
Benchmarking the Reactivity of Caged Iron(IV)-Oxo Sites within
Metal−Organic Frameworks
Jonas Börgel, Yuan Cao, Ran Gao, Daniel C. Y. Leong, Rachel Narehood Austin,* John T. Groves,*
and Jeffrey R. Long*

Cite This: J. Am. Chem. Soc. 2025, 147, 21325−21330 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Three recently reported iron-containing metal−organic frameworks, FeZn4(prv)4(btdd)3 (Fe-1),
Fe1.8Zn3.2(prv)4(btdd)3 (Fe1.8-1), and FeZn4(moba)4(btdd)3 (Fe-2) (Hprv = pyruvic acid, Hmoba = 3,3-dimethyl-2-oxobutanoic
acid, and H2btdd = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo[1,4]dioxin), that react with O2 at low temperatures to generate
high-spin (S = 2) ferryl species provide an unprecedented opportunity to explore the effects of spin state and site-isolation on
hydrocarbon oxidation reaction mechanisms. These reagents oxidize the radical clock substrate norcarane, yielding radical lifetimes
in the low nanosecond regime, consistent with a diffusion-limited rebound mechanism. Rebound products derived from ligands on
the iron centers inside the framework are detected and recapitulate chemistry seen in the structurally related α-ketoglutarate-
dependent dioxygenases such as TauD, which also generate high-spin (S = 2) ferryl intermediates. Framework models indicate that
productive reactions occur when norcarane approaches the ferryl species from the larger of the two pores of the MFU-4l-type
framework.

I solating reaction centers is a powerful strategy for limiting
unwanted side reactions and increasing selectivity.1−4 Early

forays in biomimetic chemistry created structures to geometri-
cally constrain reaction partners and steer reactions toward
desired products.5−7 More recently, research has flourished in
areas of molecular containers, metal−organic frameworks
(MOFs), and mesoporous materials, which offer synthetic
approaches to tailor solvent and solute access to reactive sites.
Porous materials have successfully stabilized reactive inter-
mediates not seen in noncaged systems.8−11

Metal−organic framework materials that generate high-spin
(S = 2) FeIV�O sites provide an informative platform for
exploring the features that control C−H oxygenation reactions
(Figure 1A).12 The iron-conta ining frameworks
FeZn4(prv)4(btdd)3 (Fe-1), Fe1.8Zn3.2(prv)4(btdd)3 (Fe1.8-1),
and FeZn4(moba)4(btdd)3 (Fe-2), where Hprv = pyruvic acid,
Hmoba = 3,3-dimethyl-2-oxobutanoic acid, and H2btdd =
bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo-[1,4]dioxin),
react with O2 at low temperatures to decarboxylate the α-
ketoacid ligand and generate an FeIV�O intermediate in a
manner reminiscent of α-ketoglutarate-dependent dioxyge-
nases such as TauD.13−16 The FeIV�O sites within these
materials, hereafter referred to as ferrylMOFs, were shown to
hydroxylate simple alkanes, presumably via an H atom transfer
(HAT) and radical rebound mechanism (Figure 1B). Herein,
we examine the C−H oxygenation chemistry of all three MOFs
to probe whether the confined reaction space within the pores
recapitulates the restricted behavior detected in metalloenzyme
systems, where the fate of enzyme-generated substrate radicals
is limited to the production of only a few products.17−28 To
that end, the radical clock probe, bicyclo[4.1.0]heptane
(norcarane) was used as a substrate for the three
ferrylMOFs.29,30
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Figure 1. (A) Structural illustration of one cubic pore of
FeZn4(moba)4(btdd)3 after reaction with O2 and α-ketoacid ligand
decarboxylation. The inset shows the truncated structure around the
cluster node containing the FeIV�O site. Light blue, orange, red,
blue, gray, and white spheres represent Zn, Fe, O, N, C, and H atoms,
respectively. (B) Schematic representation of HAT from cyclohexane
by an FeIV�O site followed by radical rebound to form cyclohexanol.
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The results from the three frameworks were broadly similar.
Each ferrylMOF reacted with norcarane to generate a range of
oxidized products indicative of radical rebound (Figures 2, S1,

and S2).31 Table S1 provides the amounts of all norcarane-
derived products, normalized to experimentally determined
response factors where available or to estimated response
factors based on calculated effective carbon numbers (ECN)32

where experimentally determined response factors were not
available, from the nine stoichiometric reactions performed.

Figures 3 and S4 show representative chromatograms from
the oxidation of norcarane by Fe-1 and Fe1.8-1 respectively.
The measured substrate radical lifetimes are all in the low
nanosecond regime (Table 1). A comparison reaction with

FeZn4Cl4(btdd)3 (Fe-3)�which has no α-ketoacid ligand to
enable the generation of FeIV�O sites�showed only minute
amounts of some products. Given the low yield of such
products, including or not including the compounds found in
the comparison reactions in the analysis of the reactions
carried out by the ferrylMOFs did not impact the conclusions.
Significantly, appreciable amounts of products consistent

with α-ketoacid-derived ligand rebound to the norcaranyl
radical were detected. Both the ring-opened product cyclohex-
2-en-1-yl-methylpivalate (16) and the ring-closed product
bicyclo[4.1.0]heptan-2-ylpivalate (5) were detected in reac-
tions with Fe-2, comprising ∼19% of all norcarane-derived
products. Relatively less cyclohex-2-en-1-yl-methyl acetate

Figure 2. Overview of all norcarane-derived products (blue =
rearranged; red = unrearranged; pink = desaturated, gray =
mechanistically uninformative) (see the Supporting Information for
details).

Figure 3. Illustrative chromatogram of a norcarane oxidation reaction with Fe-1 coupled to a product summary of the results of all norcarane
oxidation reactions with the ferrylMOFs in two solvents, CD2Cl2 and CD3CN. Each column represents the results from a separate reaction. The
last reaction in each set was performed in CD3CN. Products of O2 capture followed by ligand rebound were included in the O2 capture chemotype.
The other isomer of bicyclo[4.1.0]heptan-2-yl acetate (cpd 4) is indicated with a red asterisk.

Table 1. Summary of the Radical Lifetimes Determined for
Reactions of Norcarane with the Three ferrylMOFs from
Two Separate Reactions in CD2Cl2 and CD3CN (The Color
Separates the Reactions by ferrylMOF)

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.5c05557
J. Am. Chem. Soc. 2025, 147, 21325−21330

21326

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05557/suppl_file/ja5c05557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05557/suppl_file/ja5c05557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05557/suppl_file/ja5c05557_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05557/suppl_file/ja5c05557_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05557/suppl_file/ja5c05557_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05557?fig=tbl1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c05557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(18) and bicyclo[4.1.0]heptan-2-ylacetate (4) were detected in
the reactions with Fe-1 or Fe1.8-1.
We examined the reactions of the ferrylMOFs in two

different solvents, CD2Cl2 and CD3CN, noting minor differ-
ences. Both desaturation and ligand rebound products were
more prevalent in CD2Cl2 (Figures 2, 3, and 4; Table S1).33

Very small amounts of ligand rebound products were detected
in reactions performed in CD3CN.

Some products consistent with migration of the substrate
radical from the site of generation and capture by O2 were also
detected (Figure 2). Consistent with the increased solubility of
O2 in acetonitrile,34,35 more O2-capture products were
detected in reactions run in CD3CN. Cyclohexenone (10),
detected in reactions with norcarane, can form from O2
capture by the 3-cyclohexenylmethyl radical followed by
elimination of formaldehyde (as demonstrated in Figure S14
from the tetrabutylammonium decatungstate (TBADT)
photocatalyzed oxidation of norcarane in O2).

36

High-spin (S = 2) species have been predicted to be better
oxidants for HAT reactions,37,38 although recently S = 1 model
complexes have been developed that have HAT rates as fast or
faster than S = 2 model systems and can catalyze reactions
similar to their S = 2 counterparts.39−42 Our results do not
allow us to disentangle site-isolation and iron spin state factors
unambiguously. However, comparing our results with results
reported for [(TQA)ClFeIVO]+ (TQA = tris(quinolyl-2-
methyl)amine) in solution is informative.38 This molecular S
= 2 species, which is structurally similar to the reactive
ferrylMOF species herein, mediates the oxidation and
halogenation of cyclohexane.38 The majority of products
from the reaction of [(TQA)ClFeIVO]+ with cyclohexane were
chlorinated (78%); cyclohexanol comprised only 15% of the
products. Addition of O2 suppressed the formation of
halogenated products when using [(TQA)ClFeIVO]+, indicat-

ing that radical escape from the solvent cage dominated the
reactivity of this species. In contrast, for all three ferrylMOFs, a
substantial fraction of the radicals generated from HAT
rebound with the FeIII−OH species or the associated
carboxylate ligand before the radical clocks can rearrange,
pointing to the important role that confinement inside the
MOF is playing in the chemistry.43

The 4−12 ns radical lifetime measured for the ferrylMOF
reactions with norcarane are an order of magnitude longer than
those measured for the nonheme diiron enzymes toluene
monooxygenase (T4MO) and soluble methane monooxyge-
nase (sMMO) and 2 orders of magnitude longer than those
measured for metalloporphyrins and cytochrome P450 (CYP)
enzymes.20,23,27,44,45 However, the low nanosecond lifetimes
are considerably shorter than those measured for freely
diffusing radicals generated by photochemical bond cleavage
in solution (see Figure S14 for the GC trace of products from
decatungstate oxidation of norcarane).27,45,23 One reason for
the difference in radical lifetimes may be that the catalytically
active intermediates in T4MO, sMMO, and CYP are formally
one oxidation state higher than that of the reactive
intermediate in the ferrylMOFs. The rebound oxidant in the
ferrylMOF reactions is an FeIII−OH species, typical of α-
ketoglutarate-dependent enzymes, whereas FeIV intermediates
capture the substrate radical during turnover with T4MO,
sMMO, and CYP (Figure 4).
Figure 5 shows a model of two adjacent pores of

FeZn4(moba)4(btdd)3 (Fe-2), a larger A-pore (with an internal
diameter of ⌀ ≈ 19 Å) and a smaller B-pore (⌀ ≈ 8 Å).41 The

Figure 4. Overview of norcarane oxidation products generated with
Fe-2 and O2. The electron transferred during HAT can reside in
either the dz2 orbital in the σ-pathway, which maximizes spin
polarization, or the dxz, dyz orbital pair in the π-pathway.

Figure 5. (A) Illustration of the adjacent large (A-pore) and small (B-
pore) of O2-exposed Fe-2, with a norcarane molecule placed in the
center of each pore. The transparent yellow and orange spheres
indicate the accessible pore volumes. (B) Approach of norcarane to
the FeIV�O species from the A-pore; FeIV�O site can be accessed
for HAT. (C) Approach of norcarane to the FeIV�O species from the
B-pore; FeIV�O site cannot be accessed for HAT. Only norcarane
and the FeIV�O site are accentuated for clarity. Light blue, orange,
red, blue, gray, and white spheres represent Zn, Fe, O, N, C, and H
atoms, respectively. The moba and pivalate ligands not pointed into
the depicted pores have been omitted for clarity.
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model of the framework after decarboxylation was derived
from structures obtained by single-crystal X-ray analysis.12 The
carboxylate ligands coordinated to the peripheral metal centers
of each node point only into the B-pores, leading to a smaller
accessible volume for guest molecules. Our model suggests that
norcarane molecules can diffuse through both the A- and B-
pores of the framework despite the smaller volume of the latter
(Figures 5A and S20). However, the relevant orbitals for HAT
of the reactive high-spin FeIV�O site can only be approached
by norcarane from the larger A-pore and not from the smaller
B-pore (Figures 5B and 5C), because the bulky t-Bu group of
the pivalate ligand prevents the optimal approach of norcarane
for HAT. Although the smaller B-pores in the ferrylMOFs (Fe-
1 and Fe-2) have significant differences in size depending on
the α-ketoacid ligand (⌀ ≈ 8 Å (moba) to ⌀ ≈ 10 Å (prv)),
the radical lifetimes are relatively independent of the size of the
α-ketocarboxylate ligand, which suggests a similar substrate
approach from the larger A-pore in both Fe-1 and Fe-2.
The notably large intermolecular hydrogen isotope effect of

∼ 30 observed for the oxidation of cyclohexane (H/D) by Fe-
112 requires rapid exchange of the substrate molecules in the
pores positioned adjacent to the FeIV�O species for HAT.
From the iron-exchange stoichiometry, we expect between 2.0
and 3.6 iron centers arranged at the vertices of a cube and
positioned at the intersection of the large and small framework
pores. Diffusion rates in solution enable molecules to move ∼
1 Å per ns, while diffusion within a porous framework would
be expected to be somewhat slower.3,46 Thus, from geometric
arguments alone, radical movement in this reaction scenario
would be limited. Accordingly, the 4−12 ns radical lifetimes
observed for the diffusing and rearranging radical clock
substrates are commensurate with the size of the (larger)
reaction cavity. It appears from the data that the ferrylMOFs
diminish fast radical motion away from the reaction
center relative to a radical generated by an S = 2 mononuclear
FeIV�O species in solution.
Members of the nonheme mononuclear FeII/α-ketogluta-

rate-dependent halogenases are notable for their ability to
redirect the canonical oxygen-rebound mechanism to iron-
coordinated halogen atoms, affording halogenated prod-
ucts.47,14,48 The presence of two reaction channels from the
high-spin FeIV�O intermediate in these enzymes has been
invoked in enabling the ligand rebound chemistry (Figure
4).49,50 The position of the substrate relative to the metal−
oxygen bond may also be important, and is influenced by
geometric flexibility at the active site.51,52 The reaction with
norcarane generates products that arise from rebound of an
iron-coordinated carboxylate ligand, for which our model
suggests that at least one carboxylate oxygen atom would be
accessible for rebound via alkyl radical approach from the large
A-pore (Figure S21). Such ligand rebound reactions are
suppressed in acetonitrile. It is likely that acetonitrile
coordinates the iron center, in lieu of κ2-coordination of the
carboxylate, as is known for [(TQA)(MeCN)FeIVO]+ and
similar ferryl species.38,53 This change in coordination
environment could render carboxylate rebound statistically
less likely because the now κ1-bound carboxylate may not be
geometrically available for C−O bond formation through
radical rebound.53 Alternatively, a change in coordination
could alter the oxidation potential of the ferric intermediate
and disfavor ligand rebound. Ligand and/or solvent rebound
products have been observed before in nonheme Mn catalysts
as well.54,55

In conclusion, the opportunity provided by this unique set of
metal−organic frameworks to study a well-characterized high-
spin FeIV�O species provides important information about
the factors that govern the reactivity of metal-oxo complexes
and the dynamics of substrate radical intermediates within
MOF cavities. These results show that the site-isolated high-
spin S = 2 FeIV�O intermediates generate norcaranyl radicals
with low nanosecond lifetimes, which is consistent with radical
diffusion within the diameter of the larger A pores. This work
contributes nuanced experimental data to ongoing efforts to
resolve the role of geometric and electronic factors in
controlling HAT and functionalization.
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