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ABSTRACT: Activation of C—H bonds using an earth-abundant NXCJ‘M& \

metal catalyst is one of the top challenges of chemistry, where high- L R
. .. . . ) _\/;f\,./ko

valent Mn/Fe—oxo(hydroxo) biomimic species play an important IS

role. There are several open questions related to the comparative
oxidative abilities of these species, and a unifying concept that could
accommodate various factors influencing reactivity is lacking. To shed
light on these open questions, here, we have used a combination of
density functional theory (DFT) (B3LYP-D3/def2-TZVP) and ab
initio (CASSCF/NEVPT2) calculations to study a series of high-
valent metal—oxo species [M""H;buea(O/OH)] (M = Mn and Fe, n
= II to V; Hjbuea = tris[(IN'-tert-butylureaylato)-N-ethylene)]-
aminato towards the activation of dihydroanthracene (DHA). The

MY Habuea(X))™
M = Mn/ Fe

n=wnvv
.

H-bonding network in the ligand architecture influences the ground

state—excited state gap and brings several excited states of the same spin multiplicity closer in energy, which triggers reactivity via
one of those excited states, reducing the kinetic barriers for the C—H bond activation and rationalizing several puzzling reactivity
trends observed in various high-valent Mn/Fe—oxo(hydroxo) species.

B INTRODUCTION

Aliphatic C—H bond activation is challenging in synthetic
chemistry due to its very high thermodynamic stability.'
Studies over the past few decades have proven that the
nonheme high-valent manganese and iron complexes with
terminal oxo ligands are potential in various oxidative
transformations, including C—H bond functionalization and
oxygen-atom transfer reactions, having resemblance with the
active site of many biological systems, such as peroxidases,
halogenases,”” and in the oxygen-evolving complex (OEC) of
photosystem IL"

In the past few decades, several experimental groups have
been working extensively in this area to structurally and
functionally mimic the reactivity of naturally occurring
metalloenzymes. In this direction, the first prototypical
Fe'Y=0 intermediate, TauD-J (taurine: a-ketoglutarate
dioxygenase having five-coordinate trigonal bipyramidal
(TBP) geometry), has been trapped and spectroscopically
characterized to possess a high-spin (S = 2) ground state,’
followed by the synthesis and characterization of numerous
nonheme Fe'"=O0 complexes to comprehend their role in
biomimic chemistry.””” These terminal nonheme Fe'V=0
species are found to be the most powerful and extensively
studied oxidants targeting aliphatic C—H bonds. On the other
hand, the one-electron reduced Fe™=O and one-electron
oxidized Fe'=0 derivatives are comparatively rare and less
explored. While a handful of biomimic complexes of Fe'=0
have been reported and characterized,'™"* only two terminal
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Fe"=0 complexes are reported to date, and both of them are
known to stabilize in the presence of secondary coordination
sphere."*™"> Besides the Fe—oxo complexes, the Mn—oxo
model complexes also stimulate inorganic chemists owing to
their possible roles in water oxidation carried out by
photosystem I In Mn chemistry, Mn"/"Y/V=0 species are
relevant,'*™>* and several high-valent Mn™"/Y=0 complexes
have been synthesized, characterized, and found to possess
aggressive oxidizing abilities, sometimes even higher than the
popular Fe™'=0 species.”"** Though there are some isolated
reports, very little is known about the oxidizing abilities of the
protonated metal—oxo species of this type.

One of the most crucial factors that influence the reactivity
of these species is the participation of several spin states during
reactivity. Most biomimic Fe'"=0 models react via the two-
state reactivity,”® where a high-spin S = 2 state is found to be
the rate-determining, although the ground state is an § = 1
intermediate spin state.””* The concept of two-state reactivity
(TSR) was attributed to the very high reactivity of Fe''=0
species. Confusion arises as a vast majority of the Fe'V=0
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intermediates found in metalloenzymes possess a high-spin (S
= 2) ground state and react without any spin crossover.””*
Moreover, a large body of literature collected over the years
suggests that the high-spin Fe'=0O dependent metal-
loenzymes react faster than those with intermediate/low-spin
states without any spin crossover.’*” Further, some of the
Mn—oxo species are found to be more reactive than their Fe
analogues, and they possess a high-spin ground state, and other
spin states (intermediate and low-spin) were found not to
participate in the reactivity.”**> This puzzling reactivity
demands a study across various oxo/hydroxo species of Mn
and Fe to underpin the source of the variation observed.

In this direction, we have studied a series of well-
characterized, Mn/Fe"*—oxo(hydroxo) (Hjbuea = tris[(N'-
tert-butylureaylato)-N-ethylene) Jaminato (n = +I to +V)
complexes.”*** These species are structural analogues™ and
offer a unique set of structures to probe the relative oxidative
abilities of these species. In this series, the experimentally
observed reactivity trend contradicts the regular trend noticed
in other biomimic models. For example, among the complexes
studied, [Mn™H;buea(O)]>*~ was found to be the most
reactive, followed by [Fe™H;buea(0)]*™ and [Mn'VH;buea-
(O)]", while the popular [Fe'VHjbuea(O)]™ is very sluggish
even with substrates, such as 1,9-dihydroanthracene (DHA),
despite a fact that this substrate has the C—H bonds, which are
already weak and are activated. The present study investigates
the C—H bond activation by twelve different species using a
combination of density functional theory (DFT) and ab initio
CASSCE calculations and proposes the role of the excited state
of the same spin multiplicity as the ground state in dictating
the reactivity.

B COMPUTATIONAL DETAILS

Density Functional Theory (DFT) Calculations. All
geometry optimizations were carried out with the density
functional theory (DFT) method using the Gaussian 09 suite
of programs.’” The geometries of all stationary points involved
in the reaction mechanism were optimized in the gas phase
without any constraints using dispersion-corrected unrestricted
B3LYP hybrid density functional.*” The functional in the
present study has been chosen based on our previous
works*"** and the literature on similar Mn/ Fe—oxo/hydroxo
complexes (see Computational Method section in the
Supporting Information). A LACVP basis set has been
employed, comprising the 6-31G* description for all light
atoms (H, C, N, O), and a double-¢ quality LanL2DZ basis set
with the Los Alamos effective core potential has been
incorporated for the Mn and Fe center. The harmonic
vibrational frequency and intrinsic reaction coordinate (IRC)
calculations were performed to characterize the nature of the
species.”” Gas-phase electronic energies are refined by the
single-point energy calculations on the optimized geometries
using a def2-TZVP basis set** for all of the atoms in the same
level of theory using Grimme’s D3 version of dispersion.”> The
solvation energies have been incorporated using the solvation
model based on density (SMD) solvation model™ and def2-
TZVP basis set for all. As in experiments,**”***" N,N-
dimethylacetamide (DMA) was used as a solvent in our
calculations. The B3LYP-D3-computed solvation energies,
incorporating the free-energy corrections obtained from the
vibrational frequency calculations, have been used to estimate
the potential energy surface. The spin-contamination, if found,

on the broken-symmetry state, the energies were corrected
using Yamaguchi’s spin-projected correction formula.**

Ab Initio Calculations. When the ground-state wave-
function is admixed with the excited-state configurations, the
DEFT calculations being a single determinant method may not
be suitable to describe a system that has a multireference
character.” To describe these systems properly, post-Hartree—
Fock multireference calculations, such as state-averaged
complete active space self-consistent field (SA-CASSCF)
theory, along with the incorporation of N-Electron Valence
State Perturbation Theory (NEVPT2) to treat the dynamic
correlation will be helpful.’®>* This method is found to be
appropriate for the characterization of ground spin state in
open-shell cobalt complexes with redox-active ligands.”*>
Therefore, in order to explore the involvement of multi-
reference contributions to the ground-state wavefunction, we
have used the CASSCF/NEVPT2 method in the present
study. All CASSCF/NEVPT?2 calculations were performed on
the DFT-optimized ground-state geometries of the Mn/Fe=0
complexes using the ORCA 4.2.1 program.’®’ Scaler
relativistic Hamiltonian has considered using the zeroth-
order regular approximation (ZORA) method.”® The
RIJCOSX approximation with a def2/J auxiliary basis set has
been employed. The starting guess orbitals were obtained by
the DFT method performed using ROKS/BP86 terminology
with ZORA-def2-TZVP for metal and ZORA-def2-TZVP(-f)
for N, O, and ZORA-def2-SVP basis sets for the rest of the
atoms (C and H). For CASSCF/NEVPT2 calculations, the
active space of CAS(n,5) and CAS(n,8), including the five
metal 3d-orbitals and their electrons and five metal 3d-orbitals
along with the two oxo p, orbitals (7, and z,) and one oxo p,
orbital (6,), are considered. For the d* metal center, 10 triplet
and 1S singlet roots; for d3 10 quartet and 40 doublet roots;
for the d* system, S quintet, 4S triplet, and SO singlet roots; and
for d° 1 sextet, 24 quartet, and 75 doublet roots are
considered. In the present study, the electronic wavefunction
is expanded in all possible configuration state functions
distributing the electrons in the active space using the
complete active space self-consistent-field (CASSCF) method.
Although this method is computationally expensive, it yields
reliable results when the ground-state and excited-state
wavefunctions are heavily admixed. The electronic config-
uration of the metal complexes and the ab initio ligand field
theory (AILFT) orbitals were determined by the CASSCF/
NEVPT2 method using the same methodology described
above. Intrinsic bond orbitals are obtained using the ORCA
program, employing the unrestricted B3LYP functional
coupled with the ZORA-def2-TZVP basis set for all atoms.
The orbitals were calculated with the orbital localization
routines in the IBOView program with a default isosurface
threshold and resolution with an exponent value of 2, as
recommended.*”*

In this manuscript, we have used the following denotation,
M =0, where superscript 2S+1 describes the multi-
plicity of the species, M is the name of the species; subscript ¢/
7/6 describes their respective orbital, which is vacant based on
the CASSCF configuration. The last subscript denotes the
nature of the species.

B RESULTS

Spin-State Energetics of M"*—O(OH) (M = Mn/Fe, n =
Il to V) Species. To understand in detail the relative oxidative
abilities of various M"*=0(OH) (M = Mn/Fe, n = Il to V)
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Table 1. Table Containing the Ground State of All Species with CASSCF Computed Electronic Configurations, Reaction
Types Involved in Various Species during the C—H Bond Activation Transition State

catalyst spin state (GS) % of mixing from CASSCF species reaction type
Mn"'-0 §=2 7 6%, 6 e (49%) + mt 16T 6% e, P (48%) STS pa™=0 PT-ET
STS M —o PCET
Mn"V=0 S=3/2 w16 18,2 P (55%) + ) w8, N (24%) + 6w, (10%) TS5 am"=0 HAT
TS ™ =0 PCET
TSs =0 PCET
Fe"'-0 $=5/2 &t e e o 2t (100%) CTSp_o PT-ET
Fe"=0 S= 8%yt w0 et 2 (99%) STSe—o HAT
Fe'=0 S$=3/2 7 6% 8 e 2N (43%) + ot 6wt (25%) TS, pe'—0 HAT
TSsr'—0 HAT
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Figure 1. AILFT computed metal d-orbitals of (a) [Mn'VH;buea(0)]~, (b) [Fe""H;buea(O)]™, and (c) [Fe"H;buea(O)] species (energies are in

eV). The isosurface value of 0.03 is employed to plot these orbitals.

species, we have performed DFT calculations, which reveal
that all Mn/Fe—oxo(hydroxo) complexes in the series possess
a high-spin ground state, which is in agreement with the
available experimental results (Figures S1 and S2 and Tables 1
and S1a).***7*9°1=%* While the other intermediate/low-spin
states of the various Mn species lying between 44.9 kJ/mol
(Mn"—OH species, S = 1) and 201.5 kJ/mol (except the low-
spin state of Mn"'—OH species), the intermediate spin states
of the Fe series are comparatively closely placed, lying within
71 kJ/mol for all species and much closer for Fe''=O0,
Fe'/IV—OH species. This indicates a greater possibility of two-
state reactivity in the Fe series. The high-spin ground state for
all (except Mn/Fe'Y=0 species) and the trend in energy are
captured in the CASSCF/NEVPT2-computed energetics
(Figure S3).

The d-orbitals extracted from the ab initio ligand field theory
(AILFT) approach using the CASSCF/NEVPT2 method
reveals that the [Hbuea]’~ ligand imposes a local trigonal
geometry around the metal, generating a relatively weak ligand
field, and all of the occupied orbitals are placed within a limit
of ~2 eV for both Mn and Fe species (Figures 1, S4, and SS).
The AILFT computed orbital diagram is consistent with the
orbital splitting expected for the trigonal bipyramidal geometry
that yields a high-spin ground state for all cases studied (Figure
S6). The S = 3/2 state as the ground state for Fe"=0 can also
be correlated to the close-spaced AILFT orbitals. The H-bond

14933

cavity around the metal generates a relatively weaker ligand
field with the 7*, 7% ,.6,, lying within 0.6 eV, resulting in the
high-spin state. As the overall splitting is much higher, the
mixing of the excited-state configuration with the ground state
is unlikely to be favorable, and hence, these species are likely to
show TSR/SSR-type reactivity.

In the present study, the state-average CASSCF calculations
reveal a strong mixing of ground-state configuration with other
electronic excited states, indicating a strong multiconfigura-
tional character in Mn"VV=0, Mn'V—OH, Fe""V—OH, and
FeV=0 species (Table Sla). This kind of mixing was noticed
in earlier studies.”>*® For example, for the Mn""=0 species,
CASSCEF yields Jr*leﬂ*yzlﬁ*xylﬁ*xl_yzl configuration have a
weightage of 49% with another 48% contribution arising from
the excitation of electrons from the #*, — o2 orbital,
suggesting that both 7* , and 6,” orbitals are strongly mixed.
Similar to the Mn™=0 species, a strong multideterminant
character was found in the Fe'=O species, where the
significant contribution to the total wavefunction arises from
the &,'7*,'7*,.' (44%) configuration, which is found to be
mixed with the 5xy1ﬂ'*yzla*zzl configuration (25%) (see the
Supporting Information for other species details).

The Lewis acidity (pK,) of the M—O/OH moiety decreases
as Mn""'=0 > Fe""=0 > Fe"~OH > Mn"-OH > Mn""=0
> Fe""=0 > Mn"'~OH > Fe""~OH > Mn"=0 > Mn"=0 >
Fe-OH > Mn"—OH in the DMA medium, while the
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Figure 2. B3LYP-D3 computed energy profile diagram for the C—H bond activation of 9,10-dihydroanthracene (DHA) by (a)
[Mn"VH;buea(0)]", (b) [Fe'YH;buea(0)]™, and (c) [Fe"H;buea(O)] catalysts (energies are in kJ/mol).
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Figure 3. DFT-optimized geometries of (a—e) *RC, "o, “RCopn™—0, *TSpam—0r *TSsmV—o, and *TSs y¥—o, respectively.

calculated one-electron reduction potential values (E, ) of the Reactivity of Mn"*—X (n = Il to V, X = O/OH) Species
corresponding half-reaction for each species follows the order toward C—H Bond Activation. Scheme S1 demonstrates the
Fe"—OH > Fe'=0 > Mn""—OH > Mn"=0 > Fe'"-OH > mechanism of the C—H activation step for the conversion of

Mn"V=0 > Fe"-OH > Mn™-OH > Fe'"™=0 > Mn"=0 > 9,10-dihydroanthracene (DHA) to anthracene using M"'—
Mn"—OH > Fe'=OH against the Fc*/Fc couple (Table S1b oxo(OH) (where M = Mn/Fe, n = II to V) species as catalysts.

and Figure S7). We have also estimated the error bars in the In the Mn series, the intrinsic barrier for the C—H bond
redox potentials, as well as the pK, value, as suggested earlier,”” activation is the lowest (50.7 kJ/mol) for Mn™=0 species,
and this is estimated to be 0.165 V and =S, respectively. followed by Mn"'=0 species (66.8 kJ/mol) (Figure 2). The
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energy barrier for other species is quite high, >80 kJ/mol, and
therefore unreactive (Table S2).

For [Mn"H;buea(O)]*~ species, we have found two
reactant complexes, *RC, \,"—o (9.0 kJ/mol) and
SRC,pn—o (26.6 kJ/mol), on the S = 2 surfaces, with DHA
found to approach either on a side-on fashion () or a head-on
fashion (o) (Figure 3a,b). CASSCF calculations reveal that for
SRC,.mn'"'—o, the ground-state configuration of
ﬂ*yzlzr*le5*xy15*x2_yll is contributing 42% to the total
wavefunction, while the next highest contribution (28%) is
originating from the 7%, — ¢* excitation. For *RC, "o,
the contribution from the ground-state configuration,
ﬂ*yzlé*xyl P 5*x2_y21, is increased to 75%, indicating a
lesser mixing to the ground-state configuration. The low-lying
SRC,.mn"—o state is connected to the lowest energy barrier of
50.7 kJ/mol (°TS, yn"—o) for activating the C—H bond, while
STS ,mn"—o is lying at 12.2 kJ/mol uphill from TS, \,"—_q
(Figures S8a,c). In °TS, \"—o species, the total wavefunction
is comprised of 59% contribution from the
ﬂ*yzlé*xz_yzlé*xyln:*le configuration with a significant mixing
of a singly excited G*Zzlﬂ'*yzl(s*xylﬂ*le configuration (30%).
This mixing is found to be less in TS, \,"_c, as expected
(Table S3). In STS, \"_o, the spin density on the metal
remains unaltered (Apy, = 0.088) from SRC, ,"_q with no
residual spin density (ppys = 0.011) and a significant negative
Mulliken charge (epy, = —0.495) on the DHA moiety. This
indicates that a proton is getting transferred from DHA to the
catalyst-forming MHA™ species during the transition state
(Figure S8b).

We have performed the intrinsic bond orbital (IBO)
representation of the wavefunction to qualitatively dist‘nguish
between various pathways followed by these species.”* We
begin our analysis by demonstrating the change in the @ and j
spin IBOs of the C—H bond along the reaction coordinate.
During the C—H bond activation via *TS, "¢ species, a
proton and an electron travel together but follow two different
pathways. In RC, both IBOs of a and f spin of the C—H bond
are found to be intact. As the reaction proceeds, at the
transition state, while the proton is transferred to the oxo
group, the electron is traveled to the metal center, leaving
behind a radical (@ or ) on the substrate, indicating a
concerted PCET mechanism. On the other hand, in
TS, ma"—0, the hydrogen is moved to the oxo group as a
proton leaving behind both  and S spin IBOs on the substrate
and the corresponding electron is found to be delocalized to
three carbon positions, indicating a PT-ET mechanism (Figure
S9 and S10).

In [Mn"“H;buea(O)]™ species, three different reactant
complexes were optimized, namely, *RC, i —0, *RCspim"—o
and *RCy p"—q (Figure S8d—f) with *RC, y,"—o, being the
lowest-lying among all RC and endothermic by 17.9 kJ/mol
from the free catalyst. The lowest-lying *RC, \,"—o species
possesses a (5xy)l(7rw erz)z configuration, which contributes
54% to the total wavefunction. This state is found to be mixed
with the other singly excited states with contributions of 14
and 12%, arising from the transfer of a-electron from 7z, and
7., orbitals to o2 orbital, respectively. We have optimized
another reactant complex species, “RCy .y, ¥—0, and similar to
the lowest energy *RC,,.\,"=o, the major contribution for this
species is also originating from the (6,)' (7., 7,.)?
configuration (56%). These two configurations differ in their
second-highest contributing configuration to the wavefunction.

For *RCy.yn"—o species, the second contribution originates
from the transfer of a-electron from the §,, to §,2_ orbital
(ﬂleﬂyzlcsxz_},zl, 27%). In contrast, for *RCsy¥—o, several
equal weightage excitations, such as 6,,/7,, — 6y /o* 2
(17%), 7, = 0% (17%), 8, — 677 (15%), 7,./m,. — 5/
6%, (15%), and Oy = o* 2 (v 12%), dominate the wavefunction.
The reactant complex “RCj p,"—o has the highest oxyl radical
character (0.232) among all and is connected to the lowest
energy barrier for the C—H activation, 66.8 kJ/mol associated
with *T'S; " transition state. The energy barrier associated
with *RC, am¥—o and *RCs =0 is 115.6 and 95.6 kJ/mol,
respectively (Figure 2a). In *TSzu,"_o, the highest con-
tribution (44%) to the total wavefunction comes from a doubly
excited ﬂ*lea*zll5*xl_yzl configuration originating from the
o*y/m,, — 6%2_ /0%, electronic transition. This majorly
contributing state is found to be heavily admixed with other
doubly excited states arising from the z,./7%,, to 6% 2/6%2_p
(27%) and &%,/7%,, to 0*2/6%2_2 (11%) electron transfer.
This mixing in the configurations is in line with the extended
CASSCF [CAS (9,8)] calculations on the rate-determining
*TSsam =0, Where the highest contributing (29%) doubly
excited state (0,'6%2_ 7% '7*, '6% ') is found to be mixed
with another doubly and singly excited state 5*2_2'7* . 'o% 2!
(24%) and 5*x2_y21ﬂ*yzlﬂ*le (19%), respectively {Figure 3c—
e). From these calculations on all of the transition states, it is
revealed that higher contributions from the excited-state
configurations lower the energy barrier for the hydrogen
atom transfer. For instance, the contribution of (6,)" (7.,
7,.)* is decreased in the order from “TS,\,"—o (38%) to
TS5 M —o (27%) to *TSspm¥—o (0%), and the barrier height
also decreases in the same manner, even the ratio of decrease
in barrier height matches the percentage of contribution
(Figure 4) closely. Similar to the Mn™=O species, these
species are also following different mechanisms during the C—
H bond activation process. If a C—H bond is cleaved following
a HAT mechanism, the localized IBOs would be diminished
from a C—H o-bond and appear as a part of a newly forming
O—H bond. As we move from RC to *TSsz "o, an IBO
belonging to the a-spin manifold is found to be transferred to
the newly formed O—H o-bond. The S spin IBO remains
intact on the C-atom of the substrate. In this pathway, the C—
H bond is broken homolytically with the transfer of an electron
along with the proton to the oxo group, leaving behind a
radical on the substrate (Figure S). However, the other two
species follow the PCET mechanism (Figures S11 and S12).
Our IBO analysis has shown that Mn"—OH species reacts via
the PT-ET mechanism, Mn"/"V—OH species reacts via PCET,
and Mn"=0 species reacts via the HAT mechanism (Figures
$13-S16).

The above study suggests that if spin states of the same
multiplicity lie within a small energy window (10—15 kJ/mol),
there is a likely chance that both the states participate in the
reactivity or the excited state becomes the ground state at the
transition state due to the additional electronic flexibility that it
enjoys. This reactivity, where the excited state of the same spin
multiplicity is involved during the reaction, is called identical
spin multistate reactivity (ISMR), as no spin inversion is
required on this surface. Further, if the gap between these same
multiplicity states is much larger (~80—100 kJ/mol), the
excited states are unlikely to participate in the reactivity. It is
important to also note here that when the states are coming
very close to each other, their spin—orbit coupling is also
expected to increase (see Table S1b) for computed spectral
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Figure 4. Electronic contributions in (a) reactant complexes and (b)
transition states in MnV=0.

parameters, including zero-field splitting, facilitating stronger
mixing and greater reactivity (see below).

Reactivity of Fe™—X (n = Il to V, X = O/OH) Species
toward C—H Bond Activation. The barrier heights computed
for the C—H bond activation of DHA by the Fe—O(OH)
species reveal that only the Fe'’=O and Fe"=0 species
possessing an energy barrier of <60 kJ/mol are reactive, while
others are not (Figures S17—S19). The reactive Fe''=0 and
Fe'=0 species react via PT-ET and HAT mechanisms,
respectively (Figures $20—S22). The other unreactive Fell/M_

OH reacts via PT—ET (Figures S23 and $24), Fe"'—OH via
PCET (Figure S25), and the Fe'V=0 species react via the
HAT mechanism (Figure S26). This is indicative that the
reactivity is not dependent on the reaction mechanism.

Similar to the previous Mn complexes, we found two
reactant complexes for the Fe"=0 species, ‘RC, p."—o and
*RCs.p'—o, varying the dominant electronic configuration
contributing to the wavefunction (Figure 6). The *RC,.p.'—o
species is comprised of several equally weighted electronic
states, i.e., 5xy171y115x2_y21 (19%), Gzzlﬂ'yzlcsxz_yzl (17%),
5xy1ﬂx115x2—y21 (16%)’ 5.76')/1622153(2—)/21 (14%)) ﬂleazzlaxz_yZI
(14%), and 6,'c'n,' (13%), while in *RCsp'—o, the
significant contribution originates from the ground-state
electronic configurations, 7,.'s,,'z,,' (42%) configuration,
which is predominantly governed by the doubly and singly
excited electronic states, is found to be the low-lying one (21.9
kJ/mol), with the other one at 9.1 kJ/mol higher in energy
than *RC,p.'—o. The highly admixed *RC,p.'—o species is
connected to the lowest energy barrier, 35.3 kJ/mol
(*TS,.p'—0), and this transition state is exclusively dominated
by doubly excited electronic states, ﬂleazzlé'xz_yzl and
5xy10'z215x2_y21, contributing 48 and 19% to the total wave-
function. The other one, *TS;p'=¢ is lying 51.4 kJ/mol
higher in energy than *TS,p'_o. Both the *TS,p'_o and
*TSs.re'—0 species follow a HAT mechanism.

Unlike the FeV=0 species, the Fe''=0 species ground-
state electronic configuration is pure (100%:
w* 6% 'r* 'o* ) and does not exhibit any of the mixing
mentioned above and suggests that the absence of such mixing
leads to very larger barrier heights (119.6 kJ/mol) and hence
sluggish reactivity.

Thermodynamics of the Mn/Fe"*—O(OH) (n = 1l to V)
Species toward Reactivity. Further, we have analyzed the
computed pK, values of the conjugate acid—base pairs and the
redox potential E,, values of the half-reactions involved in the
C—H abstraction process. As we discussed already, the C—H
activation by [M"*=0/OH] species can occur in two ways:
(i) a PT-ET mechanism and (ii) a PCET/HAT mechanism. In
the PT-ET path, the species undergoes protonation forming
[M"=OH/OH,]" species and followed by an electron

a-IBOs

Figure 5. Changes in the C—H bond IBOs along the reaction coordinate for Mn'V=0 species in (a) reactant complex (*RCyspn"—o), (b)
transition state (*TS;pm"—o) and (c) product ((INT,,V_o) respectively. The O-cantered @ and f IBOs in the newly formed O—H bond are
shown in (d) *TSspu¥—o and (e) *INTy,¥=¢, respectively. Here, the pink and blue colors represent positive density, while orange and violet

represent negative density.
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Figure 6. DFT-optimized structures (a—c) *RC,.r."—o, *RCy.r'=0, and *TS . p."=¢. (d) Spin densities on Mn, oxo, and C1 (DHA) of *TS "¢
with the isosurface value of 0.03. Here, green (yellow) color denotes a(f3)-spin density and (e) DFT-optimized structure of *TS;p.'_q species.

transfer. The first step depends on the pK, value of the
reactant, while the electron transfer step is dependent on the
E,,, value of the half-reaction involved with the protonated
species. In contrast to the PT-ET process, the PCET/HAT
mechanism involves a concerted transfer of a proton as well as
an electron, and this is governed either by the pK, or E, , value
of the reactants. Our computed data reveals that there are
three different scenarios: (i) Mn=0 and Fe'=0 species
with higher pK, values of 24.4 and 19.4 can be expected to
have proton transfer occur in the first step. (ii) Species that are
strongly oxidizing, such as the [Fe""VH,buea(0)] ! couple,
having a positive E, , value of 0.15 eV vs Fc*/Fc couple, offer a
strong driving force for one-electron reduction, facilitating a
concerted HAT mechanism. (iii) The species which are
moderately basic (pK, < 12) and also have a less negative E, ,,
value compared to the PT-ET scenario, the reactivity was
found to be controlled by both parameters. The Mn"'=0
species (pK, of 7.8 and E,/, value of —1.26 eV) follows this
route. Thus, it ticks both the boxes in terms of reactivity and
follows a concerted mechanism, however, with lesser reactivity.
(iv) The unreactive nature of Mn™V—OH, Mn'=0, and
FeV=0 is attributed to their low pK, values (<5) as well as
highly negative one-electron redox potentials. Thus, these
species do not tick on any of the boxes and hence are
unreactive. Also, although the pK, values of Mn"—OH and
Fe''—~OH suggest the presence of a basic M—OH moiety, the
basicity is not high enough for an efficient PT-ET mechanism.
Therefore, the latter pairs are expected to show sluggish

reactivity. In a similar way, Fe""~OH being comparatively
more acidic found to be unreactive. The probability of the
other pathway, such as PCET/HAT for Mn/Fe"—OH and
Fe""—OH species, can be eliminated here on the ground that
their reduction potentials are highly negative (E,, values for
Mn"-OH, Fe'-OH, and Fe®™~OH are —9.1, —10.5, and
—1.57 eV, respectivelg, against the Fc'/Fc couple) for
accepting an electron.”” We have estimated the thermody-
namic cycles for all of the species, and the reactivity pattern is
in line with the computed pK, and E, ,, values (Figure S27).

B DISCUSSION

The first hydrogen atom abstraction from DHA is known to be
the rate-limiting step in metal—oxo chemistry,”® and based on
the computed barrier heights (Table Sla), it can be stated that
the Mn"'=0, Mn""=0, Fe"=0, and Fe"=0 species having
an activation barrier of less than 70 kJ/mol are reactive while
others are not. Even Fe'V=0 species, which is conventionally
known to be extremely reactive, is unreactive in this ligand
environment. These observations are consistent with available
experimental data. Also, it is found that a high-oxidation state
does not necessarily mean greater reactivity. While Fe"=0 is
the most aggressive oxidant, Mn'=0 is sluggish or shows no
reactivity. Similarly, the Mn"™'=0 species is more reactive than
the Mn"V=0 species. This suggests that the oxidation state
alone cannot decide the reactivity pattern.

We have demonstrated that the different reactivity pattern is
attributed to the presence of multireference character in these
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species and on the availability of comparatively low-lying
unoccupied orbital to accommodate electron transfer from the
substrate during the C—H activation process. For Mn"'=0
and Fe"=0 species, a proton is getting transferred during the
transition state; therefore, the presence of a low-lying vacant
orbital is not mandatory. For the Mn"/Fe"—OH species being
a half-filled d° species, there are no d-electronic excited states,
though crystal field splitting is smaller. For the Mn'Y—OH and
Fe''—OH species, the respective highest lying 0% 2 and 7%,
orbitals are too high to accommodate the electron during the
C—H activation process, making them unreactive. Similarly,
although Fe"—OH species show multiconfigurational charac-
ter, one needs to keep in mind that metal—hydroxo species are
generally less reactive than metal—oxo species. This is because
the protonation of the oxo group diminishes the oxyl radical
character substantially and reduces the electrophilicity of the
oxo group. The presence of proton also enforces steric strain in
the abstraction of C—H bonds leading to less reactivity. Thus,
though the reactivity of Fe'—OH is the highest among all
hydroxide species studied due to the involvement of the
excited state, it is significantly less reactive if we compare it
with oxo species.

The rigid ligand framework of [H;Buea]®~ enforces trigonal
bipyramidal geometry leading to a 27-26-1c splitting pattern
for the d-orbitals and results in a high-spin ground state for all
of the species studied. Further, the oxo/hydroxo groups are
involved in strong H-bonding interactions with the cavity
imposed by the [H;Buea]®” ligand. This results in a weaker
ligand field than bare Fe"'=0/OH species.”’ The overall CF
splitting of the d-orbitals is found to be in the range of ~1.0 to
~3.5 eV, and this is nearly 2 times smaller than the other six-
coordinate metal—oxo species.”” The AILFT-computed
orbitals suggest that the splitting increases with the oxidation
state of metal ions for both Mn/Fe=O(OH) species with the
exception of Fe'=O species. Among Fe=O species, the
Fe'=0 has the lowest gap of ~1.6 eV, while the largest d-
orbital CF splitting is found for Fe'"=0 species (~2.75 eV).
Among the Mn—OH complexes, the d-orbital CF splitting is
very large for the Mn"™V—OH species (~2.5-3.5 eV).
Interestingly, this crystal field splitting is correlated to the
reactivity, with Mn"V—OH and FelV=0 species being
unreactive and the Fe'=O0 species showing the highest
reactivity. Similarly, Mn"™=0 has a gap of ~2.2§ eV, and
Mn"V=0 has a slightly larger gap (~3.0 eV); while both are
reactive here, the former is more reactive compared to the
latter. The experiments reported earlier support these
observations.®®

The conventional two-state reactivity concept is well
established for both heme and nonheme Fe™'=0 species,
wherein reactivity is often observed via the high-spin state.”*”"
Here, high spin is the default ground state, and hence, the
necessity for a spin crossover to another state does not arise;
therefore, one could expect a pure single-state reactivity (SSR)
for all of these species. By performing ab initio CASSCF
calculations on these species, we have found the following
classifications: (i) pure SSR reactivities are observed in S = 5/2
and S = 2 surfaces with pure single-reference configuration for
Mn'-OH, Fe"=0, and FeV=0 species, respectively. Also,
SSR with OH, Mn'=O0, and Fe"—OH species, (ii) a
conventional TSR is observed for Fe'—OH species (Figure
S2c). (iii) In addition to this, we have also detested a
multistate reactivity, where states are strongly admixed with
excited states of the same spin multiplicity in Mn'™=0,
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Mn"V=0, Fe'~OH, and Fe"=0 species. We analyzed the
AILFT multireference configuration detected for Mn"'—OH
and Mn"'—OH species, which reveals that SSR with single-
reference character observed for Mn"—OH and Fe'=0
species is due to the absence of d-electronic excited states
being a d° species, and in Fe'"=0 species, the 6% is strongly
destabilized (AE (ﬂ*yz — 06,%) = ~1.75 eV). Also, when the
frontier d-orbital gap between the highest occupied and lowest
unoccupied falls in the region of ~1.0 to 1.5 eV (as in the case
of Mn"-OH, Mn"V—OH, Mn"=0, and Fe'"—OH), strong
mixing of the states is noticeable within the ground state.
However, excited states are still far away, leading to an SSR-
type reactivity for these species. When this gap is much lower
(<1.0 V), for example, in the case of Mn"'=0, Fe"~OH, and
FeV=0, many close-lying states mix with each other, leading
to higher reactivity called identical spin multistate reactivity
(ISMR).

B CONCLUSIONS

A weak crystal field is found to bring several excited states of
the same spin multiplicity closer to the ground state, resulting
in a multireference character in Mn"/V=0, Fe'~OH, and
Fe'=0 species and dictates an identical spin multistate
reactivity (ISMR) in various complexes. As the multireference
character is absent in the Fe™'=0 species (and others), they
lack electronic flexibility during the course of the reaction,
leading to sluggish/no reactivity. Considering the well-
established reactivity of various metal-oxo species through o,
7, and 6 pathways sharing the same spin multiplicity, this
observation strongly suggests the potential existence of ISMR-
type reactivity beyond the examples presented.

To this end, we have studied a series of Fe/Mn—
oxo(hydroxo) species using theoretical tools and proposed
an intriguing role of the electronic excited states of the same
spin multiplicity, which is found to rationalize the observed
reactivity trend across various species that have different
oxidation states or metal centers. As metalloenzymes’ active
sites have several H-bonding networks, a similar effect could be
responsible for their superior catalytic abilities.
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