH3buea(O)]2� complex,
the Mn� O bond length is computed to be 1.72 Å, and this is
consistent with experimental data reported from XRD
(1.771 Å) and from earlier DFT (1.746 Å) study,[10] this
distance span within the range seen for the complex Mn
III� O� MIII.[10,30] In 5int6 species, the three deprotonated urea
nitrogen defines the trigonal planes with an average Mn� Nurea

bond distance of 2.13 Å, which is also in agreement with the
experimentally reported value of 2.072 Å. The complex [Mn
IIIH3buea (O)]� 2 has more symmetrical H-bond cavity with the
average hydrogen bond distance of 1.80 Å (see Figure 7), and
also the apical nitrogen, manganese and the oxygen lie in the

same plane, which shows the linearity of these structures than
the [MnIIH2buea(OH)]� 2 complex.

DFT optimised structure has shown that in [MnIVH3buea
(O)]1� the Mn� O distance is shortened to 1.68 Å in high-spin
and 1.66 Å in doublet spin state (see Figure 7). Also, the
Mn� Nequi bonds are shortened to 1.92 Å to 1.98 Å, indicating a
strong interaction of ligand donor atoms with high valent MnIV
species and the geometrical parameters computed are in broad
agreement with the earlier study.[26] The N3� Mn� N4,
N1� Mn� N3, and N1� Mn� N4 are computed to be 110.40,
133.20 and 109.30, respectively, are consistent with the study,
but these angles have deviated from the trigonal symmetry.
This distortion in the trigonal plane is due to the Jahn-Teller
distortion around the MnIV metal centre. This is confirmed by
optical features having a more intense band at λmax at 635 nm
(we reproduced the value computationally and found λmax at
625 nm, see supporting information, Figure S16), and from the
EPR spectrum,[26] collected at 4 K has a g values of 5.15, 2.44,
and 1.63, which corresponds to S=3/2 state with an E/D=

0.26, indicating the manganese in +4 oxidation state. From
the vibrational features, we obtained a value at 839.4 cm� 1
corresponds to ν(Mn� O), which is somewhat larger than the
experimentally calculated FTIR at 737 cm� 1, but it is com-
parable to other MnIV=O vibration features for [MnIV� TMP
(O)] (TMP, tetramesitylporphyrin).[26]

On the formation mechanism of Mn� Oxo: Theory vs
experiments: Experimentally significant insights are gained on
the formation of MnIII=O and MnIV=O species. Of particular
relevance here is the need for H2O to produce MnIII=O species
and the additional equivalent of base needed possibly to
deprotonate one of the uryl nitrogen atoms. Additionally, the
entire reaction completes under Argon atmosphere at room

Figure 7. DFT optimized structure of (a) 5int6 with important bonding parameters and its respective spin density plot and (b) 4P with
important bonding parameters and its respective spin density plot.
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temperature in a facile fashion. Our mechanism developed
suggests that upon O2 activation, the MnII precursor yields a
rather unusual [MnII(O2

*� )] superoxo species[27] with a signifi-
cant radical character on the deprotonated uryl nitrogen
atom.[31] The generation of this radical character at this site is
found to be crucial in dictating various barrier height for the
other steps, rationalising the experimental observations that it
is mandatory to have an additional equivalent of a base for the
generation of Mn� O species. Our attempt to have an overall
negative charge at the uryl nitrogen atom was failed, and this
suggests that the oxidation state of the superoxo species is
unaltered upon O2 activation. Experimentally bubbling O2 in
the MnII precursor leads to significant colour change, and the
presence of acetate found not to alter the oxidation state of the
precursor. While there is no direct experimental evidence for
this species, our calculations suggest that formation of such
superoxo species is facile and exothermic, suggesting a
significant lifetime at lower temperatures.

In the next step, the highly reactive superoxo abstract a
hydrogen atom from the DMA solvent leading to [MnII(OOH)]
species. Although there is a significant kinetic barrier for this
process at quartet surface (91.6 kJ/mol from sextet surface
with an expected MECP), this process is expected to be facile,
as from the reactant energies. This is due to the fact that; the
overall barrier is still negative as the superoxo species
formation is significantly exergonic. The [MnII(OOH)] thus
formed expected to undergo O� O bond cleavage to generate
the desired MnIII=O species. However, this species found to
strongly form H-bonding interaction with available water
molecules before undergoing O� O cleavage. This justifies the
need for water in the reaction mixture in the experimental
conditions. In the presence of water, the O� O bond cleavage
was found to be favourable though there is a significant barrier
for the same (179.7 kJ/mol). A significant stabilisation of [Mn
II(OOH)] with water leads to an intermediate [MnII(OOH2)]
which act as a thermodynamic sink to yield desired momentum
for the reaction to proceed forward. Interestingly, the O� O
cleavage generates a MnIII=O species with a radical centre on
the uryl nitrogen atom. Experimentally if wet reagents are
employed, the formation of [MnIII(OH)] was favourable, and
this perhaps provides indirect evidence that the uryl nitrogen is
still deprotonated until the formation MnIII=O and in our case,
remains as radical nitrogen until this step. In the ensuing steps,
hydrogen atom abstraction from DMA expected to generate
[MnIII(OH)] species without much kinetic barrier, and in the
next step intramolecular H atom transfer from [MnIII(OH)] to
nitrogen N atom leads to formation the final MnIII=O species.
The estimated barriers for all the reactions are small, and more
importantly from the reactant perspective, all the energetics
are negative suggesting a facile formation of this species. The
MnIII=O thus formed is very stable with a significant gain in
thermodynamic energy and is found to very stable in its S=2
states as reported in the experiments. In the next step,
oxidation of MnIII=O to MnIV=O is assumed, and this step is
computed to be endothermic by 48.9 kJ/mol, and experimen-
tally this is achieved using chemical oxidant such as Cp2Fe+.

Additionally, all the structural and spectral parameters
computed for the MnIII=O and MnIV=O species are in agree-
ment with the experiments offering confidence on the
proposed mechanism.

4. Conclusions

Herein, we have investigated the various possible pathways
for the formation of a mononuclear MnIV=O species from the
MnII precursor via MnIII=O species, and also we have explored
the electronic structure, energies, and properties of all possible
intermediates and transition states involved in the mechanism.
The following conclusions emerge from this study.
(i) Oxygen activation: The MnII precursor exclusively react

with S = 5/2 state and other possible spin-state such as S
= 3/2, and S = 1/2 state found not to involve in the
reactivity - this is drastically different to known reactivity
of the corresponding Fe complexes. Oxygen activation by
the [MnIIH2buea]2� is found to be facile generating a
unusual [MnII(O2

� *)] superoxo species with a significant
radical character on the deprotonated uryl Nα’ nitrogen
atom.

(ii) Hyderoperoxo formation: In the next step, the superoxo
species abstract HAT from dimethylacetamide leading to
the generation of the [MnII(OOH)]. Despite a fact that in
the first step spin states do not play any role, here the
spin channels due to the presence of radical character at
the O2

*� and Nα’ nitrogen lead to various spin channels
with the lowest barrier estimated on S = 3/2 state arising
from spin-up configuration of high-spin MnII and spin-
down on both radicals. While the nature of spin-channels
is different here, it is quite clear that these spin-channels
offer a significant reduction in the kinetic barrier
upholding the important of two-state reactivity concept in
such cases.

(iii) O***O homolysis: In the next step O***O homolysis takes
place. Initially, we attempt to model the same using
DMA as a proton donor, but the barrier for the same are
substantially higher. However, the inclusion of water
found to stabilise the transition state significantly. This
stabilisation essentially arises from the fact that the
transition state is preceded by an intermediate where the
� OOH group is in H-bonding interaction with the water
leading to elongation of O***O bond and this facilitate
easy cleavage of the bond leading to the formation of Mn
III=O species. Experimentally the importance of one
equivalent of water in the reaction condition supports the
above mechanistic findings. Each step as it proceeds
found to be more exergonic than the preceding step
easing out the energy penalty arising due to the kinetic
barriers. Thus from the reactant perspective, these are
overall a barrierless facile process.

(iv) Formation of MnIII=O species: A stable MnIII=O species
form via a putative MnII� OH species wherein the solvent
plays an important role in providing the protons required.
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In this process, the Nα’ nitrogen gets protonated via an
intramolecular H atom transfer leading to [MnIIIH3buea
(O)]2� species. Experimentally it is mandatory to have
one additional equivalent of a base to generate this
species, support our mechanism. Further, the MnIII=O
species has been experimentally characterised using
various spectral methods and our computation reasonably
reproduce these numbers offering confidence on the
mechanistic findings.

(v) Formation of MnIV=O species: Clearly formation of Mn
IV=O is found to a slightly endothermic and the MnIII=O
species preceding this species is very stable. This
suggests a possible external oxidant that is required to
oxidise the Mn atom further as has been observed
experimentally.

To this end, using density functional methods, we have
explored the mechanism of the formation of putative MnIII=O
and MnIV=O species using oxygen as an oxidant and several
key mechanistic findings arising from this study likely to have
a scope in various enzymatic reactions including that of OEC
of photosystem II.
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