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ABSTRACT: Despite significant efforts, it remains a challenge to design
artificial enzymes that can mimic both structures and functions of natural
enzymes. Here, we report the post-synthetic construction of binuclear iron
catalysts in MOF-253 to mimic natural di-iron monooxygenases. The
adjacent bipyridyl (bpy) linkers in MOF-253 can freely rotate to form the
[(bpy)Fe™(u,-OH)], active site in a self-adaptive fashion. The
composition and structure of the [(bpy)Fe™(u,-OH)], active sites in
MOF-253 were characterized by a combination of inductively coupled
plasma—mass spectrometry, thermogravimetric analysis, X-ray absorption
spectrometry, and Fourier-transform infrared spectroscopy. The MOEF-
based artificial monooxygenase effectively catalyzed oxidative trans-
formations of organic compounds, including C—H oxidation and alkene
epoxidation reactions, using O, as the only oxidant, which indicates the
successful recapitulation of the structure and functions of natural monooxygenases using readily accessible MOFs. The di-iron
system exhibited at least 27 times higher catalytic activity than the corresponding mononuclear control. DFT calculations showed
that the binuclear system had a 14.2 kcal/mol lower energy barrier than the mononuclear system in the rate-determining C—H
activation process, suggesting the importance of cooperativity of the iron centers in the [(bpy)FeIH(ﬂz—OH)]z active site in the rate-
determining step. The stability and recyclability of the MOF-based artificial monooxygenase were also demonstrated.

B INTRODUCTION

Natural enzymes play crucial roles in the metabolism of
xenobiotics and realize important chemical transformations
with extraordinary efficiency and selectivity. Monooxygenases
are one important class of natural enzymes that can insert one
oxygen atom into substrates utilizing molecular oxygen with

Stoichiometric amounts of these model complexes are often
needed for oxidative transformations such as hydroxylation or
epoxidation reactions.

Constructed from metal cluster secondary building units
(SBUs) and organic linkers, metal—organic frameworks
(MOFs) have attracted significant attention due to their

the aid of sacrificial reductants such as NADH (NAD =
nicotinamide adenine dinucleotide). Monooxygenases can be
divided into several categories, including heme-based, flavin-
based, and other non-heme-based enzymes.l_9 Among them,
non-heme monooxygenases with binuclear active sites
efficiently activate O, through multielectron processes without
forming high-valent terminal metal oxo species due to the
synergy between the two metal centers. One example is the
hydroxylase (MMOH) component of soluble methane
monooxygenase (SMMO), which catalyzes the transformation
of methane to methanol in methanotrophs.'®~"°

Over the past few decades, many synthetic model complexes
have been prepared to mimic monooxygenases, but few of
them can efficiently catalyze oxidative transformations of
organic compounds.'’~** H,0, and other expensive oxidants
such as TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] are
often needed in these model reactions, while cheaper and more
environmentally friendly O, seldom worked as the oxi-
dant.>*™>° Few of these synthetic models are based on
binuclear centers due to the difficulty in their synthesis.
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crystalline structures, high porosity, and molecular tunability.
In the past few years, many MOF catalysts have been
developed by incorporating catalytic species into SBUs or
linkers, leading to extraordinary catalytic efficiency.”*™*°
Building on these successes, recent efforts have been
extended to designing MOF-based artificial enzymes for CO,
reduction, monooxygenation with O,, and other important
reactions.”*™* In particular, a dicopper system has been built
on the SBUs of a Ti-MOF to mimic the structures and
functions of monooxygenases (Figure 1).*® However, these
SBU-based monooxygenase mimics do not allow the
incorporation of nitrogen-based ligands which play crucial
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Figure 1. Binuclear catalytic centers in natural monooxygenases and
MOF-based artificial monooxygenases.

roles in natural enzymes. Dual-atom catalytic centers have been
engineered in other heterogeneous systems to enhance oxygen
evolution and reduction processes.’’~>* In this work, we report
a self-adaptive nitrogen-based ligand system in MOF-253 for

the design of a [Fe™(u,-OH)], artificial monooxygenase. The
parallel arrangement and suitable distance between the
bipyridine linkers in MOF-253 allow for the efficient
construction of monooxygenase-mimicking binuclear [(bpy)-
Fe''(4,-OH)], catalytic centers (Figure 1C). This di-iron
system exhibits high catalytic activities toward C—H oxidation
and epoxidation reactions with O, as the oxidant. The present
work highlights the potential of using linkers in MOFs as self-
adaptive ligand systems to construct artificial enzymes with
binuclear catalytic centers.

B RESULTS AND DISCUSSION

Synthesis and Characterization of MOF-Based Di-iron
Artificial Monooxygenase. The di-iron artificial monoox-
ygenase and its mononuclear analogue were rationally
constructed within MOF-253, an aluminum-based MOF.
2,2'-Bipyridine-5,5’-dicarboxylate (bpydc) serves as the linker
to connect two oxophilic AI’* ions via the carboxylate groups,
leaving soft bipyridine sites for the insertion of the catalytic
iron center via post-synthetic modification (PSM). The six-
coordinated AI** cations are also bridged by hydroxides to
form one-dimensional chains, and the bpydc linkers are
arranged in parallel to each other to give rhombic channels.
The distance between two adjacent bpydc linkers is about 6.6
A, and the free rotation of the bpydc linkers allows them to
self-adaptively connect two iron centers with y,-OH groups to
mimic natural binuclear monooxygenases.

MOF-253 was synthesized through solvothermal reactions
between AI(NO,);-9H,0 and H,bpydc (Figure 2A).>°~’
Powder X-ray diffraction (PXRD) studies demonstrated the
synthesis of MOF-253 as crystalline white powders, and
thermal gravimetric analysis (TGA) supported the chemical
formula of AI(OH) (bpydc) (Figure S2). The treatment of
MOF-253 with FeCl, in tetrahydrofuran afforded the pre-
catalyst 1-pre, which was suspended in methanol and oxidized
under an O, atmosphere to give the MOF catalyst 1 (Figure
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Figure 2. A) Synthetic scheme of MOF-253. (B) Post-synthetic modification of MOF-253 to construct [(bpy)Fe(u,-OH)], catalytic centers. (C)
PXRD patterns of MOF-253 (red), 1-pre (blue), and 1 (green) along with the simulated pattern for MOF-253. (D) TEM images of MOF-253

(left), 1-pre (middle), and 1 (right).
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Figure 3. A) Normalized Fe K-edge XAS spectra of the XANES region of 1 (red line) and Fe,O; (gray line). (B) Pre-edge region at 7108—7120 eV
corresponding to the Is-to-3d transition of Fe™. (C) EXAFS spectrum and fit in R-space at Fe K-edge of 1 as well as contribution of different
scatterers. (D) Full IR spectra of 1-pre (gray) and 1 (red). (E) Generation of a new peak at 853 cm™" after oxidation. (F) Structural model of the

local coordination environment of the di-iron center in 1.

Table 1. C—H Oxidation of Indane Catalyzed by 1 and

Controls
O
CD samaw CO
0,, 2, RT, 48h
entry deviation from standard conditions” yield
1 no deviation 80%
2 no catalyst no reaction
3 MOF-253 as the catalyst” 1%
4 N, atmosphere instead of O, No reaction
N no sacrificial reagent No reaction

3%
“Standard conditions: 0.5 mol % 1 was used as the catalyst. S equiv of
'BuCHO was added in five portions as a sacrificial reductant. The

reaction lasted for 48 h with an O, balloon. The yield was determined
by GC—MS. ”1.0 mg of MOF-253 was used.

6 0.5 mol % of mononuclear control (2) as the catalyst

2B). It was proposed that two adjacent Fe'' centers in 1-pre
were oxidized to Fe' centers to form the [(bpy)Fe™(u,-
OH)], catalytic centers. The color of the MOF suspension
changed from dark gray to yellow upon aerobic oxidation,
suggesting the change of the oxidation state and coordination
environment of iron centers. Inductively coupled plasma—mass
spectrometry (ICP—MS) analysis showed a 1:0.89 Al-to-Fe
molar ratio, indicating nearly complete occupation of bpy sites
by iron centers and a high percentage of di-iron pairs in the
MOF. TGA analysis supported the chemical composition of 1-
pre and 1 (Figure S4). PXRD studies showed that the
crystallinity of the MOF was retained during Fe' installation
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and aerobic oxidation processes (Figure 2C). Transmission
electron microscopy (TEM) indicated that the MOF
maintained a rod-like morphology of ~0.1 ym in diameter
and ~1 pm in length throughout the PSM processes (Figure
2D).

To further elucidate the effect of di-iron centers on O,
activation, mononuclear catalyst 2 was also synthesized. MOF-
253-(bpy)o,, was solvothermally synthesized using a 9:1 ratio
of 4,4'-biphenyldicarboxylic acid (H,bpdc) and H,bpydc as
linkers. "H NMR spectroscopy of the digested MOF showed
an 11% bpydc loading (Figure $6). MOF-253-(bpy),, showed
the same PXRD pattern as MOF-253 (Figure S7). The
mononuclear catalyst 2 was obtained using the same PSM
procedures as for 1, with an Al/Fe molar ratio of 1:0.10 as
determined by ICP—MS. In 2, the di-iron centers are
statistically estimated to be less than 1% of all iron sites.

Identification of Binuclear [(bpy)Fe''(u,-OH)], Cata-
lytic Centers. We performed Fe K-edge X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) analyses of 1 to demonstrate the
presence of binuclear catalytic centers, which are the active
sites in the oxidized form of soluble methane monooxygenase
hydroxylase (sMMOH). The Fe K-edge energy of 1 was found
to be 7122.9 eV (Figure 3A), which is similar to the value of
Fe,0; (7122.4 eV). Furthermore, similar to previously
reported six-coordinated Fe complexes, 1 showed a pre-edge
peak at 7111-7115 eV with low density (Figure 3B),
attributable to the spin-forbidden 1s-to-3d transition of Fe®*
ions.**~%* These results indicate the presence of six-coordinate
Fe" centers with an octahedral geometry in 1.
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Table 2. C—H Oxidation (Entries 1—5)“ and Epoxidation (Entries 6—13)” Reactions Catalyzed by 1

Entry Substrate Catalyst Product Conversion TON
Loading (Yield)
o
1 @Q 05 molt @é 88% (78%) 156
o
2 @O 0.25 molt_ @é 95% (73%) 292
o
3 ©/\ 0.5 mol% Ej)k 45% (40%) 80
o
a EI)O 0.5 mol% @E/fo 100% (78%) 156
o
5 @\A)o 0.5 mol% @ijo 97% (75%) 150
6 O 0.2 mol% ()0 100% (92%) 460
7 @ 02 mol% @0 100% (97%) 485

Entry Substrate Catalyst Product Conversion TON
Loading (Yield)

8 O 0.2 mol% QO 100% (98%) 490

9 b 02 mot bo 99% (86%) 470
0]

0 [ e @/Q 89% (80%) 160
(0]

11 /@/\ 0.5 mol /@A 82% (70%) 140
(0]

12 @/\ 0.5 mo O/Q 64% (57%) 114

F F

(o]

13 o, N 0smon, o <L 89%(88%) 176

“Standard conditions: the reactions were performed with 1 as the catalyst and S equiv. of ‘BuCHO added in five portions (2.5 equiv for entry 2)
with an O, balloon over 48 h. Conversions were determined by GC—MS before product purification, and yields were determined after the isolation
of products by column chromatography. bStandard conditions: the reactions were performed with 1 and 2 equiv of ‘BuCHO with an O, balloon

over 24 h. The conversions and yields were determined by GC—MS.

o]
CD— CO
0,, 2¢7, RT, 48h
88
80 81
78 75
e
o
Q2
>_
1 2 3 4 5

Reaction run

Figure 4. Recovery and reuse of 1 in catalytic C—H oxidation of
indane.

Density functional theory (DFT) calculations were
performed with the B3LYP functional to determine the local
coordination environment of Fe centers in 1. DFT calculations
showed a distorted octahedral geometry for 1, with each Fe
center coordinating to two N atoms of bpydc, two CI atoms,
and two p,-OH groups. The lengths of Fe—N, Fe—Cl, and Fe—
O bonds were calculated to be 2.02/2.17, 2.24/2.28, and 1.87/
1.98 A, respectively, and the Fe—Fe distance was calculated to
be 2.93 A.

The coordination environments of the Fe centers in 1 were
probed by EXAFS (Figure 3C,F). 1 showed strong Fe—O and

8650

Fe—Fe single scattering signals, suggesting the presence of a
[Fe"(u,-OH)], moiety. Fitting of EXAFS data with the DFT-
optimized structure model revealed Fe—N, Fe—Cl, and Fe—O
bond lengths of 2.02/2.17, 2.24/2.28, and 1.87/1.99 A,
respectively, and an Fe—Fe distance of 2.93 A. These bond
lengths and Fe—Fe distances agree well with those from DFT
calculations. The Fe—Fe distance is also consistent with the
previously reported values for natural di-iron enzymes and
synthetic models of binuclear monooxygenases.

Infrared spectra of 1 and 1-pre were also compared to
support the presence of the bridging 4,-OH group. Both 1-pre
and 1 showed a sharp peak at 3696 cm™’, which was assigned
to be v(O—H) of the y,-OH between the two Al centers of
MOF-253 (Figure 3D).”®> After oxidation, a new peak
appeared at 853 cm™' (Figure 3E), which was consistent with
the reported 5(O—H) frequency of y,-OH groups between
two Fe centers.””®® This result supports the generation of y,-
OH groups upon aerobic oxidation of 1-pre to 1.

Monooxygenation Reactions with O,. With sacrificial
reductants such as NADH, natural monooxygenases catalyze
C—H bond oxidation with cheap and environmentally friendly
0,. With [(bpy)Fe™(u,-OH)], catalytic centers, 1 efficiently
catalyzed the C—H oxidation reaction of various substrates
using O, as the only oxidant.

We used the C—H oxidation of indane as the model reaction
for reaction condition optimization. With 1 as the catalyst,
indane was oxidized by O, to give 1-indanol, which was further
oxidized to generate 1-indanone as the final product.***®’
Screening of different solvents identified acetonitrile as the best
solvent for indane oxidation (Table S2). The reactions in other
polar solvents such 1,2-dichloroethane (DCE) and benzo-
trifluoride produced 1-indanone in lower yields, and the

https://doi.org/10.1021/jacs.3c01498
J. Am. Chem. Soc. 2023, 145, 8647—8655


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01498/suppl_file/ja3c01498_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01498?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01498?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01498?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01498?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01498?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01498?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c01498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(e H

' Binuclear system . ,

| AW SN 1Y

| PLANEL N

3 H

f R)J\Ar NO] +H20 || -H0

| by

R™ MAr A ks BUCHO

| 7 e\ ,Fe\.\

1a

} 'BUCOOH
R

' \—Ar

H w A
LA OV e FeQ
H 'e\ - e ' '
3 v v ~ 1b

| 1e

L

' R”CAr VO in /"'\i:m/l F'/II!“‘

: e Ol re e

! /Fe\ /F\e\ /’ ' >

Mononuclear system

RJ\Ar \[O]
H

N

R™ TAr

R e

\._Af /,Fe

el H 2a

" 2d

e
)H\ Y T

ik elVe /
R Ar /(’ 2b

2c
tBuCHO

tBuCOOH

Figure S. Proposed mechanisms for C—H oxidation reactions by binuclear (left) and mononuclear (right) iron catalysts.

reactions in non-polar solvents such as n-hexane failed to yield
l-indanone. The choice of sacrificial reductants also had a
significant influence on the oxidation reaction (Table S3).
Pivaldehyde (‘BuCHO) was superior to other reductants such
as cyclohexanecarbaldehyde, L-ascorbic acid, and N-benzyl-1,4-
dihydronicotinate. We also found that the addition of S
equivalents of ‘BuCHO in five portions further increased the 1-
indanone yield when compared to the addition of the same
amount of ‘BuCHO in a single portion. This phenomenon can
be explained by the unproductive self-oxidation and quenching
of excess ‘BuCHO, which adversely competes with the desired
substrate oxidation. Decreasing the catalyst loading from 10 to
0.5 mol % (based on Fe) did not affect the reaction yield,
indicating a high efficiency of the MOF catalyst due to its
efficient mass transfer (through large pores and channels) and
high catalyst stability (as a result of active site isolation)
(Figure S8).

In the optimized protocol, an alkane substrate was dissolved
in acetonitrile with suspended 1, followed by the addition of
'‘BuCHO as a sacrificial reductant in five portions over 48 h. An
O, balloon was attached to the reactor to provide the oxygen
source. Under this condition, indane was converted to 1-
indanone in 80% vyield. 3% of l-indanol and 5% of over-
oxidized products were also obtained. In comparison, the
oxidation reaction with the mononuclear catalyst 2 gave 1-
indanone in 3% yield under the same condition (Table 1),
resulting in a 27-fold difference between the catalytic activities
of 1 and 2. The di-iron system thus showed much enhanced
catalytic activity over the mononuclear system. The substrate
scope of C—H oxidation reaction was also examined; several
compounds with benzylic C—H bonds at their a positions
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were readily oxidized to the desired ketone products with high
efficiency (entries 1—S5, Table 2).

We also performed catalyst recovery and reuse experiments
to evaluate the stability of the MOF catalyst. 1 was recovered
by centrifugation from the reaction mixture and used in five
consecutive runs of indane C—H oxidation. There was no
significant decrease of catalytic performance during the five
runs, illustrating the high stability of this MOF-based di-iron
system under the reaction conditions (Figure 4). ICP—MS
analysis showed the leaching of 1.5% Fe and 0.5% Al after the
first reaction, supporting the stability of 1.

Natural monooxygenases also catalyze the insertion of one
oxygen atom into the C—C double bond to generate epoxides
using O, as the oxidant. We tested the epoxidation of a range
of alkenes with O, in the presence of 1 as an artificial
monooxygenase. 1 efficiently catalyzed epoxidation reactions of
a variety of substrates, including cyclic and linear alkenes as
well as styrene derivatives. The epoxides were obtained in high
yields at room temperature and under an atmospheric pressure
of O, over 24 h (entries 6—13, Table 2).

DFT Calculations of C—H Oxidation Energy Profiles.
Based on the well-established mechanisms of dioxygen and C—
H activation by natural monooxygenases such as sMMOH,
Rieske oxygenases, and cytochrome P450, we propose the
catalytic processes of binuclear and mononuclear systems in
Figure 5. As the resting state of the catalyst, a [Fe''(u,-OH)],
center can reversibly lose water to generate the [Fe'™,(u,-O)]
species (1a), which is reduced by the sacrificial reductant to
give the di-iron catalyst 1b with two unbridged Fe" centers.
Similar to the reduced form of sMMOH, the two Fe'l centers
in 1b activate O, to sequentially form [Fe™,(u,-0,)] (1c) and

https://doi.org/10.1021/jacs.3c01498
J. Am. Chem. Soc. 2023, 145, 8647—8655
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Figure 6. DFT-calculated energy profiles of C—H activation processes catalyzed by binuclear and mononuclear systems.

[Fe(u,-0)], (1d) species. Spectroscopic and kinetic studies
have thoroughly characterized such bridging peroxo- and oxo-
di-iron intermediates in enzyme-catalyzed monooxygenation
reactions, which are known as intermediates P and Q,
respectively. With the synergy of two Fe centers, the O=0
bond can be easily cleaved.

For the mononuclear system, the sacrificial reductant is
required in the dioxygen activation process to provide
electrons for the cleavage of the O=0 bond, giving the Fe'”
intermediate 2¢ with a terminal oxo group. 2¢ cleaves the C—H
bond of the substrate via a hydrogen abstraction (HA) step to
form the Fe™—OH intermediate 2d and a carbon radical. This
reactive carbon radical further undergoes radical rebound to
release the corresponding alcohol, which is further oxidized to
ketone as the final product. The Fe centers are simultaneously
converted back to the initial state of 2a.

In enzyme-catalyzed monooxygenation reactions, kinetic
experiments and theoretical studies have shown the héydrogen
abstraction (HA) step as the rate-determining step.””* We
carried out DFT calculations on the C—H activation processes
(including hydrogen abstraction and radical rebound steps) of
both binuclear and mononuclear systems to rationalize the
superior catalytic performance of the di-iron catalyst 1 over its
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mononuclear analogue 2 (Figure 6). The calculations showed
that the di-iron-catalyzed hydrogen abstraction step is
associated with a very small energy barrier (4.1 kcal/mol),
which is 14.2 kcal/mol lower than that of the mononuclear
pathway (18.3 kcal/mol). For both binuclear and mononuclear
systems, the subsequent radical rebound step has very small
energy barriers of 2.1 and 4.5 kcal/mol, respectively. The
radical rebound step is thermodynamically favorable and
unlikely to be rate-limiting. The two Fe' centers in 1d thus
cooperatively abstract hydrogen from the substrate to
significantly reduce the energy barrier of the rate-determining
step, leading to the superior catalytic monooxygenation activity
of binuclear catalyst 1 to that of the mononuclear catalyst 2.

Bl CONCLUSIONS

In this work, we report the construction of biomimicking di-
iron active sites in the Al-based MOF-253 in a self-adaptive
fashion. With an appropriate distance, the two adjacent Fe-
coordinated bipyridine linkers in MOF-253 freely rotate to
assemble [(bpy)Fe™(u,-OH)], active sites. The binuclear Fe
sites in the MOF mimic natural monooxygenases to catalyze
C—H oxidation and alkene epoxidation reactions with wide
substrate scopes at room temperature, using atmospheric O, as

https://doi.org/10.1021/jacs.3c01498
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the only oxidant. The MOF-based binuclear Fe catalyst
showed 27 times higher catalytic activity than its mononuclear
control. DFT calculations showed that the binuclear system
had a 14.3 kcal/mol lower energy barrier in the rate-
determining hydrogen abstraction step than the mononuclear
control, which not only accounts for the drastic difference in
their catalytic performances but also suggests the importance
of cooperativity between Fe centers on the rate-determining
C—H activation process. The MOF-based di-iron catalyst was
recovered after the monooxygenation reaction and used in at
least five runs of reactions with no deterioration in the catalytic
performance. This work highlights the potential of using self-
adaptive MOFs for the construction of robust binuclear
catalytic sites to mimic the structures and functions of natural

enzymes.
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