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/Abstract: The “oxo-wall” is a well-established concept in the area of bioinorganic chemistry, which refers to the
instability of the terminal metal-oxo complexes in the +4 oxidation state, with tetragonal C,, symmetry beyond group 8
elements. This leads to a diverse and highly reactive chemistry of Co-oxo complexes, as evidenced in the literature,
ranging from challenging C—H bond activation to efficient water oxidation. Despite extensive research on first-row
terminal metal-oxo complexes and the “oxo-wall” concept, studies correlating the reactivity of these species across the
periodic table remain scarce. In this work, using a combination of DFT and ab initio CASSCF calculations, we have
explored the structure, bonding, and reactivity of [M""V(15-TMC)(O)(CH;CN)]™" (M= Mn, Fe and Co) species. Our
study reveals several intriguing outcomes: (i) while existing literature typically indicates the presence of either Co™ =0
or Co™-O" species beyond the wall, we propose a quantum mechanical mixture of these two species (termed as Co™ =
O % Co™-0O"), with the per cent of mixing dictated by ligand architecture and symmetry considerations; (i) we observe
that the oxyl radical character increases beyond the wall, correlating with larger N,.M—O tilt angles; and (iii) we
identify an inverse relationship between the percentage of M—O® character and the kinetic barriers for C-H bond
activation. These findings offer a new perspective on the roles of oxidation states, spin states, and the nature of the metal

Qon in reactivity.

/

Introduction

In terminal metal-oxo complexes, the oxo group acts as a
potent n-donor, facilitating the formation of multiple metal-
oxygen (M—O) bonds with early transition metals, such as
the triple bond in d' VO**, low-spin d* CrO,", and MoO,"
ions.! As one progresses along the transition metal series to
d*-manganese (Mn') and d*iron (Fe'), the gradual accu-
mulation of unpaired d-electrons begins to populate the
antibonding n* orbitals (n*-d,, or n*-d,, Figure 1a), leading
to a decrease in M—O n-bonding character, resulting in a
bond order of ca. 1. This reduction in n-bonding strength
contributes to the high reactivity and complex chemistry
associated with the high-valent Mn/Fe/Co=0 unit, which is
an integral part of the active site of several haem” and non-
haem™> metalloenzymes as well as biomimetic models. The
frontier molecular orbital diagram in tetragonal M-oxo
complexes with C,, symmetry follows the energy ordering as
o(M-0) < n1(M-0) =n,(M-O) < nb(d,,) < 7*(d,,) =m*(d,,)
< o*( d2,") < o*(d,’), where the first three orbitals are
mostly ligand-centred and the latter five are with metal
character. When one advanced from group 8 to group 9, the
fifth unpaired electron moved into a n* antibonding orbital,
diminishing the n-bond order, resulting in bond order
approaching ~0.5 in tetragonal d’-Co-oxo complexes. This
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alteration in electronic structure renders the oxo group
highly basic and more susceptible to a proton or electro-
philic attack."™ The scarcity of late transition metal-oxo
complexes beyond group 8 in a high oxidation state (+4) in
tetragonal geometry and their enhanced reactivity was first
noted by Ballhausen and Gray and is known as the “oxo-
wall” concept and became one of the celebrated concepts in
bioinorganic chemistry.! The existence of free terminal
LsCo"™=0 complexes is rare;®! however, their potential
formation as reactive intermediates cannot be overlooked.
Due to their aggressive reactivity, these species have
attracted significant interest from inorganic chemists, with
an aim to design a true octahedral C,, symmetric Co™ =0
species by violating the “oxo-wall” concept®® (Scheme 1).
Despite numerous argumentst”] and
counterarguments®™ about violating the “oxo-wall,” the
theoretical understanding remains limited, offering room for
further study. The debate continues, with some pursuing a
true Co'V'=0 species and others viewing it as Co"-O°
without a formal double bond. From a multiconfigurational
standpoint, our recent study has demonstrated that in a
tetragonal environment, terminal metal-oxo species in the
+4 oxidation state struggle to achieve a true Co"™ =0 form,
regardless of geometric deviations.®! In other words, it is
neither Co™ =0 nor Co™-O* but a quantum mechanical
mixture of both species at different propositions (Figure 1b).
Further, there is a precedent to this proposal by Maltempo
and co-workers, who have proposed in heme proteins there
is a quantum mechanical mixture of S=7, states with other
states exists®” (Figure 1c). Despite the initial precedence on
the concept of quantum mechanical mixture, a significant
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Scheme 1. A list of putative Co" =0 species reported to date, featuring various ligand architectures.

gap remains in the exploration of this hypothesis, which has
not yet been pursued with the urgency it merits.”"

As we proceed through the transition metal series, in
high valent metal-oxo complexes, the distinct presence of
O(2p) bonding and metal 3d-orbitals diminishes!"” due to
the gradual stabilisation of the d-orbitals. This enhances the
mixing between the metal and ligand-centred orbitals and
facilitates electronic transitions between them. Our earlier
study proportionally linked this mixing to the reactivity of
C-H bond activation.""! A parallel can be drawn between
these electronically excited states and the valence tautomers,
represented as {M"=0«~M"-0°}, which further can be
tested as a catalyst towards the C-H bond activation
process.?*?l This is also supported by some discrete
literature that indicates the involvement of oxyl radical
species during the C-H bond activation process, such as the
role of Mn"-O" in photosystem I and Fe"-O° in a-
ketoglutarate-dependent non-heme halogenase
metalloenzymes.' As mentioned earlier, the extremely
short lifetimes of the species after the oxo-wall limit under-
standing the origin or their intricate reactivity.”® This
complexity underscores the necessity of identifying a univer-
sal factor that governs the intricate dynamics of transition
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states, both before and beyond the oxo-wall, which will be
critical for advancing catalyst design and improving reac-
tivity control in these systems.

In this study, we have employed DFT and ab initio
CASSCEF calculations to explore the roles of MV =0 and
M"™™V_Q* species, examining how factors such as oxidation
state, spin state, and d-electronic configuration influence the
C-H bond activation reactivity. Particularly, we have
investigated the reactivity of Co'" =0/Co™-0O" and Co¥=0/
Co"™-O° species derived from the [Co"(15-TMC)-
(CH;CN)J** (TMC =N-tetramethylated cyclam) complex,
focusing on their reactivity towards intramolecular hydrogen
atom abstraction (HAA) from a TMC-methyl group, leading
to the formation of [Co™(15-TMC-OCH,)]*" species as the
final product. While the Co"™ = 0O/Co™-O" species is formed
in a homolytic cleavage of the O—O bond, the formation of
the one-electron oxidised Co¥=0/Co™-O" species is facili-
tated via heterolytic O-O cleavage in an acidic medium.
This particular experimental work provides us with a
complete set of various valance tautomeric species {Co" =0
or Co™-0} and {CoV=0 or Co"-0O} to understand the
electronic structure and reactivity of species in HAA
reaction.”! Further the corresponding {Fe'Y(O)}** analogue
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Figure 1. a) Splitting of d-orbital in Mn/Fe/Co" =0 species with C,, geometry, (b) proposal on the existence of Co-oxo complexes as a quantum
mechanical mixture of Co'¥=0 and Co"'-O" valance tautomer, and (c) the work of Maltempo and co-workers demonstrates the mixing of S="/,
and S="/, states in cytochrome ¢’ (RHP), with the dashed arrow indicating partial occupancy, see ref [9)].
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has also been reported exhibiting olefin epoxidation
reaction,['” which led us to extend our studies to Fe and Mn
analogues to characterise the actual active species during the
hydrogen abstraction process before and beyond the oxo
wall.

Results and Discussion

All DFT calculations are carried out at the uB3LYP/6-
31G*(non-metals) + Lanl2DZ (metals) // def2-TZVP
(PCM-acetonitrile) level, with benchmarking performed at
the uB3LYP/def2-TZVP (PCM-acetonitrile) level (see ESI),
yielding similar trends (Figure S1-S3, and Table S1-S3). We
performed calculations on the formation of metal-oxo
species from the precursor complex [M"(15-TMC)-
(CH,CN)J** (R), which reacts with O, to form the metal-
peroxo species [M™(15-TMC)(0O,)]" (intI). Upon protona-
tion to [M™(15-TMC)(OOH)]*" (int2) and subsequent O—O
bond cleavage, the reaction thermodynamically favours the
formation of stable M"Y = O/M"™-O" species, consistent with
experimental observations (see ESI for details, Scheme S1,
Figure S4-S10, and Table S4-S9).151%
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Ab Initio Quantification of the Quantum Mechanical Mixture
of M"Y =0 vs M"""-O" Species

Both the [(15-TMC)Mn(O)(CH;CN)J*"] (int3,.5,) and [(15-
TMC)Fe(O)(CH;CN)]**] (int3,.r) species possess a high-
spin ground state, S=%/, and S=7, respectively, with a
close-lying S =7/, state for Fe (4.5 kJ/mol), while in Mn, the
low-spin state lies at 67.6 kJ/mol.*"® The Co-analogue, [(15-
TMC)Co(O)(CH;CN)J**] (int3,.c,) possesses a S = */, as the
ground state with a S='/, excited states at 17.9 kJ/mol.
Further, S = 1, S = 2 and S = */, were computed as the
ground state for int3y,, int3,c, and int3,p respectively.
Other spin-states are lying significantly higher in energy (>
60 kJ/mol); therefore, we have eliminated them from further
discussion (Figure 2 and Figures S1-S3).

The ground-state geometries of all int3, and int3, species
exhibit pseudo-C, symmetry, except for int3,..,, which lacks
symmetry due to a significantly elongated Co-N., bond
(3.320 A). The tetragonal C,, symmetry of these complexes
is lifted due to the addition of a methylene group at the
periphery of the cyclam ligand (Figure S8 and S10). In the
ground state optimised geometry of ‘“int3,,. Cint3,.m),
Yint3, p (‘int3,r), and ‘int3,c, Cint3,c,) species, the M—O
bond lengths are estimated to be 1.633 (1.658) A, 1.606
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Figure 2. Energy profile diagram for the formation of [LCo" = 0« LCo"-0"] and [LCo" = O« LCo"-0"] species from int2 (a M"-hydroperoxo
species) and their reactivity towards C—H bond (see Scheme S1). The pink and blue arrows starting from int2 represent two different pathways; the
right side is the radical pathway and the left side is the acid-assisted pathway. Energies are in k]/mol. The final free energies (AG) are derived from

uB3LYP/def2-TZVP calculations with acetonitrile solvent.
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(1.607) A, and 1.594 (1.623) A, respectively. The M-N,,
distances were found to lie within the range of 2.1 A - 2.3 A.
The deviation from linearity in the N,,,,M—O bond angle is
2.4° (9.1°) for ‘int3,, (Cint3,,m), 0.6° (1.6°) for ‘int3,
(*int3,.r.), and 1.1° (13.0°) for “int3,.c, Cint3,.c,). The Nyans—
M-O angle shows a significant deviation from linearity in
int3,.ym, While it remains nearly linear in %int3, 5, and ‘int3,.c,.
In the int3, series, ’int3,, exhibits the largest deviation,
followed by ‘int3,,,. with ‘int3, showing near-linear
geometry. The elongated M—O bond in int3, (int3,) is
reflected in the Badger corrected"” Mn-O, Fe—O, and Co—
O stretching frequencies v(M—O) of 717 (929) cm™!, 912
(910) em™, and 754 (883) cm™!, respectively. These values
are generally consistent with the experimentally reported
stretching frequencies.'#1#1920H2122] T ooking simply at the
M—-O bond length and associated stretching frequencies
reveals that while the int3, resembles MV =0 form, the
MnY=0 has a dominant Mn"™-O" character (Table S10-
S11).

The DFT computed spin density values on the oxyl
radical centres in both int3, and int3, are significantly higher,
>0.5 in all species (Figure S8 and S10), indicating the
complexes have dominant M""V-O* character. To explore
the functional dependency of the oxyl radical character in
int3, and int3,, we have performed benchmarking with the
TPSSh, PBEO, and ®-B97xD functionals (see ESI for
details). All functionals predicted a similar trend, with Co-
oxo species showing the least sensitivity, followed by Fe and
Mn (see Table S12). Given that DFT, as a single-determi-
nant approach, cannot effectively capture multiconfigura-
tional character in molecules, performing ab initio CASSCF
calculations on these complexes is essential. This justifica-
tion is reinforced by our previous work, where CASSCF
studies on high-valent metal-oxo and hydroxo species
revealed that excited states of the same spin multiplicity
exhibited lower kinetic barriers—a phenomenon termed
identical spin multistate reactivity (ISMR).""

At the equilibrium distance, the CAS(11,8) calculations
on ‘*int3,.¢, yield a 77.9 % contribution from o(p,+d,’)* n(p,
+dyz)2 n(px+dxz)2 5*(dxy)z 0*(pz+dzz)1 Tr'*(py—’_dyz)1 6>k(dxz-yz)l
n¥(py+d,,)° configuration to the total ground state wave-
function with a smaller contribution (20.2 %) coming from a
0(pz+dz2)l T[(py+dyz)2 7-':(px_._dxz)l 6*(dxy)2 6*(pz+dzz)2 7T*(py
+d,,)" 8*(d,”,*)" m*(px+dy,)" configuration (* represents the
orbitals with dominant metal 3d-character. The configura-
tions are one of the representative ones among various
configurations of same type). The former corresponds to a
classical Co'™Y=0 form, and the latter for Co™-O" valance
tautomer (Table S13). The estimated contribution shows
that the species has a dominant Co"™=O character in
accordance with the prediction by the v(Co-O) stretching
frequency values. As these two species are quantum
mechanically mixed and it is neither Co™ =0 nor Co™-Or,
we suggest representing this a dual-curved arrow as Co" =
O g Co™-0Or.

The CAS(9,8) and CAS(10,8) calculations on the ‘int3,,
wo and Sint3, , show that 60.4% and 77.3% contributions
arise from the M"=O species, with 36% and 22%
contributions from the oxyl radical forms, respectively. A
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greater deviation in the N,,M-O angle from the linearity
in int3,,, is attributed to the Mn"™-O" dominance. In the
low-lying first excited doublet state, the Co™-O° electro-
meric species contribution was smaller (18.3 %). In int3,, the
scenario is reversed, the Co™-O° form having o(p,+d,*)
n(px+dxz)2 6*(dxy)z 7-':(py_‘_dyz)l n*(px+dxz)l 6*(pz+dzz)l d%*-
(d)! m*(py+d,,)" configuration is dominant (73.4 %), with
a smaller contribution (23.3%) from the Co¥=O form
(Co¥=0 % Co"™-O,Table S15). A similar trend is observed
in int3,,, and int3,  species, with the M"-O* tautomer
contributing 54.9% and 51.8%, with the MV=0 form
accounting for 39.0 % and 47.1 % respectively. We have also
calculated the EPR g, D, and E/D values, which are in
agreement with the available experimental data (Table S14
in ESI). Furthermore, the quantum mechanical mixture,
which is anticipated to affect the EPR parameters as
previously demonstrated, along with various metrics such as
g, D, E/D, and the hyperfine tensor, can be used to quantify
this mixing.[J°*151%23] [ arger oxyl radical character can be
quantified from the g-tensors, which, in the extreme case of
100% Co™-0r, is expected to be isotropic. Additionally,
measuring the hyperfine coupling of using '"O for the oxyl
oxygen atom can help determine spin densities and the
extent of quantum mechanical mixing.**

The CASSCF-computed crystal field splitting (CFS) of
d-based orbitals, representing the energy gap from the
lowest to the highest d-orbitals, follows the trend: “int3,
(0.50eV) < ‘int3,¢, (0.70eV) < Jint3, 5, (0.84 eV) for int3,,
and “int3,, (0.43eV) < ‘int3, . (0.60eV) < ‘int3,
(0.64 eV) for int3,. The correlation between a larger N,
M-O tilt angle, reduced CFS, and enhanced oxyl radical
character prompted us to explore their relationship with the
HAA reaction and its associated barrier.

The Role of the “Oxo-Wall” in C-H Bond Activation

As intramolecular C—H bond activation has been reported
for these catalysts, we have explored the mechanism where
the metal-oxo species via a transition state (ts2, for radical
pathway and ts2, for acid-assisted pathway) abstract the
hydrogen atom from the N—-Me group at the ligand
periphery. This is followed by the formation of an oxetane-
like product in the next step (pdt,;; see Scheme S1). For this
reaction, the estimated lowest energy barriers (across
various spin states) are 55.1 kJ/mol (“1s2,.,), 181.7 kJ/mol
(’ts2,.r.) and 42.7 kJ/mol (*ts2,.c,) from int3, These energies
indicate that a minimum energy crossing point is required
for Fe and Co, but not for Mn (Figure S1-S3). In the acid-
assisted mechanism, with int3, as the active species, the C—H
bond activation barriers are smaller for Mn and Fe
compared to the corresponding barriers for int3, (17.9 kJ/
mol for 52, 4, and 14.5 kJ/mol for “ts2, z,). In contrast, the
energy barrier for the Co-analogue is substantially larger
(78.3 kJ/mol for “ts2,.,). Overall, the estimated C—H bond
activation barrier exhibits the following trend “is2,p,
(181.7 kJ/mol) > 152, ¢, (783 kJ/mol) > ‘52, (55.1KkJ/
mol) > 152, ¢, (42.7 kJ/mol) > 752, 4 (17.9 kJ/mol) > *ts2, .,
(14.5 kJ/mol) (Figure 3). This unveils that Mn/Fe*=0 % Mn/
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Figure 3. DFT-calculated energy profile diagram for intramolecular C—H
bond activation in Mn, Fe, and Co-oxo species, referencing int3,, for
the ground spin state (in AG, kJ/mol). The trend at the bottom shows
the decreasing order of computed barrier heights for the individual
species.

e'V—O are highly reactive, while the Fe in a dominant form
of FeV=0 or Fe"-O" exhibit sluggish reactivity. Co-
analogue reactivity is found to be in between these two cases
(Figure S11-S12). In the rate-determining transition states
524 vins 152450, and ts2,,.c,, the DFT computed spin densities
on the metal (activated carbon) centres are 3.792 (—0.304),
3.883 (—0.191), and 0.093 (0.492), respectively, indicating a
concerted HAA mechanism.

Analysing the spin densities of the transition states
relative to the corresponding reactant geometries reveals a
diminishing oxyl radical character at the transition states.
The extent of this reduction (Ap=p(O),-p(O)r) is 0.635 for
Mn and 0.341 for Fe. This is accompanied by a concomitant
increase of spin density at the metal centre, with 0.991 on
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Mn in “s2,,,. This indicates that at ts2,, a greater d(M)-
O(p) mixing is observed for Mn, with the least mixing
observed for Fe, leading to a lower barrier and higher
reactivity for the Mn species arising from a stronger multi-
configurational character. For %252, ., %52, . and ‘52, ¢,
species, the DFT computed spin densities on the carbon
centre are —0.484, —0.400, and 0.472, respectively. This
suggests a transfer of a-electron from the C—H bond to Mn
and Fe, while a spin-down B-electron is transferred in Co.
Although the transfer of B-electron in Co is reflected in the
decrease in the residual spin on metal (1.508), there is no
prominent increase in spin-density observed in Mn (0.104)
and Fe (0.21). This is attributed to a net flow of beta spin
density from p(O) — 3d(M), which is found to be highest in
Mn (~0.2), while its negligible in Co (~0.01).

Our CASSCEF calculations capture this scenario well in
these transition states. In both “s2,,, and %s2,., the
dominant M™-O* contribution is 64.7 %, and 69.7 %, respec-
tively, with the following configurations: for Mn o(p,+d,?)
n(p, +d,)° i (py )’ 55(dy)' 85(d2,)! wH(py+d,,)' (py +
d,)’ o*(p,+d,>)" and for Co, o(p,+d,’)’ n(p,+d,,)* o*(p,+

A7) n(potdy) mH(p,+d,)? 34(dy)! 352D i (p,+ )
(Table S15). The pure Mn"' =0 and Co" =0 forms contrib-
ute smaller percentages of 30.6 % and 25.5 %, respectively.
A completely reversed scenario is observed in °ts2,, 5, where
the ground state is composed of 69.6 % from Fe"V =0 form
with a majorly contributing o(p,+d,”)* n(p,+dy)* n(p,+
dyz)2 5>l<(dxy)l G>X<([)z—~_(:122)1 n*(py+dyz)1 8>k(dxz-yz ! 7-lt>l<(px—~_(_'1><z)()
configuration along with a contribution of 27.1 % from the
tautomeric Fe™-O" (Figure 4 and Table S13). The contribu-
tion from oxyl-radical tautomeric forms is found to be
significantly enhanced in the one-electron oxidised ts2;.y,
and 152, . The CAS(10,8) calculations reveal a dominant
(py+dy,)” m(py+d,,)” o*(p,+d,’)* w*(py+dy,)' %(dy)” o(p,
+d,%)" m(py+d,y,)' 8%(d?)" configuration (80.4%) with
11.8 % from Mn"=0 form in %52, ;.. The contribution from

_Beyond “oxo-wall” -
(c) 2t52,.c, L

0.50 0.49

N-Fe-O = 165.1°

_ths " A
“oar [07(dEy?)
+ nb d _I_

*
051 Nyz

ri
-0,5x3 ' _1_-0.51
L

71
T

Co'"-0r (69.7 %)

| * -0.60
-0.73

-0.78
Fel.0r (27.1 %)

CoV=0 (25.5%)

Figure 4. The DFT-computed spin density, along with CASSCF-calculated d-orbital splitting and the percentage of mixing, for (a) “ts2,.um, (b) 52,5,
and (c) ’s2,.c,- Note that only the major configurations contributing to M"Y =0 and M"-O" forms are shown. The black arrows indicate transitions
corresponding to tautomeric conversions (see Table S13-S14, energies in eV).
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FeV-O* tautomer is further increased in *ts2, s, species, with
negligible contribution from the FeY=0 form. This remains
similar in the Co analogous with Co"™-O°, tautomeric form
contributing lower to the overall mixed state (25.2 %).

To investigate the relationship between the transition
state barriers, the two electromeric forms, and their
quantum mechanical mixing, we performed a relaxed
potential energy surface scan along the intramolecular C—H
bond coordinate, where the C—H bond was elongated in
steps of 0.05 A up to 1.40 A (1.45 A for Mn) and compressed
to 1.10 A, specifically for three transition states: ts2, .
(lower energy barrier before the wall), “ts2, (highest
energy barrier), and s2,., (intermediate energy barrier
beyond the oxo wall)(Figure S13).

The overall scan reveals three distinct scenarios: at the
lower C—H bond length region (1.2-1.25 A), the percentage
of mixing between MV=0O and M™-O° tautomers is
expected to be similar to that observed for the reactants; at
higher lengths (1.25-1.3 A), the mixing closely resembles the
transition states; and for C—H bond lengths greater than
1.3 A, the mixing aligns more closely towards the estimate
obtained for the product. To understand the change in the
contribution from each tautomeric form, we have performed
CASSCF calculations on each point. In %2, ., the M™-O"
character is maximum (~60%) at 1.3 A (close to the C—H
bond length is the transition state). With the compression of
the C—H bond, the Mn" = O character increases, reaching as
high as 55% at 1.1 A, with a concomitant reduction in the
M"™-0O" character (~42.5%). When the bond is elongated
from the equilibrium point, the M™V-O" character remains
almost similar. On the contrary, near the equilibrium point,
the % M™-O" character is minimum in ’ts2,, 5, and %s2,.¢, (<
23%). The contribution from this oxyl radical remains
almost the same as the C—H bond is compressed, however, a
significant increase is observed, reaching 69.5% at 1.4 A, as
we elongate the bond. A similar trend is noticed in #s2,.c,
species, where a maximum M-O* form is noticed at 1.35 A.
Therefore, at the extreme left of the scan, i.e., at the
reactant-like structure, the M=O form is dominating, and at
the extreme right i.e. at the product-like geometry, the M—
O form is dominant in all cases. This indicates that the
energy barrier for the intramolecular HAA reaction is

strongly dependent on the composition of the M"V=0 g
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M"™YV_QO* forms at the transition state (Figure5, see
Table S16 for optimised geometry coordinates).

Several metal-oxo species were reported to perform
deformylation reactions after methyl hydroxylation.”! To
understand the possible deformylation reaction, we have
performed additional mechanistic studies (see ESI for
details, Scheme S2, Figure S14-S20), and this reveals that
the barrier for the M—O bond cleavage is steeply high,
preventing the formation of this product and this is
consistent with experiments where the reaction found to
stop at species pdt, Further, the deformylation product
formation is also found to be endothermic and hence is not
favoured thermodynamically.

Discussion

Although the H&B concept has been widely accepted in the
scientific community for several decades, its applicability
and manifestation during a chemical reaction remain unex-
plored, which motivates the present study. We would like to
further note here that MY"V=0 species are inherently a
quantum mechanical mixture of the corresponding oxyl
radical species, best represented using the dual-curved arrow
notation, such as M"V=0 z M"-0O* and MV=0 z M"V-O°,
rather than as pure M™V=0 or the corresponding oxyl-
radical electromers. The percentage of mixing between the
MY=0 and M"™-O" electromeric forms was found to be
correlated to symmetry present in the complex along with
the distortions in the geometry pertaining to the M—O bond.
While in the one-electron reduced M-O species, the M"Y =
O tautomeric form is dominant, in the one-electron oxidised
M-O species, the dominant form is determined to be M"V~
O, irrespective of the position of the metal, i.e. before or
beyond the wall. Further, in addition to the electronic
configurations, the oxidation state of the metal (correlated
to the redox potential), along with its ligand architecture
and geometry, dictates the dominant tautomeric form.

Since DFT lacks multiconfigurational accuracy, CASSCF
is essential for capturing phenomena such as ISMR ! and
here, this combination highlights the N,,,,M—O tilt angle as
a key factor in determining the dominant species between
M"W=0 and M™V-O" tautomeric forms. While it is

@¢c ®)§ c 5
S 75 280 E, Fe-0=1.237A 5 ( )_S 90 E. Co-0=1300A 7 [2°:2
575 S 3 z g S e 3
2 E.q Mn-0 = 1.300 A T =Y 3 2] 4+ N 20 2
f (\rj 160 = - NG ;60 = = J\j H i )
- : ] c = < TN H s
c 60 c o 60 o ® ; <]
o o < o 60 ~o_ i 15

o 50 o Nl
5 " 50 8 o H ;
O 45 459 o o I : (@]
i > 0 400 2 45 10
>= - ) 40 = 8 : )
230 -30..2_ “I.I: -30:?.’ ‘.6 30 e 5 8
5 i 6 030 o—o—a Y 0L X i & o
A X B o S T T T T T r T
2 142 120 158 136 194 R 112 120 1.28 1.36 1.081.141.201.261.321.38 1.44 %

Mn-0 bond length (A)

Fe-O bond length (A)

Co-0 bond length (A)

Figure 5. CASSCF-calculated percentage contributions of M=O and M-O" species in (a) ts2, of Mn complexes, (b) ts2, of the iron complex, and (c)

ts2, of the cobalt complex as a function of the M—O distance.
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intriguing to find this correlation to the extent of mixing
between these two tautomers, the importance of this tilt
angle in the reactivity of metal-oxo species has been
witnessed earlier in non-haem Fe''=0 complexes towards
hydrogen atom transfer reaction.'”**) Our calculations have
shown that the higher the tilt N,,,M-O angle, the larger
the contribution of the oxyl radical form to the ground state
wave function. As the tilt angle increases as ’int3,.¢, > “int3,,.
v > ‘int3y g, and “int3, ., > ‘int3,c, > Jint3, r,, the overall
crystal field splitting of d-orbitals decreases, narrowing the
energy gap between ligand-centred and metal-centred mo-
lecular orbitals, which promotes their mixing. This resulting
weak ligand field was found to facilitate electron transfer
between metal and ligand-centred orbitals, leading to
dominant M™V_Q* character.'!' As the N, ~M-O angle
increases, this is expected to weaken the n(d,,-O,,) and
n(d,,-O,,) bond order, leading to a more pronounced M"""-
O° character. Previous studies have suggested that the oxo-
wall is crucial for the instability of ideal terminal metal-oxo
species in a tetragonal C,, ligand environment.”® The
present study emphasises that when the symmetry is
disrupted by increasing the Ni,,,,—M-O tilt angle, it promotes
the formation of oxyl radical character rather than a true
M"'=0 species. As we continue to await the unambiguous
characterization of Co'=O species, such as through X-ray
analysis, a ligand architecture designed in such a way that
induces a least bent in N,,—M-O angle could offer a path
toward their stabilisation.

The mixing of the two tautomers drastically increased in
int3,,, and int3,  species except for the Co-analogue,
which is mostly populated by the oxyl radical form. The
H&B oxo-wall concept suggests that with the addition of an
electron in the n* orbital beyond group 8, the M—O n-bond
weakens, which increases the reactivity of a metal-oxo
species due to the stabilisation of a Co™-O° form. If we
consider this hypothesis to be true, in that case, based on the
% of M=O vs M-O" species, the reactivity should be, 52, ¢,
> 52 m > 52y 50 > U520 > 452,00 > 152, .. However,
the calculated reactivity trend is %ts2, p, > 152, ym > 2152, ¢, >
U520 > 152y co > 152, - This clearly suggests that even if
the ground state geometry of the given complex has an ideal
M =0 form, during the transition state, it evolves with the
greater proposition of M-O° species, which eventually
performs the HAA reaction. Surprisingly, our findings reveal
that the percentage of M-O° radical character is inversely
proportional to the kinetic barrier, regardless of the metal
ion‘s spin state, oxidation state, or identity. This unexpected
relationship challenges the extensive literature that empha-
sises the importance of spin and oxidation states in
determining reactivity.

Conclusions

Our study challenges the long-accepted H&B concept by
proposing that metal-oxo species exist as a quantum
mechanical mixture of M"Y =0 and M"™-O" forms, with the
balance between these species influenced by geometric
distortions, such as the N,,—M-O tilt angle. We find that
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the greater the oxyl radical character (M™-0O"), the lower
the kinetic barrier for reactivity, which highlights the critical
role of structural factors, like tilt angle, in dictating the
reactivity of these species, rather than solely their spin state
or oxidation state.

Supporting Information

The Supporting Information contains computational details,
optimised geometries, energy profile diagrams, spin density
plot of reactant, transition states, intermediates state, and
products of all stationary points and the relevant CASSCF
data.
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