Development and Study of Small
Database for the Activation of

Nitrous Oxide Towards Formation

of Iron(IV)-Oxo Species

A Thesis Presented for the
Master of Science
Degree

The University of Tennessee, Knoxville

Tobias Barthalomew Robertson

May 2023



(©) by Tobias Barthalomew Robertson, 2023
All Rights Reserved.

i



To my parents: John and Tamara Robertson who have always supported me in my

educational pursuits.

1ii



Acknowledgments

Dr. Konstantinos D. Vogiatzis under whose advisement and guidance this work was
completed.

Dr. Justin Kirkland whose iron(IV)-oxo database was integral to this work.
National Science Foundation which supported in part this work supported via Grant
No. CHE-1800237.

Infrastructure for Scientific Applications and Advanced Computing (ISAAC) main-
tained by the University of Tennessee which provided the computational resources

for this work.

v



Abstract

Nitrous oxide (N2O) can undergo an oxygen atom transfer (OAT) reaction resulting
in inert nitrogen gas (Ng) while transferring an oxygen atom to a molecular complex
or material. This process is of catalytic importance since this OAT reaction can be
leveraged to form iron(IV)-oxo sites, which are known to be catalytic intermediates.
Here, an investigation of the ligand field effects on primarily iron(II) complexes for
the formation of iron(IV)-oxo sites with nitrous oxide as the oxidant is reported. An
initial database of sixty-four molecular complexes with ligand environments varying
in field strength and coordination geometry was studied using density functional
theory (DFT) calculations. Additional structures were also studied to specifically
interrogate a trend observed in the initial database while investigating potential
predictive descriptors for the OAT reaction barrier. General design principles rooted
in the performance of the ligand fields assessed are discussed and have potential
applications in catalyst design for both molecular complexes and metal organic

frameworks (MOFs).
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Chapter 1

Introduction

General Background

Methane functionalization for the synthesis of methanol or light hydrocarbons that
can be used as alternative fuels is of significant interest to the petroleum chemistry,
as methane is the primary component of natural gas, as well as being important
for industrial chemical synthesis. Methane activation via transition metals occurs via
several different mechanisms, in nature the use of reactive metal oxygen intermediates
is a major mechanism for the functionalization of methane. One such example is
methane monooxygenases (MMOs), these are a category of enzymes that convert
methane into methanol under ambient conditions using Oq as the oxidant.[10]

The formation of reactive oxygen species for selective partial oxidation of hydrocar-
bons such as methane and other light hydrocarbons depends in part on the oxidant
utilized. Given the gaseous nature of methane, porous materials such as zeolites
and metal-organic frameworks (MOFs) are of significant interest as catalysts for the
oxidation of methane. The first zeolite with extraframework Fe centers capable of
oxidizing methane to methanol was introduced by Pannov in 1990[13] and recently, the
geometric and electronic structure of the reactive oxygen intermediate was reported
by Snyder et al.[15] The extraframework Fe(II) forms a Fe(IV)-oxo structure with

a distorted axial square pyramidal geometry upon the coordination of N,O. The



rapid methane oxidation is a result of two factors: the weak ligand field that the
Fe center experiences from the oxygen atoms of the framework and the constrained
coordination geometry imposed by the rigid zeolitic lattice. Formation and usage
of an iron-oxo species in iron zeolites has been studied both computationally and
experimentally.[4, 47, 48, 49, 50, 51, 52, 53, 54, 55]

Over the past years, metal-organic frameworks (MOFs) emerged as an alternative to
conventional porous materials such as zeolites. MOFs being composed of inorganic
nodes (single metal atoms or metal clusters) connected via organic linkers offer the
advantages of permanent porosity and a large surface area while also being extremely
tunable. The tunability of MOFs arrises from the variety of inorganic nodes and
organic linkers that can be used for the synthesis of MOFs, which allows for an
extensive number of possible combinations. Due to their unique properties, MOF's
with significant stability have been employed for a variety of catalytic applications
including oxidation, reduction, electrocatalysis, and photocatalytic reactions.[9]
Alkane oxidation in certain MOFs mimicking the C—H functionalization via metal-
oxo sites in enzymes and zeolites has been recently explored. Xiao et al.[21]
reported that Fe-containing MOF-74 (also known as Fey(dobdc), dobdct-= 2,5-
dioxido-1,4-benzenedicarboxylate) and its magnesium diluted (Fey.1Mg;.9(dobdc))
variant catalyze the oxidation of ethane to ethanol using NoO as the oxidant for
the creation of the catalytic iron-oxo species. It was suggested that the Fe(IV)-
oxo intermediate is formed at the undercoordinated Fe sites, with a weak ligand
field enhancing the highly reactive, high-spin (S = 2) active site which was further
verified by theoretical calculations. The proposed reaction mechanism contains
five main steps: NyO coordination to the Fe(II) site, formation of the Fe(IV)-oxo
intermediate, C—H bond activation, radical rebound to form ethanol, and desorption
of ethanol.[21, 17] This study suggested that the bond dissociation of the N-O bond
in N,O for the Fe(IV)-oxo formation is the rate-determining step of the catalytic
cycle. A follow-up study used the O-atom donor barrier in order to estimate

if already synthesized Fe-based MOFs can also catalyze the same reaction.[30] A



two-step process was applied to the computational screening of the Computation-
Ready Experimental (CoRE) MOF database [39, 40] which included the automated
recognition of under-coordinated Fe sites and the computation of the N-O activation
barrier, which was used as a descriptor of catalytic activity. Similar considerations
were applied in computational studies by the Snurr [28, 41, 42, 3, 43] and Kulik
groups [44, 45, 46] for the screening of material and molecular databases for oxidation
catalysis. The most recent related work from the Kulik group[46] utilizes nitrous oxide
as the oxidant; however, the focus of the work is not the activation of nitrous oxide
but rather the C-H activation involving the resultant iron-oxo species. Furthermore,
the focus of the study was low and intermediate spin states rather than pursuing
high spin species. Thus the focus and goal of the reported research was not to work
towards optimization of the activation of nitrous oxide.

Solomon and coworkers[29] developed a methodology for investigating the geometric
and electronic structure aspects of non-heme iron based enzyme sites that utilize an
iron-oxo intermediate with and octahedral coordination utilizing water as the oxygen
donor. Utilizing this methodology it was found that the low spin iron-oxo species
present in these cases make use of a 7-type channel while the high spin cases have
both a 7 channel and a ¢ channel.

Kazaryan and Baerends[27] also utilizing octahedral ligand environments compared a
weak ligand field ((H50)s5) to a strong ligand field ((NHs), with and axial HoO ligand)
for iron(IV)-oxo species to interrogate the impact of spin state on the reactivity of
these species with respect to hydrogen abstraction. It was found that for both the
weak and strong field models the quintet spin state resulted in a lower hydrogen
abstraction barrier than the triplet spin state, the ground state spin multiplicity for
the weak field was the quintet spin state while the ground state for the strong field
was the triplet spin state. Kazaryan and Baerends[27] did not however study the

formation of the iron-oxo species in their study.



Nitrous Oxide as Terminal Oxidant

In biological enzymes O, and H,O5 are often the terminal oxidant for the formation
of iron-oxo species and are environmentally benign.[56, 57] Nitrous oxide, which
is a known potent greenhouse gas, can also be used as an oxidant to form iron-
oxo species[16, 17, 4, 9] while forming environmentally benign and nearly entirely
chemically inert N,. The gaseous nature of nitrous oxide under non-extreme
conditions allows for the efficient permeation of porous materials such as MOFs and
zeolites. Nitrous oxide can coordinate to a metal center either nitrogen end-on or
oxygen end-on but only the latter is desired in order to facilitate the OAT reaction,
an aspect which was discussed by Fields et al.[5] The general preference for nitrogen
end-on coordination of nitrous oxide to a metal center has been determined to be
a function of m back-bonding.[16, 5] In his review of the use of nitrous oxide as an
oxidant, Tolman[16] highlighted that to donate the oxygen atom to an open site on
a metal the general consensus is that back-donation of electrons from the metal to
the anti-bonding 7 orbital of nitrous oxide ultimately facilitates the cleavage of the
oxygen-nitrogen bond(s). The frontier orbitals of nitrous oxide are shown in Figure
A.1in the Appendix and how the energy of these orbitals and their shape changes with
the alteration of the nitrogen-nitrogen-oxygen angle of nitrous oxide; both orbitals
in the figure have degenerate partners which reside perpendicular to the them. The
27 orbitals in the figure are doubly occupied and are bonding with respect to the
nitrogen atoms and anti-bonding between nitrogen and oxygen while the 37 orbitals
are unoccupied and anti-bonding with regards to all atoms in nitrous oxide, this 37
orbital is the aforementioned anti-bonding orbital considered critical to the oxygen
transfer reaction.

As 7w back-bonding is impacted by the ligand field round a metal center, tuning the
ligand field not only has the capacity to influence the OAT reaction but also the
coordination of NyO to the metal center. Fields et al.[5] have previously studied the
coordination of NoO to group 8 transition metals and have provided a measure of

insight into how the ligand field can influence the coordination mode preference of



N2O. However, the impact of the ligand field on the oxygen atom transfer reaction
itself has not been well well studied, especially for high spin (S=2) iron(II) complexes.
When a strong ligand field is employed in an iron(IV)-oxo complex the S=1 spin state
tends to be preferred, this is sometimes referred to as generation 1. If instead a weaker
ligand field is utilized the S=2 high spin state tends to be favored, this is sometimes
referred to as generation 2. This work presents a small database constructed to allow
for the study of the use of nitrous oxide as an oxidant for the formation of iron(IV)-oxo
species. Ligand environments that are likely to favor high spin (S=2) ground states
are heavily represented in the database, thus allowing the study of such cases to be
a major focus of this work. Auxiliary structures were utilized to interrogate specific
observations from the database to either test or clarify the aspects of the observations.
These results are employed to inform design principles for iron(II) centered complexes
intended to utilize nitrous oxide as an oxidant.

Computational tools and approaches are employed in this work to establish and
investigate a database of iron(II) centered complexes that make use of nitrous oxide
as the terminal oxidant for the formation of the corresponding iron(IV)-oxo. These
tools are used to pursue structure function relations and/or descriptors for the nitrous
oxide coordinated intermediate that have predictive capability with respect to the
reaction barrier for the oxygen atom transfer reaction without requiring a transition
state search. Predictors like this may prove useful to experimental colleagues when
working to design and develop molecular complexes and materials that form iron(IV)-
oxo sites utilizing NyO as the terminal oxidant with lower reaction barriers than

previously accomplished.



Chapter 2

Computational Approaches

Density functional theory (DFT) calculations have proven to be a versatile tool
that has been successfully employed to computationally investigate a variety of
chemical questions. For the present work the DFT level of theory was selected
to be used for all computations as it provides reasonable accuracy without the
computational cost associated with more accurate approaches such as coupled cluster
calculations. Furthermore, as a consequence of the reasonable accuracy and reduced
computational cost DFT is useful for conducting transition state searches which can
be computationally challenging even with computationally low cost methods as it
requires optimizing to a saddle point on the potential energy surface that corresponds
to the reaction of interest.

Dr. Kirkland (University of Tennessee alumnus) had previously developed an
iron(IV)-oxo database with the molecular geometries of the iron(IV)-oxo species
optimized with density functional theory (DFT) using the ORCA 4.2.1[11, 12]
quantum chemical program package. With the OPBE[14, 8] density functional having
been used since previous work had show that it provides very good accuracy for iron
complexes, and the def2-TZVPP[20] basis set and the D3 dispersion correction of
Grimme and co-workers|7] with the Becke-Johnson[7, 6] dumping function utilized.

Sixty-four of these optimized structures served as the basis for the development of



the database presented in this work and any structures intended to compare to the
database directly were initially optimized with the same protocol.

The following set of calculations were performed to construct the database herein
reported. For each of the 64 different complexes, the Fe-ONy (oxygen end-on)
intermediate and the transition state that leads to the dissociation of the O-N bond for
the formation of a Fe(IV)-oxo intermediate and Ny was computed. Each calculation
was performed for the singlet, triplet and quintet spin states. DFT geometry
optimizations with the M06-L[22] density functional and the def2-TZVPP[20] (Fe),
def2-TZVP[20, 19] (C, O, N, F, P), def2-SVP|[20, 19] (H) basis sets were performed
with using Gaussian 16[26] software package. This functional and these basis sets
were selected based on previous literature.[17] For some of the geometry optimizations
with the model Fe complexes (structures 1-35) decoordination of HoO or NH3 upon
N2O binding was observed when no restraints were applied to structures. For
that reason, all atoms except Fe and NyO were kept frozen during the Fe-ONj
intermediate and transition state geometry optimizations. Fully relaxed geometries
of the reaction intermediate and transition state were computed at the M06-L/def2-
TZVPP(Fe)/def2-TZVP(C, O, N)/def2-SVP(H) level for the two molecular complexes
with the lowest O-N dissociation reaction barrier (structures 62 and 64).

The general form for the oxygen atom transfer (OAT) reaction under consideration is
given in Figure 2.1. Both the enthalpic reaction barrier A Hgp and the corresponding
Gibbs free energy change were computed for all three spin states (S = 0, 1, 2) using

the following equations:

AHgp = Hrs — Hpe 0N, (2.1)

where Hrpg refers to the enthalpy of the OAT transition state for different spin
states and Hpe on, refers to the enthalpy for the ground spin state of the Fe-ON,
intermediate.

AGrp = Gts — Greon, (2.2)
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Figure 2.1: General reaction for the oxygen atom transfer reaction utilizing nitrous
oxide as the oxidant. The NyO coordinated intermediate is labeled as Fe-ON,, the

transition state is labeled TS, and the iron-oxo is labeled as Fe=0.



where Grg refers to the Gibbs free energy of the OAT transition state for different
spin states and Greon, refers to the Gibbs free energy for the ground spin state of
the Fe-ONy intermediate.

All optimizations for ruthenium-based systems utilized the same basic procedure as
for the iron based systems together with the SDD[1] pseudo potential for the core
electrons of the ruthenium.

Multiwfn 3.8[58] was employed all charge analysis. Specifically, Multiwfn[58] was
utilized to determine Mulliken[59], Hirshfeld[60], and Voronoi[61] charges for both
the iron(II) center and oxygen atom in the nitrous oxide in nitrous oxide coordinated

structures.



Chapter 3

Molecular Database

A database of 64 Fe molecular complexes was generated for the purposes of this
study which is an extension of the collection of 55 Fe complexes of Andrikopoulos
et al.[2]. The optimized Cartesian coordinates for the nitrous oxide coordinated
structures can be found in the attached file N20O_Structures.txt while the optimized
Cartesian coordinates for the transition state structures can be found in the attached
file TS_Structures.txt. The 64 molecular complexes are balanced between Fe
model complexes and molecular ligand Fe complexes that can accommodate the Fe-
oxo intermediate (Figures 3.1 and 3.2), this database overlaps significantly with an
iron-oxo database used in the Vogiatzis group and reported on by Jones et al.[62]
sans the oxo group. The model complexes are composed by Fe coordinated to
primarily HoO, NH3, PHj3, small organic components, and/or functionalizations of
these. The combination of these two molecular subsets offers a balanced set of
different coordination environments with varying ligand field strengths. The H5O,
NHj;, and PHj ligands allow for the inclusion of psuedo octahedral and psuedo trigonal
bipyramidal model complexes which have systematically varied ligand field strengths
(axially and equatorially) which provides the capability to directly assess the impact

of ligand field strength on the reaction barrier.
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Figure 3.1: Database structures 1 through 43. For structures 36-43, atoms

coordinated to Fe are shown with blue font.
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Figure 3.2: Database structures 44 through 64. Atoms coordinated to Fe are shown
with blue font.
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The database contains approximately 32% pseudo octahedral complexes, 9% pseudo
square pyramidal complexes, and 55% pseudo trigonal-bipyramidal complexes. This
variety with respect to the ligand field coordination environment provides a useful
database for studying ligand field effects.

For the molecular ligands several previously synthesized ligands and modifica-
tions/variants of them were utilized.[23, 24, 25] Structure 36 is a TREN type ligand
that is known experimentally[34, 25] and has been used as a ligand for theoretical
work as well[33]. A selection of TREN type ligands with differences ranging from
substitution changes to the introduction of double bonds and/or change of elements
at the four original coordination sites. Structure 54 and related structures represent
a scaffold structure known experimentally in iron-oxo chemistry and supramolecular
chemistry.[37, 32] Structure 55 utilizes a ligand that is known experimentally [36, 31]
to be viable in catalytic intermediates and has been specifically reported as being
capable of forming an iron(IV)-oxo species[38] along with variants of the ligand.
Structure 57 is also known experimentally for oxidation of C-H bonds via an iron(IV)-
oxo species.[36] TATM[23], which is a modification of a ligand used in the study of
superoxide reductases[35], and variants of it are represented in the current database
(ex. structure 64, TATM). The inclusion of known ligands along with modifications
and variants of those ligands increases the applicability of results obtained from
analysis of the currently reported database to experimental work as opposed to being

purely theoretical in applicability.
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Chapter 4
Analysis

A brief overview and discussion of a single structure is constructive prior to general
analysis of the database. For this purpose structure 10 is selected, the ligand field is
comprised of the coordinated nitrous oxide and five ammonia ligands resulting in an
approximately octahedral ligand field. The mean Fe-NHj3 distance for the equatorial
ammonia ligands is 2.04 Angstroms, the Fe-NHj distance for the axial ammonia
ligand is 2.12 Angstroms, and the Fe-ON, distance for the nitrous oxide coordinated
antipodal to the axial NHj is 2.71 Angstroms. The high spin (S=2) state of structure
10 is the lowest energy state for both the N,O coordinated intermediate and the
transition state for the oxygen atom transfer reaction, this results in an enthalpic
reaction barrier of 26.4 kcal/mol and a Gibbs free energy reaction barrier of 28.0
kcal/mol at 298.15 Kelvin.

The 3d-orbital splitting and occupation for the iron(II) center for structure 10 is
provided in Figure 4.1. However, this orbital splitting should not be taken as absolute
as the 3d orbital occupations suggest the presence of a doubly occupied orbital (the
3d, orbital) with a higher energy than two singly occupied orbitals (3d,, and 3d,.).
This is most probably a consequence of utilizing geometric constraints based on the
iron(IV)-oxo pre-optimization that held fixed the coordinates of the ligands other

than nitrous oxide during the geometry optimization and transition state search.
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Figure 4.1: Structure 10 Fe(II) center 3d orbital splitting. Orbital energies are given
in electronvolts (eV) and isovalue = 0.2 for all orbitals.
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Though this reduces the usability of the electronic structure of the 3d orbitals of the
iron(II) centers of the studied complexes, the geometric constrains do not invalidate
the computed reaction barriers as will be discussed later in this chapter. Furthermore,
this does not invalid the use of population analysis methods as those are not impacted
by the exact ordering of the electrons but are rather based on the electron populations
and different approaches to estimating them.

The enthalpic reaction barrier (AHpgg) relative to the NoO coordinated intermediate
ground spin state for the structures in the database are summarized in the heat plot
in Figure 4.2. The spin multiplicity of the ground state for the N;O coordinated
intermediate and the TS are given as a letter in parenthesis next to the structure
number, (intermediate, T'S) notation, s = singlet, t = triplet, q = quintet.

The Gibbs free energy reaction barrier (AGgp) relative to the NoO coordinated
intermediate ground spin state for the structures in the database are summarized
in the heat plot in Figure 4.3. The spin multiplicity of the ground state for the NoO
coordinated intermediate and the TS are given as a letter in parenthesis next to the
structure number, (intermediate, T'S) notation, s = singlet, t = triplet, q = quintet.
Comparison of Figure 4.2 and Figure 4.3 indicates that though the numbers differ
between AHrp and AGgrp, which is expected, the inclusion of the entropic term in
Gibbs free energy does not change the patterns or trends. Consequently, the analysis
of the data will be based on the AHgp which is independent of temperature while
AGRp does varying with temperature; henceforth, unless otherwise specified all made
to reaction barriers will be references to the enthalpic reaction barriers.

For convenience the following designations will be utilized: Group 1 for structures
1-18, the square pyramidal type model ligand fields; Group 2 for structures 20-35,
the trigonal pyramidal type model ligand fields; Group 3 for structures 36-54, the
TREN type and TREN related ligands; Group 4 for structures 56-58, molecular
square pyramidal type ligands; and Group 5 for structures 59-64, the molecular

square planar type ligands.
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parentheses for the NoO coordinated and TS ground states respectively.
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Figure 4.3: Heatmap of Gibbs free energy reaction barriers (AGgp) in kcal/mol for

the the oxygen atom transfer reaction of the 64 structures.
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given in parentheses for the NoO coordinated and TS ground states respectively.
Computed at 298.15 Kelvin.
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Group 1 has the greatest diversity of ground spin state configurations with 77% of
the structures having a high spin (S=2) ground state for both the N,O coordinated
intermediate and the transition state, 11% of the structures having a low spin (S=0)
ground state for both the NoO coordinated intermediate and the transition state,
and three structures demonstrate two-state reactivity (5 with (S=1,5S=2), 14 with
(S=1,5=0), and 63 with (S=1,S=2) ground states). Group 1 also has the largest
range of reaction barriers with reaction barriers ranging from 17.5 kcal/mol to 33.7
kcal/mol a range of 16.2 kcal /mol. Group 2, the other group of model complexes, has
reaction barriers which fall within the range of those in Group 1 but does not achieve
as low of a reaction barrier with the lowest reaction barrier being only 22.5 kcal /mol.
Furthermore, all but one of the complexes in group 2 have a high spin ground state
for both the NyO coordinated intermediate and the transition state with the only
exception being 35 which has an intermediate spin (S=1) ground state for both.
Proceeding to the groups for molecular ligands, the group 3 complexes similarly fall
within the range of reaction barriers for group 1 and also have a majority of high
spin ground states with sixteen in total while there is one each of low spin and
intermediate spin ground states, the lowest reaction barrier represented in this group
is 18.1 kcal/mol. It should be noted that while groups 2 & 3 share the same general
coordination geometry, the reaction barriers for group 3 complexes tend to be lower
than those for group 2 with the maximum for group 3 being 26.3 kcal/mol as opposed
to 29.8 kcal/mol and the minimum for group 3 being 18.1 kcal/mol as opposed to
22.5 keal /mol for group 2. Moving on the group 4, this is the only group that is not
predominated by high spin ground states with all of the structures which converged
for all tested spin state having low spin ground states. Group 5 contains the lowest
reaction barrier of 14.4 kcal/mol and contains high spin ground states expect for a
single structure which demonstrates an intermediate spin N,O intermediate with a
high spin transition state.

In group 1 a pattern is observed via comparing different ligand fields; structures 1

and 2 differ only by a change of a HyO equatorial ligand to a NH3 equatorial ligand
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resulting in a stronger equatorial ligand field. This increase in equatorial ligand
field strength is accompanied by a lower reaction barrier for structure 2. However,
simply increasing the overall ligand field strength is insufficient to achieve the lowest
reaction barriers. For example, structure 4 differs from structure 2 by the addition of
another equatorial NH3 in place of an HyO resulting in a higher reaction barrier than
for structure 2. Further, symmetry of the ligand field can also impact the reaction
barrier. Structures 8 and 9 differ by the distribution of the equatorial ligands, in
structure 8 the equatorial NH3 ligands are trans while the equatorial NH3 ligands in
structure 9 are cis resulting in reduced symmetry. Structure 9 has a reaction barrier
approximately 2.5 kcal/mol lower than for structure 8. Asymmetry in the equatorial
ligand field is not however indicative of a lower reaction barrier; for instance the
opposite pattern is observed in structures 16 and 17. As such, although symmetry
and asymmetry can affect the reaction barrier it is not clearly predictable at this time
without computation which scenario will have the lower reaction barrier.

Structures 62 and 64 have the two lowest reaction barriers in the reported database
and are both tetradentate ligands with significant similarities, the primary difference
being the replacement of the oxygen in structure 62 with a methylated nitrogen in
structure 64. This change results in a stronger equatorial ligand field for structure
64 than for structure 62. For structures 62 and 64 the ligand field strength is
tempered by the organic linkers between the ligating atoms. Structure 64 is the
most interesting of these two structures as it has the lowest predicted reaction barrier
for the OAT reaction and has a high spin (S = 2) ground state for both the N,O
coordinated structure and the transition state structure. Of note is that structure 64
does not contain an axial ligand which would be opposite to the open coordination
site for the coordination and activation of N,O. Structure 62 has a computed AHgp
about 1 kcal/mol higher than structure 64. Like structure 64, structure 62 has a
quintet/quintet ground state combination and lacks an axial ligand to possibly weaken

the coordination of NyO and thereby increase the reaction barrier (vide infra).
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Full unconstrained optimization was performed for both structures 62 and 64 to
compute the associated reaction barriers. The quintet ground state was maintained
for both the N3O coordinated intermediate and transition state structures of
structures 62 and 64. The unconstrained computation of the reaction barriers
resulted in a reaction barrier of 18.3 kcal/mol for structure 62 and 16.4 kcal/mol for
structure 64 in comparison to the constrained optimization reaction barriers of 15.9
kecal/mol and 14.4 kcal/mol respectively. The differences between the unconstrained
and constrained reaction barriers are less than 3 kcal/mol which is within the
commonly accepted error of 2-3 kcal /mol accuracy of DET calculations. This increases
the confidence in the other constrained optimization reaction barriers.

Structures 18 and 16 have the highest reaction barriers (33.7 and 31.5 kcal/mol
respectively) among all structures present in the database. Both structures share a
phosphine axial ligand and at least two phosphine equatorial ligands with structure 18
having three and structure 16 two, the remaining equatorial ligands are ammonia(s).
These both represent strong ligand environments, strong enough to increase the
reaction barrier rather than lower it, with a strong axial ligand antipodal to the
coordinating NoO. Furthermore, for both of these structures the ground state is the
singlet state for both the N,O coordinated intermediate and the transition state rather
than the quintet ground states in the best performing structures (62 and 64).

The structures in Figure 4.4 demonstrate some interesting patterns for the more
general set of complexes that performed well. In all structures in Figure 4.4 nitrogen
is present in the ligand field, which other than phosphorous containing ligands
will produce the strongest ligand fields in this structural database. Phosphorous
is also represented in structures 15 and 43. However, comparison of structure 2
and structure 15 (differing by the substitution of an ammonia in structure 2 for a
phosphine in structure 15) demonstrates that the increased ligand field strength of
phosphine over ammonia has no advantage relative to lowering the reaction barrier.
While the best two cases (structures 62 and 64) do not utilize axial ligands, axial

ligands are present in these well performing complexes. Also of note is that while a
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Figure 4.4: Optimized nitrous oxide coordinated structures with important structural
parameters and the OAT enthalpic reaction barrier listed for several structures of
interest, the best 12 cases.
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third of the structures in Figure 4.4 have only three equatorial ligands instead of four,
these structures do not go below a reaction barrier of 18 kcal/mol while half of the
structures in Figure 4.4 with four equatorial ligands have a reaction barrier of less
than 18 kcal/mol. This tends to indicate that the use of four equatorial ligands is
preferable to the use of three equatorial ligands though not necessarily fully exclusive.
To investigate the impact of axial ligands on the the reaction barrier for the OAT
reaction four model systems were constructed being comprised of 4 equatorial HyO
ligands and an axial ligand, an additional system comprised of only 4 equatorial H,O
ligands was also investigated. The four axial ligands chosen were: H,O, NHj3, PHg,
and CO. These ligands cover a spread of the spectrochemical series and thereby allow
a direct assessment of the affect of axial ligands. The lowest OAT reaction barrier
was for no axial ligand with the HoO axial ligand having a 4.0 kcal/mol larger barrier,
NH; having a 5.4 kcal/mol higher reaction barrier, PH3 resulting in a 5.4 kcal/mol
larger reaction barrier, and the strongest lignad CO producing a 5.8 kcal /mol greater
reaction barrier relative to having no axial ligand. The d,» orbital energies for the
no axial ligand structure and the 4 axial ligand structures with NoO coordinated are
plotted against the corresponding reaction barriers in Figure A.2 in the Appendix.
The plot demonstrates that for no axial ligand, HyO, and NH3 a higher d,» orbital
energy correlates to a higher reaction barrier. CO and PHj as axial ligands do not fit
this pattern and are also the two strongest axial ligands investigated. This suggests
that to minimize the OAT reaction barrier axial ligands should ideally be avoided,
and if an axial ligand cannot be avoided then a weaker axial ligand should be selected.
It was initially anticipated that either the iron-oxygen distance or the oxygen-nitrogen
distance in the nitrous oxide coordinated structures would demonstrate at least a
weak correlation to the reaction barrier for the oxygen atom transfer reaction. The
shorter the iron-oxygen distance the closer the structure is to the target iron-oxo and
the longer the oxygen-nitrogen distance in the nitrous oxide the more activated the
N5O should be. Table A.1 in the Appendix reports the aforementioned distances in
Angstroms(A). Analysis of the oxygen-nitrogen bond distance data reveals that only
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two bond distances are observed (1.19 A and 1.20 A), this is insufficient variability
to produce any significant mathematical correlation. Unlike the oxygen-nitrogen
distances the iron-oxygen distances demonstrate significantly more variability. Initial
plotting of iron-oxygen distances versus the corresponding reaction barriers for the
high spin cases shows no correlation. If the data is subdivided by coordination
environment geometry (psuedo square pyramidal, psuedo octahedral, and pseudo
trigonal bipyramidal), the psuedo square pyramidal (Figure A.3 in the Appendix)
and psuedo octahedral (Figure A.4 in the Appendix) structures both show weak
correlations. However, while the psuedo octahedral structures have a correlation
in which a shorter iron-oxygen distance correlates to a smaller reaction barrier
the psuedo square pyramidal structures have the opposite correlation. Given this
disparity, the weakness of the correlations, and the size of the data set neither of
these correlations should be considered predictive.

A correlation of significant interest was identified for the psuedo square pyramidal
ligand environments with a quintet ground state for both the NyO coordinated
structures (Figure A.5 in the Appendix). This correlation allows the prediction of
the reaction barrier for the OAT reaction without having to optimize the transition
state structure with reasonable accuracy by utilizing the energy of a single molecular
orbital. No similar correlation was found for any of the other ligand environment
geometries in the database studied.

To further investigate this apparent correlation, a group of auxiliary structures
with psuedo square pyramidal coordination environments was created via modifying
structures 62 and 64. Seven additional high spin (S=2)/quintet ground state
structures were identified (Figure A.6 in the Appendix). Incorporation of the HOMO-
3 a-orbital energy and enthalpic reaction barrier data from these additional structures
is shown in Figure A.7 in the Appendix. While the correlation is weaker than the
original correlation, there is still a significant correlation. However, the origin of this
correlation has still not been established as it has not been found to correspond to a

specific d orbital and therefore requires further investigation.
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Three different charge models (Mulliken[59], Hirshfeld[60], and Voronoi[61]) were
employed to investigate the possibility of a connection between the charge(s) and
the reaction barrier. For this the structures with a nitrous oxide coordinated ground
spin state of S=2 were focused on. The least random distributions were the Mulliken
charge on the iron center (Figure A.8 in the Appendix) and the Voronoi charge for
the oxygen of the coordinated nitrous oxide (Figure A.9 in the Appendix).

A similar breakdown analysis to that employed for the iron-oxygen distance was
performed for the Mulliken charges on iron and the Voronoi charges on the oxygen
of the nitrous oxide. While the further analysis of the Voronoi charges yielded no
significant correlations, further analysis of the Mulliken charges on the iron centers for
the high spin cases (Table A.2 in the Appendix) did provide a correlation of interest.
Specifically, a strong correlation was observed for the psuedo square pyramidal
structures (see Figure A.10 in the Appendix). When the Mulliken charges for the
auxiliary psuedo square pyramidal structures previously used to further investigate
the HOMO-3 orbital energy correlation are included (with the exception of a negative
outlier) the resulting correlation is shown in Figure A.11 in the Appendix. It is
notable that the correlation is largely maintained and suggests that a lower Mulliken
charge on the iron center will tend to result in a lower reaction barrier for the
oxygen atom transfer reaction. This in turn suggests that ligands that are electron
donating, thereby decreasing the charge on iron, should be of particular interest when
attempting to design such complexes to achieve a low OAT reaction barrier.
Ruthenium is a commonly utilized metal center for catalytic applications and
therefore also of interest for comparison to iron. Ruthenium variants of the two
best iron center based complexes (structure 62 and structure 64) constructed and
the OAT reaction barriers were computed for comparative analysis with the iron
versions. In both cases substitution of ruthenium(II) for iron(II) resulted in a higher
enthalpic reaction barrier for the OAT reaction. This suggests that although iron(II)
and ruthenium(II) are both d® group 8 metals different ligand environments are likely

needed to minimize the OAT reaction barrier for ruthenium complexes.
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Since MOF's are comprised of metal nodes surrounded and connected by organic
linkers, the tempering of the ligand field strength evidently needed can conceivably
be provided by tuning the organic linkers in MOFs. A localized nitrogen rich ligand
field around each iron(IT) node tempered by tuned organic linkers may provide a viable
MOF catalyst for the OAT reaction and activation of NoO. Study of potential and
known MOF structures informed by the previously discussed patterns will be required
to achieve organic linkers sufficient to both support the synthesis of crystalline MOF
structures while also appropriately tempering the ligand field strength. Achieving the

equivalent of no axial ligand in a MOF may be significantly difficult however.
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Chapter 5

Conclusion

This work reported a database of structures containing both model and molecular
for the study of the oxygen atom transfer (OAT) reaction barrier for Fe(II) systems
with nitrous oxide fulfilling the role of oxygen source/oxidant. Further, this work
explored patterns present in the database as well as reports the results of assessing
the current database for specific design principles and/or correlations between specific
electronic structure properties and the OAT reaction barrier. The patterns, principles,
and correlations demonstrated and derived from the resultant data from the entire
database presented here along with the auxiliary psuedo square pyramidal cases can
guide exploration of not only the molecular chemical space for catalyst candidates but
also potentially other chemical spaces such as the Metal Organic Framework (MOF)
chemical space.

An intermediate strength equatorial ligand field, roughly in the middle of the
traditional spectrochemical series, is recommended as the starting point for catalyst
design in this context. Specifically, a square or psuedo square planar equatorial ligand
field is advised based on the results presented herein. If axial components (other
than the coordinating NoO) to the metal’s ligand field cannot be avoided then careful
selection of these axial components or interactions is to be as weak as possible is

recommended in order to minimize the OAT reaction barrier.
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Two distinct correlations to the OAT reaction barrier were identified for the psuedo
square pyramidal nitrous oxide coordinated structures: the HOMO-3 a molecular
orbital energy (Figure A.7 in the Appendix) and the Mulliken charge on the iron
center of the NoO coordinated structures (Figure A.11 in the Appendix). Both of
these correlations demonstrate strong correlations and therefore may indeed prove to
be viable predictive metrics in the experiment design and synthesis of such iron(IV)-
oxo catalytic species. It should be noted though that the identification of a clear
causal relationship underpinning the HOMO-3 orbital correlation has so far proven
elusive and warrants further investigation and study.

Based on the unexpected under-performance of the utilized charge models and the
limited understanding of the correlation involving the HOMO-3 orbitals (which only
applies to a limited subset of structures), the development of novel metrics and/or
descriptors is a promising direction for furthering this line of research. Especially with
respect to metrics and descriptors that are more broadly applicable across different
coordination geometries and configurations. Furthermore, this database and auxiliary
structures can be used to assist the development of these metrics/descriptors. Such
metrics and descriptors are likely to be applicable not only to iron and nitrous oxide

system but also to a variety of other chemical systems.
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Appendix

The appendix contains figures and tables that were not directly placed in the relevant

chapter(s) of this text.
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Figure A.1: N5O frontier orbitals energy and shape with changing N-N-O angle.
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Figure A.2: OAT reaction barriers (RB) vs d,2 orbital energies of NoO coordinated
structures from axial ligand test series.
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PSP Fe-O Distance vs Reaction Barrier
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Figure A.3: Fe-O distance vs reaction barrier of NoO coordinated psuedo square
pyramidal (PSP) structures. R* = 0.7297
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Figure A.4: Fe-O distance vs reaction barrier of NoO coordinated psuedo octahedral
(PO) structures. R? = 0.4197
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Figure A.5: Correlation between OAT reaction barrier (RB) and HOMO-3 a-orbital
energy (OE) of NyO coordinated psuedo square pyramidal structures. RB = -
6.27(OE)-71.29 with R? = 0.9956
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Figure A.6: Auxiliary high spin structures. Enthalpic reaction barriers for the oxygen
atom transfer reaction for nitrous oxide are included for each structure.
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Figure A.7: Correlation between OAT reaction barrier (RB) and HOMO-3 a-orbital
energy (OE) of N3O coordinated psuedo square pyramidal structures including
auxiliary structures. RB = -5.35(0OE)-57.79 with R? = 0.8782
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Mulliken Charge (Fe) vs Reaction Barrier
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Figure A.8: Mulliken charge of iron vs reaction barriers for the S=2 N,O coordinated
structures.
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Figure A.9: Voronoi charge of iron vs reaction barriers for the S=2 NoO coordinated
structures.
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Table A.1: Table of Fe-O and O-N distances for N,O coordinated structures. All
distances are reported in Angstroms(A).

Struct.# | Fe-O Dist. | O-N Dist. | Struct.# | Fe-O Dist. | O-N Dist.
1 2.34 1.20 32 2.41 1.20
2 2.38 1.20 33 2.35 1.20
3 2.34 1.20 34 2.31 1.20
4 2.59 1.20 35 2.16 1.20
5 2.66 1.20 36 2.41 1.19
6 2.31 1.20 37 2.28 1.20
7 2.39 1.20 38 2.18 1.20
8 2.48 1.20 39 2.36 1.20
9 2.44 1.20 40 2.29 1.20
10 2.71 1.20 41 2.21 1.20
11 2.32 1.20 42 2.20 1.20
12 2.45 1.20 43 2.18 1.20
13 2.12 1.20 45 2.31 1.20
14 2.58 1.20 46 2.25 1.20
15 2.40 1.20 47 2.12 1.20
16 2.25 1.20 48 2.11 1.20
17 2.25 1.20 49 2.12 1.20
18 2.23 1.20 50 2.24 1.20
19 2.48 1.20 51 2.13 1.20
20 2.47 1.20 52 2.13 1.20
21 2.74 1.19 53 2.41 1.19
22 2.60 1.20 54 2.34 1.20
23 2.48 1.20 55 2.45 1.19
24 2.44 1.20 57 2.16 1.20
25 2.50 1.20 58 2.16 1.20
26 2.44 1.20 59 2.13 1.20
27 2.43 1.20 60 2.09 1.20
28 2.50 1.20 61 2.18 1.20
29 2.47 1.20 62 2.25 1.20
30 2.43 1.20 63 2.52 1.19
31 2.43 1.20 64 2.46 1.20
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Table A.2: Mulliken charges on iron for high spin (S=2) cases.

Struct.# | Fe Charge | Struct.# | Fe Charge
1 0.6856 33 0.9194
2 0.6593 34 0.9017
3 0.6480 36 0.1126
4 0.3808 37 0.1910
6 0.6373 38 0.3104
7 0.5709 39 0.3527
8 0.5284 40 0.6034
9 0.5338 41 0.8292
10 0.2412 45 0.1722
11 0.6569 46 0.4304
12 0.5786 47 0.5641
15 0.6107 48 0.6843
20 0.5461 49 0.8139
21 0.4593 50 0.5505
22 0.5175 51 0.8756
23 0.8750 52 0.8777
24 0.6660 53 0.4048
25 0.6757 54 0.6516
26 0.7166 55 0.4480
27 0.6315 59 0.4847
28 0.7253 60 0.7683
29 0.7274 61 0.5780
30 0.7285 62 0.1826
31 0.8866 64 0.1256
32 0.9013
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PSP Fe Mulliken Charge vs Reaction Barrier
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Figure A.10: Mulliken charge on Fe vs reaction barrier of NoO coordinated psuedo
square pyramidal (PSP) structures. RB = 12.08(Charge)+13.16 with R? = 0.9775
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PSP Fe Mulliken Charge vs Reaction Barrier
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Figure A.11: Fe charge vs reaction barrier of NyO coordinated psuedo square
pyramidal (PSP) structures including auxiliary cases. RB = 9.814(Charge)+14.57
with R? = 0.8626
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