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Comparing the reaction profiles of single iron
catalytic sites in enzymes and in reticular
frameworks for methane-to-methanol oxidation
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SUMMARY

The design of synthetic inorganic catalysts mimicking the first coor-
dination spheres of enzymatic cofactors often results in lower yields
and selectivity than their biological counterparts. In this study, we
exploit Kohn-Sham density functional methods to compare the reac-
tion profiles of four single iron-based catalysts for the direct oxida-
tion of methane to methanol: two biomimetic models based on two
enzymes (cytochrome P450 and taurine dioxygenase [TauD]) and
two synthetic reticular frameworks (iron-BEA zeolite and tri-iron
oxo-center-based metal-organic framework). Both the biomimetic
and inorganic catalysts show almost zero selectivity toward meth-
anol for methane conversions >1% at ambient temperature. This
study highlights that iron’s first coordination shell can influence
selectivity toward methanol but to a limited extent. In the absence
of methanol protection strategies, high selectivity can be reached
only by mimicking the reaction microenvironment of enzymes
beyond the first coordination shell of iron.
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INTRODUCTION

Enzymes are able to catalyze a wide variety of reactions necessary for metabolic pro-

cesses in biological systems with high selectivity, high turnover frequencies,1 and often

at ambient temperature andpressure conditions.2Nevertheless, industrial application of

enzymes is hindered in several cases by their limited thermal stability, difficulty in prod-

uct separation, and the complexity of the whole biological environment that cooperates

with the metallic active site in the enzyme to execute a specific function.1

Enzyme-inspired catalysts, or synthetic catalysts that mimic the enzymatic active

site, aim to couple the activity and selectivity of enzymes with characteristics

more suitable for industrial applications. Several thousand biomimetic catalysts

have been reported. Among them, synthetic enzymes3 and homogeneous com-

plexes retain often the same catalytic activity but also stability and separation is-

sues of the corresponding enzymes.2 Metal complexes as part of high surface

area materials, like metal-organic frameworks (MOFs) and zeolites, are sought as

a way to solve these issues, despite sometimes showing lower reactivity and

selectivity.2

C–H bond activation is an important reaction for several biological and synthetic

processes. Among these processes, the direct oxidation of methane to methanol

(MTM) is considered the most challenging but also the most rewarding reaction in

terms of economic and environmental repercussions.4 Iron- and copper-containing

redox cofactors in enzymes are still, after several decades of research, the best
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catalysts in this field.2 It is clear from recent literature that selectivity is the character-

istic that is most lacking for synthetic catalysts in reference to their enzymatic

counterparts.2,4,5 This is not surprising: the lower C–H bond dissociation energy in

methanol (402.1 kJ mol�1)6 than in methane (439.3 kJ mol�1)6 makes methanol over-

oxidation likely unless strategies aimed at protecting methanol are leveraged.4,5,7 It

is an established concept in metalloproteins that the reactivity and, even more, the

selectivity of enzymes are mainly related to components external to the metal and its

first coordination sphere,8 like non-covalent interactions9–15 and diffusion character-

istics.11,16,17 These elements are related to the structure and reaction environment

that circumscribes the metallic active site in enzymes, with several building blocks

contributing to tailor optimally the enzyme toward a very specific function.11,18–21

Nevertheless, from recent reviews comparing bioinorganic and inorganic catalysts

for C–H bond activation reactions,2,4,22,23 it is hard to understand if the higher selec-

tivity and methane conversion achieved by enzymes are determined by the first

coordination sphere of the metal and to what extent. This question is of upmost

importance because the biomimetic approach in synthetic catalyst design is often

limited to the first coordination shell around the metal.

The reaction conditions are another important aspect that can make a difference.

The reaction medium is a common variable in catalysis used to improve both the

selectivity and conversion.8,11,24 Solvents can directly influence the reaction

profile,11,19,25,26 or they can act as protecting agents of the unstable products.5,27

Zeolites and MOFs are often tested in the gas phase,7,17,28–31 while enzymes classi-

cally work in solution: this difference can increase the selectivity for enzymes, making

the comparison uneven. Moreover, from the computational point of view, different

levels of approximation used in studies limit the comparison.32

In this study, we have used Kohn-Sham density functional theory (KS-DFT) calcula-

tions to compare the reaction profiles and the selectivity of four single-site, iron-

based catalysts for MTM: two biomimetic models based on two enzymes and

two synthetic heterogeneous catalysts. A cluster approach was used in which

only the iron and its first coordination sphere were considered. Reaction conditions

adopted in the testing of single-site iron heterogeneous catalysts—gas phase,

ambient pressure, and ambient temperature—were studied. N2O was considered

the oxygen source. In heterogeneous catalysts, N2O is often preferred over other

oxygen sources (i.e., O2), as it yields higher selectivity in the formation of iron-oxo

species for reactions in the gas phase.4,30,33 Identical reaction conditions and hav-

ing clusters restricted only to the metal and its first coordination shell allow us to

directly relate the differences in the reaction profiles and selectivity among the cat-

alysts to the local structure shown in Figure 1. The results of this study are that,

when considering only the first coordination sphere, enzymes perform poorly in

reference to existing catalysts based on reticular frameworks for the MTM reaction.

Specifically, we find that a synthetic catalyst, Fe-BEA*, is superior to P450 for the

MTM reaction when only considering the first coordination sphere. This is a surpris-

ing result, one that contradicts the prevailing literature, because there are few at-

tempts to make an apples-to-apples quantitative comparison between enzymes

and reticular framework catalysts.

This rigorous approach enables us to identify straightforwardly the directions

needed for the design and development of the next generation of reticular-frame-

work-based MTM catalysts.
2 Cell Reports Physical Science 4, 101422, June 21, 2023
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Figure 1. Identity card of the cluster models used for the active form of the single-site iron catalysts considered in this study

The M06-L/def2-TZVP structure of the models is reported in the top part of the figure along with the oxoferryl bond distance (Å) for the sake of

comparison (B clusters in Scheme 1 after the removal of N2). HS, high spin; LS, low spin. Color code: red (oxygen), orange (iron), blue (nitrogen), bright

yellow (sulfur), dark yellow (silicon), magenta (aluminum), gray (carbon), white (hydrogen).
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RESULTS AND DISCUSSION

Consideration for comparison

The reaction cycle followed is the one reported in Scheme 1. It is composed of four

steps34: (1) N2O adsorption on the iron center and dissociation to form N2 and the

ferryl (from AN2O to B)17,29,35; (2) interaction of methane with the oxo-species and

dissociation of one C–H bond resulting in a methyl radical and a hydroxo group

on the iron (from C to D)9,34–36; (3) radical rebound between the methyl radical

and the hydroxo species, forming methanol (from D to E)9,36,37; and (4) methanol

desorption and regeneration of the catalytic center (from E to A).

Methanol selectivity has been quantified using the kinetic model reported by Lat-

imer et al.5 This model assumes that hydrogen abstraction (C to D step in Scheme

1) is rate determining in both methane and methanol cycles. It also assumes that

no protection mechanisms of methanol are operating. The selectivity so obtained

represents, then, an upper bond of the selectivity at a given conversion, but it has

proven to be a useful parameter when comparing different classes of MTM catalysts

(for more details, please refer to Latimer et al.5 and for further discussion, vide infra).

For the enzymatic systems, we considered cytochrome P450 and taurine dioxyge-

nase (TauD). Cytochromes P450 are a class of enzymes that catalyze a large set of

diverse reactions in biological systems, the most common involving a single oxygen

insertion (monooxygenate enzyme).9,39 The metal center of P450 is a heme Fe site

(iron(III) protoporphyrin IX) with cysteinate as the axial ligand.9,18,40 The catalytic

species in its active form is often indicated as compound I (Cpd I in the following;

see blue panel in Figure 1 for the model used).

The Fe(II)/a-ketoglutarate (aKG)-dependent dioxygenases is a large family of non-

heme enzymes that are pivotal in manymetabolic processes.41 In this case, the metal

center is constituted by a single high-spin Fe(II) that needs to be oxidized to be
Cell Reports Physical Science 4, 101422, June 21, 2023 3



Scheme 1. Computed catalytic cycles for methane and methanol oxidation

Catalytic cycles for methane-to-methanol (X = H) and methanol-to-methylene glycol (X = OH)

reactions considered in this study. The formal oxidation state of iron, +n, with n = 3 for P4509 and

n = 2 for TauD,36,38 Fe-BEA,17 and Fe-MIL.35 A similar cycle was used for the conversion of methanol

to methanediol. Only the labeled structures in the cycle were considered in the present work. The

part of the cycle considered in the present work is reported in dark black.
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transformed into the catalytic active species, a high-spin Fe(IV)-oxo.22,36 TauD

(taurine/a-KG dioxygenase) is the most widely studied member of this enzyme fam-

ily.36,42,38 Biswas et al.38 have recently reported a model complex that, although

differing in the number of the ligands in the first coordination shell of iron, is able

to reproduce the functional and electronic properties of TauD in its active form.

This biomimetic model is reported in the second column in Figure 1, and it is the sys-

tem that we have included in this comparative study.

Among the synthetic inorganic heterogeneous catalysts, a-Fe sites in zeolites are the

only synthetic metal species able to catalyze the MTM reaction at ambient temper-

ature. These sites are particularly abundant in the Beta (*BEA framework)2,17,30 and

Chabazite zeolites (CHA framework).31 We have then included Fe-BEA* in our study,

being themost active among synthetic catalysts reported to date. Recently, after de-

cades of debate about the nuclearity of the metal in the catalytic center,30,43 the

structure of the a-Fe in iron zeolites has been unambiguously defined as a single-

site, high-spin, non-heme iron (see Figure 1).2,17 The active species, a-O, are the

result of N2O or O2 decomposition on the single-site species, a-Fe(II), created by

high temperature activation of the sample (removal of adsorbates in vacuum or inert

atmosphere). This a-O (or a-Fe) is a single-metal, high-spin Fe(IV)=O species (see

third column in Figure 1).

Several MOFs have been reported to catalyze C–H bond activation.34,44–49 Tri-iron

oxo-centered clusters (formula: [Fe(III)3(m3-O)(X)]6+, with X = OH, F, Cl) are present

as secondary building units in several MOFs (e.g., MIL-100,50 MIL-127,51 CUB-

30,52 .). In these materials, after removal of the X group from the cluster, one of

the tri-valent irons is reduced to Fe(II). This center can be converted by N2O decom-

position to a single-site (non-heme) Fe(IV)=O (see fourth column in Figure 1 for the

model used). Oxoferryl species in MIL-100(Fe) and MIL-127(Fe) have been shown to
4 Cell Reports Physical Science 4, 101422, June 21, 2023
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catalyze C–H activation in methane at 90�C and 1 bar.7 The high thermal and chem-

ical stability of the MOFs based on these metal clusters allow the materials to be sta-

ble under oxidative conditions. These characteristics make these MOFs the best

catalyst nowadays for the MTM reaction among the reported iron-based

MOFs.34,44–49 We have then included the tri-iron oxo-centered cluster as represen-

tative of synthetic catalysts in the set used in this study.

We would like to stress that our aim is not to reproduce with high accuracy the reac-

tivity of these catalysts in the MTM reaction in the different reaction conditions adop-

ted experimentally for each of them. These points have been addressed in previous

experiments or computational studies by using larger clusters and molecular dy-

namics. Here, the target is to understand how risky the typical strategy used in

designing new catalysts based on reticular frameworks is by limiting the mimicking

approach only to the first coordination sphere of enzymatic cofactors. This being a

comparative study, we chose the same reaction conditions for all the catalysts because

the conditions can influence the selectivity of the reaction. Because this study is per-

formed in the research field of the design of new reticular frameworks-based catalysts,

we have chosen those frequently adopted for catalysts based on reticular

frameworks.7,17,28,44,53
Ground spin state of the catalysts

For TauD, Fe-BEA, and Fe-MIL, the most stable electronic configuration corre-

sponds to the high spin state, quintet for all the reaction intermediates. The triplet

and singlet states lie at significantly higher energy, making these reactions single-

state reactions. This outcome agrees with previous DFT and multireference wave

function-based studies on these catalysts (see Snyder et al.,17 Simons et al.,29 Vitillo

et al.,35 and Biswas et al.38 andNote S10). For this reason, only their quintet potential

energy surfaces will be discussed in the following.

The oxidation state and the spin state of Fe in Cpd I have been debated for a long

time.9,37,39,54 This is due to the small energy difference among the 2S+1 = 2, 4, and 6

configurations, which can be <2 kJ mol�1.37,55 Rittle and Green56 have unambigu-

ously assigned the spin of Cpd I to Stotal = 1/2, with the S = 1 Fe(IV) center coupling

antiferromagnetically to the unpaired electron in the porphyrin (S = 1/2), using elec-

tron paramagnetic resonance (EPR) and Mössbauer spectroscopies. Nevertheless,

considering a Boltzmann distribution, the small difference in energy would make

the three lower spin states of Cpd I all populated at ambient conditions; that is,

the doublet, quartet, and sextet forms can be present at the same time in the reac-

tion environment.54,57,58 Moreover, P450 spin energy surfaces for the different spin

states do not remain parallel along the reaction cycles.9,54,55,57,59 The ground states

for P450 reagent state (A in Scheme 1) and its oxo-species (AB, i.e., B in Scheme 1

after the removal of N2) are the sextet and the doublet, respectively, according to

the present work (see Tables S1 and S2) and previous studies.9,39,54,57,60 In particular

AB-P450 has been extensively studied in the literature using multireference

calculations.9,54,55,59,61,62 The relative energy stability of AB-P450 on the spin states

is doublet <zquartet < sextet at the M06-L level, in agreement with previous multi-

reference calculations.9,54,55,59 This means that the spin energy surfaces (can) un-

dergo spin crossover as the reaction proceeds.9,39 P450 doublet and the quartet

spin states are nearly isoenergetic, depending on whether the unpaired electron

on the porphyrin p-cation radical is ferromagnetically or antiferromagnetically

coupled to the triplet iron center,18 with the antiferromagnetic configuration only

slightly more stable than the ferromagnetic configuration in A and AB.54 For these
Cell Reports Physical Science 4, 101422, June 21, 2023 5



Figure 2. Methane-to-methanol and methanol-to-methylene glycol oxidation catalyzed on single-

site iron catalysts

Reaction enthalpies for the oxidation of (A) methane to methanol and of (B) methanol to methylene

glycol as computed at the UM06-L/def2-TZVP level following the cycle reported in Scheme 1 on the

quintet spin energy surface for TauD (purple), Fe-BEA (orange), and Fe-MIL (green). For P450, the

doublet (black), quartet (blue), and sextet (light blue) spin energy surfaces are reported. Enthalpies

of the separated reactants in their ground state are taken as zero of the enthalpies (data in

Tables S12–S24; see also Figures S4 and S5).
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reasons, for P450, the reaction was followed on the doublet, quartet, and sextet spin

surfaces.

Cartesian coordinates of all the structures optimized at theM06-L/def2-TZVP level are

reported in xyz format in Data S1 (*.ZIP file). All relevant energetic parameters are re-

ported in Tables S12–S24. The reaction enthalpies and the reaction Gibbs free en-

ergies provide an equivalent description of the reactivity of the clusters. The reaction

profiles are discussed in the following in terms of reaction enthalpies in order to allow

a direct comparison with literature data.29,34,35,44,63 These profiles are shown in

Figures 2A and 2B for the methane and the methanol cycle, respectively.

Formation of Fe(IV)=O and N2O decomposition

The AN2O / B reaction corresponds to adsorption of N2O on the iron center and

then to its decomposition to N2 with the formation of the oxo species (B) through
6 Cell Reports Physical Science 4, 101422, June 21, 2023



Figure 3. Descriptors for the N2O decomposition reaction

(A) Reaction enthalpy for AN2O/ B, DHAN2O / B, vs. the activation enthalpy, DHc
TS1. Best linear fit is

shown as dark gray solid line. The linear fit obtained in Vitillo et al.35 on tri-metal oxo-centered

clusters with different metal composition is also reported as a light gray line. Literature values

reported for Fe-BEA64 (empty circles), Fe0.1Mg1.9(dobdc)2
34 (brown square), Fe-BTC63 (yellow

triangle), and Fe-BTT44 (pink diamond), are also shown.

(B) The distance of iron from the centroid of two facing equatorial L in A d(Fe-Lcentroid) vs. the

activation enthalpy, DHc
TS1. Negative and positive values of d(Fe-Lcentroid) indicate, respectively,

that the iron lies below or above the plane of the equatorial ligands with respect to the position that

will be occupied by the oxo species in AB. Best linear fit is shown as a dark gray solid line. All the

values have been obtained at the UM06-L/def2-TZVP level.
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the transition state TS1 (see Table S3). This is the rate-determining step of the reac-

tion for all catalysts considered here. The reaction enthalpy DHAN2O / B for all the

catalysts is reported in Figure 3A as a function of the activation enthalpy, DHc
TS1.

The reaction is exothermic for the non-heme catalysts, with the lowest DHAN2O /

B value obtained for TauD (�83.9 kJ mol�1) < Fe-MIL (�57.3 kJ mol�1) < Fe-BEA

(�37.5 kJ mol�1). Bols et al. computed a similar value for iron-based zeolites

(�32 kJ mol�1).64 For TauD and P450, notwithstanding the large body of literature

on these enzymes, this reaction has not been modeled yet because N2O is not the

oxygen source commonly used for these systems. While the calculations indicate

that N2O can be a potential good oxidizer for A-TauD, for P450, the reaction is pre-

dicted to be almost isoenergetic for the doublet and the quartet and to be endo-

thermic of 76.7 kJ mol�1 for the sextet. The ground spin state for P450 is predicted

to change along this reaction from sextet (for AN2O) to doublet (in TS1 and B). This

result agrees with the literature on P450 that indicates that the ground states for A

and AB are the sextet and the doublet, respectively.9,39 For TS1, the doublet and

the sextet differ by only 10 kJ mol�1, while this difference increases to 30 kJ mol�1

in B. The quartet spin state of B is only 5 kJ mol�1 higher in energy than the doublet,

and it remains almost isoenergetic to it during the reaction up to D.

The computed DHc
TS1 values are all close to 90 kJ mol�1 for the non-heme

catalysts, while P450 DHc
TS1 is significantly larger and shows a steep increase with

higher spin: 139 kJ mol�1 for the doublet, 166 kJ mol�1 for the quartet, and

192 kJmol�1 for the sextet. Considering the ground states along the reaction profile,

DHc
TS1 for P450 is about double that obtained for the other catalysts (182 kJ mol�1).

Previous studies indicated a Brønsted-Evans-Polanyi behavior for the N2O dissocia-

tion reaction on single Fe species.14,35,65,66 We verify that this is valid also for the cat-

alysts considered here. The fitting line obtained (r2 = 0.84; see dark gray line in Fig-

ure 3A) is very close to the one we obtained for single Fe(II) species in metal nodes of

MIL-100 having different metal compositions (light gray line in Figure 3A).35 Restrict-

ing the linear fit on P450 (min), Fe-MIL, TauD, and Fe-BEA results in a linear fit
Cell Reports Physical Science 4, 101422, June 21, 2023 7
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coincident with the one obtained in Vitillo et al.,35 suggesting once more the gener-

ality of the Brønsted-Evans-Polanyi (BEP) relationship for single iron-based sys-

tems.14,35,65,66 Gani and Kulik65 verified that the metal-ligand plane dihedral angle

can also play a role in such a correlation. We have then studied the dependence of

DHc
TS1 on geometric descriptors as the metal-ligand plane torsional angle (Fe-L-L-L,

where L is an equatorial ligand; see Figure S1A), the distance of Fe from the axial

donor trans to the oxo in A (see Figure S1B), and the distance of iron from the

centroid of two opposite equatorial L in A (d(Fe-Lcentroid); see Figure 3B). An inverse

dependence was evidenced for the first two quantities, although with r2 �0.5, while

a linear dependence was obtained for d(Fe-Lcentroid) (r
2 = 0.77; solid line in Fig-

ure 3B). It is noteworthy that d(Fe-Lcentroid) is negative only for P450 (see also

Table S1); that is, the iron lies below the porphyrin plane. This is at the origin of

the lower exothermicity of the coordination of N2O (as verified by the lower N2O

adsorption enthalpies than for the non-heme catalysts) and of the reaction with it.

AB species are instead all characterized by a positive d(Fe-Lcentroid) (i.e., the iron is

above the plane of its first ligands).

It has previously been noted17,65 that the Fe=O bond is shorter and stronger in the

absence of a ligand trans to the oxo. This is associated with the larger stabilization of

the Fe 3dz
2 in a square pyramidal geometry compared with an octahedral one.

Among the catalysts considered, Fe-BEA is the only AB species where the Fe is 5 co-

ordinated and not 6 coordinated. Accordingly,AB-Fe-BEA shows the shortest Fe=O

bond (1.606 Å; see Table S2).

The spin ladder obtained using DFT for AB species was assessed by multiconfigura-

tion wave function-based methods for TauD, Fe-MIL, and Fe-BEA, while for P450,

we have exploited the large literature on the multireference modeling of

AB-P450.9,54,55,59,61,62 The CASSCF/CASPT2 calculations for TauD, Fe-MIL, and

Fe-BEA reached convergence only upon the inclusion in the active space of all the

orbitals listed in Note S11: in particular, besides the 3d iron orbitals, the addition

of the three doubly occupied 2p orbitals of the oxoferryl is mandatory (see

Tables S25–S29). This corresponds to a (12,14) active space. Further increase in

the active space to (14,15) did not result in a change in the spin ladders, confirming

that convergence was achieved with (12,14).

The multireference calculations confirm the relative stability of the different spin states

obtained by M06-L. They also agree with DFT in the description of the oxidation state

of Fe in AB species. These results are summarized and discussed in Note S11.

C–H bond scission in methane and methanol

After the formation of the ferryl, N2 is desorbed, and CH4 is coordinated by the clus-

ter (C intermediate). The reaction proceeds with the scission of the C–H bond with

the formation of theD intermediate through the transition state TS2. For the reaction

with methane, DHc
TS2 values were all found to be between 62 (Fe-MIL) and 78 kJ

mol�1 (6P450) except for Fe-BEA, which is characterized by a significantly lower value

(12 kJmol�1; Figure 4A). A similar trend was observed forDHC / D, with all the values

found between 33 (Fe-MIL) and 48 kJ mol�1 (6P450) while Fe-BEA lies well below

(�14 kJ mol�1). Fe-BEA is the only case where methane C–H bond scission is

exothermic. DEc
TS2 values obtained in Oligaro et al.37 for P450 at the B3LYP level

with a double-z basis set (114.8 and 115.8 kJ mol�1 for the doublet and the quartet,

respectively)37 are close to the values obtained here (�95 kJ mol�1; see Tables S12–

S17), while DEc
C / D values (100 and 102.7 kJ mol�1 for the doublet and the

quartet, respectively) are instead >50% larger than those calculated here (�55 kJ
8 Cell Reports Physical Science 4, 101422, June 21, 2023



Figure 4. Brønsted-Evans-Polanyi behavior for C–H bond scission in methane and methanol

Reaction enthalpy for C / D, DHC / D vs. the activation enthalpy, DHc
TS2, (A) for the methane and

(B) for the methanol cycles as in Scheme 1. In (A), literature values reported for Fe0.1Mg1.9(dobdc)2
34

(square), Fe-BTT44 (diamond), and Fe-BEA17 (empty circle) are also shown. The linear fit for methane

(A, r2 = 0.99) and methanol (B, r2 = 0.83) data are reported as dark gray lines. All the values have

been obtained at the UM06-L/def2-TZVP level.
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mol�1; see Tables S12–S17). For Fe-BEA, DHc
TS2 and DHC / D values are in quantita-

tive agreement with the values obtained by Snyder et al.17 using B3LYP and 6-311G*

on Fe (15 and �16 kJ mol�1, respectively).

The correspondingDHc
TS2�CH3OH andDHC / D-CH3OH values obtained for the C–H acti-

vation of methanol qualitatively mirror the trends for C–H activation in methane, as

evident from a comparison of Figures 4A and 4B. Moreover, BEP behavior is observed

for the C–H scission step for bothmethane (Figure 4A) andmethanol (Figure 4B) cycles.

DHc
TS2 values for methane and methanol are linearly correlated (r2 = 0.88; Figure 5B). A

similar dependencewas alsoobtained forDHC/D. Similar trends havebeenhighlighted

by Latimer et al.5 for a larger set of catalysts.DHc
TS2 andDHC / D values for methanol are

30and40kJmol�1 smaller, respectively, than thecorrespondingvalues formethane.This

agrees with the difference between the C–H bond dissociation enthalpy inmethane and

methanol (37 kJ mol�1).6 As a result, for Fe-BEA, the C–H bond scission in methanol is

essentially barrierless if thermal contributions are considered (see Table S5).

Prior reports on catalysts for aliphatic C–H bond scission have evidenced a linear

relationship between the activation energy for C–H bond cleavage (i.e., the C/ D

reaction energy)65 and the reaction energy for formation of the oxo species.14,67,68

This relationship holds also for the systems considered here, with Fe-BEA as an

outlier in theDHc
TS2 vs. DHAN2O / B plot (Figure 5A). Deviations from this relationship

have been associated with the presence of non-covalent interactions14,65 or with dis-

tortions of the iron site.65 Catalysts are in fact expected to lie on parallel lines in a

DHc
TS2 vs. DHAN2O / B plot if the dihedral angle formed by the iron and its equatorial

ligands (q(Fe-L-L-L)) is significantly different.65 AB-Fe-BEA is characterized by a

significantly larger q(Fe-L-L-L) in reference to the other catalysts considered (see

Table S2). Moreover, this is the only catalyst where a trans ligand is missing. Fe-

BTT,44 where the trans ligand is located significantly far from the iron (�2 Å), is

also an outlier of this plot (see Figure 5A). Five-coordinated ferryl species should

then be preferred over six-coordinated ferryl species in order to design more reac-

tive catalysts for the C–H bond scission in methane.

Other common descriptors used for DHc
TS2 are the ferryl bond length, d(Fe-Ooxo),

17

and the AB hydrogen affinity (EH).
14,69 Although shorter d(Fe-Ooxo) and lower EH
Cell Reports Physical Science 4, 101422, June 21, 2023 9



Figure 5. Descriptors for the C–H bond cleavage reaction in methane and methanol

(A) Activation enthalpy for C / D, DHc
TS2, vs. the reaction enthalpy for AN2O / B, DHAN2O / B, for

the methane cycle as in Scheme 1 for TauD, Fe-BEA, Fe-MIL, and P450. Literature values reported

for Fe0.1Mg1.9(dobdc)2
34 (square), Fe-BTC63 (yellow triangle), Fe-BTT44 (diamond), and Fe-BEA17

(empty circle) are also shown.

(B) Activation enthalpy for C / D for methanol, DHc
TS2�CH3OH, vs. activation enthalpy for methane,

DHc
TS2�CH4. The linear fit (r2 = 0.88) is reported as a dark gray line. Values obtained at the UM06-L/

def2-TZVP level.
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correspond often to smaller DHc
TS2, these relationships are not strictly valid for this

group of catalysts (see Tables S2, S4, and S5 and Figure S2).

Radical rebound

The methyl (or the hydroxymethyl) radical in D reacts with the hydroxo species, re-

sulting in the formation of methanol (methylene glycol) and the reduction of iron

to its pristine oxidation state (E) through the transition state TS3.

The stability of D can be estimated through the enthalpy of adsorption of the alkyl

radical. The enthalpy of adsorption decreases significantly going from methyl

(�42 to �9 kJ mol�1; see Table S6) to the hydroxymethyl radical (�121 to �37 kJ

mol�1; see Table S7). The larger stability of the hydroxymethyl complexes is due

to the ability of the radical to engage the first-shell ligands of iron in hydrogen bonds

using the –OH group, absent in the methyl radical. The largest increase in the

adsorption enthalpy is observed for Fe-BEA (�25 and �121 kJ mol�1 for CH3$ and

(OH)CH2$, respectively).

The activation enthalpies for this reaction step, DHc
TS3, are all below 22 kJ mol�1 for

methane (see Table S8), which is much lower than the corresponding DHc
TS1 and

DHc
TS2 values. For methanol, it was not possible to locate a proper transition state

because the rebound of the hydroxymethyl radical with the hydroxo species is essen-

tially a barrierless process (see Table S9).

Catalyst regeneration

This step corresponds to the desorption of the product from the catalytic center. The

quantity that better describes this step is the alcohol desorption enthalpy (see

Figure S3 and Table S10 for E-CH4, –DHc
CH3OH, and Table S11 for E-CH3OH,

--DHc
CH2ðOHÞ2). The desorption enthalpies are only a few kJ mol�1 smaller for E-CH4

than for E-CH3OH, and they follow the same trend: 6P450 (31.9 and 37.7 kJ

mol�1, respectively) �4P450 < 2P450 < TauD < Fe-MIL < Fe-BEA (99.7 and

117.8 kJ mol�1, respectively). The very low values of --DHc
CH3OH and --DHc

CH2ðOHÞ2 ob-
tained for 6P450 and 4P450 are due to the same causes discussed for their small N2O

binding energy, i.e., the iron lies below the plane of its first shell ligands, making its
10 Cell Reports Physical Science 4, 101422, June 21, 2023



Figure 6. Methanol selectivity of single-site iron catalysts at ambient temperature

The selectivity is reported as function of the methane conversion at 25�C using Equations 2 and 3

for (from left to right) Fe-MIL (green), general curve (from Latimer et al.,5 gray), TauD (magenta) y
2P450 (dark blue), Fe-BEA (orange), 6P450 (light blue), and 4P450 (blue). The gray curve was

obtained in Latimer et al.5 by regression of data obtained by modeling a large and diversified set of

catalysts for methane and methanol reaction (G1 s error of this curve is indicated as gray areas).
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interaction less effective with the alcohols. This makes alcohol desorption from E-

P450 and regeneration of P450 particularly favorable.

Methanol selectivity and rate constant

We have evaluated the methanol selectivity (SCH3OH) of each catalyst using the defi-

nition adopted by Latimer et al.5 Accordingly, a more selective catalyst is obtained

by reducing the difference between the activation energy of the C–H bond scission

for methane and methanol. In an ideal case, DGc
TS2�CH3OH would be equal to or

larger than DGc
TS2�CH4.

Figure 6 shows SCH3OH as a function of methane conversion for the four catalysts at

25�C. The general relationship obtained in Latimer et al.5 by reviewing a large num-

ber of different catalysts is also shown as a gray line, as extrapolated at 25�C. The
shaded gray areas correspond to the G1s error of this relationship (G7.7 kJ

mol�1). The standard deviation in experimental and theoretical DGc
TS2 values has

been estimated to be about 10 kJ mol�1.5 This means that each curve reported in

Figure 6 has an error comparable to the shaded areas.

Figure 6 demonstrates that the intrinsic selectivity of all the catalysts considered here

is almost zero at ambient temperature for methane conversion >0.5%. This plot con-

firms once again that protection mechanisms are vital for keeping a low degree of

methane overoxidation.5,53 This concept was qualitatively explained for enzymes,2

but now it is quantified for the first time. For lower methane conversions, 4P450 is

predicted to be the most selective, followed in order by 6P450, Fe-BEA,

TauD�2P450, and Fe-MIL. It is noteworthy that the curves for the catalysts showing

the largest displacement between Fe and the axial ligand in C, 4P450 (2.5 Å), 6P450

(2.5 Å), and Fe-BEA (N), are well outside the shaded gray areas in Figure 6 on the

right side of the plot, corresponding to higher methane selectivity. This indicates

that the local structures around iron in 4P450, 6P450, and Fe-BEA make these cata-

lysts intrinsically more selective than most catalysts reported in the literature. More
Cell Reports Physical Science 4, 101422, June 21, 2023 11
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explicitly, the methanol selectivity of ferryl species is larger when the trans ligand is

weakly coordinating the iron or is absent (five-coordinated iron).

Direct MTM conversion in Fe-MIL has been reported in two recent studies7,70 that

highlighted the low levels of produced CO and CO2. Simons et al.7 experimentally

proved that the high selectivity of Fe-MIL is associated with the formation of me-

thoxy species that prevent the further oxidation of methanol. Accordingly, the green

curve in Figure 6 points out that the active site of the MOF has the lowest intrinsic

selectivity for the reaction among the catalysts considered here and most catalysts

reported in the literature: in the absence of protection mechanisms, methane would

be fully oxidized.

SCH3OH dependence on T and the methane conversion makes the values of SCH3OH

significantly change upon modification of these two parameters. As an example,
4P450 shows a SCH3OH�0 at room temperature (RT) at 1%methane conversion, while

SCH3OH increases to 0.2 at 120�C and is 0.12 at 10% methanol conversion at 300�C
(curves not shown). These results show that caution is required in reviewing the

methanol selectivity of a set of catalysts if the values are obtained at a different

methane conversion and/or temperature.

The reaction rates for each catalyst (rcat) have been calculated using Equation 1,

where they are normalized to the Fe-MIL reaction. While Fe-BEA would have a reac-

tion rate 3.33 that of Fe-MIL, the enzymes would be decidedly slower: TauD would

have an rcat of 0.123, while 2 $ 10�103, 1 $ 10�153, and 2 $ 10�193 are predicted for
2P450, 4P450, and 6P450, respectively. These very small rcat values are due to the

very large activation enthalpy necessary to dissociate N2O by P450. N2O would

be not a suitable oxygen source for synthetic catalysts mimicking the P450

active site.

MTM catalyst design

We have evaluated the reactivity and selectivity of the catalytic site of two biomi-

metic models based on two enzymes (P450 and TauD) and two reticular frameworks

catalysts (Fe-MIL and Fe-BEA) for the MTM reaction, using N2O as oxygen source.

The models were restricted to the first coordination shell of the iron center, allowing

us to relate the local structure to the selectivity among the catalysts.

P450 and TauDmodels are often indicated among the target materials for selectivity

and reactivity in the synthesis of bioinspired catalysts for C–H bond scission. Instead,

calculations show that when restricting the models to the first coordination shell of

iron, Fe-BEA has a lower activation barrier for C–H bond cleavage than MOFs and

enzymes. This is an important result, placing the Fe-BEA zeolite as the most active

catalyst, even more active than enzymes.

The highest enthalpic barrier for C–H bond scission (DHc
TS2) is obtained for P450. This

result points out that an active site mimicking a P450 active site in a synthetic supra-

molecular assembly (e.g., by introduction in a large surface area material as encap-

sulated guest species71,72 or as part of the structure73) is not desirable. Moreover,

based on the computed DHc
TS1, N2O would not constitute a suitable oxygen source

for P450-inspired materials. This is an important point since N2O is frequently used

as an oxygen source in testing single iron heterogeneous catalysts. Substitution of

the thiolate cysteinate ligand in P450 is a very effective tool to increase the enzyme

catalytic activity toward very different reactions.74,75 Selenocysteine-ligated P450s

have, for example, shown higher rates for C–H bond cleavage than thiolate
12 Cell Reports Physical Science 4, 101422, June 21, 2023
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cysteinate P450.75 Metal substitution has been predicted to be another effective way

to lower both DHc
TS1 and DHc

TS2.
76

On the other hand, the DHc
TS1 and DHc

TS2 values for TauD are similar to those for Fe-

MIL, while the intrinsic selectivity of the local structure around iron is higher, making

TauD and its experimental biomimetic model interesting for inspiring new heteroge-

neous catalysts.

Although as an average, this first coordination shell approach in designing new cat-

alysts based on reticular frameworks can give positive results in the context of ther-

modynamics, this is not true if we consider selectivity. In fact, all the models show

selectivity close to zero for methane conversions exceeding 1% at ambient temper-

ature. It is then evident that the design of selective catalysts for MTM requires going

beyond those just involving perturbations of the first coordination shell of iron. Pro-

tective mechanisms5,7 and appropriate microenvironment design2,5,53 are manda-

tory for selective oxidation of MTM for all these catalysts. The efficacy of protection

mechanisms in improving methanol selectivity has been proven experimentally by

Simons et al.7 for the catalyst having the lowest intrinsic selectivity in our study: for

Fe-MIL, the selectivity at 120�C was kept up to 73% for methane conversion of about

30% by mixing the MOF with an acidic zeolite, which serves to protect methanol by

dehydration, and storing the methoxy species formed, which can be recovered by

exposing the catalyst to water. Very recently, Fujisaki et al.8 have reported that ex-

tending the design of an N-heterocyclic carbene-ligated Fe(II) complex beyond the

chemically coordinated ligands can significantly improve the selectivity of MTM.

They have verified that increasing the size of hydrophobic ligands around the iron

center can increase methanol selectivity from 35% to 83%. This high selectivity was

achieved because the homogeneous catalyst was tested in aqueous solution, which

acts as a storage medium of the hydrophilic methanol product. Ligands in MOFs are

often hydrophobic. Tri-iron oxo-centered MOFs with phenyl50 and biphenyl li-

gands77,78 have been reported. In their paper, Simons et al.7 verified an increase in

the methanol selectivity upon increasing the linker dimension from phenyl to

biphenyl, confirming the validity of the strategy in Fujisaki et al.8 also for the reaction

in the gas phase. Nevertheless, a selectivity comparable to the one obtained for the

reaction in aqueous medium by Fujisaki et al.8 was obtained only when the reticular

framework catalysts were mixed with an amount of hydrophilic protecting medium

(an acidic zeolite) in quantities >103 that of the MOF in terms of formula units.7

Although the selectivity is very low, it is noteworthy that Fe-BEA and P450 active sites

are shown to be intrinsically more selective than the most part of the catalysts stud-

ied so far5 for the MTM reaction. Fe-BEA shows DHc
TS1 and DHc

TS2 values that are not

only the lowest among the catalysts considered here but that are very low also in ab-

solute terms (values in agreement with previous calculations and experimental

observation).17,31 Based on the results obtained here, for maintaining high methanol

selectivity, the design of the reaction microenvironment and the introduction of pro-

tection mechanisms are essential, and five-coordinated ferryl species are predicted

to reach larger yield and rates in comparison with six-coordinated species.
EXPERIMENTAL PROCEDURES
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Materials availability

No new materials were generated in this study.

Data and code availability

Cartesian coordinates of all the structures discussed in the article are reported in xyz

format in Data S1 (*.ZIP file). They are also available at the Zenodo repository with

https://doi.org/10.5281/zenodo.6632726.
Density functional calculations

All KS-DFT calculations were performed using the Gaussian 16 program.79 M06-L80

density functional in its unrestricted formalism (U) was used in combination with

the def2-TZVP basis sets.81,82 This level of theory has been shown to give similar re-

sults of multireference wave function calculations for Fe-based catalysts.34,35,83

Moreover, we have verified in a coupled experimental-computational study that it

predicts correctly the experimental activation energy for N2O decomposition on

MIL-100(Fe).29

P450 was simulated using the Cpd I model reported in Oligaro et al.37 where the

functional groups of the porphyrin ring are substituted with hydrogen atoms and

the full cysteinato ligand is replaced by the shorter SH� (see first column in Figure 1),

allowing a better modeling of the enzyme.37

A homogeneous model of the catalytic site of TauD active form (TauD-J) has been

recently synthetized by Biswas et al.:38 [Fe(IV)O(TQA)(CH3CN)]2+ (TQA = tris(2-qui-

nolylmethyl)amine). Although the first-shell ligands of iron are different than in TauD

(TQA and CH3CN vs. two histidine, KG, aspartic acid),84 the authors showed that this

compound is able to reproduce both the functional and the electronic properties of

TauD-J. In particular, it is able to oxidize both C�H and C=C bonds at �40�C.38 We

have then adopted [Fe(IV)O(TQA)(CH3CN)]2+ as the model for the catalytic active

form of TauD (see second column in Figure 1) and derived its reduced forms using

the cycle in Scheme 1.

a-Fe in *BEA zeolite has been simulated using the model adopted by Snyder et al.17

to study the C–H bond activation of methane on this catalyst. This model (Fe-BEA, in

the following) is shown in the third column of Figure 1. This cluster has been success-

fully used to simulate the catalytic conversion of MTM by a-Fe sites and played a

crucial role in the identification of the structure of a-Fe through spectroscopic tech-

niques.17 In order to include the structural constraints of the zeolite framework,

particularly important for this system, only the positions of the adsorbates, the

iron center, and the first and second coordination shells have been optimized.17

The cluster used for the tri-iron oxo-centered metal nodes of MIL-100(Fe) is reported

in the fourth column of Figure 1 (Fe-MIL, in the following). In order to make it a single

iron center, the tri-valent irons have been substituted by Al+3.14 Formates are used

to saturate the cluster (formula: Al2Fe(II)(m3-O)(COO)6).
29,35,85 This cluster has been

shown to provide results fully comparable with larger clusters saturated with benzo-

ates (see Note S12 and Figure S19).14,85 Moreover, this model is able to reproduce

the experimental activation energy for N2O decomposition on MIL-100(Fe)29 and

the experimental infrared (IR) vibrational shift of CO and NO at different coverages

on tri-iron oxo-centered MOFs.86

Geometry optimization was carried out by means of the Berny optimization

algorithm with analytical gradient and default convergence thresholds. A (99,590)
14 Cell Reports Physical Science 4, 101422, June 21, 2023
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pruned grid was used (i.e., 99 radial points and 590 angular points per radial point),

corresponding to the grid = ultrafine option. All the energetic data have been cor-

rected for the basis set superposition error (BSSE) following the a posteriorimethod

proposed by Boys and Bernardi87 as implemented in Gaussian 16. The BSSE-cor-

rected energetic values are indicated by a c superscript and were obtained from

the computed Y values as Yc = Y + BSSE.

Unscaled, harmonic vibrational frequencies were computed analytically. Enthalpies

and Gibbs free energies were calculated at 1 atm and 298 K from conventional ideal

gas, rigid rotator, particle in a box, and quantum mechanical harmonic oscillator

partition functions, except that low vibrational frequencies (<50 cm�1) replaced by

a cutoff value (50 cm�1) account for limitations in the harmonic oscillator approxima-

tion for very-low-frequency vibrations.88–92 Charge and spin densities were obtained

usingChargeModel 5 (CM5)93 andHirshfeldpopulation analysis,94 respectively. Spin

densities are expressed as the difference between the a and b electron densities.

The reaction rate of each catalyst normalized (rcat) with respect to that of Fe-MIL is

estimated using the formula38

rcat =
kcat

kFe�MIL
= eðDGact

Fe�MIL
�DGact

catÞ=ðRTÞ; (Equation 1)

where R is the molar gas constant (in J mol�1 K�1), T is a reference temperature (in K,

298 K in this study), DGact
cat is the Gibbs free energy associated with the rate-deter-

mining step for the catalyst (in J mol�1), and DGact
Fe�MIL is the Gibbs free energy asso-

ciated with the rate-determining step for Fe-MIL (in J mol�1).

The selectivity of the catalyst for methanol (SCH3OH) was evaluated using the formula

derived by Latimer et al.5 for radical-like C–H bond activation by single-site catalysts

in a continuous catalytic process:

SCH3OH =
1 � X � ð1 � XÞk2=k1

X ½ðk2=k1Þ � 1� ; (Equation 2)

where X is the methane conversion and k1 and k2 are the rate constants for the CH4

/ CH3OH and CH3OH / CO2 reactions, respectively.
k2
k1
is defined as

k2
k1

= e
DGTS2;CH4 �DGTS2;CH3OH

RT ; (Equation 3)

where T is 298 K and DGTS2;CH4 and DGTS2;CH3OH are the Gibbs free energy associated

with the C–Hbond activation step in Scheme 1 formethane andmethanol, respectively

(in J mol�1). This expression of SCH3OH approximates the real selectivity, assuming that

each reactedmethanewould be converted tomethanol, and it is used only for the sake

of comparison.5 In real systems, protection mechanisms and other oxidation reactions

can take place that can increase or decrease the selectivity with respect to SCH3OH.
5,7

Neglecting overoxidation reactions that are not originating from methanol is a very

mild approximation. As an example, surface methoxy species can be formed in signif-

icant amounts during the MTM reaction in zeolites and MOFs.7,30 Nevertheless, me-

thoxy species act in these systems as stable intermediates that protect methanol

from overoxidation. It is a matter of fact that the alcohols formed from the oxidation

of simple alkanes cannot be recovered from zeolites and MOFs by thermal treatment,

but this is only possible through water extraction.7,17,28,29

Multireference wave function calculations

Single-point calculations at the optimized DFT geometries on the structures as in

Figure 1 of TauD, Fe-MIL, and Fe-BEA were performed using the complete active
Cell Reports Physical Science 4, 101422, June 21, 2023 15
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space self-consistent field (CASSCF)95 method followed by perturbation theory to

second order (CASPT2)96 as implemented in the Open Molcas 19.11 program.97

Only for the Fe-BEA was the model adopted for multireference calculations ob-

tained from that in Figure 1 by eliminating all the atoms outside the double 6MR

unit and saturating the oxygen dangling bonds with H (see Figure S6). Relativistic

all-electrons ANO-RCC basis sets were used for all the atoms,98,99 triple-z quality

for N, O, Al, and Fe atoms and double-z quality for Si, C and H. For Fe-BEA, the basis

set quality was lowered to double-z quality for Al and O and to ANO-RCC-MB for all

the H and for the atoms belonging to the six-member ring not containing the iron.

The resolution of identity combined with the Cholesky decomposition was used to

reduce the cost associated with the treatment of two-electron integrals. No symmet-

ric constraints were imposed on the wavefunction. The active space was constructed

including34,54 all the molecular orbitals having the main contribution from (1) the five

3d orbitals of the Fe center, (2) the five correlating 3d0 orbitals of the Fe center, (3) the
three doubly occupied 2p orbitals of the oxoferryl (Ooxo), and (4) one doubly occu-

pied orbital to account for the covalent interaction of the Fe and the first neighbors.

The active space included 12 electrons and 14 orbitals (12,14). A larger active space

(14,15) was obtained by considering an additional doubly occupied orbital to check

for the convergence of the active space for TauD, Fe-BEA, and Fe-MIL (see Note S10

and Figures S7–S18).
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