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Abstract: In nature, nonheme iron-containing enzymes use dioxygen to generate high-spin 
iron(IV)=O species for a variety of oxygenation reactions. Although scientists have long sought to 
mimic this reactivity, the enzyme-like activation of O2 to form high-spin iron(IV)=O species 
remains an unrealized goal in synthetic chemistry. Here, we report a metal–organic framework 40 
featuring iron(II) sites with a local structure similar to that in α-ketoglutarate-dependent 
dioxygenases. The framework reacts with O2 at low temperatures to form high-spin iron(IV)=O 
species that are characterized using in situ diffuse reflectance infrared Fourier transform, in situ 
and variable-field Mössbauer, Fe Kβ x-ray emission, and nuclear resonance vibrational 
spectroscopies. In the presence of O2, the framework is competent for catalytic oxygenation of 45 
cyclohexane and the stoichiometric conversion of ethane to ethanol. 
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One-Sentence Summary: High-spin Fe(IV)=O species competent for hydrocarbon oxidation are 
generated using O2 in a synthetic system that mimics α-ketoglutarate-dependent dioxygenases. 
 
The development of catalysts for the selective oxygenation of light hydrocarbons using O2 remains 
a formidable but important challenge in the global effort to develop green technologies for the 5 
valorization of natural gas components (1–3). Nature has developed mononuclear nonheme iron 
metalloenzymes that utilize O2 for C–H oxygenation chemistry, such as the ubiquitous α-
ketoglutarate-dependent dioxygenases (4). One well-studied enzyme in this class is taurine–α-
ketoglutarate dioxygenase (TauD), which oxygenates one of the C–H bonds of taurine alpha to the 
sulfonate group (5). Key to the reactivity of TauD and its family of dioxygenases is a high-spin (S 10 
= 2) Fe(IV)=O intermediate, which is formed following oxidation of iron(II) with O2 coupled with 
oxidation and decarboxylation of the α-ketoglutarate co-substrate (Fig. 1A) (6, 7). Over the last 
several decades, significant research effort has been devoted to the design and study of iron(IV)–
oxo species in molecular (8–17) and iron–zeolite (18, 19) model systems in order to better 
understand and mimic their reactivity in biological systems. However, most examples studied to 15 
date feature an intermediate spin ground state (S = 1), and only a small number of these are 
generated using dioxygen in solution (10–13). High-spin Fe(IV)=O species have been accessed 
with oxidants such as trimethylammonium-N-oxide, hypervalent iodine reagents, and nitrous oxide 
(14, 15, 18), as well as in the presence of O2 with light irradiation to cleave the O–O bond (17). 
However, the use of O2 alone for the generation of high-spin Fe(IV)=O species, in a manner akin 20 
to metalloenzyme reactivity, has yet to be achieved in any synthetic system (16, 19, 20). 

Metal–organic frameworks have received increasing attention in recent years as attractive 
systems for studying biomimetic chemistry (21, 22, 23). These porous, crystalline solids are 
constructed from metal nodes and organic linkers, and they exhibit chemical and structural 
tunability that is unmatched in other porous materials (24, 25). As such, metal–organic frameworks 25 
offer the opportunity to explore O2 activation in solid–gas reactions, while the immobilization of 
metal sites in the lattice may serve to prevent the decomposition of reactive species via 
dimerization or intramolecular ligand oxidation pathways available to molecular compounds (9, 
26, 27). However, reported mimics of nonheme iron enzymes in metal–organic frameworks are 
scarce (28). In this context, the framework Fe1.5Zn3.5Cl4(btdd)3 (H2btdd = bis(1H-1,2,3-triazolo 30 
[4,5-b],[4′,5′-i])dibenzo[1,4]dioxin) (29) stands out as a suitable biomimetic platform (22). This 
material is synthesized via post-synthetic iron(II) exchange in Zn5Cl4(btdd)3 (MFU-4l) (30) and 
features pseudo-tetrahedral iron(II) sites with tris(triazolate) coordination reminiscent of the 
binding of the 2-His-1-carboxylate facial triad in TauD. Herein, we report the frameworks 
FexZn5−x(prv)4(btdd)3 (x = 1 or 1.8; Hprv = pyruvic acid) and FeZn4(moba)4(btdd)3 (Hmoba = 3,3-35 
dimethyl-2-oxobutanoic acid), which react with O2 to generate high-spin (S = 2) Fe(IV)=O species 
that are reactive toward hydrocarbon oxygenation (Figs. 1B and 1C). 

 
Synthesis and characterization of FexZn5−x(prv)4(btdd)3 
The frameworks FexZn5−x(prv)4(btdd)3 were prepared via post-synthetic cation exchange in 40 
Zn5Cl4(btdd)3 using ferrous chloride and subsequent ligand exchange with pyruvate (see the 
supplementary materials (SM)). Energy-dispersive x-ray (EDX) spectroscopy revealed that the 
iron sites in FexZn5−xCl4(btdd)3 are homogeneously distributed within the materials (figs. S1 and 
S2), and inductively coupled plasma optical emission spectroscopy (ICP-OES) confirmed the 
extent of iron substitution. Quantitative exchange of chloride for pyruvate in FexZn5−x(prv)4(btdd)3 45 
is supported by elemental analysis (see section 1.3 of the SM). 
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Powder x-ray diffraction analysis confirmed that the FexZn5−x(prv)4(btdd)3 materials are 
crystalline solids and isostructural to the parent MFU-4l framework (fig. S3), and N2 adsorption 
data obtained at 77 K revealed high Brunauer–Emmett–Teller (BET) surface areas of 2130±12 and 
2090±15 m2/g for x = 1 and 1.8, respectively (figs. S4 and S5). The 5 K Mössbauer spectrum of 
desolvated FeZn4(prv)4(btdd)3 features a major doublet (area of 84.2(8)%) with an isomer shift (δ) 5 
of 1.061(1) mm/s and a quadrupole splitting (|∆EQ|) of 2.567(1) mm/s, indicative of high-spin, 
five-coordinate iron(II) (fig. S18) (31). Two minor doublets with slightly different Mössbauer 
parameters likely correspond to six-coordinate iron(II) sites featuring residual coordinating 
synthesis solvent (table S6). The magnetic circular dichroism spectrum of FeZn4(prv)4(btdd)3 
collected at 5 K under a field of 7 T features d-d transitions around 6000 and 14000 cm−1, which 10 
are consistent with S = 2 iron(II) centers in a five-coordinate ligand field (fig. S8). Continuous-
wave parallel mode electron paramagnetic resonance (EPR) spectroscopy and dc magnetic 
susceptibility data collected for FexZn5−x(prv)4(btdd)3 further support the assignment of S = 2 for 
the iron(II) sites (figs. S9–S11). 

We turned to solid-state 1H NMR spectroscopy to gain more insight into the possible binding 15 
modes of the pyruvate ligands in FeZn4(prv)4(btdd)3, but the broad peaks in the paramagnetic 
spectrum precluded the extraction of meaningful information (fig. S12). As such, we prepared a 
crystalline powder sample of Zn5(prv)4(btdd)3 featuring pyruvate labeled with 13C at the methyl 
carbon. The solid-state 1H NMR spectrum of Zn5(prv)4(btdd)3 features resonances from the protons 
of the btdd2− linker and the pyruvate methyl group in approximately a 1:1 ratio, supporting 20 
quantitative ligand exchange. We were also able to prepare single crystals of Zn5(prv)4(btdd)3 (see 
sections 1.6 and 1.7 of the SM and figs. S14A and S15A), and analysis via single-crystal x-ray 
diffraction revealed that pyruvate coordinates to the peripheral zinc(II) centers in a bidentate 
fashion (figs. S14B and S15B). It was not possible to isolate single crystals of FeZn4(prv)4(btdd)3 
via single-crystal-to-single-crystal exchange starting from Zn5Cl4(btdd)3. However, the powder x-25 
ray diffraction patterns of FexZn5−x(prv)4(btdd)3 are consistent with the simulated pattern generated 
for Zn5(prv)4(btdd)3 from the single-crystal structure (fig. S3), which may indicate that the 
coordination mode of the pyruvate ligand is similar in the three frameworks. 
 
In situ DRIFTS analysis of the reactivity of Fe1.8Zn3.2(prv)4(btdd)3 with O2 30 

Reactivity between FexZn5−x(prv)4(btdd)3 and O2 was examined with variable-temperature in situ 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) (fig. S16). For this purpose, 
we used Fe1.8Zn3.2(prv)4(btdd)3 with the goal of maximizing the resulting spectral signal, while 
FeZn4(prv)4(btdd)3 was used for the remaining spectroscopic analyses described below. Following 
dosing of a sample of desolvated Fe1.8Zn3.2(prv)4(btdd)3 with O2 at 100 K, a new absorption band 35 
gradually appeared in the DRIFTS spectrum at 2341 cm−1, which we assign as the asymmetric 
C=O stretch of physisorbed CO2 formed from decarboxylation of pyruvate (Fig. 2A, solid lines). 
The intensity of this band increased as the temperature was increased to 150 and 200 K, and above 
250 K the band disappeared, consistent with CO2 desorption from the framework. To verify that 
the detected CO2 derived from pyruvate and not from O2, we carried out an analogous in situ 40 
experiment using Fe1.8Zn3.2(1-13C-prv)4(btdd)3 (1-13C-prv− = pyruvate labeled with 13C on the 
carboxylate carbon atom) and 18O2 (Fig. 2A, dashed lines). Upon dosing with 18O2 at 100 K, a new 
stretch appeared at 2275 cm−1, consistent with formation of the isotopologue 13CO2 and not 
13C18O2, confirming that the oxygen atoms do not originate from dioxygen. The 13CO2 stretch grew 
in intensity with heating to 200 K and disappeared at higher temperatures. A slight deviation of 45 
the experimental CO2 stretching frequencies reported herein from the values associated with gas-
phase CO2 (2349 and 2284 cm−1 for CO2 and 13CO2, respectively) can be ascribed to adsorption of 
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the CO2 within the pores of the framework at low temperatures. Importantly, in situ powder x-ray 
diffraction data collected for FeZn4(prv)4(btdd)3 after dosing with O2 at 100 K over the course of 
gradual warming to 298 K revealed that the material remains highly crystalline under these 
conditions (fig. S24). 

 5 
 

An absorption band was observed to grow in at 831 cm−1 upon dosing Fe1.8Zn3.2(prv)4(btdd)3 
with O2 at 100 K, which we assign as an Fe(IV)=O stretch (Fig. 2B, solid lines). This band 
increased in intensity with heating up to 200 K before diminishing significantly at 250 K and 
disappearing at 298 K. When the analogous experiment was performed with 18O2, the band shifted 10 
to 796 cm−1, consistent with a stretching frequency of 794 cm−1 calculated for Fe(IV)=18O using a 
simple harmonic oscillator model (Fig. 2B, dashed lines). For comparison, the Fe(IV)=16O and 
Fe(IV)=18O stretches in TauD-J appear at 821 and 787 cm−1, respectively (32). Concomitant with 
the disappearance of the Fe(IV)=O stretch at 250 K, a new stretch appeared at 3628 cm−1 (fig. 
S17). We attribute this stretch to an Fe(III)–OH species arising from decomposition of the 15 
Fe(IV)=O through hydrogen-atom abstraction, possibly from the methyl group of the newly 
formed acetate ligand (Fig. 2C). At 298 K, a new stretch is apparent at 3678 cm−1 (fig. S17), which 
may correspond to a different coordination environment for the Fe(III)–OH species at higher 
temperatures. When 18O2 was used for dosing, a stretch appeared at 3617 cm−1, in excellent 
agreement with that calculated for Fe(III)–18OH using a simple harmonic oscillator model (3616 20 
cm−1). 

 
 

Experimental and computational investigation of the Fe(IV)=O spin state 
The species formed upon reaction of FexZn5−x(prv)4(btdd)3 with dioxygen were further investigated 25 
by in situ Mössbauer spectroscopy (see section 2.9.1 of the SM). As discussed above, the 5 K 
Mössbauer spectrum of desolvated FeZn4(prv)4(btdd)3 features a major doublet indicative of high-
spin, five-coordinate iron(II) (Fig. 3A, table S6). After dosing with 300 mbar of O2 at 100 K, this 
doublet persisted and a new doublet was apparent with δ = 0.260(4) mm/s and |∆EQ| = 0.572(8) 
mm/s (16.7(2)% area), which we assign to an Fe(IV)=O species. These parameters are similar to 30 
those determined for the S = 2 Fe(IV)=O intermediate of TauD (δ = 0.31 mm/s and ∆EQ = −0.88 
mm/s) (6, 7). A detailed comparison with isomer shift and quadrupole splitting values for other 
reported iron(IV)–oxos reveals that they are more consistent with an S = 2 spin state (δS=2 = 0.02–
0.37 mm/s; |∆EQ|S=2 = 0.23–1.27 mm/s) than an S = 1 spin state (δS=1 < 0.20 mm/s; |∆EQ|S=1 = 0.44–
2.09 mm/s) (see fig. S40). Density functional theory (DFT) calculations at the B3LYP/def2-TZVP 35 
level of theory predict an isomer shift of 0.25 mm/s for an S = 2 six-coordinate Fe(IV)=O moiety 
featuring acetate coordinated in a κ2-binding mode, in excellent agreement with the experimental 
value (tables S6 and S9).  

We considered that a slow oxidation rate at 100 K may be a factor limiting the Fe(IV)=O 
content in O2-dosed FeZn4(prv)4(btdd)3. Indeed, the percent area of the Fe(IV)=O doublet could 40 
be increased up to a maximum of 20.0(2)% upon further dosing with of O2 at 125 and 150 K. (Fig. 
3A, table S6). However, subsequent dosing at 163 K did not result in an increase in the percent of 
the Fe(IV)=O doublet (figs. S19 and S22). At these temperatures, it is possible that a greater 
quantity of Fe(IV)=O species is generated initially but that some of these sites react with the acetate 
ligand to generate a hydroxylated product and reform high-spin iron(II) sites. Analogous 45 
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intramolecular α-C–H hydroxylation is known for α-ketoglutarate dependent dioxygenases (35), 
and we discuss this possibility further below. Finally, spectra were collected at 5 K after heating 
the sample at 250 and 298 K without additional O2 dosing. After warming at 250 K, the area of 
the Fe(IV)=O doublet was only 9.7(3)% and after warming at 298 K, the Fe(IV)=O doublet was 
absent, consistent with the decomposition observed in the DRIFTS data (fig. S20). A Mössbauer 5 
spectrum collected at 5 K after ex situ dosing of FeZn4(prv)4(btdd)3 with O2 at 163 K revealed a 
slightly higher Fe(IV)=O content of 32.2(6)% relative to that achieved under in situ conditions 
(section 2.9.2 of the SM, fig. S21), which may be due to the different conditions and the nature of 
the sample used (loose versus compact powder, respectively). The sample remained crystalline 
after warming to 298 K (fig. S25), and the porosity of the framework did not change significantly 10 
(1980±23 m2/g, fig. S26).  

The Mössbauer isomer shift and quadrupole splitting values determined for the Fe(IV)=O 
species generated in FeZn4(prv)4(btdd)3 are more consistent with an S = 2 than an S = 1 spin state, 
although these parameters alone do not enable an unambiguous assignment. To experimentally 
assign the spin state, we turned to applied magnetic field Mössbauer spectroscopy (6, 17, 36). We 15 
expected that the low concentration of the Fe(IV)=O species accessible upon dosing 
FeZn4(prv)4(btdd)3 with O2 would limit data resolution. One plausible explanation for the low 
detected concentration is decomposition of the Fe(IV)=O species via oxygenation of the newly 
formed acetate ligand (35). Such a side reaction would be precluded if pyruvate were replaced with 
an α-ketocarboxylate lacking α-C–H bonds. Accordingly, we synthesized FeZn4(moba)4(btdd)3, 20 
which features a 3,3-dimethyl-2-oxobutyrate ligand with a tert-butyl group alpha to the carbonyl 
(see section 1.8 of the SM). This material is isostructural to FexZn5−x(prv)4(btdd)3 (fig. S27) and 
exhibits a comparably high BET surface area (fig. S28). In situ DRIFTS data collected for 
FeZn4(moba)4(btdd)3 upon dosing with O2 at 100 K support Fe(IV)=O formation via 
decarboxylation of 3,3-dimethyl-2-oxobutyrate (see fig. S29; ν(Fe=O) = 828 cm−1, ν(Fe=18O) = 25 
794 cm−1), consistent with data discussed above for FeZn4(prv)4(btdd)3.  

The zero-field Mössbauer spectrum of FeZn4(moba)4(btdd)3 collected at 5 K features a major 
doublet assigned to high-spin, five-coordinate iron(II) (fig. S31, table S10). Following a sequence 
of in situ dosing with O2 at 100 K and heating at 200 K, a new quadrupole doublet was apparent 
in the 5 K Mössbauer spectrum with δ = 0.292(1) mm/s and ∆EQ = −0.603(1) mm/s (61.7(1)% 30 
area), assigned to the Fe(IV)=O species (fig. S31). This relative area is significantly larger than 
the maximum relative area of in situ O2-dosed FeZn4(prv)4(btdd)3 (21.1(1)%), supporting our 
hypothesis that intramolecular ligand oxygenation may be limiting the Fe(IV)=O content. 
Variable-field Mössbauer spectra were subsequently collected for O2-dosed FeZn4(moba)4(btdd)3 
at 1.7 K under fields of ranging from 0 to 7 T and temperatures from 1.7 to 40 K under a field of 35 
7 T (Fig. 3B and fig. S33; see section 2.12 of the SM for details). Spectra were also collected for 
FeZn4(moba)4(btdd)3 at temperatures <5 K and fields ranging from 0 to 7 T (fig. S32) to obtain 
fixed parameters for modeling the residual iron(II) species for the O2-dosed material (table S12; 
see section 2.12.2 of the SM for details).  

Consistent with the zero-field Mössbauer spectrum collected at 5 K, the zero-field spectrum 40 
for O2-dosed FeZn4(moba)4(btdd)3 collected at 1.7 K could be fit with three subspectra, 
corresponding to an S = 2 iron(II) component, an iron(III) species, and an Fe(IV)=O component 
(Fig. 3B). The isomer shift of this Fe(IV)=O species is consistent with reported S = 2 iron(IV)–
oxo species in the literature (fig. S40), however, both S = 1 and S = 2 models were considered in 
fitting the variable-field and variable-temperature data. Initial attempts to simultaneously fit the 45 
variable-temperature data collected under a 7 T field using this three subspectra model did not 
fully account for the total spectral intensity. We found that inclusion of a fourth subspectrum, 
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assigned to an S = 0 species, likely arising from antiferromagnetically coupled Fe(IV)=O sites 
within the same cluster node, affords a good fit to the data (see section 2.12.3 of the SM). While 
ICP-OES analysis predicts a distribution of one iron site per cluster on average, we cannot exclude 
a distribution wherein some clusters feature two iron centers per cluster, some feature a single iron 
center, and other clusters contain zero iron sites.  5 

Simultaneous modeling of the variable-field and variable-temperature spectra was performed 
via diagonalization of the spin Hamiltonians for the four subspectra to obtain values of the zero-
field splitting (D) and hyperfine coupling parameters (Axx, Ayy, Azz) for the uncoupled Fe(IV)=O 
species when assigned as either S = 2 or S = 1 (see section 2.12.3 of the SM for details of the 
modeling approach and tables S13–15). While the data could be fit with an S = 2 or S = 1 model 10 
(Fig. 3B and figs. S33–S35), only the results for the S = 2 model are chemically reasonable based 
on a comparison with reported Fe(IV)=O species. The best model for the S = 2 Fe(IV)=O species 
yielded D = 12.7(6) cm−1 and Aiso = −16.4 T (see table S13), parameters that are in excellent 
agreement with those reported for S = 2 Fe(IV)=O species (DS=2 = 4–14 cm−1, Aiso(S=2) = −23 to 
−16 T) (17, 37). In contrast, the best model for S = 1 Fe(IV)=O sites yielded values that are 15 
significantly different than those reported previously for S = 1 Fe(IV)=O species (see table S14) 
(37, 38, 39). Furthermore, the signs and relative magnitudes of the spin-dipole contribution ASD to  
the hyperfine coupling tensor are only consistent with an S = 2 spin ground state (see section 2.12.4 
of the SM). 

Additional experimental support for the S = 2 assignment for the Fe(IV)=O species was 20 
obtained from Fe Kβ x-ray emission spectroscopy (XES; see section 2.13 of the SM). Iron Kβ XES 
involves the measurement of 3p to 1s emissions, and due to the Fe 3p–3d exchange contributions 
to the final state, the relative intensities and energies of the Kβ mainline features—the Kβ′ and 
Kβ1,3 peaks—are diagnostic of the local iron spin state (40–42). High-spin states typically give rise 
to more intense Kβ′ features and larger separations between the Kβ′ and Kβ1,3 peaks than low-spin 25 
states (41). The XES spectra for S = 2 FeZn4(moba)4(btdd)3 and a sample of the framework dosed 
ex situ with O2 are given in fig. S39, along with a representative spectrum for a reported molecular 
compound featuring an S = 1 Fe(IV)=O (42). The spectra for pristine and O2-dosed 
FeZn4(moba)4(btdd)3 nearly overlay and feature an intense Kβ′ peak, consistent with the dominant 
presence of S = 2 iron sites in both materials. In contrast, there is no clear Kβ′ peak in the S = 1 30 
Fe(IV)=O spectrum, and the Kβ1,3 peak appears at a lower energy than in the spectrum for O2-
dosed FeZn4(moba)4(btdd)3. 

Finally, we used DFT to calculate Mössbauer isomer shifts for the model cluster Fe(O)(κ2-
OPiv)Zn4(prv)3(bta)6 (OPiv− = pivalate formed upon moba− decarboxylation; bta– = 
benzotriazolate) featuring an S = 2 or S = 1 ground state. Geometry optimizations were performed 35 
at the BP86-D3BJ/def2-TZVP level of theory. For the S = 2 optimized geometry, δcalc = 0.27 mm/s 
is in excellent agreement with the experimentally determined isomer shift (δ = 0.292(1) mm/s), 
whereas the isomer shift calculated for S = 1 deviates significantly from the experimental value 
(δcalc = 0.16 mm/s) (table S11). Furthermore, CASSCF calculations in combination with N-electron 
valence perturbation theory to second order (NEVPT2) support the assignment of an S = 2 ground 40 
state, which is predicted to be 25 kcal/mol more stable than the lowest energy S = 1 configuration 
(see section 3 of the SM and fig. S41). Altogether, the Mössbauer, Fe Kβ XES, and computational 
data clearly support the assignment of an S = 2 ground state for the Fe(IV)=O sites formed upon 
oxidation of FeZn4(moba)4(btdd)3. 

 45 
Investigation of the local Fe(IV)=O coordination environment using nuclear resonance 
vibrational spectroscopy 
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Nuclear resonance vibrational spectroscopy (NRVS) was used to gain further insight into the local 
structure of the Fe(IV)=O species (see section 2.7 of the SM). This technique selectively yields 
the complete set of vibrational modes of Mössbauer-active nuclei and can therefore provide 
structural insights not accessible using other spectroscopic methods. Figures 4A and B, 
respectively, show the iron partial vibrational density of states (PVDOS) distributions obtained 5 
from data collected at ~100 K for desolvated 95% 57Fe-enriched FeZn4(prv)4(btdd)3 before and 
after ex situ O2-dosing at 163 K. A new peak at 822 cm−1 for the O2-dosed sample was assigned to 
an Fe(IV)=O vibration and is similar in magnitude to NRVS peaks reported for other nonheme 
Fe(IV)=O species in synthetic systems (33, 43, 44). In support of this assignment, when 18O2 was 
employed for dosing, the vibration appeared instead at 788 cm−1 (Fig. 4B, inset; figs. S44 and S47). 10 
Consistent results were obtained from PVDOS distributions obtained for 57Fe-enriched 
FeZn4(moba)4(btdd)3 after dosing with O2 or 18O2 (fig. S50), which feature peaks at 820 and 789 
cm−1, respectively. The Fe(IV)=O peak was absent in the PVDOS distribution obtained for both 
frameworks after warming to 298 K (figs. S43 and S51). 

Using the truncated cluster FeZn4(prv)4(bta)6 as a model for FeZn4(prv)4(btdd)3, we performed 15 
DFT calculations to simulate the NRVS iron PVDOS for the framework before and after O2 dosing 
(Figs. 4A and 4B, dark gray curves). The intense stretch at 330 cm−1 predicted for the model 
iron(II) framework corresponds to vibrations associated with bidentate pyruvate binding. 
Differences in the predicted and experimental intensities likely arise because the cluster model 
cannot fully describe the phonons of the framework lattice. For the O2-dosed sample, stretches at 20 
282 and 340 cm−1 are assigned as Fe–O vibrations resulting from κ2-binding of the acetate ligand 
(Fig. 4C). In contrast, Fe–O vibrations associated with κ1-binding of acetate are predicted to appear 
at higher wavenumbers (>400 cm−1) (figs. S45 and S46). The calculated Fe(IV)=O stretch is higher 
than the experimental stretching frequency (919 versus 822 cm−1), likely because of a known 
systematic overestimation by DFT at these higher energies, which is less pronounced at lower 25 
energies (45). Finally, simulated NRVS iron PVDOS were also generated for pristine and O2-
dosed FeZn4(moba)4(btdd)3 from DFT calculations on the truncated S = 2 cluster models 
Fe(moba)Zn4(prv)3(bta)6 and Fe(O)(κ2-OPiv)Zn4(prv)3(bta)6, and the results are in good agreement 
with the experiment (figs. S48 and S49).  

 30 
Reactivity studies 
We evaluated the reactivity of FexZn5−x(prv)4(btdd)3 with hydrocarbon substrates in the presence 
of O2. Desolvated FeZn4(prv)4(btdd)3 was suspended in cyclohexane and exposed to 1 bar of O2 at 
21 °C for 24 h. Subsequently, CH3CN-d3 was added to extract the products, along with CH2Br2 as 
an internal standard. Analysis of the resulting supernatant using 1H NMR spectroscopy and GC-35 
MS revealed the formation of cyclohexanol (22% NMR yield with respect to the iron sites in the 
framework) with no detectable cyclohexanone (see section 1.9.1 of the SM and figs. S53 and S54). 
Mössbauer spectroscopy analysis of the framework isolated following this reaction revealed only 
iron(II) species (fig. S56). The same stoichiometric reaction was also carried out using 
FeZn4(moba)4(btdd)3 in the presence of O2 (1 bar, 21 °C), and analysis of the resulting supernatant 40 
using 1H NMR spectroscopy and GC-MS revealed the formation of only cyclohexanol (51% NMR 
yield) (see section 1.11.1 of the SM and figs. S59 and S60). A stoichiometric control reaction 
between cyclohexane and FeZn4Cl4(btdd)3 in the presence of O2 did not yield any hydrocarbon 
oxidation products (figs. S57 and S58).  

In order to establish the direct role of the Fe(IV)=O species in C–H oxygenation, we sought to 45 
perform a stoichiometric reaction using a framework sample in which the Fe(IV)=O species were 
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generated prior to the addition of substrate. A sample of FeZn4(prv)4(btdd)3 was dosed with 200 
mbar O2 at 163 K, and after 2 h, the sample headspace was evacuated, refilled with Ar and a 
mixture of cyclohexane and CD2Cl2 was added. The suspension was then warmed to 195 K and 
held for 2 h and then allowed to warm to 294 K. Under these conditions, no cyclohexane oxidation 
products were detected via 1H NMR spectroscopy. When a similar reaction was performed using 5 
FeZn4(moba)4(btdd)3 (see section 1.11.2 of the SM), 1H NMR spectroscopy and GC-MS analysis 
of the resulting supernatant revealed the formation of cyclohexanone (figs. S61 and S62; 48% 
NMR yield). The ultimate formation of cyclohexanone in this case—in contrast to cyclohexanol 
formed in the reaction conducted at 21 °C—is attributed to the lower reaction temperature and 
slower diffusion of cyclohexanol out of the framework pores, which is then further oxidized to 10 
cyclohexanone (see section 1.11 of the SM) (46).  

When the cyclohexane oxidation reaction with FeZn4(prv)4(btdd)3 was repeated with the 
addition of 11 equivalents of pyruvic acid, cyclohexanone and cyclohexanol were obtained in a 
2:1 ratio (combined yield of 173%) (see section 1.9.2 of the SM and fig. S64). Powder x-ray 
diffraction analysis of the solid isolated from this reaction confirmed that the framework remains 15 
crystalline (fig. S65). Significantly, this result suggests that FeZn4(prv)4(btdd)3 can act as a catalyst 
in hydrocarbon oxidation reactions using the free α-keto acid as a co-substrate, presumably via a 
similar catalytic cycle as proposed for TauD (fig. S71) (6). We found that acetic acid byproduct is 
formed in this reaction in 288% yield with respect to the iron sites, which suggests 115% of pyruvic 
acid conversion to unidentified products. Such unproductive turnover at some of the iron sites is 20 
consistent with the relatively low yield in the stoichiometric reaction. A number of studies of 
synthetic and enzymatic systems have established that C–H bond activation by Fe(IV)=O species 
proceeds via H-atom abstraction, as evidenced by large primary kinetic isotope effects (KIEs) (46, 
47). Consistent with these results, we determined an intermolecular competition KIE value of 29.8 
± 1.0 from the reaction of FeZn4(prv)4(btdd)3 with a mixture of cyclohexane and cyclohexane-d12 25 
under an atmosphere of O2 (see section 1.10 of the SM and figs. S66 and S67).  

The reactivity of Fe1.8Zn3.2(prv)4(btdd)3 in the presence of O2 was also evaluated using gaseous 
ethane as a substrate in a high-pressure batch reactor (section 1.12 of the SM). Using a high-
pressure mixture of ethane and dioxygen, ethanol and acetaldehyde were obtained in a 3:1 ratio 
with a high combined yield of 82% (fig. S68). This yield is much higher than that obtained in the 30 
stoichiometric cyclohexane oxidation, likely due to the high ethane concentration close to the iron 
sites under high pressure. Although there are enzymatic systems capable of oxidizing ethane to 
ethanol with O2 (48), our result is the first synthetic example of ethane oxidation via an 
unambiguously characterized S = 2 Fe(IV)=O intermediate generated by O2. 
 35 
Outlook 
We have developed the frameworks FexZn5−x(prv)4(btdd)3 and FeZn4(moba)4(btdd)3 featuring 
iron(II) sites that activate O2 at 100 K to form high-spin Fe(IV)=O species; reactivity that is 
reminiscent of O2 activation in TauD. These frameworks are rare non-enzymatic systems capable 
of catalytic hydrocarbon oxygenation, including the oxidation of ethane to ethanol, via a reactive 40 
high-spin Fe(IV)=O intermediate generated from dioxygen. This work establishes a foundation for 
the development of iron-containing metal–organic frameworks as heterogenous catalysts that 
closely mimic the reactivity of metalloenzymes.  
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Fig. 1. Design of a metal–organic framework mimic of taurine–α-ketoglutarate dioxygenase 
(TauD). (A) Illustration of the local structure of the mononuclear nonheme iron(II) sites in TauD 
and generation of the reactive high-spin Fe(IV)=O species (TauD-J) via oxidation with O2 coupled 
with decarboxylation of the α-ketoglutarate co-substrate. (B) Illustration of the local coordination 40 
environment of the iron(II) sites in FeZn4(prv)4(btdd)3 (R = CH3) or FeZn4(moba)4(btdd)3 (R = 

https://doi.org/10.5061/dryad.wh70rxwtp
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tBu) and observed reactivity with O2 at low temperatures to form an Fe(IV)=O species coordinated 
by acetate or pivalate formed via the decarboxylation of pyruvate (prv) or 3,3-dimethyl-2-
oxobutyrate (moba), respectively. (C) (Left) Illustration of a cubic pore within FeZn4(prv)4(btdd)3 
derived using single-crystal x-ray diffraction data obtained for Zn5(prv)4(btdd)3 (fig. S15B) and 
(right) expanded view of the truncated structure of a cluster node of the framework showing the 5 
nature of the pyruvate coordination, as supported by Mössbauer, magnetic circular dichroism, and 
nuclear resonance vibrational spectroscopies. Light blue, orange, red, blue, gray, and white spheres 
represent Zn, Fe, O, N, C, and H atoms, respectively. 

Fig. 2. Investigation of reactivity between Fe1.8Zn3.2(prv)4(btdd)3 and O2 using variable-
temperature in situ DRIFTS. (A) Spectra obtained after dosing Fe1.8Zn3.2(prv)4(btdd)3 with 20 10 
mbar of O2 at 100 K and gradually warming to 298 K (solid lines). The peak at 2341 cm−1 
corresponds to CO2 formed from the decarboxylation of pyruvate. This peak shifts to 
approximately 2275 cm−1 when Fe1.8Zn3.2(1-13C-prv)4(btdd)3 is dosed with 18O2 under the same 
conditions (dashed lines), consistent with formation of the isotopologue 13CO2. (B) Spectra 
obtained as described in A showing the signature peaks for the iron(IV)=O species formed from 15 
the reaction between Fe1.8Zn3.2(prv)4(btdd)3 and O2 (831 cm−1) and Fe1.8Zn3.2(1-13C-prv)4(btdd)3 
and 18O2 (796 cm−1). All data shown correspond to difference spectra obtained using the desolvated 
iron(II) frameworks as the background. Minor differences in the intensities of the absorption bands 
for the natural abundance and heavier isotopologue samples are likely due to differences in powder 
sample mass, sample distribution in the background matrix, and slight positioning differences in 20 
the infrared beam. (C) The reaction probed by DRIFTS, wherein for simplicity FeZn4(1-13C-
prv)4(btdd)3 is shown to react with 18O2. 

 
Fig. 3. In situ and variable-field Mössbauer spectra. (A) In situ Mössbauer spectra collected at 
5 K for desolvated FeZn4(prv)4(btdd)3 before and after dosing with 300 mbar of O2 at 100, 125, 25 
and 150 K. All spectra were fit with a minimum number of symmetric quadrupole doublets, all of 
which have the same linewidth for a given spectrum (see fig. S22 for a timeline of the in situ dosing 
experiment). Green, blue, and dark red subspectra, respectively, are consistent with iron(II), 
iron(III), and iron(IV) species. (B) Variable magnetic field Mössbauer spectra collected at 1.7 K 
and the indicated fields for a sample of FeZn4(moba)4(btdd)3 that had been dosed with 100 mbar 30 
of O2 at 100 K, held for 2 h at 200 K and subsequently dosed with 200 mbar of O2 at 100 K and 
then warmed again at 200 K for 2 h. Green, blue, dark red solid, and dark red dotted subspectra, 
respectively, were modeled as S = 2 iron(II), S = 5/2 iron(III), isolated S = 2 Fe(IV)=O species, and 
S = 0 species arising from antiferromagnetic coupling between Fe(IV)=O species within the same 
node. The spectra were modeled as described in the main text to extract D = 12.7(6) cm−1 and Aiso 35 
= −16.4  T for the uncoupled Fe(IV)=O species (see table S13). Note, the width of the spectral 
splitting for the red trace at 7 T is smaller than has been observed for other S = 2 Fe(IV)=O species 
in the literature (~5 versus ~8 mm/s, respectively) (6, 17, 33). However, as demonstrated for 
another S = 2 Fe(IV)=O complex (34), a spectral splitting of about 5 mm/s can be observed if the 
hyperfine parameters are smaller than the isotropic Fermi-contact contribution of ~−21 T, as it is 40 
the case for FeZn4(moba)4(btdd)3 (see also fig. S36). 

 

Fig. 4. Nuclear resonance vibrational spectroscopy (NRVS). (A) Iron partial vibrational density 
of states (PVDOS) distribution of 57Fe-enriched, desolvated FeZn4(prv)4(btdd)3 from NRVS data 
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collected at ~100 K (green) and DFT computed Fe PVDOS for FeZn4(prv)4(bta)6 (dark gray). (B) 
Iron PVDOS distribution of 57Fe-enriched, desolvated FeZn4(prv)4(btdd)3 obtained from NRVS 
data collected at ~100 K after dosing with 200 mbar of O2 at 163 K (dark red) and DFT computed 
PVDOS distribution for ~70% FeZn4(prv)4(bta)6 and ~30% of Fe(O)(κ2-OAc)Zn4(prv)3(bta)6 (dark 
gray). The inset shows a shift of the Fe(IV)=O vibration to lower wavenumbers (∆ = 34 cm–1) 5 
when 18O2 is used (light blue, see also fig. S46). Vertical lines indicate the individual vibrational 
transitions.  (C) Assigned vibrational modes of FeZn4(prv)4(btdd)3 and the O2-dosed framework. 
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