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ABSTRACT: High-valent metal-oxo species are ubiquitous in chemistry due to their |
versatile catalytic reactions and their widespread presence in metalloenzymes. Among the Enhanced C-H | Sluggish C-H
metal-oxo species, Fe'V = O and Mn' = O species are the most widely studied, and several ‘_M,_“:f/:mf" ! § AC"VEM",LS.M Wi,

s oy i S
biomimic models of such species have been created over the years. While various factors | ° ‘
such as spin state, ligand design, and redox potential influence the reactivity of these species,
a dramatic enhancement of reactivity by a factor of 10* to 10® upon the addition of Lewis
(LA) and Brensted acids (BA) stands out as a striking phenomenon, whose underlying
mechanism remains largely unexplored. In this work, we explored the mechanism of BA-
promoted C—H activation using [(N4Py)Mn'(0)]** (1) and [(N4Py)Fe™(0)]** (2)
species to arrive at a generic mechanism for these catalytic transformations. We have
explored three possible mechanistic routes: (i) a mechanism of C—H activation followed by
—OH rebound without the BA (triflic acid) for the toluene hydroxylation reaction, (ii) a
mechanism where triflic acid is a spectator, and (iii) a mechanism where triflic acid directly
participates in both electron transfer/proton transfer and C—H bond activation steps. Our calculations reveal that when BAs are
added, it is no longer the metal-oxo species that activates the C—H bond (as known conventionally), rather it is the BA that directly
performs the C—H activation through an unprecedented mechanistic route. The direct involvement of triflic acid was found to lower
the C—H bond activation barrier by approximately 20—30 kJ/mol compared to when it is absent. This reduction is attributed to the
triflate anion performing direct C—H bond activation from the toluene radical cation, rather than the conventionally assumed metal-
oxo moiety. Among many factors, the formation of ion-pair and the consequent electronic changes incurred, and large localized
electric field effect around the S—O bond of the triflic acid was found to be the driving force for the calculated lower barrier height.
The theoretical findings corroborate experimental observations, providing the first comprehensive explanation for the enhanced
reactivity in the presence of LA/BA acids. These findings have direct implications for enzymatic systems such as the oxygen-evolving
complex and open an uncharted path in the catalytic design.

1. INTRODUCTION cofactors in nature, several biomimetic studies have emerged
demonstrating that binding of redox inactive LAs such as Zn*t,
Sc*, Ce*, Fe’*, and Ca®* ions to the metal—oxo moiety
improved the catalytic rate and selectivity.”>~** Besides LAs, the
addition of BAs such as sulfuric acid (H,SO,), perchloric acid
(HCIO,), and triflic acid (HOTf) have been reported to
remarkably enhance the reactivity of metal—oxo complexes
toward both oxygen atom transfer (OAT) and hydrogen atom
transfer (HAT) reactions.”’ ™ These reactions fall under the
well-studied proton-coupled electron transfer (PCET) cat-
egory.”®~*" Experimental observations suggest that binding of
LAs or BAs to the metal—oxo unit increases the reduction

Various factors such as the oxidation state and spin state of the
metal ion, solvation environment, ligand architecture, axial
substitution, and other reaction conditions like temperature
have been well established to influence the efficiency of
biomimetic high-valent metal—oxo species toward C—H/O—
H activation.'~* Additionally, in recent years, cofactors such as
Lewis acids (LAs) and Bronsted acids (BAs) have been proven
to play a crucial role in controlling the electron transfer (ET)/
proton transfer (PT) processes and enhancing the catalytic
efficiency of the metal—oxo complexes toward different redox
reactions. This idea is an inspiration drawn from the oxygen-
evolving complex (OEC) in photosystem II (PSII), which
contains Ca’* as an essential cofactor alongside the four
manganese-oxo centers (Mn,Ca), illustrating the importance of
cofactors in natural systems.”'* Despite significant experimental
studies with most of the reports revealing improved performance
when LA/BA is added, their role and function in the catalytic
cycle remain elusive.''~** In order to understand the role of
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Scheme 1. Comparison between (a) Conventionally Known Toluene Hydroxylation Mechanism and (b) Proposed Bronsted

Acid-Mediated Mechanism

(a) Conventional mechanism already established in literature:
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potential of the complexes, which in turn is expected to enhance
the efficiency.'"***%*%** Nevertheless, the substantial increase
in reaction rates, ranging from 10% to 10%-fold, along with the
observed changes in selectivity of metal—oxo complexes upon
forming adducts with LAs and BAs, suggests a possible alteration
in the reaction mechanism that is often challenging to be
established using experimental studies."'?>%%27313%35 While
the enhanced reactivity is often attributed to factors such as
redox potential or activation energy, other mechanistic and
electronic contributions, including the influence of the localized
electric field (LEF), remain inadequately studied. Acids can
protonate the metal-oxo unit, thereby enhancing the electro-
philicity of the active site, modulate the LEF, induce charge
polarization (ion-pair effects), and stabilize high-energy
transition states.”

Theoretical studies, especially those employing density
functional theory (DFT), have proven instrumental in providing
mechanistic insights and guiding the development of more
efficient catalysts and this has been demonstrated in the OAT
reactions with various metal oxo species.””***> As BAs are
known to undergo reactions via the PCET mechanism,
understanding the HAT reaction with metal—oxo species is
crucial for uncovering their role in the catalytic cycle. Despite
significant experimental studies on this reaction have been
reported, the role of BAs and the underlying mechanism have
not yet been thoroughly investigated. In this regard, we have
selected two complexes, [(N4Py)Mn"'(0)]** (1) and [(N4Py)-
FeV(0)]** (2) (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)methylamine) as representative nonheme metal—oxo
models to unravel the mechanism and role of BAs in promoting
HAT reactions.”**™>" In the presence of HOTT, the metal-oxo
groups of 1 and 2 were found to form an adduct with two HOTf
molecules, denoted as [(N4Py)Mn'V(0)]**—(HOTf), (1-
(HOTf),) and [(N4Py)Fe"(0)]**~(HOTf), (2-(HOTL),),
and a significant enhancement in the rate of hydroxylation of
toluene derivatives up to ~10* orders was observed, especially
when hexamethylbenzene (HMB) is the substrate.”>>*
Furthermore, experimental studies reveal that when the
hydrogen atoms of the substrate are replaced with deuterium,
large deuterium kinetic isotopic effect (KIE) values were noted
in the absence of HOTY, indicating that the rate-determining
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step (rds) of substrate oxidation operates via a conventional
HAT mechanism (see Scheme la for the mechanism).”®*®
However, in the presence of HOTI, the deuterium KIE was
found to be markedly decreased to 1.0 [with an increasing HOTf
concentration at 293 K for 1-(HOTf), and 298 K for 2-
(HOTH),], suggesting a possible shift in the rate-determining
mechanism. This raises the question of whether the switchover
in the mechanism is triggered by the active participation of
HOTf in the rate-determining C—H activation step by
protonating the metal—oxo moiety. In this case, as portrayed
in Scheme 1b, the deprotonated anion part of BA may eventually
abstract the proton from the substrate (BA-assisted C—H
activation), competing with the conventional mechanism
(direct C—H activation, Scheme la) where hydrogen/proton
will be abstracted directly by the metal—oxo moiety. Also, in the
subsequent rebound step, before the hydroxyl moiety is
transferred to the substrate radical, another BA may again
protonate the metal—hydroxyl moiety to produce a metal—-OH,
species (see Scheme 1b). This also rationalizes the reason for the
presence of two HOTf molecules in the vicinity of the catalyst.

The formation of metal—OH, species can impact the rebound
step and alter the product selectivity.””* Considering these
ambiguities and the importance of comprehending the effect of
protons on metal—oxo complexes in synthetic and biologically
important redox reactions, we have undertaken an extensive
computational investigation to provide molecular-level insights
into the mechanism of BA-promoted HAT reactions. Specifi-
cally, we aim to answer the following open questions that are not
only relevant to LA/BA-based catalysis but also have relevance
to the mechanism of action in the OEC: (1) does BA participate
directly in the C—H activation by abstracting a proton from the
substrate (as proposed in Scheme 1b)? (2) Is the —OH rebound
step altered in the presence of HOT{? (3) What is the reason for
the drastic variation in the KIE observed in the presence and
absence of HOTS in the toluene hydroxylation reaction? (4)
What is the electronic origin of the remarkable acceleration in
rate in the presence of HOTf?

2. COMPUTATIONAL DETAILS

The Gaussian 16 suite was used to carry out all DFT
calculations.®® Given the earlier precedents of UB3LYP**™*
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functional was successfully proven to be capable of predicting
reliable energetics, geometry, and spin state ladder for high
valent metal—oxo chemistry,””~°" this study also employs this
functional throughout our study. Notably, the benchmarking
studies by de Visser, Siegbahn, and Li groupsﬁz_64 further affirm
the reliability of this functional. Grimme’s D3 version of
correction was employed to account for the dispersion
effect.”>°® The nonmetal atoms were described by 6-31G(d,p)°’
basis set, and the metal centers were described with Stuttgart/
Dresden’s®® effective core potential. Additionally, to verify the
suitability of the chosen methodology for the selected catalysts,
we computed the absorption spectra for 1-(HOT(), using the
TDDFT method to compare it with the experimental data. Our
calculations predict a band at 562 nm that corresponds to the d—
d transition between the Mn(d,,)-O(7*) to Mn(d,>_,?) orbital
(see Figure S1 in ESI), and this matches well with the
experimental value of 550 nm offering confidence in the chosen
methodology.”® The free energy correction terms were obtained
from the harmonic frequency calculations carried out on the
optimized structures at 298.15 K. The transition states were
characterized as first-order saddle points using the frequency
analysis, and all the reactants, products, and intermediates were
found to be true minima. Single-point calculations with triple-¢
quality Def2-TZVPP®*”’? basis set on all atoms incorporating
solvation effects using the polarizable continuum model (PCM;
acetonitrile)”" were carried out to obtain reliable energetics as
established earlier.”” To assess if the solvation model artificially
favors protonation of the metal-oxo species (see below), we
performed additional calculations without the PCM model.
These calculations show that the protonated species are
exothermic in the gas phase [—53.3 kJ/mol and —59.1 kJ/mol
for *1-(HOTf), and *2-(HOTY),, respectively; see below] and
slightly endothermic in the solvent phase, indicating that PCM
solvation does not affect the protonation state. The ORCA 5.0”
suite was also used to perform the complete active space self-
consistent field (CASSCF)”* calculations with a CAS(9,8)
active space on complex 1-(HOTY), to assess and analyze the
nature of the ground state with respect to the one obtained from
the DFT calculations. The eight orbitals in the active space
correspond to the nb, z.*, 7,*, 6.*, and ¢, * orbitals of Mn and
three oxo orbitals (p,/p,). For transition-state structures, the
C—H bonding (6¢y) orbital was included in the CAS, excluding
one of the oxygen orbitals. The DKH-Def2-SVP basis set was
used for all atoms except for metals, which were treated with
DKH-Def2-TZVP. Further additional CASSCF calculations
were performed for the Mn'=0 catalyst for both the reactant
and the transition state to elucidate the excited state reactivity
that arises from the excited quartet states.”*~’” This has been
witnessed earlier, particularly in Mn-oxo chemistry, and termed
as identical spin-multistate reactivity (ISMR).”® Using this
protocol, we have identified other quartet transition states
within DFT calculations.

The Chemcraft program was used to plot the optimized
geometries, spin densities, and Frontier molecular orbitals
(FMOs). The natural bond orbital (NBO)”” analysis and wave
function for quantum theory of atoms (QTAIM) analysis were
generated at the same level of theory used for geometry
optimization. AIM2000*° program was employed to extract all
topological properties. The energy decomposition analysis
(EDA) was carried out using the Multiwfn program.®’ The
Titan"* code was utilized to simulate the LEF, while the oriented
external electric field was applied to the optimization process
using the Gaussian 16 program.

5946

3. RESULTS

Experimental studies indicate that the addition of HOT( results
in two molecules of HOTf being bound to the metal—oxo
species via a strong hydrogen bonding interaction in 1-
(HOTY),.”* Similarly, in the case of complex 2-(HOTY), as
well, experimental analysis of one-electron reduction potential
dependence on HOT{ suggested to the possibility of binding of
two HOTS to the FeV=0 group.*® Therefore, based on earlier
report,’” and experimental evidence, 1-(HOTf), and 2-
(HOTY), are considered as the starting point for the mechanistic
discussion (see Figure 1). From the optimized geometries, it is
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Figure 1. Optimized ground-state geometries of 1, 2, 1-(HOTf), and
2-(HOT(), with pertinent bond lengths (in A) along with spin densities
on notable atoms.

noticeable that the HOTf molecules are bound to the metal—
oxo species via strong hydrogen bonding interactions ranging
between 1.595 and 1.719 A. As a consequence, metal—oxo
bonds are elongated from 1.640 A in *1 to 1.672 A in *1-
(HOTT), and from 1.618 A in 32 to 1.638 A in 32-(HOTf),. In
addition, the radical character of the oxyl oxygen atom was found
to be diminished and the ionic character of the M—O bond
enhanced, as evidenced by the increase in computed natural
charges and spin densities [q of —0.416 in *1 vs —0.624 in *1-
(HOTY),; —0.261 in 32 vs —0.453 in *2-(HOTY),; and ~0.20
decrease in oxyl and ca same amount increase in metal]. This is
also supported by the NBO analysis of percentage orbital
composition of the M—O bond [for *1 Mn(42.1%; d,2)—
0(49.1%; p,) bond vs *1-(HOTf), Mn(26.6%; d.*)—O-
(73.41%; p,); *2 Fe(49.1%; d.*)—0(50.9%; p.) bond vs *2-
(HOTf), Fe(23.5%; d,*)—0(76.7%; p,)]. This decrease in the
radical character at the oxyl center and increase in the ionic
nature of the metal—oxo bond in *1-(HOTf), and 32-(HOTf),
renders them favorable for the abstraction of protons rather than
the abstraction of a hydrogen atom (HAT). Further CASSCF
calculations on *1 and *1-(HOTY), reveal multiple low-lying
quartet states, crucial for the Mn"'=0 species, which exhibit
multireference characteristics. Shaik and co-workers** suggested
that these excited states could lower kinetic barriers, a concept
supported by experimental evidence, including MCD spectra,”
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showing the presence of such states and opening new reactivity
channels. Even for five-coordinate Mn-oxo/oxo/hydroxo
species, a similar reactivity was observed. Our analysis identifies
two low-lying quartet states for *1 (*B;-1 and *E;-1), with a 1.2
kJ/mol energy difference, which increases to 25.1 kJ/mol upon
adding HOTY.

This change is also reflected in the computed activation
energies and choice of the mechanistic pathway discussed below.
As toluene hydroxylation takes place in two steps: (i) C—H
activation and (ii) hydroxyl rebound processes, we have
explored three different mechanistic pathways for each of
these steps, as depicted in Figure 2. The first pathway explores
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Figure 2. Three possible mechanistic pathways explored in the present
work to understand the role of BAs in toluene hydroxylation catalyzed
by high-valent metal—oxo complexes.

the conventional mechanism of direct toluene hydroxylation
catalyzed by 1 and 2 in the absence of HOT. In the second

pathway, the mechanism of the entire toluene hydroxylation
catalyzed by 1-(HOTY), and 2-(HOTY), is evaluated, where the
HOTf molecules bound to the metal—oxo unit are assumed to
be a spectator throughout the hydroxylation reaction. In the
third pathway, HOTT is assumed to actively participate in both
C—H activation as well as in rebound steps.

3.1. Mechanism of C—H Activation. 3.1.1. Conventional
Direct C—H Activation by 1 and 2 without HOTf (Pathway 1).
To comprehend the influence of HOTf on the toluene
hydroxylation mechanism, the entire mechanism was initially
studied in the absence of HOTf molecules (see Figure 3a for the
mechanism), and the corresponding computed free energy
profiles for direct hydroxylation of toluene catalyzed by 1 and 2
are displayed in Figure 3b,c. All the intermediates and transition
states involved in the reaction were optimized in three possible
spin states: S=1/2,S=3/2,and S =5/2 for 1. The S = 5/2 arises
for an electromeric form of Mn'V—oxo complex, ie., Mn"-0°
where ferromagnetic coupling between Mn"' and the O° is
assumed. It is important to note here that antiferromagnetic
coupling in the Mn™—0° motif would result in S = 3/2 state
when the metal—ligand bond lengths are relatively longer.** In
the case of 2 as well, the three low-lying spin multiplicities (S = 0,
1, and 2) were considered for the mechanistic investigation. In
accordance with earlier experimental and computational reports,
our calculations predict the S = 3/2 spin state to be the ground
state for 1 and the S = 1 state for complex 2.°**° The free
energies for the formation of reactant complexes are calculated
to be endergonic by 26.6 and 25.2 kJ/mol for both *1-RCy, and
32-RCfp,, respectively. In the ensuing step, direct C—H activation
takes place, where one of the hydrogens from the methyl group
of toluene is abstracted by the metal—oxo moiety, while one
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Figure 3. (a) Conventional mechanism of direct C—H activation of toluene without HOTf, and (b) corresponding computed free energy profile (in

kJ/mol) for the same catalyzed by 1 and (c) 2.

5947

https://doi.org/10.1021/acs.inorgchem.4c04948
Inorg. Chem. 2025, 64, 5944—5959


https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c04948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

electron transfer from toluene to the metal center occurs
simultaneously via transition state 1(2)-TS1,.

As discussed above, the CASSCF results highlight the
importance of analyzing other excited quartet states for the
Mn"V=0 species to determine if ISMR-type reactivity is
accessible.”® As the excited state (*E,) transition state for the
S = 3/2 spin surface is also shown to participate in the reaction,
we have computed this particular transition state as well
(denoted as *E;-1-TSly,). The minimum activation energy
estimated for this step is 66.6 kJ/mol for *E;-1-TS1y, and 74.7
kJ/mol for *2-TS1y, while the corresponding transition state of
ground spin states was found to be higher in energy. This
demands a two-state reactivity scenario with a minimum energy
crossing point (MECP) from triplet to quintet state in the case
of 2.%° We have computed the MECP for the triplet to quintet
transition for 2, and this is estimated to be 69.4 kJ/mol, which is
nearly equal to the estimated kinetic barrier, suggesting a
possible switch from the triplet to quintet state to facilitate the
reactivity. The optimized geometries and the spin density plots
of the transition state structures *E;-1-TS1,, and 32-TS1p, are
displayed in Figure 4. The bond lengths of Mn—O and Fe—O

£ZMn-0-H =117.9° £Fe-0-H = 158.4°

Pwn=3.795  dvn=0.994 Pre=3.575 G =0.970
po=-0.280  do=-0.737 Po=0.301 G =-0.517
pc=-0.368  4c=-0.573 pc=-0.100 qc=-0.662
Pr=-0.569  0,=0.398 Pro=-0.172 q,=0.315

9E,-1-TS1,,

£Mn-0O-H = 135.7°

Py = 3.963 pc=0.288
po=0.156 Pro= 0.765 Po=0.072  pp,=-0.756

Figure 4. Optimized geometries of *E;-1-TS1yg, 52-TS1g, *TSlyy,
and 3TS1p,, with their structural parameters (bond lengths in A and
bond angles in °).

£Fe-0O-H =134.1°

Pre= 4195  pc=-0.239

bonds are found to be 1.733 and 1.669 A for *E;-1-TS1,,, and
52-TSlg,, respectively. The £Mn—O—H bond angle in *E;-1-
TS1yy, is estimated to be 117.9°, indicating that the C—H bond
is activated via a z-channel while a o-pathway (158.4°) is
operative in *2-TS1g,. A relatively shorter O—H bond length of
1.303 A is noted in *E;-1-TS1y;, compared to 1.557 A in 2-
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TS1g, as C—H activation through 7z-channel necessitates the
overlap of 7 d,, 4P, orbital of Mn—O bond with o, ) orbital of

C—H bond. Analysis of their spin density plot (Figure S2) shows

that nearly 57% of the spin-up electron has been transferred

from toluene to metal-oxo orbital o, roptp) D *E,-1-TS1y, as
X2y z

the spin density on the Mn center increased to 3.795. In contrast
to this, at %2-TS1p,, no electron transfer from the substrate to the
catalyst is witnessed. In the next step, the formation of 2-INTk, is
assumed, and here, the triplet state is found to be the ground
state, suggesting an MECP after the formation of the transition
state. At this 32-INT}, intermediate, electron transfer from the
substrate to the catalyst occurs with 77.8% of f-electrons from
the substrate transferred to the oxygen moiety (Figure S3). The
formation of the intermediate with metal—hydroxyl species and
a benzyl radical is estimated to be slightly endergonic for *2-
INTg, (24.4 kJ/mol) compared to *1-INTy, (3.9 kJ/mol).
3.1.2. C—H Activation by 1-(HOTf), and 2-(HOTf), with
HOTf as a Spectator (Pathway 2). In this pathway, C—H
activation follows the same mechanism as described earlier but
in the presence of HOTf molecules that are explicitly present at
the active site. As established earlier, two HOTf molecules are
expected to coordinate with the metal—oxo species, and
therefore, we have considered this model for the present study
(1-(HOTf), and 2-(HOTY),). In this pathway, the HOTf
molecules are assumed to provide only electronic and steric
influences on the reactivity without their direct participation
(see Figure Sa). In accordance with the experimental EPR
spectrum and 'H NMR results,”*” our calculations predict the
S = 3/2 spin state to be the ground state for 1-(HOTf), with the
doublet and sextet geometries lying higher at 82.4 and 161.4 kJ/
mol, respectively (see Figure Sb). Additionally, ab initio
CASSCEF calculations were performed on 1-(HOTY),, revealing
that the quartet surface is indeed the ground state. In the case of
2-(HOTY), (see Figure Sc), our calculations predict S = 1 as the
ground state, which is, consistent with available experimental/
computational data.*”®' The '2-(HOTf), and *2-(HOTY),
species are higher in energy by 114.6 and 42.0 kJ/mol,
respectively, from the ground state. The formations of *RCyy,
and *RCfp, are estimated to be endergonic by 15.1 and 17.9 kJ/
mol, respectively. This is relatively less endergonic compared to
the formation free energies of *1-RCyy, and *2-RCg, (26.6 and
25.2 kJ/mol) without the HOTf molecules, indicating that the
hydrogen bonding interactions between two HOTf molecules
and metal—oxo moiety have stabilized the reactant complex
formation energy by around 10 kJ/mol. Once the reactant
complex (RCy) is formed, the metal—oxo moiety directly
abstracts a hydrogen atom from the (sp*) C—H bond of toluene
through TS1,,. The barrier height is estimated to be 80.6 k] /mol
(53.4kJ/mol) for STS1y, (STS1g,), while the *TS 1y, (3TS1g,)
and *TS1y, ("TSlg) transition states are found higher in
energy by 28.5 kJ/mol (23.2 kJ/mol) and 43.2 kJ/mol (102.1
kJ/mol), respectively. At this transition state, one-electron
transfer from toluene to the metal center is witnessed for both
the Mn and Fe species. Similar to the direct C—H activation
mechanism (pathway 1), a spin-crossover from triplet to quintet
spin surface is needed for the reaction to proceed suggesting the
popular TSR reactivity for the Fe'=0 species. For complex 1-
(HOTf),, however, no such switch is required as during the
transition state, as stated earlier, only a switch in the J from the
antiferromagnetic statem.._!)o to the ferromagnetic state m.._ g-
is required during the course of the reaction. Upon comparing
the computed activation free energy required for conventional
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Scheme 2. Proposed Mechanism for Bronsted Acid-Mediated C—H Activation of Toluene by High-Valent Metal—Oxo

Complexes
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direct C—H activation without HOTf (66.6 kJ/mol for *E;-1-
TSIy, and 74.7 kJ/mol for S2-TS1g,), it is evident that the
interactions of HOTf molecules with metal—oxo moiety in
TS 1y, and STS1g, have increased the activation free energy by
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20.0 kJ/mol and decreased the barrier by 21.5 kJ/mol,
respectively. The metal—oxo bond lengths are found to be
significantly elongated in TS 1y, and STS1g, to 1.823 and 1.819
A, respectively, compared to the same in *E;-1-TS1y, and 52-
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TS1g, (1.743 and 1.669 A, respectively; see Figure 4). This is
mainly due to steric crowding at the catalytic site by HOTf
molecules, making the metal-oxo unit inaccessible to the
substrate unless the metal-oxo bonds are significantly elongated,
as evidenced in the computed transition state. The ZFe—O—H
bond angle in TSI, is found to be decreased to 134.1° from
158.4° in *1-TS1g,, suggesting a switch in the channel from o-
pathway to z-pathway in the presence of HOTf. The ZMn—O—
H bond angle in *TS1y,, although it increases to 126.4° from
117.9° in *E;-1-TS1y,,, changes are relatively small, and the 7-
pathway is retained in the presence of HOTf. Furthermore, in
contrast to *1-TS1p,, significant spin density (—0.756) is found
in toluene in *TS1g,, indicating that an a-electron transfer has
been transferred to the catalyst in the transition state (Figure
S2). Thus, strong hydrogen bonding interaction with HOTf
molecules has led to the elongation of the metal—oxo bond while
decreasing the ZM—O—H bond angles to facilitate a facile ET
process, leading to a reduction in the associated kinetic barrier
for C—H activation in TSl compared to the mechanism
established in the absence of HOTT. The resultant intermediate
is found to be relatively more endergonic than the correspond-
ing intermediates without HOTT interaction in the case of Mn
catalyst (51.1 kJ/mol for INTy, vs 3.9 kJ/mol for *1-INT,,),
while it is the reverse in the case of Fe catalyst (17.9 kJ/mol for
3INTg, vs 24.4 kJ/mol for 32-INTg,), suggesting that
intermediate formation in the absence of HOTf is more
favorable for Mn catalyst compared to its presence, and vice
versa for Fe catalyst, possibly hinting at the dynamic role of
HOTY in the reaction mechanism.

3.1.3. HOTf-Mediated C—H Activation by 1-(HOTf), and 2-
(HOTf), (Pathway 3): As an alternative to the two pathways
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discussed above, here we consider the possibility of HOTf
molecules directly participating in the C—H activation process
(see Scheme 2). According to this mechanism, after the
formation of the reactant complex (RC,), the metal—oxo
moiety that is in hydrogen bonding interaction with the HOTf
molecules is expected to abstract a proton from one of the two
HOT{ molecules to generate another reactant complex
(denoted as RC’y in Scheme 2). While this is expected to
proceed via a transition state, our relaxed scan revealed that its
formation is a barrier-less process in all three spin surfaces (see
Figure S4 in ESI). From the computed free energy profile for this
pathway (shown in Figure 6), it can be seen that this protonation
of the metal-oxo unit yields a sextet state as the ground state
(°RC'yy,) with an estimated formation free energy of +7 kJ /mol
relative to *RCy,. The *RC’yy, and *RC’y,, surfaces are close-
lying with a very negligible quartet-sextet gap (<1 kJ/mol). This
is due to an identical electronic configuration at the Mn—O
moiety, with the only difference being the spin alignment at the
radical on the substrate (antiferromagnetically coupledm.,_*oo)
to the ferromagnetic state m.‘_’-. With regard to the formation
of RC'g,, a spin crossover from triplet to quintet surface is
observed (which is expected to take place at the C—H bond
activation transition state) with the formation energy calculated
to be exergonic by —11.5 kJ/mol for SRC’, relative to the
preceding reactant complex (*RCp,). The quantum theory of
atoms in molecules (QTAIM) analysis (Figure SS) reveals that
the difference in the formation energy stems from the relatively
stronger stabilizing hydrogen/halogen bonding interactions
between the substrate and catalyst/HOTf in RCg,, with a
total hydrogen/halogen bond energy of 209.9 kJ/mol compared
to RC’yy,, which exhibits a total hydrogen/halogen bond

https://doi.org/10.1021/acs.inorgchem.4c04948
Inorg. Chem. 2025, 64, 5944—5959


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04948/suppl_file/ic4c04948_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04948/suppl_file/ic4c04948_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04948/suppl_file/ic4c04948_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c04948/suppl_file/ic4c04948_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c04948?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c04948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

pc=-0.002
Pro = -0.948

Pran = 3.904
Po=0.053

pc=-0.003
Pro=0.920

pro=4.238
po=0.251

[~

Pun=3.918 pc=0.408 Pr=4.223 pc=-0.396
po=0.048 Pro= 0.811 Po=0.186 Pro = -0.804

b, %

. . . \

€. P o
L e
v
et .

B

o« )\c‘.‘ .3

Figure 7. Optimized geometries of °RC’yy,, "RC'g,, TS1a’yy, and STS1b'g, with structural parameters (bond lengths in A) and their corresponding

spin density plots.

energy of 236.7 kJ/mol. Interestingly, analysis of the spin density
plots of RC’y (see Figure 7) shows that a one-electron transfer
had already occurred from toluene to the metal center in both
SRC’}, and SRC’, even before the C—H bond of toluene was
activated. Around 92.0% of spin-down electrons have been
transferred to the Mn center, while 94.8% of the spin-up
electrons have been transferred to the Fe center. Upon analyzing
the eigenvalue plots of °RC’yy, and *RC’g, (Figure S6), the f-
electron is found to be transferred from toluene to d,, orbital of
Mn in *RC’y, while a spin-up electron is transferred to the d,
orbital of the Fe center in SRC’g,. This choice of *RC’y, to
abstract a spin-down electron to a nonbonding d,, orbital of Mn
rationalizes the experimentally observed outer sphere electron
transfer (OSET) mechanism while a spin-up electron transfer
from toluene to d,> orbital of Fe center via HOTf molecule
accounts for the inner sphere electron transfer (ISET)
mechanism observed for SRC’,.**

In the following step, instead of metal—oxo moiety abstracting
a hydrogen atom from toluene (as seen in pathways 1 and 2),
here the deprotonated triflate anion (TOTY) is considered to aid
the C—H activation process by abstracting a proton from
toluene either through TSla’y or TS1b’y, as depicted in
Scheme 2. The transition state TS1a’y; describes the abstraction
of proton from toluene by one of the sulfonyl oxygen (S = O)
atoms of “OTf ion while TS1b’y, describes the proton transfer
from toluene to the deprotonated oxygen atom of ~OTf ion
which is in hydrogen bonding with the metal-hydroxyl moiety.
For 1-(HOTf),, the ®TS1a’yy, surface is the ground state with an
estimated barrier height of 40.7 kJ/mol, while *E;-1-TS1a’y,
lies close at 42.0 kJ/mol (see Figure 6). This suggests that the
proton transfer via *E;-1-TS1a’y, and *TS1a’y, requires nearly
similar activation free energy. The computed results clearly
reveal that the mediation of HOTf (40.7 kJ/mol at ®TS1a’y,)
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remarkably reduces the barrier by around 20 kJ/mol compared
to conventional direct C—H activation (in the absence of
HOTY) requiring 66.6 kJ/mol for *E;-1-TS1y,. Thus, with a
steep barrier in the absence of HOTH, a sluggish reactivity at the
experimental conditions is witnessed. It is important to note
here that the experimental rate constant (K,,) for HMB bond-
dissociation energy (BDE) (339 kJ/mol) possessing slightly
lower BDE compared to toluene (BDE ~ 356 kJ/mol) is 6.7 X
10° M~ §'” with HOTf and 2.1 X 107> M™" §'~ in the absence
of HOTT, supporting these mechanistic considerations.”
While DFT calculations clearly favor the HOTf-mediated C—
H bond activation mechanism, indicating lower kinetic barriers,
we further extended the study to Mn"'=0 by computing the
corresponding barrier heights using CASSCF calculations, as
described in previous work.”® These results also support the
HOTf-mediated pathway, reinforcing earlier suggestions.””~"’
For 2-(HOTY),, the kinetic barrier on the quintet surface
(°TS1b’g,) is calculated as the ground state, with an activation
free energy of 46.6 kJ/mol. This value is 6.6 kJ/mol lower than
the barrier for C—H activation with HOT( as a spectator (53.2
kJ/mol for STS1g,) and 28.1 kJ/mol lower than the barrier for
direct activation without HOTf (74.7 kJ /mol for STS1g,). These
results substantiate that the abstraction of a proton from cationic
radical toluene by —OTf ion is kinetically more favorable than
the direct abstraction of hydrogen atoms by the metal-oxo
moiety. The difference in barrier computed with and without
HOT( of ~28 kJ/mol also agrees with the experimental rate
reported for the toluene substrate (K, 1.5 X 107* M™'S'~
without HOTf vs 6.5 X 107" M™! S'~ with HOTf) where a
reasonable enhancement is seen in reactivity in the presence of
HOT£*® The bond parameters in *RC’y, and SRC'g, are
(Figure 7) found to be similar to the C—H activation transition
state computed with HOTf as the spectator (°TSly, and
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Figure 8. (a) Conventional mechanism of the hydroxyl rebound process, (b) proposed mechanism for HOTf-assisted hydroxyl rebound, and (c)
calculated free energy profiles (in kJ/mol) for the HOTf-mediated hydroxyl rebound process catalyzed by 1-(HOTf), and (d) by 2-(HOTf),.

STS1g,). The metal—oxo bond is found to be elongated to 1.800
and 1.820 A in *RC’y, and SRC',, respectively. A similar M—O
bond length is maintained in the subsequent transition state as
well (°TS1a’y, and STS1bg,). A relatively shorter hydrogen
bonding interaction (in the range of 1.540 A) is witnessed in the
case of nonparticipating HOTf while the hydrogen bonding
interaction between the deprotonated “OTf anion and metal—
oxo unit was found to be slightly elongated to around 1.700 A
due to its weak hydrogen bonding interaction with toluene alkyl
C—H bond. In *TS1a’y;, and STS1b’g,, the hydrogen bonding
between ~“OTf anion and metal—oxo unit is further weakened to
around 1.840 A as the triflate ion participates in the C—H
activation step by abstracting a proton from toluene.

The computed energy profiles depicted in Figure 6 show that
the formation of the intermediates *INT’y;, and SINT'g, is
found to be relatively less endothermic compared to the
formation energies calculated for their counterparts in pathway 2
where HOTT acts as spectator (51.1 vs 33.3 kJ/mol in *INTy,
and *INT’yy,, respectively; 10.9 vs 17.9 kJ/mol in *INT, and
SINT'g,, respectively). Similar to the trend observed in
formation energies of RC’y;, and *RC’yy, in the intermediate
state as well, the quartet and sextet surfaces lie close to each
other with energy difference estimated to be less than 2 kJ/mol.
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This indicates that from the thermodynamic perspective as well,
HOTf-mediated C—H activation is relatively favorable
compared to the intermediates formed in the absence of
HOTf or as HOTf acting only as a spectator. The only exception
is the formation of *1-INTy, (in pathway 1), which is relatively
more favorable than the corresponding counterpart formation
energies in pathways 2 and 3 (3.9 vs S1.1 vs 33.3 kJ/mol, for
pathways 1, 2 and 3, respectively). Thus, the calculated
thermodynamic and kinetic energies clearly envisage that C—
H activation via the HOTf-mediated pathway is more favorable
than the direct C—H activation pathway (in the absence of
HOTY) or with HOTf only acting as a spectator (pathway 2).
3.2. Mechanism of the Hydroxyl Rebound Process.
Now we turn to explore the role of BAs in the second step of
toluene hydroxylation, ie., the hydroxyl rebound reaction.
Similar to the C—H activation step discussed above; three
possible pathways were investigated for this step as well. As
sketched in Figure 8a, the conventional hydroxyl rebound
mechanism involves a rebound process between the benzyl
radical and the metal-hydroxyl moiety through 1(2)-TS2y,
leading to the formation of a hydroxylated product denoted as
1(2)-Py. In accordance with the reported computational studies
and experimental studies, the rebound process is calculated to be
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a barrierless pathway for both Mn and Fe complexes in the
absence of HOTf (see Figure $7).%° The formation free energies
of ®1-Pyy, and S2-Pp, are calculated to be highly exergonic by
—125.5 kJ/mol and —101.2 kJ/mol, respectively. On the other
hand, when HOTf molecules are assumed to remain as
spectators in the vicinity of the reaction site, as portrayed in
Figure S8a, a kinetic barrier of 29.5 and 40.1 kJ/mol is estimated
to be required for rebound step to take place at *TS2y, and
STS2y,, respectively (see Figure S8b). The optimized geo-
metries of the intermediates 2INTy,, />IN T, and the transition
states (°TS2y, and STS2g,), along with their spin density plots
are deposited in Figure S9. In both the intermediates and the
transition states, strong hydrogen bonding interactions (1.570—
1.720 A) between metal—hydroxyl moiety and the HOTT are
found, leading to the accumulation of a large negative natural
charge on the O atom of the metal—OH unit (—0.902/—0.966 in
2INTy,/*TS2y, and —0.966/-1.021 in 3INTg,/5TS2g,). The
anchoring of the metal—hydroxyl moiety within the strong
hydrogen bonding network of HOTf molecules, along with the
enhanced anionic character of the corresponding O atom,
renders the hydroxyl group more favorable for the abstraction of
a proton from one of the HOTf molecules rather than for a
rebound reaction with the benzyl radical substrate. This could be
reckoned as the possible origin for the estimated kinetic barrier
for the hydroxyl rebound step in the presence of HOTf
molecules, while their absence facilitates a barrier-less rebound
process. This led us to evaluate the possibility of protonation of
the metal—hydroxyl group by one of the hydrogen-bonded
HOTf molecules to form a metal-OH, species (denoted as
INT"”yy), as depicted in Figure 8b). Interestingly, the calculated
formation free energy is found to be highly exergonic by —78.3
kJ/mol for °INT”y;, and —83.6 kJ/mol for SINT"p, (see Figure
8c). In the ensuing step, the transfer of proton back to the
deprotonated triflate ion takes place simultaneously coupled
with the rebound of the hydroxyl moiety, as described by TS2'y
in Figure 8b. The activation free energy barrier for this process is
calculated to lie at —45.1 and —24.0 kJ/mol for *TS2,;, and
STS2p,, respectively. The highly exergonic nature of INT”y; and
the relatively low free energy barrier required for TS2'y, indicate
that the HOTf-mediation is essential for the rebound process to
take place while HOTf acting only as a spectator would
encumber the rebound process as discussed above. The
optimized geometries of SINT” .,/ INT”g, and
8TS2'\o/ TS2', are displayed in Figure S10. Both in the
intermediates and in the transition states, significant elongation
in the metal—oxygen bond distances is witnessed due to the
formation of M—OH, species [2.213(2.110) A/2.303(2.141) vs
1.852(1.879) A/2.253(2.069) in SIN-
T o CINT” ) /TS24 (5TS2'c,) and 2IN-
Taia CINTE,) /6 TS20, (S TS2g, ), respectively] while the hydro-
gen bonding interactions are found to be weakened in INT” ),/
TS2'y (1.670 A to 1.850 A) than those in INT,;/TS2y (1.570 A
to 1.720 A). This is also reflected in the relatively shorter bond
distance between the substrate carbon radical and the O atom of
M—OH, unit in *TS2’y, and $TS2'g, (1.967 and 2.116 A)
compared to the same in *TS2,, and STS2g, (2.061 and 2.212
A). These structural and electronic changes facilitate the easy
rebound process and provide a rationale for the decreased
kinetic energy expense for the HOTf-mediated rebound process.
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4. DISCUSSION

4.1. Mechanistic Considerations and Correlation to
Experiments. The overall free energy profile comparing the
ground state energies of all putative intermediates and transition
states involved in all three pathways for both C—H activation
and hydroxyl rebound steps is presented in Figure 9. In all
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Figure 9. Comparative free energy profiles (in kJ/mol) for toluene

hydroxylation via pathways 1, 2, and 3 catalyzed by (a) *1/*1-(HOTf),
and (b) 32/%2-(HOTT),. (c) Pertinent spin natural orbitals (SNOs).

~ Y

52-TS1b',,

pathways, the C—H activation step is the rds in accordance with
the experimental reports.88 From the energy profile, it is clear
that pathway 3 is the minimum energy route throughout the
mechanism except for the formation of $1-INTy, in Figure 9a
and the products. This demonstrates that the addition of HOTf
to the reaction mixture drastically decreases the activation
barrier for C—H activation by actively participating as a shuttle
between the substrate and the catalyst. The important
mechanistic changes brought about by HOTf in the C—H
activation step are enlisted below in comparison with the
conventional C—H activation mechanism in Table 1. The
HOTf-mediated C—H activation occurs in two stages. Initially,
it protonates the metal—oxo moiety, leading to the formation of
M—OH species and triflate anion; this favors the formation of
ion-pair with toluene by one-electron reduction leading to
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Table 1. Key Mechanistic Changes between Conventional and HOTf-Mediated C—H Activation

conventional C—H activation (without HOTf)
a. M—O bond has a significant radical character, suggesting a
favorable HAT mechanism

b. Both proton and electron transfer occur from the substrate to
the M—oxo species

c. C—H bond of toluene is activated at its neutral state

d. The hydrogen atom of the C—H bond is abstracted by the
M—oxo moiety

e. The estimated C—H bond activation barrier lies in the range
of 66—90 kJ/mol for 1 and 2

f. —OH rebound is barrier-less for both 1 and 2

HOTf-mediated C—H activation

a. M—O bond radical character diminishes, and the negative charge on O increases by ~0.2e unit,
tilting the reaction toward the PCET process

b. Proton transfer occurs from HOTf to M—oxo while electron transfer (long-range) occurs from the
substrate to the M—oxo moiety simultaneously

c. C—H bond of toluene is activated at its radical cation state

d. Proton from the C—H bond is abstracted by triflate anion and not by metal—oxo species
e. The estimated C—H bond activation barrier drops to around 40 kJ/mol for 1 and 2

f. —OH rebound has a finite barrier but is eased by the stability of the precedent intermediate
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Figure 10. (a) Schematic representation of C—H activation transition states involved in pathways 1 and 3 with relevant natural charges (q) and
computed BDE. (b) Molecular graphs of *TS1a’y;, and TS1b’g, generated from QTAIM analysis. The BCPs circled in green represent hydrogen
bonding interactions, while pink circles represent BCPs of halogen bonding interactions.

triflate-anion-toluene-radical-cation formation and concurrent
ET to the metal-oxo moiety. Thus, the O—H bond is clearly
involved in the rds step, and this is correlated to the inverse KIE
observed in the experiments with DOTf acid.”® The triflate
anion in the transition state abstracts the proton from the C—H
bond of the substrate to compensate for the initial loss. At this
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juncture, the substrate carbon (—CH,) is ~5.0—7.3 A (~2.61—
4.27 A in the absence of HOTY), suggesting a long-range PCET
mechanism that exerts little strain both on the substrate and the
catalyst. The computed spin natural orbitals (SNOs) provide
strong evidence for the HAT versus PCET mechanisms. In the
absence of HOTT, o-type orbital lobes are present on both the
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Figure 11. (a) Calculated activation free energies (in kJ/mol) for C—H activation in the presence and absence of OEEF along with the (b) optimized

transition-state geometries computed in the presence of OEEF.

oxo group and the methyl radical carbon atom of toluene, with
the hydrogen atom located at the nodal point, supporting the
HAT mechanism. In contrast, when HOTT is present, no lobes
are observed on the substrate, indicating that the contributions
arise solely from the metal d,/d_ orbitals (see Figure 9c),
thereby confirming the PCET mechanism.

While our mechanism explains the higher reactivity for
Bronsted acids (BA), the situation for LA is less clear and cannot
be directly extended. Many metal-oxo species, including the
ones studied here, show enhanced reactivity for both BA and LA.
In this context, it is noteworthy that Browne and co-workers”’
have shown that LA like Sc(OTf); can generate BAs (HOTY) in
acetonitrile, even in its dry form, with HOTf formation detected.
Comparing the reactivity of HMB with Fe(IV)=0 species in
the presence of Sc(OTf); and HOTf reveals a dramatic increase
in rate constants (420 times higher with HOTY). These findings
suggest that Sc(OTf); likely plays an indirect role, facilitating the
generation of HOTI, which then acts as an active catalytic
species. Thus, the mechanistic findings have larger implications.

4.2, Driving Force Behind Drastic Enhancement of
Rate in the Presence of HOTf. Our investigation into the
cause of the lower barrier in the presence of HOTTf indicates a
variation in the BDE of toluene. As sextet state is the ground
state for the HOTf-assisted transition state (*TS1a’yy, ), we have
here compared the corresponding *1-TS1,, transition state for
further discussions.
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For the neutral toluene molecule, the BDE of the methyl C—
H bond is estimated to be 363.2 kJ/mol. However, in its cation
radical state, as observed in the presence of HOTHY, this value
drops significantly to $3.7 kJ/mol (Figure 10a). Furthermore,
NBO analysis reveals that the methyl C—H bond is highly
polarized in toluene cationic radical with a large positive charge
on the H atom (0.449/0.431) compared to the same in its
neutral analogue (0.398/0.315). In addition, the O atom of the
triflate anion was found to have a large negative charge (—0.966/
—0.918) compared to the oxyl oxygen (—0.737/—0.517 for 1/2)
at 1(2)-TS1y. This enhanced nucleophilicity of the triflate
anionic oxygen triggers facile proton abstraction from the
substrate, reducing the barrier effectively.

4.2.1. Role of Noncovalent Interactions. Topological
analysis of the STSla’y;, and *TS1b'g, was carried out using
QTAIM formalism, and the corresponding molecular graphs are
shown in Figure 10b. Two types of noncovalent interactions
were noted between the substrate and HOTY: (i) (substrate) C—
H--F(triflic acid) and (ii) (substrate)C—H---O(triflic acid).
Furthermore, several hydrogen bonding interactions between
the HOTf and the catalyst with a total interaction energy (Eysz)
of 172.3 and 165.9 kJ/mol were found in STSla’y, and
STS1b'g,, respectively. Interestingly, a few halogen bonding
interactions are also observed between the two triflic acids in
both transition states with a total interaction energy (Ey,) of
~10 kJ/mol. The overall interaction energy (Eyp, ) of all the
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noncovalent interactions sums up to 182.8 kJ/mol in 5TS1a’y,
and 176.5 kJ/mol in TS1b’g. This provides a qualitative
picture of the overall stabilization rendered by these noncovalent
interactions in the HOTf-mediated C—H activation transition
state. The absence of HOTf in direct C—H activation transition
states lacks such stabilizing interactions leading to larger barriers.

4.2.2. Energy Decomposition Analysis. To further under-
stand the additional factors that influence the activation barrier,
EDA was carried out on ®1-TS1, 52-TS1g,, 6TSla'Mn’ and
STS1b'g, by considering the complex, substrate, and each of the
two HOTf molecules as separate fragments, as depicted in Table
S1. The steric energy (AEg) is estimated to be 1.42 and 2.10
times larger in *TS1a’yy, and STS1b'g,, respectively, compared
to the corresponding transition state without HOTf molecules
(in pathway 1). On the other hand, the orbital interaction energy
(AE,y,) is computed to be equally large as well in the HOTf-
mediated transition state than their analogues in pathway 1
(1.43 times more in *TS1a’y, than ®1-TS1y, and 2.17 times
more in STS1b’g, than that in 52-TSlg,). The resultant net
stabilizing interaction energy (AEy,) is calculated to be larger in
TS1a’yy, and STS1b'g, (around —280 kJ/mol) compared to
1-TS1y, and *1-TS1g, (—185.6 kJ/mol and —14.6 kJ/mol).
This signifies that the HOTT interaction in the C—H activation
process is found to add significant stabilization to the transition
state, leading to a lower activation barrier than that in the
absence of HOTT molecules.

4.2.3. Effect of Local Electric Fields. Recently, Styver and
Shaik co-workers have demonstrated that the LEF generated in
charged complexes plays a decisive role in enhancing the
reaction rates for the hydrogen abstraction reaction compared to
their neutral analogues relevant to the action of metalloenzymes
like Compound I (Cpd I) and synthetic hydroxo ferric species.”!
In this study, since charged species such as triflate anion and
toluene cation radical are involved in the HOTf-mediated C—H
activation process, we assess the impact of the LEF to
understand its role in shaping the activation barrier. In this
regard, the LEF oriented along the S—O bond participating in
the C—H activation process was estimated in
®TS1a’y,/STS1b’g, and compared with the LEF along the
M-O0 bond in a direct C—H activation transition state. The net
LEF along the S—O bond was computed to be —0.49 V A~" and
—0.34 V A7 for *TS1a’yy, and STS1b’,, respectively. However,
the LEF along M—O bond in direct C—H activation transition
state is found to be remarkably lower (0.54 VA~ and —0.05 V
A" for 1-TS1y,, and 52-TS1g,, respectively). To substantiate
that the charge group around the catalysis offer LEF and lowers
the barrier, the computed LEF of the S—O bond is physically
applied along the z-axis of °1-TS1,, and 2-TS1y, (aligned with
M-O0 bond) and the transition state in the presence of this
oriented external electric field (OEEF) is computed. The free
energy barrier computed with OEEF is found to be 80.4 and 58.1
kJ/mol for ®1-TS1,* and 52-TS1g*, respectively (Figure 11a),
which is 12.0 and 16.6 kJ/mol lower than their corresponding
analogues with no OEEF (°1-TSly, and 2-TSlg,). From
Figure 11b, it can be seen that the metal—oxo bonds are
elongated along the Z-axis due to the applied OEEF from 1.743
Ain °1-TS1,,, to 1.801 A in ®1-TS1,,,* and from 1.669 A in 2-
TS1g, to 1.698 A in 52-TS1g*. This enables efficient hydrogen
atom abstraction from toluene by the metal-oxo moiety and may
also contribute to decreasing the steric interactions between the
substrate and the catalyst. Earlier reactivity studies on FeV=0
and Fe'V=NTs species indicate that steric interactions with the
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pyridinic hydrogen atoms are crucial for reactivity.*’ In our case,
although the hydrogen atoms in both catalysts are aligned in the
same direction, the metal-oxo bond lengths differ, suggesting
that catalyst 2 experiences stronger steric interactions compared
to catalyst 1. Thus, replicating the LEF found along the S—O
bond in the triflate anion and applying it to the M—O bond
result in a considerable reduction in the activation energy. This
suggests that the LEF generated due to the charged triflate anion
and cationic radical toluene is also one of the driving forces for
the faster reaction in the presence of HOTL.

4.2.4. Approach to De Novo Catalyst Design. Based on the
aforementioned mechanistic insights, the following approach
can be adapted to enhance the catalytic efficiency: (i) a larger
charge on the BA is expected to produce larger LEF and also will
have a greater ability to perform PCET; (ii) choice of the
substrate where the produced cationic charge is localized rather
than strongly delocalized as seen in toluene is expected to
generate larger dipole and hence greater LEF; (iii) stronger
polar protic solvents likely to enhance the dipole and generate
larger LEF and reduce the barrier height; and (iv) enhancing the
number of noncovalent interactions between BA and the
substrate via appropriate donor—acceptor design.

5. CONCLUSIONS

A detailed computational investigation has been carried out to
understand the mechanistic aspects of BA-promoted C—H
activation by using [(N4Py)Mn"(0)]** (1) and [(N4Py)-
FeV(0)]* (2) and their corresponding BA-bound analogues
(1-(HOTf), and 2-(HOTf),) as representative nonheme
metal—oxo models with toluene as the substrate and triflic
acid as the BA. Below is a summary of key conclusions from this
study:

(i) Our calculations show that in the absence of HOTT, the
rate-determining C—H activation step for both 1 and 2
requires high activation energies of 66.6 and 74.7 kJ/mol,
respectively. When HOTf molecules act as spectators near
the reaction site, the energy barrier increases by ~15 kJ/
mol for 1 and decreases by 20 kJ/mol for 2. However,
when HOT( actively participates in promoting the PCET
reaction, the computed barriers drop significantly to 40.7
kJ/mol for 1-(HOTY), and 46.6 kJ/mol for 2-(HOTY),,
accounting for the experimentally observed BA-enhanced
reaction rates.

(i) The mechanistic origin for the decreased activation
barrier due to HOTf-mediation is found to occur in two
stages: first, HOTI triggers the electron transfer from
toluene by protonating the metal—oxo moiety, resulting
in the formation of the toluene cationic radical and triflate
anion. In the second stage, the anionic triflate ion
performs the C—H bond activation and not the metal-oxo
moiety as the conventional mechanism demands,
triggering a PCET mechanism as opposed to the
conventional HAT mechanism.

Various factors contribute to the rate enhancement in the
presence of BA: (a) lower BDE of the methyl C—H bond
of the toluene cation radical generated by the HOTT, (b)
high nucleophilicity of the oxygen atom of the triflate
anion and its greater tendency to abstract a proton from
the substrate, (c) the LEF generated by the HOTf
molecule (10—20 kJ/mol reduction), and (d) presence of
large number of noncovalent interactions between the

(iii)
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HOTTf and the catalyst and also between the HOTf and
substrate (they ease, the energy penalty).

(iv) In the hydroxyl rebound step, the absence of HOTf allows
for a barrier-less rebound process. However, when HOTf
acts as a spectator, it mildly obstructs the rebound by
forming strong hydrogen bonds with the M—OH moiety,
raising the activation energy by ~30—40 kJ/mol. In
contrast, when HOTf participates by protonating M—OH
to form M—OH,, it facilitates the rebound process,
making it highly exergonic at the rebound transition state.

In summary, our computational study reveals the unexpected
and pivotal role of BA, specifically triflic acid, in directly seizing
the C—H bonds of the activated substrate, working in tandem
with the catalyst. This unusual mechanism offers new insights
into catalytic design and reactivity and sets the stage for future
breakthroughs in enzyme and synthetic catalyst design.
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