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ABSTRACT: The challenge of activating inert C—H bonds motivates a study of catalysts that
draws from what can be accomplished by natural enzymes and translates these advantageous
features into transition-metal complex (TMC) and material mimics. Inert C—H bond activation
reactivity has been observed in a diverse number of predominantly iron-containing enzymes
from the heme-P450s to non-heme iron a-ketoglutarate-dependent enzymes and methane
monooxygenases. Computational studies have played a key role in correlating active site
variables such as the primary coordination sphere, oxidation state, and spin state to reactivity.
TMCs, zeolites, metal organic frameworks (MOFs), and single-atom catalysts (SACs) are
synthetic inorganic materials that have been designed to incorporate Fe active sites in analogy to
single sites in enzymes. In these systems, computational studies have been essential in
supporting spectroscopic assignments and quantifying the effects of the metal-local environment
on C—H bond reactivity. High-throughput virtual screening tools that have been widely used for
bulk metal catalysis do not readily extend to the single-site inorganic catalysts where metal—
ligand bonding and localized d-electrons govern reaction energetics. These localized d-electrons
can also necessitate wavefunction theory calculations when density functional theory (DFT) is
not sufficiently accurate. Where sufficient computational or experimental data can be gathered,
machine learning has helped uncover more general design rules for reactivity or stability. As we
continue to investigate metalloprotein active sites, we gain insights that enable us to design
stable, active, and selective single-site catalysts.
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1. Introduction.

Selective partial C—H bond activation remains challenging and economically infeasible
due to the lack of an industrially effective catalyst that can activate and functionalize inert C—H
bonds without overoxidation.!> Metalloenzymes that have mononuclear Fe active sites in high-
spin (HS) states®> coordinated to weak-field amino acids can selectively oxidize substrates with
inert C-H bonds such as those in light alkanes.® Although these metalloenzymes operate at room
temperature under mild conditions, they have narrow thermal and pH stability windows. Hence,
they are not practical for industrial-scale C-H bond activation and functionalization.®
Nonetheless, the identification of metal-oxo moieties within metalloenzyme active sites that are
thought to be potent oxidants in C-H activation have led to many spectroscopic’® and
computational®? studies to uncover the role of this elusive intermediate.

The metal-oxo moieties present in metalloenzymes that can activate inert C—H bonds are
challenging to isolate or characterize'® but have inspired the design of Fe-containing transition-

metal complexes (TMCs) that contain metal-oxo bonds.!!"!3

Although metal-oxo moieties in
TMC:s are easier to isolate and characterize by crystallography!'* and spectroscopy!+!¢ than those
in a biological context, they also remain elusive and challenging to study. Computational
studies!”!® play an essential role in understanding these Fe metal-oxo intermediates and their
electronic structure to elucidate C—H bond activation mechanisms!® and draw comparisons to
metalloenzymes.? In particular, the active sites of metalloenzymes have motivated the synthesis
of bioinspired TMCs to quantify reactivity trends.?!>2

Single-site heterogeneous catalysts represent one way to overcome potential limitations

of industrial application of TMCs or enzymes. Zeolites, MOFs, and SACs are promising

materials for practical use because they can be more readily separated from products and
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reactants. The active sites in metalloenzymes have inspired incorporation of isolated Fe atoms in
these materials that can also carry out C—H bond activation.?** The complex nature of these
systems and challenges of achieving atomic precision with spectroscopic techniques has required
a tight interplay between characterization and simulation. Nevertheless, further developments are
needed both in increasing the computational speed (e.g., with machine learning) and accuracy
(e.g., by going beyond DFT) to enable rapid discovery and design.

In this Perspective, we highlight the role of computational studies in understanding C-H
bond activation in metalloenzymes, TMCs, and single-site heterogeneous catalysts such as
zeolites, MOFs, and SACs (Figure 1). We first highlight studies on metalloenzyme C—H bond
reactivity and the role of computational studies in confirming spectroscopic observations and
uncovering mechanisms. We then discuss how these metalloenzyme active sites have inspired
the design of TMCs, zeolites, MOFs, and SACs. In each subclass of materials, we illustrate the
unique role of computational studies in providing insights into C—H bond activation. In
particular, we underscore the importance of computational studies in unraveling the role of spin
state and active site environment on C—H bond reactivity, both of which are challenging to probe
by experiment. Lastly, we call attention to tools and techniques that bridge analysis of C—H bond
reactivity across different systems and emphasize the role of machine learning (ML) for future

bioinspired materials design.



Figure 1. An illustrative overview of iron-containing systems studied for catalytic C—H
activation. The scope covers three domains of catalysis: enzymes (light gray band), transition-
metal complexes, and heterogenous single-site catalysts (dark gray band). The range of studied
systems and their depicted structures include cytochrome P450 enzymes (PDB: 5CP4), non-
heme iron a-ketoglutarate-dependent oxygenases (PDB: 10S7), methane
monooxygenases(MMO, PDB: IMTY), FeS cluster cofactor-containing enzymes (PDB: 1FDO),
zeolites (Fe-ZSM-5), metal-organic frameworks (MOFs, Fe-MOF-74), and single-atom catalysts
(SACs, FeN, embedded in graphene). Systems are explored using density functional theory
(DFT), experiments, and machine learning (ML).

2. Metalloenzymes That Catalyze C—H Bond Activation

Metalloenzymes readily activate and functionalize inert C—H bonds of various substrates
at isolated Fe, Cu, and Mo metal centers. A diverse number of Fe-containing metalloenzymes
have the ability to activate C-H bonds: heme-P450, non-heme o-ketoglutarate-dependent

enzymes, soluble  methane-monooxygenase enzymes, and  Fe-S-cluster-dependent
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metalloenzymes. All of these enzymes utilize Fe at some point in the process of C-H bond
activation. Computational studies have played a key role in confirming spectroscopic
assignments that provide proof of fleeting reactive intermediates that are essential for drawing
conclusions about the chemical mechanism. Additionally, these studies have also uncovered the
role of various active site variables such as coordination environment, noncovalent interactions,

and substrate positioning that pave the way for bioinspired catalyst design.

2.1 Heme-P450 Enzymes

Heme-containing P450 enzymes were the first enzymes studied for selective C—H bond
hydroxylation.?>2¢ A reactive metal-oxo intermediate was identified by Mdssbauer spectroscopy
and hypothesized as the reactive species in chloroperoxidase?’” but could not be
crystallographically characterized. Due to the similarity of reactivity signatures obtained from
isotope labeling studies (i.e., kinetic isotope effects) between the chloroperoxidase and P450s,
the metal-oxo intermediate was hypothesized to be the active species in P450s but was fleeting
and difficult to trap.?® Groves and McCluskey utilized isotope labeling studies on model ferrous
ion-peroxyacid systems and discovered the radical rebound mechanism, which is now the
predominant proposed mechanism for C-H hydroxylation®* 2%-2° (Figure 2). This name of this
mechanism for alcohol formation refers to the “rebound” of a substrate-centered carbon radical
with the post-C—H activation metal-hydroxo moiety formed by the metal-oxo subunit.?> Despite
the elucidation of the radical rebound mechanism, trends in P450 reactivity, such as product
selectivity (e.g. the distribution between hydroxylation vs. epoxidation products), remained
difficult to explain.’®3! To explain these trends, Shaik and coworkers used DFT and developed

32-33

the concept of multistate reactivity>>°, in which the spin state changes along a reaction

coordinate. In particular, a mechanism invoking two-state reactivity (TSR) with differences in
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reactivity on the triplet and quintet spin state surfaces could explain why both epoxidation and

hydroxylation products formed, emphasizing the role of spin in P450 reactivity.3*%
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Figure 2. The radical rebound mechanism for C—H bond hydroxylation as performed by heme-
P450 enzymes at Fe centers. Catalytic cycle adapted with permission from ref. 29. Copyright

2017 American Chemical Society. P450 enzyme active site adapted with permission from ref.
31. Copyright 2016 American Chemical Society.

DFT was also essential in understanding the environmental factors that influence
reactivity at the P450 metal-oxo active site. Ogliaro et al. investigated the role of polarizability in
the axial cysteine ligation to heme and found that hydrogen bond donors adjacent to the metal—
sulfur bond affect its bond length and coordination strength, highlighting the influence of the
greater protein environment and hydrogen bonding on reactivity.’® A multi-scale quantum
mechanics/molecular mechanics (QM/MM) study by Guallar et al. determined that peripheral
carboxylate substituents on the heme co-factor stabilize nearby charged residues and influence
hydrogen atom abstraction reactivity by promoting charged interactions in the transition state
(TS).” Computational studies also shed light on long-range effects in P450s that cannot easily be
understood with experiment alone. A recent computational study by Acevedo-Rocha et al. found
that a single amino-acid substitution induces long-range conformational changes that alter gating

mechanisms and thus hydroxylation selectivity, providing future opportunities to engineer
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P450s.%® More recently, Bim et al. found that axial ligation induces large local electric fields in
P450s and other heme-containing enzymes (e.g. catalases and peroxidases). Using DFT
calculations, they found that the axial cysteine ligation induces the strongest electric field, which
enables P450s to uniquely undergo hydrogen atom transfer (HAT) from strong C—H bonds in
light alkanes.*

Although P450 heme enzymes catalyze challenging oxygenation reactions, they do not
possess native carbene transfer reactivity. Coelho et al. used directed evolution to extend metal-
0xo0 reactivity to isoelectronic metal-carbene transfer reactivity.** Recently, Dodani et al. used
molecular dynamics to guide selection of a single amino-acid substitution that alters the
conformational substrate gating of a P450 enzyme and experimentally changed nitration
regioselectivity on a L-tryptophan substrate.*! While directed evolution proves that P450
reactivity and regioselectivity can be engineered, simulation plays a pivotal role in dissecting the

mechanisms by which incorporated substitutions alter substrate and reaction selectivity.

2.2 Non-Heme Fe a-Ketoglutarate-Dependent Hydroxylase and Halogenase Enzymes

Since the discovery of the first Fe(Il)/a-ketoglutarate-dependent mononuclear
oxygenases, the study of this non-heme iron family of enzymes has revealed a wealth of
substrate and reaction diversity essential to biology.*> The Fe(Il)/a-ketoglutarate-dependent
oxygenase family displays a range of catalytic mechanisms despite a conserved coordination
environment, with many of the members containing a HS Fe(Il) center.”” ¥ The active site of
hydroxylases, a subset of the oxygenase superfamily, contains a conserved 2-His-1-carboxylate
facial triad and HS Fe(Il) center within a conserved double-stranded [3-helix fold.” In
halogenases, the coordinating facial triad carboxylate is substituted for an alanine or glycine,

leaving a coordination site for a chloride or bromide ion to bind to iron (Figure 3).* Despite
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different reactivities, these enzymes share a conserved HAT step for C—H bond activation.
During this step, the Fe(IV)-oxo species homolytically cleaves a target substrate C—H bond,
yielding a radical intermediate.*> For the hydroxylase class of Fe(Il)/a-ketoglutarate-dependent
enzymes, the radical intermediate then recombines with the Fe(IlI)-hydroxo moiety, generating
the hydroxylated product as part of the radical rebound step, as first observed in the P450 family
of enzymes. Characterization of the HS state in the archetypal enzyme TauD by Bollinger and
Krebs has informed synthetic efforts to design HS molecular mimics.!*!4 4 Although the Fe(II)-
coordinating residue identities are essential for catalytic activity, computational investigations of
Fe(II)/a-ketoglutarate-dependent oxygenases reveal that reaction selectivity extends beyond the
immediate coordinating environment and incorporates aspects of binding pocket interactions,

substrate positioning, and local electric fields.*#
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Figure 3. Structures and active sites of TauD and the SyrB2-SyrB1 complex. (top) The structure
of the hydroxylase TauD (blue). The active site is highlighted with an inset and contains an
Fe(IV)-oxo, succinate, and three coordinating residues labeled with their one-letter codes (H99,
D101, and H255). Coordinates for the resting state of the were obtained from the PDB (PDB ID:
6EDH), and the oxo and succinate were modeled into these structures and hydrogen atoms were
added. (bottom) The structure of the halogenases SyrB1 (purple) and SyrB2 (green). The active
site is highlighted with an inset and contains an Fe(IV)-oxo, succinate, a chloride, and two
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coordinating residues labeled with their one-letter codes (H116, H235). Coordinates were
obtained from ref. 47 in which SyrB2 was obtained from the PDB (PDB ID: 2FCT), the oxo and
succinate were modeled into these structures, and hydrogen atoms were added. Additionally, a
homology model of SyrB1 was generated in ref. 47 and docked into the structure of SyrB2.

The array of chemical transformations performed by Fe(Il)/c-ketoglutarate-dependent
oxygenases span hydroxylation’, halogenation®, desaturation**, carbon—carbon cleavage®', and
more recently, isonitrile formation3>>*, with some multi-functional non-heme iron enzymes able
to perform different reactions under different conditions.>> For the well-studied halogenase
SyrB2, experimental and computational investigations have revealed that the position of the
substrate correlates to whether rebound of the chloride or hydroxyl is observed.*>” A more
complete understanding of the factors governing the relative propensity toward halogenation or
hydroxylation is an important prerequisite for the design of novel halogenases and synthetic
mimics capable of halogenation.®® Computational studies suggest that SyrB1, the carrier protein
that works with SyrB2, plays an essential role in halogenation selectivity by positioning the
substrate deeper into the active site where the substrate forms cooperative hydrogen bonds with
the secondary coordinating residue Asnl123 (Figure 3).*7-* In addition, the second-sphere residue
Arg254 has been proposed to play a mechanistic role in active site isomerization and inhibition
of hydroxyl rebound, favoring radical recombination of the halide*% In contrast to
SyrB1/SyrB2, BesD and WelO5 are both halogenases that do not require carrier proteins.
Instead, BesD positions its substrate through multiple hydrogen bonds and charged interactions,
while WelO5 relies on hydrophobic interactions and active site isomerization.!-63

For ScoE, a recently discovered isonitrile-forming enzyme, many mechanisms were
proposed prior to crystallographic characterization of the protein—substrate conformation. These

mechanisms ranged from hydroxylation to desaturation and nitrogen activation.®*%® Recent



computational and experimental studies based on the crystal structure, however, have shed light
on the mechanism, revealing key hydrogen bonding interactions between the substrate and the
protein environment that orient the substrate’>>* (Figure 4). This precise substrate orientation
facilitates C5—H abstraction rather than at the weaker proximal N-H bond. This C5-H bond
activation and the subsequent hydroxyl rebound step align with an experimentally observed on-

pathway hydroxylated intermediate .53

succinate

Figure 4. The active site of the isonitrile-forming enzyme ScoE. Key hydrogen bonding
interactions involved in orienting the substrate are shown as yellow dashed bonds between the
substrate CABA and the residues labeled with their one-letter codes (Y96, Y101, K193, R310).

Many recent computational studies have focused on determining the role of noncovalent
interactions (NCIs) originating from the secondary coordination sphere on reactivity and
selectivity #6- ¥ The role of the secondary coordination sphere is particularly evident when
comparing different Fe(Il)/a-ketoglutarate-dependent oxygenases that act on the same substrate.
The enzymes VioC, OrfP, EFE, and Napl all act on L-arginine, but carry out distinct oxidative

transformations.> ¢ The L-arginine substrate contains three aliphatic carbons, each a potential
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target for C—H activation.”’ Recent computational studies have thus focused on understanding
what distinguishes these enzymes despite sharing identical substrates.*s: * For VioC, quantum
mechanical (QM) cluster model calculations found that local electric fields dramatically increase
the favorability of the C3—H abstraction while disfavoring activation of the isoenergetic C4-H
bond. Other recent work has found that the unique double hydroxylation activity of OrfP is due
to exceptionally strong active-site binding that increases substrate residence time and promotes a
second hydroxylation.®® The distinct reactivity of EFE is believed to be due to a conformational
switch that derails the ethylene formation pathway active in other enzymes.”> Lastly, little is
known about the factors that contribute to the C5-H selectivity of Napl and its unique
desaturation mechanism. With no computational studies performed to date, Napl illustrates the
need for future mechanistic and computational investigation into Fe(II)/c-ketoglutarate-

dependent oxygenases to understand the full breadth of reactions possible with this active site.®

2.3 Methane Monooxygenase (MMO) Enzymes

Methanotrophic bacteria leverage methane monooxygenase (MMO) metalloenzymes to
activate the strong C—H bonds in methane and selectively produce methanol under atmospheric
conditions using O as an oxidant.” Intracellular copper levels dictate the expression levels of the
form of MMO: soluble MMO (sMMO) genes are expressed under copper-limited conditions,
resulting in an iron active site, whereas particulate MMO (pMMO) genes are expressed when
copper is abundant, resulting in a copper active site.”* The structures of SMMO active sites are
well-studied compared to those of pMMO.’ In the case of SMMO, crystallography has revealed
that the active site consists of a non-heme di-iron core bridged by exogeneous hydroxides within

a hydrophobic cavity” (Figure 5).
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Figure 5. (top left) Overall structure of sMMO (PDB: 1MTY) highlighting the location of the di-
iron active site. (top right) Enlarged non-heme di-iron active site in sMMO showing the
coordinating residues and ligands. (bottom left) Two proposed structures of the Q intermediate
essential in light alkane C—H bond activation. (bottom right) Depiction of the hydrophobic
substrate binding pocket around the Q intermediate showing the important protein residues
involved. Fe atoms are shown in brown, O atoms are shown in red, C atoms are shown in gray, N
atoms are shown in blue, and H atoms are shown in white. Di-iron active site structure adapted
with permission from ref. 73. Copyright 2011 American Chemical Society. Proposed Q
intermediate structures adapted with permission from ref. 76. Copyright 2018 American
Chemical Society. Hydrophobic binding site adapted with permission from ref. 77. Copyright
2005 American Chemical Society.

aaaaa

Inspired by P450s, the now widely accepted radical rebound mechanism?® 28

was
suggested for methane hydroxylation by sMMO as well. For sMMO, oxygen insertion into the
di-iron site creates the key oxidizing species known as the Q intermediate.”® The Q intermediate
catalyzes HAT from methane followed by methyl radical rebound to form methanol at the active
site that is ultimately released.”® Others have also proposed a non-radical mechanism involving

nonsynchronous concerted C—H breaking and C-O forming processes.”” It is generally agreed

that the Q intermediate is the reactive species catalyzing C—H activation, as first observed in
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early studies employing transient kinetic techniques coupled with electron paramagnetic
resonance (EPR).®® The structure of the Q intermediate, however, remains heavily debated
despite several spectroscopic studies. Thus, computational studies can serve as a valuable tool to
understand active site structure and dynamics with atomic precision. For instance, it was first
proposed via extended X-ray absorption fine structure (EXAFS) studies that the Q intermediate
has a distorted high-valent Fe;(u—oxo0), diamond core structure where the two iron atoms are
antiferromagnetically coupled.’! More recently however, alternative spectroscopic techniques
such as high energy resolution fluorescence-detected X-ray absorption spectroscopy (HERFD
XAS) have instead favored an open-core assignment of the Q intermediate, with a terminal
Fe(IV)-oxo motif’® 82 (Figure 5). Hence, these conflicting viewpoints arising from spectroscopic
structural assignment of the Q intermediate have motivated researchers to turn to computational
studies to gain better insight.

Indeed, QM/MM studies on the Q intermediate that correlate structural motifs to
geometric parameters for comparison with experimental EXAFS, Mdssbauer, Raman, and
HERFD XAS show better agreement with an open-core assignment of the Q intermediate
comprising mono-oxo bridged terminal Fe-oxo and Fe-hydroxo species interacting via
intramolecular hydrogen bonding.®* In addition, computational methods are also particularly
beneficial in quantifying the role of non-covalent interactions relevant to catalysis, which can be
challenging to identify experimentally. Specifically, DFT studies performed on the radical
rebound cycle of sSMMO highlight the importance of a hydrogen-bonding network surrounding
the active site in stabilizing reaction intermediates.?* Furthermore, QM/MM studies on methane
hydroxylation by the Q intermediate explain how methanol selectivity is enhanced. Here,

Herman et al. argued that the hydrophobic residues in the Q intermediate substrate binding
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pocket stabilize the reacting methane through van der Waals interactions and repel the methanol
product, triggering its transport away from the active site and preventing overoxidation’’ (Figure
5). These insights gained from MMO have set the stage for bioinspired C—H activation in

synthetic homogeneous and heterogeneous catalysts.

2.4 Fe-S Cluster-Containing Enzymes that Also Depend on Mo/W-Oxos

Mo/W-containing enzymes activate strong C-H bonds and exhibit hydroxylation
reactivity similar to Fe(Il)/a-ketoglutarate-dependent oxygenases. One Mo-containing enzyme,
ethylbenzene dehydrogenase (EBDH) from the dimethyl sulfoxide (DMSO) reductase family,
catalyzes anaerobic hydroxylation of the ethylbenzene to (S)-1-phenylethanol.®5 Similar to some
Fe(Il)/a-ketoglutarate-dependent oxygenases such as VioC, EBDH performs hydroxylation with
high stereospecificity.®*® EBDH has a trimeric structure with affy subunits®’ (Figure 6). The a-
subunit active site includes two molybdopterin guanine dinucleotide ligands, an aspartic acid
ligand, and an acetate ligand coordinated to Mo(VI). Together, the coordinating ligands form a
distorted trigonal prismatic coordination geometry. A recent bioinspired catalyst design study of
formate dehydrogenase (FDH), another Mo/W-containing enzyme in the DMSO reductase
family, reported that the enzyme environment primarily affects the geometric properties of the
metal center and that these structural variations can improve catalytic properties of the enzyme
mimics®® (Figure 7). While the reactive center contains a Mo/W center and carries out reactions
similar to Fe-dependent enzymes, this enzyme family also depends on iron in a distinct modality.
The a-subunit contains a [4Fe-4S] cluster is present within 9 A of one of the molybdopterins in
the a-subunit in both FDH and EBDH (Figure 6). The B-subunit is comprised of three [4Fe-4S]
and one [3Fe-4S] clusters which all act as redox reservoirs for electrons. The y-subunit contains a

heme b cofactor axially ligated by a lysine and methionine to complete the electron transfer
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chain of the enzyme.*** Thus, iron plays an important role even when it is not directly binding

the substrate.
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Figure 6. Structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum (PDB:
2IVF). (left) The trimeric structure of the enzyme, with the a, B, and y subunits in blue, gray, and
red, respectively. (center) the electron transfer chain of the enzyme, with the molybdenum center
at top, iron-sulfur clusters in the middle, and heme at the bottom. (right) the enzyme active site,
with the key residues. Reproduced with permission from ref. 87. Copyright 2014 American
Chemical Society.
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Figure 7. Distribution of the twisting (6;) and folding (0r) angles for Mo (top, blue) and W
(bottom, red) complexes containing two dithiolene ligands, relative to FDH enzyme Mo/W
cofactors from the PDB labeled by their PDB ID codes. Circles and squares represent five-
coordinate and six-coordinate compounds, respectively. In the top panel, an example Mo
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compound demonstrates how the twisting and folding angles are defined, with C atoms shown in
gray, S in yellow, H in white, O in red, and Mo in cyan. The FDH cofactors are distinguished by
their reported oxidation states (IV: triangles, VI: diamonds). Reproduced with permission from
ref. 88. Copyright 2022 American Chemical Society.

Despite comparable functions between EBDH and Fe(Il)/a-ketoglutarate-dependent
oxygenases, QM and QM/MM calculations combined with experimental kinetic isotope effect
(KIE) studies found that EBDH likely acts via a carbocation intermediate, in contrast to the
radical intermediates observed in Fe(Il)/a-ketoglutarate-dependent oxygenases.’* The proposed
mechanism for EBDH starts with the homolytic cleavage of the target C-H bond with
simultaneous transfer of a proton from a hydrogen-bonded histidine (His192) to the oxo ligand
leading to a cationic substrate and a complex with an aqua ligand while the Mo(VI) center is
reduced to Mo(IV). The second step includes rebound of a hydroxyl group to the substrate while
His192 is re-protonated. Therefore, besides different reactive intermediates, another mechanistic
difference between EBDH and Fe(II)/a-ketoglutarate-dependent oxygenases is that for EBDH,
the reduction of the metal center happens via one step, while for Fe(Il)/a-ketoglutarate-
dependent oxygenases, the metal center is reduced in two steps.”* However, there is evidence that
not all Mo/W-containing enzymes have this feature. A closely related enzyme, steroid C25
dehydrogenase, which hydroxylates the C25 atom of a sterol aliphatic side-chain, appears to use
different chemistry.** Unlike the proposed mechanism for EBDH, QM only, QM/MM, and KIE
studies of the enzyme active site suggest a radical-rebound-like mechanism for steroid C25

dehydrogenase, analogous to the mechanism observed in Fe(Il)/a-ketoglutarate-dependent

oxygenases.”

2.5 Experimental Techniques Used for Enzyme Characterization
High-valent Fe(IV)-oxo moieties are key intermediates formed during C—H activation by
heme and non-heme iron enzymes, and their stability or orientation influences reaction
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selectivity.> Nevertheless, this Fe(IV)-oxo moiety is notoriously challenging to isolate, owing to
its fleeting lifetime on the order of a few seconds.”® It has not been possible to structurally
characterize the highly reactive Fe(IV)-oxo intermediates of enzymes by X-ray crystallography.
Furthermore, dependence of non-heme enzymes such as SyrB2 on carrier proteins has impeded
structural characterization of enzyme—substrate complexes.”” Challenges with crystallographic
characterization have led to a host of spectroscopic studies to understand metalloenzyme active-
sites.”® %8190 While a variety of spectroscopic tools are used for experimental characterization,
these methods rely heavily on DFT for interpretation.

Hyperfine sublevel correlation (HYSCORE) spectroscopy in combination with
continuous-wave electron paramagnetic resonance (CW-EPR) spectroscopy has been used to
characterize ligand coordination at the Fe(Il)/a-ketoglutarate active-site of TauD.”® McCracken
et al. found two Fe(Il) species that differ in NO coordination, where NO is frequently used as a
spectroscopically sensitive surrogate for reactive O», and the placement of a-ketoglutarate
ligands.”® By measuring hyperfine couplings between the substrate and the Fe(I[)-NO SyrB2
active-site, Martinie ef al. found that a long Fe-methyl distance between Fe and the threonine
substrate with a nearly perpendicular His—Fe—methyl angle selectively promotes native substrate
chlorination overhydroxylation.’® Mehmood et al. carried out experimentally guided molecular
dynamics simulations using HYSCORE restraints to understand how substrate positions
influence selectivity in non-heme halogenases.*’- !

Nuclear resonance vibrational spectroscopy (NRVS), interpreted using DFT, is also used
for structural assignment®!® and understanding ligand environment effects on both heme!®! and
non-heme> * Fe enzyme active-sites. NRVS and DFT have also been used to compare HAT

reaction barriers between TauD and SyrB2 Fe(IV)-oxo intermediates!®? and explain how a
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weaker Fe-oxo bond relates to higher reactivity of intermediates using model complexes.”
Bioinspired transition-metal-oxo complexes are frequently synthesized and structurally
characterized by EPR, Raman, UV/Vis, and nuclear magnetic resonance (NMR) spectroscopies
to understand metalloenzyme reactivity.'!: 1% In particular, Mossbauer spectroscopy combined
with DFT-computed spectral values can uniquely assign oxidation and spin states of Fe(IV)-oxo
compounds!! ' and has been directly used for characterization of several a-ketoglutarate-

dependent non-heme Fe enzymes.!*

3. Transition-Metal Complexes

Single-site catalysts such as TMCs represent promising synthetic analogues to
metalloenzymes, replicating the atom economy and selectivity of the metalloenzymes while
providing a tunable ligand environment. Mononuclear TMCs with Fe centers have been a focus
of design efforts due to the presence of Fe in metalloenzyme active sites (see Sec. 2). As ligand
design has evolved from bioinspired porphyrin ligands to non-heme nitrogen coordinating
ligands to carbene or oxygen coordinating ligands, computational studies have proven
indispensable in understanding metal-ligand bonding and C-H bond activation energetics.
Furthermore, QM studies have uncovered the role of oxidation and spin-state dependence for C—
H bond reactivity that is impossible to investigate experimentally.
3.1 The Development of the "Oxo Wall" Theory

Metal-oxo intermediates of metalloenzymes that perform C—H activation inspired the
synthesis of TMCs with metal-oxo moieties. Gray and coworkers proposed the “oxo wall” for
tetragonal metal-oxo compounds to explain why earlier (e.g. V, Cr) transition-metal-oxos form
more readily than later (e.g. Mn, Fe, Co) transition-metal-0x0s.!%+1% They proposed that only

metals with five or fewer d-electrons could form terminal metal-oxo intermediates with multiple-
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bond character.!%% 1% Furthermore, the spin state of a 3d transition-metal-oxo complex affects its
metal-oxo formal bond order and thus its stability.!** 197 Many compounds near this “oxo wall”
(e.g. high-valent Fe and Co) are highly reactive and only observed in the gas phase, requiring
DFT for interpretation of their reactivity.!8-10
3.2 P450-Inspired Transition-Metal Complexes

The identification of Fe-oxo active sites in enzymes led to intense synthesis efforts for
TMCs that could form Fe-oxos.!!%-!!! Initial studies on P450-inspired Fe-oxo compounds focused
on porphyrin ligands to understand the role of spin and TSR for C-H bond reactivity!'? (Figure
8). Porphyrins, comprised of four pyrroles joined by methylene bridges, stabilize high-valent
metal-oxo intermediates. These ligands motivated the design of corroles and corrolazines, which
are also comprised of pyrroles but joined by three methylene or aza bridges respectively (Figure
8).!13114The distinct electronic structure of these ligands alters C-H bond reactivity and

underscores the role of ligand design in controlling reactivity.!!3-1!4 Here, DFT has been essential

for understanding both the relationship between substrate bond strengths and C—H activation

114

barrier heights'!* and between ligand structure and TMC spectroscopic properties.!'!3

NHC

porphyrin

heme non-heme

Hr

TMCO

corrolazine

13-TMC Me,NTB
Figure 8. Eight representative transition-metal complex catalysts that have been studied for C-H
bond activation reactivity. All structures are shown as Fe(IV)-oxo intermediates, and range from
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heme-like (left) to non-heme-like (right): Fe(IV)= O(porphyrm)(SH) Fe(IV)=0O(corrolazine),
Fe(IV)=0(14-TMC)(CH3CN) (14-TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane), Fe(IV)=O(13-TMC)(CH3;CN) (13-TMC = 1,4,7,10-tetramethyl-
1,4,7,10-tetraazacyclotridecane), Fe(IV)=O(NsPy) (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)-methylamine),  Fe(IV)=O(MesNTB)(CH3CN)  (MesNTB = tris-((NV-methyl-
benzimidazol-2-yl)methyl)amine), Fe(IV)=O(NHC)(CH3CN) (NHC = 3,9,14,20-tetraaza-
1,6,12,17-tetraazoniapenta-cyclohexacosane-1(23),4,6(26),10,12(25),15,17(24),21-octaene), and
Fe(IV)=O(TMCO)(OTY) (TMCO = 4,8,12-trimethyl-1-oxa-4,8,12-triazacyclotetradecane, OTf =
triflate) Structures are shown with Fe in brown, C in gray, N in blue, O in red, F in cyan, S in
yellow, and H in white.

3.3 Transition-Metal Complexes Inspired by Non-Heme Iron Enzymes

Numerous synthetic studies have extended beyond hemes. The high frequency of Fe
coordination by N in enzymes inspired other N-coordinating ligand scaffold designs. Rohde et
al. successfully stabilized an Fe(IV)-oxo for the first crystallographic characterization of a non-
heme terminal metal-oxo complex, which used a cyclam ligand'* (Figure 8). This example
demonstrated that neutral nitrogen atoms, as opposed to anionic porphyrinic nitrogen atoms,
could also stabilize a metal-oxo moiety. Correspondingly, Cho et al. explored the effects of
cyclam ring contraction on Fe(IV)-oxo reactivity and used DFT to correlate geometric structure
to C—H activation barrier heights!!> (Figure 8). DFT calculations enhanced understanding of how
reaction and spin state energetics vary as a function of ligand field strength.!07- 116-117
Identification of a HS Fe-oxo intermediate in the non-heme Fe(Il) enzyme TauD® by Mdssbauer
spectroscopy motivated intense efforts to isolate a synthetic HS Fe-oxo compound.!® Despite the
isolation of landmark Fe(IV)-oxo compounds such as (N4Py)Fe(IV)-oxo, HS metal-oxo TMCs

remained elusive, limiting experimental validation of the role of spin in reactivity'? (Figure 8).

3.4 Understanding the Role of Spin and TSR
The principles of TSR!''® and exchange-enhanced reactivity!'!® (EER), derived from DFT

studies, were essential in explaining the lower C—H activation barrier heights of a HS metal-oxo
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and the selectivity ratios between hydroxylation and epoxidation products. DFT calculations
revealed that a weaker ligand field would facilitate access to a HS metal-oxo and motivated the
design of bulkier ligand scaffolds that weaken the ligand field strength.!!'”- 120 Although bulkier
ligands did indeed form HS metal-oxo compounds, they exhibit sluggish reactivity typically
attributed to steric effects that prevent substrates from reaching the active site.!?° TSR is used to
explain increased C—H bond reactivity in cases where bulky ligands weaken the ligand field but
do not change the ground spin state. Seo et al. designed MesNTB, a ligand that has P450-like
reactivity despite stabilizing an intermediate-spin (IS) triplet metal-oxo'?! (Figure 8). Because
TSR challenges the interpretation of IS Fe(IV)-oxo reactivity, a joint DFT/CASSCF and
experimental study found that using N-heterocyclic carbene (NHC) ligands promotes triplet-only
reactivity that was found to be comparable to complexes exhibiting TSR'?? (Figure 8). This study

called into question whether TSR alone can always explain improved C—H bond reactivity.

3.5 Probing Other Bioinspired Active Sites
Although N-coordinated Fe(IV)-oxo moieties have been the primary focus of study,
Monte Peréz et al. introduced oxygen coordination into a cyclam, inspired by the oxygen-rich

coordination environments observed in non-heme enzymes.'??

Consequently, they
experimentally measured a 10-fold increase in C—H bond reactivity (Figure 8). Beyond ligand
design, Wang et al. isolated a Co terminal oxo compound and studied its electronic structure
using DFT and CASSCEF calculations to assign a quartet ground state. While Co-oxos would be
expected to have increased C—H bond reactivity according to the oxo wall theory, reduced
reactivity was instead observed compared to Fe(IV)-oxos.!?* This observation could be attributed
to the fact that this structure was not in a tetragonal geometry and thus the oxo wall theory was

not applicable.!?* In contrast, Mn(IV)-oxo compounds, which should have more stable metal-oxo
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moieties according to the "oxo wall" theory, show comparable C—H bond reactivity to Fe(IV)-
oxo compounds despite differences in spin states and electron configurations.!?>!2 DFT and
CASSCEF studies found that HAT barriers are comparable between Mn and Fe compounds,
emphasizing that Mn compounds are underexplored for C-H bond reactivity.!?’” Nandy et al.
recently explored a space of 16 million TMCs for C—H activation without assuming an N- or O-
containing primary coordination sphere and found that low-spin Fe(IV)-oxo compounds with
strong-field (e.g. P- or S-coordinating) ligands have the best tradeoff between HAT energetics
and methanol release'?” (Figure 9). Yadav et al. have recently designed Fe TMCs to obtain
product halogenation selectivity only seen in enzymes.?? Here, calculations found that active site

steric bulk affects C—H activation kinetics and halogenation selectivity.?!
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Figure 9. (left) Fragments and bridges that comprise tetradentate macrocycles for catalysis when
combined with Mn and Fe. (right) two-dimensional expected improvement (2D-EI) scores from
artificial neural network (ANN)-driven exploration over two generations of a multimillion-
catalyst space while screening for AE(HAT) and AE(release). A Pareto front as computed by
DFT for catalysts with the optimal tradeoff between the two reaction energies is noted in gray.
Reproduced with permission from ref. 129.
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3.6 C—H Bond Activation Pathways, Oxidation State Dependence, and Selectivity
The critical intermediates in C-H bond activation are challenging to isolate

experimentally.?® 139131 Consequently, DFT calculations have been essential for quantifying the

20, 130-131 107

role of spin in mechanism and reactivity.'”’ These computational studies have found that
reactivity trends are dominated by spin state. Geng et al. used DFT calculations to quantify
oxidation-state dependence and found that differences in oxidation state explained differences in
C-H bond activation propensity for compounds with comparable ligand fields.!*? Oxidation
states or TSR, however, cannot explain post-C—H activation selectivity for rebound or
dissociation. Reactive mode composition factor (RMCF) analysis is an energy decomposition
method that can be used to explain product selectivity by analyzing the kinetic energy
distribution in a TS. Maldonaldo-Dominguez and Srnec used DFT and RMCF analysis to

quantify when a substrate will rebound or dissociate.!* This understanding can improve the

high-throughput virtual screening (HTVS) of catalysts with higher selectivity.

3.7 C—H Bond Activation Mechanisms and Bond Dissociation Free Energies (BDFEs)

Metal-oxo moieties observed in enzymes and transition-metal complexes activate strong
C-H bonds (i.e., with high dissociation energies) such as methane (105 kcal/mol) via a HAT
step.!3*135 As described previously, the HAT step is a concomitant transfer of one proton and one
electron from a substrate to the oxidant, a metal-oxo moiety.'*¢!¥” Metal-oxo complexes have
HAT kinetic barriers that tend to correlate with the substrate C—H bond dissociation free energy
(BDFE( y)and the BDFE, y of the post-reduction oxidant species.!*® The relationships between
BDFEc u, BDFEo 4, reduction potential, and basicity of the metal-oxo moiety are typically

represented using a thermodynamic cycle'®® (Figure 10). This thermodynamic square represents
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three potential mechanistic pathways: stepwise proton-coupled electron transfer (PCET),
mechanisms initiated either with electron transfer (ET/PT) or proton transfer (PT/ET), and
concerted proton electron transfer (CPET).!* For PT/ET and ET/PT, the rate-determining step
involves PT and ET respectively, whereas both PT and ET are involved in the rate-determining
step for CPET. Within this framework, the CPET mechanism is categorized as either
synchronous, with equal contribution of PT and ET in the TS, or asynchronous, with the

domination of either PT or ET .14

-
M -1+ H* |\I/|<n-1)+

ETPT

Figure 10. A thermodynamic square for the proton-coupled electron transfer (PCET) mechanism
including stepwise (PTET or ETPT) and concerted (CPET) proton and electron transfer.
Reproduced with permission from ref. 142. Copyright 2019 American Chemical Society.

Several experimental and computational studies on heme!'* 143 and non-heme metal-oxo-
like Fe(IV)-oxo!!6: 144145 Ru(IV)-oxo0'“®, Mn(IV)-oxo'?®, Cr(V)-oxo'¥’ complexes with various
substrates indicate a linear correlation between BDFE and the log transformation of the HAT
reaction rate constant (kc_p). These systems that show strong linear correlations between log(kc-
uy) and BDFEcy follow a Bell-Evans—Polanyi (BEP)-like correlation because log(kc-n)

represents the HAT barrier by an Arrhenius relation.!*314° Several studies report concerted but
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asynchronous transfer of the electron and proton for various metal-oxo systems including Fe(V)-
0x0', Mo(V)-oxo"!', Co(Ill)-oxo'*?, Ru(IV)-oxo0'?, Cu(Ill)-O,CAr'>3, and Mn(IV)-oxo'*
complexes. The dominant role of PT in C—H homolytic bond cleavage was found to be important
in all of these studies, thus underscoring the importance of the basicity of the metal-oxo species.
In addition to studies on the relationship between thermodynamic parameters and asynchronicity
of C—H bond activation, there has also been effort to quantify the role of other metal-oxo
properties, such as spin density and spin state.!%”- 155158 These studies show spin- density and spin-
state dependence of oxo formation, HAT, and reactivity. Recently, a consensus statistical
analysis of C-H activation by a large number of metal-oxo complexes was carried out by
considering all thermodynamic properties as well as structural and electronic properties
computed by DFT."*® By considering all properties statistically, this study revealed that only
thermodynamic (AGpr, AGer, AGeper) parameters play important roles in the C—H bond reactivity
of metal-oxo complexes, indicating that HAT is thermodynamically controlled. Although this
conclusion was reached on a set of metal-oxo complexes, some catalysts show strong kinetic
isotope effects (KIEs) during C—H activation, implying that hydrogen atom tunneling must be

considered in some cases.!60-192

4. Heterogeneous Catalysts

Heterogeneous catalysts have been instrumental in the industrial valorization of chemical
feedstocks due to their robustness, low operating costs, and easy separation from reactants and
products. Catalysts such as zeolites, MOFs, and SACs offer similar active site tunability to
TMCs but the scalability of bulk-metal catalysts. Here, Fe-doped zeolites, MOFs, and SACs
have been used for light alkane oxidation. Due to challenges in experimental materials

characterization, DFT has played a key role in corroborating spectroscopic studies and
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uncovering the role of chemical environment on C-H bond activation with atomic precision.
These studies have led to comparisons between heterogeneous catalyst active sites and TMCs or

metalloenzyme active sites.

4.1 Zeolites
Zeolites are a class of microporous materials with repeating TO4 tetrahedra (where T is
typically Si or Al) that form the secondary building units (SBUs) which further combine into

distinct framework topologies.!¢?

The inner-pore structure of zeolites can accommodate extra-
framework transition-metal ions that constitute well-defined catalytic active sites, drawing direct
analogies to metalloenzymes!® 164165 (Figure 11). Unlike most enzymes, zeolites are highly

stable, even under extreme conditions, which make them viable catalysts for industrial

applications.

Figure 11. (top) Structure of a representative zeolite topology (ZSM-5) showing possible cation
sites where extra-framework metal ions can be incorporated. Si atoms are shown in yellow and O
atoms are shown in red. Green, purple, light blue, dark blue, and yellow-green highlights
represent extra-framework cationic sites. (bottom left) Cluster model of a di-iron active site
contained within the ZSM-5 zeolite pore. Si atoms are shown in yellow, Al in purple, Fe in blue,
O in red, and H in white. (bottom right) Cluster model of a mononuclear Fe-oxo intermediate in
the CHA zeolite. Si atoms are shown in gray, Al in peach, Fe in brown, and O in red. Structures
adapted with permission from refs. 164-166. Copyright 2018, 2012 and 2018 American
Chemical Society respectively.
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In the early 1990s, Pannov et al. first showed that zeolites with isolated Fe sites undergo

C-H bond activation reactivity.'®’

Here, analysis of the outcomes of stoichiometric reactions
with an N>O terminal oxidant indicated the role of a highly active Fe-oxo species in the
activation of light alkanes (Scheme 1). The nature of the reactive Fe-oxo species, however,
remains under debate. Magnetic circular dichroism (MCD) and NRVS complemented by DFT
modeling of Fe-zeolites revealed a HS mononuclear square planar Fe(Il) site contained in the
zeolite pore which forms a HS Fe(IV)-oxo species upon interaction with N,O6%1% (Figure 11).
The Fe-oxo bond is extremely strong and yet still highly reactive due to its constrained
coordination geometry surrounded by weak-field ligands. Other studies performing EXAFS
supported by DFT simulations reveal a di-iron site with two antiferromagnetically coupled HS
Fe(IIl) centers, where oxidation using H>O, forms a terminal Fe-oxo species on one of the Fe
sites!”® (Figure 11). On the other hand, analogous Cu-zeolites have shown similar activity
towards C—H activation where the reactive Cu-oxo can be formed with O,.17-172 Activity with O
as the oxidant has only recently been observed in Fe-zeolites, where two adjacent isolated Fe
atoms are believed to participate in O splitting to form two terminal Fe-oxo sites.!”3-174
Nonetheless, spectroscopic measurements interpreted by DFT studies have argued for both

dinuclear and trinuclear Cu-oxo clusters as the C—H activation active site.!7>"177

Scheme 1. Radical rebound catalytic cycle for partial oxidation of methane to methanol. The
metal (M) of the resting state catalyst (1) starts in oxidation state II/III. N2O is used as a terminal
oxidant to form a high-valent metal-oxo intermediate (2) in oxidation states IV/V. This species
then undergoes HAT to form the metal-hydroxo intermediate (3), which rebounds with the
methyl radical to form the methanol-bound intermediate (4), which is then released from the
catalyst.Reproduced with permission from ref 178. Copyright 2022 Springer Nature.
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4.2 Metal-Organic Frameworks (MOFs)

MOFs are another class of microporous reticular materials comprising an inorganic node
(i.e., an SBU) coordinated to organic linkers!” (Figure 12). The metal ions in the SBU are site-
isolated, and many common organic linkers are weak-field ligands (e.g., N- or O-
coordinating).!®® For SBUs containing coordinatively unsaturated mid-row 3d metals that can
serve as active sites for catalysis, the weak-field ligands induce HS configurations, also making
the active sites amenable for redox reactivity.!¥!182 Like zeolites, many of the structural and
electronic features of the MOF active sites have been described as analogous to

metalloenzymes, '8¢

motivating them as good candidates for bioinspired C—H activation.
Concerted effort in MOF synthesis and characterization has resulted in over 70,000 synthesized
MOFs with a high degree of elemental and compositional diversity.!83-184 Additionally, these

MOFs are highly tunable, unlike zeolites, allowing for post-synthetic modification to

functionalize the SBU or linker and enhance catalytic activity.!'®>
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Figure 12. (top left) Computational modeling of MOFs: a size—accuracy tradeoff ranging from
the largest and least accurate models for periodic DFT to small but accurate models for cluster
DFT and WFT. Zr atoms are shown in green, in red, C in gray, H white, and generic metal atoms
are shown in blue. (bottom left) Extended structure of Mg-MOF-74 showing the extracted 88-
atom cluster model used for DFT. The central square pyramidal Mg site in the cluster model was
replaced with Fe to serve as the active site for ethane hydroxylation. Mg atoms are shown in light
green, Fe in brown, O in red, and C in gray. (right) DFT-derived enthalpy profile, AH29s.15
(kJ/mol), for ethane hydroxylation using N>O as an oxidant at the Fe active site in the Mg-diluted
Fe-MOF-74 cluster model. Inset structures show changes at the Fe active site during the reaction
where the rest of the cluster has been omitted for clarity. Fe atoms are shown in brown, O in red,
N in blue, C in gray, and H in white. Accuracy and size schematic adapted with permission from
ref. 186. Copyright 2018 American Chemical Society. Cluster model schematic and energy
landscape diagram adapted with permission from ref. 187. Copyright 2015 American Chemical
Society.

The vast size of MOF chemical space limits performing experimental catalytic studies
making computational modeling essential to guide rational design of MOFs for catalysis.!® The
cost—accuracy tradeoff governs the approach chosen to model MOFs, which are porous and have
large fractions of void space. Periodic DFT, typically with a generalized gradient approximation
(GGA) functional, is often used to model the structural properties of these materials.!®% 188 GGA
functionals like PBE predict optimized structures reasonably well but may not accurately predict
band gaps or spin state ordering in 3d transition-metal MOFs. Thus, to overcome the cost—

accuracy tradeoff presented by periodic DFT, many studies model local properties at the active
29



site via global hybrid DFT or multiconfigurational wavefunction theory on cluster models in
which the SBU is extracted and capped to mitigate the computational cost of using more accurate
methods.!®¢ Because cluster models may lead to truncation effects, QM/MM has also been used
to model the MOF active site within its native scaffold, rendering a more realistic description of
MOF architecture. This approach preserves accuracy through usage of larger basis sets and
hybrid functionals to model the reactive portion using QM and MM to model the rest of the
MOF!'#-19 (Figure 12).

DFT studies with cluster models have provided mechanistic insights into light alkane
hydroxylation on Fe-MOFs with an N>O oxidant.!8!: 1! Fe-MOF-74 hydroxylates ethane via a
radical rebound mechanism at an HS Fe(II) center. The Fe active site is ligated by weak-field
ligands in a constrained coordination environment enforced by the extended MOF structure,
resulting in the formation of a stable terminal Fe(IV)-oxo with high reactivity for C-H
activation.'8! Here, N>O activation to form the terminal Fe(IV)-oxo was found to be rate-
limiting!87 (Figure 12). Propane hydroxylation over MIL-100(Fe) also found N>O activation to
be rate-limiting in a radical rebound mechanism, which was further confirmed by a kinetic
study.’! A recent study, however, performed in-situ FTIR measurements of methane oxidation
over PCN-250 found vibrational peaks, corroborated by DFT, that are characteristic of a stable
methoxy species at the Fe active site, which cannot be explained by the rebound mechanism.!%?
This highlights the lack of clarity on the precise mechanism, echoing some of the debate
regarding C—H activation observed in metalloenzymes and zeolites. !¢

MOFs have considerable potential for catalysis owing to the presence of open metal sites
on many MOF SBUs. Furthermore, MOFs have additional useful structural features that could

193

also be exploited to augment catalytic activity.'”” For instance, shape selectivity in MOFs has
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been observed to enhance selectivity for methane functionalization without overoxidation'%*,
whereas molecular analogues led to overoxidized products.!”> MOFs are prone to defect sites
arising from missing or modified linkers and nodes.!?*!7 Several studies indicate a substantial
positive correlation of catalytic activity with the number of engineered defect sites in MOFs.!?%
199 In general, computational and data-driven studies can play a key role in exploring large MOF
databases and identifying structure—property relationships in MOFs for catalytic activity.
Nevertheless, several key properties of ideal MOF catalysts, such as stability, can be challenging
to predict with purely computational modeling. Efforts of screening MOFs for catalysis have
already been made with ML workflows developed by Nandy et al. to predict MOF stability for

catalytic applications, a property which can be very challenging to predict from first

principles.?%

4.3 Single-Atom Catalysts (SACs)
SACs are emergent catalysts that are effective for catalyzing small-molecule activation
reactions. SACs show promise for combining the active site tunability of homogenous catalysts

201-202 " where an

and the scalability of the heterogeneous catalysts. The N-doped graphene SACs
isolated metal atom is embedded in a graphitic carbon material, are most transparently analogous
to their homogeneous counterparts in comparison to other (e.g., single metal atoms on metal
oxides) classes of SACs. The Fe-Njy active site in Fe-SACs was proposed in analogy to hemes?%*
205 where the Fe atom is also coordinated to four nitrogen atoms.

Various experimental characterization techniques have been used to investigate SAC
structures and reactivity, especially in the case of iron. For example, the properties of Fe are
characterized by 3'Fe Mdossbauer spectroscopy??6-2%7, X-ray absorption near-edge spectroscopy

XANES), and EXAFS.?%-2% Hijgh-angle annular dark-field scanning transmission electron
g g g
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microscopy (HAADF-STEM)?!19-211 is frequently utilized to confirm that metals are atomically
dispersed in SACs. These spectroscopic analyses suggest that the support and primary

212213 consistent  with

coordination sphere are essential in determining catalytic reactivity
conclusions drawn from DFT simulations.?!42!5 Joint experimental characterization and
computational studies have highlighted the roles of the support and primary coordination sphere
for SACs in catalyzing HER?!S, ORRZ?!721) CO,RR?% 220-221" and selective C-H bond
oxidation.?07- 222

It remains a challenge, however, to uncover the origin of the SAC reactivity by
experiment alone. Both spectroscopic techniques?'® 22 and DFT calculations?!!: 22* have
suggested that the Fe—support interaction can change under operating conditions. Besides
structural changes during the reaction, the electronic properties of the active site remain
elusive?!% 224 (Figure 13). Similar to biological catalysts or TMCs, the spin and oxidation states
influence SAC reactivity.??> Gu et al. found that Fe(IIT) does not get oxidized or reduced during
the electrocatalytic reduction of CO, to CO, which contributed to the greater activity of Fe(III)
relative to conventional Fe(II) sites.?2¢ The 3"Fe Mdossbauer spectroscopic studies necessary to
assign the precise oxidation/spin states of the FeNyCy moiety remain challenging due to the

distribution of sites that must be obtained from spectral fits.206 227

Typically, SACs are modeled
with plane-wave, semi-local DFT, in which the metal oxidation and spin states are either
erroneously predicted or not precisely defined(i.e., due to fractional occupation of frontier states
with smearing using semi-local DFT). To reveal the electronic structure of the metal and its

relationship to the catalytic reactivity, efforts to understand SAC reactivity via molecular mimics

have probed the effects of nitrogen type (e.g. pyridinic or pyrrolic), typically embedded in 14- or
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16-membered macrocycles.?% 22822 DFT modeling of finite size nanoflakes that represent the

infinite system also help address the challenges in periodic systems.?*
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Figure 13. (A) Structures and electron configurations for the N-FeN4Cio moiety in ORR, (B)
potential energy profiles with (blue) and without (red) spin crossover during ORR in alkaline
media, (C) molecular orbital diagram between N-FeN4Cio and O, and (D) molecular orbital
isosurfaces for frontier orbitals. Reproduced with permission from ref. 224. Copyright 2020
Elsevier.

DFT has also been a useful tool for mechanistic understanding?*%-23! and fast screening of
new SACs.?32233 Density functional approximation (DFA) sensitivity?*# and improved electronic
structure methods for accurate descriptions of spin- and oxidation-state-dependent properties®*>
however, remain active areas of research (see Sec. 5). Additionally, HTVS and ML are

promising approaches that can be leveraged to elucidate structure—reactivity relationships in

SACs and to study the potential role of structural changes during reactions.

5. Unifying Themes Across All Catalysts
The metal-oxo moieties that activate C—H bonds in metalloenzymes have inspired the

design of TMCs and heterogeneous catalysts as targets for high-throughput screening. DFT-
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driven screening enables in silico design of bioinspired catalysts. Scaling relations that draw
relationships between catalyst thermodynamics and kinetics reduce the number of calculations
necessary to evaluate a catalyst, which facilitates low-cost screening of large chemical spaces.
These widely employed scaling relations seldom hold over large datasets of TMCs, mandating
more general tools for HTVS. At the same time, scaling relations may be sensitive to functional
choice, leading to method-dependent conclusions. Catalysts with complex electronic structure
will require methods beyond DFT for their accurate evaluation. NClIs that influence catalyst
selectivity can also be understood by computational studies and engineered for improved catalyst
design, but NClIs are notoriously challenging to address with most conventional modeling tools.
ML-driven catalyst design has reduced reliance on linear relationships and on computed

descriptor variables, unlocking the high-throughput screening of multimillion compound spaces.

5.1 Scaling Relations and Strategies to Break Them

Exhaustive screening of catalyst energy landscapes with DFT is challenged by the fact
that computational cost scales linearly with both the size of the design space and the number of
reactive intermediates. To address this, one can use Bronsted—Evans—Polanyi (BEP) relationships
between activation energies and reaction energies and linear free energy relationships (LFERSs)
between distinct thermodynamic steps to draw linear relationships between a DFT-computed
“descriptor” variable and reaction kinetics or thermodynamics. These relationships can be
combined to construct “volcano plots” that relate the descriptor to the best achievable catalyst
thermodynamics or kinetics, thereby accelerating catalyst discovery. Catalysts at the top of the
volcano plot have high activity and do not bind any single intermediates too weakly or tightly.
Although these relationships reduce the number of necessary calculations by using a descriptor
variable that is linearly correlated to reaction energies or barrier heights, the most appropriate
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descriptor and its relationship to key properties are rarely known beforehand. While potential
disruptions in scaling relations necessitate explicit calculation of intermediates, they provide
opportunities for overcoming kinetic or thermodynamic limitations in catalyst design.
DFT-derived universal BEP relationships for C—H activation have been developed to
describe how the C—H activation barrier height correlates linearly with the HAT reaction energy
over a diverse space of both homogeneous and heterogeneous catalysts, independent of catalyst
geometry.?*6-237 Furthermore, the barrier heights for the activating the first and second C-H bond
on the same molecule have a 1:1 relationship for a wide range of catalysts, implying a
selectivity—conversion limit for hydroxylated products on heterogenous catalysts.?® The HAT
BEP relationships have been extended to homogeneous catalysts, where thermodynamic
descriptors such as HAT reaction energies and PCET free energies can predict HAT barriers for

transition metal-oxo complexes!?® 157 159

, independent of other structural or electronic parameters
such as spin state, steric environment, or oxygen radical character.!>® 2% (Figure 14). These BEP

relationships eliminate the need to perform computationally demanding TS calculations to obtain

HAT barriers. This in turn enables faster computational catalyst screening.
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Figure 14. (top left) LFER between oxo formation and HAT over 60 MOF catalysts.
Compounds are colored by group number for metal in the MOF and have shapes corresponding
to formal oxidation state. Inset structure is Fe-MOF-74, with Fe in brown, O in red, C in gray,
and H in white. H is used as the reference substrate for HAT. Triplet O is used as the reference
for oxo formation. (top right) LFER for oxo formation and HAT across Fe transition metal
complexes with diverse ligand chemistry. The compounds are distinguished by their spin states:
LS (circle), IS (triangle), or HS (square) and oxidation state (translucent for M(III) and solid for
M(II)). CHs4 is used as the reference substrate for HAT. N>O is used as the reference for oxo
formation. (bottom left) BEP relationship for HAT for a set of distorted square planar minimal
model catalysts with varying metal out-of-plane distortion. (bottom right) BEP relationship for
oxo formation on distorted square planar minimal model catalysts. MOF LFER figure adapted
with permission from ref. 23. Copyright 2019 American Chemical Society. Molecular LFER
figure adapted with permission from ref. 107. Copyright 2020 American Chemical Society. BEP
relations adapted with permission from ref. 157. Copyright 2018 American Chemical Society.

Although BEP relationships reduce the number of necessary explicit TS calculations, one
may still need to calculate properties of many reactive intermediates to evaluate catalyst

thermodynamics. LFERs constitute a framework for predicting thermodynamic quantities
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associated with a catalytic cycle from a single descriptor thus alleviating computational costs.
DFT studies have shown linear correlations between frontier orbital energies of mononuclear Fe-
oxo intermediates and reaction energetics associated with light alkane hydroxylation, such as
oxygen binding enthalpy, HAT enthalpy, and alcohol release enthalpy.?*® This idea was further
applied in MOFs where inverse correlations exist between the oxo formation and HAT energies
at the MOF node?® while the 3d transition metal group number of the MOF node governs oxygen
binding strength?*!-24? (Figure 14).

Well-known scaling relations, however, are easily disrupted by changes to the catalyst

107, 157, 243-245

structure or may fail to hold across multiple metals in differing oxidation or spin

states. %8

Here, DFT has played a crucial role in quantifying the effects of tensile and
compressive strain on both heterogeneous catalysts>** and TMCs.!07- 157- 246 In transition metal
chemistry, strain or compression of metal-ligand bonds leads to variation along a BEP
relationship or LFER. In contrast, BEP relationships and LFERs are both readily disrupted by
out-of-plane geometric distortions of the metal with respect to ligands.!>” Gani et al. found that
out-of-plane distortion improves metal-oxo formation kinetics for fixed oxo formation
thermodynamics'>” (Figure 14). This distortion can also improve oxo formation thermodynamics
without worsening HAT. In contrast, some BEP relationships (e.g., HAT BEP) are challenging to
break, reinforcing the existence of a universal HAT BEP relation that is independent of
geometry!?% 157:236 (Figure 14).

Beyond the role of strain in catalysis, DFT is useful to isolate the role of spin in tuning or
disrupting LFERs.!%7- 158 Nandy et al. found that the linear correlations that were used by Liao et

240

al. to screen Fe catalysts** were not general to multiple metals in different electron

configurations.!>® Nandy ef al. then demonstrated that LFERs show strong oxidation and spin
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state dependence, due to differing effects of spin on different reactive intermediates'?” 18 (Figure
14). Correspondingly, a LFER that holds for HS Fe(Il) does not generalize to low-spin (LS)
Fe(Il). Specifically the LFER for oxo formation vs. HAT will have a distinct slope and intercept
depending on the spin state. While moderate scaling may hold within an individual spin and
oxidation state, a single LFER does not hold strongly through all metal-oxidation-spin state
combinations. Researchers can harness this lack of scaling to design catalysts that have a
superior thermodynamic tradeoff.!®

In addition to spin state and distortion that influence metal-adsorbate bonding, NCIs may

disrupt LFERs via through-space interactions. DFT has been used to investigate the role of

157 247

active-site-adjacent functional groups that have been installed in TMCs'’, zeolites>*/, and
MOFs?#, and has uncovered the role of NCIs in selectively stabilizing specific intermediates
(e.g. the metal-oxo0), thus disrupting LFERs. The advent of NCI-disrupted scaling has also led to
the design of molecular hangman-like scaffolds?*-2>* that promote through-space interactions

that can overcome thermodynamic or kinetic limits.

5.2 Sensitivity of Scaling Relations to Density Functional Approximation

Semi-local DFAs such as GGAs underestimate reaction barriers due to self-interaction
error.”! Attempts to improve semi-local DFT predictions of barrier heights include incorporation
of self-interaction-free Hartree—Fock (HF) exchange into hybrid DFAs.*! Because hybrid DFAs
are frequently used to study barrier heights and reactivity, it is useful to know the extent to which
changing the HF exchange fraction in the functional changes property predictions. Toward that
end, HF exchange sensitivity analysis has been employed to quantify the effect of the HF
exchange fraction on barrier heights and reaction energies. Gani et al.** and Mahler et al.>
found that increasing the HF exchange fraction in a global hybrid functional reduces barrier
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heights in reactions where the hybridization decreases in the TS with respect to the reactants
(Figure 15). Natural bond orbital (NBO) analyses on these reactions illustrated that HF exchange
stabilizes bonds in the TS relative to bonds in reactants, leading to anomalous barrier lowering.>>?
Additionally, symmetry breaking, singlet diradicals®*, and differences in delocalization as
quantified by bond valence?? have also been identified as contributing to cases where lower
reaction barriers are predicted by hybrid functionals with respect to GGAs. One approach to
achieve error cancellation has been proposed in which HF orbitals are used non-self-consistently
in semi-local DFT calculations to improve barrier heights for HAT, heavy atom transfer, and
other reactions, relative to predictions made by standard semi-local DFT alone.?! This behavior

is due to the elimination of the imbalance in density-driven errors between TSes and reactants.>!
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Figure 15. (left) Energy profiles of the oxo formation (top) and hydrogen atom transfer (bottom)
reaction steps computed at 10% (red circles), 20% (blue circles), and 30% (green circles) HF
exchange from ref 252. Structures of the reacting complex (RC), transition state (TS), and
product complex (PC) corresponding to points indicated on the plots are provided at the top or
bottom of each plot. The gray squares represent WFT reference energies, as described in the
main text (DLPNO-CCSD(T)/CBS for oxo formation and NEVPT2(14,14)/def2-TZVPP for
hydrogen atom transfer). Copyright 2017 American Chemical Society. (center) Predicted activity
trends of 4d and 5d rutile dioxides calculated without (blue circle) and with (red square) the
linear response U from ref 255. Arrows point in the direction that results from applying the linear
response U. The volcano is fit to the idealized scaling relationships determined in a previous
paper.2>® Copyright 2015 American Chemical Society. (right) AE(oxo) vs. AE(HAT) LFER
slopes (top) and intercepts in kcal/mol (bottom) with standard errors (shown in blue) obtained
across LS (left), IS (middle), and HS (right) Fe(Il) resting state catalysts as a function of HF
exchange fraction, anr, from ref 178. Zero-axes are shown by black solid lines. Copyright 2022
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Despite widespread use in DFT carried out with local basis sets, hybrid calculations with
an admixture of HF exchange are cost-prohibitive in solid-state systems, where low-cost DFT+U
is preferred.?>>%57 Prior studies*32 found that scaling relations (e.g. LFERs and BEPs) are less
sensitive to DFA choice than property predictions. However, changing parameters (e.g., the
Hubbard U in DFT+U calculations) can alter relative ranking of catalysts*> (Figure 15).
Furthermore, a recent study on partial methane oxidation by Vennelakanti et al. found that
functional choice can alter relative reaction energetics and whether a reaction is spin-allowed!”
(Figure 15). For the catalysts in this work, increased HF exchange fractions make HAT more
favorable while worsening oxo formation energetics!”® (Figure 15). Increased HF exchange
systematically stabilizes HS states for all reactive intermediates, thus leading to predictions of a

greater number of catalysts with spin-allowed reactivity with increasing exchange fractions.!”

5.3 Multi-reference (MR) Character and Method Accuracy

Due to the high cost of correlated wavefunction theory calculations, DFT is widely used
to study TMCs, despite being plagued with one-electron self-interaction and delocalization
errors?!-292. A study of HAT from methane by Fe(IV)-oxo moieties in triplet and quintet states
shows comparable barrier height differences for both spin states between hybrid density
functional (i.e., B3LYP) and restricted open-shell coupled cluster (RCCSD(T)) calculations.??
Other studies®?* 264265 however, have found that DFT predicts binding energies and reaction
energies that differ from coupled cluster results by 10 kcal/mol, leading to incorrect predictions
of reaction products, and have proposed alternate methods to evaluate TMC energetics (Figure
15).
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While correlated wavefunction theory calculations of minimal model TMCs, such as
those inspired by non-heme Fe-oxo intermediates, are frequently used to benchmark DFT
calculations, canonical coupled cluster is computationally prohibitive for larger molecules’.
Local coupled cluster methods exploit the fact that electron correlation is primarily short-range.
They treat strong pairs of localized molecular orbitals at the highest level of theory, i.e., coupled
cluster singles doubles and perturbative triples (CCSD(T)) while weak pairs are treated at lower
levels of theory (e.g., MP2).2%® Two such local methods for studying larger molecules are local
unrestricted CCSD(T0) (LUCCSD(TO0)) and domain-based local pair natural orbital (DLPNO-
CCSD(T)).267-26% Limitations in local coupled cluster methods for practical systems (e.g. non-
heme iron complexes) are primarily attributed to the breakdown of the domain and pair
approximations.?’2 Bioinspired synthetic non-heme iron complexes that carry out C-H
activation are known to exhibit two-state reactivity?®-2’°, motivating studies of quintet—triplet
energy gaps. A study of these gaps using LUCCSD(TO0) and DLPNO-CCSD(T) revealed that the
former systematically stabilizes low-spin states while the latter stabilizes high-spin states.?® The
pair error that leads to this imbalance in spin state energies, however, is reduced by using a
"hotspot" approach that selectively includes key pairs at the CC level of theory *

The most appropriate multi-reference method (i.e., that which has the best cost/accuracy
tradeoff) for TMCs that contain too much multireference character to be treated by CCSD(T) is
complete active space perturbation theory (CASPT2), despite its well-known bias in favor of HS
states.?’! This bias is attributed to an inappropriate description of the metal (3s, 3p) correlation,
which leads to inaccurate spin-state energetics.?’! To remove this bias, an alternative approach
has been proposed, wherein metal (3s, 3p) correlation is estimated by CCSD or CCSD(T)

depending on system size while the valence correlation is evaluated using CASPT2.?7? This bias-
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eliminated approach has been used to characterize and compare HAT and epoxidation reaction
pathways by an Fe(IV)-oxo intermediate, where both DFT and local coupled cluster methods
perform poorly.?> In more complex cases, where the description of the reference wave function
requires two or more configuration state functions with comparable weights (e.g. systems with
multireference character), single-reference methods (e.g. ROHF-CCSD, or the CC part of the
CASPT2/CC approach) are expected to fail.?’> Thus, methods capable of accurately predicting
properties of realistic catalysts remain an active area of research.
5.4 Non-covalent Interactions (NCls)

Hydrogen bonds (HBs) are among the strongest NClIs, and include X-H--X?”® (X =N, O,
F) and weaker C-H--O%* interactions. HBs consist of a strong electrostatic component and
partial covalent bond formation, which gives rise to their directional nature.?’>?’¢ HBs are
prevalent in nature and play a crucial role in governing enzyme selectivity.?”’ Predicting NClIs
accurately, however, is difficult for both force fields?’*?!, due to functional form limitations, and
DFT, even with the inclusion of dispersion corrections®22% (Figure 16). Studies by Qi et al.*”
and Zhou et al.*® showed that shorter HB distances that are characterized as unfavorable by
force fields consist of favorable HB interactions (Figure 16). Studies with more accurate
wavefunction theory calculations?”® 26 including DLPNO-CCSD(T) revealed that the commonly
observed NClIs in proteins are predicted accurately using model systems and wavefunction

theory methods (Figure 16).
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(BB) or sidechain (SC) interaction type from ref. 285. Copyright 2019 Royal Society of
Chemistry. (d) Normalized histograms (blue, left axes) of heavy-atom HB distances (bin width
of 0.1 A) for Ser-Asn N-H:--O HBs X-ray crystal structures with the one-dimensional potential
energy curves (red, right axes) for acetamide—methanol overlaid, from ref 278. Copyright 2021
Royal Society of Chemistry.

NClIs between the reacting substrate and the greater catalyst structure have been shown to
be important in the radical rebound mechanism. For example, NCIs on model synthetic
complexes influence whether HAT occurs to the Fe(IV)-oxo moiety or to a distinct ligand in the

complex.?®’” In turn, the NCIs influence both the identity of the reactive intermediates and the
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reaction mechanism.?” A computational study by Mehmood et al. found that simultaneous HBs
between the substrate and amino-acid backbone influence substrate positioning in SyrB2 and
dictate the enzyme selectivity for halogenation.”? An experimental study by Mitchell er al.
proposed that an HB interaction of Ser with the Fe(IV)-oxo moiety in the WelO5 enzyme
promotes selective halogenation.'”” To mimic these patterns frequently observed in enzymes,
ligands in synthetic complexes have been designed with functional groups installed to promote
NClIs, where the number and type of HBs affect reactivity.!s”- 288 The installation of functional
groups proximal to the Fe(IV)-oxo moiety that has worked for molecules has also been
demonstrated in MOFs.>*#® In these systems, the NCIs weaken the metal-oxo bond strength and

subsequently lower the activation barrier for HAT.!57:248.289

5.5 Machine Learning (ML) for Chemical Discovery

ML has started to address combinatorial challenges in chemical discovery for
catalysis.?*2* Schneider et al. used statistical analysis and observed that PCET thermodynamics
can predict barrier heights over a set of diverse metal-oxo complexes'”, reproducing
computational observations of a universal HAT BEP relationship.*¢*7 When these linear QM-
descriptor relations do not hold across metals, oxidation states, and spin states!*- 8 or the QM
descriptor is expensive to compute**+2*>, ML provides a general path forward for design. Using
ML, Nandy et al. discovered a class of catalysts that are oxidatively stable in their resting states
but still form metal-oxo moieties favorably.!® These compounds are missed by linear QM-
descriptor-based relations that assume that compounds are either oxidatively stable or form
metal-oxo moieties favorably, but not both.!’® 2% Nandy et al. also recently trained artificial
neural network (ANN) models that map catalyst connectivity to reaction energies and used

ANN-driven efficient global optimization (EGO) with a two-dimensional expected
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improvement®® (2D-EI) criterion to design catalysts that could simultaneously activate methane
but release methanol'?® (Figure 9). Their search over 16M compounds could be done with ML in
minutes but would take decades with full DFT evaluation. Simultaneously, optimization over this
chemical space took advantage of broken scaling relations to design catalysts that have improved
methane oxidation thermodynamics.

ML-driven HTVS of bioinspired catalysts has the potential to uncover synthetic catalysts
that are more stable, active, and selective than their metalloenzyme counterparts.'® 2°7 Current
catalyst design studies, however, assume a reaction cycle, which may bias conclusions on the
optimal catalyst design.!%® 12 Duan et al. recently developed transferable workflows to predict
calculation outcomes relevant to catalysis that can accelerate the reaction intermediate screening
for mechanism elucidation.?”®?%” Beyond reaction intermediates, TS structures are challenging to
converge. Therefore, ML can accelerate the prediction of guessed TS geometries to avoid
expensive TS searches by DFT.3%

For heterogeneous single-site catalysts, challenges with representations!'®* 391-302 and data

303 Instead,

availability have limited the widespread use of ML for catalyst screening.
experimental data has been leveraged to identify catalysts that are thermally stable and usable for
catalysis.?? Similarly, ML trained on experimental data has been used to assign oxidation states
to metal ions in MOFs based on their metal-local chemical environment.’** As data sets grow in
size and fidelity, ML be increasingly used for bioinspired catalyst design as it is applied to
zeolite, MOF, and SAC high-throughput screening.

6. Conclusions and Outlook.

The challenge of activating inert C—H bonds has motivated the study of catalysts to draw

from what can be accomplished with natural enzymes and translate these advantageous features
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into TMC and material mimics. Inert C—H bond activation reactivity has been observed in a
diverse number of iron-containing enzymes from the heme-P450s to non-heme iron a-
ketoglutarate-dependent enzymes and methane monooxygenases. Computational studies have
played a key role in quantifying the effect of the active site environment on reaction energetics,
understanding the role of metal, oxidation, and spin state in reactivity, confirming spectroscopic
assignments, and investigating substrate positioning and its influence on reactivity. All of these
insights have brought about new hypotheses that have led to catalyst design for improved C—H

bond reactivity.

Bioinspired efforts aiming to recreate the primary coordination sphere of metalloenzymes
have focused on TMC ligand design. Here, computational studies have unraveled the effects of
various coordination environments, oxidation, and spin states on metal-ligand binding and C—H
bond reactivity. This in turn has led to new hypotheses and ligand design improvements. As
ligand designs have evolved, DFT has been essential in quantifying the differences between
TMCs that have the same ground state spin and comparable spectroscopic observables but

distinct reactivity.

Bioinspired catalyst design efforts have also motivated the installation of single metal
active sites in heterogeneous catalysts such as zeolites, MOFs, and SACs, making the catalyst
readily separable from reactants and products. Because the complex chemical environments
challenge the spectroscopic characterization of the catalytically active species, DFT has proven
essential in studying these intermediates that are difficult to experimentally characterize with
atomic precision. In addition to aiding spectroscopic assignments, computational studies have
played an essential role in decoupling the effects of through-bond and through-space interactions

in these materials.
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While computation has played a critical role in understanding routes to selective C-H
activation, numerous outstanding challenges remain. DFT is often the method of choice for
studying catalyst reaction pathways in both biological and non-biological systems thanks to its
favorable cost-accuracy trade-off. Nevertheless, the well-localized d-electrons in many cases
necessitate beyond-DFT wavefunction theory calculations for accurate prediction of molecular
properties. Scaling relations (i.e., BEP relations or LFERs) derived from DFT-calculated
energetics are often used to accelerate screening of bulk metals for heterogeneous catalysis, but
their applicability is far more limited in TMCs or single-site heterogeneous catalysts. Catalyst
properties may also be governed by subtle energy differences such as those cause by the
presence of NCls, which are challenging to accurately model with DFT or classical force fields.
ML models present one path to addressing the combinatorial challenge of catalyst design, but it
remains unclear how to address inheritance by the ML model of the biases in the underlying

training data.

As we learn more about how metalloprotein active sites catalyze C—H bond activation,
we gain more information to design synthetic bioinspired catalysts. ML can help encapsulate this
information to accelerate ligand design, where there are too many possibilities to consider for an
exhaustive DFT screen. ML can also make higher-cost methods more tractable for high-
throughput screening through corrective schemes. Harnessing a deep computationally guided
understanding of metalloprotein active sites and bioinspired catalysts will lead to the design of
stable, active, and selective catalysts that provide industrially viable solutions for outstanding

"holy grail" challenges such as selective C—H activation of methane.
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