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ABSTRACT: High-spin iron(IV)—oxo compounds are known to activate ° X
strong C—H bonds. Stabilizing the high-spin S = 2 electronic configuration is \:* PY f\\
difficult in molecular species for homogeneous catalysis, but recent experimental © ﬂ\‘

and computational results suggest this can be achieved in the metal—organic ol ®@ °

framework Fe,(dobdc) (dobdc*™ = 2,5-dioxido-1,4-benzenedicarboxylate) and

its magnesium-diluted analogues. With a novel computational screening g moughp
approach, we have identified three additional frameworks that are predicted to ~ ™e'*e"s ?
form high-spin iron(IV)—oxo species upon dissociative adsorption of nitrous 55

exs N

oxide. The computational work is supported by follow-up experiments which gz =00 0000000
show that, among these three materials, Fe-BTT (BTT®> = 1,3,5-
benzenetristetrazolate) selectively oxidizes ethane to ethanol at 120 °C. e ?
Subsequent spectroscopic and cycling studies suggest that framework defects, 5 o
rather than the bulk framework or extraframework sites, are likely responsible for & > o
the observed reactivity. This work shows how computational methods can be :}”‘:0 ::N‘.:. :}*{:

517 577

used to rapidly identify promising candidate frameworks, and highlights the need :D
for new methods that allow defect sites in metal—organic frameworks to be
better understood and exploited for catalysis.

B INTRODUCTION

High-valent iron(IV)—oxo species of heme and non-heme iron

Apart from enzymes and synthetic molecular complexes,
porous solid materials have been suggested as alternative hosts
of high-valent iron—oxo intermediates. Catalytic sites can be
created either as part of the framework or as deposited single-
iron cations. For example, the zeolite Fe—ZSM-S (ZSM =
zeolite Socony Mobil) can oxidize methane to methanol after
pretreatment with N,0,"” though the reaction mechanism is
not well understood. Recently, the magnesium-diluted
Fe, Mg, o(dobdc) metal—organic framework (dobdc*™ = 2,5-
dioxido-1,4-benzenedicarboxylate) was shown to oxidize ethane
zene, or dioxygen, and can activate the strong C—H bonds of to ethanol in the presence of nitrous oxide, with theoretical
alkanes. Mechanistic and theoretical studies in a variety of calculations suggesting an S = 2 iron(IV)—oxo intermedi-
synthetic model complexes have underlined the role of the iron ate."”"> The high-spin state is preferred due to the weak-field

enzymes have been invoked as key reactive intermediates in
important metabolic transformations." The synthesis and
characterization of non-heme iron(IV)—oxo model complexes
has enabled the understanding of the physical and chemical
properties of their enzymatic analogue intermediates.” > These
biomimetic catalysts are typically formed upon reaction with
oxo transfer reagents, such as hydrogen peroxide, iodosylben-

spin state in the catalytic activity of this reactive intermedi-
ate.”™ In particular, it has been recognized that the high-spin
S = 2 iron(IV)—oxo unit of non-heme complexes is the more
reactive species’ and favors the H-abstraction reaction.
However, the first synthetic non-heme S = 2 iron(IV)—oxo
complexes” " exhibited reactivity similar to § = 1 systems,
likely due to steric protection of the oxo unit by bulky ligand

substituents.'”
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carboxylate and aryl oxide ligand environment.

Compared to molecular chemistry, where a tripodal ligand
has been successfully used in the synthesis of high-spin non-
heme model complexes,”™"" the coordination environment of
the metal sites within a metal—organic framework can be
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substantially different, as in the case of the M,(dobdc) family of
materials. The dobdc*™ linker possesses carboxylate and aryl
oxide functional groups. Those form a weak ligand field around
the metal center and, like the nitrogen-based chelating tripodal
ligands of non-heme model complexes, support the stabilization
of a high-spin S = 2 iron(IV)—oxo intermediate. In synthetic
materials with weak ligand fields, the quintet channel may be
significantly lower than the triplet channel, avoiding the two-
state reactivity scheme'® and spin inversions during the
reaction. This hypothesis was recently verified in a synthetic
non-heme iron(IV)—oxo model complex that exhibits a weaker
octahedral ligand environment with a remarkably higher
reactivity.17

In principle, other iron-based metal—organic frameworks
with similar weak-field coordination environments should also
support this type of chemistry.”'® While thousands of metal—
organic frameworks have been reported in the literature,
identifying, synthesizing, and experimentally testing each
potential candidate is laborious and impractical. To accelerate
this process, we developed a novel algorithm to computation-
ally screen large databases of known metal—organic frameworks
for structures containing coordinatively unsaturated metal sites.
In particular, the focus of this work is the detection of a
coordinatively unsaturated iron(II) center within a stable
porous framework that can activate N,O and support a high-
spin iron(IV)—oxo intermediate. Combination of the screening
algorithm with electronic structure calculations identified three
already-synthesized metal—organic frameworks that can activate
N,O. Experimental work verified the computational results by
demonstrating that one of these materials can oxidize ethane to
ethanol in the presence of N,O, but also highlighted the role of
defect sites in metal—organic framework catalysis.

B RESULTS AND DISCUSSION

The steps for the oxidation of ethane to ethanol in the presence
of N,O within the pores of Fe,;Mg,,(dobdc) have already
been identified computationally,">"” and were used as reference
in our analysis. The first step of this reaction is the adsorption
of N,O in the vacant position of the pentacoordinated iron(1I)
center to form intermediate A (Scheme 1). The terminal

Scheme 1. Drawing of Intermediates A and B, and the
Transition State (TS1) for Tetra- (top) and
Pentacoordinated (bottom) Molecular Clusters
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oxygen is transferred from N,O to the iron center to form the
iron(IV)—oxo intermediate B. The rate-determining step of this
process corresponds to the cleavage of the N—O bond of N,O
and the release of dinitrogen via the first transition state TS1
(Scheme 1). A barrier of 82 kJ/mol was obtained previously for
TS1 in FeollMgw(dobdc).15

Our computational screening algorithm was applied to a
database of over 5000 known metal—organic frameworks. The
procedure to detect open metal sites in metal—organic
frameworks is based on an analysis of the reported crystallo-
graphic coordinates. First, we identify all the structures in the
computation-ready experimental (CoRE) metal—organic frame-
work database® that contain Fe atoms. Second, for each Fe
atom, the coordination sphere consisting of all atoms directly
bound to the Fe atom is analyzed. Geometric criteria, based on
the bond and torsion angles between the central Fe atom and
the atoms in the coordination sphere, are used to distinguish
whether a Fe atom can be considered as open or not.”" Third,
the pore structure is analyzed to assess whether the
undercoordinated Fe atom is accessible to guest molecules.

Application of our computational screening tool on the
CoRE metal—organic framework database identified 46 metal—
organic frameworks with undercoordinated Fe centers out of
150 Fe-containing metal—organic frameworks. Some of these
structures were discarded prior to any further computational
analysis based on specific considerations, such as the instability
of the framework upon removal of the solvent, the
inaccessibility of the open site, the oxidation state of iron, or
being isostructural to Fe,(dobdc). This nonautomated process
reduced the number of metal—organic framework candidates
from 46 to 7. The Cambridge Crystallographic Structure
Database reference codes of the seven selected materials are
YUCZOM (1),”* ISUCUV (2),”* DAXHIV (3),** XESKUD
(4),”> MUWQEB (5),”° FUFREE (6),”” and RULXOM (7).2*

The formation and stability of the high-spin iron(IV)—oxo
intermediate in these seven frameworks (1—7, Figure 1) were
examined by density functional theory (DFT) calculations. A
two-step procedure was applied to assess the formation of the
high-spin iron(IV)—oxo species (intermediate B): first, the
relative electronic energy differences between the high-,
intermediate-, and low-spin states (S = 2, 1, and 0, respectively)
of B for each of the seven model complexes were calculated;
second, the energy barrier associated with TS1 was computed.

The DFT calculations support our hypothesis that metal—
organic frameworks featuring weak-field ligands offer a
preferential coordination environment for the highly reactive
S = 2 (quintet) iron(IV)—oxo intermediate. Five (1—5) of the
seven single-iron models exhibit a large quintet—triplet energy
gap which clearly favors the S = 2 spin state (see Table 1). In
particular, an energy gap comparable to that of
Fe, Mg, o(dobdc) (8, Figure 1) is found for 1, in which the
carboxylic and pyridine-type organic linkers create a weak
ligand field around the iron center that stabilizes the high-spin
state. In contrast, two competitive reactive channels are
expected for 6 and 7 (high and intermediate spin).

While previous preparations of reactive iron—oxo inter-
mediates in porous materials have successfully utilized the
gaseous oxidant N,O, it is kinetically inert and its
decomposition is often the rate-limiting step.'”'* Therefore,
we subsequently calculated reaction barriers of the N—O bond
cleavage on the iron centers for the seven candidate materials.
For three cases (1, 4, and 6), the calculations predict that there
is no N,O binding on the open Fe site. Unconstrained
geometry optimizations yield weak binding of N,O, but with
significantly distorted structures, indicating a high degree of
instability for these frameworks. Contrastingly, favorable N,O
binding was found for four out of the seven candidate materials
(2, 3, 5, and 7), with three of them (2, 3, and §) having a
comparable barrier to the reference material 8 (Table 1).
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Figure 1. Optimized structures of the iron(IV)—oxo intermediate for the seven metal—organic frameworks investigated in detail in this study.
Structure 8 corresponds to the iron(IV)—oxo intermediate of the Fey;Mg; o(dobdc) reference material. Color code: orange = Fe, light green = Mg,
pink = Al, dark green = Cl, purple = P, blue = N, red = O, gray = C, white = H.

Table 1. Relative Energy Differences between Intermediate-
and High-Spin States (AE;s_ys) and Reaction Enthalpy
Barriers (AE1g,_,) of the Seven Cluster Models”

b

1 2 3 4 s 6 7 8
AEj_ps 131 93 8 8 66 1 0 136°
AErgia  — 77 88 - 65 - 280 827

“All values in kJ/mol. bReference material. “From ref 14. “From ref 15.

To confirm these theoretical predictions, experimental
studies were performed on two of the candidate frameworks:
5 and 7. Compound 7, also known as PCN-9(Fe) (PCN =
porous coordination network), was predicted to show no N,O
reactivity. Compound 5, also known as Fe-BTT (BTT®™ =
1,3,5-benzenetristetrazolate), was predicted to have a reactivity
similar to that of Fey;Mg,,(dobdc). In initial test reactions,
both PCN-9(Fe) and Fe-BTT were treated with a 1:7 mixture
of N,O and ethane at 14 bar, and heated to 120 °C for 14 h. As
theory suggested, no ethane oxidation was observed using
PCN-9(Fe). On the other hand, under identical conditions Fe-
BTT was found to oxidize ethane to ethanol with no observable
overoxidation or side products, albeit in relatively low yields
(0.04 equiv per framework iron). After this treatment, Fe-BTT
retains its high crystallinity, as confirmed by powder X-ray
diffraction (see Supporting Information). In addition, unlike
Fe, Mg, o(dobdc), where the iron sites have been shown to
decay into inactive Fe(III) hydroxide or alkoxide species after
prolonged N,O exposure, Mdossbauer studies showed that
>90% of the iron centers in Fe-BTT remain in the +2 oxidation
state after N,O/ethane treatment (see Supporting Informa-
tion).

Prompted by the modest conversions observed experimen-
tally, subsequent efforts were undertaken to elucidate the active
site responsible for ethane oxidation in Fe-BTT. Because the
base framework for Fe-BTT is anionic, the material contains
both framework cations (which were computationally inves-

tigated above) and charge-balancing extraframework iron(II)
centers, in a ratio of 24:3. These extraframework cations have
been located crystallographically in other M-BTT frame-
works,”*" and typically reside between two neighboring
tetrazolates. Thus, despite the deceptively high symmetry of
its crystal structure, the iron(II) centers in Fe-BTT are not all
spectroscopically identical. Indeed, the Mossbauer spectrum of
DMF-solvated Fe-BTT reveals five different iron(Il) environ-
ments (one extraframework and four framework sites).*

In order to rule out the involvement of extraframework sites,
the extraframework Fe?' cations were postsynthetically
exchanged with Zn®" cations. Treating Fe-BTT with excess
ZnCl, at room temperature in methanol® led to the formation
of Zn/Fe-BTT, which contains 18% Zn as determined by ICP
analysis. These ICP results indicate that all the extraframework
and a small percentage of the framework cations (~7—8%)
have been displaced. Zn/Fe-BTT can be desolvated by heating
to 130 °C for 24 h, leading to a porous material with a
Brunauer—Emmett—Teller (BET) surface area of 1835(7)
m?/g (Langmuir surface area = 1982(11) m’/g). The
Mossbauer spectrum of the activated material reveals three
slightly different iron(II) sites, which we assign as (a)
framework Fe(Il) centers in tetranuclear building units
containing no Zn(Il) (79%), (b) framework Fe(II) centers
directly adjacent to a framework Zn(II) site (14%), and (c)
framework Fe(II) centers directly across a Zn(1I) site, linked by
the yi,-chloride bridge (7%) (see Supporting Information).

Treatment of activated Zn/Fe-BTT with N,O and ethane,
under the same conditions as Fe-BTT, also leads to exclusive
ethanol formation (~0.04 equiv per framework iron site).
Because these results are identical to the parent Fe-BTT
framework, it is highly unlikely that the extraframework cations
are responsible for the observed reactivity. Like Fe-BTT,
Mossbauer studies show that the majority of the iron sites in
Zn/Fe-BTT remain in the +2 oxidation following N,O/ethane
treatment, with only slight changes in the MGdssbauer
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parameters of the three iron sites (see Supporting Information).
In addition, the posttreatment framework maintains both its
crystallinity and surface area (see Supporting Information).

Next, we investigated whether the recycled framework is
capable of oxidizing ethane. The recovered material was
reactivated and reexposed to N,O/ethane at 120 °C. To our
surprise, no ethanol formation was observed, even though the
bulk of the Fe(I) sites in the recovered framework, as probed
by Mbossbauer studies, powder X-ray diffraction, and surface
area measurements, are essentially identical to the pristine
material. Following these results, we conclude that a very small
fraction of the iron(II) sites, which have yet to be detected
spectroscopically, are responsible for the initial reactivity but
decay over the course of the first N,O/ethane treatment. These
sites could be the result of missing linkers, structural distortions
due to thermal activation, surface sites, or crystal fractures,
which have been previously shown to be important in metal—
organic framework based catalysis.”* >’

Why are the bulk framework sites inactive, even though
computations suggest otherwise? An important factor may be
the poor thermal stability of M-BTT frameworks. A fully
desolvated Fe-BTT framework, which is what was investigated
computationally, cannot be achieved in practice as the material
is not stable above 135 °C. All the Fe-BTT derivatives studied
experimentally contain roughly 30% solvent per framework
cation. In addition, due to this thermal instability, a small
amount of defects may arise during the activation process.
Nodal transitions can occur at high temperatures without
damage of the global framework.*® Finally, M-BTT and related
sodalite-type frameworks possess a relatively large degree of
structural flexibility, with unit cells that can contract and expand
significantly.*”*

While the true active site structure in Fe-BTT is still
unknown, the weak-field tetrazolate environment undoubtedly
plays an important role. Two related materials, Fe-BTTri
(HyBTTri = 1,3,5-tri(1H-1,2,3-triazol-5-yl)benzene) and Fe-
BTP (H,BTP = 1,3,5-tri(1H-pyrazol-4-yl)benzene), were also
studied, and both show poorer reactivity profiles than Fe-
BTT.* These materials possess the same overall structure as
Fe-BTT, except the bridging tetrazolates are replaced with
more electron-donating triazolate and pyrazolate moieties,
respectively. Note that Fe-BTP is a new framework, which can
be synthesized by heating Fe(CF;S0;),, H;BTP, NH,Cl, and
dimethylformamidium trifluoromethanesulfonate in a mixture
of methanol and dimethylformamide at 393 K (see Supporting
Information). Due to the lower Lewis acidity of its framework
cations, Fe-BTTri exhibits a less favorable isosteric heat of N,O
adsorption of —26 + 1 kJ/mol which suggests very little N,O
binds to the open metal sites under the reaction temperatures
(120 °C). For comparison, the DFT-calculated N,O binding
energy of Fe,(dobdc) is —45 kJ/mol,'* and the measured N,O
binding energy of Fe-BTT is slightly higher at —56(1) kJ/mol.
In addition, Fe-BTTri shows ethane conversions similar to Fe-
BTT (0.03 equiv of product per framework iron), but with
small amounts of ether side products, while Fe-BTP, which
utilizes a much more basic pyrazolate, shows no reactivity under
these conditions.

B CONCLUDING REMARKS

Successful high-throughput screening studies involving large
numbers of hypothetical or experimental porous structures have
mainly focused on potential applications in gas storage and
separations.41 For other applications, such as catalysis or spin-

18710

crossover phenomena, there is still much to be learned from
already synthesized metal—organic frameworks. A theoretical,
fundamental understanding of the structural and electronic
properties of these known materials will help in designing and
developing the next generation of functional frameworks. The
present work moves the field of catalytic applications in metal—
organic frameworks toward this direction. Our efforts to mimic
nature’s reactive intermediates of enzymes, such as the
iron(IV)—oxo species, led us to identify seven Fe-containing
frameworks from a database of more than 5000 established
materials as candidates for catalyzing critical hydrocarbon
oxidation reactions. Two criteria were applied for the further
screening of the seven materials. The first, the N—O
dissociation barrier of N,O, suggests if the iron(IV)—oxo
reactive intermediate can be formed. The second criterion,
which is the energy difference between the S =2 and S = 1 spin
states of the iron(IV)—oxo intermediate, provides an estimate
about the relative stability of the preferential, high-spin state.
Electronic structure theory calculations suggested that three of
the seven candidate frameworks can form the reactive
iron(IV)—oxo intermediate, while the remaining four materials
should be inactive. The previously reported mechanism of the
oxidation of ethane to ethanol inside the pores of the
Fe, Mg, o(dobdc) metal—organic framework was used as
reference material.

Synergistic experimental and computational examination of
two out of seven candidate materials showed that coordina-
tively unsaturated Fe(II) sites in a weak-field ligand environ-
ment can perform the oxidation of small alkanes. The
compound Fe-BTT was computationally discovered and
experimentally demonstrated to catalytically and selectively
oxidize ethane to ethanol in the presence of N,O.
Unexpectedly, spectroscopic and cycling studies on cation-
exchanged Fe-BTT suggest defects are largely responsible for
the observed reactivity, highlighting how much still needs to be
understood concerning defect sites in metal—organic frame-
works. Future computational and experimental studies are
needed to identify the true active sites in Fe-BTT, and may lead
to promising new directions for oxidation catalysis in iron-
based metal—organic frameworks.

The high-throughput computational screening tool applied
here is transferable to other databases of porous materials, such
as databases with hypothetical or newly synthesized metal—
organic frameworks. Its applicability can be expanded for the
study of other catalytic reactions and gas adsorption
applications. However, structural defects that deviate from the
ideal frameworks should be considered in future screening
studies.
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