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Abstract

Methane to methanol (MTM) transformation is a very significant chemical transformation
for its scientific, industrial, and commercial importance. Currently, MTM transformation is done
by following a high energy procedure which is economically viable only in a large industrial scale.
Despite of a search of half a century, an effective low energy MTM transformation is still
formidable and active research is ongoing in search of that holy grail. In this project, we have
employed high-level electronic structure theory calculations to elucidate some of the profound
complexities of MTM transformation and theoretically investigated a new complete catalytic cycle

for MTM transformation.

Transition metal oxides have attracted considerable attention for their catalytic potency for
MTM transformation. Specially FeO and its charged variants have been considered the best
potential candidates for MTM transformation because of their presence in the biocatalytic active
sites for MTM transformation. To provide a deeper understanding of its catalytic activity at the
electronic structure level, we have studied the ground and excited states FeO?" using high-level
electronic structure theory. The ground electronic state of FeO*" is A which is of oxyl character
followed by the low-lying excited states °A and X" which have oxo electronic configuration. Then
we have introduced ligands in the system and found that the strong field ligands such as NHj
stabilize both the oxo and oxyl states whereas the weak field ligands such as H>O has stabilized
only the oxo states. For the methane activation mechanism, the oxo states undergo oxidative
addition route and oxyl states follow the radical mechanism. So, it is possible to direct the reaction

mechanism by the choice of ligands coordinating the catalytic active site.



We have also investigated the ground and excited states of a second-row transition metal
oxide dication, RhO?" using electronic structure theory and found that the ground state is “IT which
is of oxo character. RhO*" coordinated by four NH; ligands has exceptionally low activation
barrier (13.6 kcal/mol) for MTM transformation because of the rearrangement of electronic

configuration.

One of the prominent limitations of the MTM transformation using transition metal oxide
catalysts is the selectivity issue that means the product methanol is more susceptible to further
oxidation that causes over oxidation of methanol and catalyst poisoning. To address this limitation,
we have studied a new complete catalytic cycle for MTM transformation using metal methoxide
as a catalyst. At first, we have employed FEOCH3" as a catalyst and used N>O as an oxidant. This
combination of catalyst and oxidant has produced a promising energy landscape for MTM
transformation. Then we have further optimized the catalytic cycle by incorporating ligands with
the active site ((NH3)sFeOCH3?") and using a more potent oxidant (Os). Also, a comparison of the
C-H bond activation energy between methane and methanol is studied for the complete catalytic
cycle. The presence of four NH3 ligands has destabilized the methanol activation channel and the
activation barrier of the C-H bond activation of methanol is found higher than the C-H activation

of methane.
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Chapter One

1. Computational Chemistry

Computational Chemistry refers to the general term for the study of chemical problems by
using any form of computing. The root of computational chemistry lies in physics (quantum
mechanics) and mathematics. By using the techniques of computational chemistry, it is possible
to predict molecular properties, compare with experimental results, explain ambiguous
experimental data, and model unstable intermediates such as transition states which are beyond

experimental observations.

The roots of computational chemistry can be traced back in the beginning of 1928 when
the theoretical physicists attempted to solve the Schrodinger equation using primitive calculating
machines. Then by 1950s, two factors, namely the advent of digital computers and the application
of numerical approximations to the solution of Schrodinger equation, allowed the scientists to
produce highly accurate quantitative data regarding the chemical behavior of molecules. By the
end of the last century, the field of computational chemistry has witnessed revolutionary expansion
in terms of the scope and capability. The rise of computing powers and better approximations
allowed us to expand the application of computational chemistry in drug design, bio-catalytic

reactions, and catalysis which incorporates thousands of atoms.

In the next section, I provide a brief description of the methods at the fundamental level
and this account doesn’t serve as a complete/detailed description of the methods since there are

numerous more complete accounts such as Modern Quantum Chemistry by Szabo and Ostlund.
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1.1 Electronic Structure Theory

Quantum Chemistry is the specific area of computational chemistry for which the methods
stem from the basic principles of quantum mechanics (Schrodinger equation). The concept of

quantum chemistry is divided into two broad areas-

1. Methods which treat the nuclei of a molecule as fixed/stationary particles with respect to
the movement of electrons. As these methods primarily deal with the electronic motion so
it is called the electronic structure theory.

2. Methods those can model the molecular behavior with respect to time. These chemical
dynamical methods consider the motions of both electrons and the nuclei. The laws of
quantum dynamics, molecular dynamics (Newtonian mechanics) or a combination

(semiclassical dynamics) are the bedrocks for these methods.

All the areas of quantum chemistry can be further divided into two more branches namely method
development and application. One of the prime goals of the electronic structure theory is to solve
the non-relativistic time independent Schrodinger equation (Eq 1.1) which sits in the heart of the

electronic structure theory.
H|¥) = E|¥) (1.1)

Where, H is the Hamiltonian operator for many particles system, ¥ is the wavefunction that

depends on the position and spin variables of the particles and E is energy of the system.

The Hamiltonian operator can be written as the summation of kinetic and potential energy

terms of the system. Consider the following system (Figure 1.1) with two nuclei (A and B) and

two electrons (i and j) where ﬁA, ﬁB, 1y, and Tj are the position vectors of them respectively.
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Figure 1.1: A system with two nuclei and two electrons. The distance between i and j electron is

rij = |ti-Tj|, and the distance between A and B nuclei is Rap = [Ra-Rp|

In general, the Hamiltonian terms can be written as (Eq 1.2)-
A=TnR) +Te @ + Ven (& R) + Vee () + Vv (R) (1.2)

Where, Tx (ﬁ) is the kinetic energy of the nuclei, T. (¥) is the kinetic energy of the electrons, Ven
(¥, ﬁ) is the electron-nuclear attraction, Vee () is the electron-electron repulsion and Van (ﬁ) is the

nuclear-nuclear repulsion. R and 7 are the position vectors of the nuclei and electrons respectively.

Nuclei are more massive than electrons and a very first approximation of a system can be
the assumption that due to the differences of masses, the nuclear motion and the motion of the
electrons can be decoupled. This approximation which is called the Born-Oppenheimer

approximation, allows us to consider the nuclear motion and the motion of the electrons separately
under which we can eliminate the nuclear kinetic energy term (T (ﬁ)) from the Hamiltonian (Eq

1.2) and consider the nuclear-nuclear repulsion term, Van (ﬁ) a constant. With the help of the Born-
Oppenheimer approximation we can focus on the electronic part of the Schrodinger equation (Eq

1.1) with electronic Hamiltonian and electronic wavefunction (Eq 1.3)-
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ﬁelecq)elec: Eelecq)elec (1 3)

The total energy Eior, which is the addition of Eeiec plus the nuclear-nuclear repulsion term Vxy (R),

provides a potential for the motion of the nuclei. We can construct a potential energy surface (PES)

using the Eq as a function of the position of nuclei (ﬁ). Figure 1.2 depicts a one-dimensional PES

that is called potential energy curve (PEC).

OO

Etot

=

" RAB

Figure 1.2: Representative diagram of PEC where the energy is a function of the nuclear distances

(R). Req is the equilibrium bond distance for the nuclei A and B.

This representation of PECs can be extended to multi-dimensional PES for polyatomic
systems and using two- or three-dimensional plots, it is possible to elucidate the reactivity of
chemical reactions. Local or global minima and saddle point on a PES can be interpreted as
reactant/product and transition state respectively. For example, figure 1.3 presents two and three-

dimensional PES for the oxidation reaction of ethylene (C2Hs) with iodosobenzene (C¢HsIO). The
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PESs present quantitative idea about the reaction energy and activation barrier." One of our goals

in the catalysis project (see chapter 2 & 3) is to identify such reactant, product and transition state

to explain the reactivity of the system.
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Figure 1.3: Two (left) and three-dimensional (right) PES for the oxidation reaction of ethylene

with iodosobenzene.

1.2 Hartree-Fock Method

The accuracy as well as the complexity of the electronic structure theory depends on the

methods of writing the electronic wavefunction. The simplest method of the electronic structure

theory is the Hartree-Fock (HF) method where the wave function is written in terms of a Slater

determinant. Consider a case of a closed shell system (S=0) with four electrons. For the HF
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method, the wave function in terms of Slater determinant will be a four-by-four determinant as

shown below-

yi(Da(l)  y(DBL)  w(Da(l)  w(1)B(1)

yi(2)a2)  yi2)B2)  w(2)a2)  w,(2)B(2)
P = 1/4!
y(3a3)  yi(3)BAB)  w(3)a3)  wA(3)B3)

yi@ad) @A) wda@) w44

Where the indices correspond to the electrons and w and a/f are the spatial and spin functions
shared by the four electrons. The Slater determinants also incorporate a normalization constant
which is 1/VN! (N is the number of electrons). Each component of the Slater determinant is called
the spin orbital which comprises of spatial function and spin function. The spatial orbitals y; can

be written as a linear combination of basis functions (Eq 1.4).

K
v, :zul Ci®, (1.4)

Where K is the number of basis functions, C,; is the coefficient and @, is the basis function. The
basis functions are atom centered Slater-type or Gaussian functions which are known (designed)

but the unknowns are the coefficients (Cy;) and the objective is to optimize these coefficients.

Using HF method, the energy of a system can be obtained by utilizing the variational

principle with the following equation (Eq 1.5)-
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Where, ¥ and W* is the wave function and the complex conjugate of the wave function and drt is
the integration over all space considering all electronic coordinates and spin variables. The
introduction of basis set converts the complex differential equation to an algebraic problem which

can be solved readily by using modern computers.

In the HF method, only one electronic configuration (one Slater determinant), which is
often the ground state of the system, is considered to construct the wavefunction. For this
limitation, HF is known to be unable to account accurately for the interaction between the electrons
(electron correlation energy). The difference of the energy between the exact solution of the
nonrelativistic Schrodinger equation and the HF energy is called the correlation energy. Figure 1.3

depicts the hierarchy of methods towards the exact energy.

Hartree Fock energy

A — Hartree Fock limit
Electron
. — Post-Hartree Fock methods
correlation
energy

Exact solution of non-
relativistic Schrodinger
equation

Figure 1.4: Electron Correlation Energy

It is required to go beyond HF method (post-HF methods), to capture the electron

correlation energy. Two of the post-HF methods are Complete Active Space Self-Consistent Field

18



(CASSCF) and Multireference Configuration Interaction (MRCI). Unlike HF methods, in these
methods a linear combination of determinants (electronic configurations) is used to construct the
wavefunction. Incorporation of multiple electronic configurations allow the methods to account

for the so-called static (CASSCF) and dynamic (MRCI) electron correlation energy of the system.

1.3 Post Hartree-Fock Methods

CASSCF and MRCI are the examples of two conceptually simple post HF methods which
can account for the electron correlation energy. These methods are also termed as multi-reference
methods as they utilize a linear combination of multiple electronic configurations to construct the
wavefunction. To study systems which contains transition metals, usually have low lying excited
states, and to precisely model the dissociation of a chemical bond, these multireference methods

are the most appropriate techniques of electronic structure theory.

In CASSCEF, the orbitals are divided into three groups namely closed, active, and virtual
(figure 1.5). The closed orbitals (1, 2, and y3) of a system are the core orbitals which kept frozen
(always doubly occupied). But in the active orbitals (usually comprised of occupied and
unoccupied orbitals in the HF determinant such as w4, s, ws, and y7), every possible occupation
of electrons (0, 1, or 2) are considered and each of the substitution produces one distinct electronic
configuration. A linear combination of these electronic configurations (determinants) is used to
construct the wavefunction in CASSCF. In CASSCF, not only the molecular orbitals but also the
weight of every determinant is optimized. The virtual orbitals are the unoccupied orbitals (s, wo,
and beyond) and the promotion of electrons in the virtual orbitals is excluded in the CASSCF

wavefunction but it is included at the MRCI level. For that reason, MRCI has more determinants
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in the linear combination to construct the wavefunction than CASSCF hence computationally more
demanding and performs better to account electron correlation. But MRCI is not size extensive,
which means, for two isolated system A and B, energy of the system A and energy of the system
B is not additive for the combined system (A+B). In terms of equation, E(A) + E(B) # E(A+B)
where E(A), E(B), and E(A+B) stands for the energy of system A, energy of system B and energy
of the combined system (A+B) respectively. To minimize this size extensivity error, correction to

the MRCI method is used which is known as Davidson Correction (MRCI+Q).

W, _ = Virtual
Wy —— —
V; — 7
e —
— Active
Ws %
'z % -
W3 + m
W % — Closed

W %"'

Figure 1.5: General representation of a typical grouping of orbitals for CASSCF method

There is other widely used post-HF methods such as MP2, Coupled Cluster (CC). The MP2
method utilizes many-body perturbation theory and the wavefunction is constructed with higher
order perturbation (second order for MP2) to the ground state/reference wavefunction (HF). In the

CC method, HF wavefunction is used as the reference wavefunction and electron correlation is

20



incorporated by constructing the wavefunction using an exponential cluster operator. The method
CCSD accounts only the single and double electronic substitution whereas CCSD(T) approximates
the triple substitution perturbatively. CCSD(T) is termed as the golden standard of electronic

structure theory.

1.4 Density Functional Theory

Apart from the wavefunction based methods, other philosophy such as the Density Functional
Theory (DFT) is a very popular method because of its ease of application. DFT assumes an
exact/direct correspondence between the electronic density and the energy (functional) of a given
system and optimization of the electronic density is done by minimizing the energy. The exact
functional is unknown and different forms have been suggested in the literature. As a result, the
method is often characterized as semi-empirical which is not as accurate as the previous methods

but the advantage of DFT is it allows the calculation of larger systems.

1.5 Outline of the Following Chapters

Chapter 2 is organized with the ground and excited states calculations of transition metal
oxide dications. First, we have presented a detail study of the electronic structure of FeO?**. Then
we have introduced ligands (NH3, H20) in the system to study the ligand field effects on the
electronic states of FeO?". Second, we have calculated the ground and excited states of RhO*",
which is a second-row transition metal oxide dication. Then we have studied the C-H activation

of CH4 using RhO 2" as a catalytic active site in coordination with (1-5) NH3 ligands.

21



Chapter 3 is the representation of a complete catalytic cycle for MTM transformation using
FeOCH3" as a catalyst and N2O as an oxidant. This catalytic cycle is further optimized by
introducing ligands in the system and using O3 as an oxidant. Finally, the C-H bond activation

energy for methane and methanol is compared to address the selectivity issue.
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Chapter Two

2. Electronic Structure of the Transition Metal Oxide
Active Sites, Ligand Field Effects, and Their Potency to

Activate C-H Bonds

Transition metals and their oxides are prominent catalytic active sites for numerous
chemical reactions. Specifically, the metal-oxo (MO?") units of the first-row transition metals have
been found instrumental for the activation of C-H bonds of organic molecules.?!° To harness the
catalytic power of the transition metal oxide active units, laboratory synthesis of the first-row

transition metal oxides are common'!"1® due to their low-cost and availability.

In natural/biological systems, especially in enzyme driven catalytic reactions, transition
metal-oxides act as the active site. Higher oxidation states of the metal such as metal-oxo (MO?*")
units serve as reaction intermediates and they are stabilized by the presence of bulky ligands.'’
The effect of ligands on the metal-oxide active site depends on the electronic structure of the
species. Meticulous research is done on the electronic structure of the ground and low-lying excited
states for the first-row transition metal-oxides considering neutral, anion, and cation using high
level quantum mechanical calculations.'®” Also, the effect of ligands on the electronic structure
of the metal-oxides and their role in the mechanism of the activation of chemical bonds have been
elucidated in theoretical explorations.?®? But unfortunately, in depth knowledge on the electronic
structure of transition metal-oxide di-cation is sporadic in both theoretical and experimental
front.33-3%
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A recent publication on the theoretical study of the ground and excited states of the first-
row transition metal oxide di-cations has provided a solid theoretical understanding in terms of
their electronic structures.®” This article has also shed light on the catchphrase ‘oxo wall’ for the
inorganic community.*’ The di-cationic unit of the metal oxide (MO?") can be in two forms namely
metal-oxo (M*"0%") or metal-oxyl (M*"O"). For the oxyl form, the oxygen terminal has at least
one unpaired electron thus very reactive and relatively less stable than the oxo form for the early
transition metals. This stability of the oxo species is present until Fe in the periodic table and
replaced by stable oxyl form for the heavier metals. Hence the term coined as ‘oxo wall’ placed in
between Fe and Co.*’ The oxo form usually undergoes two mechanism namely oxidative addition
(OA) and proton coupled electron transfer (PCET). On the other hand, the oxyl form performs

radical abstraction (hydrogen atom transfer or HAT) with a low activation barrier.*’

Because of its role in the reaction mechanism, the oxo and oxyl form demands conceptual
clarity. It can be simply explained by utilizing molecular orbitals of the involved metal oxide. For
the neutral transition metal oxides, the most contributing valence orbitals are five d and three p
orbitals of the metal and oxygen respectively. Figure 2.1 depicts typical contours of these eight
molecular orbitals namely o, n (bonding and anti-bonding) and & (non-bonding). However, the
remaining valence orbital 4s, is omitted (not populated in di-cations) and almost always polarized
on the metal. Oxygen, due to its higher electronegativity, is electron rich and polarize the molecular
orbitals except the 6 orbitals which are non-bonding. The effect of this polarization is often denoted
as (M2"0?") picture for the neutral metal oxides (MO). For the cationic species (MO™), for which
one electron is removed from MO, it is more favorable to eject one electron form the metal terminal
specifically from the pure metallic orbitals (4s or ) rather than from the oxygen terminal due to

the lower ionization energy of the metals (6.56 — 7.73 eV for first row transition metal vs. 13.62

24



eV for oxygen).*! For neutral and cationic transition metal oxides, the current scenario prevails,
and oxygen always remains electron rich which favors the oxo form. But, for the di-cationic
species, second ionization of the metal is required which is very high in energy from the metal
terminal. Instead, ionization form the m orbitals (polarized toward oxygen) might be more
favorable. Indeed, the theoretical calculations reveal that for the early transtion metal oxide di-
cation prefers the second ionization from pure metallic orbitals (oxo form) whereas the late
transition metals chose to liberate one unpaired electron on the oxygen terminal (oxyl form). Fe

sits on the border with competetive oxo and oxyl caracters.>

20
2m, ZTIIy
18xz_yz 18,0,
GAL N
v‘ N
1m, Im,
lo

Figure 2.1: Typical molecular orbital contours for RhO** (Green ball=Rh, Red ball=oxygen)

In this chapter, the electronic structure of the ground and low-lying excited states for FeO**

and RhO?" is presented to demnostrate the difference between first and second row transition
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metals and to account their catalytic potency, a model case of C-H activation mechanism followed
by methane to methanol transformation is performed incorporating with the effects of ligands on

these dicationic species. The choice of Fe and Rh is also explained in the respective section.

2.1 Ligand Field Effects on the Ground and Excited States of

Reactive FeO?*" Species

2.1.1 Rationale Behind the Choice of FeOQ?*

Selective functionalization of the C-H bond is regarded as still illusive but very demanding
process for numerous inductrial applications.*>* Although, nature has developed a series of heme
and non-heme enzymes with metal oxo active sites for the controlled oxidation of organic
materials. Mono and dineuclear iron act as the active sites which form iron oxo intermediates to
activate strong C-H bonds.*** As an example, high valent Fe(IV)-oxo intermediates from a-
ketoglutarate dependent taurine dioxygenase (TauD)*>>? and syringomycin halogenase (SyrB2)°"
52 cleaves the C-H bond by hydrogen atom abstraction. Following nature, a variety of non-heme
model complexes are prepared in laboratory with characterizing Fe(IV)-oxo intermediates.’>’
Also, these reactive intermediates have been stabilized in the coordination environment of metal
organic frameworks (MOFs) and zeolites with excellent catalytic activity for methane and ethane
functionalization.’®®? For the neutral species, the high spin (S=2) Fe(IV)-oxo form is more stable

and the stability is attributed to the presence of ligands in the system.® 624 On the other hand, the

synthetic model complex prefers an intermediate spin (S=1).%% 376
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In this section, we present detailed electronic structure calculations of the bare FeO*" to
reveal the electronic structure of the ground and excited states of the titled species. Also, the effect
of strong and weak field ligands on the ground and low-lying excited states is assessed with state-

of-the-art quantum mechanical calculations.

2.1.2 Computational Details

For FeO?, three spin multiplicities namely triplet, quintet, and septet (S=1, S=2, and S=3
respectively) are considered for the construction of the potential energy curves (PECs). At first,

)66, 67 are

state average calculations utilizing complete active space self-consistent field (CASSCF
performed to generate the reference wave function for the ground and low-lying excited states
using C», symmetry (the largest Abelian subgroup of the original C, symmetry of the molecule).
The active space is chosen as 4s, 3d orbitals of Fe and 2p orbitals of O. To tackle the convergence
issues and correct dissociation of the PECs, a second set of d orbital is included in the active space,
but it didn’t change the morphology of the PECs around the equilibrium. In total, there are 10
electrons in 14 orbitals and every possible electronic configuration is allowed within this active
space. Then using the reference wave function (CASSCF), multi reference configuration
interaction (MRCI)®® ¢ calculations are done for the ground and low-lying excited states.
Excitation from the 2s orbital of O is excluded at the CASSCF level because for all the electronic
states it is almost always doubly occupied but it is included for electron correlation at the MRCI
level. For these calculations, quintuple { quality basis set (cc-pV5Z for Fe and aug-cc-pV5Z for

0)"* ! is used for the PECs around the equilibrium. An augmented basis set is used for O to

account the bond polarization. But, to construct the full PECs, and for the mono coordinated
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species NH3(FeO)*", and H,O(FeO)*", a triple { basis set is used. These multi reference

calculations are performed using MOLPRO"? electronic structure package.

2.1.3 Summary of the Results and Discussion

In the section most important findings reported in the following paper’, provided in Appendix A,

are summarized. Reprint is done with the permission form the Royal Society of Chemistry.

J. K. Kirkland, S. N. Khan, B. Casale, E. Miliordos and K. D. Vogiatzis, Phys. Chem. Chem.

Phys., 2018, 20, 28786 DOI: 10.1039/C8CP05372C.

Molecular Orbitals and Reaction Channels

Considering C-H activation with FeO?", four possible reaction channels are considered
based on the spin state of Fe(IV)-oxo and the molecular orbital that overlaps with the C-H bond
for hydrogen abstraction. Regarding the electronic structure, not only the ground state but also the
excited states have significant role for these reaction channels. The evolution of Fe**O* (0xo) to
Fe**O~ (oxyl), that happens upon the elongation of the Fe-O bond, reveals a different C-H
activation mechanism. The valence molecular orbitals (o, 7, 8, *, 6*) of the Fe-O unit are shown
in figure 2.2. In total, four possible reaction channels are considered depending on the spin of the
Fe(IV)-oxo moiety (S = 1 or 2) and the molecular orbital (MO) populating c*, termed as °c, °=,
35, and *m. Figure 2.3 presents all four mechanisms with MO diagrams. For near-trigonal pyramidal

field, both & and * orbitals are degenerate hence can accommodate four unpaired electrons in d,
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and ©* orbitals which in turn favors 6/°t mechanisms. Whereas in near-octahedral field, only the

n* orbitals are degenerate, so it favors the triplet spin multiplicity and promotes *6/*mr mechanisms.

« oo
- %8 »0
» @ &

« 33 o
. 40D

Figure 2.2: Valence molecular orbitals of bare FeO?" (Rre.0 = 1.64 A).
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Figure 2.3: Molecular orbital diagram for (a) high-spin S = 2 Fe(IV)-oxo species in a near-trigonal
pyramidal field and (b) intermediate-spin S = 1 Fe(IV)-oxo species in a near-tetragonal pyramidal
field. Curvy arrows show the electron transferred upon Fe-O bond elongation for the formation of
the Fe(IlT)-oxyl species that promote the hydrogen atom abstraction via (a) the °c and °& channels
and (b) the 3c and *m channels. Orbitals inside the dashed-line boxes have predominant iron

character.

Bare and mono coordinated FeQ3*

The first two ionization energies of iron are 7.90 eV [Fe(°D)—Fe"(°D)] and 16.19 eV
[Fe'(°D)—Fe?*(°D)],”* while for oxygen they are 13.62 eV [O(P)—O"(*S)] and 35.12 eV
[07(*S)—O0*"(°P)].” These values set the lowest dissociation channel as Fe*(°D) + O*(*S) followed
by Fe**(°D;d®) + OC’P) at 2.57 eV. This energy range fits eight excited electronic states of Fe*,”
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but none for O". All Fe* + O"(*S;2s%2p*) asymptotes generate dissociative PECs, and considering

a 1/R(Fe-0O) repulsion the Fe" + O energies increase by as much as 1.44 eV at 10 A. At the same

distance, the Fe?" + O fragments interact only weakly. Thus, the Fe*(°D) + O*(*S) and Fe**(°D; d°)

Energy (kcal/mol)

404 { Fe'(‘D)+O'('S) | a0 || FE'(D)+0°(S) |
| F'(H+0'(s) Fe'(‘'F)+0'(S)
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Figure 2.4: PECs for triplet (top left), quintet (top right), and septet (bottom) electronic states of

FeO?",

+ O(C’P) asymptotes approach to 2.57 — 1.44 = 1.13 eV, which means that only three Fe™ + O"

channels are lower than Fe** + O at 10 A. All states (32 triplets, quintets, and septets) of these four

channels are included in our PECs of Figure 2.4 which cover Fe-O distances shorter than 8 A.
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Applying further this simple model, the Fe"(°D) + O*(*S) and Fe**(°D; d°) + O(°P) asymptotes are
expected to cross at 1/R(Fe-O) =2.57 eV which yields R(Fe-O) = 5.6 A. Indeed, our PECs present
an avoided crossing region at 5.5-6 A. Setting the zero of the energy scales equal to that of Fe?*(°D)
+ O(CP), the lowest energy fragments Fe"(°D) + O*(*S) are at -2.57 eV = -59.3 kcal/mol. In the
same scale the equilibrium energy of the ground 3A state is -42 kcal/mol (see figure 2.4) and -10
kcal/mol for our highest state (*IT). Therefore, all equilibrium energies are lower than the Fe** + O
fragments but higher than the Fe™ + O" ones, which means that bare FeO*" is thermodynamically

unstable, but kinetically stable because of the large dissociation barriers.

The PECs exhibit additional features. Specifically, the >X* state of figure 2.4 follows its
sister states for distances longer than 2.5 A (same dissociation channel) and tending to form a
minimum at 2.2 A. It deviates though creating a minimum at 1.64 A. Similar minima are found for
3® and *T* which undergo an avoided crossing right at the region of their 1.6 A minima with PEC
of lower states (see the encircled region of figure 2.4 top left). Finally, °II reveals a shoulder at the
same distance (see figure 2.4 top right), which turns out to create gradually a clear minimum in
the presence of ligands. Indeed, we added an ammonia or water ligand to the [FeO]*" diatomic and
constructed the PECs in the Fe-O equilibrium region for the lowest quintet states (°Z+, °II, °A).
The [FeO(H20)]*" and [FeO(H3N)]*" structures were fully optimized at the MRCI level for the X+
and then scanned over the Fe-O distance by keeping all other geometrical parameters fixed. The
potential energy curves are shown in figure 2.5. In comparison to bare [FeO]*", the X" minimum
(black line) is stabilized with the addition of a water molecule (weak ligand field), and even more
so with an ammonia molecule (strong ligand field). The same is true for the shoulder of °IT which
splits into two components due to symmetry lowering. In the case of ammonia, one of the °II

components becomes a very shallow local minimum. It is these minima that stabilize further upon
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the addition of more ligands generating the *A and °E states (see the article).”® Overall, the °~" and
3T1 states have a Fe(IV)-oxo character at R(Fe-O)~1.6 A which switches to Fe(III)-oxyl at R(Fe-
0)~2.25 A. This transition occurs at about 1.8 A. Additionally, The Fe(IV)-oxo region is stabilized
over the Fe(Ill)-oxyl region when adding a ligand, and this stabilization is larger for ammonia than

water.

40 40

40

304 30 30

20 20 20

104

5

T T r -10 T T T -10 T r T
1.5 20 25 3.0 1.5 2.0 25 3.0 1.5 20 25 3.0

R(Fe-0), A R(Fe-0), A R(Fe-0), A

10

Energy (kcal/mol)
Energy (kcal/mol)
Energy (kcal/mol)

Figure 2.5: MRCI PECs for [FeO]*', [(H20)FeO]*', and [(H3N)FeO]*" using the cc-pVTZ
(Fe,NH3,H20) aug-cc-pVQZ (terminal O) basis set. For the mono-coordinated complexes, solid

circles correspond to >A" and open circles to °A’ states.

2.1.4 Conclusion

High level electronic structure calculations are performed to study the electronic structure
of FeO**. The ground state of FeO?" is *A followed by °A and °TI. The ground and low-lying excited
states are of oxyl character with an equilibrium bond length around 2.1 A. Also, another group of
states with a shorter bond length such as >X" has dominant oxo character. Introduction of ligands
has significant effects on the electronic structure of FeO?*. Strong field ligands such as NHj
stabilize the oxo electronic configuration whereas, weak field ligands such as H>O can stabilize

both the oxo and oxyl states.
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2.2 Electronic Structure of RhO?*, Its Ammoniated Complexes
(NH3)1.sRh0?%, and Mechanistic Exploration of CH,4 Activation by

Them

2.2.1 Rationale Behind the Choice of RhO?*"

Unlike the first-row transition metal oxides, second-row transition metal oxides are
difficult to study specially by theoretical methods. The difficulty arises from many electrons
correlation and relativistic effects associated with second-row transition metals. Dealing with the
scarcity of the literature, only molybdenum, rhodium and palladium oxides are theoretically
proposed as active sites for methane activation.”®” Though RhO has been studied before in both

180-84

the experimenta and theoretical®*° front but to our best knowledge, we have little knowledge

about the electronic structure of RhO?>*. Moreover, as we have discussed about the oxo wall>* 4%
°l'in the previous section, which is place between FeO*" and CoO** which can be supported by the
electronic structure of CoO?" that has dominant oxyl character.’® So, the study of the ground and
excited states RhO**, which is analogous to CoO?", is going to unveil the validity of oxo wall for

the second row transition metal oxides. It should be mention that previous study on the electronic

structure of the neighboring RuO?* has revealed an oxo form.”?

Apart from the electronic structure of the ground and excited states of RhO**, spectroscopic
constants and spin orbit calculation are performed to aide future experimental explorations. And

effect of ligands is assessed by introducing 1-5 NHj3 ligands along with the C-H bond activation
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mechanism utilizing the titled species. Finally, an energy landscape of a model system for methane

to methanol transformation is presented to highlight the catalytic efficiency of the species.

2.2.2 Computational Details

For RhO?", three spin multiplicities namely doublet, quartet, and sextet (S=1/2, S=3/2, and
S=5/2 respectively) are considered for the construction of the potential energy curves (PECs). At
first, state average calculations utilizing complete active space self-consistent field (CASSCF)%¢:
67 is performed to generate the reference wave function for the ground and low-lying excited states
using C2, symmetry (the largest Abelian subgroup of the original C., symmetry of the molecule).
The active space is chosen as 5s, 4d orbitals of Rh and 2p orbitals of O. In total, there are 11
electrons in 9 orbitals and every possible electronic configuration is allowed within this active
space. Then using the reference wave function (CASSCF), multi reference configuration
interaction (MRCI)®® ¢ calculations are done for the ground and low-lying excited states.
Excitation from the 2s orbital of O is excluded at the CASSCF level because for all the states it is
almost always doubly occupied but it is included for correlation at the MRCI level. To extract the
spectroscopic constants, quintuple { quality basis set (cc-pV5Z-PP*? for Rh and aug-cc-pV5Z for
0)" ! is used for the PECs around the equilibrium. An augmented basis set is used for O to
account the bond polarization. But, to construct the full PECs, and for the coordinated species
(NH3)1sRhO*" a triple ¢ basis set is used. To calculate the activation barriers and to construct the
energy landscape of the C-H activation Density Functional Theory (DFT) is involved with MN15%

functional. The multi reference calculations are performed using MOLPRO? and C-H activation

is studied with Gaussian 16°° electronic structure package.
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2.2.3 Summary of the Results and Discussion

In the section most important findings reported in the following paper®®, provided in Appendix A,

are summarized.

Reprinted (adapted) with permission from ‘Khan, S. N.; Miliordos, E., Inorganic Chemistry 2021,

60,16111-16119.” Copyright 2021 American Chemical Society.

Electronic Structure of the bare RhO?"

Considering all the spin mutiplicities together (figure 2.6 d), two different potential wells
are present for the species RhO?*. Potential energy wells with a shorter bond length 1.6—-1.8 A are
steeper than the shallower ones with minima at distances longer than 2.0 A. Also, the ground state
’I1 has an avoided crossing around 2.0 A and for the first two excited states 12*A, the avoided
crossing happens around 2.2-2.3 A. States of doublet and quartet spin multiplicities form stronger
bond than sextet spin multiplicity. A closer look on the molecular orbitals is necessary to explain
the bonding feature of the low-lying excited states. Also, for the full PECs covering the

dissociation limit please see the supporting information of the article.”®

Figure 2.7 depicts the valence molecular orbital contours of RhO?" at equilibrium. The
molecular orbitals 26, 30, In, and 2w has significant contribution from both the metal and the
oxygen atom, whereas 16 and 4 orbital are mostly localized on the metal. The 26/3c and 1n/2n
orbitals represent the o- and n-bonding/antibonding Rh—O orbitals (36 ~ 6rho™, 27 ~ Trn0*). Table

2.1 lists the dominant electronic configurations and Table 2.2 tabulates spectroscopic constants for
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the low-lying electronic states. The complete list of electronic configurations and spectroscopic

constants of all the states those has been studied is presented in the reference article.”®
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Figure 2.6: PECs of RhO?" with respect to Rh-O distance for different spin multiplicity (a) doublet

(b) quartet (c) sextet at MRCI+Q/5z level. The lower right graph (d) is the PECs of a few low-

lying states of RhO?" considering all the spins together.
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Figure 2.7: Selected valence molecular orbital contours of RhO** at equilibrium. The green sphere
is Rh and the red one is oxygen. Only valence orbitals are numbered; 1o (not shown here)

corresponds to the 2s of oxygen.

The ground state *IT of RhO?" has the shortest bond length of 1.608 A (see Table 2.2,

MRCI+Q) and only 0.1 eV lower in energy than the first excited state *A. The dominant CI
coefficient and the electronic configuration of this state is 0.88 [20%1my 2my 175 1552_3,2 16§y>

suggesting a single reference character and enabling the use of CCSD(T). At both CCSD(T) and
C-CCSD(T), the equilibrium bond distance is found shorter than the corresponding MRCI+Q and
C-MRCI+Q methods by 0.013 and 0.014 A. The notations C-CCSD(T) and C-MRCI+Q stands for

the core calculations where the electron correlations form the sub-valence orbitals are considered.
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Table 2.1: Dominant electronic configuration for the lowest electronic states of RhO?". The A;
and B; irreducible representation of the C>, subgroup components for A and I' (IT and @),

respectively are only given.

State Coef. 20 30 40 1m, 2mn, 1m, 2my, 18,2 ,2 18y,
X1 0.88 2 0 0 2 o 2 0 2 2
1A 092 2 0 0 2 o 2 o 2 o
1°A 0.71 2 0 0 2 o 2 o 2 B
-0.35 2 0 0 2 o 2 B 2 o
-0.35 2 0 0 2 B 2 o 2 o
10%* 083 2 a 0 2 a 2 a a a
-0.39 2 o 0 o o o o 2 2
1*® 0.62 2 o 0 2 0 2 o 2 o
-0.62 2 o 0 2 o 2 0 o 2
1°T 044 2 0 0 2 0 2 2 2 o
-044 2 0 0 2 2 2 0 2 o
-044 2 0 0 2 o 2 B o 2
044 2 0 0 2 B 2 o o 2
1°® 0.67 2 o 0 o o 2 o 2 o
-0.67 2 o 0 2 o o o o 2
1411 0.63 2 o 0 2 0 2 o 2 o
0.63 2 o 0 2 o 2 0 o 2
12z 0.77 2 o 0 2 0 2 0 2 2

The first excited state 1*A has an equilibrium bond distance of 1.703 A at the MRCI+Q
level, almost 0.1 A longer than the ground state, and it decreased to 1.687 A at the CCSD(T) level.
Alike the ground state, the first excited state is also single reference with a CI coefficient 0.92, and
one 16 (non-bonding) electron moved to the 2n (anti-bonding) orbital (see Table 2.1), which

explains the elongation of the bond.
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Table 2.2: Bond length 7. (A), harmonic vibrational frequencies w. (cm™'), anharmonicity wex.
(cm™), 4Gz (cm™) value, and excitation energy T. (eV) for the lowest electronic states of RhO**.

The energy order of the states is based on the MRCI+Q values.

State Method ¥e W, WX, AG T.
X211 MRCI 1.610 951.4 7.8 935.9 0.000
MRCI+Q 1.608 955.9 7.8 940.3 0.000
C-MRCI 1.613 945.5 7.7 930.3 0.000
C-MRCI+Q 1.612 953.8 7.4 939.1 0.000
CCSD(T) 1.595 966.4 -4.6 975.9 0.000
C-CCSD(T) 1.598 956.5 -7.1 969.7 0.000
1*A MRCI 1.705 795.6 6.8 781.6 0.106
MRCI+Q 1.703 798.9 6.8 785.0 0.102
C-MRC(CI 1.708 787.1 7.0 772.1 0.153
C-MRCI+Q 1.705 796.8 6.6 782.9 0.172
CCSD(T) 1.687 878.5 7.2 863.1 0.147
C-CCSD(T) 1.683 904.3 8.4 885.9 0.201
12A MRCI 1.754 666.7 6.6 653.7 0.751
MRCI+Q 1.749 694.0 7.9 665.3 0.752
C-MRC(CI 1.755 669.8 64 6574 0.751
C-MRCI+Q 1.745 711.6 7.7 686.0 0.767
16" MRCI 2.122 304.1 0.5 306.0 0.828
MRCI+Q 2.073 2933 -1.7 291.8 0.942
1*® MRCI 1.896 136.5 -12.5 140.3 0.892
MRCI+Q 1.825 262.3 1.3 297.7 0.951
1’ MRCI 1.737 681.5 11.9 656.9 0.989
MRCI+Q 1.722 697.8 11.7 681.2 1.010
IR0 MRCI 2.219 350.2 2.4 345.0 0.866
MRCI+Q 2.196 349.4 2.3 344.7 1.026
1411 MRCI 1.796 4343 29.6 4559 0.998
MRCI+Q 1.789 614.2 40.7 534.3 1.037
12z* MRCI 1.698 316.4 18.7 393.8 0.994
MRCI+Q 1.695 675.5 62.9 612.6 1.038
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H3C—H bond activation using (NH3)1-sRhO?*

In this section we have presented the C-H activation mechanism using RhO?" as the active
unit. We have also introduced (1-5) NHj3 ligands in the system to study the effect of the number of
NH;3 coordination in the C-H activation mechanism. NH3 has been chosen as a representative of
commonly used larger ligands coordinated to the metals with the lone pair of nitrogen.* Also,
methane represents the saturated hydrocarbons with the strongest C-H bond and its small size is
convenient for the computational study. Moreover, methane to methanol conversion is very

important for its industrial and commercial applications.”’-1%

Geometry optimization of all the involved reactants, transition states, and products are done
followed by the harmonic frequency calculation to ensure that all the species are at minima (for
reactants, and products) or saddle point (for transition states) on the potential energy surface. Three
spin multiplicities (doublet, quartet, and sextet) are considered to calculation the activation

barriers.

To account the effect of ligands on the electronic structure of RhO?*, the nature of the
electronic configuration of Rh-O bond is monitored upon the gradual addition of the number of
NHs ligation (Figure 2.8). The valence molecular orbitals of RhO*" remains unaffected up to four
ammonia coordination but it changes on the case of fifth ammonia. To accommodate the incoming
fifth ammonia, one of the pure metallic orbitals (18x*>~?) is replaced with anti-bonding & orbital.
Occupation of this anti-bonding orbital facilitates the weakens of Rh-O bond, and it has further
consequences in the C-H bond activation. The comparison of the iso-surface of the molecular
orbitals for the bonding and anti-bonding orbital of (NH3),RhO?" and (CH4)(NH3)RhO?" shows

the resemblance of methane and ammonia in terms of their approach towards the metal.
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Figure 2.8: Electronic structure determining molecular orbitals (MN15/tz) of the (NH3)1.sRhO*".
The notation follows that of plain RhO?* for simplicity. The first two orbitals are doubly occupied
and the last one singly occupied. Notice that ammonia ligands coordinate at specific orientations
to minimize overlap with the occupied orbitals, and that 18,2, is replaced by a 2x orbital in the

case of (NH3)sRhO*".

Ammonia coordinates with its lone pair and methane binds (binds weakly) using the C-H

bonding orbital (Figure 2.9). Thus, CH4 can act as a kind of ligand.
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Table 2.3 tabulates the activation barriers for the C-H activation steps considering doublet,
quartet, and sextet spin multiplicities in coordination with (1-5) NH3 ligands. Two reaction
mechanisms namely OA and HAT are involved in the case of doublet and quartet spin
multiplication, but the sextet has only the HAT. The HAT has lower activation barriers ~ (10-20
kcal/mol) than the OA ~ (27-30 kcal/mol) but for the doublet spin multiplicity, the species
(NH3)4RhO?*, the OA mechanism has an exceptionally low activation barrier ~13 kcal/mol which
is comparable/lower than the corresponding HAT which is very unexpected and unnatural for
similar situations. The reason of this very low activation barrier is caused by the change of
electronic structure for more than four ammonia conjugation. For this species, the approaching
CH4 towards (NH3)4sRhO?*" acts as the fifth ammonia (as we have discussed before). In this case,
the C-H bond is not screened, and the metal breaks it apart. Figure 2.10 depicts the cartoons of the
transition states for the HAT and OA mechanism. This catalytic active site has two major
advantages. First, exceptionally low activation barrier, and second, the presence of four ligands is
expected to help finding selective catalysts which will prevent methanol from entering the catalytic
sphere. So, we have constructed a complete energy landscape for the C-H activation and
recombination of the species to form methanol. (Figure 2.11) For the recombination step, the HAT
mechanism has an activation barrier of 4.7 kcal/mol. The OA mechanism channel is
thermodynamically lower in energy than the radical mechanism, but it has higher activation barrier
of 22.4 kcal/mol. A comprehensive kinetic study of the competing reaction mechanism can be

done in the future to select the more favorable reaction channel.
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(NH,),Rh0?* (CH,)(NH;)RhO2*

Figure 2.9: Molecular orbitals of the Rh—N bonds of (NH3),RhO*" compared to those of the Rh—N

and “Rh—C” bonds of (CH4)(NH3)RhO?*".

Table 2.3: MN15 C—H bond activation energy barriers AE” (kcal/mol) of the radical and [2+2]

addition mechanisms for the CHs + (NH3),RhO?* reaction with different spin (S) multiplicities.

n S=1/ S=3/ S=5
Radical [2+2] Radical [2+2] Radical

R.M? PCET/HAT 0OA PCET/HAT 0OA HAT

1 27.7 27.0

2 0.4 22.9 27.8 24.9

3 15.3 30.9 17.7 27.5 10.5

4 14.8 13.6 16.7 40.8 ¢ 14.3

5 12.8 20.0 16.7

“ Single point energy calculation using the S='/, optimized structure.

®R.M (Reaction Mechanism)
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(a) (b)

Figure 2.10: Transition state for the C—H bond activation of methane with RhO**(NHs)4 (S='/2):

(a) radical mechanism, (b) [2+2] addition mechanism.
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Figure 2.11: Energy landscape (S=1/2) for the CHs + (NH3)4aRhO*" — CH30H + (NH3)sRh?*
reaction following [2+2] addition mechanism (blue lines) and radical mechanism (red lines) where
R = Reactants (CHs4 + (NH3)sRhO*"), I = Reaction intermediates, TS = Transition States, and P =
products (CH30H + (NH3)4Rh?"). Solid lines correspond to electronic energy and dashed lines to
free energy (25 °C, 1 atm).
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2.2.4 Conclusion

High level electronic structure theory is used to study the ground and excited states of
naked RhO?". Construcution of the PECs for different spin multiplicities are done for the
spectroscopic constants, vibrational frequencies, bond lengths, spin-orbit constants and excitation
energies. The ground state of RhO?" is °I1 followed by “A and 2A. The ground state and the low-
lying excited states are of oxo character. Comparing this results with CoO**,* the validity of the
concept of ‘oxo wall’ for the second row transition metal oxides is undermined. Also, we have
investigated the bonding scheme of rhodium and oxygen for the coordination of (1-5) NH3 ligands
and it is found that the electronic confighuration of the Rh-O bond is unaffected upto four ammonia
ligands but it takes a different configuration for five ammonia. This change of electrionic structure
results in an exceptionally low barrier of C-H activation for the case of (NH3)sRhO?" with methane.
A complete energy landscape of this reaction is presented considering the recombination of the
species to form methanol. For the C-H activation, OA, PCET and HAT mechanisms are considered
accounting different spin mulitiplicites. Also, the similarity of methane and ammonia are presented

in terms of their approch towards the metal.
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Chapter Three

3. Methane to Methanol Transformation Facilitated by

Transition Metal Methoxides FeOCH;3 ™

Despite of significant development in the green/renewable energy sector which is sought
to be the replacement of fossil fuel, fossil fuel still dominates the global economy because of its
low-cost and availability. The popularity of fossil fuel such as natural gas and petroleum, is due to
its high energy content that can be utilized both in large-scale (industrial) and small-scale
(domestic) basis. Fossil fuels are the source of hydrocarbons those can be used to produce
numerous platform chemicals. Methane, which is the smallest hydrocarbon, is the prime
component of natural gas. In recent times, the production of methane has increased due to the
process of hydraulic fracturing (fracking). The transformation of methane into methanol has
scientific, industrial, economic, and environmental importance. Methane is a gas, and the gas fields
(natural gas) are usually located in the remote areas which makes the transportation cost high due
to the requirement of the installation of pipelines. Whereas, methanol is a liquid, and the
transformation of methane into methanol can highly reduce the cost of transportation. Moreover,
methane is the most potent greenhouse gas, that can trap heat in the atmosphere.'!- 12 Considering
these major factors, active research is ongoing to develop an effective method to upgrade methane
with functional groups. Owing to its importance, methane to methanol (MTM) transformation is
long sought in the science community but despite of a search for half a century an effective low

energy MTM method is still elusive.
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For industrial application, methane is converted to liquid fuels following a high energy
procedure. At first, methane is decomposed to CO + H; (synthetic gas) and then transformed into
methanol using high energy (15 — 40 atm pressure, 700 — 1000° C).!%% 194 Byt this procedure is
economically feasible only at large industrial scale. To avoid the syngas route, direct methane to
methanol transformation is a subject of active research.!%® 19 Different techniques such as gas-

phase and solution-phase homogenous catalysis, photocatalyst, biocatalyst (enzymes),'*®

plasma
technology, frustrated Lewis-pairs,'?” 1% Metal Organic Frameworks (MOFs)!%-!!! have been
proposed. Though all these techniques have a lot of encouraging progresses''? '3 but each of them
has their own drawbacks and limitations.!'* In reality, the proposed techniques for MTM suffers

103, 115, 116

fundamental complexities and a technique with high yield is yet to be discovered.!% 114

117-123

For MTM transformation, transition metal oxides are considered as very effective catalysts
for homogenous and heterogenous catalysis. Specially, FeO and their charged variants drew
attention for both experimental and theoretical explorations to mimic the effective C-H bond
activation scheme chosen by nature.>->> 57 124125 For jron-oxide systems, FeO?" acts as catalytic
active site and the C-H activation proceeds through either creating a radical intermediate or
following [2+2] addition mechanism. The metal-ligand personality dictates the route of the C-H
bond activation mechanism.'?® From our previous work (see chapter 2) on the ligand field effects
on the electronic structure of FeO*" demonstrate that the strong field ligands stabilize the iron-oxo
states hence favor the [2+2] addition mechanism whereas the weak field ligands stabilize both the

oxo and oxyl states.” The productivity of the catalytic cycle depends on the following two factors-
1.The activation energy barrier for C-H activation

2.Selective oxidation of methane and not methanol
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The second factor is very prominent and known as the selectivity issue for methane activation.
Most of the catalytic systems those has been proposed for high yield methane activation suffers
from this selectivity issue where the catalyst tends to activate the product methanol more easily

than methane.loo’ 105, 114, 124

Considering the two mechanisms for methane activation namely [2+2] addition and radical
formation, the later one usually has the lower activation barrier but suffers from the selectivity
issues. By using a simple kinetic model, it has been shown that there is a fundamental tradeoff
between the efficiency and selectivity of the methane activation with radical mechanism.!'!* Higher
C-H activation efficiency leads to less selectivity. For the radical mechanism, the problem has
been explained as the activation barrier for the C-H bond of methane and methanol is catalyst-
independent. As the C-H bond of methanol is slightly weaker than the C-H bond of methane, so
the product methanol is more likely to be oxidized. From that study, the proposed solutions are the

followings-

1. Use of a collector/solvent to withdraw methanol from the reaction site
2. Stabilize/optimize [2+2] addition mechanism over radical mechanism

3. Use of different catalyst rather than metal oxides

The first option is going to add the cost of separation of solvent and the product. The second option
is contingent upon the sensitivity of the metal ligand combination that may lead to very complex
reaction mechanism (as we have addressed in chapter 2). For these reasons we have considered
the third option and shifted our focus from metal oxide catalysts and explored a complete catalytic

cycle for MTM transformation using metal methoxide as a catalyst.
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3.1 Complete Catalytic Cycle for Methane to Methanol

Transformation using Metal Methoxides

Inspired by the work of Najafian and Cundari, we have investigated a complete catalytic
cycle for MTM transformation using charged metal methoxide as a catalyst. Cundari et al. have
used methoxides of the first-row transition metals for the C-H bond activation of methane.'?” Also,
a recent study has demonstrated the effectiveness of metal methoxides in MTM conversion using
copper-doped zeolites and H,O as an oxidant.!'> Here, the oxidation reaction with HO is
endothermic, so we have employed stronger oxidants (N20O, O3) in our catalytic cycle. N2O and O3
are often used in similar gas-phase catalytic reactions.®> 1?%13% Our research on MTM divided into
two parts. In the first part we have employed FeOCH;3" as a catalyst and N>O as an oxidant. With
this combination we have studies the complete catalytic cycle. Then in the second part, we have
further optimized the catalytic cycle by introducing ligands and replacing the oxidant N>O with
Os. After the optimization of the catalytic cycle the best combination is found as (NH3)sFeOCH3?*
as a catalyst with the oxidant Os. In this chapter, at first, we will present the results of the complete
catalytic cycle using bare catalyst and N2O oxidant. Then we will demonstrate the optimization of

the catalytic cycle with ligated catalyst with an oxidant Os.
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3.1.1 Mechanistic Considerations of the Full Catalytic Cycle

for the Catalyst FeOCH;" and N,O as an Oxidant

Reprinted (adapted) with permission from ‘Khan, S. N.; Miliordos, E., The Journal of Physical

Chemistry A 2019, 123, 5590-5599.” Copyright 2019 American Chemical Society.

The complete catalytic cycle that we have proposed has three main reactions and they are

the followings-
Reaction 1: FeOCH3" + CHs — FeCH3"™ + CH30H (C-H bond activation)
Reaction 2: FeCH3" + N2O — OFeCH3" + N (Oxidation)
Reaction 3: OFeCH3" — FeOCH3" (Isomerization)

Cundari et al. has studied the C-H bond activation step utilizing uncharged L\MOCH; where
M=Ti-Cu and L,= tridentate ligands using Density Functional Theory (DFT).!?’ In our proposed
complete catalytic cycle, we have utilized FeOCH3" as a catalyst because in our initial assessment
we have found the charge variant is more effective for a complete catalytic cycle (see results and

discussion).

For Reaction 1, the C-H bond of methane cleaves, and the H atom binds to the methoxide
produces methanol and the remaining methyl group coordinates to the iron. In the oxidation
reaction (reaction 2), NoO oxidizes the metal center and forms terminal FeO bond. Finally, in
reaction 3 (isomerization) that O migrates between Fe and CH3 unit and completes the catalytic
cycle. Considering the feasibility of synthesis, the catalytic cycle can be initiated from reaction 2

with iron-methyl unit.'*!
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The FeCHs" and OFeCH3" units can react with another CH4 and activate C-H bond to
produce byproducts. To account for those, we have also considered another three competing side
reactions in the study, and we have compared the energy landscapes for all these reactions to assess

the viability of the proposed catalytic cycle. The competing side reactions are the followings-
Reaction 4: FeCH3" + CH4 — (H3C)FeH"
Reaction 5: OFeCH3" + CHs — H3C.... HOFeCH3"
Reaction 6: OFeCH3" + CHs — (H3C)2FeOH"

Figure 3.1 is the representation of the complete catalytic cycle with the solid lines represents the

catalytic reactions (Reaction 1-3) and the dashed lines are alternative unfavorable routes (Reaction
4-6).

FeOCH,*  CH,

CH,OH
<< HOITeCH;
HiC ™, FeCH3+~.\\:,CH4
CH, ;ZZ:OFeCH;/ﬁNzO ‘-
N, HFleCH3+
ke
(f-- H3C...HOFECH3+ H3C --_>_>

Figure 3.1: Solid lines show the proposed catalytic cycle, while dashed lines correspond to side

routes, which need to be suppressed. Arrows represent all possible subsequent reaction steps.

For demonstrative purpose, an examplenary energy landscape of the complete catalytic

cycle is presented in Figure 3.2 The transition states TS1, TS2, and TS3 corresponds to reaction
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1-3 and TS4, TS5, and TS6 corresponds to the transition states of the initial steps of the unfavorable
pathes (reaction 4-6). The energies for these structures and the products associated with them are
drawn with dashed lines in Figure 3.2 For consistency, the energy of the “observer” molecules is
added at every step. Ideally, TS4 must be much higher in energy than TS2 and both TS5 and TS6
much higher than TS3. It should be mentioned that both FeCHs" and OFeCH3" can in principle
react with existing methanol, instead of CH4 (steps (4)-(6)) and activate one of its C—H bonds. The
results will be either a poisoned catalyst or over-oxidation products. As opposed to the radical
mechanism, the proposed mechanism necessitates the proximity of the substrate to the catalytic
site. The use of molecular catalysts with proper ligands that exclude methanol from the active site
can remedy this issue. The ligand effects will be explored in the second part of this chapter.
Another important aspect in the theoretical study of catalytic cycles is the spin crossovers
occurring along the reaction coordinate of some step. To account the submerged reaction barriers
and two state reactivity, we constructed potential energy profiles for different spin multiplicities

along the reaction coordinate of each step.
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Y+N,+CH,OH+CH, ¢+CH;OH+N, +CH;OH+CH,

Figure 3.2: Ideal energy landscape for the proposed catalytic cycle. The A...B notation indicates

the interacting complex of molecules A and B. Arrows represent all possible subsequent reaction

steps.

3.1.2 Computational Details

A recent review demontrates the computational methodologies for the proper description

of the electronic strucuture of transition metal compounds specially for catalytic application.'?®

The authors emphasized the necessity of highly accurate approaches, such as multi-reference

methodologies. Another recent work of Nakatani and Hada (on the similar reaction FeO" + CHy)

demonstrated that static-correlation-only multi-reference (complete active space self-consistent

field or CASSCF) calculations can be quite misleading even if a large active space is used.!*? On
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the other hand, density functional theory (DFT) should be subjected to careful evaluation of its
ability to correctly grasp the required physical phenomena.!?® 13! 133 Therefore, three different
types of calculations were performed to shed some additional light: CASSCF and multi-reference
configuration interaction (MRCI), single reference coupled clusters (CCSD(T)), and DFT
(unrestricted Kohn-Sham formulation) calculations. The MN15 functional is chosen in the latter

case since it shows good performance for transition metals and non-covalent interactions.!'**

Correlation consistent triple-{ (TZ) quality basis sets (cc-pVTZ)!* '3 is used for the

calculations. A series of diffused functions (aug-cc-pVTZ)'*°

is employed on the oxygen center to
account the ionic nature of the metal-oxygen bond.’% 7! 94 136-138 Byt for some computationally

demanding cases, double-{ (DZ) quality basis set are employed.

Reaction 3 is a unimolecular reaction (isomerization) of OFeCH3" to FeOCH3". We have
selected this step to compare the optimization at the MRCI, MRCI+Q, CASPT2, CCSD(T), and
MP2 levels of theory with triple-{ (TZ) quality basis sets. This reaction is chosen because it
allowed us to directly assess on the electronic structure description avoiding the contribution of
intermolecular electrostatic and dispersion interactions. Overall, DFT/MN15/TZ gives accurate
geometries, but provides less accurate energetics. This is an indication that the equilibrium region
of each stationary geometry (except TS2; see below) is described satisfactorily at DFT/MN135, but
the energy differences among the different equilibria are less satisfactory. Thus, we calculated
harmonic vibrational frequencies were obtained only at the DFT/MNI15/TZ level, which is
computationally less demanding. One imaginary frequency was found for every transition state,
and only real ones for all intermediates. The normal modes pertaining to the imaginary frequency
for these first order transition states validate that TS1 through TS6 connect the intermediates

shown in Figure 3.4.
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To assess the multi-reference character of the wavefuction for the reaction intermediates
and transition states are estimated by the amplitude of the dominent electronic configuration (Co)
and T1 diagonstic at the CCSD level. (for full table, see SI of the article)'*® For almost all cases
the ground state is found mostly single-referece with a range of 0.86 <Cy<0.99. The T1 diagnostic
ranges from 0.026 to 0.073, and although in some cases is larger than the limit of 0.05 suggested
for transition metal compounds in the literature!*° but the CCSD(T) results are consistent with the

MRCI and DFT/MN15 ones supports that they are single reference.

The selection of the active space for the CASSCEF calcualtions are very challenging because
the full valence space is prohibititively large. The CASSCEF active orbitals were chosen to include
the valence space of iron and the orbitals relative to the bonds cleaved or formed, i.e., the o and
o* orbitals of the inert C-H bonds were excluded. Special attention was paid to include the same
number of active orbitals and electrons at every single step. In all cases we allocated 16 electrons
in 13 orbitals. All valence electrons were correlated at the subsequent multi-reference
configuration interaction singles and doubles (MRCI) and second order perturbation theory
CASPT2 (RS2C approach as implemented in MOLPRO) calculations. Excited state calculations
were based on state-average CASSCF (SA-CASSCF) reference wavefunctions. The DFT
calculations were done with the Gaussian16°® suite of codes and all other calculations with

MOLPRO2016.7%

Finally, the energy profiles along the reaction coordinate of each step were constructed at
the MRCI+Q/TZ level using the DFT/MN15/TZ geometries of an intrinsic reaction coordinate
(IRC) calculation with Gaussian16. The Davidson correction (+Q) was implemented to reduce the

size-extensivity error.
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3.1.3 Summary of the Results and Discussions

In the section most important findings reported in the following paper'>’, provided in Appendix B,

are summarized..

Reprinted (adapted) with permission from ‘Khan, S. N.; Miliordos, E., The Journal of Physical

Chemistry A 2019, 123, 5590-5599.” Copyright 2019 American Chemical Society.

Motivated by the work of Najafian and Cundari,'?’ we initially constructed the energy
landscape for neutral FeOCH3 by means of DFT/B3LYP/TZ. For all species we found that S=3/2
always provides the lowest energy spin state. The energy plot is shown with blue lines in Figure
3.3 We were not able to locate TS2 in this case, but the best structure we obtained is much higher
than TS4, which means that the attachment of a second methane molecule to iron is preferred over
the oxidation of iron. Additionally, TS5 and TS6 are lower in energy than TS3 leading to
unfavorable paths, as described in the previous section. Overall, steps two and three deviate
appreciably from the ideal energy diagram of Figure 3.2 We then switched to FeOCH3;" and the

energy diagram of which is closer to that of Figure 3.2.
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Figure 3.3: DFT/B3LYP energy landscape for the proposed mechanism using neutral (blue lines)

or cationic (red lines) iron-methoxide.

Initially, for reaction 1-6, we demonstrate our finding for each of the reactions seperatly
and then finally we combine the results to assess the compelete catalytic cycle by constructing the

full energy landscape. All intermediate and transition state structures are collected in Figure 3.4
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Figure 3.4: DFT/MNI15 optimal structures of all intermediates for steps (1)-(6). R, P, and TS

correspond to reactants, products, and transition states, respectively.

We first analyze our results on reaction 3 since we did a more extensive assessment of
different electronic structure methodologies in this case. This step involves only one molecule
transforming from the metal oxide OFeCH3" (R3) to the metal methoxide FeOCH3" (P3) via the
transition state TS3 (see Figure 3.4). Among the different methodologies the Fe-O and Fe-C bond
lengths were found more sensitive to the treatment of electron correlation. Table 3.1.1 lists these
bond lengths at MRCI, MRCI+Q, CCSD(T), CASPT2, MP2, DFT/B3LYP, and DFT/MNI1S5. The

TZ basis set is used always, but both DZ and TZ basis sets were used for CCSD(T).
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Table 3.1: Activation energy (Eac: in kcal/mol), reaction energy (Ewxa in kcal/mol), Fe-O (Rre0)
and Fe-C (Rrec) bond lengths (in A) for the reactants (R3), products (P3), and transition state (TS3)

of step (3) with different methodologies.

Quantity MRCI MRCI+QY CCSD(T)¢ CCSD(T)? CASPT2¢ MP2¢ MNI5¢

OFeCH3" (R3)
Rreo 1.618 1.616 1.608 1.621 1.619 1.518 1.579
Rrec 2.012 1.991 1.967 1.975 1.988 1.944 1.936
TS3
Rreo 1.660 1.654 1.642 1.653 1.639 1.534 1.622
Rrec 2.157 2.148 2.091 2.103 2.158 2.078 2.063
Eact 8.7 9.5 9.0 8.7 15.8 12.9 53
FeOCHs™ (P3)
Rreo 1.707 1.704 1.699 1.706 1.679 1.697 1.685
Erxn -42.7 -38.0 -46.4 -44.7 -25.7 -64.0 -54.6

“Basis set: cc-pVTZ (Fe, C, H), aug-cc-pVTZ (O)
b Basis set: cc-pVDZ (Fe, C, H), aug-cc-pVDZ (O)

Moving from MRCI/TZ to MRCI+Q/TZ and to CCSD(T)/TZ, both bonds shorten
monotonically. The average decrease is less than 0.01 A going from MRCI/TZ to MRCI+Q/TZ
and ~0.02 A from MRCI+Q/TZ to CCSD(T)/TZ. Interestingly, CCSD(T)/DZ agrees better with
MRCI+Q/TZ with an average difference of 0.01 A, the latter predicting longer bonds. MP2/TZ

shows some large deviations in some cases of ~0.1 A, but CASPT2/TZ agrees very well (within
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~0.01 A) with both MRCI+Q/TZ and CCSD(T)/TZ. DFT/MN15/TZ showed relatively large

average differences from MRCI+Q/TZ and CCSD(T)/TZ of 0.045 and 0.035 A.

It turns out that these geometrical differences affect minimally (< 1kcal/mol) the energetics.
We performed single-point CCSD(T)/TZ calculations employing the optimal geometries of every
method. The activation barriers (Eac) and reaction energies (Ewxn) were found in the range of 8.5 +
0.5 and -46.6 = 0.2 kcal/mol, respectively, except for Eac( CCSD(T)/TZ// MP2/TZ) which is 5.5
kcal/mol. On the other hand, both Ea and Exn depend strongly on the level that the electron
correlation is treated. Eac: can be as small as 5.3 kcal/mol (MN15/TZ) and as big as 15.8 kcal/mol
(CASPT2/TZ). We believe that the value of 9.1 + 0.4 kcal/mol representing the range for the
MRCUTZ, MRCI+Q/TZ, and CCSD(T)/TZ approaches is more accurate and is in harmony with
the CCSD(T)/TZ range when different geometries are employed. The Ewxn values cover a larger
range from -25.7 kcal/mol (CASPT2/TZ) to -64.0 kcal/mol at MP2/TZ. Again, the 40-45 kcal/mol
values of MRCI/TZ, MRCI+Q/TZ, and CCSD(T)/TZ levels should be considered more accurate.
To compromise between accuracy and efficiency, we finally decided to obtain MN15/TZ and
CCSD(T)/DZ optimized structures and perform single-point CCSD(T)/TZ calculations. This
approach gives an Enn value of -46.4 and -46.8 kcal/mol when the CCSD(T)/DZ and MN15/TZ

geometries are used. This practice is followed for the rest reaction steps.

The agreement between multi-reference MRCI/MRCI+Q and single-reference CCSD(T)
energetics is better for Eac, which relates to R3 and TS3, than Ex,, which relates R3 and P3.
Looking at the multi-reference character of the wavefunctions through the T1-diagnostics of R3,
TS3, and P3, we see the order P3 (0.038) < TS3 (0.069) < R3 (0.091). Only P3 is below the

threshold of 0.05 suggested in the past for reliable CCSD(T) results.'*” Therefore, we get better
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agreement for Eac, where both related diagnostics are higher than the threshold, than E.xn, where
one diagnostic is “normal” and one is almost twice larger than the threshold. This suggest either
cancelation of errors, or that the threshold of 0.05 should be revisited. Looking at the coefficient
of the larger electronic configuration in the CI vectors, we observe the following order P3 (0.99)
>TS3 (0.89) > R3 (0.88), which is in harmony with the T1-diagnostics. The present T1-diagnostics
are the largest among all our structures (see Table S1 of the article).!*® Since there is a fair
agreement between MRCI/MRCI+Q and CCSD(T) in this case, we believe that our CCSD(T)
results are in general quite accurate, and that our conclusions on the catalytic activity will not be

affected significantly.

The potential energy profiles (PEPs) along the reaction coordinate for this step are shown
in Figure 3.5. The migration of oxygen from iron in-between iron and carbon is described by the
OFeC angle. This is around 100° for R3 and almost 0° for P3 (see Figure 3.5). All other parameters
are optimized at the MN15/TZ level for every angle, while the Cs symmetry is preserved. Using
these geometries, we performed MRCI+Q/TZ calculations for several low-lying electronic states

of triplet and quintet spin multiplicity.

62



100

80 -

Energy (kcal/mol)
-y
(=4

0 | 20 40 60 80 | 160'
ZOFeC (degree)

Figure 3.5: MRCI+Q-PEPs as a function of the OFeC angle for reaction (3). All other geometrical

parameters are optimized for every angle at the MN15/TZ level of theory for the ground °A” state.

FeOCH3" is pseudo-linear and therefore its >A” ground state is nearly degenerate with a
SA’’ state. Recall that iron is best described as Fe**(d®; °D). In these two states there are two
unpaired electrons to the two 3d; orbitals, one electron in a ds~3d,” orbital, and three electrons in
the two 3ds orbitals (see Figure 3.6). The latter configuration makes the two states distinct but
nearly degenerate (3ds+?3ds-! and 3ds+'3ds-2) resembling a A state. The rest five components of
Fe?*(d®% °D) make the next quintet states around ~20 kcal/mol higher. These split in a pseudo *I1

and > branches.

At the other side, OFeCH3" has a Fe*'(d*; °D) nature and only one out of these five
components dominate. The rest four components are rather unstable sliding readily to the FeOCH3"
quintets. The reason is that now some d-orbitals participate to the formation of the additional bonds

and become unavailable to host “pure-iron” electrons. That’s why triplets, where d-electrons pair
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up are the first excited states below the unstable quintets. The triplets of the two species are both

stable and separated by large energy barriers compared to the ground A’ state (see Figure 3.5).

3d

o
W
j=5

3d,

Figure 3.6: Molecular orbital contours for FeOCH3" (only the valence electrons of Fe).

Overall, the quintet ground state is well-separated from the excited states and the barrier

from the reactants to the thermodynamically more stable products is minimal.

The first step (reaction 1) involves the attack of methane to FeEOCH;3" and the release of
CH30H. The produced form of the catalyst, FeCH3", has very similar electronic structure to
FeOCH3". In both cases iron is in a Fe?*(d%; °D) state. They are both quasi-linear systems, and the
3D splits into the five pseudo->A, 2I1, and °Z" states. The optimal geometries of the reactants (R1),

transition state (TS1), and products (P1) are shown in Figure 3.4.
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Starting from TS1, we followed the intrinsic reaction coordinate (IRC) along the two
directions of the vibrational mode pertaining to the imaginary frequency. The IRC was calculated
at the MN15/TZ level of theory, but selected geometries were used to perform MRCI+Q/TZ for
the low-lying excited states. Figure 3.7 depicts the PEPs along this IRC for the five components
of Fe?"(d% °D) plus the first triplet state. The similarity of the electronic structure of the reactants
and products is also supported by the persistence of the near degeneracy for the pseudo->A and *I1

components along the IRC.
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Figure 3.7: MRCI+Q-PEPs for several low-lying electronic states along the reaction coordinate

of reaction 1.

Reaction 2 involves the reload of the iron center with oxygen and induces the strongest
electronic structure variations. The DFT/MN1S5 search for TS2 converged readily to that of Figure

3.4. However, locating TS2 with MRCI or CCSD(T) turned out to be very challenging. The
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CASSCEF electronic wavefunction presented convergence issues, while the optimization algorithm
was unable to locate TS2. To identify the cause, we started from the TS2 of DFT/MNIS5 and
scanned over a wide range of the Fe-O and O-N distances. The two-dimensional PEPs are plotted
in Figure 3.8. Long Fe-O and short O-N distances correspond to the reactants CH3;Fe" + ONa, while
short Fe-O and long O-N distances to the products CH3FeO" + N,. The DFT/MNI135 distances for

TS2 are 1.756 (Fe-O) and 1.631 (N-O) A
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Figure 3.8: Two-dimensional DFT/MN15 (a) and MRCI+Q (b) PEPs for step (2) as a function of

the N—O and Fe—O distances. See text for details.

The 2D-PEPs of Figure 3.8 for DFT/MNI15/TZ and MRCI/TZ are considerably
different. When both distances approach the dissociation limit, DFT/MN15 converges to the
CHsFe' CA") + O (~'D) + N (1%, ") fragments, whereas MRCI goes to the lowest energy fragments
CHsFe' °A") + O (°P) + N; ('X,"). Both fragments create quintet spin potential energy surfaces,

but the single-reference nature of DFT is unable to capture the shape at the right top corner of the
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2D-PEPs (see Figure 3.8). Since the geometry is not optimized at each grid point, the PEPs do not

lead to the optimal structures of the reactants or the products.

Recently, we studied the oxidation mechanism of ethene by iodosobenzene (C¢Hs10), and
we found that it is the involvement of O('D), which facilitates the transfer of oxygen from iodine
to the C-C double bond (making epoxides).'*! Specifically we showed that the closed-shell
idosobenzene (C¢Hsl) binds to oxygen via a single dative bond with O('D), rather than a double
bond with OCP), in the following manner CsHsI: —O('D; 2p,° 2ps? 2p,?). At the transition state,
the m-electrons of ethene compete with those of iodine to occupy the 2p,° orbital, but finally ethene

wins since the 2px” electrons of O('D) attack to its empty n* orbital making a second bond.

To examine if this is the case here as well, we constructed potential energy curves for
several electronic states along two slices of the 2D-PEPs of Figure 3.8. First, we kept fixed the
Fe-O distance at 2.8 A and varied the N-O distance (Figure 3.9), and second, we kept the N-O
distance fixed at 2.4 A and varied the Fe-O distance (Figure 3.10). Figure 3.9 shows clearly that
N>O originates by O('D), exactly as iodosobenzene and in harmony with ref. '*?, but the spin
couplings because of the CHsFe™ presence generate a series of avoided crossings. On the other
hand, it is less obvious that CH3FeO™ stems diabatically from O('D) as well. Initially, the approach
of CHsFe' (°A") and O (°P) yields an attractive interaction with a constant slope up to the distance

of ~2.1 A, where the slope changes suddenly leading to the lowest minimum of Figure 3.

10. We believe that this is because of the involvement of O ('D) depicted with the red
dashed line in Figure 3.10. This is also indicated by the DFT/MN15 2D-PEP, where CH3FeO"
goes “naturally” to the CH3;Fe" + O (~'D) fragments. Conclusively, we propose a similar
mechanism to that observed for the oxidation of ethene: The electron pair (~3ds?) of the in situ

Fe?*(d%; °D) moiety of CH3Fe" is competing with an electron pair of N> to occupy the empty 2p-
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orbital of O ('D), CH3Fe": —O«—: N,. The 3d; orbitals are perpendicular to the Fe-CHj3 bond, and
that explains also why C, Fe, and O atoms form an almost right angle. The remaining 2p? pairs of
oxygen donate only partially electronic density to available iron 3d-orbitals creating the rather

1onic Fe-O bond.
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Figure 3.9: MRCI+Q-PEPs as a function of the N-O distance for reaction 2. All other parameters
are kept fixed at the values of the TS2 structure obtained with MN15, except for the Fe-O distance,

which is set equal to 2.8 A.
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Figure 3.10: MRCI+Q-PEPs as a function of the Fe-O distance for reaction 2. All other parameters
are kept fixed at the values of the TS2 structure obtained with MN15, except for the N-O distance,

which is set equal to 2.4 A.

The above analysis suggests that SA-CASSCF calculations are necessary to describe the
TS2 region properly. Indeed, we located TS2 after averaging ten states at the CASSCF level but
asking only the first MRCI root (DZ basis set is used in this case). Following this method, Fe-O
and N-O distances for TS2 are 1.903 and 1.574 A, respectively, which are longer and shorter than
DFT/MNI15 by ~0.15 and ~0.05 A. This discrepancy agrees with the shape of the 2D-PEPs of
Figure 3.8. Overall, two reasons caused the convergence issues: 1) the complex shape of the energy
landscape and 2) the spin dynamics due to the involvement of many states in the TS region making

the CASSCEF iterations hard to converge.
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To see the effect of the clearly different geometries on the energetics, we performed
MRCI(+Q) and CCSD(T) single-point calculations using the MN15/TZ and MRCI/DZ structures.
Both state-averaged and state-specific (SS) CASSCF orbitals were probed. The DFT/MN15/TZ
activation energy is 39.0 kcal/mol, which is in perfect agreement with SA-CASSCF-MRCI+Q/TZ,
SS-CASSCF-MRCI+Q/TZ, and CCSD(T)/TZ values of 40.0, 38.1, and 38.5 kcal/mol when using
the DFT/MN15/TZ structure. The corresponding MRCI/TZ values are 47.0 (SA) and 47.6 (SS)
kcal/mol. Using the MRCI/DZ geometry, the activation barrier dropped to 34.1, 34.9, and 37.0
kcal/mol at the SA-CASSCF-MRCI+Q/TZ, SS-CASSCF-MRCI+Q/TZ, and CCSD(T)/TZ levels.

These values suggest a decrease of <5 kcal/mol for Eac.

Finally, we also investigated the effect of the method on the Ex, using the DFT/MN15/TZ
geometries, which should be quite accurate judging by the single-reference character of R2 and
P2. The MRCI(+Q) values are -20.0 (-23.6) or (-17.0) -23.1 kcal/mol when a SA-CASSCF or SS-

CASSCEF is implemented. The Davidson correction brings the SA and SS results closer together.

The CCSD(T)/TZ and MN15/TZ values are -23.1 and -16.7 kcal/mol, respectively. Again, the

CCSD(T) energetics agree well with MRCI+Q/TZ, but MN15/TZ predicts smaller exothermicity.

Reaction 4 is competing with reaction 2, since CH3Fe" can in principle react with another
C-H bond (CH4 or CH30H) before being oxidized to yield insertion products. However, CH3Fe"
seems quite reluctant to coordinate additional units and the addition of CH4 leads to an exchange
of the existing methyl group with the one of the incoming methane, instead of (CHz),FeH". Figure

3.4 includes the related structures as R4, TS4, and P4=R4. We also made the PEPs along the IRC
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for the imaginary frequency of TS4. The inclusion of both quintet and triplet states ensures that

the ground state electronic spin remains the same along the IRC (figure 3.11).
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Figure 3.11. MRCI+Q-PEPs for several low-lying electronic states along the reaction coordinate

of step (4).

In reaction 5, an iron-oxo unit (CH3FeO™; *A") facilitates the conversion of methane to
methanol through the radical mechanism described in the introduction. Initially, one H radical is
transferred to oxygen making the intermediate 15 = CH3FeOH'sesCH3 (dots indicate weak
interaction). The CH3FeOH" moiety has a Fe**(d’; °S) configuration, which couples with the 2A,"’
of CHj to give two nearly degenerate A" and "A” states. I5 is a saddle point in the ground state
quintet hyper-surface, but it is the global minimum in the septet one. The MRCI+Q PEPs along
the IRC is shown in Figure 3.12. I5 finally slides to P5 without a barrier; just a slight bend of the
FeOH angle allows CH3 to rush towards oxygen. The PEPs of the two lowest triplets are above the
quintet and cross the septet curve twice. I5 is a local minimum for the lowest triplet A" and A"’
states.
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Figure 3.12: MRCI+Q-PEPs for several low-lying electronic states along the reaction coordinate

of reaction 5.

Reaction 6 corresponds to the [2+2] insertion of methane to the Fe-O bond. The structures
of R6, TS6, and P6 are depicted in Figure 3.4. Observe that the final products are not (CH3),FeOH",
but ethane is released inherently. As in reaction 4, tri-coordinated complexes are not stable. Such
a complex would create an in situ Fe*'(d*) center with a smaller number of “pure” iron orbitals to
accommodate four unpaired electrons. Therefore, tri-coordinated complexes are expected to have
a ground triplet state with an in situ Fe*'(d*; triplet) center. The lowest triplet state *P2 is 3.0 eV
higher in energy.'** Our MN15/TZ calculations confirm that the lowest state of (CH3)2FeOH" is
triplet, and lies ~4.5 eV higher than the FeOH"(°A") + C,He. Instead, the system prefers to eject
two ligands and keep the quintet spin multiplicity. The MRCI+Q/TZ PEPs along the IRC path for
the lowest quintet and triplet states are given in figure 3.13. It turns out that a triplet state is the
lowest one in the TS6 region. Therefore, we obtained the structure of TS6 for the triplet state as

well. At the MN15 level the triplet is lower by 9.3 kcal/mol in poor agreement with the MRCI+Q
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value of 3.3 kcal/mol. Overall, the system starts as a quintet, changes to a triplet, and then goes

back to quintet.
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Figure 3.13: MRCI+Q-PEPs for several low-lying electronic states along the reaction coordinate

of reaction 6.

Complete catalytic cycle. Figure 3.14 (a) compares the MN15/TZ and CCSD(T)/TZ
energy landscapes, and Figure 3.14 (b) includes the zero-point energy (ZPE) and thermally (free
energies G) corrected ones. For the latter the CCSD(T) energetics are combined with MN15/TZ
ZPE and thermal corrections. In the case of CCSD(T)/TZ the CCSD(T)/DZ geometries are used
for all species except for TS2, R5=R6, TS5, TS6, PS5, P6, where the MN15/TZ ones are used since
we were not able to locate optimal CCSD(T)/DZ structures. Additionally, the TS2 energy in both
cases has been reduced by 4.4 kcal/mol to account for the multi-reference character of the system;
see the discussion on reaction (2) above. This value is the SA-CASSCF-MRCI+Q/TZ energy

difference when the MN15/TZ or the MRCI/DZ optimal geometries are used.
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Figure 3.14: (a) Potential energy landscape for the complete MTM conversion catalytic cycle via
reactions (1) — (3). The intermediates and transition states of the competing reactions (4) — (6) are
also included. (b) ZPE-corrected and free energy landscapes at the CCSD(T)/TZ//MN15/TZ level

combined with MN15/TZ ZPE and thermal corrections (298 K and 1 atm).

The MN15/TZ and CCSD(T)/TZ energy diagrams are generally in good agreement, but
there are cases with ~10 kcal/mol discrepancies. To investigate if this is due to geometry
differences or the different treatment of electron correlation, we constructed the CCSD(T)/TZ
energy landscape using the MN15/TZ geometries (Figure 3.15), and we saw that the two plots fall
on the top of each other. Therefore, the practice of optimizing the geometries at the low-cost
MNI15/TZ level and refining the energetics at CCSD(T)/TZ or other high ab initio level provides

a perfect compromise between accuracy and efficiency.

The construction of an energy landscape at the MRCI, MRCI+Q, CASPT2, or other non-
size-extensive method is trickier. Adding the energies of the observer molecules to the
intermediates of each step is an erroneous task, and someone must perform calculations where the

observer molecules are present in the calculation at long distances (super-molecule approach). This
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increases rapidly the number of correlated electrons rendering the calculations extremely

demanding. Therefore, although the MRCI(+Q) energetics are very accurate at each step, the exact

energy position of the products of one step relative to the reactants of the next requires prohibitive

super-molecule calculations. This is an issue not discussed in the literature often.
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Figure 3.15: Comparison of the CCSD(T)/TZ energy landscapes with CCSD(T)/DZ and

MN15/TZ geometries.

Note that the ZPE-corrected energies give always fewer stable intermediates and higher
activation barriers than free energies at standard conditions of temperature and pressure (298 K
and 1 atm). The AG values are analyzed next. Focusing on the chemistry aspect, the first step is
exothermic with respect to both the infinitely separated reactants (ISR, zero of the energy scale)
and the interacting complex R1 by 24 and 2 kcal/mol, respectively. The energy barrier is less than

20 kcal/mol with respect to ISR. Reaction (2) and (4) compete each other with the oxidation step
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providing a lower activation energy. TS2 is the highest energy structure of the cycle lying about

35 kcal/mol higher than ISR.

Finally, the products of reaction (2) can follow three different pathways dictated by TS3,
TS5, and TS6. Recall that TS3 leads to the regeneration of the catalyst and the completion of the
cycle, which TS5 and TS6 direct to unfavorable paths. Free energies at 298 K locate TS3 only
slightly lower than TS5 and TS6, as opposed to the ZPE-corrected values (0 K), which favor clearly
TS3. Therefore, lower temperature values will favor reaction (3) over the unwanted reaction (5)
and (6). On the other hand, P5 and P6 products are significantly lower than P3, and therefore
thermodynamics tend to favor reactions (5) and (6). From a different perspective, reaction (3) is a
highly exothermic intra-molecular transformation of the first coordination sphere of the metal.

Consequently, it can happen relatively fast before any substrates approach the metal center.

Overall, the investigated cycle shows some promise in developing more efficient MTM
catalysts, but certainly needs further optimization. More metals must be considered, while the
inclusion of ligands is indispensable to create a “hostile” environment to methanol. Homogeneous
catalysis is the suggested route (the next section of this chapter is to this direction), since it offers

great flexibility on the catalytic structure and properties.'*
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3.2 Optimization of the Proposed Catalytic Cycle for Methane

to Methanol Transformation

In the previous section, we have discussed our results for a complete catalytic cycle for
MTM transformation using FeOCH3" as a catalyst. And from the energy landscape of the complete
cycle, we are convinced that metal methoxide family is very promising as catalyst for MTM
transformation. In this section we will present our findings for the optimization of the proposed
catalytic cycle. For the optimization, the variable we have used are, formal charge of the metal,
effect of ligands and different oxidant. In consistence with the previous section, for this part we
have optimized the geometries of all the involved species at MN15/TZ. Harmonic frequency
calculations are done to ensure that all the reactants and products are truly minima (all real
frequencies), and all the TSs have one imaginary frequency. Starting from the TSs IRC
calculations are done to locate the reactants and products. We were not able to perform CCSD(T)

or MRCI calculations in this part because of the larger size of the involved species.

The introduction of ligands has dual purposes. First, we want to assess the effect of ligands
on the activation barriers of the catalytic cycle. And second, to keep methanol away from the
catalytic center to protect it from further oxidation. In the previous section for the bare catalyst
(without any ligands), we have used N>O as an oxidant and the activation barrier of the oxidation
step (reaction 2) was 37.0 kcal/mol at CCSD(T)/TZ. That activation barrier of the oxidation step
is high considering the feasibility of the catalytic cycle at room temperature. So, in this section we

have introduced a more potent oxidant O3 for the oxidation reaction. Also, in the previous
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preliminary assessment (figure 3.3) we found that FeOCH3 " performed better than FeOCH3. Now,
we have employed (+2) charge on the catalytic center to assess its performance. It should be
mentioned that the presence of ligands can stabilize the high formal charge on the catalytic center.
Also, in this section, we have studied the methanol activation channel and compared the energy

landscape with the methane activation channel.

After preliminary calculations of the catalytic cycle, the best combination we have found
is for the catalyst (NH3)4sFeOCH3%" with an oxidant Os. In the subsequent sections, we present our
findings and compare the energy profile with the previous section. At first, we present the methane
activation channel using the catalyst (NH3)sFeOCH3?" and oxidant O3 Here, the presence of NH3
ligands is important to stabilize FeOCH32" otherwise the species FeOCH3%* will dissociate into Fe*
and CH30". Then we present the methanol activation channel using the same combination of

catalyst and oxidant along with a comparison with the methane activation channel.

3.2.1 Methane Activation Channel

We have employed the catalyst (NH3)sFeOCH3?** with an oxidant Os for a complete
catalytic cycle for methane to methanol transformation. The involved reactions for the catalytic

cycle are the following-
Reaction 1: (NH3)sFeOCH32" + CHs — TS1 — (NH3)4FeCH3** + CH;0H

Reaction 2: (NH3)sFeCH3?" + O3 — TS2 — (NH3)4FeOCH3*" + O,
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Reaction 1 is the C-H activation reaction of the catalytic cycle where CHgs attacks the catalytic
active site and releases H to produce CH3OH. This reaction also produces (NH3)sFeCH3**

product which goes through an oxidation reaction in the second step (reaction 2) with Oz. Reaction
2 regenerates the catalyst (NH3)4sFeOCH3*" along with Oz as a byproduct. Figure 3.16 depicts the

optimized geometries of the involved reactants, TSs, and products.
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Figure 3.16: Optimized geometries of the reaction intermediates of the methane activation
channel. R1, TS1, P1 and R2, TS2, P2 are the reactant, transition state, and product for reaction 1

and reaction 2 respectively.

Figure 3.17 depicts the energy landscape of the methane activation channel. We have
plotted the energy landscape for sextet and quartet spin multiplicity to address any two-state
reactivity. For this energy landscape, there are a few very important findings comparable with the
energy landscape of figure 3.14 (a). First, for a combination of ligands and (+2) charge on FeOCH3,
the species with a terminal Fe-O got destabilized. Because, for the formation of species CH;FeO**,
in-situ Fe(V) oxidation state is required which is not common. Whereas, to form CH3OFe*", Fe(IlI)
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oxidation is needed which is very common. Hence, reaction 3 of the previous section
(isomerization) is not present in the case of (NH3)4FeOCH3?" catalyst. Moreover, by using O3 as
an oxidant, the activation barrier of the oxidation step is practically non-existent (< 1 kcal/mol).
The catalyst and the reactant of reaction 1 has a sextet ground state but TS1 and the product of
reaction 1 (P1) has quartet ground state. So, indeed we see a submerged reaction barrier for reaction
1. Also, the product of reaction 2 is O> that has a triplet ground state. Because of the spin coupling

with the catalyst (sextet), P2 has an octet ground state.
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Figure 3.17: Energy landscape for MTM transformation catalytic cycle (methane activation

channel only)

3.2.2 Methanol Activation Channel

To address the selectivity issue, we have also studied the methanol activation channel for

the same catalytic cycle for MTM transformation. A comparison of the feasibility of methane
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activation and methanol activation is made to shed light on the selectivity issue. The methanol

activation channel is comprised of the following reactions-
Reaction 1: (NH3)sFeOCH32" + CH;0H — TS1 — CH,OH.... (NH3)4Fe?* + CH3;0H
Reaction 2: CH,OH.... (NH3)4Fe?" + CHs — TS2 — (NH3)FeCH3*" + CH;0H
Reaction 3: (NH3)sFeCH3*" + O3 — TS3 — (NH3)4sFeOCH3*" + O

Reaction 1 is the C-H activation reaction of methanol where it forms CH>OH.... (NH3)sFe*"
complex and CH3OH. The methanol derivative can react with another CH4 to produce
(NH3)4sFeCH3*" complex and CH3OH in reaction 2. Then the third reaction is the oxidation reaction
with O3 to regenerate the catalyst. From this catalytic cycle, it is apparent that the methanol

activation channel is regenerating the catalyst and the activation of the C-H bond of methanol
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Figure 3.18: Optimized geometries of the reaction intermediates of the methanol activation
channel. R1, TS1, P1, R2, TS2, P2, R3, TS3, and P3 are the reactant, transition state, and product

for reaction 1, reaction 2, and reaction 3 respectively.
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activation is not poisoning the catalyst. Figure 3.18 depicts the optimized structures of the

methanol activation channel reaction intermediates. And figure 3.19 is the energy landscape of
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Figure 3.19: Energy landscape for MTM transformation catalytic cycle (methanol activation

channel only)

the catalytic cycle. Alike the methane activation channel, this methanol activation channel has also
submerged reaction barriers (TS1, TS2). To compare the methane vs methanol activation

feasibility, we have charted the activation barriers of all the reactions of these two channels in table

3.2.1.
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Table 3.2: Activation barriers (electronic, ZPE corrected, and free energy) for the involved

reactions of methane and methanol activation channel in MTM transformation catalytic cycle

Methane Activation Channel
AE? (kcal/mol) AE? (ZPE corrected )(kcal/mol) AG” (kcal/mol)
Reaction 1 28.2 23.5 23.7
Reaction 2 0.7 0.3 0.1
Methanol Activation Channel

AE? (kcal/mol) AE? (ZPE corrected )(kcal/mol) AG? (kcal/mol)

Reaction 1 32.6 28.2 29.6
Reaction 2 23.8 21.3 22.0
Reaction 3 0.7 0.3 0.1

One very important comparison between the methane and methanol activation channel is
the activation barriers of the C-H bond activation energy (reaction 1 for both cases). Though the
C-H bond of methanol is weaker than the C-H bond of methane, so it is expected that the activation
barrier for the C-H activation of methanol should be smaller that methane. But for this catalytic
cycle with the catalyst (NH3)sFeOCH3**, the C-H bond activation energy is ~5 kcal/mol larger for
methanol than methane. There is a combination of factors responsible for the higher C-H activation
barrier of methanol. First, because of the (+2) charge of the catalyst center, the incoming methanol
(R of figure 3.18 and 3.19) is strongly bound to the catalyst that makes R1 very stable. Whereas,
for the C-H activation of methane, methane is only weakly interacting with the catalytic center (R1

of figure 3.16 and 3.17). And second, for the transition state of the C-H bond activation of methanol

83



(TST of 3.2.3 and 3.2.4), O of methanol anchors with the metal due to strong interaction and
constraint the optimal bond angle of OHC for the H atom transfer and that causes destabilization
of TS1. The combination of these two factors results in a higher activation barrier for the C-H
activation of methanol. Also, the C-H activation reaction (reaction 1) of the methanol channel is
endothermic. Overall, both the thermodynamic and kinetic factors are not in favor of the first

reaction of the methanol channel.

Considering the C-H activation reaction of methanol, reaction 1 produces CH>OH....
(NH3)4Fe’* + CH3OH. But the product CH,OH.... (NH3)sFe?" is an isomer of our catalyst
(NH3)4sFeOCH3*". So, it will be significant if there is any reaction mechanism with which it will
be possible to regenerate the catalyst using an isomerization reaction. Indeed, we have located a
reaction mechanism for the isomerization of the methanol derivative that eventually regenerate the
catalyst. Figure 3.20 depicts the isomers of the catalyst which is the product of reaction 1 of the

methanol activation channel. The isomerization reaction —

(NH3)4Fe?"....CH,0OH — TS1 — (NH3)4FeOCH3>*

"&" Isomers

Figure 3.20: Catalyst and its isomer produced in reaction 1 of the methanol activation channel.
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In figure 3.21, complete energy landscape of the methanol activation channel is presented with the

isomerization step that regenerates the catalyst. The activation barrier for the isomerization step is

still large (38 kcal/mol) but can be optimized by different selection of metal and ligands.
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Figure 3.21: Energy landscape for MTM transformation catalytic cycle with isomerization of the

methanol derivative.

85



3.3 Conclusion

The conversion of methane to methanol catalyzed by the FeOCH3" transition metal
methoxide was investigated by means of high-level electronic structure calculations. The goal of
the present work is dual. First, we assessed the computational efficiency of different quantum
chemical methodologies, and second, we explored the energy landscape of the studied catalytic

cycle.

We found that a combined DFT and ab-initio theoretical work provides a low
computational cost, relatively fast, and quite accurate investigation. DFT/MNI15/TZ and
CCSD(T)/DZ optimized structures were used to get CCSD(T)/TZ energetics, while
DFT/MNI15/TZ frequencies were employed to evaluate ZPE and thermal corrections. MRCI+Q
calculations were also invoked to construct PEPs along the reaction coordinate of each step. This
work demonstrates that despite the tremendous improvement on the technical part of the existing
methodologies, none of them can serve as an accurate standalone method for the study of catalytic
systems as small as the present one. An important finding is that the accuracy in geometry plays

small role compared to the level of the electron correlation treatment.

The proposed catalytic cycle for MTM transformation using FeOCH3;" has promising
features that can avoid the drawbacks of the commonly used metal oxide catalysts. Though this
catalytic cycle can be further optimized which we have done in the second part of the project. For
the optimization, first, we have used FeOCH3%* catalytic center coordinated with four ammonia
ligands. A combination of (+2) charge on the active site and the presence of ligand allowed us to

directly regenerate the catalyst through oxidation. Hence, we were able to eliminate the
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complicated side reactions from the initial catalytic cycle. Then, we have utilized a stronger
oxidant O3 to reduce the activation barrier of the oxidation step. Also, we have constructed the
energy landscape for the methanol activation channel and compared it with the methane activation
channel to address the selectivity issue. The methanol channel has a higher activation barrier
in the C-H activation step than the methane activation channel, which is unique in the sense
that the C-H bond of methanol is weaker than the C-H bond of methane. Also, the C-H bond
activation of methanol is thermodynamically unstable (endothermic). Moreover, the product of the
methanol activation is an isomer of the catalyst. And it is possible to regenerate the catalyst
following an isomerization reaction. Considering all these factors, we believe that the catalyst
(NH3)4sFeOCH3?" with oxidant Os is very promising for MTM transformation where the activation
barrier for the C-H bond activation of methane is moderate (28.2 kcal/mol) and the methanol

activation is kinetically and thermodynamically unfavorable.

As a future direction, we believe that the complete catalytic cycle is very promising and
any future work using different metal-ligand combination for the proposed catalytic cycle is worth
trying. This fundamental analysis on the proposed catalytic cycle can be used as a reference point

for further detailed investigation for practical application.
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High-valent Fe(iv)-oxo species have been found to be key oxidizing intermediates in the mechanisms of
mononuclear iron heme and non-heme enzymes that can functionalize strong C—H bonds. Biomimetic
Fe(iv)-oxo molecular complexes have been successfully synthesized and characterized, but their catalytic
reactivity is typically lower than that of the enzymatic analogues. The C—-H activation step proceeds
through two competitive mechanisms, named - and n-channels. We have performed high-level wave
function theory calculations on bare FeO?* and a series of non-heme Fe(v)-oxo model complexes in
order to elucidate the electronic properties and the ligand field effects on those channels. Our results
suggest that a coordination environment formed by a weak field gives access to both competitive
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|. Introduction

The selective functionalization of the C-H bond has been
regarded as a problem of major interest for energy and industrial
applications."™ This process is present in many biological
processes and is promoted by enzymes that contain metal-oxo
active sites. Nature has developed a large variety of heme and
non-heme enzymes for the controlled oxidation of organic
substrates.>® Enzymes containing mononuclear and dinuclear
iron sites activate dioxygen and form intermediate metal-oxo
species, which promote the functionalization of strong C-H
bonds.®” For example, the non-heme enzymes o-ketoglutarate
dependent taurine dioxygenase (TauD)®*° and syringomycin
halogenase (SyrB2)'*"" form high-valent Fe(iv)-oxo intermediates
which can abstract a H-atom from an inert C-H bond as strong
as 106 kcal mol ' to initiate hydroxylation or halogenation."*™*>

In an attempt to mimic nature and obtain new insights into
the reactivity of the Fe(iv)-oxo unit, many non-heme Fe(iv)-oxo
model complexes have been synthesized and characterized."®°
Alternatively, zeolites and metal-organic frameworks (MOFs)
provide coordination environments suitable for the stabilization
of highly reactive intermediates. Cationic Fe complexes stabilized

“ Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996,
USA. E-mail: kvogiatz@utk.edu
b Department of Chemistry and Biochemistry, Auburn University, Auburn,
Alabama 36849, USA. E-mail: emiliord@auburn.edu
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that can contribute to the development of the next generation of functional catalysts.

in zeolite or MOF micropores have been shown to be efficient
catalysts for the selective oxyfunctionalization of methane and
ethane.”’® For these cases, a Fe(iv)-oxo intermediate has been
suggested as the reactive intermediate.?*?*

From an electronic structure standpoint, nature shows pre-
ference to a coordination environment for Fe(iv)-oxo which
promotes the highly reactive high-spin quintet state (S = 2).
Porous materials produce a weak ligand field on the deposited
iron cations which stabilizes the high-spin intermediate as
verified by magnetic circular dichroism (MCD) spectroscopy>’
and computational studies.>****” On the other hand, synthetic
non-heme model complexes tend to prefer an intermediate
spin state (triplet state; S = 1)."®'7*® Several attempts have
been made to synthesize stable high-spin models,”*> such as
the tridentate TMGatren (TMGstren = 1,1,1-tris[2-[N2-(1,1,3,3-
tetramethylguanidino)JethylJamine) Fe(iv)-oxo complex.*®

Triplet spin complexes typically follow a two-state reactivity
(TSR) scheme switching from triplet to quintet along the hydrogen
abstraction step which lowers the activation barrier.*® This
spin—flip has been argued to have an energy penalty that lowers
the reactivity of § = 1 complexes.’” Alternatively, Meyer and
co-workers applied a strong ligand field using a tetracarbene
ligand maximizing the triplet-quintet gap.*®**' This complex
was found to be more reactive than other synthetic S = 1 non-
heme model complexes and was attributed to the avoidance
of the TSR scheme.

Aside from the spin issue, low catalytic reactivity of most
of the model complexes is attributed to two other key reasons:
the steric hindrance of the active sites and the self-oxidation

This journal is © the Owner Societies 2018
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pathways that they undergo. MCD spectroscopy and multi-
configurational wave function theory calculations have revealed
two different reaction channels for the [Fe™(O)(TMGstren)]**
complex.*® The first one activates a C-H bond of the substrate,
and leads to the formation of the desired product, whereas the
second one self-oxidizes the ligand and is responsible for the
self-decay of the catalyst.

In total, four possible reaction channels are considered
depending on the spin state of the Fe(iv)-oxo and the molecular
orbital (MO) that overlaps with the activated C-H bond, which
consequently leads to the abstraction of the hydrogen atom.
Previous studies have described the electronic structure of
ground and excited states of several Fe(iv)-oxo species.’% %4746
These electronic states can be further related to different C-H
activation mechanisms, and involve the evolution of Fe(iv)-0*~
(ox0) to Fe(m)-O°*~ (oxyl), which occur upon elongation of the
Fe-O bond.*” The valence molecular orbitals (c, , 8, * and 6*) of
the Fe-O unit are shown in Fig. 1 denoted by &, m, 8(d_y2/dyy),
n*, and o*. The first reaction channel involves the excitation of
an electron from the o bonding orbital (polarized towards
oxygen) to the o* antibonding orbital (polarized towards iron).
Therefore, upon the c — o* excitation, the 2p, orbital of the
oxygen atom becomes singly occupied, and O>” evolves the
radical O°~ (oxyl) character. The hydrogen atom abstraction via
the 2p,(o) orbital is termed c-mechanism and it is accessed
from the ground state of the Fe(iv)-oxo intermediate. The first,
doubly degenerate excited state introduces a competitive
mechanism where one of the degenerate 2p,,, orbitals of the
oxygen atom (polarized w orbital) becomes singly occupied and
the oxo atom evolves a radical O*~ character. Since the 2p,,
orbitals are involved in the n/n* molecular orbitals, this C-H
activation channel is termed n-mechanism. The o- and n-channels
can further be divided to triplet *c and *r and quintet *c and °x,
depending on the spin state of the Fe(vi}-oxo unit. Fig. 2 presents
all four mechanisms with MO diagrams, which suggest that
the >c/°r mechanisms should be favored under a near-trigonal
pyramidal field, whereas *c/>n mechanisms are more likely for
near-octahedral structures.

Overall the followed mechanism is determined by the combi-
nation of specific electronic and stereochemical conditions.
For example, the S = 1 species undergoing a TSR mechanism
prefer the >c channel,*® while the high reactivity of the § = 1
tetracarbene complex is because of the accessibility to both

- @
- N8 *®
d"z ‘Yz /d"y 87‘ Cﬂ

¥ 4.9

Fig. 1 Valence molecular orbitals of bare FeO?* (Rre_o = 1.64 A).
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3¢ and *n channels (about 4 kcal mol™" difference).”® The
high-spin (S = 2) trigonal bipyramidal [Fe™(O)(TMGstren)]**
complex also has multiple available channels (°c, °r and *r)
but shows reactivity comparable to S = 1 complexes undergoing
a TSR mechanism.? The reason is that unlike °c, the ®n and
3n channels cause the self-oxidation of the complex due to
preferential overlap of the 2p,,, orbitals of oxygen with the methyl
groups of the ligands.***® It is noteworthy that the non-heme
enzyme SyrB2 modulates its reactivity by different channels;
hydroxylation proceeds via o, while halogenation vig °m.'"*?
Finally, the stereochemistry of the active site and the reactants
promotes both *rn and *c mechanisms for the C-H activation
of 4-hydroxymandelate synthase (HmaS) and (4-hydroxyphenyl)-
pyruvate dioxygenase (HPPD), and AlkB enzymes.’*>!

Presently, we aim to systematically analyze the electronic
factors favoring the different reaction channels facilitated by
the Fe(v)-oxo sites. Our target is to elucidate at the electronic
structure level how the ligand field increases or decreases the
accessibility of each reactive channel. To this end, we per-
formed multiconfigurational quantum chemical calculations
for the ground and low-lying electronic states of model [FeO]**
systems. We started by constructing potential energy profiles
for bare [FeO]*" followed by the singly coordinated [(H;N)FeO]**
and [(H,0)FeO]*" species before the study of the larger penta-
and hexa-coordinated complexes composed of ammonia and
water ligands in different ratios. We found that strong field
ligands enable only the *c mechanism, while weak ligands
expedite additional channels.

The computational methodology followed in this study is
described in Section II. In Section III, the low-lying energy
states of bare and mono-coordinated [FeO]*" are discussed in
detail. Section IV focuses on the ligand field effects on the
reactive lowest lying electronic states. The electronic structure
of each state is analyzed and correlated to the different reaction
channels. Finally, in Section V, we summarize our findings and
make suggestions for designing new ligands that can increase
the accessibility of specific reaction channels or for descriptors.

[I. Computational methodology

To ensure the accurate description of the S =1 and S = 2 radical
nature, we employed various multiconfigurational wave func-
tion approaches. The complete active space self-consistent field
(CASSCF)**** method was used to obtain the reference wave
function. The notation CAS(n,m) stands for n electrons allocated
in m active orbitals. Dynamical correlation was added by means
of internally contracted multireference configuration interaction
(MRCI)*** or second-order perturbation theory (CASPT2).>®
For diatomic [FeO]*", all possible single and double excitations of
all valence electrons to the virtual space were variationally coupled
through the internally contracted MRCI scheme implemented in
MOLPRO.”” The reference CASSCF wave function was built by
allocating the 4s3d/Fe 2p/O electrons in 14 orbitals which at
infinite Fe-O separation correspond to the 4s3d/Fe 2p/O orbitals
plus an additional series of five d-orbitals on iron (CAS(10,14)).
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Fig. 2 Molecular orbital diagrams for (a) high-spin S = 2 Fe(iv)-oxo species in a near-trigonal pyramidal field and (b) intermediate-spin S = 1 Fe(iv)-oxo
species in a near-tetragonal pyramidal field. Curved arrows show the electron transferred upon Fe—O bond elongation for the formation of the Fe(in)-oxyl
species that promote the hydrogen atom abstraction via (a) the °c and °r channels and (b) the ¢ and *r channels. Orbitals inside the dashed-line boxes

have predominant iron character.

The latter orbitals were deemed technically necessary for the
correct dissociation of the potential energy curves (PECs). The
cc-pVQZ/Fe aug-cc-pVQZ/O basis sets were used to construct the
CASSCF orbitals. State-averaged calculations were performed
with all states having equal weights.

The calculations for the singly coordinated [(H;N)FeO]*" and
[(H,0)FeO]** complexes were done in the equilibrium region
using only the 4s3d/Fe 2p/O orbitals in the reference CASSCF
wave function (CAS(10,9)), but still allowing excitations from all
valence orbitals at MRCI.

Larger active spaces have to be considered for the larger
complexes. For the near-C,, hexa-coordinated and near-Cs, penta-
coordinated iron complexes, one and two bonding ligand-Fe(3d2_,2)
and ligand-Fe(3d,,/3d,2_,2) MOs were added, respectively (the
term near is used since consideration of hydrogen atoms of the
ligands lowers the symmetry of the tetragonal pyramidal and
trigonal pyramidal, respectively). In the latter case, the displa-
cement of 2s of oxygen by a ligand orbital was observed at
specific Fe-O bond distances. This orbital rotation did not
affect the quintet states, but introduced inconsistencies for
triplets. The second d-shell of Fe was found to affect the relative
energy differences by less than 0.1 eV (see the ESIL, 1 Section S1)
and it was excluded. The total size of the active space is
CAS(20,13) and CAS(18,12) for penta- and hexacoordinated Fe
complexes, respectively. State-averaged restricted active space
SCF (SA-RASSCF)***® calculations were performed for the
examination of larger active spaces that included the 3s of Fe,
the 2s of O, and lone pair of NHj3;, as is discussed in the ESL

28788 | Phys. Chem. Chem. Phys., 2018, 20, 28786-28795

Sections S1 and S2. For quantitative results, the multi-state
extension of CASSCF and RASSCF that include dynamic corre-
lation from second-order perturbation theory (CASPT2%® and
RASPT2,* respectively) was used.

All SA-RASSCF/MS-RASPT2 calculations were performed
with the MOLCAS 8.2 program package.®® Scalar relativistic
effects were included using the all-electron triple-zeta quality
atomic natural orbital relativistic basis sets (ANO-RCC-VTZP)®"%?
and a second-order Douglas-Kroll-Hess Hamiltonian.®*%*
A shifted zeroth-order Hamiltonian® (IPEA shift) with the
default value of 0.25 a.u. and an imaginary shift®® of 0.2 a.u. were
applied to all MS-RASPT2 calculations. The two-electron integral
evaluation was simplified by using the Cholesky decomposition.®”

[1l. Bare and mono-coordinated
[FeO]?*

We start our discussion with the bare and mono-coordinated
[FeO]*" species since they provide valuable insights which aid
the investigation of the larger systems. It should be mentioned
that the electronic structures of the bare FeO and [FeO]" have
been examined previously in great detail,*®® but to the best of
our knowledge, bare [FeO]** has not been studied before.

The first two ionization energies of iron are 7.90 eV
[Fe(’D) — Fe'(°D)] and 16.19 eV [Fe’(°D) — Fe**(°D)],”® while
for oxygen they are 13.62 eV [O(*P) — O*(*S)] and 35.12 eV
[0*(*S) — O*"(°P)].”° These values set the lowest dissociation

This journal is © the Owner Societies 2018
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channel as Fe'(°D) + O'(*S) followed by Fe**(°D;d®) + O(’P) at
2.57 eV. This energy range fits eight excited electronic states
of Fe*,”* but none for O". All Fe* + O'(*S;2s*2p®) asymptotes
generate dissociative PECs, and considering a 1/R(Fe-O)
repulsion, the Fe' + O" energies increase by as much as 1.44 eV
at 10 A. At the same distance, the Fe*" + O fragments interact only
weakly. Thus, the Fe'(°D) + O*(*S) and Fe**(°D;d®) + O(*P) asymp-
totes approach to 2.57 — 1.44 = 1.13 eV, which means that only
three Fe" + O channels are lower than Fe>" + O at 10 A. All states
(32 triplets, quintets, and septets) of these four channels are
included in our PECs of Fig. 3-5, which cover Fe-O distances
shorter than 8 A. Further implying this simple model, the
Fe'(°D) + O'(*S) and Fe**(°D;d®) + O(*P) asymptotes are expected
to cross at 1/R(Fe-0) = 2.57 eV which yields R(Fe-O) = 5.6 A.
Indeed our PECs present an avoided crossing region at
5.5-6 A. Setting the zero of the energy scale equal to that of
Fe’'(°D) + O(*P), the lowest energy fragments Fe'(°D) + O'(*S)
are at —2.57 eV = —59.3 kcal mol™'. In the same scale, the
equilibrium energy of the ground *A state is —42 kcal mol*
(see Fig. 3) and —10 kcal mol " for our highest state (*II).
Therefore, all equilibrium energies are lower than the Fe>* + O
fragments but higher than the Fe* + O" ones, which means that
bare FeO>" is thermodynamically unstable, but kinetically
stable because of the large dissociation barriers.

The first three dissociation paths associate with the °D(4s'3d°),
*F(3d”), and “D(4s'3d®) states of Fe* which combined with O*(*S)
create a series of singlets, triplets, quintets, and septets with =",
>7, I, A, and ® symmetries. The Fe**(°D) + O(*P) channel
generates (Wigner-Witmer rules) the >>7[Z*, £7(2), [1(3), A(2),
@] states. The states of the same spin and space symmetry from
the different channels run into each other producing the
avoided crossings of Fig. 3-5.

All minima at Fe-O distances of 2-2.5 A come smoothly from
Fe>’(°D) + O(’P) and their equilibrium electronic structure is
closer to the Fe(m)-oxyl picture. For example, °A at its equilibrium
bond length of 2.15 A is (see the ESIt) |°A) ~ 0.72|c*n*m**6*c*1).
However, there are PECs which exhibit additional features.
Specifically, the X" state of Fig. 4 follows its sister states for

20/ 4 F(D)+0('S) |
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=
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Fig. 3 Potential energy curves of the triplet electronic states of FeO?*.
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Fig. 4 Potential energy curves of the quintet electronic states of FeOQ?*.
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Fig. 5 Potential energy curves of the septet electronic states of FeO?*.

distances longer than 2.5 A tending to form a minimum at 2.2 A.
It deviates though creating a minimum at 1.64 A. Similar minima
are found for *® and *X* which undergo an avoided crossing right
at the region of their 1.6 A minima with PEC of lower states (see
the encircled region of Fig. 3). Finally, °I1 reveals a shoulder at the
same distance (see Fig. 4), which turns out to create gradually a
clear minimum in the presence of ligands (see below). The
electronic configurations and spectroscopic constants for all of
the bound states are given in the ESI,{ Section S3.

To locate the origin of these additional features, we focused
on the CI vectors at 1.6 A of the relative states. The dominant
electronic configurations of >X* (equilibrium) and °IT (shoulder),
are (see Fig. 1 for orbital notation):

I°’Z% &~ 0.74|c*n*n*?6%)
I’TI) =~ 0.78|c’n*n*'6%c*")

These are the only quintets with 6>n*, and as discussed in the
introduction, the polarization of ¢ and r towards oxygen signals
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an in situ Fe(wv)-oxo picture. All quintets with equilibrium bond
lengths of about 2-2.5 A are of c'n* or 6°n® character matching
better to a radical terminal oxygen, Fe(m)-oxyl. The same config-
urations prevail for °Z* and °II for R(Fe-O) > 2.0 A. Specifically,
their configurations at 2.7 A (°*) and 2.14 A (°IT) are:

I°Z")

X

0.80|c' ' n**8%c*")
I’TI) ~ 0.72|c”n’n**8%c*")

Because of their larger iron formal charge, the approach of a
ligand is expected to stabilize the equilibrium of >X* and the
shoulder of °IT over the rest quintets.

To corroborate these observations, we added an ammonia
or water ligand to the [FeO]*" diatomic and constructed the
PECs in the Fe-O equilibrium region for the lowest quintet
states (°X*, °I1 and °A). The [FeO(H,O)]*" and [FeO(H;N)]**
structures were fully optimized at the MRCI level for the °X*
and then scanned over the Fe-O distance by keeping all other
geometrical parameters fixed. The potential energy curves are
shown in Fig. 6.

In comparison to bare [FeO]**, the >X* minimum (black line)
is stabilized with the addition of a water molecule (weak ligand
field), and even more so with an ammonia molecule (strong
ligand field). The same is true for the shoulder of °IT which
splits into two components due to symmetry lowering. In the
case of ammonia, one of the °I1 components becomes a very
shallow local minimum. It is these minima that stabilize
further upon the addition of more ligands generating the
°A and °E states (see Section IV). Overall, the °X" and °II states
have a Fe(iv)-oxo character at R(Fe-O) ~ 1.6 A which switches
to Fe(m)-oxyl at R(Fe-O) ~ 2.25 A. This transition occurs at
about 1.8 A (energy barrier of the two rightmost plots of Fig. 6).
Additionally, the Fe(iv)-oxo region is stabilized over the Fe(m)-
oxyl region when adding a ligand, and this stabilization is
larger for ammonia than water.

These observations generally apply to the corresponding
®A and °E states of the fully coordinated systems examined in
Section IV, where more accurate and quantitative results are
reported. To assure that CASPT2, which was used for the larger
complexes, and MRCI are equivalent, we repeated the above
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analysis for the diatomic [FeO]** species at the SA(3)-CASSCF/
MS(3)-CASPT2 level; MRCI and CASPT?2 are in agreement with
each other.

IV. Ligand field effects

The effect of different ligand fields on the stability of the larger
fully-coordinated Fe(wv)-oxo species and its evolution to the
reactive Fe(m)-oxyl are discussed in this section. The six different
model complexes used in this study are the [Fe(O)(H,0),*",
[Fe(O)(H,0)s”", [Fe(O)(Hy0)ux(NH, 5[, [Fe(O)(H:0)un(NHs), ",
[Fe(O)(NH3)4]**, and [Fe(O)(NH;)s]** (Fig. 7). The H,O ligands
are considered representative of a weak ligand field, while the
NH; ligands representative of a strong ligand field. Two out of
these six models ([Fe(O)(H,O)s]** and [Fe(O)(H,0)a(NH;),]*)
have been employed by Kazaryan and Baerends,”” who examined
using density functional theory (DFT) the ligand field effects
on the spin state and the C-H activation promoted by the
Fe(v)-oxo moiety. The Fe atom in the [Fe(O)(H,0)s]*" model
experiences a weak field and has a S = 2 ground spin state. In
contrast, the [Fe(O)(H,0)a(NH3),]*" model has a S = 1 ground
state, since the NH; ligands form a stronger field. The
[Fe(0)(H,0).(NH;)4]*" model is also representative of the two-
state reactivity scheme for the C-H activation mechanism, since
a spin-transition occurs at the corresponding transition state.*®
However, CASPT2 calculations on the DFT optimized geome-
tries predicted for both systems a high-spin S = 2 ground spin
state. For obtaining optimized geometries with the correct
ground state for all six model complexes, we have performed
symmetric Fe-L scans (L = equatorial H,O or NHj;). For
the models with strong ligand fields, the addition of the lone
pair of NH; and the 3s3p of Fe was mandatory.”>”* The MS-
RASPT?2 calculations provided the correct global ground spin
state (S = 1) for the pseudo-C,, species ([Fe(O)(H,0)ax(NH;)4]*),
as expected, with a Fe-L distance of 2.000 A. Similarly, the
expected high-spin (S = 2) was obtained for the remaining
pseudo-C;, models ([Fe(O)(H,0)x(NH;);]*" and [Fe(O)(NH;),"),
as is explained in the introduction. Figures with the six
potential energy scans along the Fe-L distances are given in
the ESI,T Section S1.

40

30

20

10

Energy (kcal/mol)

-10

40 40
304 30+
3 3
E E
= 20 = 20+
o o
3 3
3 10 3 10
] ]
[ o
w w
0 0
10 y y . 10 " ’
15 2.0 2.5 3.0 15 2.0

R(Fe-0), A

R(Fe-0), A

25 3.0 15 2.0 25 3.0
R(Fe-0), A

Fig. 6 CASSCF(12,9)/MRCI PECs for [FeO]?*, [(H,0)FeOl?*, and [(HsN)FeOl>* using the cc-pVTZ (Fe,NHz,H,0) aug-cc-pVQZ (terminal O) basis set. The
color coding for bare FeO?* is the same as in Fig. 4. For the mono-coordinated complexes, solid circles correspond to ®A” and open circles to °A’ states.
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Fig. 7 The six model complexes used in this work, their chemical formulae and their pseudo-symmetry point groups. The Fe-equatorial ligand distances
have been optimized with symmetric scans at the CASSCF/RASSCF level. (Fe: light brown, O: red, N: blue and H: white).

Once the equatorial Fe-L distances were calibrated for the six
models, potential energy curves along the Fe-O bond distance
were calculated. A detailed analysis of one representative species
([Fe(0)(H,0)5]*") is given, but similar considerations hold for the
remaining five models (ESLT Section S4). The left plot of Fig. 8
shows the potential energy curves for the ground (°A, orange) and
the doubly degenerate first excited states (°E, black) calculated at
the MS-RASPT2(24,15) level of theory. A detailed analysis of the CI
coefficients obtained from the multiconfigurational zeroth-order
SA-CASSCF(18,12) wave function reveals the character of the two
electronic states. As is explained in Section I and shown in Fig. 2,
the non-reactive Fe(iv)-oxo configuration involves a 3d* Fe atom
and a closed-shell 2p® O atom. By adding the weights (i.e. the
square of the CI coefficients) of each configuration that corre-
sponds to such electronic configurations, we can calculate the
Fe(wv)-oxo character of each state. Similarly, the reactive Fe(ur)-oxyl
character can be calculated as the sum of all configurations that
involve the transfer of an electron from O to Fe.

This electron transfer reduces Fe(wv) to Fe(m) and creates a
hole in the electronic configuration of the O atom, which
results in the radical character of the oxyl species. At the
equilibrium bond distance (around 1.58 A), both states have a
non-reactive character, with a 0.73/0.14 ratio between Fe(wv)-
oxo/Fe(m)-oxyl for the ground state *A and a 0.54/0.30 ratio for
the first excited state °E, as is shown in the right plot of Fig. 8.
The character of the two states changes upon Fe-O bond
elongation. It is evident from the same plot of Fig. 8 that at

Energy (eV)

Reeo(A)

1.67 A, the reactive Fe(ur)-oxyl becomes the dominant character
of the first excited state. This means that the n-channel
becomes accessible at bond distances of 1.67 A or higher.
However, the excited state is still less stable than the °A state
by about 1 eV (Fig. 8 left). The ®A ground state obtains a radical
character at about 1.84 A, and the o-channel becomes accessible.
The intercrossing of the two states occurs at about 1.86 A and thus,
both reactive channels are accessible for C-H abstraction. The Fe-O
bond distance at the transition state of the C-H activation is
expected to fall between 1.67 A and 1.86 A. Indeed, previous
mechanistic DFT studies for a fully hydrated FeO>* species
predicted a Fe-O distance at a transition state of 1.728 A7
while for the fully oxygen coordination sphere of a Fe-containing
MOF-74 catalyst, a value of 1.75 A was calculated.>®

The triplet states for the [Fe(O)(H,0)s]** model complex were
calculated at the same level of theory (MS-CASPT2(18,12), see the
ESLt Section S4). The relative energy of the six lowest states from
the ®A ground state is more than 1.73 €V at the equilibrium
geometry, where they exhibit a shallow minimum in their
potential energy curves. Similarly to the quintet counterparts,
they have a non-reactive Fe(iv)-oxo character that evolves into
radical Fe(m)-oxyl at longer Fe-O bond distances. Their energies
at the Rpeo = 1.7-1.9 A range are between 1.0 and 1.3 €V,
comparable to the quintet states (Fig. 8, left). This leads to the
conclusion that the triplet channels are also accessible for C-H
activation, in addition to the quintet o- and n-channels. We were
not able to distinguish between the *c- and *r-channels since

Percentage
o O O o o o o o
- N w b v o ~N ]

14 15 1.6 1.7 18 19 2 2a 22
RFe-O (A)

Fig. 8 Left: Potential energy curves of [Fe(O)(H,O)s]** at the MS-CASPT2(18,12) level for the ground (°A, orange) and first excited states (°E, black) along
the Fe—O bond distance. Right: The percentage of the wave function for the ground (°A, orange) and first excited states (°E, black) along the Fe—O bond
distance which corresponds to the non-reactive Fe(v)-oxo electronic configuration (open circles and squares, respectively) and to the radical Fe(i)-oxyl
configuration (closed circles and squares, respectively). The vertical orange and black dotted lines on both figures indicate the Fe—O distance where the
character of the electronic states changes from the non-reactive Fe(iv)-oxo to the radical Fe(m)-oxyl.
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Table 1 Energy difference AE (eV) of the °E and lowest triplet states
(®A/3E) with respect to the most stable quintet state (°A) at Rre_o = 1.60 A,
Fe—O distance R¢ (A) where °A and °E states cross, and Re.arr (A) where
quintet and triplet states cross

Model complex AE(’E) AECAPE) Rc Re,qrr
Fe(0)(H,0),]*" 1.31 1.73 1.91 1.92
[Fe(O)(H,0),]

[Fe(0)(H,0)5** 1.24 1.42 1.86 1.97
[Fe(0)(H0)ax(NH3)5 > 1.56 1.69 1.97 1.92
[Fe(0)(H0)ax(NH;3)4 > 1.65 —0.46 1.98 2.10
[Fe(O)(NH;),]** 1.79 2.26 2.03 1.94
[Fe(O)(NH;)s** 1.92 —0.47 2.03 2.10

electronic configurations corresponding to these channels
were present in all low-lying triplet states. Exception was the
[Fe(O)(H,0).(NH3),]** species, as is discussed in the next
paragraphs.

The results from all six model complexes are summarized in
Table 1. The first observation is related to the relative energy
differences of the quintet ground and excited states (also shown
in Fig. 9). For the two hydrated models (four and five water
molecules in the coordination sphere of Fe), the relative energy
differences of the two states at 1.60 A are 1.31 and 1.24 eV,
respectively. The same energy difference increases once the
equatorial water molecules are substituted by stronger ligands
(NH3;), while for the all-ammonia complex ([Fe(O)(NH;),]*"), the
AE(°A-"E) at 1.60 A is 1.79 eV. Similarly, the intercrossing of the
two quintet states occurs at longer Fe-O bond distances once
the strength of the ligand field increases (from 1.86 to 2.03 A).
Therefore, we conclude that the increase of the ligand field
strength destabilizes the n-channel (Fig. 9) and makes it less
accessible for C-H activation. This conclusion is in agreement
with the observation made by Kupper et al.*° on the reactivity of the
[Fe(O)(TMC)(MeCN)J** biomimetic model complex that shares the
same coordination environment with the [Fe(O)(H,0).(NHz),**
complex from our study. In the previous study, a combination
of DFT with multiconfigurational calculations revealed that the
specific non-heme model complex has only one accessible
reaction mechanism (°c).

From the six model complexes discussed, the [Fe(O)(H20).x
(NH,),]** and [Fe(O)(NH,)s]** have a triplet ground state (Table 1).

~ [Fe(0)(H,0),1**

5 — [Fe(0)(H,0)s]*
N — [Fe(0)(H,0),(NH;)5]*
4N — [Fe(0)(H,0),,(NH3) 1>

B — [Fe(O)(NH;), 1>

[Fe(O)(NH5)s]*

Energy (eV)

Fig. 9 Superimposed potential energy curves of the six Fe-oxo models
considered in this study. Solid lines correspond to the ground quintet state
(°A) that evolves to the o channel, dashed lines to the first excited state
(°E) that evolves to the >t channel.
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However, the specific complex follows a two-state reactivity
mechanism,””> so the quintet states are mostly relevant to
C-H activation. For examining the accessibility of the *c and
*n channels, we have analyzed the character of the triplet states
and how those evolve to Fe(m)-oxyl with hole on the ¢ and
n bonding orbitals, respectively. For all species, six low-lying
triplet states were found, which are within less than 1.0 eV for
the Fe-O bond range of 1.6-1.9 A. The only exceptions are
[Fe(O)(H,0)a(NH;),]** and [Fe(O)(NH;)s]**, which due to the
Jahn-Teller effect (Fig. 2(b)), have a non-degenerate triplet
ground state, with the next three triplet states being more than
1.39 eV less stable (at 1.60 A).

Finally, for all the models considered in this study, the
ground state (quintet) crosses the triplet states at bond distances
that all channels are accessible (1.92-1.97 A, Table 1). Exceptions
are the two species with inverted spin state order (intercrossing
at 2.10 A), but since they follow the two-state reactivity scheme,
the quintet states are more relevant for comparison.

V. Conclusions and outlook

In this work, we have performed an in-depth study on the
electronic structure of the low-lying states of a bare [FeO]** species
and a series of six Fe(v)-oxo model complexes, by applying
multiconfigurational wave function theory. Our calculations
revealed the electronic effects of the strength of the ligand field
on the most stable quintet and triplet states, and were correlated
to the reaction channels of the evolving Fe(u)-oxyl radical species
for C-H activation. The results presented here suggest that
engineering of the primary coordination sphere can tune the
accessibility of the different C-H reaction channels of the Fe(iv)-
oxo biomimetic sites and affect their reactivity.

The electronic structure of the bare iron oxide dication was
elucidated via the construction of full PECs and the analysis
of the equilibrium configurations at highly correlated multi-
reference techniques (CASSCF and MRCI). We found potential
energy minima in two different Fe-O regions. At longer dis-
tances (2-2.5 A) an iron-oxyl (radical oxygen terminal) character
prevails while at shorter distances the iron-oxo (closed-shell
oxygen terminal) character emerges. It is the X" and °I1 states
which evolve to A and °E species upon coordination, which
exhibit an Fe(m)-O°*~ and Fe(iv)-O>" identity at longer and
shorter Fe-O distances, respectively. For all states we report
accurate energetics and spectroscopic parameters. Despite its
metastable nature, bare [FeO]** is separated from the Fe* + O
fragments by large activation barriers enabling its experimental
observation.

Once the electronic structure of the bare FeO*" was elucidated,
we examined the ligand field effects on the low-lying states.
At the equilibrium geometry, the [FeOL,]*" species (L = H,O
and/or NHj3, n = 4 or 5) have a non-reactive Fe(iv)-oxo character
that evolves into a Fe(ur)-oxyl radical once at larger Fe-O bond
distances. The radical character is a consequence of an electron
promotion from the bonding o or r orbitals to the antibonding
ones. Since the bonding orbitals are polarized towards the
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oxygen atom, the electron transfer is responsible for the
formation of a hole on the 2p atomic orbitals of the oxygen,
which evolves the radical character. This electron hole on
oxygen can be found either on the o- or n-type orbital, which
are responsible for different C-H abstraction mechanisms,
known as o- and m-mechanisms, respectively. In this work,
we quantified the accessibility of those reaction channels
by considering different ligand field environments. We have
considered the relative energy difference of the two states
responsible for these two reaction channels, and the Fe-O
bond distance that they intercross.

The Fe(wv)-oxo sites that have multiple accessible reaction
channels are considered more catalytically active than those
that have only one channel for C-H activation. We showed that
a weaker ligand environment lowers the energy difference
between the reactive states of the Fe(iv)-oxo species at the
equilibrium geometry, which will evolve into Fe(ur)-oxyl with a
strong radical character, and eventually increases their reactivity.
Conclusions from the multiconfigurational calculations pre-
sented in this work are in agreement with recent literature and
support the known structure-function relation between the
ligand field strength and catalytic performance for C-H
activation."®”” For example, Mukherjee et al. have reported a
10*fold increase of oxidation reaction rates when weaker
ligands are introduced in the equatorial position in a Fe(wv)-oxo
complex.”® Another example is the recent experimental work of
Rasheed et al., who observed increased reactivity at weaker
ligand fields by increasing the equilibrium metal-ligand dis-
tance (using bulkier ligands).”” We believe that in the future,
the relative energies of the ground (o-mechanism) and first
excited states (m-mechanism) can be used as a descriptor of
catalytic activity of the Fe(wv)-oxo species.
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ABSTRACT: High-level electronic structure calculations are initially performed to
investigate the electronic structure of RhO*". The construction of potential energy curves N
for the ground and low-lying excited states allowed the calculation of spectroscopic 1

constants, including harmonic and anharmonic vibrational frequencies, bond lengths, -
spin—orbit constants, and excitation energies. The equilibrium electronic configurations

e
e

i
were used for the interpretation of the chemical bonding. We further monitored how the J u J
Rh—O bonding scheme changes with the gradual addition of ammonia ligands. The nature ¢

of this bond remains unaffected up to four ammonia ligands but adopts a different

electronic configuration in the pseudo-octahedral geometry of (NH;);RhO?*. This has ¢

consequences in the activation mechanism of the C—H bond of methane by these

complexes, especially (NH;),RhO*". We show that the [2 + 2] mechanism in the

(NH;),RhO*" case has a very low energy barrier comparable to that of a radical mechanism. We also demonstrate that methane can
coordinate to the metal in a similar fashion to ammonia and that knowledge of the electronic structure of the pure ammonia
complexes provides qualitative insights into the optimal reaction mechanism.

1. INTRODUCTION

Earth-abundant small molecules, such as methane, offer huge
potential to satiate our ever-increasing energy demand.
Considering the scientific explorations of the last few decades,
activation of small molecules has revealed profound complex-
ities. For the activation of C—H bonds, transition metals and
their oxides have been treated as a “panacea,” and a plethora of
research outcomes has been documented in the literature.'~*

Because of the presence of low-lying excited states, transition
metal (TM) oxides are instrumental in activating chemical
bonds. For C—H activation, first-row TM oxides have been
widely employed. Theoretical studies on the reaction of CH,
with ScO*° TiO*,> VO*° CrO"** MnO*>" FeO*>" '
CoO*,>"" NiO*°® CuO%° and ZnO'? have provided
fundamental insights into their efficiency to activate methane.
On the contrary, the study on the second-row TM oxides for
methane activation is sporadic. For example, molybdenum,”"?
rhodium,'* and palladium'™ oxides have been suggested
theoretically as prospective options. This also indicates the
increasing difficulty to work with a second-row transition metal
incorporating many electron correlation energy and relativistic
effects.

To investigate the mechanism of C—H bond activation with
TM oxides and the role of the excited electronic channels, it is
imperative to understand the electronic structure of the
involved molecules.'®'” Prior to this work, we have
investi%ated the electronic structures of FeO*','* 7rO,"
NbO,”” MoO*,”" RuO*/*,**** and FeOCH,*** and their
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role in methane activation. Generally, metal oxides can exhibit
two different electronic structures, namely, -oxo and -oxyl. In
the -oxo species, the metal (M) oxide has a predominant
M?**O*" electronic configuration, whereas in the -oxyl species,
there is one less electron near the oxygen terminal and the
metal oxide has a predominant M'O®” radical character.
Typically, the -oxyl moiety has a longer bond length than the
-oxo moiety because of the weaker metal—oxygen binding.
From our FeO*" study, the ground state *A is of -oxyl
character. However, higher-energy -oxo structures (°X* and
STI) can be stabilized by using proper ligands.'® Although
useful insights can be obtained by the study of naked metal
oxides and their reaction with CH,, practical applications
require the knowledge of the role of the ligands and the co-
operativity of the metal and ligand “personality”. Our goal here
is to see the co-operation of ligands and metals for a second-
row TM oxide and specifically RhO**.

Our interest in RhO?* started from a different viewpoint as
well. The oxo wall is a rather well-established notion for
transition metal oxides and is usually placed between iron and
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cobalt.”>™*” The meaning is that metal oxide complexes based

on a metal heavier than iron do not adopt an oxo ground state
in an octahedral geometry. This is not true for a tetrahedral
structure; see, for example, the CoO** complex synthesized
four years ago.”® In addition, our work on FeO*" and RuO?**
indicates that the second-row transition metal oxides favor an
oxo electronic structure and poses questions about the
applicability of the oxo wall in second-row transition metal
complexes.'®** Ruthenium-oxo complexes have been synthe-
sized,”” but Rh-terminal oxygen complexes are rare in the
literature.”® Presently, we explore RhO?* as the second-row
analogue of CoO* to investigate its electronic structure and
determine on which side of the oxo wall it is.

Many studies have been carried out on neutral RhO on both
the theoretical’' ~*° and experimental®’~*" fronts. The ground
state of RhO has been assigned as 437, but to our best
knowledge, there is limited information on the electronic
structures of charged RhO. In this project, we have studied the
ground and excited states of RhO** using multi-reference
techniques. Considering different spin multiplicities, we have
tabulated the energy order of the electronic states along with
their spectroscopic constants. Also, we have considered the
effect of spin—orbit coupling to assign spin—orbit states of
RhO™.

For methane activation with RhO**, we have considered
three spin multiplicities of RhO*" and included up to five
ammonia ligands in the system to study the activation barrier
with respect to the coordination number. The ionization
energy of RhO™ is ~18 eV, which is higher than the jonization
energy of CH, ~12 eV. This causes an additional issue in the
calculations, which tend to ionize methane and reduce the
metal oxide dication. The molecular system requires at least
four ammonia ligands to stabilize RhO>* (or better
(NH,),RhO*") over CH,*. Generally, in presence of metal
oxides, the C—H bond activation occurs through two possible
mechanisms: by the formation of radical intermediates or the
[2 + 2] addition mechanism.** Herein, we report the activation
barrier of the C—H bond and compare the energy diagrams for
both radical and [2 + 2] addition mechanism:s.

Computational details are presented in Section 2. A
comprehensive discussion of our findings is documented in
the following sections. Section 3.1 deals with the electronic
structure of RhO* in ground and excited states of the titled
species, considering different spin multiplicities, their spectro-
scopic constants, and spin—orbit coupling. Section 3.2 is the
demonstration of the CH, activation mechanism with
ammonia-ligated RhO?". Finally, Section 4 contains our
concluding remarks.

2. COMPUTATIONAL DETAILS

To construct the potential energy curves (PECs) of RhO**, we
have considered the C,, point group symmetry (largest Abelian
subgroup of the full C,, point group of the molecule) in our
calculation. PECs are constructed with the multi-reference
configuration interaction (MRCI) starting from a complete
active space self-consistent field (CASSCF) reference wave-
function. The selected active space consists of 11 electrons in 9
orbitals, namely, Ss and 4d orbitals of Rh and 2p orbitals of O
at long interatomic distances. For all low-lying states,
preliminary state-average CASSCF calculations showed that
the 2s of oxygen is doubly occupied in all configurations. To
reduce the computational cost, these 2s electrons are not

included in the active space, but they are correlated at the
MRCI level.

To incorporate dynamic electron correlation, all single and
double excitations from the valence (including 2s of oxygen) to
the virtual orbitals are allowed at MRCI. In addition, to reduce
the size-extensivity error, the Davidson correction has been
considered, and the PECs reported herein are of MRCI + Q
method.

Rhodium, being a second-row transition metal, demands the
consideration of relativistic effects. Stuttgart relativistic
pseudopotential (accounting for 28 inner electrons) combined
with the quintuple-{ quality basis set (cc-pVSZ-PP)*~* is
invoked for Rh, whereas a diffuse basis set (aug-cc-pVSZ) is
used for O, owing to its higher electron affinity and polarity of
the metal—oxygen bond. Two sets of PECs were constructed.
The quintuple-{ (5z) basis set was used for the construction of
PECs around equilibrium (1.2—3.5 A) and extraction of our
numerical results. However, we reduced the basis set to the
triple-{ (tz) quality for the construction of full PECs. At the
asymptotic dissociation limit, the computations are extremely
challenging and forced us to use a smaller basis set.

To chart the spectroscopic constants, along with MRCI and
MRCI + Q, we have also employed core MRCI (C-MRCI)
calculations, where we have included dynamic electron
correlation from the 4s and 4p electrons of Rh. For this
purpose, a weighted-core basis (cc-pwCVSZ-PP) is employed
for Rh. We have also performed CCSD(T) and C-CCSD(T)
calculations for low-lying states, which are single reference.
The first five vibrational levels were used to obtain harmonic
frequencies and anharmonicities. In all cases, none of these
levels is energetically close to avoided crossings and they are
not perturbed by them.

To account for the spin—orbit coupling, PECs of the spin—
orbit states are reported in the Supporting Information (Figure
S4 and Table S3). These calculations are performed by
diagonalizing the Breit—Pauli Hamiltonian. The MRCI
wavefunctions with the quintuple-{ basis set are used as
basis to construct the Breit—Pauli Hamiltonian. Finally, the
spectroscopic constants for all the states reported, herein, are
calculated by solving the rovibrational Schrodinger equation
numerically. All multi-reference calculations are performed by
using the MOLPRO 2015 electronic structure package.*

For the methane activation part, calculations are performed
with density functional theory (DFT, unrestricted Kohn—
Sham formulation) using the MN1S functional.*” MN15 is
suggested in the literature for its accuracy with transition
metals and non-covalent interactions.”” We have studied the
reaction of (NH;),_sRhO*"* with CH,, considering three spin
multiplicities (doublet, quartet, and sextet) and optimized
every reactant, product, and transition state (TS) with triple-¢
basis sets. As in naked RhO?", Stuttgart relativistic
pseudopotential and a diffuse basis set is used for Rh and O,
respectively. The calculations for the TSs are accompanied by
harmonic frequency calculations, which corroborated the TS
structures to be first-order saddle points (one imaginary
frequency). Then, the intrinsic reaction coordinates calculation
is invoked to locate the reactants and products. Finally, the
geometry optimization of the reactants and products is
supported by harmonic frequency calculations, which
produced only real frequencies. We have used Gaussian 16
electronic structure codes for the DFT calculations.*®
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Figure 1. PECs of RhO** with respect to Rh—O distance for different spin multiplicities: (a) doublet, (b) quartet, and (c) sextet at the MRCI + Q/
5z level. The lower-right graph (d) is the PECs of a few low-lying states of RhO>", considering all the spins together.

3. RESULTS AND DISCUSSION

A comprehensive presentation of the ground and excited states
of RhO?*" is imperative to understand the involved reaction
mechanism with methane. In section 3.1, we start our
discussion with the electronic structure of RhO**. In section
3.2, we present the C—H bond activation.

3.1. Electronic Structure of RhO?*. Figure 1 presents the
PECs of the equilibrium region for doublet 1(a), quartet 1(b),
sextet 1(c), and all the spin multiplicities combined 1(d). The
same PECs for a larger distance range are shown in the
Supporting Information (Figures S1—S3). There are two
different potential energy wells; the steeper wells with minima
at 1.6—1.8 A and the shallower ones with minima beyond 2.0
A. The ground state undergoes an avoided crossing at about
2.0 A, and the first two excited states 1%*A cross at 2.2—2.3 A
with higher energy curves of the same spin and spatial
symmetry. Doublet and quartet states form generally stronger
and shorter bonds as opposed to sextets. To get a better
understanding of the morphology of the PECs, we next take a
more detailed look on the bonding features of the low-lying
electronic states.

Figure 2 depicts the valence molecular orbital contours of
RhO?*" at equilibrium. The molecular orbitals 26, 36, 17z, and
27 have significant contribution from both the metal and the
oxygen atom, whereas 16 and 4c¢ orbitals are mostly localized
on the metal. The 26/30 and 1x/2x orbitals represent the o-
and 7-bonding/antibonding Rh—O orbitals (36 % 6,0 and 27
~ o). The dominant electronic configurations are listed in
Table 1, and spectroscopic constants for the low-lying
electronic states are tabulated in Table 2. Complete lists for

all states studied are provided in the Supporting Information
(Tables S1 and S2).

16113

21, 2m,
18,22 18,,
im, im,

Figure 2. Selected valence molecular orbital contours of RhO** at
equilibrium. The green sphere is Rh and the red one is oxygen. Only
valence orbitals are numbered; 16 (not shown here) corresponds to
the 2s of oxygen.

The ground state *I1 of RhO*" has the shortest bond length
of 1.608 A (see Table 2, MRCI + Q) and is only 0.1 eV lower
in energy than the first excited state *A. For the ground state,
the C-MRCI + Q values closely follow the MRCI + Q values,
which indicates the minimal effect of the core electron
correlation. The same small effect holds true for the +Q
correction. Specifically, going from MRCI to C-MRCI + Q, the
bond length r, changes only by 0.002 A (0.1%), the harmonic
vibrational frequency @, changes by 2.4 cm™" (0.3%), and the
anharmonicity ., changes by 0.4 cm™ (5%). The dominant
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Table 1. Dominant Electronic configuration for the Lowest
Electronic States of RhO***

state coef. 26 36 40 lm, 27, 1z, 2m, 1éx—y> 16,
X211 08 2 0 0 2 a 2 0 2 2
1*A 092 2 0 0 2 a 2 «a 2 A
12A 0.71 2 0 0o 2 a 2 a 2 B
-035 2 0 0 2 a 2 P 2 A
-035 2 0 0 2 p 2 o« 2 A
1°T* 083 2 a 0 2 a 2 «a a A
—0.39 2 a 0 a a a a 2 2
1*® -062 2 a 0 2 0 2 a 2 A
0.62 2 a 0 2 a 2 0 a 2
1°r 044 2 0 0o 2 0 2 2 2 A
-044 2 0 0 2 2 2 0 2 A
—-044 2 0 0 2 a 2 P a 2
044 2 0 0 2 B 2 a a 2
150 0.67 2 a 0 a a 2 a 2 A
—-0.67 2 a 0 2 a a a a 2
1 063 2 a 0 2 0 2 a 2 A
063 2 a 0 2 a 2 0 a 2
1%z 077 2 a 0 2 0 20 2 2

“The A, and B, irreducible representation of the C,, subgroup
components for A and I (IT and @), respectively, are only given.

Table 2. Equilibrium Energy E, (a.u.), Bond Length r, (A),
Harmonic Vibrational Frequencies @, (cm™),
Anharmonicity ®x, (cm™), AG,,, (cm™") Value, and
Excitation Energy T, (eV) for the Lowest Electronic States
of RhO***

state method Te @, WX, AG1/2 T,
X1 MRCI 1.610 9514 78 9359  0.000
MRCI + Q 1.608 9559 7.8 9403  0.000
C-MRCI 1.613 9455 7.7 9303  0.000
C-MRCI +Q 1612 9538 74 939.1  0.000
CCSD(T) 1.595  966.4 —46 9759  0.000
C-CCSD(T) 1.598  956.5 -7.1 9697  0.000
1*A MRCI 1.705  795.6 68  781.6  0.106
MRCI + Q 1.703  798.9 68 7850  0.102
C-MRCI 1.708  787.1 70 7721 0.153
C-MRCI+ Q 1705  796.8 66 7829 0172
CCSD(T) 1.687  878.5 72 8631  0.147
C-CCSD(T) 1.683 9043 84 8859 0201
1’A MRCI 1.754  666.7 66 6537  0.751
MRCI + Q 1.749  694.0 79 6653  0.752
C-MRCI 1755  669.8 64 6574 0751
C-MRCI + Q 1745 7116 7.7 6860  0.767
1°T*  MRCI 2122 3041 0.5 3060  0.828
MRCI + Q 2073 2933 -1.7 2918 0942
1*® MRCI 1.896 136.5 -12.5 140.3 0.892
MRCI + Q 1.825 2623 1.3 2977 0951
1T MRCI 1.737 6815 1.9 6569  0.989
MRCI + Q 1722 697.8 11.7 6812 1010
10 MRCI 2219 3502 24 3450  0.866
MRCI + Q 2196 3494 23 3447  1.026
11 MRCI 1.796 4343 29.6 4559 0998
MRCI + Q 1.789 6142 40.7 5343 1.037
1)2T*  MRCI 1.698 316.4 187 3938  0.994
MRCI + Q 1.695  675.5 629 6126  1.038

“The energy order of the states is based on the MRCI + Q values.

CI coeflicient and the electronic configuration of this state are
0.88 26”17 27, li'ty2 léjz_yzléxzy), suggesting a single reference

character and enabling the use of CCSD(T). At both
CCSD(T) and C-CCSD(T), the equilibrium bond distance
is found to be shorter than that by the corresponding MRCI +
Q and C-MRCI + Q methods by 0.013 and 0.014 A. Similar
differences were found for RuO?*.*> CCSD(T) PECs are
steeper, resulting in an increase in the harmonic frequency by
~10 cm™". We believe that CCSD(T) bond lengths are more
accurate (larger electron correlation) but MRCI frequencies
are more trustable because MRCI includes more config-
urations in the region longer than r, in order to adjust to the
avoided crossing at 2.0 A. Compared to RuO*', the additional
electron populates the 27 antibonding orbital, disrupting the
“triple” bond of RuO**** and increasing the metal oxygen bond
length by 0.06 A at MRCI + Q. In addition, the 27 orbital gives
some O° radical character to the system (see Figure 2).

The first excited state 1*A has an equilibrium bond distance
of 1.703 A at the MRCI + Q level, almost 0.1 A longer than the
ground state, and it decreased to 1.687 A at the CCSD(T)
level. Alike the ground state, the first excited state is also single
reference with a CI coefficient of 0.92, and one 15 (non-
bonding) electron moved to the 27 (anti-bonding) orbital (see
Table 1), which explains the elongation of the bond. The
excitation energy of this state is 0.106 eV at MRCI and
increases to 0.172 and 0.201 eV for C-MRCI + Q and C-
CCSD(T), respectively. The reduction in the bond order
decreases the harmonic vibrational frequency as well
considerably by more than 150 cm™ (see Table 2).

The second excited state is 12A, which lies 0.75—0.77 eV
(depending on the method) higher than the ground state. It
can be produced from its sister quartet state (1*A) by spin-flip
of one of the three unpaired electrons (27°15"); see Table 2.
Interestingly, the equilibrium bond distance increases by ~0.05
A due to the spin change, and the vibrational frequency drops
by at least 80 cm™' (C-MRCI + Q) or 120 cm™" at MRCI and
C-MRCI.

Within an energy range of 0.94—1.0 eV, there are six excited
states of different spin multiplicities in the following order:
152, 1*®, 17T, 1°®, 1*T], and 1°Z*. Except for 1°Z*, the rest
five states have high multireference character, involving
reallocation of 17 (7g,_o) and 18, electrons to 27
(m$,_0) and/or 36 (of,_o)- In terms of equilibrium bond
length, 152, 1*®, 1°®, and 1*TI have the bond distances of
2.073, 1.825, 2.196, and 1.789 A, respectively. The longer bond
length (relatively) of these states is the result of the population
of the 36 (anti-bonding) orbital. 1°Z* and 1*® have negative
anharmonicity values, which suggests unusual morphology of
their PECs. Indeed, 1°Z* and 1*® have a flat region near the
equilibrium, and 1*® tends to form a second minimum at
~2.25 A; see Figure 1c,b. The doublet states can be generated
by moving the 27 electron of the ground state to the 3¢ orbital
(1*Z*) or moving one 15 electron and coupling it with the 2z
electron of the ground state (1°I'). In the first case, the
electron migrates from a 7* to a o™ orbital, and thus, the bond
length elongates by 0.08—0.09 A but less than that in the
second case (0.12—0.13 A), where we have a § (non-bonding)
— 7* transition.

3.2. H;C—H Bond Activation Using (NH;);_sRhO?*. In
this section, we investigate the reaction of methane with a
RhO?" unit coordinated with ammonia ligands. We obtained
the optimal structure of the reactants, TSs, and products for all
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titled complexes in their lowest doublet, quartet, and sextet
spin states (see Supporting Information). Ammonia represents
commonly used larger ligands coordinating to the metal with
the lone pair of the nitrogen atom.*” The number of ammonia
ligands is varied from one to five to monitor the effect of the
ligands on the electronic structure of the RhO*" unit, as we
move from the naked to an octahedral (NH;);RhO?** unit, and
how this affects the C—H bond activation mechanism.
Methane is selected for three reasons: (1) it represents
saturated hydrocarbons with the strongest C—H bond, (2) its
conversion to methanol is a topic of high interest in the
literature,”*™>* and (3) its small size serves perfectly our
computational needs/goal.

First, we examine the geometric electronic structure of
(NH;),_sRhO*" coordination complexes. The first ammonia
ligand binds with a N—Rh—O angle 128°, and the second one
binds similarly making an ammonia—ammonia—oxygen
triangle, and the geometries of the rest ones are shown in
Figure 3. (NH;)sRhO?" is octahedral, (NH,),RhO*" is trigonal

16,22

Xy
(NH;)RhO? 2{ ﬁ' g’{
(NH;),Rh0?* "%‘{G “G* P"“
(NH;);RhO%* <

¢ @

Figure 3. Electronic structure determining molecular orbitals
(MN15/tz) of (NH;);_sRhO**. The notation follows that of plain
RhO?" for simplicity. The first two orbitals are doubly occupied, and
the last one is singly occupied. Notice that ammonia ligands
coordinate in specific orientations to minimize overlap with the
occupied orbitals and that 16,2 is replaced with a 27 orbital in the
case of (NH;);RhO>

bipyramidal, and (NH;);RhO** is trigonal bipyramidal with
one equatorial ammonia missing. Figure 3 depicts also selected
occupied Rh—O molecular orbitals. Recall that the ground
doublet state of RhO>" has a 26(=0py0)* 17(=7mg,0)* 16*
270(=m,O*)" configuration (see Figure 2 for molecular orbital
contours). The ground state remains a doublet (see below and
Supporting Information) with practically the same electronic
configuration (Ogpo’Trno 18 7pn0™") for all complexes up to
four ammonia ligands. The ligands are placed in a way that the
nitrogen lone pairs do not overlap with 16,, or 27z, and have
minimal overlap with 16, In the case of octahedral
(NH;);RhO*, the 15,2_, orbital, which has strong Rh—N
antibonding character (e 3 is replaced with a 27 non-bonding
(tzg) orbital. Therefore, only the t,, orbitals (tzgs) are occupied
in (NH;);RhO*. As shown below, this “mutation” plays an

important role in the C—H activation process. Another effect
of this “mutation” is that the RhO bond length increases
considerably because of the 1§ (non-bonding) — 27 (7o,
antibonding) electron promotion. The bond elongates by
~0.05 A going from n =2 to 3 (1.59—1.64 A) and from 3 to 4
(1.64—1.70 A) but by 0.17 A going from 4 to S.

The approach of a methane molecule to any of the
(NH,),_sRhO*" compounds results in two kinds of
interactions. In the first kind, a hydrogen atom of methane
forms a weak electrostatic interaction with the oxygen
terminus, and this will finally lead to the production of a
methyl radical (radical C—H activation mechanism). In the
second kind, methane coordinates to the metal in a similar
fashion to ammonia. For example, the (CH,)(NH;)RhO*"
complex resembles (NH;),RhO*". The attachment of methane
to the Rh*" center happens between the electron pair of one
C—H bond and rhodium and resembles that between the
electron pair of ammonia and rhodium. Figure 4 shows clearly

(NH,),RhO?*

Sl 4
¥

Figure 4. Molecular orbitals of the Rh—N bonds of (NH,),RhO**
compared to those of the Rh—N and “Rh—C” bonds of (CH,)
(NH;)RhO*.

(CH,)(NH,)RhO?*

this correspondence for (NH;),RhO*" and (CH,)(NH,)-
RhO?*. This second type of interaction leads to the oxidative
addition of methane to RhO** ([2 + 2] mechanism) forming
(NH;)CH;RhOH*". The binding energy of ammonia to
Rh(IV) is between $3.3 [(NH;);RhO**] and 99.8
[(NH;),RhO*] kcal/mol, while that of methane is smaller
ranging from 10.6 [(CH,)(NH,;),RhO*'] to 48.6 [(CH,)-
(NH;)RhO**] kcal/mol.

The radical and [2 + 2] mechanisms correspond to the
homolytic and heterolytic dissociation of the H;C—H bond. In
the radical mechanism, a proton is transferred from methane to
oxygen with a simultaneous transfer of an electron to the metal
center (proton-coupled electron transfer = PCET).>* For the
ground doublet state and all complexes, the resulting product is
a closed shell (NH;), RhOH?** and a doublet CH,* radical,
which suggests that the migrating electron couples to the
existing 7RhO* (or 27) electron. The proton transfer is
facilitated by the 12> electrons and the electron transfer is
mediated by the 27 orbital.>* The [2 + 2] mechanism proceeds
with the transfer of the proton to oxygen but now the
remaining CH,;~ moiety binds to Rh*", making
(NH;),_4CH,;RhOH*". Figure 5 helps to compare the TSs
for the two mechanisms of the CH, + (NH;),RhO** reaction.

The activation energy barriers AE* for the two mechanisms
in the lowest doublet, quartet, and sextet states are listed in
Table 3. Focusing on the ground doublet state, AE¥ of the
radical mechanism is 12.8—15.3 kcal/mol for 3 < n < § and
practically non-existent for n = 2. For n = 1, we were not able
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(a) (b)

«

C ¢ ¢

Figure 5. TS for the C—H bond activation of methane with
RhO*(NH;), (S = 1/2): (a) radical mechanism and (b) [2 + 2]

addition mechanism.

Table 3. MN15 C—H Bond Activation Energy Barriers AE*
(kcal/mol) of the Radical and [2 + 2] Addition Mechanisms
for the CH, + (NH,),RhO*" Reaction with Different Spin
(S) Multiplicities

S=1/2 S=3/2 S=5/2
n radical [2 +2] radical [2 +2] radical
1 27.7 27.0
2 0.4 22.9 27.8 24.9
3 15.3 30.9 17.7 27.5 10.5
4 14.8 13.6 16.7 40.8“ 14.3
S 12.8 20.0 16.7

“Single-point energy calculation using the § = 1/2 optimized
structure.

to locate a TS. The [2 + 2] values are between 22.9 and 30.9
kcal/mol for 1 < n < 3, but surprisingly, AE* drops to 13.6
kcal/mol, entering the radical AE* range for n = 4. Steric
effects prevent the coordination of CH, to Rh for n = 5, and
thus, no [2 + 2] TS is possible. Zero-point energy-corrected
barriers and free energy barriers are listed in Table S10 of the
Supporting Information. The absolute values have decreased
(as expected) by not more than § kcal/mol, but the relative
barriers (radical vs [2 + 2]) remain the same within 2 kcal/mol.
To benchmark the accuracy of MN1S, we employed higher-
level electronic structure methods to calculate the unexpect-
edly small C—H activation barrier of the CH, + (NH;),RhO**
reaction ([2 + 2] mechanism). Second-order Moller Plesset
perturbation theory (MP2), coupled-cluster singles doubles
(CCSD), and perturbative triples [CCSD(T)] gave 13.1, 16.6,
and 13.7 kcal/mol values. The MP2 and CCSD(T) values are
in excellent agreement with MN15 (13.6 kcal/mol). Finally, to
gauge the solvent effects on the same activation barrier, we
employed the polarizable continuum model combined with a
polar (water) and a non-polar (toluene) solvent. The values
changed to 15.6 and 14.2 kcal/mol, respectively. The small
change is attributed to the fact that solvent effects affect the
energy of reactants, products, TSs nearly the same.

To understand the low activation barrier for the [2 + 2]
route of CH, + (NH;),RhO*, we resorted to Figure 3. The
initially formed (CH,)(NH,;),RhO** complex resembles
(NH;)sRhO*"with one ammonia being replaced with methane
(see discussion above and Figure 4). Unlike the smaller
(CH,)(NH;),_;RhO** complexes, the “absence” of 16,2
(eg), which screens the nuclear charge more efficiently,
seems to facilitate the binding of CH;~ to Rh(IV); see Figure

S. An additional factor is the small interaction/stabilization
energy of CH,-(NH;),RhO*" (10.6 kcal/mol; see above),
probably due to steric effects, which prevents “trapping” (over-
stabilization) of methane in the first coordination sphere of the
metal. To support this hypothesis, we studied the reaction of
(NH;),NiO** + CH,. In this case, (NH;)sNiO*" has a ty’e,!
(S = 1) ground-state configuration and the activation barrier of
the [2 + 2] mechanism increases to 29.6 kcal/mol at the
MN15/cc-pVTZ level of theory (see Supporting Information).

In the past, we have seen for ZrO and NbO that the [2 + 2]
mechanism is less favorable not only for the generally high
activation barrier of the C—H bond activation but also for the
high activation barrier of the CH; and OH recombination step
to make methanol.'”*’ To see if the activation barrier of the
latter step is high for (NH;),RhO*" + CH,, we calculated the
complete energy landscape toward (NH,),Rh** + CH,OH.
Figure 6 shows both the electronic and free energy (25 °C and

— —
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Figure 6. Energy landscape (S = 1/2) for the CH, + (NH;),RhO*
— CH;0H + (NH;),Rh* reaction, following [2 + 2] addition
mechanism (blue lines) and radical mechanism (red lines) where R =
reactants (CH, + (NH,;),RhO?*), I = reaction intermediates, TS =
transition states, and P = products (CH;OH + (NH;),Rh**). Solid
lines correspond to electronic energy and dashed lines correspond to
free energy (25 °C and 1 atm).

Relative Energy (kcal/mol)

1 atm) diagrams. The zero of the energy scale is set to the
initial reactants (NH;),RhO>" + CH,, Il is their interacting
complex, TS1 is the TS of the C—H bond activation, 12 is the
product of the [2 + 2] process (NH;),(CH;)RhOH?* or of the
radical process (NH;),RhOH>*"---CH;, TS2 is the TS of the
CH;—OH recombination step, and I3 is the interacting
complex of the products (NH;),Rh** + CH;O0H. The
structures of these species are given in the Supporting
Information. In agreement with our past findings, the
activation barrier of the [2 + 2] recombination step is higher
than that of the radical path (4.7 vs 22.4 kcal/mol), but five
times smaller than that observed for ZrO and NbO.'”*° In
addition, the first step of the [2 + 2] mechanism is more
exothermic than that of the radical path, placing TS2 of [2 + 2]
lower in energy than the radical TS2. Therefore, the interplay
of these factors (activation barriers and exothermicity) make
the two mechanisms highly competitive.

We were able to locate TS1 (C—H bond activation step) for
the two mechanisms in the quartet potential energy surface as
well. For CH,, + (NH;),RhO?*, we were not able to locate a [2
+ 2] TS, but we performed a single point energy calculation
using doublet-spin TS geometry. The energy of reactants, TSs,
and products of the quartet state are always higher than that of
the doublet, and thus, there is no evidence for two-state
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reactivity. The AE* values are quite consistent with those of
the doublet ground state: the radical mechanism has activation
barriers between 16.7 and 20.0 kcal/mol, and the [2 + 2]
barriers are 27—28 kcal/mol (see Table 3) for 1 < n < 3. The
estimated AE¥ value for n = 4 is actually larger (40.8 kcal/
mol), in complete contrast to the doublet AE™ value of 13.6
kcal/mol. This fact can be attributed to the t2g4eg1
configuration of the quartet, which does have an electron in
the non-innocent 16,7_ (:eg) orbital, supporting further our
explanation for the low activation barrier of the doublet state.

Finally, we examined the sextet state, which was found
higher than both quartet and doublet for all structures. The
sextet state has an unpaired electron in the bonding myyq
orbital, and the formation of a (NH;),_sCH;RhOH** complex
with multiple metal—ligand bonds (including Rh—OH and
Rh—CHj;) and five unpaired metallic electrons was not
possible. Therefore, the radical mechanism prevails and
proceeds with a different electronic structure path: One
6(H;C—H) electron couples to the 7y, unpaired electron as
happens for early transition metal oxides (hydrogen atom
transfer or HAT).'”**>° The AE¥ values are in the same range
as the previous values for the radical mechanism of doublet and
quartet (10.5—24.9 kcal/mol).

4. SUMMARY AND CONCLUSIONS

In the present work, we explored the electronic structure of the
thodium oxide dication in its ground and several excited
electronic states. We constructed PECs, and we demonstrated
(see Supporting Information) the difficulties to describe the
region around 4 A, where multiple avoided crossings occur
between ground and excited states of the homolytic and
heterolytic dissociation asymptotes. We calculated the
spectroscopic data (equilibrium bond lengths, vibrational
frequencies, and excitation energies), and we noticed the
minor effect of the core-valence electron correlation. Spin—
orbit effects were also considered for the lowest lying states.

Wavefunction information is provided for all of the
examined states. The ground state has a rich ionic Rh**O*~
character with five metallic electrons occupying the two ds and
one 27 (~7RhO*) orbitals. The latter electron gives partial
O°” character, which facilitates the observed PCET mecha-
nism. This is preserved upon addition of up to four ammonia
ligands. The addition of a fifth ammonia completes the first
coordination sphere and stabilizes the second 27 orbital over
one of the d; (~d,>_;2) orbitals. The two 27 and the other d;
(~d,,) constitute the t,, orbitals, leading to a t,,’ ground state.
The singly occupied 27 orbital maintains the partial O°”
character of the complex.

The reaction of methane with these complexes was studied
by means of DFT. The optimized structures of the reactants,
TSs, and products are provided for the lowest doublet, quartet,
and sextet states. We show that methane coordinates to Rhin a
similar fashion to ammonia, but the role of the lone pair of
ammonia is undertaken by one of the C—H bond pairs. We
identified three types of C—H activation mechanisms: the
“pure” radical mechanism (HAT) of the oxyl character of the
sextet state, the PCET-type radical mechanism of the oxo
character of the ground doublet state, and the [2 + 2]
mechanism of the oxo ground state. The two types of radical
mechanisms bear similar activation energies, which are
generally twice smaller than the [2 + 2] ones, except for the
(NH;),RhO*" doublet case. The small activation barrier of the
latter case falls close to that of the radical processes and was

explained by the electronic structure of the (CH,)-
(NH,),RhO*" complex. For this system, the recombination
step of CH; and OH for the production of methanol has also
small activation barriers for both mechanisms, and especially,
the [2 + 2] barrier is five times smaller than literature values.
Future work will expand on more dicationic metal oxides and
explore the factors that favor the three types of C—H activation
mechanisms.
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ABSTRACT: The conversion of methane to methanol (MTM) catalyzed by FeOCH;*
and FeCH;" is investigated by means of multireference configuration interaction
(MRCI), single-reference coupled clusters (CC), and density functional theory (DFT) ____
approaches. Our dual purpose is the assessment of the applied methodologies and the N
performance of the proposed catalytic cycle, which involves both of the titled units. The ¢ ‘{
investigated cycle aims to bypass the limitations of metal-oxide catalysts and offers an

alternative promising method for efficient MTM transformation. From the technical
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viewpoint, we found that generally accurate electron correlation treatment is more
important than accurately calculated geometries. The combination of optimal DFT geometries with MRCI and CC energetics
provides a good compromise between accuracy and efficiency, although there are cases where multireference calculations must

be used to obtain correct structures.

I. INTRODUCTION

Despite the considerable progress in the improvement of
existing or development of new green processes over the past
decades, fossil fuels continue to play a major role in the global
economy and technology. Besides their high energy content,
fossil fuels are hydrocarbon cocktails, which provide low-cost
teedstock for the production of various platform chemicals.
Methane, the smallest hydrocarbon, is abundant in natural gas,
whereas its availability has recently increased because of the
growth of hydraulic fracturing (fracking). From a different
angle, methane is the second most abundant greenhouse gas
behind CO, but is more potent in trapping heat having a
detrimental impact in the atmosphere.”” Both economic and
environmental reasons have accelerated the attempts to
upgrade methane by introducing functional groups with
more efficient methods.

Industrially, the conversion of methane to commodity
chemicals and liquid fuels goes through the synthetic gas
route. It is first decomposed to CO + H, (syngas), which is
then exposed to harsh conditions (15—40 atm pressure and
700—1000 °C temperature), to make methanol.”* An overview
of available direct methane to methanol (MTM) conversion
techniques avoiding the syngas path has been given recently.>
These involve gas-phase and solution-phase homogeneous
catalysis, heterogeneous catalysis, photocatalysis, biocatalysts
(enzymes),” plasma technologies, frustrated Lewis-pairs,”’
MOFs,'°™"? and others. Their drawbacks and limitations are
discussed in ref 13. Despite the encouraging progress (see for
example refs 14, 15), this task is extremely ch9111er1gir1g,3”16’17
and no method with reasonable yield has been discov-
ered'5,13,18—24

Transition-metal oxides are the most common family of
homogeneous and heterogeneous catalysts used for MTM
conversion. Among them, iron-oxo complexes have attracted

-4 ACS Publications  © 2019 American Chemical Society
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considerable attention by both experimental and theoretical
research groups in an attempt to imitate bioenzymes selected
and optimized by nature.”> ' The activation of the C—H
bond occurs in two ways, creating radical intermediates or
going through a [2 + 2] addition.”” The exact route depends
on the catalytic system, and small subtle changes of the metal
or ligand can switch the mechanism.”” Two factors affect the
catalytic activity of both mechanisms: (1) the activation energy
barriers needed to overcome and (2) the selective activation of
the C—H bonds of methane and not the more reactive ones of
the produced methanol, which leads to over-oxidated
products.”®'**° Recently, we investigated the role of ligands
in the radical mecahnism and concluded that weak ligand field
molecules in the first coordination sphere of the metal enhance
the catalytic activity.”®

More recently, Norskov and co-workers employed a simple
kinetic model to prove that when the radical mechanism of
metal-oxides occurs, there is a fundamental trade-off between
efficiency and selectivity for the MTM conversion."” Higher
C—H activation efficiency translates to smaller selectivity. The
authors suggested the use of collectors or solvents (such as
water) to keep methanol away from the catalytic centers or the
employment of different catalytic routes. The issue of radical-
like mechanisms is that the relative activation barriers for
methane and methanol are nearly catalyst-independent."® The
reason is that the OH group of methanol does not approach
the catalytic site, but only a hydrogen atom “talks” to the
catalyst in a M=O0--H—CH,X (X = H or OH) fashion.
Therefore, the electronic factors, which weaken the C—H bond
of methanol, prevail.
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The alternative of optimizing the [2 + 2] mechanism over
the radical one seems an arduous task because of the sensitivity
to “subtle changes” of metals and ligands.>* Herein, we assess a
completely different route avoiding the terminal metal—oxygen
bond as the catalytic site. Inspired by the pioneering work of
Najafian and Cundari,”® we investigate the mediation of metal-
methoxy units. These authors focused on the C—H activation
step for first-row transition metals, but presently we explore the
complete catalytic cycle. A mechanism facilitated by metal-
methoxides was recently identified in a very efficient MTM
conversion using copper-doped zeolites and water as an
oxidant to reload oxygen to the catalyst."> The latter reaction is
quite endothermic, and thus we decided to use a more potent
oxidant, such as N,O, which is often used in similar gas-phase
and catalytic reactions.”**® Our overall catalytic cycle is based
on the following three main steps

FeOCH," + CH, — FeCH," + CH,0H (1)
FeCH;" + N,0 — OFeCH," + N, (2)
OFeCH," — FeOCH,"* (3)

The catalytic cycle can be initiated from step (2) and, thus, the
catalyst can contain the more stable and easier to synthesize
iron—methyl unit.’” Below we present our results on the three
steps for both the ground and low-lying excited electronic
states. We also considered some side reaction pathways leading
to unwanted byproducts. Throughout our analysis, we discuss
the performance of the employed electronic structure methods,
and we finally suggest an optimal algorithm for future
calculations.

In Section II, we discuss further the mechanistic aspects of
the proposed catalytic cycle. In Section III, we describe our
methodologies, which include density functional theory
(DFT), multireference, and coupled-cluster approaches. In
Section IV, we analyze our results, and Section V summarizes
our findings.

Il. MECHANISTIC CONSIDERATIONS

At the first step of the cycle (see eq 1), one C—H bond of
methane cleaves. The H atom binds to methoxide producing
methanol, whereas the remaining methyl group coordinates to
iron. This step has been studied theoretically with DFT by
Najafian and Cundari for uncharged catalysts of the L, MOCH,;
type, where M = Ti—Cu, and L, is some tridentate ligand.33
The second step is the oxidation of the metal center by N,O
forming a FeO bond, the terminal oxygen atom of which
migrates between iron and methyl in the third step.

Figure 1 depicts the considered catalytic cycle with solid
lines. The dashed lines represent some alternative unfavorable
routes. Specifically, the FeCH;" and OFeCH;" intermediates

FeOCH,*_ CH,
CH;OH
<" HOFeCH,*
HC N, FepHsm 1
CH/ T OFeCHg N.O 4
N, HFeCH,*
¥
<% H,C...HOFeCH,* HC 2>

Figure 1. Solid lines show the proposed catalytic cycle, whereas
dashed lines correspond to side routes, which need to be suppressed.
Arrows represent all possible subsequent reaction steps.
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can react with a second methane activating another C—H
bond. The first path leads solely to side products. On the other
hand, OFeCH;" is expected to act as the commonly used
metal-oxides leading potentially to methanol but suffering from
the issues described in the introduction. The novelty of our
proposed mechanism requires the elimination of the latter
pathway and the deactivation of the iron-oxo chemical activity
through the fast unimolecular transformation of OFeCH;" to
FeOCH;". In agreement with our results, Fiedler et al
identified the latter structure as the global minimum.”®

An exemplary energy landscape of the proposed catalytic
cycle is shown in Figure 2. The transition states TS1, TS2, and
TS3 correspond to reaction steps (1)—(3). TS4, TSS, and TS6
pertain to the initial step of the unfavorable paths of Figure 1

FeCH," + CH, — (H,C),FeH" (4)
OFeCH," + CH, — (H,C),FeOH" (s)
OFeCH;* + CH, — H;C--HOFeCH," (6)

The energies for these structures and the products associated
with them are drawn with dashed lines in Figure 2. For
consistency, the energy of the “observer” molecules is added at
every step.

Ideally, TS4 must be much higher in energy than TS2 and
both TSS and TS6 much higher than TS3. It should be
mentioned that both FeCH;" and OFeCHj;" can, in principle,
react with existing methanol, instead of CH, (steps (4)—(6)),
and activate one of its C—H bonds. The results will be either a
poisoned catalyst or over-oxidation products. As opposed to
the radical mechanism, the proposed mechanism necessitates
the close proximity of the substrate to the catalytic site. The
use of molecular catalysts with proper ligands that exclude
methanol from the active site can remedy this issue. The ligand
effects will be explored in the near future.

Another important aspect in the theoretical study of catalytic
cycles is the spin crossovers occurring along the reaction
coordinate of some steps. To account properly the changes of
the electronic spin, someone has to consider low-lying
electronic states as well. To this end, we constructed potential
energy profiles for different spin multiplicities along the
reaction coordinate of each step.

lll. COMPUTATIONAL DETAILS

Vogiatzis et al. recently published a critical review on the
proper methodologies needed to describe properly the
complex electronic structure of transition-metal compounds
with a focus on catalytic applications.”” The authors
emphasized the necessity of highly accurate approaches, such
as multireference methodologies. Another recent work of
Nakatani and Hada (on the similar reaction FeO* + CH,)
demonstrated that static-correlation-only multireference (com-
plete active space self-consistent field or CASSCF) calculations
can be quite misleading even if a large active space is used.*
On the other hand, density functional theory (DFT) should be
subjected to careful evaluation of its abilitzr to correctly grasp
the required physical phenomena.*”*"** Therefore, three
different types of calculations were performed to shed some
additional light: CASSCF and multireference configuration
interaction (MRCI), single-reference coupled clusters (CCSD-
(T)), and DFT (unrestricted Kohn—Sham formulation)
calculations. The MNIS functional is chosen in the latter
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Figure 2. Ideal energy landscape for the proposed catalytic cycle. The A---B notation indicates the interacting complex of molecules A and B.

Arrows represent all possible subsequent reaction steps.

case since it shows good performance for transition metals and
noncovalent interactions.*®

The correlation consistent basis sets of triple-{ (TZ) quality
were employed (cc-pVTZ).**** For the oxygen centers, we
added a series of diffuse functions (aug—cc—pVTZ)46 to account
for the ionic nature of the iron—oxygen bonds.”’ =" In some
computationally demanding cases, we used double-{ (DZ)
quality.

Optimized structures were obtained at the CASSCE/TZ,
DFT/MNI15/TZ, and CCSD(T)/DZ levels of theory. All of
them are listed in the Supporting Information (SI). For
reaction step (3), we performed optimizations at the MRCI,
MRCI + Q, CASPT2, CCSD(T), and MP2 levels as well with
the TZ set. Comparison of the geometries for reactants,
transition state, and products is made for all of these levels of
theory for step (3). This step is the unimolecular trans-
formation of OFeCH;" to FeOCH,", and is selected, because it
allows the
description avoiding the contribution of intermolecular
electrostatic and dispersion interactions. Overall, DFT/

direct assessment on the electronic structure

MN15/TZ gives accurate geometries but provides less accurate
energetics. This is an indication that the equilibrium region of
each stationary geometry (except TS2; see below) is described
satisfactorily at DFT/MN1S5, but the energy differences among
the different equilibria are less satisfactory. Thus, the calculated
harmonic vibrational frequencies were obtained only at the
DFT/MN15/TZ level, which is computationally less demand-
ing. One imaginary frequency was found for every transition
state and only real ones for all intermediates. The normal
modes pertaining to the imaginary frequency for these first-
order transition states validate that TSI through TS6 connects
the intermediates shown in Figure 2.

The multireference character of the wavefunction for all
structures was estimated by the amplitude of the dominant
MRCI electronic configuration (C,) and the T1 diagnostic at
the CCSD level; see SI. The wavefunction of the ground
quintet state was found fairly single reference in all cases, 0.86
< Cy < 0.99. The T1 diagnostic ranges from 0.026 to 0.073 and
although in some cases is larger than the limit of 0.05
suggested for transition-metal compounds in the literature,>
the CCSD(T) results are consistent with the MRCI and DFT/
MNI1S ones.
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The choice of the CASSCF active space was very
challenging. Full valence space is prohibitively large, and thus
a wise selection had to be made. The CASSCF active orbitals
were chosen to include the valence space of iron and the
orbitals relative to the bonds cleaved or formed, i.e., the 6 and
o* orbitals of the inert C—H bonds were excluded. Special
attention was paid to include the same number of active
orbitals and electrons at every single step. In all cases, we
allocated 16 electrons in 13 orbitals. All valence electrons were
correlated at the subsequent multireference configuration
interaction singles and doubles (MRCI) and second-order
perturbation theory (RS2C approach as implemented in the
MOLPRO)™ calculations. Excited state calculations were
based on state-average CASSCF (SA-CASSCF) reference
wavefunctions. The DFT calculations were done with the
Gaussian 16 suite of codes”® and all other calculations with
MOLPRO2015.>*

Finally, the energy profiles along the reaction coordinate of
each step were constructed at the MRCI + Q/TZ level using
the DFT/MN15/TZ geometries of an intrinsic reaction
coordinate (IRC) calculation with Gaussian 16. The Davidson
correction (+Q) was implemented to reduce the size-
extensivity error.

IV. RESULTS AND DISCUSSION

Motivated by the work of Najafian and Cundari, we initially
constructed the energy landscape for neutral FeOCH; by
means of DFT/B3LYP/TZ. For all species, we found that S =
3/2 provides always the lowest energy spin state. The energy
plot is shown with blue lines in Figure S1 of SI. We were not
able to locate TS2 in this case, but the best structure we
obtained is much higher than TS4, which means that the
attachment of a second methane molecule to iron is preferred
over the oxidation of iron. Additionally, TS5 and TS6 are lower
in energy than TS3 leading to unfavorable paths, as described
in the previous section. Overall, steps (2) and (3) deviate
appreciably from the ideal energy diagram of Figure 2. We then
switched to FeOCHj;’, the energy diagram of which is closer to
that of Figure 2 (compare it with Figure S1 of the SI).

The open-shell species present in the catalytic cycle are
FeOCH,, FeCH,", OFeCH,*, (CH,),FeH*, (CH,),FeOH",
and CH;FeOH"--CH;. Coordinated methoxy, methyl, and
hydroxyl groups can be seen as either anionic CH;0~, CH;",
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Figure 3. DFT/MNIS optimal structures of all intermediates for steps (1)—(6). R, P, and TS correspond to reactants, products, and transition

states, respectively.

Table 1. Potential Energy Barrier (AE,” in kcal/mol), Reaction Potential Energy (AE, in kcal/mol), Fe—O (Rg.o) and Fe—C
(Rgec) Bond Lengths (in A) for the Reactants (R3), Products (P3), and Transition State (TS3) of Step (3) with Different

Methodologies
quantity MRCI* MRCI + Q“ CCSD(T)“ CCSD(T)? CASPT2 MP2¢ MN15“
OFeCH;" (R3)
Rreo 1.618 1.616 1.608 1.621 1.619 1518 1.579
Rgec 2.012 1.991 1.967 1.975 1.988 1.944 1.936
TS3
Rgeo 1.660 1.654 1.642 1.653 1.639 1.534 1.622
Rgec 2.157 2.148 2.091 2.103 2.158 2.078 2.063
AEF 8.7 9.5 9.0 8.7 15.8 12.9 5.3
FeOCH,* (P3)
Rieo 1.707 1.704 1.699 1.706 1.679 1.697 1.685
AE, —42.7 —-38.0 —46.4 —44.7 -25.7 —64.0 —-54.6

“Basis set: cc-pVTZ (Fe, C, H), aug-cc-pVTZ (O). bBasis set: cc-pVDZ (Fe, C, H), aug-cc-pVDZ (O).

OH7, or radical CH;0°, CH,*, OH® moieties, which couple to
an electron from iron. Similarly, a terminal FeO bond can be
seen as either Fe’*O*~ or Fe=0. Both pictures commit two
electrons from the iron center. Based on these observations,
iron should appear as in situ Fe?**(d’; °D) in the FeOCH;" and
FeCH;" species and as Fe*'(d*; °D) in OFeCH,",
(CH,),FeH", and (CH,;),FeOH". Therefore, all intermediates
are expected to have a ground state of quintet spin multiplicity.
Finally, iron in CH;FeOH* has a Fe"(d% °S) character
resulting in a sextet state for CH;FeOH". This combined with
CHj; radical (*A,”) can give an overall quintet or septet spin
multiplicity. Our CASSCF calculations validate the predicted
electronic structure, and excited states calculations confirmed
that the quintet state is the lowest one at every step.

Our discussion proceeds with the description of each step
separately, and at the end, we combine all findings together to
draw the final energy landscape. All intermediate and
transition-state structures are collected in Figure 3. We first
analyze our results on step (3), since we did a more extensive
assessment of different electronic structure methodologies in
this case (see Section III).

Step (3): This step involves only one molecule transforming
from the metal oxide OFeCH;" (R3) to the metal methoxide
FeOCH;" (P3) via the transition-state TS3 (see Figure 3).
Among the different methodologies, the Fe—O and Fe—C
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bond lengths were found more sensitive to the treatment of
electron correlation. Table 1 lists these bond lengths at MRCI,
MRCI + Q, CCSD(T), CASPT2, MP2, and DFT/MN15. The
TZ basis set is used always, but both DZ and TZ basis sets
were used for CCSD(T).

Moving from MRCI/TZ to MRCI + Q/TZ and to
CCSD(T)/TZ, both bonds shorten monotonically. The
average decrease is less than 0.01 A going from MRCI/TZ
to MRCI + Q/TZ and ~0.02 A from MRCI + Q/TZ to
CCSD(T)/TZ. Interestingly, CCSD(T)/DZ agrees better
with MRCI + Q/TZ with an average difference of 0.01 A,
the latter predicting longer bonds. MP2/TZ shows some large
deviations in some cases of ~0.1 A, but CASPT2/TZ agrees
very well (within ~0.01 A) with both MRCI + Q/TZ and
CCSD(T)/TZ. DFT/MNI1S/TZ showed relatively large
average differences from MRCI + Q/TZ and CCSD(T)/TZ
of 0.045 and 0.035 A.

It turns out that these geometrical differences affect
minimally (<1 kcal/mol) the energetics. We performed
single-point CCSD(T)/TZ calculations employing the optimal
geometries of every method. The potential energy barriers
(AE.") and reaction potential energies (AE,) were found in
the range of 8.5 + 0.5 and —46.6 + 0.2 kcal/mol, respectively,
except for AE* (CCSD(T)/TZ//MP2/TZ), which is 5.5
kcal/mol. On the other hand, both AE, and AE, depend
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strongly on the level that the electron correlation is treated.
AE," can be as small as 5.3 kcal/mol (MN15/TZ) and as big
as 15.8 kcal/mol (CASPT2/TZ). We believe that the value of
9.1 + 0.4 kcal/mol representing the range for the MRCI/TZ,
MRCI + Q/TZ, and CCSD(T)/TZ approaches is more
accurate and is in harmony with the CCSD(T)/TZ range
when different geometries are employed. The AE, values cover
a larger range from -25.7 kcal/mol (CASPT2/TZ) to —64.0
kcal/mol at MP2/TZ. Again, the —40 to —4S kcal/mol values
of MRCI/TZ, MRCI + Q/TZ, and CCSD(T)/TZ levels
should be considered more accurate. To compromise between
accuracy and efficiency, we finally decided to obtain MN15/
TZ- and CCSD(T)/DZ-optimized structures and perform
single-point CCSD(T)/TZ calculations. This approach gives
AE, values of —46.4 and —46.8 kcal/mol when the CCSD(T)/
DZ and MNI1S/TZ geometries are used. This practice is
followed for the remaining reaction steps.

The agreement between multireference MRCI/MRCI + Q
and single-reference CCSD(T) energetics is better for AESF,
which relates to R3 and TS3, than AE,, which relates to R3
and P3. Looking at the multireference character of the
wavefunctions through the T1-diagnostics of R3, TS3, and
P3, we see the order P3 (0.038) < TS3 (0.069) < R3 (0.091).
Only P3 is below the threshold of 0.05 suggested in the past
for reliable CCSD(T) results.”” Therefore, we get better
agreement for AE,*, where both related diagnostics are higher
than the threshold, than AE,, where one diagnostic is “normal”
and one is almost twice larger than the threshold. This suggests
either cancelation of errors or that the threshold of 0.05 should
be revisited. Looking at the coeflicient of the larger electronic
configuration in the CI vectors, we observe the following order
P3 (0.99) > TS3 (0.89) > R3 (0.88), which is in harmony with
the T1-diagnostics. The present T1-diagnostics are the largest
among all of our structures (see Table S1 of the SI). Since
there is a fair agreement between MRCI/MRCI + Q and
CCSD(T) in this case, we believe that our CCSD(T) results
are in general quite accurate, and that our conclusions on the
catalytic activity are reliable.

The potential energy profiles (PEPs) along the reaction
coordinate for this step are shown in Figure 4. The migration

0 20

T

T T T
40 60 80 100

ZOFeC (degree)
Figure 4. MRCI + Q PEPs as a function of the OFeC angle for step

(3). All other geometrical parameters are optimized for every angle at
the MNI15 level of theory for the ground A’ state.

of oxygen from iron to the middle of iron and carbon is
described by the OFeC angle. This is around 100° for R3 and
almost 0° for P3 (see Figure 3). All other parameters are
optimized at the MN15/TZ level for every angle, while the C,
symmetry is preserved. Using these geometries we performed
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MRCI + Q/TZ calculations for several low-lying electronic
states of triplet and quintet spin multiplicity.

FeOCH;* is pseudolinear, and, therefore, its SA’ ground
state is nearly degenerate with a A" state. Recall that iron is
best described as Fe?*(d% D). In these two states, there are
two unpaired electrons in the two 3d, orbitals, one electron in
a d,—3d,? orbital and three electrons in the two 3dj orbitals
(see Figure S2 of the SI). The latter configuration makes the
two states distinct but nearly degenerate (3ds,*3ds;_' and
3ds,'3d;s_%) resembling a *A state. The rest three components
of Fe?*(d% D) make the next quintet states around ~20 kcal/
mol higher. These split in a pseudo *IT and *E* branches.

At the other side, OFeCH," has a Fe**(d*; °D) nature, and
only one out of these five components dominates. The rest
four components are rather unstable sliding readily to the
FeOCHj;" quintets. The reason is that now some d-orbitals
participate in the formation of the additional bonds and
become unavailable to host “pure-iron” electrons. That is why
triplets, where d-electrons pair up, are the first excited states
below the unstable quintets. The triplets of the two species are
both stable and separated by large energy barriers compared to
the ground °A’ state (see Figure 4).

Overall, the quintet ground state is well separated from the
excited states, and the barrier from the reactants to the
thermodynamically more stable products is minimal.

Step (1): The first step involves the attack of methane to
FeOCHj;" and the release of CH;OH. The produced form of
the catalyst, FeCH,", has a very similar electronic structure to
FeOCH,". In both cases, iron is in a Fe>*(d% °D) state. They
are both quasi-linear systems, and the °D splits into the five
pseudo-*A, °TI, and %" states (see step (3)). The optimal
geometries of the reactants (R1), transition state (TS1), and
products (P1) are shown in Figure 3.

Starting from TS1, we followed the intrinsic reaction
coordinate (IRC) along the two directions of the vibrational
mode pertaining to the imaginary frequency. The IRC was
calculated at the MN15/TZ level of theory, but selected
geometries were used to perform MRCI + Q/TZ for the low-
lying excited states. Figure S depicts the PEPs along this IRC

80 4 5A"

o
>

—

o 3Al

- N
(—} (—}
: ;
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Figure 5. MRCI + Q PEPs for several low-lying electronic states along
the reaction coordinate of step (1).

for the five components of Fe?*(d% °D) plus the first triplet
state. The similarity of the electronic structure of the reactants
and products is also supported by the persistence of the near-
degeneracy for the pseudo-°A and °II components along the
IRC.

Step (2): This step involves the reload of the iron center
with oxygen and induces the strongest electronic structure
variations. The DFT/MNI1S search for TS2 converged readily
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to that of Figure 3. However, locating TS2 with MRCI or
CCSD(T) turned out to be very challenging. The CASSCF
electronic wavefunction presented convergence issues, whereas
the optimization algorithm was unable to locate TS2. To
identify the cause, we started from TS2 of DFT/MNIS and
scanned over a wide range of the Fe—O and O—N distances.
The two-dimensional PEPs are plotted in Figure 6. Long Fe—
O and short O—N distances correspond to the reactants
CH,Fe" + ON,, whereas short Fe—O and long O—N distances
to the products CH;FeO" + N,. The DFT/MN1S distances for
TS2 are 1.756 (Fe—0O) and 1.631 (N-O) A.

The 2D-PEPs of Figure 6 for DFT/MN15/TZ and MRCI/
TZ are considerably different. When both distances approach
the dissociation limit, DFT/MN1S converges to the CH;Fe"
(PA’) + O (~'D) + N, ('Z,") fragments, whereas MRCI goes
to the lowest energy fragments CH;Fe* (*A’) + O (°P) + N,
(12g+). The O (~'D) notation indicates that the unrestricted
DFT/MNI1S electronic configuration places two & and two j

electrons on oxygen (2pz22pxla), which is only one

component of the multiconfigurational exact O('D) wave-
function. Both fragments create quintet spin potential energy
surfaces, but the single-reference nature of DFT is unable to
capture the shape at the right top corner of the 2D-PEPs (see
Figure 6). Since the geometry is not optimized at each grid
point, the PEPs do not lead to the optimal structures of the
reactants or the products.

Recently, we studied the oxidation mechanism of ethene by
iodosobenzene (C¢H(IO), and we found that it is the
involvement of O('D), which facilitates the transfer of oxygen
from iodine to the C—C double bond (making epoxides).>
Specifically, we showed that the closed-shell idobenzene
(C¢H,l) binds to oxygen via a single dative bond with O('D),
rather than a double bond with O(°P), in the following manner
C¢Hl:=»O('D; 2p,° 2p,” 2p,’). At the transition state, the 7-
electrons of ethene compete with those of iodine to occupy the
2p,° orbital, but finally ethene wins since the 2p,” electrons of
O('D) attack to its empty 7* orbital making a second bond.

To examine if this is the case here as well, we constructed
potential energy curves for several electronic states along two
slices of the 2D-PEPs of Figure 6: first, we kept fixed the Fe—O
distance at 2.8 A and varied the N—O distance (Figure 7), and
second we kept the N—O distance fixed at 2.4 A and varied the
Fe—O distance (Figure 8). Figure 7 shows clearly that N,O
originates from O('D), exactly as iodosobenzene and in
harmony with ref 56, but the spin couplings because of the
CHjFe" presence generate a series of avoided crossings. On
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Figure 7. MRCI + Q-PEPs as a function of the N—O distance for step
(2). All other parameters are kept fixed at the values of the TS2
structure obtained with MN1S, except for the Fe—O distance, which
is set equal to 2.8 A.
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Figure 8. MRCI + Q-PEPs as a function of the Fe—O distance for
step (2). All other parameters are kept fixed at the values of the TS2
structure obtained with MN1S, except for the N—O distance, which is
set equal to 2.4 A.

the other hand, it is less obvious that CH;FeO* stems
diabatically from O('D) as well. Initially, the approach of
CH,Fe* (*A’) and O (°P) yields an attractive interaction with a
constant slope up to the distance of ~2.1 A, where the slope
changes suddenly leading to the lowest minimum of Figure 8.
We believe that this is because of the involvement of O (‘D)
depicted with the red dashed line in Figure 8. This is also
indicated by the DFT/MN1S5 2D-PEP, where CH3FeO" goes
“naturally” to the CH;Fe* + O (~'D) fragments. Conclusively,
we propose a similar mechanism to that observed for the
oxidation of ethene: The electron pair (~3ds*) of the in situ
Fe?*(d%; °D) moiety of CH,Fe* is competing with an electron
pair of N, to occupy the empty 2p-orbital of O ('D),
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CHjFe':—0O«:N,. The 3d; orbitals are perpendicular to the
Fe—CHj; bond, and that explains also why C, Fe, and O atoms
form an almost right angle. The remaining 2p” pairs of oxygen
donate only partially electronic density to available iron 3d-
orbitals creating the rather ionic Fe—O bond.

The above analysis suggests that SA-CASSCF calculations
are necessary to describe the TS2 region properly. Indeed, we
located TS2 after averaging 10 states at the CASSCEF level but
asking only the first MRCI root (DZ basis set is used in this
case). This TS2 is given at the SI, and the Fe—O and N—O
distances are 1.903 and 1.574 A, respectively, which are longer
and shorter than DFT/MNIS by ~0.15 and ~0.05 A,
respectively. This discrepancy is in agreement with the shape
of the 2D-PEPs of Figure 6. Overall, two reasons caused the
convergence issues: (1) the complex shape of the energy
landscape and (2) the spin dynamics due to the involvement of
many states in the TS2 region making the CASSCEF iterations
hard to converge.

To see the effect of the clearly different geometries on the
energetics, we performed MRCI(+Q) and CCSD(T) single-
point calculations using the MN15/TZ and MRCI/DZ
structures. Both state-averaged (SA) and state-specific (SS)
CASSCEF orbitals were probed. The DFT/MN15/TZ potential
energy barrier is 39.0 kcal/mol, which is in perfect agreement
with SA-CASSCF-MRCI + Q/TZ, SS-CASSCF-MRCI + Q/
TZ, and CCSD(T)/TZ values of 40.0, 38.1, and 38.5 kcal/mol
when using the DFT/MN15/TZ structure. The corresponding
MRCI/TZ values are 47.0 (SA) kcal/mol and 47.6 (SS) kcal/
mol. Using the MRCI/DZ geometry, the activation barrier
dropped to 34.1, 34.9, and 37.0 kcal/mol at the SA-CASSCEF-
MRCI + Q/TZ, SS-CASSCF-MRCI + Q/TZ, and CCSD(T)/
TZ levels. These values suggest a decrease of <5 kcal/mol for
AE,* switching from the MN15 to the MRCI geometry.

Finally, we also investigated the effect of the method on AE,
using the DFT/MN1S/TZ geometries, which should be quite
accurate judging by the fairly single-reference character of R2
and P2 (see SI). The MRCI(+Q) values are —20.0 (—23.6) or
(=17.0) —23.1 kcal/mol when a SA-CASSCF or SS-CASSCF
is implemented. The Davidson correction brings the SA and SS
results closer together. The CCSD(T)/TZ and MN15/TZ
values are —23.1 and —16.7 kcal/mol, respectively. Again, the
CCSD(T) energetics agree well with MRCI + Q/TZ, but
MN15/TZ predicts smaller exothermicity.

Step (4): This step is competing with step (2), since and
CH,Fe" can, in principle, react with another C—H bond (CH,
or CH;OH) before being oxidized to yield insertion products.
However, CH;Fe" seems quite reluctant to coordinate
additional units, and the addition of CH, leads to an exchange
of the existing methyl group with the one of the incoming
methane, instead of (CH;),FeH". Figure 3 includes the related
structures as R4, TS4, and P4 = R4. We also made the PEPs
along the IRC for the imaginary frequency of TS4 (see Figure
S3 of the SI). The inclusion of both quintet and triplet states
ensures that the ground state electronic spin remains the same
along the IRC.

Step (S): In this step, an iron-oxo unit (CH;FeO"; °A’)
facilitates the conversion of methane to methanol through the
radical mechanism described in the introduction. Initially, one
H radical is transferred to oxygen making the intermediate IS =
CH;FeOH"---CH; (dots indicate weak interaction). The
CH,FeOH" moiety has a Fe**(d%; °S) configuration, which
couples with the ?A,” of CHj to give two nearly degenerate °A’
and A’ states. IS is a saddle point in the ground quintet state
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hyper-surface, but it is the global minimum in the septet one.
The MRCI + Q PEPs along the IRC are shown in Figure 9. IS

.Energy (kcal/mol)

IRC

Figure 9. MRCI + Q-PEPs for several low-lying electronic states along
the reaction coordinate of step (S).

finally slides to PS5 without a barrier; just a slight bend of the
FeOH angle allows CHj to rush toward oxygen. The PEPs of
the two lowest triplets are above the quintet and cross the
septet curve twice. IS is a local minimum for the lowest triplet
*A’ and A" states.

Step (6): Step (6) corresponds to the [2 + 2] insertion of
methane to the Fe—O bond. The structures of R6, TS6, and P6
are depicted in Figure 3. Observe that the product is not
(CH,),FeOH", but ethane is released inherently. As in step
(4), tri-coordinated complexes are not stable. Such a complex
would create an in situ Fe*'(d*) center with a smaller number
of “pure” iron orbitals to accommodate four unpaired
electrons. Therefore, tri-coordinated complexes are expected
to have a ground triplet state with an in situ Fe*"(d*; triplet)
center. The lowest triplet state *P2 is 3.0 €V higher in energy.”’
Our MN15/TZ calculations confirm that the lowest state of
(CH;),FeOH" is triplet and lies ~4.5 eV higher than the
FeOH'(°A’) + C,Hg. Instead, the system prefers to eject two
CHj; ligands, which make ethane, and keep the quintet spin
multiplicity.

The MRCI + Q/TZ PEPs along the IRC path for the lowest
quintet and triplet states are given in the SI (Figure S4). It
turns out that a triplet state is the lowest one in the TS6 region.
Therefore, we obtained the structure of TS6 for the triplet
state as well. At the MN1S level, the triplet is lower by 9.3
kcal/mol in poor agreement with the MRCI + Q value of 3.3
kcal/mol. Overall, the system starts as a quintet, changes to a
triplet, and then goes back to quintet.

IV.l. Complete Catalytic Cycle. Figure 10a compares the
MN15/TZ and CCSD(T)/TZ energy landscapes, and Figure
10b includes the zero-point energy (ZPE) and thermally (free
energies G) corrected ones. For the latter, the CCSD(T)
energetics are combined with MN15/TZ ZPE and thermal
corrections. A larger version of these plots is given in the SI
(Figures SS and $6). In the case of CCSD(T)/TZ, the
CCSD(T)/DZ geometries are used for all species except for
TS2, RS = R6, TSS, TS6, PS, P6, where the MN15/TZ ones
are used since we were not able to locate optimal CCSD(T)/
DZ structures. Additionally, the TS2 energy in both cases has
been reduced by 4.4 kcal/mol to account for the multi-
reference character of the system; see the discussion on step
(2) above. This value is the SA-CASSCF-MRCI + Q/TZ
energy difference when the MN15/TZ or the MRCI/DZ
optimal geometries are used.

The MN1S/TZ and CCSD(T)/TZ energy diagrams are
generally in good agreement, but there are cases with ~10
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Figure 10. (a) Potential energy landscape for the complete MTM conversion catalytic cycle via steps (1)—(3). The intermediates and transition
states of the competing steps (4)—(6) are also included. (b) ZPE-corrected and free-energy landscapes at the CCSD(T)/TZ//MN15/TZ level
combined with MN15/TZ ZPE and thermal corrections (298 K and 1 atm).

kcal/mol discrepancies. To investigate if this is due to
geometry differences or the different treatment of electron
correlation, we constructed the CCSD(T)/TZ energy land-
scape using the MN15/TZ geometries (Figure S7 of SI), and
we saw that the two plots fall on the top of each other.
Therefore, the practice of optimizing the geometries at the
low-cost MN1S5/TZ level and refining the energetics at
CCSD(T)/TZ or other high ab initio level provides a perfect
compromise between accuracy and efficiency.

The construction of an energy landscape at the MRCI,
MRCI + Q, CASPT2 or other non-size-extensive method is
trickier. Adding the energies of the observer molecules to the
intermediates of each step is an erroneous task, and someone
has to perform calculations where the observer molecules are
present in the calculation at long distances (supermolecule
approach). This increases rapidly the number of correlated
electrons rendering the calculations extremely demanding.
Therefore, although the MRCI(+Q) energetics are very
accurate at each step, the exact energy position of the products
of one step relative to the reactants of the next step requires
prohibitive supermolecule calculations. This is an issue not
discussed in the literature often.

Note that free energies give always less stable intermediates
and higher activation barriers than zero-point-corrected
energies at standard conditions of temperature and pressure
(298 K and 1 atm). The reason is that the zero of the scale is
set to the infinitely separated reactants (ISR) FeOCH;" +
CH,, which has larger entropic terms than every other
intermediate structure. Focusing on the AG values, the first
step is exothermic with respect to both ISR and the interacting
complex R1 by 24 and 2 kcal/mol, respectively. The energy
barrier is less than 30 kcal/mol with respect to ISR. Steps (2)
and (4) compete each other with the oxidation step providing
a lower activation energy. TS2 is the highest energy structure
of the cycle lying about 40 kcal/mol higher than ISR.

Finally, the products of step (2) can follow three different
pathways dictated by TS3, TSS, and TS6. Recall that TS3 leads
to the regeneration of the catalyst and the completion of the
cycle, while TSS and TS6 direct to unfavorable paths. Zero-
point energies place TS3 only slightly lower than TS5 and TS6,
as opposed to the free-energy values (298 K), which favor
clearly TS3, again for entropic reasons: CH, is an observer
molecule in the TS3 case and, therefore, there are two
separated molecules as opposed to supermolecular the
interacting complex of TSS and TS6. Therefore, higher
temperature values will favor step (3) over the unwanted
steps (5) and (6). On the other hand, PS and P6 products are
significantly lower than P3, and, therefore, thermodynamics
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tends to favor steps (S) and (6). From a different perspective,
step (3) is a highly exothermic intramolecular transformation
of the first coordination sphere of the metal. Consequently, it
can happen relatively fast before any substrates approach the
metal center.

To compare the CCSD(T)/DZ and MN15/TZ geometries,
we calculated the minimum root-mean-square deviation
(RMSD) of the two sets of structures for all species in
common (see Table S1 of the SI) employing the procedure
described in ref 58. In some cases, RMSD is as small as 0.02 A
(R3, TS3, P3) and in some cases is as large as 0.38 A (P1 =
P6). Generally, the larger differences are observed in
electrostatically bound systems. As mentioned above, these
geometry differences do not affect the energetics of the cycle.
Again, locating accurate geometries is less important than
describing accurately the dynamic electron correlation. Finally,
CASSCF/TZ generally predicts longer bond lengths by ~0.03
A compared to the CCSD(T)/DZ.

Overall, the investigated cycle shows some promise in
developing more efficient MTM catalysts but certainly needs
further optimization. More metals have to be considered, and
the inclusion of ligands is indispensable to create a “hostile”
environment to methanol. Homogeneous catalysis is the
suggested route, since it offers great flexibility on the catalytic
structure and properties.59

V. CONCLUSIONS

The conversion of methane to methanol catalyzed by the
FeOCH;" transition-metal methoxide was investigated by
means of high-level electronic structure calculations. The
goal of the present work was dual. First, we assessed the
computational efficiency of different quantum chemical
methodologies, and second, we explored the energy landscape
of the studied catalytic cycle.

We found that a combined DFT and ab initio theoretical
work provides a low computational cost, relatively fast, and
quite accurate investigation. DFT/MN15/TZ- and CCSD(T)/
DZ-optimized structures were used to get CCSD(T)/TZ
energetics, whereas DFT/MN15/TZ frequencies were em-
ployed to evaluate ZPE and thermal corrections. MRCI + Q
calculations were also invoked to construct PEPs along the
reaction coordinate of each step. This work demonstrates that
despite the tremendous improvement on the technical part of
the existing methodologies, none of them can serve as an
accurate standalone method for the study of catalytic systems
as small as the present one. An important finding is that the
accuracy in geometry plays a small role compared to the level
of the electron correlation treatment.
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From the chemical viewpoint, the employed catalytic cycle is
promising, and the key steps that need further optimization are
revealed. Specifically, future investigations should pay attention
to (1) stabilizing further TS3 over TSS and TS6 and at the
same time destabilizing PS and P6 over P3, (2) preventing
methanol from the catalytic cycle, and (3) reducing the
activation barrier of the oxidation step. This can be achieved by
probing more metals, exploring the ligand effects, and using
more potent oxidants. We hope that the large number of
options for these three degrees of freedom will finally help us
disclose a new family of MTM catalysts. Since the earth-
abundant iron demonstrates good features, our near future
work will focus on the effects of the ligands for this system.
This work will act as a benchmark for our future theoretical
work.
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