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Article

Harnessing Nitrous Oxide for Sustainable Methane
Activation: A Computational Exploration of
CNC-Ligated Iron Catalysts

Bruce M. Prince

Center for Catalysis Computational Research (3CR), Department of Chemistry, Texas Southern
University, 3100 Cleburne Street, Houston, TX 77004

Abstract: This study employs DFT at the APFD/def2-TZVP level, with SMD solvation in THF, to
investigate the catalytic activation of methane by [(k3-CNC)Fe(N,O)]?* cation complexes. The catalytic
mechanism encompasses three key steps: oxygen atom transfer (OAT), hydrogen atom abstraction
(HAA), and oxygen radical rebound (ORR). Computational results identify OAT as the rate-
determining step, with activation barriers of -10.2 kcal/mol and 5.0 kcal/mol for x!-O- and «!N-
bound intermediates in the gas and solvent phases, respectively. Methane activation proceeds via
HAA, with energy barriers of 16.0-25.2 kcal/mol depending on the spin state and solvation, followed
by ORR, which occurs efficiently with barriers as low as 6.4 kcal/mol. The triplet (S = 1) and quintet
(5 =2) spin states exhibit critical roles in the catalytic pathway, with intersystem crossing facilitating
optimal reactivity. Spin density analysis highlights the oxyl radical character of the FelV=0O
intermediate as essential for activating methane’s strong C-H bond. These findings underscore the
catalytic potential of CNC-ligated iron complexes for methane functionalization and demonstrate
their dual environmental benefits by utilizing methane and reducing nitrous oxide, a potent
greenhouse gas.

Keywords: iron-oxo; iron-oxyl; oxo-cation; methane carbon-hydrogen activation; radical; oxygen
radical rebound; methanol; oxo; oxyl; hydrogen atom abstraction; HAA; hydrogen atom transfer;
HAT; and intersystem crossing

INTRODUCTION

The catalytic transformation of methane, [1-5] a critical yet challenging step in chemical
synthesis, holds promise for producing value-added chemicals like methanol [5-13]. Despite its
abundance and potential as a versatile feedstock, methane’s high carbon-hydrogen (C-H) bond
dissociation enthalpy (BDE) (~105 kcal/mol) makes its functionalization energetically demanding [1-
5,14-19]. This challenge has driven significant research into developing efficient catalysts capable of
overcoming this barrier under mild conditions [20-24].

Simultaneously, nitrous oxide (N20), which is a potent greenhouse gas with a global warming
potential approximately 300 times greater than carbon dioxide possesses a significant environmental
challenge [25-29]. Emissions of N20 originate from both natural sources, such as microbial soil and
ocean activity, and anthropogenic activities like agricultural fertilization and industrial processes.
Beyond its contribution to climate change, N2O is a known ozone-depleting substance, emphasizing
the urgent need for mitigation strategies [30-34].

Catalysts capable of utilizing N20 as an oxidant for methane activation offer a dual benefit: [35]
reducing N20 concentrations while achieving selective methane functionalization [35]. The
thermodynamic properties of N2O make it an attractive oxygen donor, with its Gibbs free energy of
dissociation (AG = -19 kcal/mol) indicating favorable oxygen atom transfer (OAT) [36—40]. The strong
N=N bond (bond dissociation enthalpy = 113 kcal/mol) and weaker N-O bond (~39 kcal/mol) suggest
that N20 can effectively participate in catalytic cycles involving oxygen transfer [41-43].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Among potential catalysts, transition metal complexes supported by pyridine(dicarbene)pincer
(k3-CNC) ligands have emerged as promising candidates [44]. These ligands, derived from N-
heterocyclic carbenes (NHCs), exhibit strong o-donating and mt-accepting properties, stabilizing
high-valent metal species essential for challenging transformations [45-55]. A specific focus of
this study is the simplified CNC ligand framework, which omits BRz appendages [50]. This
design enables direct comparisons with previously studied systems, such as the BRe-
functionalized CNC ligands explored by

Kiernicki et al. and Zimmer et al. [50,51,56] Kiernicki’s work investigated CNC ligands with
bulky allyl and BR: [50] groups to examine their steric and electronic effects on iron-mediated
transformations, while Zimmer and Danopoulos analyzed similar systems in the context of small-
molecule activation [50,51,57]. These prior studies provided valuable insights into ligand
modifications but introduced steric hindrance and competing interactions that may obscure the
primary coordination effects, for example C-H activation [13].

The simplified CNC ligand design in this study offers several advantages:

1.  Electronic Flexibility: The CNC framework offers strong o-donation and m-acceptance,
stabilizing high-valent iron-oxo intermediates crucial for OAT and methane C-H activation. The
absence of BRz groups eliminates potential electronic interferences, allowing the study to focus
on primary metal-ligand interactions [58].

2. Steric Profile: Excluding bulky BR2 substituents ensures a compact coordination environment
around the iron center. This steric simplicity reduces hindrance at the active site, facilitating
efficient catalytic turnover [50].

3. Catalyst Modularity: The simplified ligand design enables direct comparisons with previously
studied systems that included BR: groups, isolating the effects of the primary coordination
sphere. This approach provides clearer mechanistic insights into the role of the Fe center.[59]

4.  Suitability for High-Valent Oxo Complexes: The CNC ligand’s electronic properties support
the stabilization of FeV=0O intermediates, which are critical for methane C-H activation.
Excluding BR2 substituents avoids secondary interactions that might introduce competing
pathways, simplifying mechanistic investigations [36,60—64].

These attributes make the CNC-ligated iron complexes ideal candidates for exploring methane
activation and nitrous oxide utilization under mild conditions, [59] Scheme 1. This study employs
density functional theory (DFT) to investigate the catalytic potential of [(k3-CNC)Fe(N20)]*
complexes are summarized in Scheme 1.[44] The mechanism involves three key steps: OAT [36—40],
hydrogen atom abstraction (HAA), [65-73] and oxygen radical rebound (ORR) [74-76] that is
facilitated by high-valent FeV=0O intermediates. Spin-state dynamics, including intersystem crossing
(ISC) between quintet (S = 2) and triplet (S = 1) states, play a central role in determining reaction
energetics.

Through computational modeling, this research aims to:

1. Examine the impact of spin states on methane activation pathways.

2. Assess the activation barriers for OAT, HAA, and ORR steps.

3. Explore the role of CNC ligands in stabilizing reactive intermediates and facilitating efficient
catalysis.

By addressing the dual challenges of methane activation and N20 mitigation, this work offers
insights into sustainable catalytic processes that align with environmental and industrial goals.
Scheme 2 outlines the proposed catalytic pathway for methane C-H activation, highlighting the
energetic barriers for each step. The complete reaction mechanism and its spin-state-dependent
energetics are depicted in Scheme 2.
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Scheme 1. General reaction cycle for methane C-H activation via [(kK3CNC)Fe(N20)]?>* complexes,
involving OAT, HAA, and ORR. The oxygen atom of N2O is coordinated trans to the pyridine
nitrogen atom of the k3-CNC ligand, facilitating C-H activation.
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Scheme 2. Proposed catalytic pathway for methane functionalization by [(kK*CNC)Fe(N20)]?*
complexes, including key transition states for OAT, HAA, and ORR. Energetics are calculated for
singlet, triplet, and quintet spin states.

2. COMPUTATIONAL METHODS:

This study employed density functional theory (DFT) calculations to investigate the methane C-
H activation [77] mechanism mediated by [(k3-CNC)Fe!'(N20)]* cation complexes. The methodology
was designed to provide a comprehensive understanding of reaction energetics, spin-state dynamics,
and mechanistic pathways.

2.1. Level of Theory

The Austin-Frisch-Petersson functional with dispersion corrections (APFD) was used in
combination with the def2-TZVP basis set for all geometry optimizations and single-point energy
calculations. The APFD functional was selected due to its proven reliability in modeling transition
metal complexes, particularly those involving high-valent iron species and non-covalent interactions
[78,79]

Unlike traditional functionals such as BBLYP [80-83] or M06, [84] which often require additional
empirical dispersion corrections (e.g., Grimme’s D3 correction), APFD [85] natively incorporates
dispersion effects, ensuring a consistent and accurate treatment of long-range interactions.
Dispersion interactions play a critical role in stabilizing intermediates and transition states in the
catalytic cycle, particularly during steps such as OAT, HAA, and ORR. The TSs were authenticated
using intrinsic reaction coordinate (IRC) methods [86],

APFD [85] also excels in capturing subtle electronic energy differences between spin states,
which is essential for this study given the importance of ISC between quintet (S = 2) and triplet (S =
1) states. These spin-state transitions heavily influence the reaction energetics and mechanistic
pathways of methane activation and nitrous oxide utilization. By contrast, BBLYP [80] or M06,[84]
have demonstrated limitations in accurately describing high-spin systems or the energetics of multi-
reference states without significant adjustments [87,88].

Moreover, APFD [85] combines computational efficiency with accuracy, making it suitable for
extensive modeling of large and complex systems like CNC-ligated iron complexes. The functional’s


https://doi.org/10.20944/preprints202501.1588.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 January 2025 d0i:10.20944/preprints202501.1588.v1

4 of 19

compatibility with the SMD [89] implicit solvation model further enhances its applicability to
reactions in polar solvents such as THF (e = 7.4257), which plays a crucial role in stabilizing charged
species and transition states.

2.2. Geometric Optimization and Frequency Analysis

All geometries, including intermediates and transition states, were optimized at the APFD/def2-
TZVPAnonymous [90] level using fine numerical integration grids and tight convergence criteria.
Frequency analysis was performed to confirm the nature of each stationary point, with minima
exhibiting no imaginary frequencies and transition states showing a single imaginary frequency
corresponding to the reaction coordinate. Intrinsic reaction coordinate (IRC) calculations were
conducted to validate the connectivity between reactants, transition states, and products [86,91].

2.3. Spin-State Considerations

To explore the role of spin multiplicity in the reaction pathways, calculations were performed
for singlet (S = 0), triplet (S = 1), and quintet (S = 2) spin states at each step of the reaction. Mulliken
population analysis was employed to analyze spin density distributions and electronic
configurations, providing insights into the localization of unpaired electrons. ISC pathways were
evaluated to assess their influence on reaction energetics and spin-state transitions.

2.4. Energetic Calculations

Gibbs free energies (AG) were computed at 298.15 K and 1 atm, incorporating thermal
corrections and solvation effects. Energies are reported relative to the separated reactants (NHC-
Fe+N20 and NHC-Fe=0 + CHa4). The relative Gibbs free energy profiles were used to identify the rate-
determining steps and evaluate the overall feasibility of the catalytic pathways.

2.5. Computational Model

The pyridine(dicarbene)pincer (k3-CNC) ligand was modeled with methyl substituents on the
nitrogen atoms to reduce computational cost while preserving the ligand's electronic properties. This
simplified model allowed for accurate investigation of the catalytic system, focusing on the primary
coordination environment of the Fe center [50,52,92].

2.6. Reaction Pathways Investigated

The study examined three critical steps in methane activation:

1. Oxygen Atom Transfer (OAT): Coordination of N20 to the Fe center and oxygen atom transfer
to form the high-valent Fe'V=O intermediate.

2. Hydrogen Atom Abstraction (HAA): Interaction of the FeV=0 species with methane to cleave
the C-H bond.

3. Oxygen Radical Rebound (ORR): Rebound of the hydroxyl group with the methyl radical to
yield methanol.

2.7. Software and Computational Resources

All calculations were performed using the Gaussian 16 software suite with access to high-
performance computing resources [78]. Cartesian coordinates of all optimized geometries and the
corresponding calculated energy values are provided in the Supporting Information (SI).

3. RESULTS AND DISCUSSION

1. [([CNC)Fe"]>* Cation Complexes
The [(13-CNC)Fe!']>* cation complex serves as the foundational structure for the catalytic cycle,
with its geometric and electronic properties providing critical insights into reactivity. Optimized
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geometries for the singlet (S = 0), triplet (S = 1), and quintet (S = 2) spin states reveal significant
differences in bond lengths, bond angles, and spin density distributions, as summarized in Figure 1
and Table 1.
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Figure 1. Optimized geometries of [(13-CNC)Fe!']>* cation complexes in singlet (S = 0), triplet (S =1),
and quintet (S = 2) spin states, respectively. Bond lengths are given in A, and bond angles in degrees.
The quintet state shows longer bond lengths and wider angles, reflecting the influence of spin
multiplicity on molecular geometry.

Table 1. Key geometric parameters (bond lengths in A,
bond angles in degrees) and spin density distributions
(e) for [(k3-CNC)Fe!']2* cation complexes across singlet

(5=0), triplet (S =1), and quintet (S = 2) spin states.

Spin State = Fe-C | Fe-N = C-Fe- Spin
(A) (A) C(°)  Density (Fe,
e’)
Singlet (S= = 1.97 1.86 163.5 0.00
0)
Triplet S= = 1.97 1.87 163.0 2.17
1)
Quintet (5= 2.06 2.13 152.3 4.00
2)

1.1. Geometric and Spin-State Analysis

The geometric parameters of the [(1>-CNC)Fe]* complex reveal significant variations across the
quintet (S = 2), triplet (S = 1), and singlet (S = 0) spin states, reflecting differences in metal-ligand
interactions. In the quintet state, the Fe-C and Fe-N bonds are notably elongated, indicating weaker
coordination due to the increased spin density localized on the Fe center. Specifically, the Fe—C bond
length increases from 1.97 A in the singlet state to 2.06 A in the quintet state, while the Fe-N bond
length expands from 1.86 A to 2.13 A. Additionally, the C-Fe-C bond angle is widest in the quintet
state (152.3°), likely due to steric effects from the distributed spin density.

In respect, the triplet state exhibits shorter bond lengths (Fe-C = 1.97 A, Fe-N = 1.87 A) and a
narrower bond angle (163.0°), reflecting stronger metal-ligand interactions. The singlet state is the
most compact, with Fe—C and Fe-N bond lengths closely matching those of the triplet state (Fe-C =
1.97 A, Fe-N = 1.86 A) and a slightly narrower bond angle of 163.5°. These observations align well
with previous computations for smaller Fe?* complexes [93].

1.1. Electronic Structure and Reactivity Implications

Spin density analysis highlights significant differences in the electronic structure across spin
states. In the quintet state, the Fe center exhibits high spin density (4.00 e”), consistent with its d[6]
high-spin electronic configuration.[94] This configuration results in weaker bonding interactions and
elongated bonds. The triplet state, with a spin density of 2.17 e-, demonstrates more delocalized
electronic interactions, leading to stronger bonding and a more stable geometry. The singlet state,
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with no unpaired electrons, represents a fully closed-shell configuration, exhibiting the most compact
geometry. The geometric and electronic differences between these spin states are critical for the
catalytic cycle. The quintet state, with its higher spin density and weaker bonding, facilitates the
initial coordination of N20O and [36—40]. Conversely, the triplet state, with its lower energy and more
stable interactions, is better suited for subsequent steps in the catalytic pathway, such as methane C-
H activation.

1.1. Conclusion for [[CNC)Fe'']2+ Cation Complexes

The structural and electronic analysis of [(k3-CNC)Fe]** complexes highlights the interplay
between spin states and molecular geometry. The high-spin quintet state provides a reactive
intermediate for the initial stages of the catalytic cycle, while the triplet state stabilizes intermediates
in subsequent steps. These findings underscore the importance of spin-state control in enabling
efficient methane activation [95,96].

2. Coordination and Energetics of N20 to [(k3-CNC)Fe"]2+ Cation Complex

The coordination of nitrous oxide (N20) to the [(k3-CNC)Fe"]2+ cation complex is a pivotal step
in the catalytic cycle, forming the precursor necessary for oxygen atom transfer (OAT).
Computational results reveal that the energetic preference between the x1-N-bound and x1-O-bound
configurations depends on both the phase and the spin state of the system.

In the gas phase, the quintet (S = 2) spin state serves as the ground state, favoring the x1-O-
bound configuration with a Gibbs free energy of -10.2 kcal/mol, compared to 2.0 kcal/mol for the k1-
N-bound relative to k1-O-bound. Conversely, in tetrahydrofuran (THF), solvation effects stabilize
the k1-N-bound intermediate, with a relative Gibbs free energy of 5.0 kcal/mol, compared to 3.7
kcal/mol for the k1-O-bound relative to k'-N-bound. This solvent-driven stabilization of the k1-N-
bound intermediate highlights the critical role of solvation effects in modulating the coordination
environment and influencing spin-state energetics.

The 1!-N-bound intermediate is characterized by a Fe-N bond length of 2.28 A, a slightly
shortened N-O bond length of 1.15 A, and a nearly linear Fe-N-N bond angle of 167.9°, effectively
positioning the oxygen atom for transfer to the Fe center. In contrast, the k1-O-bound configuration
features a Fe-O bond length of 1.91 A and a N-O bond length of 1.13 A, with a Fe-O-N angle of
143.7°, reflecting the distinct bonding modes between the configurations.

Despite the mild endergonic nature of N20 coordination in the solvent phase (AG = 5.0
kcal/mol), the k1-N-bound intermediate plays a critical role as the precursor to the high-valent FeV=O
species formed during OAT. These results underscore the importance of evaluating both gas-phase
and solvent-phase energetics to fully understand catalytic intermediates. Further details of the k1-O-
bound configuration are provided in the Supporting Information (SI).

2.1. Geometric Features of the Quintet State

The optimized geometry of the x1-N-bound quintet (S = 2) state is depicted in Figure 2. In this
configuration, nitrous oxide (N20) coordinates through its nitrogen atom to the Fe center, resulting
in a Fe-N bond length of 2.28 A and a slightly shortened N-O bond length of 1.15 A. This
shortening suggests that the oxygen atom is pulling electron density away from the nitrogen atom,
increasing the 6~ character of the oxygen and strengthening the N-O bond. The nearly linear Fe-N-
N bond angle of 167.9° effectively positions the oxygen atom for transfer to the Fe center during the
subsequent oxygen atom transfer (OAT) step [71,97]. The spin density in this configuration is
primarily localized on the Fe center (3.94 e”), consistent with its high-spin d[6] electronic
configuration [94]. This spin localization enhances the Fe-N2O interaction, allowing for electron
donation from the metal center to the N2O antibonding, which could facilitate subsequent bond
cleavage and reorganization during OAT. This geometric and electronic arrangement highlights the
critical role of the high-spin quintet state in activating N2O and positioning the system for efficient
catalytic turnover.
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Figure 2. Optimized ground state geometry of the k'-N-bound [(13-CNC)Fe(N20)]2+ cation complex
in the quintet (S = 2) spin state. Bond lengths are given in A, and bond angles in degrees. The near-
linear Fe-N-N bond angle (167.8°) aligns the oxygen atom for OAT. The high-spin density values (e-
) are shown on the Fe center to (~3.94 ¢-). The contour value of the spin density plot is 0.020.

2.1. Conclusion for N,O Coordination

The coordination of N20 to [(k3-CNC)Fe!]2+ highlights the significance of spin-state effects and
molecular geometry in the catalytic process. The exergonic nature of this step in the gas phase,
combined with the near-linear Fe-N-N configuration, positions the k1-N-bound intermediate as a
key precursor for subsequent OAT. Despite mild energetic in the solvent phase, the electronic and
structural properties of this intermediate underscore its pivotal role in the catalytic pathway.

3. Oxygen Atom Transfer of N2O to Form Oxo Fe'V Cation

OAT from nitrous oxide (N20) to the [(k3-CNC)Fe!']2+ complex is a critical step in the catalytic
cycle, leading to the formation of the high-valent Fe™V=O oxo species. This step involves significant
bond reorganization at the transition state (TS) and is identified as the rate-determining step due to
its high energy barrier.

3.1. Geometry and Transition State of OAT

The optimized geometry of the OAT transition state in the triplet (S = 1) spin state reveals key
structural features:

e  Fe-O Bond Length: 1.83 A, reflecting partial formation of the Fe—O bond.

e O-N Bond Length: 1.40 A, showing significant elongation as the N-O bond undergoes
cleavage.

) N-N Bond Length: 1.14 A, consistent with the release of No.

e  Fe-O-N-N Bond Angle: 180.0° indicative of a linear arrangement facilitating efficient oxygen
transfer and nitrogen release.

3.2. Spin-State Dependence of OAT

The resulting FeV=0 intermediate features a strong Fe=O double bond (1.62 A), Figure 4, with
pronounced oxo character and partial radical spin density (0.87 e~ on the oxygen atom). This
intermediate is pivotal for enabling methane C-H activation in subsequent catalytic steps. The OAT
step exhibits a pronounced spin-state dependence, significantly influencing the energetics of the
catalytic pathway. Computational results reveal that in the gas phase, the triplet (S = 1) spin state is
energetically favored, with a Gibbs free energy barrier of AGt = 26.3 kcal/mol, compared to AGt =
36.9 kcal/mol for the quintet (S = 2) spin state, as shown in Scheme 3. This lower barrier highlights
the triplet pathway as the preferred route for initiating the catalytic cycle under gas-phase conditions.

The reduced barrier for the triplet state arises from its ability to better stabilize the transition
state geometry through enhanced electronic reorganization during bond-breaking and bond-forming
processes. In contrast, the higher barrier for the quintet state can be attributed to the increased spin
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density localized on the Fe center, which raises the energetic cost of rearranging bonding interactions
during OAT.

These findings underscore the critical role of spin-state dynamics in determining reaction
energetics. By favoring the triplet state for the initial activation step, the catalytic system achieves a
more accessible pathway for the OAT process, setting the stage for subsequent methane
functionalization.

3.3. Solvent Effects and Alternative Solvent Recommendations

In the THF solvent phase, the Gibbs free energy barrier for the OAT step increases significantly,
rising to AG*=53.2 kcal/mol, as shown in Scheme 4. This substantial increase indicates that solvation
effects destabilize the Fe complex during this step. The destabilization likely stems from THF's
solvation of the reactants, which preferentially lowers the energy of the initial state relative to the
transition state, resulting in higher overall free energy barriers.

While THF is commonly employed due to its moderate polarity and compatibility with
transition metal complexes, its impact on the energetics of critical steps such as OAT and HAA
suggests the need to explore alternative solvents. Optimizing the solvation environment could
mitigate these destabilizing effects and enhance catalytic efficiency.

3.4. Alternative Solvents:

To address the limitations observed with THF, several alternative solvents are proposed:
1. Polar Aprotic Solvents:

e  Acetonitrile (CH3CN): A highly polar, non-coordinating solvent that minimizes interactions
with the Fe center while providing strong stabilization of polar intermediates and transition
states.

e  Dimethylformamide (DMF): Offers high polarity and strong stabilization for charged species
but may introduce undesired interactions in some catalytic systems.

2. Dimethyl Sulfoxide (DMSO):

e DMSO effectively stabilizes charged intermediates due to its high polarity. However, its
coordinating nature may lead to unintended interactions with the Fe center, requiring careful
evaluation for compatibility with this system.

3. Moderate Polarity Solvents:
Dichloromethane (DCM) and ethyl acetate (EtOAc) strike a balance between polarity and

inertness. Their moderate polarity can stabilize intermediates without significant
coordination to the Fe center, making them attractive alternatives.
4.  Nonpolar Solvents:
e Toluene and other nonpolar solvents may reduce solvation effects and potentially lower
transition state energies. Combining these with polar co-solvents could fine-tune the solvation

environment to achieve optimal catalytic performance.
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Figure 3. Optimized geometry of the oxygen atom transfer (OAT) transition state in the triplet (5=1)
spin state. Bond lengths are given in A. The near-linear Fe~O-N-N bond alignment facilitates efficient
oxygen atom transfer and N2 release.

3.5. Conclusion of OAT Mechanism

The choice of solvent significantly influences the energetics of the reaction cycle, particularly for
steps like OAT. Polar aprotic solvents such as acetonitrile and moderately polar solvents like DCM
offer promising alternatives for mitigating the destabilizing effects observed in THF. Nonpolar
environments, potentially augmented with polar co-solvents, also present viable options. Selecting
the optimal solvent is critical for minimizing free energy barriers and maximizing the overall catalytic
efficiency.

4. Structure and Properties of the FelV=O Complex

The FeV=0 oxo complex, formed during the OAT step, serves as a key reactive intermediate in
the catalytic cycle. This species exhibits distinct geometric and electronic properties that are crucial
for facilitating subsequent methane C-H activation via hydrogen atom abstraction (HAA).

4.1. Geometric Features

The optimized geometry of the FeV=O complex reveals key structural characteristics, as
summarized below:
e Fe=0 Bond Length: 1.62 A, indicative of a strong double bond with significant oxo character.
¢ CNC Ligand Coordination: The CNC ligand maintains a distorted square planar geometry
around the Fe center, with the oxo ligand occupying an axial position.
e Spin-State Configurations: Geometric variations between the triplet (S = 1) and quintet (S = 2)

states highlight the influence of spin state on bond lengths and coordination environment.

5. Oxo0/Oxyl Characterization
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Figure 4. Optimized ground state geometry and spin density distribution of the FeV= O complex in
the quintet (S = 2) spin state. Bond lengths are given in A, and spin density values (¢-) are shown on
the Fe center and O atom. The oxyl radical character of the oxygen atom (~0.87 e-) and the high-spin
Fe center (~3.16 ¢-) make this complex a highly reactive intermediate for methane activation. The
contour value of the spin density plot is 0.020.

5.1. Spin-State Energetics

The Fe'V=0 complex demonstrates spin-state-dependent stability:
1. Quintet (S = 2) State: The quintet spin state is the ground-state configuration for the FeV=0

species. The high spin density (3.16 e~ on Fe and 0.87 e~ on O) reflects the distribution of unpaired
electrons, which enhances the oxyl radical character of the oxygen atom. This configuration is
stabilized by the strong o-donation from the oxo group and m-backbonding interactions with the
CNC ligand.

2. Triplet (S =1) State: While the triplet state plays a critical role during the OAT step, it lies higher
in energy (by ~3-7 kcal/mol depending on the environment phase) compared to the quintet state
for the FeV=O species. This energy gap facilitates a spin flip to the quintet state after OAT,

enabling the complex to adopt its thermodynamically preferred configuration.

5.2. Electronic Structure

The electronic structure of the FeV=O complex is characterized by significant oxo radical
character, as evidenced by the spin density distribution:
e Iron Center (Fe): Spin density of 3.17 e~ in the quintet state, consistent with its d[4]

configuration.
e Oxo Ligand (O): Partial spin density of 0.87 e-, indicative of an oxyl radical. This feature is
critical for activating methane via HAA.

The strong Fe=O bond and oxyl radical nature enhance the reactivity of the complex, making it
a potent oxidant capable of cleaving the strong C-H bond in methane.

5.3. Reactivity Implications

The FeV=0 oxo species is uniquely suited for methane activation due to its electronic and spin
properties:
1. Oxo Radical Rebound: The oxyl radical character facilitates rapid rebound with the methyl
radical during the oxygen radical rebound (ORR) step, ensuring efficient formation of methanol.
2. Hydrogen Atom Abstraction (HAA): The FeV=O species initiates HAA by abstracting a

hydrogen atom from methane, driven by its strong oxidizing potential and spin-state reactivity.
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5.4. Conclusion Oxo/Oxyl Characterization

The FeV=0O oxo complex is a critical intermediate in the catalytic cycle, with its structure and
spin-state properties directly influencing its reactivity. The ground-state quintet configuration,
stabilized by strong Fe=O bonding and oxo radical character, sets the stage for efficient methane C-
H activation. The spin flip from the triplet state after OAT further underscores the dynamic role of
spin-state transitions in enabling the catalytic mechanism.

6. Methane C-H Activation by Oxo/Oxyl Cation Complex

Methane C-H activation by the Fe!V=0 oxo cation complex involves two pivotal steps: HAA and
ORR, culminating in the formation of methanol. The catalytic efficiency stems from the electronic
and geometric properties of the FeV=O intermediate, with spin-state dynamics playing a significant
role. Figures 5 and 6 illustrate the transition state (TS) geometries for HAA and ORR, while Table 2
and Schemes 3 and 4 summarize the energetics and free energy profiles.

6.1. Hydrogen Atom Abstraction (HAA)

The HAA step is initiated when the oxygen atom of the Fe'V=0 complex abstracts a hydrogen
atom from methane. This process involves the formation of an O-H bond and the elongation of the
C-H bond.

6.2. Geometric Features:

The transition state (TS) geometries for HAA by the Fe!V=O complex reveal distinct structural
features for the quintet (S = 2) and triplet (S = 1) spin states, highlighting their different reactivity
profiles. In the quintet state, the Fe~O bond length is slightly elongated at 1.72 A, reflecting a partially
formed O-H bond (1.22 A) and a C-H bond stretched to 1.33 A. The Fe-O-H bond angle of 94.1°
indicates a compact geometry that facilitates interaction between the Fe™V=0 center and the incoming
hydrogen atom. In contrast, the triplet state exhibits a shorter Fe—O bond length of 1.67 A, with a
more extended O-H bond of 1.37 A and a slightly compressed C-H bond of 1.20 A. The Fe-O-H
bond angle in the triplet state is 114.0°, suggesting a more open transition state geometry that may
enhance the accessibility of the substrate. These differences underscore the spin-dependent nature of
the HAA step, with the triplet state favoring tighter bonding at the oxygen center and the quintet
state enabling a more compact and symmetric transition state geometry.

6.3. Spin Densities:

The spin density distribution provides critical insights into the electronic structure of the FeV=0O
complex and its reactivity during hydrogen atom abstraction (HAA). In the quintet state (S = 2), the
Fe center retains a spin density of 2.91 e, while the oxygen atom exhibits a spin density of 0.67 e-.
This distribution reflects the partial transfer of electron density during HAA, with the oxygen atom
displaying moderate oxyl radical character. In contrast, the triplet state (S = 1) shows a slightly lower
Fe spin density of 2.87 e, accompanied by a reduced oxygen spin density of 0.32 e~. This stronger
oxyl radical character in the triplet state highlights its enhanced ability to facilitate bond-breaking
and bond-forming processes, making it more reactive compared to the quintet state. The differences
in spin density distributions underscore the critical role of spin-state dynamics in determining the
reactivity and efficiency of the catalytic cycle. The higher oxyl radical character in the triplet state
aligns with its lower energy barrier for HAA, further emphasizing the triplet state as the preferred
pathway for methane activation.

6.4. Energetics:

In the gas phase, the triplet state exhibits a lower free energy barrier than the quintet state, with
barriers of 16.0 and 18.0 kcal/mol, respectively. In THF, the barriers increase to 23.5 and 25.2 kcal/mol
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for the triplet and quintet states, respectively. This data indicates that HAA is energetically more
favorable in the gas phase than in the solvent phase, regardless of the spin state.

A notable trend observed is the significantly higher transition state (TS) energies in THF
compared to the gas phase. This difference arises from the differential stabilization provided by the
solvent. As a polar medium, THF stabilizes the reactants, particularly the Fe!V=O complex, through
favorable solvation interactions with its polarized nature. However, the transition states,
characterized by strained geometries and substantial charge redistribution, do not benefit equally
from these solvation effects. Consequently, the relative Gibbs free energy barriers for both HAA and
ORR increase in the solvated phase. This trend underscores the nuanced role of the solvent
environment in modulating the energetics and mechanisms of catalytic pathways, emphasizing the
importance of solvent selection in optimizing reaction conditions.

[3][HAA-TS2]+

Figure 5. Optimized transition state geometry for HAA by the FelV=O oxo complex in the triplet (S = 1) spin
states. Bond lengths are given in A, and bond angles in degrees. Red = positive spin density and Blue = negative

spin density. The contour value of the spin density plot is 0.020.

80.0
OAT = oxygen 62.9 Gas Phase C-H activation
atom transfer ’ ORR = oxygen
60.0 radical rebound
400 @ 453 Oxo
Intermediate
20.0 12.1 —@—Singlet
: —©@— Triplet
—©— Quintet
0.0 0.0 -9.0
-20.0
-40.0 -27.5 -24.1 -Lo 376
CH, Adduct a8
-60.0

Scheme 3. Free energy profile for the catalytic cycle of methane activation by the Fe'V=O complex in the gas
phase. The energy barriers for the OAT, HAA, and ORR steps are shown for the singlet (blue), triplet (red), and
quintet (green) spin states. Energies are reported as Gibbs free energies (AG) in kcal/mol, with the triplet and
quintet spin states exhibiting competitive pathways, while the singlet state remains energetically less favorable.

Key transition states and intermediates are highlighted along with the reaction coordinate.
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Scheme 4. Free energy profile for the catalytic cycle of methane activation by the FeV=0 complex in the solvation
(THF) phase. The energy barriers for the OAT, HAA, and ORR steps are shown for the singlet (blue), triplet
(red), and quintet (green) spin states. Energies are reported as Gibbs free energies (AG) in kcal/mol, with the
triplet and quintet spin states exhibiting competitive pathways, while the singlet state remains energetically less

favorable. Key transition states and intermediates are highlighted along with the reaction coordinate.

7. Oxygen Radical Rebound (ORR)

Following HAA, the methyl radical recombines with the hydroxyl group of the Fe™-OH
intermediate, completing the catalytic cycle by forming methanol.

7.1. Geometric Features:

The transition state (TS) geometries for ORR reveal distinct features for the quintet (S = 2) and
triplet (S = 1) spin states, reflecting their differing mechanistic pathways. In the quintet state, the Fe—
O bond length is 1.82 A, indicating the partial dissociation of the Fe~O bond as the O-C bond forms
with a length of 2.17 A. The Fe-O-C bond angle of 71.4° suggests a compact arrangement, facilitating
efficient recombination of the hydroxyl group with the methyl radical to form methanol. Conversely,
the triplet state also exhibits an Fe—O bond length of 1.82 A but a slightly shorter O-C bond of 2.08
A, indicative of a more flexible transition state. The Fe—~O-C bond angle in the triplet state is 72.4°,
reflecting a slightly more open geometry that may enhance orbital alignment for the rebound step.
These structural differences underscore the spin-state dependence of the ORR mechanism, with the
quintet state favoring a compact transition state geometry, while the triplet state exhibits enhanced
flexibility.

7.2. Spin Densities:

In the quintet state, the Fe center exhibits a spin density of 4.01 e, while the oxygen atom
displays negligible spin density, indicating electron pairing as the O-C bond forms during methanol
generation. In the triplet state, the Fe center's spin density decreases to 0.14 e, and the oxygen-atom's
spin density -0.50 e”, further confirming its role as a reactant in the rebound step and its contribution
to stabilizing the methanol product.

7.3. Energetics:

The ORR step, where the methyl radical recombines with the hydroxyl group of the Fe''-OH
intermediate to form methanol, is characterized by moderate Gibbs free energy barriers. In the gas
phase, the free energy barrier (AG?) for the triplet (5 =1) state is 6.4 kcal/mol, while the quintet (S = 2)
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state exhibits a slightly higher barrier of 6.6 kcal/mol. These values indicate that both spin states are
energetically favorable for this step under gas-phase conditions. In the THF solvent phase, the free
energy barriers increase significantly due to solvation effects. The triplet state shows a barrier of 16.8
kcal/mol, while the quintet state has a barrier of 16.3 kcal/mol. The smaller energy difference between
the two spin states in the solvent phase suggests a reduced spin-state dependence during ORR when
solvation is considered. These barriers remain accessible under typical catalytic conditions,
emphasizing the feasibility of methanol formation via the ORR mechanism.

[BIIORR-TS3]+

Figure 6. Optimized transition state geometries for ORR by the Fe™-OH intermediate in the triplet (S = 1) spin
states. Bond lengths are given in A, and bond angles in degrees. Red = positive spin density and Blue = negative

spin density. The contour value of the spin density plot is 0.020.

Table 2. Geometric and energetic parameters for HAA and ORR by the Fe™V=O complex in methane

activation.
Parameter Gas Gas THF THF Solvent (Quintet)
Phase Phase @ Solven
(Triple = (Quint t
t) et) (Triple
t)
AGt HAA 16.0 18.0 235 25.2
(kcal/mol)
AGt ORR 6.4 6.6 16.8 16.3
(kcal/mol)
Fe-O (HAA, 1.67 1.72 1.67 1.72
A)
O-H (HAA, 1.37 1.22 1.37 1.22
A)
C-H (HAA, 1.20 1.33 1.20 1.33
A)
Fe-O-H 114.0 94.1 114.0 94.1
(HAA,°)
Fe-O (ORR, 1.82 1.82 1.80 1.82
A)
O-C (ORR,A) 2.08 2.17 2.08 2.17
Fe-O-C 74.2 714 74.2 714

(ORR,°)
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7.4. Conclusion

Methane activation by the FelV=O oxo complex involves efficient HAA and ORR steps. The
triplet (S = 1) state generally provides lower barriers for HAA, while ORR exhibits reduced spin-state
dependence. These results underscore the catalytic potential of CNC-ligated iron complexes for
selective methane functionalization.

8. Summary

This study employs density functional theory (DFT) to investigate the catalytic activation of
methane by CNC-ligated iron complexes, utilizing nitrous oxide (N20) as an oxidant. The
computational analysis explains the detailed mechanistic steps of oxygen atom transfer (OAT),
methane C-H bond activation, and methanol formation, with a particular focus on spin-state
dynamics and solvation effects.

The results demonstrate that the simplified CNC ligand framework, devoid of bulky BR2 Lewis
acid appendages, effectively stabilizes high-valent Fe intermediates while maintaining catalytic
efficiency. The interplay between the triplet (S = 1) and quintet (S = 2) spin states is critical in
facilitating favorable reaction pathways, with intersystem crossing (ISC) providing additional
versatility to the catalytic mechanism. Furthermore, solvent effects significantly impact the reaction
energetics, underscoring the importance of optimizing the solvation environment to achieve
enhanced catalytic performance.

These findings advance the understanding of methane functionalization, offering a dual
advantage of reducing the potent greenhouse gas N20 while enabling the selective conversion of
methane into valuable chemical products. This work highlights CNC-ligated iron catalysts as a
promising platform for achieving sustainable chemical transformations with environmental and
industrial relevance.

9. Conclusions

This study provides a comprehensive computational investigation into the catalytic activation
of methane by CNC-ligated iron complexes, leveraging nitrous oxide (N20) as an oxidant. Through
DFT calculations, the detailed mechanistic pathways of OAT, HAA, and ORR were elucidated,
highlighting the critical influence of spin-state dynamics and solvent effects.

The results reveal that the simplified CNC ligand framework effectively stabilizes high-valent
Fe intermediates while maintaining catalytic efficiency. The interplay between the triplet (S =1) and
quintet (S = 2) spin states facilitates favorable reaction pathways, with intersystem crossing (ISC)
enhancing the system’s versatility. Solvent effects were shown to significantly influence energetics,
emphasizing the importance of tailoring reaction environments for optimized catalytic performance.

These findings advance the understanding of methane functionalization, offering dual benefits:
reducing the potent greenhouse gas N2O and converting methane into value-added products like
methanol. This study establishes CNC-ligated iron catalysts as a promising platform for achieving
sustainable and efficient chemical transformations.

10. Prospectus

The findings of this study open several avenues for future research and practical development:
1. Experimental Validation: The computationally derived mechanisms and spin-state energetics
provide a foundation for experimental efforts to synthesize and characterize CNC-ligated iron
complexes under conditions analogous to those modeled computationally.
2. Ligand Optimization: Future work could explore alternative CNC ligand scaffolds or
substitutions to enhance stability, selectivity, and catalytic turnover, especially for systems

involving polar or nonpolar solvent environments.


https://doi.org/10.20944/preprints202501.1588.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 January 2025

16 of 19

3. Solvent Engineering: The demonstrated impact of solvation on OAT and methane activation
highlights the need for further exploration of mixed solvent systems or highly nonpolar
environments to optimize solvation-induced energy barriers.

4. Broader Substrate Scope: Beyond methane, this catalytic approach could be extended to other
hydrocarbons or small molecules, broadening its applicability in chemical synthesis.

5. Industrial Scale-Up: Developing scalable processes for methanol production using N20 as an
oxidant could reduce reliance on conventional, energy-intensive methods like steam methane
reforming, aligning with global sustainability goals.

These prospects underscore the transformative potential of CNC-ligated iron catalysts in
advancing methane utilization and greenhouse gas mitigation.
In summary, this work highlights CNC-ligated iron catalysts as a compelling solution to critical

environmental and industrial challenges, paving the way for more sustainable and efficient chemical
transformations.

Supporting Information: Cartesian coordinates of all calculated species along with their spin
multiplicities and full citation for ref 26. This material is available free of charge via the Internet at
http://pubs.acs.org.
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