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Abstract The development of homogeneous catalysis is enabled by the availability of a rich toolkit 

of kinetics experiments, such as the Hg-drop test, that differentiate catalytic activity at ligand-

supported metal complexes from potential heterogeneous catalysts derived from decomposition of 

molecular species. Metal-organic frameworks (MOFs) have garnered significant attention as 

platforms for catalysis at site-isolated, interstitial catalyst sights. Unlike homogeneous catalysis, 

relatively few strategies have been advanced to evaluate the origin of catalytic activity in MOF-

promoted reactions. Many of the MOFs that have been examined as potential catalysts are 

comprised of molecular constituents that represent viable catalysts in the absence of the extended 

MOF lattice, and thus interfacial sites and leached homogeneous species represent potential 

sources of catalyst activity. Here, we demonstrate that analysis of deuterium kinetic isotope effects 

(KIEs) and olefin epoxidation diastereoselectivity provides direct probes of the origin of catalytic 

activity in MOF-promoted oxidation reactions. These analyses support direct involvement of 

lattice-based Fe sites in the turnover-limiting step of C–H activation with Fe-MOF-74-based 

materials (i.e., the MOF functions as a bona fide catalyst) and evidence that Cu2-based MOF MIL-

125-Cu2O2 functions as a solid-state initiator for solution-phase oxidation chemistry and is not 

involved in the turnover limiting step  (i.e., the MOF does not function as a catalyst). We anticipate 

that the simple experiments described here will provide a valuable tool for clarifying the role of 

MOFs in C–H oxidation reactions. 
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The discovery and development of selective catalytic methods for the oxidation of organic 

small molecules promises to streamline the preparation of functional molecules that span the 

organic chemical value chain.1 Metal-organic frameworks (MOFs), which feature geometrically 

well-defined transition metal ion sites confined within extended porous lattices, have garnered 

significant attention as synthetically modular platforms for heterogeneous catalysis that can be 

optimized through systematic synthetic logic.2 The co-localization of lattice-bound metal ions and 

pore-confined substrates within MOF interstices has inspired analogies between MOF-based 

catalysts and enzymatic systems that accomplish challenging small molecule activation and 

substrate functionalization reactions within nanoporous enzyme active sites.3 Rational design and 

optimization of MOF catalysts requires 1) experimental correlation of material structure with 

catalyst activity (i.e. turnover frequency) and selectivity, and 2) a clear understanding of the 

structural origin of the observed catalytic activity. Because many MOF catalysts are comprised of 

molecular building blocks that represent viable catalysts in the absence of the extended MOF 

lattice, observed catalytic activity could potentially originate from interstitial catalyst sites, 

solvent-exposed interfacial sites, or at soluble molecular species liberated by leaching. While 

substantial work has been pursued to develop highly active MOF catalysts, relatively less effort 

has been aimed at developing robust experimental methods to evaluate the origin of the catalytic 

activity in these materials.4 

Differentiating whether catalytic activity arises from homogeneous molecular species or from 

potential heterogeneous catalysts generated by in situ decomposition of those molecular precursors 

is a classic challenge in organometallic catalysis.5 For example, both ligand-supported molecular 

Pd complexes and nanoparticulate Pd(0), generated by decomposition of molecular species, can 
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display activity in Pd-catalyzed cross-coupling reactions.6 The Hg-drop test, which is predicated 

on selective amalgamation (and thus poisoning) of (nano)particulate Pd(0), is a classic 

experimental strategy designed to assess the origin of catalyst activity in these reactions:7,8 If 

addition of Hg(0) results in no impact on the rate of the Pd-catalyzed reaction, it is assumed that 

ligand-supported molecular complexes are the source of the observed catalytic activity; in contrast, 

if addition of Hg(0) suppresses the reaction rate, catalyst activity may be attributed to particulate 

Pd(0). Beyond the Hg-drop test, a rich toolkit of experimental strategies based on selective catalyst 

poisons and reaction kinetics analysis have been developed to evaluate the origin of observed 

catalytic activity in both homo- and heterogeneous organometallic catalysis.5  

  

 
Figure 1. Identifying the origin of catalytic activity in MOF-promoted C–H oxidation¾either at lattice-supported 
interstitial metal sites, at surface-exposed interfacial sites, or via potential solution-phase processes¾is challenging. 
Here we advance analysis of deuterium kinetic isotope effects (KIEs) and olefin epoxidation diastereoselectivity as 
kinetic probes to differentiate lattice-confined and solution-phase oxidation activity.    

 

Because the constituent monomers that comprise MOF lattices are often potentially viable 

catalysts in the absence of the extended MOF lattice, evaluating the origin of apparent catalytic 

activity — interstitial, interfacial, and potential solution-phase active species — in MOF-promoted 

reactions is challenging. While a number of experimental strategies that rely on synthetic catalyst 

modification have been advanced, such as the synthesis and evaluation of core-shell 
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heterostructures that do not display potential interfacial catalyst sites, few in operando methods 

are available to evaluate the origin of catalytic activity of MOFs.4 We have been interested in 

developing simple in operando kinetic probes to evaluate the origins of, and barriers to, MOF 

catalysis. Kinetic isotope effects (KIEs) provide a direct probe of the structure of the turnover-

limiting step in catalysis and we have previously utilized the relative magnitudes of intra- and 

intermolecular KIEs to evaluate substrate mobility during interstitial group-transfer chemistry.9 

Here we advance simple experimental methods based on 1) KIE analysis and 2) olefin 

functionalization diastereoselectivity, which provides a kinetic probe of oxidation catalysis, to 

evaluate the role of MOFs in substrate oxidation reactions. Application of these methods to known 

MOF-catalyzed C–H oxidation reactions indicates that whereas MOF-supported reactive 

intermediates are intimately involved in the substrate functionalization event for Fe-MOF-74 

materials, MIL-125-Cu2O2 serves as initiator for solution-phase oxidation chemistry and is not 

involved in substrate functionalization as a catalyst. The described experiments provide simple 

tools to evaluate the origin of activity of MOF-catalyzed C–H oxidation and will enable rational 

optimization of MOF based catalysts.  

In 2021, Lin et al. reported the post-synthetic metalation of MIL-125 with Cu(I) to generate a 

material featuring Cu2 sites and the subsequent aerobic oxidation of these sites to afford MIL-125-

Cu2O2.10 Inspired by the C–H hydroxylation activity of aerobically generated Cu2O2 sites in 

enzymatic catalysts, such as particulate methane monooxygenase (pMMO),11 and heterogeneous 

catalysts, such as Cu-doped ZSM-5,12 MIL-125-Cu2O2 was targeted as a catalyst for aerobic 

oxidation catalysis. In the presence of O2 and isobutyraldehyde, which is added as the obligate co-

reductant to manage the four-electron reduction inventory of O2, MIL-125-Cu2O2 effects the 

aerobic oxygenation of C–H bonds, epoxidation of olefins, and oxidation of sulfides.10 Based on 
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our ongoing interest in utilizing the reactive intermediates generated in aldehyde autoxidation to 

accomplish aerobic oxidation chemistry,13 we were attracted to this report as a potential example 

of autoxidation intermediates being intercepted for the synthesis of reactive metal-based oxidants 

relevant to C–H oxidation catalysis. 

We initiated our experimental work by examining the isobutyraldehyde-promoted aerobic 

oxidation of tetralin (1) to 3,4-dihydronaphthalen-1(2H)-one (2). In the absence of MIL-125-

Cu2O2 (characterized by powder X-ray diffraction (PXRD), gas adsorption analysis, and solid-state 

UV-vis spectroscopy, see Figures S1–S3), no C–H oxidation was observed (Table 1, Entry 1). In 

the presence of MIL-125-Cu2O2, we observed significant variability in the course of substrate 

oxidation: In some experiments, oxidation of 1 to 2 began promptly while in others, significant 

induction periods were observed. The yield of 2 varied from 30-68% in reactions carried out in the 

presence of MIL-125-Cu2O2. Induction periods are common in autoxidation chemistry14 and 

motivated us to further examine the role of MIL-125-Cu2O2 in substrate functionalization. We 

reasoned that analysis of the KIEs for substrate oxidation would provide a direct reporter of the 

role (or lack thereof) of MIL-125-Cu2O2 in the C–H bond cleavage involved in oxygenation. We 

measured both intra- and intermolecular KIEs (see Section D.1, Supporting Information), using 

either d2-1 or a mixture of 1 and d4-1, respectively, for the aerobic oxidation of 1 to 2 (Table 1, 

Entry 2). Exposure of a 1,2-dichloroethane (DCE) solution of d2-1 to MIL-125-Cu2O2 (0.5 mol%), 

isobutyraldehyde, and O2 resulted in a mixture of d0-2 and d2-2. Analysis of the ratio of these 

isotopologues by both APCI-MS and 1H NMR spectrum provided an intramolecular kH/kD 

=10.4(7). Oxidation of a 1:1 mixture of d0-1 and d4-1 d2-1 under analogous conditions resulted in 

a mixture of d0-2 and d2-2, with an intermolecular kH/kD = 10.2(5). 
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Table 1. Summary of kinetic isotope effects for aldehyde-promoted aerobic C–H oxygenation in the presence of MIL-
125-Cu2O2 and various divalent transition metal salts. 

 

Entry Additive intramolecular 
kH/kD 

intermolecular 
kH/kD 

1 none no reaction no reaction 

2 MIL-125-Cu2O2 10.4(7) 10.2(5) 

3 CuCl2 10.2(4) 10.0(6) 

4 CoCl2 10(1) 9.9(7) 

 

Given previous reports that uncatalyzed C–H oxygenation reactions can be effected by 

aldehyde autoxidation intermediates (e.g., aerobically generated peroxy radicals)14,15,16 and 

typically display large primary KIEs (i.e., 9-19)17 we were interested in comparing the measured 

KIEs for the oxidation of 1 in the presence of MIL-125-Cu2O2 with those obtained for oxidation 

of 1 by reactive species generated during autoxidation. Addition of CuCl2, which is frequently 

employed as autoxidation initiator,18 resulted in the oxidation of 1 to 2 in 83% yield. Using the 

same labeled tetrahydronaphthalene as before (i.e., either d2-1 or a mixture of d0-1 and d4-1), we 

determined inter- and intramolecular kH/kD = 10.0(6) and 10.2(4), respectively (Table 1, Entry 3). 

The identity of the initiator had no impact on the determined KIEs: Replacement of CuCl2 with 

CoCl2 resulted in oxidation of 1 to afford 2 with intra- and intermolecular kH/kD = 10(1) and 9.9(7), 

respectively (Table 1, Entry 4). The identical KIEs obtained using MIL-125-Cu2O2, CoCl2, and 

Cu2Cl2 suggest that each of these metal-based additives serves to initiate autoxidation but are not 

involved in the turnover limiting transition state. 

Similar to the analysis of KIEs, olefin epoxidation diastereoselectivity provide a direct probe 

of the structure of the selectivity determining step(s) in catalysis.19 To gain further insight 
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regarding the role of MIL-125-Cu2O2 in promoting substrate oxidation chemistry, we evaluated 

the diastereoselectivity of epoxidation of b-methyl styrene (3a) or 2-hexene (3b) in the presence 

of MIL-125-Cu2O2, CuCl2, or CoCl2 (see Section D.2, Supporting Information). The results of 

these experiments are summarized in Table 2. These data demonstrate that regardless of the 

initiator employed, epoxidation of trans-b-methyl styrene (trans-3a) resulted in almost exclusively 

trans-4a whereas epoxidation of trans-2-hexene (trans-3b) resulted in a 9:1 mixture of trans:cis-

4b. Similarly, epoxidation of cis-olefins proceeded with initiator-independent diastereoseletivity: 

Epoxidation of cis-3a resulted in a ~2:8 mixture of cis- and trans-4a whereas epoxidation of cis-

3b resulted in a ~5.5:4.5 mixture of cis- and trans-4b. These data are consistent with the lack of 

stereospecificity typical of epoxidation by peroxy radical intermediates. It is important to highlight 

that it is critical to examine the diastereoselectivity of both cis and trans olefins because trans-

olefins undergo epoxidation with high diastereoselectivity for trans-epoxide and thus do not 

represent sensitive stereochemical probes. Valentine and Finke previously utilized olefin oxidation 

diastereoslectivity to demonstrate that the Mukaiyama reaction, in which olefins are epoxidized 

under aldehyde autoxidation conditions in the presence of metal porphyrin additives, does not 

involve metal oxo intermediates but instead arises from direct reaction between olefins and 

autoxidation intermediates.20 Further evidence for the critical role of autoxidation intermediates in 

substrate functionalization is the observation of ~10% allylic oxidation products, which are 

typically observed byproducts of autoxidation chemistry. 
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Table 2. Summary of olefin epoxidation diastereoselectivity for aldehyde-promoted aerobic C–H oxygenation in the 
presence of MIL-125-Cu2O2 and various divalent transition metal salts.   

 

substrate 
Additive (cis-4 : trans-4) 

MIL-125-Cu2O2 CoCl2 CuCl2 

cis-3a 2:8 1.8:8.2 2:8 

trans-3a 0.7:9.3 0.3:9.7 0.6:9.4 

cis-3b 5.6:4.4 5.2:4.8 6.3:3.7 

trans-3b 1.1:8.9 0.9:9.1 1.1:8.9 
 

 

The combination of deuterium KIE data, which indicate that the rate-determining transition 

state of C–H oxidation does not include participation of the transition metal additive, and olefin 

epoxidation diastereoselectivities, which indicate that the transition metal additives do not impact 

epoxidation diastereoselectivity, demonstrates that MIL-125-Cu2O2 is not a C–H oxidation 

catalyst but instead serves as a heterogeneous initiator of aldehyde autoxidation. Subsequent 

substrate functionalization is accomplished by solution-phase, reactive autoxidation intermediates. 

While it is possible that MIL-125-Cu2-supported species are capable of effecting the observed 

substrate functionalization reactions, the available in operando kinetic data indicate that they are 

not responsible for the apparent C–H oxidation catalysis. 

Following our study of the origin of activity in MIL-125-Cu2O2 promoted aerobic oxidation, 

we extended the analysis of deuterium KIEs and olefin oxidation diastereoselectivity to oxidation 

catalysis promoted by an isoreticular family of Fe-MOF-74 analogues (characterized by PXRD 

and gas adsorption analysis, see Figures S4-S7). These materials, which are comprised on five-

coordinate, square pyramidal Fe(II) sites supported in an all-oxygen ligand field, have been 

advanced by Long and co-workers as a platform for aliphatic C–H oxidation at lattice-confined, 
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high-valent Fe oxo intermediates.21 Based on previous reports that restricted diffusion of 

cyclohexane into Fe2(dobdc) (Fe-MOF-74; pore diameter is 8 Å) prevented efficient oxidation 

chemistry from being achieved, we initiated our studies with pore-expanded analogue 

Fe2(dotpdcF), which features significant larger interstitial voids (pore diameter is 25 Å). 

Exposure of Fe(dotpdcF)·2CH3CN to a CD3CN solution of 1 and 2-tert-butylsulfonyl 

iodosylbenzene (6) resulted in the evolution of 1,2,3,4-tetrahydronaphthalen-1-ol (5) (Table 3), 

which was characterized by 1H NMR and APCI-MS analysis,22 with a turnover number (TON) of 

3.0(1). There is no background reaction in the absence of Fe2(dotpdcF) (Table 3, Entry 1). 

Oxidation of d2-1 with 6 in the presence of Fe(dotpdcF)·2CH3CN resulted in a mixture of d1- and 

d2-5 with an intramolecular kH/kD = 5.2(3) (Table 3, Entry 2) (see Section E.1, Supporting 

Information). Oxidation of a mixture of d0-1 and d4-1 afforded a mixture of d0- and d3-5 with an 

intermolecular kH/kD = 4.4(2). Two comparisons provide context for these KIEs: First, oxidation 

of 1 to 5 with Fe(OTf)2 as catalyst proceeds with intra- and intermolecular KIEs of 3.2(3) and 

2.9(1), respectively (Table 3, Entry 3), which are significantly lower than those measured for 

Fe2(dotpdcF). This observation suggests that leached Fe(II) ions are not responsible for the 

observed catalytic activity. Second, use of Fe2(dobpdc) (pore size = 19 Å) in place of Fe2(dotpdcF) 

gives rise to the same intramolecular kH/kD = 5.2(1) and a slightly smaller intermolecular KIE 

(3.9(1)) (Table 3, Entry 4). We hypothesize that the differences observed between intra- and 

intermolecular KIEs in these systems may result from confinement effects at interstitial catalyst 

sites. Whereas intramolecular KIEs report on the selectivity-determining step of catalysis, 

intermolecular KIEs report on the rate-determining step.23 Previous studies have demonstrated that 

confinement can give rise to lower-than-expected deuterium KIEs. Finally, use of Fe-MOF-74 

(Fe2(dobdc)) results in insufficient conversion of 1 to 5 to accurately determine kH/kD values. 
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Table 3. Summary of kinetic isotope effects for C–H hydroxylation catalyzed by a reticular family of Fe-MOF-74-
based MOFs. 

 

Entry Additive intramolecular 
kH/kD 

intermolecular 
kH/kD 

1 none no reaction no reaction 

2 Fe2(dotpdcF)·2CH3CN 5.2(3) 4.4(2) 

3 Fe(OTf)2 3.2(3) 2.9(1) 

4 Fe2(dobpdc)·2CH3CN 5.3(1) 3.9(1) 

 

 

Further support for the intimate role of lattice-supported Fe oxo species in substrate 

functionalization was obtained by examining the diastereoselectivity of olefin epoxidation 

catalyzed by these materials (Table 4) (see Section E.2, Supporting Information). Epoxidation of 

trans-2-hexene (trans-3b) proceeded to give 99:1 trans:cis-2-hexene oxide (4b) with Fe2(dotpdcF) 

and Fe2(dobpdc) as catalyst (23 mol%) (Table 4, Entry 1). Similarly high levels of stereoselectivity 

were observed for epoxidation of trans-b-methylstyrene (trans-3a) (Table 4, Entry 2). Epoxidation 

with Fe(OTf)2 in place of the Fe-based MOFs also promoted epoxidation with high levels of trans-

selectivity. In contrast, while oxidation of either cis-2-hexene (cis-3b) (Table 4, Entry 3) or cis-b-

methylstyrene (cis-3a) (Table 4, Entry 4) resulted in preferential formation of cis-2-hexene oxide 

(cis-4b) with either of the MOF catalysts, epoxidation in the presence of Fe(OTf)2 is poorly 

stereoselective. For all of the olefin starting materials, there is no background epoxidation in the 

absence of Fe additives. 
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Table 4. Summary of olefin epoxidation diastereoselectivity for Fe-catalyzed olefin epoxidation chemistry.   

 

substrate 
Additive (cis-4 : trans-4) 

Fe2(dotpdcF) Fe2(dobpdc) Fe(OTf)2 

trans-3a 0.1 : 9.9 0.1 : 9.9 0.1 : 9.9 

trans-3b 0.1 : 9.9 0.1 : 9.9 0.4 : 9.6 

cis-3a 7.7 : 2.3 7.5 : 2.5 6.0 : 4.0 

cis-3b 9.4 : 0.6 9.5 : 0.5 1.2 : 8.8 

 

 

Taken together, the magnitudes of deuterium KIEs compared with those obtained with simple 

Fe(II) additives and a as a function of pore size, combined with the observed highly stereospecific 

olefin epoxidation belie an intimate role for lattice-confined Fe sites in the turnover-limiting and 

selectivity-determining transition states of substrate functionalization.  

The development of designer porous catalysts promises to provide opportunities in selective 

hydrocarbon functionalization. Many candidate materials have been prepared and in some cases 

high-valent species supported within these frameworks have been characterized. Because catalysis 

is fundamentally a kinetic phenomenon, characterization of potential reactive intermediates is 

insufficient to establishing the role of those intermediates in substrate functionalization. Catalysis 

is a kinetic phenomenon that fundamentally relies on stabilization of the turnover-limiting 

transition state, and thus kinetics experiments that report on the structure of the turnover limiting 

transition state are critical to studying catalytic reactions. Kinetic isotope effects, which report on 

the extent of bond-breaking or -making in the turnover-limiting transition state, and olefin 

functionalization diastereoselectivity, which is sensitive to the intimate mechanism of substrate 

oxidation, are simple probes of the origin of activity in apparent MOF-catalyzed reactions. Here 
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we have advanced simple kinetic probes based on analysis of kinetic isotope effects and olefin 

epoxidation diastereoselectivity that represent powerful tools in evaluating the role of MOFs in 

catalysis. These experiments have indicated that MIL-125-Cu2O2 is not a catalyst  for aerobic 

oxidation while the Fe-MOF-74 materials are bona fide catalysts for substrate functionalization. 

Similar to classic experiments that have been advanced to differentiate homo- and heterogeneous 

catalysis, the presented kinetic experiments should be a standard part of developing and evaluating 

new porous materials catalysts. 
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