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A density functional theory analysis of the C–H
activation reactivity of iron(IV)-oxo complexes with
an ‘O’ substituted tetramethylcyclam macrocycle†

Lovleen Kaur and Debasish Mandal *

In this article, we present a meticulous computational study to foresee the effect of an oxygen-rich

macrocycle on the reactivity for C–H activation. For this study, a widely studied nonheme Fe(IV)O mole-

cule with a TMC (1,4,8,11-tetramethyl 1,4,8,11-tetraazacyclotetradecane) macrocycle that is equatorially

attached to four nitrogen atoms (designated as N4) and acetonitrile as an axial ligand has been taken into

account. For the goal of hetero-substitution, step-by-step replacement of the N4 framework with O

atoms, i.e., N4, N3O1, N2O2, N1O3, and O4 systems, has been considered, and dihydroanthracene (DHA)

has been used as the substrate. In order to neutralise the system and prevent the self-interaction error in

DFT, triflate counterions have also been included in the calculations. The study of the energetics of these

C–H bond activation reactions and the potential energy surfaces mapped therefore reveal that the initial

hydrogen abstraction, which is the rate-determining step, follows the two-state reactivity (TSR) pattern,

which means that the originally excited quintet state falls lower in the transition state and the product.

The reaction follows the hydrogen atom transfer (HAT) mechanism, as indicated by the spin density

studies. The results revealed a fascinating reactivity order, in which the reactivity increases with the

enrichment of the oxygen atom in the equatorial position, namely the order follows N4 < N3O1 < N2O2 <

N1O3 < O4. The impacts of oxygen substitution on quantum mechanical tunneling and the H/D kinetic

isotope effect have also been investigated. When analysing the causes of this reactivity pattern, a number

of variables have been identified, including the reactant-like transition structure, spin density distribution,

distortion energy, and energies of the electron acceptor orbital, i.e., the energy of the LUMO (σ*z2), which

validate the obtained outcome. Our results also show very good agreement with earlier combined experi-

mental and theoretical studies considering TMC and TMCO-type complexes. The DFT predictions

reported here will undoubtedly encourage experimental research in this biomimetic field, as they provide

an alternative with higher reactivity in which heteroatoms can be substituted for the traditional nitrogen

atom.

Introduction

Metal-oxo species of transition metal series are vastly studied,
with the earlier members studied more prominently than the
later ones owing to the oxo wall and the high-valence Fe(IV)O
intermediates being studied in depth widely.1–12 These com-
plexes have been successfully presented in many articles
wherein they act as active oxidants in the catalytic cycles of
mononuclear non-heme and heme enzymes.13–15 Multiple

studies have also been conducted towards understanding the
structural and electronic parameters of these metal-oxo com-
plexes to get an idea how they drive towards better reactivity by
accessing the mechanisms involved. For example, several octa-
hedral/trigonal bipyramidal geometries have been explored
wherein both S = 1 (triplet) and S = 2 (quintet) ground spin
states have been taken into account.16,17 It has been proven
that spin states of Fe(IV) ions are an important governing factor
affecting the catalytic activity of Fe(IV)O complexes. Studies in
the last decade revealed that many changes have been pro-
jected in the coordination sphere directly in the form of axial
as well as equatorial ligands, while other changes on the sec-
ondary level caused by manipulation of the ligand architecture
have also been proven to have a significant effect on the
mechanistic pathways.18,19 Other factors such as the oxidative
capabilities of different redox states have also gained attention

†Electronic supplementary information (ESI) available: Full citation of Gaussian
16, relative energy tables, Mulliken spin and charges, distortion energies, LUMO
values for reactants, and optimized Cartesian coordinates for all the stationary
points. See DOI: https://doi.org/10.1039/d4dt00063c
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with a larger oxidation state enhancing the reactivity owing to
the electrophilicity and reduction potential.20,21 Multiple DFT
and experimental studies have been performed to explore and
enhance the C–H activation processes carried out by such com-
plexes, in which the reactivity is significantly influenced by the
thermodynamics of bond formation (O–H) and breakage
(C–H). These reactions proceed mostly with simultaneous
transfer of electrons and protons (HAT or cPCET mechanism),
which has been studied from time to time.22–24 Here we see
how the transfer of an electron and a proton together as a true
H atom is referred to as hydrogen atom transfer, but when
they travel differently, it is called proton coupled electron
transfer. However, it has also been established that in contrast
to these mechanisms, proton and electron transfer can take
place stepwise25,26 wherein the transfer involves two steps.
These involve PT followed by ET (basic mechanism) or ET fol-
lowed by PT (oxidative mechanism) as summed in Scheme 1
herein. There might even be asynchronicity involved with the
TS consisting of either more electron or proton transfer.

PT signifies proton transfer whereas ET is electron transfer.
Also, the red arrow shows synchronous behaviour and purple
the asynchronous. Such mechanisms have a significant role in
some cases wherein the otherwise lower oxidation potential is
balanced by factors such as the basicity of the metal oxo com-
plexes (via PT followed by ET).27–30

The developments in this field have given considerable
momentum to both the understanding and the application of
the Fe(IV)-oxo chemistry in homogeneous catalytic oxidation.
Now, let’s take into contemplation the well-known fact that the
biological FevO oxidants in the (IV) oxidation state of the iron
atom usually consist of O-based ligands (weak field in nature),
e.g., carboxylate, water located cis to the oxo donor
(Scheme 2a).31,32

In our previous work in this field of hetero-substitution,
inspired by the study of Ray and co-workers, we highlighted
how alterations made in the primary coordination sphere of
TMC like complexes in a sequential order (using S) of equator-
ial ligands resulted in better reactivity trends for the C–H acti-
vation process.33 We successfully established that hetero-sub-
stitution led to lower reaction barriers and hence opened the
door to the use of alternative atoms in the vastly studied ferryl
processes.34 In a combined experimental and computational
study performed by Prez et al., substitution of the N–CH3

donor in TMC and TMCN macrocycles was studied to depict
how this O substitution led to better reactivity patterns. The
details of the structures are presented in Scheme 3. Other than
the N/O donor atom, there is also a significant difference in
the structure between traditional TMC (Scheme 3a) and TMCO
(Scheme 3c). The propylene and ethylene linkers are in adja-
cent positions in TMCO; however, they are in alternate posi-
tions in TMC.35 The axial ligands are also different. In TMCN,
CD3 substituents on the donor N atoms are attached equato-
rially in place of CH3 (Scheme 3b).Scheme 1 Various types of mechanisms possible for H transfer.

Scheme 2 Structures of (a) biological enzymes taurine:αKG dioxygenase and phenylalanine hydroxylase and (b) bioinspired TMC complexes with
equatorial substitution.

Paper Dalton Transactions

7528 | Dalton Trans., 2024, 53, 7527–7535 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/4
/2

02
5 

2:
06

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00063c


This encouraged us to investigate the effects on C–H acti-
vation reactivity after substituting oxygen for the equatorial
donor atom nitrogen. For this purpose, anti-geometric isomers
(anti-position of methyl groups w.r.t the FevO unit) of the
base molecule with the same axial ligand have been used. The
most investigated TMC (Scheme 3a) macrocycle has been
selected as the base compound which makes the TMCO
complex as presented in Scheme 3d. The primary goal here is
to determine whether oxygen-substituted iron-oxo TMC com-
plexes may offer us a better C–H activation catalyst and
whether these improvements will happen in a sequential
manner. Dihydroanthracene (DHA) is used as a C–H bond
source and the reaction has been modelled in the presence of
the solvent acetonitrile. Reactivity studies have been performed
on both lower (S = 1) and higher (S = 2) spin states. The inter-
play of various other factors has also been taken into consider-
ation which include-spin density on the abstractor atoms, fron-
tier orbitals and deformation energies to obtain the transition
states. Mulliken charges and spin have been carefully analysed
guiding us to the correct identification of the electronic states.
Effects of N, O-substituted macrocycles on quantum mechani-
cal tunneling and the H/D kinetic isotope effect have also been
analysed.36

Computational details

The DFT method has been used to carry out geometry optimiz-
ation for all the species wherein the popular B3LYP functional
(Becke’s three-parameter exchange with Lee, Yang, and Parr’s
correlation functional) has come to practice.37–39 Several inde-
pendent studies support this functional for the C–H activation
reaction catalysed by this type of complex, and hence it is a sig-
nificant benchmark.40,41 For the study of spin state gaps we
have further used the functionals TPSSH and M06-L as pre-
sented in Table S7.† For the basis set we have taken (i)
LANL2DZ with ECP for Fe and Pople’s double zeta 6-31G* for
all the other atoms, namely C, H, N, O, F and S marked as B1
for convenience.42,43 The effect of acetonitrile solvent has been
computed during optimization using the self-consistent reac-
tion field i.e., the SCRF and SMD model.44,45 Further single-
point calculations have also been performed for energy refine-
ment using (ii) Def2tzvpp for all atoms marked as B2 and (iii)
6-311++G(2d,2p) for all atoms and ECP containing SDD for

iron marked as B3. The same solvent model as for B1 has also
been implemented in B2 and B3. Triflate (CF3SO3

−) counter-
ions are poised at the bottom parts of the axial ligands to
make the system neutral. The use of solvents with counterions
usually diminishes the secondary interactions by neutralising
the charges.46 Frequency calculations are very detrimental for
validating the nature of the optimized structures wherein one
imaginary frequency indicates the transition states (TS), and
have been performed at the B1 level of theory. The zero-point
vibrational energy (ZPVE) and thermal and entropic correc-
tions to the Gibbs free energy at T = 298 K (25 °C) have been
evaluated for valid determination of the potential energy
surface. Intrinsic reaction coordinate (IRC) calculations have
also been carried out to further verify if the TS are connecting
to the proper minima as required.47 This entire DFT study has
been performed using Gaussian 1648 program packages, and
for the generation as well as visualisation of natural orbitals,
Chemcraft software49 has been used. For rate, isotope effect
and quantum mechanical tunneling studies have been per-
formed using KiSThelP software.50 The kinetics calculations
have been performed using the following equation:51

k ¼ κσ
kbT
h

exp
�ΔG‡

RT

 !
ð1Þ

where κ and σ stand for the transmission coefficient and reac-
tion symmetry, respectively. The transmission coefficient has
been calculated using the 1D (one-dimensional) asymmetric
Eckart method52 which has been used in various H-transfer
processes successfuly.53–55 ZPE corrected energies of the reac-
tant, transition states, and products in addition to the imaginary
frequency are used in this method, which in turn build up the
mass weighted intrinsic reaction coordinate (IRC).56 The H/D
kinetic isotope effect (KIE) values have been calculated from the
respective rate constants from H and D variants as follows:

KIE ¼ kH
kD

ð2Þ

For calculating the reduction of the activation barrier, we
have used the following equation where R is the universal gas
constant and T is the absolute temperature

ΔΔE‡
tun ¼ �RT ln κðTÞ ð3Þ

Scheme 3 (a) TMC with CH3CN as an axial ligand, (b) TMCN with –OSO2CF3 as an axial ligand, (c) TMCO with –OSO2CF3 as an axial ligand and (d)
TMCO complexes with a similar conformation and axial ligand to TMC.
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For calculating stability constant log β, the following
equation has been used.57

log β ¼ log10 e
� ��ΔG

RT
¼ �ΔG

2:303RT
ð4Þ

where R is the universal gas constant and T is the temperature.
ΔG has been calculated for the reactions using the following
equation:

ΔG ¼ GðMLÞ þ 4� GðH2OÞ � GfMðH2OÞ4g � GðLÞ ð5Þ
where ML represents the Fe(IV)O(TMC) complexes and L is the
respective N4, N3O, N2O2, NO3, and O4 tetradentate macrocyclic
ligands.

Distortion energies for the transition state have been calcu-
lated using the following equation:

ΔE‡
dist ¼ ðE‡

R þ E‡
SÞ � ðER � ESÞ ð6Þ

where R and S refer to the reactant and substrate counterparts
in the TS structure.

Results

At first, we searched for the potential for production of each of
the five Fe(IV)O complexes by figuring out their stability con-
stants, which are represented by log β in eqn (4). Since the con-
stant shows how the ligation of the individual TMC complexes
(with varied donor atoms) to the FevO unit would affect the
free energy of formation, higher values of the constant indicate
more favourable complex formation. In all five complexes,
stability constant values were determined to be approximately
28.2. Kirby et al. in a study of a few U(VI) complexes showed
comparable values of log β.57 It is also observed in their case
that the calculated values are overestimated with respect to the
experimentally observed ones. Here, we are unable to ade-
quately support the absolute values of log β because there is a
dearth of literature on stability constants for Fe(IV)O. Aside
from the absolute value, however, we can declare with confi-
dence that the O-substituted TMC macrocycle can ligate with

Fe(IV)O in a manner similar to that of the most popular N4

TMC frameworks. The optimized geometries of the quintet oxi-
dants with important parameters are presented in Fig. 1.

While the average Fe–N/Fe–O distance (equatorially linked)
decreased progressively, the FevO and Fe–Nax bond lengths
(axially connected) are almost the same in all complexes.

Spin state reactivity

In general, the four unpaired electrons in Fe(IV) can be occu-
pied in a variety of ways, resulting in two distinct spin states, S
= 1 and S = 2. Thus, the hydrogen atom transfer mechanism
can occur in either or both states58 and the electron transfer
pathways are presented in Fig. 2.

The panel a of Fig. 2 shows the low spin i.e. triplet state
pathway where a β electron from the σC–H bond moves to one

Fig. 1 The optimized oxidants with geometrical parameters with S = 1/S = 2, wherein distances are in Å (a) N4, (b) N3O1, (c) N2O2, (d) N1O3 and (e)
O4. Hydrogen atoms are omitted for clarity.

Fig. 2 The general electron transfer mechanism for the HAT catalysed
by the Fe(IV)O complexes for spin states (a) S = 1 and (b) S = 2.
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of the π* orbitals of Fe. This is referred to as the π pathway/tra-
jectory since the transfer takes place to the π* orbital.59 As
depicted, the orientation of the substrate occurs at an Fe–O–H
angle of ∼120°. The panel b shows the high spin path i.e. the
quintet pathway where one α electron from the σC–H bond of
the DHA shifts to the σ*z2 anti-bonding orbital of Fe. Here, as
DHA approaches the oxidant through the upper side with an
Fe–O–H angle of ∼180°, this pathway is named the σ pathway/
trajectory.

Reactivity pattern

Reactants in the quintet state typically have higher energy than
reactants in the triplet state for Fe(IV)vO complexes; however,
this is reversed in the transition state and product, leading to
the Two-State-Reactivity (TSR) phenomenon. Fig. 3 depicts all
the relevant potential energy surfaces for the rate determining
step of the C–H activation process catalysed by all five
complexes.

Fig. 3 The potential energy surface for the C–H activation catalysed by the Fe(IV)O complex with (a) N4, (b) N3O1, (c) N2O2, (d) N1O3 and (e) O4

macrocyclic ligands. The black and blue lines represent the S = 1 and S = 2 state pathways, respectively. The energy values are given as ΔE(B2+ZPE)/
ΔG298 K(B2). The PESs are plotted with respect to the energy of 3R + DHA.
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S = 1 is observed as the ground state in all oxidants, and the
spin state energy gaps (ΔEQ–T) are 2.1, 2.8, 1.4, 3.6, and 2.5 for
N4, N3O1, N2O2, N1O3, and O4, respectively. As a manifestation
of exchange enhanced reactivity,60 TSR is observed here.61–64

In this instance an interesting reactivity pattern is observed.
The C–H activation barrier for catalysis by five different oxi-
dants is observed to decrease in a sequential manner with the
increasing amount of oxygen substitution in the TMC macro-
cycle. Regardless of the choice of the basis set or thermo-
dynamic parameters used, such as free energy or ZPE corrected
energy, the reactivity pattern remains consistent. In the B2
level of theory the barrier of activation values kept decreasing
as 12.82 (23.14) (N4) > 10.50 (20.06) (N3O1) > 8.59 (18.38)
(N2O2) > 7.19 (17.52) (N1O3) > 5.79 (13.73) (O4) wherein the
values in the brackets indicate free energies. The free energy
trend at B3 appeared to be 20.90 for N4, 15.80 for N3O1, 14.76
for N2O2, 13.16 for N1O3 and 12.24 for O4. Even on comparing
the values for triplet states of all the complexes, respectively,
we observed the same trend of reactivity i.e., N4 < N3O1 < N2O2

< N1O3 < O4. By comparing the energies and free energies of
the intermediates (Fe(III)OH⋯•R), specifically in the quintet
state, it is found that substituting nitrogen with oxygen in the
macrocycle results in increased exothermicity of the reaction.
This may be attributed to the reduction in energy of the dz2
orbital, which decreases sequentially with each O-replacement.
However, this replacement had no substantial effect on the
energy of the dx2−y2 orbital; therefore, the ΔEQ–T in the reactant
remained essentially unchanged. All these data have been pre-
sented in Table S1.† This led us to divulge into the contribut-
ing cause of this kind of fascinating pattern. As the spin state
gaps are identical in all the complexes and S = 1 is the ground
state for reactants, we observed a crossover to the S = 2 surface
during TSR, and this led us to take into consideration factors
other than the triplet–quintet gap which are discussed in
detail below.

Spin density

The spin density on the abstractor, i.e., on the oxygen of
FevO, plays a key role in the reaction dynamics.65 On evaluat-
ing these values on the O atom of the ferryl group in the TS we
observed a sequential increase from 0.28 (N4) to 0.30 (N3O1) to
0.33 (N2O2) to 0.35 (N1O3) to 0.40 (O4). In the plot in Fig. 4, we
notice a sufficiently linear connection (R2 = 0.93) between the
spin density on the abstractor and the energy of activation.

LUMO energies

The acceptor orbital’s energy has a significant impact on the
reactivity of electron transfer processes. In the S = 2 state of
these oxidants, the electron acceptor orbital (σ*z2) is the lowest
unoccupied molecular orbital (LUMO), and its lower energy
values make the electron transfer from the substrate easier.
Therefore, the trend −3.56 (N4) to −3.58 (N3O1) to −3.96 (N2O2)
to −4.24 (N1O3) to −4.60 (O4) showed that the process of
accepting electrons from DHA became more convenient as we
continued to replace N atoms with O. This is one of the promi-
nent reasons for the increased reactivity with this hetero-

substitution.33,34 As depicted in Fig. 5, the linear relationship
between activation energy and LUMO energy provides insight
into reactivity.

The lowering tendency in LUMO energy could have resulted
from oxygen having a weaker field effect than nitrogen, which
in turn stabilises the anti-bonding acceptor orbital. This can
be explained on the basis of charge transfer. We performed
NBO and Mulliken population analyses to see how on moving
from N4 to O4 the charge transferred from the ligands attached
to the metal centre. As more and more charges were trans-
ferred, the trend at the Fe atoms was 0.55 (N4) to 0.61 (N3O1) to
0.64 (N2O2) to 0.73 (N1O3) to 0.81 (O4), and it is safe to say that
the ligand field kept on weakening sequentially resulting in a
more electrophilic metal centre and hence more reactivity.

Distortion energies

To further validate our results, we then used eqn (6) from the
Computational details section to determine the distortion
energies (ΔE‡dist) of the oxidants and substrate in order to
reach the transition states. A plot of ΔE‡dist and the energy of
activation is presented in Fig. 6.

Fig. 6 demonstrates a consistent decrease in ΔE‡dist, with the
greatest value of 13.1 in N4; other values are 12.4 for N3O1,

Fig. 4 A plot of activation energy (ΔE‡) versus spin density at the ‘O’ of
the FevO unit in the S = 2 transition state.

Fig. 5 A plot of activation energy (ΔE‡) versus the energy of the LUMO
i.e., the electron acceptor orbital (ELUMO) of the oxidants at the S = 2
state.
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11.6 and 8.7 for N2O2 and N1O3, respectively, and 4.9 for O4.
Lower distortion energies in the oxygen-substituted complexes
show how the distortion undergone is minimum in these
cases and hence the formation of the transition state is more
favourable.

Our findings also show good consistency with earlier
research in related complexes, which published theoretical cal-
culations and experimentally validated investigations for TMC
and TMCO complexes (Scheme 3a and c). The B3LYP/TDZP
estimated free energy of activation for the cyclohexene sub-
strate indicates that the TMCO complex was more favourable
than the TMC-N4 by 6.3 kcal mol−1.35 Here for the DHA sub-
strate we found a similar value, 5.1 kcal mol−1, in the B3 level
of theory.

Quantum chemical tunneling

We were also curious to look for the impact of ‘O’ substitution
on quantum mechanical tunneling. The data related to the
tunneling calculation of the H-abstraction reaction catalysed
by all five complexes are presented in Table 1.

Standard TMC complexes (N4) have a tunneling corrected
H/D kinetic isotope effect of 12.5, which is in good accord with
an earlier empirically reported value of 10.66 It’s interesting to
note that when ‘O’ is substituted on TMC, the transmission
coefficient and KIE fall progressively. The values of the tunnel-
ing adjusted KIE are 12.5 (N4), 7.9 (N3O1), 5.3 (N2O2),
3.3 (N1O3), and 2.0 (O4) as shown in column 6 of Table 1.

It is revealed that the imaginary frequency of the transition
states, which regulates the potential energy surface’s curvature,
is the cause of this pattern. Higher tunneling is insinuated by
a narrower curvature, which is implied by a higher imaginary
frequency value.40 Fig. 7 presents the transition state struc-
tures with significant geometrical features and imaginary
frequencies.

The imaginary frequency value for N4 is 1231.2i, and it
decreases steadily to 986.7i for N3O1, 811.5i for N2O2 and
416.6i for O4 and 165.3i for N1O3. In the context of breaking
C–H and forming O–H bond parameters in the transition state
it is clear that the transition state for N4 is most symmetric.
The C–H bond keeps becoming shorter from N4 to O4, and
oppositely, the O–H bond distances keep increasing, making
the TS product-like in prior cases but reactant-like in the latter.

So, the decreasing frequencies with the substitution taking
place hint at the role of quantum tunneling since it’s a well-
known fact that the mechanism of QM tunneling (quantum
mechanical tunneling) relies on the path function, and poten-

Fig. 6 A plot of activation energy (ΔE‡, in kcal mol−1) versus the distor-
tion energies (ΔE‡dist, in kcal mol−1) of the oxidants at the S = 2 state.

Table 1 The value of rate constants for the H-abstraction reactions (kH and kD in cm3 per molecule per second), transmission coefficients (κH and
κD), kinetic isotope effect (KIEECK), barrier lowering quantity (ΔΔE‡

tun), and the effective barrier (ΔE − ΔΔE‡
tun)

Complex kH kD κH κD KIEECK ΔΔE‡tun ΔE − ΔΔE‡tun

N4 8.12 × 10−25 6.48 × 10−26 6.61 2.96 12.5 (10)a 1.12 11.7
N3O 3.44 × 10−23 4.38 × 10−24 3.04 2.03 7.9 0.66 9.8
N2O2 2.20 × 10−22 4.15 × 10−23 2.05 1.64 5.3 0.42 8.2
NO3 2.17 × 10−20 6.55 × 10−21 1.19 1.64 3.3 0.10 7.1
O4 3.65 × 10−20 1.82 × 10−20 1.03 1.02 2.0 0.01 5.8

a The value in parentheses is the experimental value.66

Fig. 7 Quintet TS with their imaginary frequencies for (a) N4, (b) N3O1, (c) N2O2, (d) N1O3 and (e) O4 macrocyclic ligands with C–H (breaking) and
O–H (forming) bond lengths.
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tial energy surfaces (PES) depend on the imaginary frequen-
cies. Higher imaginary frequencies indicate a sharper PES, i.e.,
an atom has to tunnel through a shorter distance making the
phenomenon more favourable. The tunneling coefficients for
H and D isotope counterparts with Eckart corrected values of
KIE are reported herein. We have also calculated the tunneling
corrected barrier. When switching from N4 to O4, the calcu-
lated natural charges on Fe in the S = 2 oxidant are nearly
equal with oxygen replacement, i.e., 0.95, 0.94, 0.93, 0.95, and
0.97. It follows that anti-electrophilicity has no influence on
tunneling in this situation.40

Although the reduction of the activation barrier by tunnel-
ing (column 7 in Table 1) is higher in N4 (due to the higher
transmission coefficient), the overall effective barrier (column
8 in Table 1) is not able to alter the earlier reactivity pattern
obtained from classical thermodynamics.

Conclusions

This computational study has been devoted to investigating
the reactivity of the oxygen substituted iron(IV)-oxo N4 macro-
cycle in order to design a better catalyst for C–H activation. A
well-known TMC compound, [Fe(IV)vO(TMC-N4)(CH3CN)]

2+,
has been taken into consideration for base compounds.
Additionally, the method of sequentially replacing the equator-
ial N atoms with O atoms results in the formation of four
additional compounds with frameworks consisting of N4,
N3O1, N2O2, N1O3, and O4. The computed values of the stabi-
lity constants support the formation of these complexes,
which proved to be as beneficial as the main compound N4.
The hydrogen atom transfer from dihydroanthracene, i.e., the
rate determining step of the C–H activation, has been investi-
gated in both triplet and quintet spin states. Due to the pres-
ence of exchange enhanced reactivity and the two-state-reactiv-
ity phenomenon, S = 2 was found to be more reactive in all five
cases. An interesting reactivity trend is observed, namely, the
C–H activation reactivity gradually increases with the enrich-
ment of ‘O’ in TMC macrocycles, i.e., N4 < N3O1 < N2O2 < N1O3,
and O4, irrespective of the computed levels of theories. The
increased reactivity in the substituted compounds may be to
some extent explained by the TS being reactant-like for the
oxygen substituted TMC, as shown by the length of the break-
ing and forming bonds. This is further reflected in the distor-
tion energy pattern, where the substituted TMC complexes
require progressively less energy. Given that the spin state gap
remains consistent across all complexes, it is not the primary
determining factor in this scenario. Additionally, the energy of
the electron acceptor orbital, or LUMO energy, which progress-
ively drops with the number of oxygen-enriched macrocycles,
was likewise connected with the reactivity pattern. The weak
ligand field on moving from N4 to O4 is evident from the
charge transfer values. An interesting pattern was also
observed in the case of quantum mechanical tunneling (QMT)
and H/D KIE, which continually decreases with transformation
from N4 to O4. This might be explained by the broad

H-transfer curvature as predicted by the low imaginary fre-
quencies in the transition states. The barrier reduction
amount by QMT was not significant enough to alter the classi-
cal reactivity trend. Our results are also in line with the pre-
vious studies conducted on TMC like complexes. Finally, these
studies if carried out experimentally will make a path for
alternative complexes other than typical N complexes and
hence lead to new choices in this bioinorganic field.
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