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Abstract. In this work, we computationally explore the formation and subsequent reactivity of various
iron-oxo species in the iron—triazolate framework Fe,(u-OH),(bbta) (H,bbta = 1H,5H-benzo(1,2-d:4,5-
d")bistriazole) for the catalytic activation of strong C—H bonds. With the direct conversion of methane to
methanol as the probe reaction of interest, we use density functional theory (DFT) calculations to evaluate
multiple mechanistic pathways in the presence of either N,O or H,O, oxidants. These calculations reveal
that a wide range of transition metal-oxo sites — both terminal and bridging — are plausible in this family of
metal-organic frameworks, making it a unique platform for comparing the electronic structure and
reactivity of different proposed active site motifs. Based on the DFT calculations, we predict that Fe,(p-
OH),(bbta) would exhibit a relatively low barrier for N,O activation and energetically favorable formation
of an [Fe(O)]*" species that is capable of oxidizing C—H bonds. In contrast, the use of H,O, as the oxidant
is predicted to yield an assortment of bridging iron-oxo sites that are less reactive. We also find that
abstracting oxo ligands can exhibit a complex mixture of both positive and negative spin density, which
may have broader implications for relating the degree of radical character to catalytic activity. In general,
we consider the coordinatively unsaturated iron sites to be promising for oxidation catalysis, and we provide
several recommendations on how to further tune the catalytic properties of this family of metal-triazolate
frameworks.
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Introduction

Terminal and bridging transition metal-oxo species are commonly invoked active site motifs in catalytic
oxidation reactions, especially those involving the functionalization of C—H bonds.'-® For the purpose of
synthetic catalyst design, a judicious selection of metal and ligand environment is needed to yield a metal-
oxo species that is thermodynamically and kinetically realizable while being sufficiently reactive towards
the substrate of interest. Recently, metal-organic frameworks (MOFs) have proven to be a promising
platform to support reactive transition metal-oxo species, as the synthetic tunability of MOFs makes it
possible to control the electronic structure environment of the catalytic active sites in a predictable fashion.®-
12 The well-defined, spatially isolated metals incorporated within the inorganic nodes of MOFs can also
enable the isolation of reactive intermediates within a solid-state structure that can oftentimes be
challenging to characterize with molecular transition metal-oxo complexes.'%!3

Collectively, these factors have led to the design of several MOFs that can support transition metal-
oxo species suitable for the catalytic oxidation of strong C—H bonds, such as those of methane and
ethane.'4!> The first MOFs shown to support high-valent, terminal metal-oxo species that can activate
strong C—H bonds were Fe,(dobdc) (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate) and its isostructural,
Mg-diluted analogue Fe, Mg, o(dobdc),'® which can convert ethane to ethanol at 75 °C in the presence of
N,O due to the formation of a presumed Fe(IV)-oxo intermediate.!®2° Since this pioneering work, several
other MOFs have been studied for the selective oxidation of light alkanes via proposed terminal iron-oxo
species,?'3* such as MIL-100(Fe) (MIL = Materials of Institut Lavoisier) and PCN-250 (PCN = Porous
Coordination Network), which were shown to catalytically oxidize methane to methanol in the presence of
N,O at 200 °C and 120 °C, respectively.?!*> In addition to terminal iron-oxo species, bridging iron-oxo
species have been proposed as crucial catalytic intermediates for the activation of strong C—H bonds using
MOF-based catalysts.3*° Perhaps most notably, it was shown that Fe-doped MIL-53(Al) — denoted MIL-
53(Al,Fe) —is capable of converting methane to methanol in the presence of H,O, at 60 °C via the formation
of a proposed (p-oxo)diiron(IV) intermediate.?*4

Recently, a highly tunable family of metal—triazolate frameworks with the general formula M,(p-
Cl)y(bbta) (M = Mn, Fe, Co, Ni, Cu) (H,bbta = 1H,5H-benzo(1,2-d:4,5-d")bistriazole) has been
synthesized,*'* in addition to a large-pore analogue with the general formula M,(pu-Cl),(btdd) (H,btdd =
bis(1H-1,2,3-triazolo[4,5-b],[4",5"-1])dibenzo[ 1,4]dioxin)).*>4® The divalent metal centers in this family of
MOFs are known to be coordinatively unsaturated, adopting a square pyramidal coordination geometry
suitable for the binding and potential activation of guest molecules, including those that involve oxidation
of the metal centers.*>*’ The structure of these metal-triazolate frameworks closely resembles that of
M,(dobdc), with the main differences being the presence of triazolate functional groups in place of
carboxylate functional groups as well as equatorial p-CI- ligands in place of O-donor ligands.

When the p-Cl- ligands of M,(p-Cl)y(bbta) are exchanged with p-OH- ligands to yield the
isostructural framework M,(u-OH),(bbta) (Figure 1la), the metal centers can become more easily
oxidized.*% As such, it is worth considering if the M,(u-OH),(bbta) family can support terminal transition
metal-oxo species and/or bridging transition metal-oxo species suitable for oxidation catalysis. Several
hypothetical transition metal-oxo active site motifs in the M,(u-OH),(bbta) family are depicted in Figure
1b, each with a different electronic structure environment that may be realized depending on the choice of
metal center and oxidant. Aside from its potential use in oxidation catalysis, the diversity of potential active
site species also makes M,(u-OH),(bbta) a unique platform to systematically probe the properties of various
transition metal-oxo species that are of broad interest in the (bio)inorganic chemistry community.
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Figure 1. a) Constituent building blocks and periodic structure of M,(1-OH),(bbta). Atom color key: M (orange), N
(blue), O (red), C (black), H (white). b) Hypothesized terminal and bridging metal-oxo active site motifs that can be
considered when M,(p-OH),(bbta) is exposed to an oxidant. Only a representative portion of the framework structure
is shown. Formal oxidation states are included as a visual aid but do not necessarily reflect the true ground state
electron configuration.

In the present study, we use periodic density functional theory (DFT) calculations to investigate
the formation and subsequent reactivity of hypothesized terminal and bridging iron-oxo species within
Fe,(u-OH),(bbta), motivated by the aforementioned work on Fe-containing MOFs. For the reaction of
interest, we chose to study the direct conversion of methane to methanol given its societal importance,’'—3
considering both N,O and H,0, oxidants as possible ways to produce the intermediates shown in Figure 1.
Although Fe,(u-OH),(bbta) has not yet been synthesized, its Cl-containing analogue Fe,(u-Cl),(bbta) has
been reported in the literature.*> We note that the isostructural Co,(u-OH),(bbta) has been successfully
synthesized and studied for a variety of redox processes, including O, chemisorption,*® electrocatalytic
oxygen evolution,** and photocatalytic CO, reduction.*

Based on the results of the DFT calculations, we predict that Fe,(u-OH),(bbta) would exhibit
particularly promising thermodynamics and kinetics for N,O activation, resulting in the favorable formation
of a terminal iron-oxo species that can activate C—H bonds. When considering H,O, as the oxidant (or other
oxidants that can produce OH - radicals), we find that a wider range of iron-oxo species are plausible,
including both terminal and bridging iron-oxo sites. An analysis of the electronic structure for each
proposed iron-oxo species indicates that spin coupling occurs en route to the H-abstraction transition state
for each of the investigated iron-oxo species. Additionally, a complex arrangement of both positive and
negative spin density is present on the terminal iron-oxo species and at the H-abstraction transition state.
We conclude with several hypotheses for how to maximize the catalytic activity in this family of metal—
triazolate frameworks based on the insights gained from the mechanistic analyses in this work.
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Methods

Density Functional Theory Parameters

Plane-wave DFT calculations were carried out using the Vienna ab initio Simulation Package (VASP)
v.5.4.4.5%57 We elected to use periodic DFT in this work over cluster models>® to avoid the limitations of
finite-size effects, particularly when considering bridging oxo species that lead to structural distortion
across multiple Fe sites and reaction steps that involve traversal of the pore environment. Structure
relaxations and energy calculations were carried out at the PBE-D3(BJ) level of theory>*-°! with an effective
Hubbard U correction®? of 4.0 eV for the Fe 3d sites (unless otherwise stated). This U value was selected
because it accurately reproduces the formation energies of iron oxides® and has been successfully employed
in prior work on iron-containing MOFs.#6465 In general, the use of a +U correction has been shown to
greatly improve upon PBE (with U = 0 eV) for oxidation processes in MOFs with coordinatively
unsaturated metal sites and reduces the tendency of PBE to artificially destabilize high spin states.** We
also anticipate that the use of a +U correction will help reduce the self-interaction error®® present in
generalized gradient approximation (GGA) functionals that can result in a qualitatively incorrect
description of the H-abstraction process when left untreated.?

For the guest-free structures, the lattice constants and atomic positions were simultaneously
optimized at the PBE-D3(BJ)+U level of theory, after which the lattice constants were kept fixed for the
remainder of the work. The DFT-optimized lattice constants for the Fe,(u-OH),(bbta) framework are shown
in Table S1. For the structurally related Fe,(u-Cl),(bbta) framework, the DFT-computed lattice constants
are within 0.7% error of the experimentally reported values (Table S2). For calculations at other levels of
theory, the PBE-D3(BJ)+U lattice constants were employed as a matter of consistency.

A plane-wave kinetic energy cutoff of 520 eV and I'-centered Monkhorst-Pack®” 3 X 2 X 2 k-point
grid were used throughout this work unless otherwise stated. The net force on all atoms was converged to
within 0.03 eV/A during all structure relaxations. Gaussian smearing of the band occupancies was applied
with a smearing width of 0.01 eV and extrapolation back to the 0 K limit. The accurate precision keyword
was enabled in VASP, and symmetry constraints were disabled. The energy within each self-consistent
field (SCF) loop was converged to within 10°¢ eV or tighter. For the GGA+U (and hybrid GGA)
calculations, aspherical contributions inside the projector-augmented wave spheres were included. Various
spin states were considered for each structure, and the electron configurations shown in Table S3 were
adopted. As done in prior work for this family of materials*’® and several studies on other iron-containing
MOFs,?2940 we invoke ferromagnetic coupling between the metal centers as a matter of computational
simplicity and to permit the use of a primitive unit cell, which has an odd number of metal centers along a
given chain.

Transition states were identified using a combination of the climbing image nudged elastic band
(NEB)® and dimer methods” as implemented in VTST Tools v.179.”! Partial atomic charges were
calculated with the Charge Model 5 (CM35) method’ using the Chargemol 09-26-201773 code, and atomic
spin densities were computed with the Bader method using the bader 1.0.3 code from the Henkelman
group.” VASPKIT 1.2.57° and VESTA 3.5.77¢ were used to visualize the spin density. Additional
computational details can be found in the Supporting Information.

Comparing GGA, GGA+ U, and Hybrid Calculations

Given the diverse range of active sites and reactions considered in this work, we acknowledge that no single
U value is likely to be ideal for each step in the proposed catalytic mechanisms.”” As such, we refer the
reader to the Supporting Information for a detailed discussion regarding the effect of different density

4

Page 4 of 20



Page 5 of 20

Physical Chemistry Chemical Physics

functional approximations, which includes calculations at the PBE-D3(BJ) (i.e. U = 0 eV) and HSE06-
D3(BJ)//PBE-D3(BJ)+U8% levels of theory for comparison purposes. To briefly summarize, compared to
the uncorrected PBE-D3(BJ) functional, we find that the inclusion of a +U correction increases the spin
density localized on the metals (Table S9), decreases the spin density localized on the oxo ligand (Table
S9), makes the iron-oxo formation energies significantly less exothermic (Tables S10 and S11), increases
the barriers for N,O and H,O, activation (Table S12), and decreases the methane activation barrier (Table
S13). Many of these findings are analogous to trends that have been observed when comparing GGAs with
hybrid functionals'®2%3! and the general observation that there is often a tradeoff between active site stability
and reactivity for MOFs.?* In most cases, the single-point HSE06-D3(BJ) calculations do not substantially
alter the results of the PBE-D3(BJ)+U level of theory (Figures S6—-S8); notable differences are discussed
throughout the text.

Results and Discussion
C—H Bond Activation with an N,O Oxidant

A proposed mechanism for the direct conversion of methane to methanol in the presence of an N,O oxidant
is shown in Scheme 1. The outer pathway is a commonly proposed terminal metal-oxo route, wherein
cleavage of the N-O bond of N,O results in the formation of an [M(O)]*>" species and N, (Cyxy). If the
terminal metal-oxo species (D;) is successfully formed, it can potentially be followed by methane
adsorption (E;), cleavage of the C—H bond of methane (F;), subsequent rebound of the resulting methyl
radical to form methanol (G), and desorption of the methanol product to close the catalytic cycle. The
proposed inner pathway is specific to the M,(u-OH),(bbta) family of materials and represents an internal
H-transfer from a u-OH- species to the proposed terminal oxo moiety. If this step is thermodynamically
and kinetically feasible, then a bridging oxo species (D), [M(OH)(n-O)M]**, may form. Following the
adsorption of methane (E,), H-abstraction may then occur over the bridging oxo species (F,). The resulting
methyl radical can then interact with the terminal hydroxide ligand to generate methanol (G) and complete
the catalytic transformation.
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Scheme 1. Proposed mechanistic pathways for the conversion of methane to methanol using N,O as the oxidant and
an M,(u-OH),(bbta) catalyst.

When investigating N,O as a potential oxidant, the first aspect that must be considered is whether
N,O preferentially adsorbs in an n'-N or 1'-O mode (Figure S2), the latter of which is the preferred
configuration for the formation of a terminal metal-oxo site. For Fe,(u-OH),(bbta), the n'-N and n'-O
geometries are within 2 kJ/mol (Table S4), suggesting that a mixture of both adsorption modes would likely
be observed experimentally (similar to Fe, ;Mg o(dobdc)'®). For the n'-O mode, N,O adsorption in Fe,(u-
OH),(bbta) is predicted to take place with an adsorption energy (A + N,O — Bn,0) of approximately —22
kJ/mol, consistent with physisorption (Figure 2a).
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Figure 2. a) Potential energy landscape for the conversion of methane to methanol via a terminal iron-oxo species
formed in the presence of an N,O oxidant and an Fe,(u-OH),(bbta) catalyst. The zero-energy reference corresponds
to the infinitely separated reactants (i.e. A + N,O + CH,). Results are presented at the PBE-D3(BJ)+U level of theory.
b) Representative portions of the DFT-optimized structures considered in the proposed mechanism. Atom color key:
Fe (orange), N (blue), O (red), C (black), H (white).

Following N,O adsorption in the n'-O mode (Bnz0), cleavage of the N-O bond may occur to yield
a formally Fe(IV)-oxo species and the release of N, (Cy nz). The transition state for this process (TSgy,,/c, x,)
is characterized by a decrease in the Fe—ON, distance, stretching of the N—O bond, and reduction of the
otherwise linear N—O-O bond angle as the N,O molecule begins to dissociate (Table S5). As shown in
Figure 2a, the barrier for N,O activation with Fe,(u-OH),(bbta) is predicted to be 102 kJ/mol at the PBE-
D3(BJ)+U level of theory, which is 27 kJ/mol lower than that of Fe,(dobdc) at the same level of theory
(Table S6), suggesting that this metal-triazolate framework may be able to activate N,O since Fe,(dobdc)
can do so at 75 °C. Additionally, the presence of u-OH- ligands as opposed to p-Cl- ligands reduces the
N,O activation barrier by 41 kJ/mol (Table S6), which further supports the decision to focus on M,(p-
OH),(bbta) for catalytic oxidation reactions.

Fe,(u-OH),(bbta) exhibits an energetically favorable formation of the [Fe(O)]** species with a net
reaction energy (Bnzo = Cinz) of —15 kJ/mol at the PBE-D3(BJ)+U level of theory, as shown in Figure 2a.
When comparing the [Fe(O)]** site of Fe,(u-OH),(bbta) to that of Fe,(dobdc) at the same level of theory,
we find that the reaction energy associated with forming the [Fe(O)]?** site is 32 kJ/mol more favorable for
Fe,(1-OH),(bbta) (Table S7), and both frameworks have the same Fe—O bond distance of 1.65 A. The
greater thermodynamic stability of the [Fe(O)]** site in Fe,(u-OH),(bbta) suggests that, if formed, this
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active site motif may have a longer lifetime than an analogous [Fe(O)]?* site in Fe,(dobdc), which has been
invoked!'®!7 but never directly observed.

Shifting focus to the C—H activation step, we find that proposed [Fe(O)]?" sites in Fe,(u-OH),(bbta)
exhibit a methane activation barrier (E; — TSg,/r,) of 67 kJ/mol at the PBE-D3(BJ)+U level of theory
(Figure 2a). As a point of comparison, the methane activation barrier over [Fe(O)]** sites in Fe,(dobdc),
which is known to catalytically oxidize various alkanes (e.g. ethane,'® cyclohexane??), is 44 kJ/mol at the
same level of theory (Table S8). This finding suggests that the hypothesized [Fe(O)]** sites of Fe,(u-
OH),(bbta) may be able to activate strong C—H bonds, although the [Fe(O)]** sites of Fe,(dobdc) are likely
to be more reactive. Rebound of the methyl radical to yield methanol (F; — TSk, /) proceeds with a kinetic

barrier of only 9 kJ/mol, followed by a methanol desorption energy (G — A + CH;0H) of 57 kJ/mol. Based
on these results, we predict that the N,O activation step will have the largest barrier in the proposed
mechanism for converting methane to methanol via a terminal iron-oxo intermediate, as has been predicted
for other iron MOFs that are known to oxidize light alkanes.!72>28

We also explored the possibility of an internal H-transfer from the bridging u-OH- species to the
terminal oxo ligand (D; = D, in Scheme 1). For Fe,(u-OH),(bbta), the [Fe(OH)(u-O)Fe]** species (D) is
predicted to be 18 kJ/mol more energetically favorable than the [Fe(O)]** (D) species at the PBE-
D3(BJ)+U level of theory (Figure 3). However, there is a relatively large kinetic barrier of 92 kJ/mol for
the internal H-transfer process to take place. Given the lower barrier for C—H activation, the [Fe(O)]**
species — if formed — may predominantly react with the substrate of interest rather than form a bridging
iron-oxo species. Nonetheless, the presence of bridging iron-oxo species cannot be entirely excluded,
especially in the absence of methane or other hydrocarbon reactants.
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Figure 3. Potential energy landscape and corresponding DFT-optimized structures for an internal H-transfer process
from the p-OH™ group to the terminal oxo species of Fe,(-OH),(bbta). The zero-energy reference corresponds to the
infinitely separated reactants (i.e. A + N,O + CH,). Results are presented at the PBE-D3(BJ)+U level of theory.
Representative portions of the DFT-optimized structures considered in the proposed mechanism are shown. Atom
color key: Fe (orange), N (blue), O (red), C (black), H (white).
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C-H Bond Activation with an H,O, Oxidant

Recognizing that the p-OH- species in the My(u-OH),(bbta) framework may react with OH - radicals, we
also considered methane activation in the presence of an H,O, oxidant via several proposed mechanisms,
as summarized in Scheme 2. All the mechanisms shown in Scheme 2 begin with H,0O, adsorbing at a
coordinatively unsaturated metal site (By,0,). Provided the barrier is sufficiently low, H,O, activation may
occur to yield a terminal M—OH site and nearby OH - radical. Given the reactive nature of the OH - radical,
multiple pathways were considered based on which species it interacts with. The outermost (red) route is
analogous to the [M(O)]** (D) route of the N,O activation mechanism (Scheme 1); in this pathway, the
OH - radical abstracts an H atom from the terminal hydroxide ligand to yield a terminal metal-oxo site and
H,0 (Cy,u20) before activating the C—H bond of methane (E; = F;) The central (blue) pathway is analogous
to the [M(OH)(p-O)M]** (D,) route of the N,O activation mechanism (Scheme 1); in this pathway, the OH -
radical abstracts an H atom from the u-OH- species to form a bridging metal-oxo site and H,O (Csm20),
and the bridging metal-oxo activates the C—H bond of methane (E, — F,). Finally, in the innermost (green)
pathway, a terminal OH ligand and bridging oxo species are formed along two adjacent — but distinct —
chains of metal centers within the framework following H,0, activation, yielding separate [M(u-O)M]3*
and [M—OH]?*" sites (D3), the former of which is considered for C—H activation in this work (E; — F3). In
all cases, the methyl radical can form methanol (F; — G) and desorb to regenerate the starting material.
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Scheme 2. Proposed mechanistic pathways for the conversion of methane to methanol using H,O, as the oxidant and
an M,(u-OH),(bbta) catalyst. In the outermost red pathway, a terminal metal-oxo species is formed with possible
internal H-transfer to yield a bridging oxo species (D; = D). In the middle blue pathway, a terminal OH ligand and
bridging oxo species are formed around the same metal center. In the innermost green pathway, a terminal OH ligand
and bridging oxo species are formed along two adjacent but distinct chains of metal centers within the framework.
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Beginning with the H,O, adsorption step (A + H,O, = Byz02), we predict that Fe,(u-OH),(bbta)
exhibits strong chemisorption of H,O, with an adsorption energy of —81 kJ/mol (Figure 4). In this
framework, H-bonding interactions between the p-OH- ligands and H,O, contribute to the highly favorable
adsorption process (similar to how Co,(u-OH),(bbta) exhibits H-bonding interactions with O,
adsorbates*®*%). Following H,0, adsorption, we predict relatively low H,O, activation barriers (Byz0z =
C1.120/Ca120/Cs m20) of 45 — 62 kJ/mol at the PBE-D3(BJ)+U level of theory depending on the pathway
under investigation (Figure 4). These barriers are associated with the cleavage of the O—O bond in H,0,,
which results in the formation of a transient OH - species and Fe—OH group before forming the Cyyo
products. We note that in prior experimental work, it has been shown that both Mn,Cly(bbta) and

Co,Cl,(bbta) can be oxidized in the presence of H,0O, at 0 °C,* although these frameworks do not have p-
OH- ligands that may interact with OH - species from H,O..
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Figure 4. a) Potential energy landscape for the conversion of methane to methanol in the presence of an H,0O, oxidant
and Fe,(u-OH),(bbta) catalyst. The zero-energy reference corresponds to the infinitely separated reactants (i.e. A +
H,0, + CHy). Results are presented at the PBE-D3(BJ)+U level of theory. Color key: [Fe(O)]** (red), [Fe(OH)(u-
O)Fe]*" (blue), and [Fe(u-O)Fe]** (green) pathways. b) Representative portions of the DFT-optimized intermediates

and transition states associated with Fe,(u-OH),(bbta). Atom color key: Fe (orange), N (blue), O (red), C (black), H
(white).



Physical Chemistry Chemical Physics

As shown in Figure 4, at the PBE-D3(BJ)+U level of theory the [Fe(O)]?* site (E,) is predicted to
be more reactive towards C—H bonds than the bridging iron-oxo species invoked in Scheme 2 (E,/Es3). The
higher reactivity of the [Fe(O)]*" site can likely be rationalized based on the higher formal oxidation state
of the Fe site compared to that in the bridging iron-oxo species. Nonetheless, all three iron-oxo species have
methane activation barriers below 100 kJ/mol at the PBE-D3(BJ)+U level of theory (Figure 4), suggesting
that even the bridging oxo motifs may exhibit some degree of reactivity towards substrates with weaker C—
H bonds (even if they may not be able to activate methane in practice). While it is the most reactive of the
oxo ligands investigated in this work, the terminal iron-oxo species is also the least energetically preferred
when considering H,O, as the oxidant. In addition to the radical methane dissociation pathways shown in
Figure 4, we also considered surface-stabilized methane dissociation®? at the D, site (Figure S5); however,
the surface-stabilized route was found to have a 15 kJ/mol larger C—H activation barrier at the PBE-
D3(BJ)+U level of theory.

Following the C—H activation step, rebound of the methyl radical occurs with the smallest barrier
throughout the proposed mechanism, consistent with most prior studies.'* In contrast with the N,O
mechanism where cleaving the N—O bond has the largest activation energy (Figure 2), C—H activation is
more likely to be the step with the largest barrier when using H,O, as the oxidant, especially if bridging
iron-oxo sites are the sole or predominant active site species. In general, the HSE06-D3(BJ)//PBE-
D3(BJ)+U calculations for the H,O,-based mechanism (Figure S8) yield analogous trends, but the bridging
iron-oxo species are predicted to be even more energetically favorable (with a larger C—H activation barrier
as a result). Based on these calculations, H,O, should only be considered if bridging iron-oxo species are
known to be desirable for a given oxidation reaction of interest, although such sites are less reactive than
proposed [Fe(O)]*" species that may be realized with other oxidants.

Electronic Structure of Various Iron-Oxo Species

From the prior analyses, we can conclude that there are several plausible metal-oxo species that should be
considered for catalytic oxidation reactions with the M,(u-OH),(bbta) family of materials. In this section,
we explore the electronic structure of the metal-oxo sites outlined in Figure 1b. Specifically, we consider
the terminal iron-oxo site, [Fe(O)]?*, which can be formally described as an Fe(IV)-oxo species, as well as
three related bridging iron-oxo sites: [Fe(u-O)Fe]**, [Fe(OH)(u-O)Fe]**, and [Fe(OH)(u-O)Fe(OH)J*" with
formal oxidations states of (p-oxo)diiron(ILIII), (u-oxo)diiron(I1I), and (p-oxo)diiron(I1LIV), respectively.
Each of the aforementioned iron-oxo species were already discussed in the context of the proposed
mechanisms shown in Scheme 1 and Scheme 2 with the exception of [Fe(OH)(u-O)Fe(OH)J**;
stoichiometrically, this active site motif would require two or more equivalents of H,O, (for example) to
generate adjacent terminal hydroxide ligands. The reactivity of [Fe(OH)(u-O)Fe(OH)]** is shown in Table
S13, and it has a predicted methane activation barrier that is comparable to [Fe(O)]?>* at the PBE-D3(BJ)+U
level of theory.

To better understand the electronic structure, we computed the Charge Model 5 (CMS5)7>7? partial
atomic charges for each iron-oxo species (Figure 5). Since partial atomic charges are not numerically
equivalent to oxidation states, we use the CM5 charges of the iron sites in guest-free Fe,(u-OH),(bbta) as a
reference point for the 2+ oxidation state. The reference point for the 3+ oxidation state is obtained from
CMS5 charges of the metal centers if they were to all contain a terminal OH ligand (i.e. Fe,(OH),(u-
OH),(bbta)).
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[Fey,(0))?F [Fey, (u-0)Fe >t

121 [Fey (0)] 2+
[Fey(p-0)Fe.]*+
[Fey(OH)(p-0)Fe,|**
1.0 1 [Fen(OH)(1-0)Fe (OH)[*
5‘{ O e 3+
0.8 4
e B — — — B 2+
0.6
a b c
Fe site

Figure 5. a) Representative portions of the DFT-optimized geometries of four different iron-oxo species with unique
electronic structure environments. b) Charge Model 5 (CM5) partial atomic charges, qre, at the iron (Fe) centers for
each structure. The CM5 charges correspond to the metals “a”, “b”, and “c”, with the terminal oxo ligand found at
metal “b” and the bridging oxo ligand between metals “b” and “c”. Reference CM5 values for the 2+ and 3+ oxidation
states are shown as dashed, horizontal lines. Results are presented at the PBE-D3(BJ)+U level of theory. Color key:
[Feu(O)]?* (red), [Feu(n-O)Fe.J*" (green), [Fe,(OH)(u-O)Fe J3* (purple), [Fe,(OH)(u-O)Fe (OH)]** (brown). Atom
color key: Fe (orange), O (red), N (blue), C (black), H (white).

As shown in Figure 5, the [Fe,(O)]*" site is best-described as having primarily Fe(III) character
based on the CMS5 partial charge analysis, compared with a formal oxidation state of 4+. For the [Fe,(u-
O)Fe J** species, the metal centers are not predicted to be electronically identical, and one of the metals
exhibits more Fe(Ill) character than the other despite having the same coordination environment. In this
case, the [Fey(u-O)Fe J** species is well-described by the formal oxidation state of diiron(ILIII). The
electronic structure of the [Fe,(OH)(u-O)Fe.]** species is analogous to that of the [Fey(p-O)Fe J** species
except that both metal centers are now oxidized according to the partial charge analysis, with the best
description being a diiron(III) state (Figure 5). The [Fe,(OH)(u-O)Fe (OH)]** species is more complex and
exhibits intrachain charge transfer such that a metal center on the periphery of the [Fe,(OH)(u-O)Fe (OH)]3*
species, denoted Fe,, also gets oxidized. This behavior is qualitatively similar to that of Fe,(dobdc), which
reacts with O, at room temperature to form an iron-peroxo complex where one electron is believed to come
from the iron binding site while the second electron comes from an adjacent iron atom.?
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[Fe(0)]**at TS | [Fe(u-O)Fe]* [Fe(pu-O)Fe]**at TS

.
po = 0.60 po =—0.25
pc = —0.39
[Fe(OH)(u-O)Fe(OH)*  [Fe(OH)(u-O)Fe(OH)J** at TS
@

pc = —0.37

Figure 6. Spin densities for several iron-oxo species both before and at the transition state (TS) for C—H activation.
The Bader atomic spin moment on the abstracting oxo ligand, po, and carbon atom of the methyl radical, pc, are
shown. Note that the spin density surface on the peripheral oxygen atoms is truncated due to periodic boundary
conditions and that the viewing angles are slightly different for ease of visualization. Only representative portions of
the DFT-optimized structures are shown. Spin density color key: positive spin density (yellow), negative spin density
(cyan). Atom color key: Fe (orange), O (red), N (blue), C (black), H (white).

A complementary approach to investigate the electronic structure of these iron-oxo species is to
analyze the spin density surfaces and atomic spin moments, as shown in Figure 6. Taking the spin density
on the iron sites as positive by convention, the bridging oxo ligands exhibit a substantial degree of positive
spin density prior to C—H activation (i.e. po = 0.58 — 0.63). Changes in the formal oxidation state of the
iron centers do not appear to drastically alter the spin density of the bridging oxo ligand in this MOF. While
the terminal oxo ligand has primarily positive spin density as well (pg = 0.43), we note that there is a small
but non-negligible amount of negative spin density localized on the oxygen atom. This mixture of spin
density is arranged in a donut—dumbbell shape, where the donut (yellow) and dumbbell (cyan) are of
opposite spin. An analogous type of donut—dumbbell mixed spin density profile has been predicted for at
least one other terminal iron-oxo species in the literature, albeit for a completely different coordination
environment based on tetracarbene ligands.®

At the transition state for C—H activation, all the investigated oxo ligands exhibit a mixture of
positive and negative spin density, although it is the most pronounced for the terminal oxo ligand. In the
case of the [Fe(O)]** species, the donut—dumbbell shape is still present at the transition state, although the
signs of the majority and minority spin densities have reversed. The transition from a positive to negative
net effective spin moment on the terminal oxo ligand has been noted in prior work on Mg-diluted Fe,(p-
OH),(bbta)> as well as other [Fe(O)]*" sites in the literature®® and can significantly reduce the activation
energy for H-abstraction, likely due to exchange-enhancement.?”
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Since the opposite-sign spin densities shown in Figure 6 reduce the net atomic spin moment, this
suggests that the “degree of radical character” on the oxo/oxyl ligand may not always be well-represented
by a typical population analysis. The mixing of opposite-sign spin densities on the abstracting atom may
be one of several factors that occasionally prevents a direct relationship to be drawn between the atomic
spin moment and the catalytic reactivity.?>3® Given the demonstrated utility of rationalizing H-abstraction
reactions in the context of spin density on the abstracting atom,*-°! it may be more predictive to consider
the orbital-specific radical character as opposed to the net atomic spin moment, although this can be more
difficult to systematically quantify with DFT.

Conclusions

In this work, we computationally investigated the formation and subsequent reactivity of terminal iron-oxo
sites and bridging iron-oxo sites in Fe,(u-OH),(bbta), specifically focusing on the direct conversion of
methane to methanol as a test of its ability to activate strong C—H bonds. When considering N,O as a
potential oxidant, Fe,(u-OH),(bbta) exhibits a relatively low barrier for N,O activation while having an
exothermic reaction energy for [Fe(O)]** formation. We also predict that the incorporation of p-OH- ligands
— as opposed to p-Cl- ligands in the parent Fe,(j1-Cl),(bbta) framework — is especially beneficial for the
N,O activation process. When considering an oxidant that generates OH - radicals, such as H,0O,, the
mechanistic complexity is far greater, and numerous types of iron-oxo sites can potentially be realized,
including [Fe(O)]** sites and bridging iron-oxo species of various formal oxidation states (e.g. [Fe(p-
O)Fe]** vs. [Fe(OH)(u-O)Fe]** vs. [Fe(OH)(u-O)Fe(OH)?"). The [Fe(O)]** species is predicted to be more
reactive towards strong C—H bonds than most of the bridging iron-oxo sites studied in this work, although
it is more likely to form with N,O than H,O,. When investigating the spin density surfaces, we find that a
complex mixture of positive and negative spin density can simultaneously reside on the oxo ligand,
particularly for the [Fe(O)]** species and at the transition states for C—H activation.

Motivated by the mechanistic analyses presented in this work, there are several factors not explored
here that would be worth considering in future work. For instance, the use of post-synthesis metal-exchange
to yield a mixed-metal framework may make it possible to further tune the reactive properties of the M(p-
OH),(bbta) MOF family. As one example, doping a framework that cannot be readily oxidized, such as a
hypothetical Cu,(pn-OH),(bbta) framework, with spatially isolated Fe sites may decrease the likelihood of
forming bridging iron-oxo species in favor of terminal oxo ligands at the redox-active metal centers. The
use of a redox-inactive host framework may also increase the stability of the proposed catalyst since it is
known that the structurally related Fe,(u-Cl),(btdd) framework is irreversibly oxidized when exposed to
air.”? Beyond this specific MOF family, the feasibility of forming [FeO]?>* in Fe,(u-OH),(bbta) suggests that
it may be worthwhile to explore the possibility of forming terminal oxo species as reactive intermediates in
Fe-exchanged MFU-4/ (MFU = Metal-Organic Framework Ulm),” which is a cubic analogue of the
hexagonal, large-pore M,(u-OH),(btdd) framework but with mononuclear Fe(II) sites. Finally, we
acknowledge that mechanistic pathways beyond those directly investigated in this work are necessary to
better understand questions about the selectivity towards various products,>#° and other reaction
intermediates can undoubtedly be considered.

Collectively, the density functional theory calculations in this work provide support for the
hypothesis that Fe sites incorporated within the M,(pu-OH),(bbta) family of metal-triazolate frameworks
may be able to form iron-oxo species capable of activating C—H bonds. Based on a comparison of the
mechanistic pathways involving N,O and H,O, oxidants, we would recommend the use of N,O since it is
more likely to result in the formation of Fe(IV)-oxo intermediates, which are predicted to be more reactive
towards C—H bonds than the various bridging iron-oxo sites that may form in the presence of H,O,. More
generally, the highly tunable nature of this MOF family combined with the redox activity of the Fe(Il) sites
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suggest that this and related metal—triazolate frameworks may be worth considering for catalytic oxidation
reactions, especially if the goal is to gain a better understanding of fundamental structure—property
relationships.
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