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A B S T R A C T

Peroxide-dependent enzymes often suffer from irreversible oxidative deactivation by the peroxide co-substrate. 
Transition metal mediated in situ generation of H2O2 offers continuous peroxide feeding in low concentration. 
However, free metal complexes often interact non-selectively with proteins, leading to mutual deactivation of 
metal catalysts and enzymes. Here, we report a spatial isolation strategy using zirconium-based metal-organic 
frameworks (UiO-67) to immobilize the transition metal catalytic unit [Cp*Rh(bpy)Cl]⁺. The porous MOF 
structure acts as a molecular sieve, excluding enzymes from the Rh sites on the framework, thus protecting both 
catalysts from mutual deactivation. The Rh modified UiO-67 (Rh@UiO-67) catalyzes the flavin-mediated elec
tron transfer from formate to oxygen, generating H2O2 in a formate oxidase mimicking fashion. Its protein 
compatibility allows Rh@UiO-67 to fuel peroxyzymes for stable oxyfunctionalization. Compared to natural 
formate oxidase, this system also shows high stability to various pH and temperatures, enabling its application in 
versatile conditions.

1. Introduction

The organometallic complex [Cp*Rh(bpy)(H₂O)]²⁺ has been inves
tigated for over three decades as a versatile, non-enzymatic catalyst for 
the regeneration of enzymatic cofactors [1] Its particular strength lies in 
its broad substrate scope: unlike many classical enzymatic systems, 
[Cp*Rh(bpy)(H₂O)]²⁺ does not discriminate between phosphorylated 
(NADP) and non-phosphorylated (NAD) nicotinamide cofactors, can 
regenerate both oxidised (NAD(P)⁺) and reduced (NAD(P)H) forms, and 
also shows significant activity towards other biological cofactors such as 
flavins (FAD, FMN, riboflavin) [2] and even heme [3]

Furthermore, the catalytically active species [Cp*Rh(bpy)H]⁺ can be 
generated using a wide range of stoichiometric reductants, including 
photochemical and electrochemical sources, [1d] formate [4] or phos
phite [5] More recently, analogous iridium complexes have been applied 
to generate H₂O₂ to promote peroxygenase-catalyzed oxy
functionalization reactions [6]

One of the main challenges in combining transition-metal complexes 
with enzymes, however, is their frequently observed mutual 

inactivation. We hypothesized that this inactivation may arise from the 
coordination of the rhodium center to nucleophilic amino acid residues 
in the biocatalyst, such as histidine and cysteine, which lead to irre
versible denaturation (Scheme S1) [7] Such strong binding would 
impair the coordinative interaction of formate or phosphite, thereby 
inactivating [Cp*Rh(bpy)]²⁺. Conversely, this coordination may also 
interfere with catalytically relevant interactions within the enzyme 
and/or compromise its structural integrity.

One possible solution is the physical separation to restrict the in
teractions between enzyme and organometallic complex, for example in 
an enzyme-membrane reactor (Scheme 1) [8] However, catalyst per
formance in this configuration was unsatisfactory, possibly owing to 
diffusion limitations. Another strategy to prevent undesired interactions 
between the rhodium center and the biocatalyst is to introduce steric 
protection. Ward’s biotin/streptavidin technology has shown some 
promise in this regard [9]

Porous materials such as mesoporous silica [11] and, more power
fully, microporous metal-organic frameworks (MOFs) [12] can function 
as molecular sieves, excluding large biomolecules while allowing better 
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diffusion of smaller substrates and cofactors given their pore apertures. 
Among these, the zirconium-based MOF UiO-67 offers an attractive 
scaffold owing to its exceptional stability. Structurally, UiO-67 is 
composed of Zr-oxoclusters ([ZrIV

6 O4(OH)4]12+) nodes and biphenyl-4, 
4′-dicarboxylate (BPDC) linkers [13] Although UiO-67 derivatives 
possess two types of cages with diameters of 11 Å and 23 Å which allows 
efficient substrate or cofactor transportation, its window size of 8 Å 
restricts access of bulky molecules [14] For example, UiO-67 framework 
could efficiently encapsulate heterogeneous catalyst with diameter of 12 
Å [15] Therefore, UiO-67 imposed size-exclusion to most of the enzymes 
(a globular protein of 10 kDa has an approximate diameter of 10 Å). This 
spatial separation completely prevents metal coordination within the 
enzyme and substantially limits enzyme-metal interactions at the 
interface, thereby preserving the catalytic structures of both the enzyme 
and the metal sites.

To test our hypothesis, we employed the formate/[Cp*Rh(bpy)]²⁺/ 
flavin/O₂ system, in which formate serves as the stoichiometric reduc
tant for [Cp*Rh(bpy)]²⁺, generating the hydride species [Cp*Rh(bpy)H] 
⁺. This hydride then transfers electrons to the flavin cofactor, which in 
turn reduces molecular oxygen to hydrogen peroxide, thereby supplying 
the oxidant required for peroxygenase-catalyzed oxyfunctionalization 
reactions (Scheme 2).

2. Experiment section

2.1. Preparation of Rh@UiOs

UiO-67 and UiO-67-Bpy were synthesized by refluxing. 0.25 mmol 
(58.25 mg) of ZrCl4 was firstly dissolved in 3.5 mL DMF and dispersed by 
stirring at 155◦C for 30 min. 0.25 mmol (61.05 mg) of organic linker 
(H2BPyDC or H2BPDC) was dissolved in 7.5 mL DMF, sonicated, and 
mixed with 1.145 mL acetic acid to make linker stock solution. The 
linker solution was then added to the ZrCl4 solution followed by 
refluxing at 155◦C for 24 hours. The precipitate was collected by 
centrifuge at 12,000 rpm, washed with DMF and methanol three times 
each, and dried overnight at room temperature (20 ◦C) under vacuum.

[Cp*Rh(BPyDC)Cl]Cl was synthesized according to the literature 
with minor modifications [1,2] To 30 mL of methanol, 1 eq. (0.32 mmol) 
of [Cp*RhCl]2Cl2 and 2 eq. (0.76 mmol) of H2BPyDC was dissolved and 
stirred at room temperature for 24 hours in dark. The resulting 
orange-yellow solution was dried under vacuum. The residual was dis
solved in a minimal quantity of methanol, followed by precipitation 
upon addition of diethyl ether. The yellow precipitate was collected and 
dried under vacuum. Structure of the product was confirmed by NMR 

(Fig S7).
Rh were incorporated to the UiO frameworks by post-synthesis linker 

exchange (PSE). 10 mg of UiO-67 or UiO-67-Bpy and various amount of 
[Cp*Rh(BPyDC)Cl]Cl were dispersed in 0.5 mL degassed water by son
ication, and then stirred in dark for 24 hours. The resulting Rh@UiOs 
was collected by centrifuge at 12,000 rpm, washed with DMF once and 
isopropanol twice, and dried overnight at room temperature (20 ◦C) 
under vacuum.

2.2. Trans-hydrogenation by Rh@UiOs

Hydrogenation of cyclohexanone was performed in Tris-HCl buffer 
(25 mM, pH 8.0) contains 0.5 M formate, Rh catalyst (Rh@UiO 2 mg/mL 
or [Cp*Rh(BPyDC)Cl]Cl 0.2 mM), and cyclohex-2-enone 4 mM as the 
substrate. The reaction was stopped by extracting 100 μL reaction 
mixture with 250 μL ethyl acetate. The organic phase was analyzed by 
gas chromatography using phenol as an internal standard. The reactions 
were performed at 40◦C, 800 rpm in 2 mL Eppendorf tubes. Hot filtra
tion of the Rh@UiO was done with 0.22 μm syringe membrane filter.

Depletion of oxygen in its oxidation catalyzed by Rh@UiO/FMN was 
monitored by Clark electrode in a sealed chamber. The electrode was 
calibrated with air-saturated water and solution deoxygenated by so
dium disulfite. The reaction in air-saturated Tris-HCl buffer (50 mM, pH 
8.0) contains 0.1 M formate, Rh@UiO 0.25 mg/mL, and FMN 50 μM. 
The reaction was performed at r.t. (20◦C) with continuous stirring.

The reduction of FMN was monitored by microplate reader in the 
glovebox, following the depletion of the FMN absorption band at 450 nm 
(ε=12500 M-1 cm-1). The reactions in degassed Tris-HCl buffer (25 mM, 
pH 8.0) contains 0.3 M formate, 50 μM FMN, and 50 μg/mL Rh@UiO-67.

2.3. Rh@UiO-67/FMN-AaeUPO tandem reaction

The reactions were performed in Tris-HCl buffer (25 mM, pH 8.0) 
contains 0.4 M formate, Rh@UiO-67 (PSE 20%) 2 mg/mL, FMN 4 mM, 
and AaeUPO PaDa-I 1 μM. In monophasic aqueous system, reaction was 
started by adding 4 % (v/v) of 0.5 M ethylbenzene in acetonitrile, 
leading to final EB concentration of 20 mM. In biphasic system, the re
action was started by adding 10 % (v/v) of 0.5 M EB in ethyl acetate, 
which introduces the second phase. The reactions were performed in 1.5 
mL glass vial at 40◦C, 800 rpm. Reactions were stopped by extracting 50 
μL reaction mixture with 250 uL (monophasic) or 240 uL (biphasic) 
EtOAc. The organic phase was analysed by gas chromatography using 
octanol as internal standard.

Scheme 1. Methods to mitigate the mutual inactivation of transition metal-based cofactor regeneration catalysts and enzymes. Lutz and co-workers employed 
polymer-modified [Cp*Rh(bpy)]²⁺ complexes, which could be separated from the biocatalyst using an ultrafiltration membrane [8] Ward and co-workers applied the 
biotin/streptavidin technology to position an iridium-based metal catalyst within a sterically demanding polypeptide environment [10] Here, we propose the 
immobilization of [Cp*Rh(bpy)]²⁺ on metal-organic frameworks (MOFs).
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3. Result and discussion

3.1. Construction of Rh@UiOs

Our synthesis strategy was to utilize bipyridyl linkers (BPyDC) 
instead of the original BPDC linkers thereby generating coordination 
sites for the Cp*Rh unit. The resulting UiO-67-Bpy exhibited almost 
same XRD pattern and characteristic octahedral morphology as UiO-67 
(Fig. 1b). However, treatment of UiO-67-Bpy with the [Cp*RhCl2]2 
catalyst precursor did not result in significant incorporation. We there
fore applied post synthetic exchange (PSE) to replace the linkers within 
UiO-67 and UiO-67-Bpy with [Cp*Rh(BPyDC)]2+ linker (Fig. 1a), 
resulting in Rh@UiO-67 and Rh@UiO-67-Bpy, respectively [15] The 
powder X-ray diffraction patterns of both Rh@UiO-67 and 
Rh@UiO-67-Bpy remained consistent with those of the parent frame
works despite some loss in XRD-peak intensity (Fig. 2a), confirming that 
the crystallinity were mainly retained.

Upon incorporation of the Cp*Rh unit, Rh@UiO-67 showed partial 

morphological degradation, but the octahedral morphology was largely 
preserved (Fig. 2a). Elemental mapping confirmed uniform distribution 
of Zr and Rh over the particles, indicating successful incorporation of the 
Rh centers. In contrast, linker exchange of UiO-67-Bpy led to significant 
morphological changes, with the original octahedral crystals trans
forming into an amorphous morphology, probably resulting in more 
readily access of Rh-active sites (Fig. 2b). While some bulk particles 
remained, Rh was predominantly localized in the amorphous regions, 
suggesting that the morphology change of UiO-67-Bpy was related to the 
PSE process. Infrared spectra further showed that the characteristic 
bands of UiO-67, attributed to O-Zr vibrations and carboxylate- 
coordination with Zr clusters, were preserved after PSE (Fig. S1). A 
new weak band at 1365 cm-1 indicated the incorporation of bipyridine 
groups, accompanied by a 5 cm-1 blue shift in the 1592 cm-1 band, 
consistent with increased electron density on the carboxylate. UV-Vis 
spectroscopy revealed aromatic π-π* transitions at 278 nm in UiO-67 
and its organic linker BPDC, while UiO-67-Bpy and BPyDC exhibited 
absorptions at 247 nm and 295 nm (Fig. 2c-d). Following PSE, new 

Scheme 2. Peroxygenase catalyzed oxyfunctionalization fueled by hydrogen peroxide generated by formate/[Cp*Rh(bpy)]²⁺/flavin/O₂ system. (Rh@UiO-67 rep
resents the Rh active site modified on UiO-67 framework. Crystal structure of AaeUPO is used as model enzyme, PDB: 5OXU).

Fig. 1. (a) Scheme of MOF synthesis and PSE for incorporation of [Cp*Rh] catalytic sites. (b) PXRD patterns of crystallinity of UiO-67 and UiO-67-Bpy before and 
after PSE. (Dosing ratio of [Cp*Rh(BPyDC)Cl]Cl was 30 mol% based on the original linker content in ideal UiO-67).
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absorption features appeared at 230 nm, 314-327 nm, and 350-400 nm 
in both Rh@UiO-67 and Rh@UiO-67-Bpy, which can be assigned to π-π* 
transitions, ligand-to-metal charge transfer (LMCT), and Rh-based n-π* 
transitions, respectively, originating from the [Cp*Rh(BpyDC)Cl]+

complex.
X-ray photoelectron spectroscopy confirmed the presence of Rh and 

N from [Cp*Rh(BPyDC)]2+ in Rh@UiO-67 (Fig. S2). High resolution Rh- 
XPS indicated that the coordination status of [Cp*Rh(BPyDC)]2+ within 
Rh@UiO-67 was preserved relative to the free complex. Similar Rh- 
related peaks were observed in Rh@UiO-67-Bpy, while the C-N=C 
signal of the pre-existing bipyridine groups remained unchanged. 
Quantitative analysis of Rh loading was carried out by ICP-OES, EDX, 
and XPS (Table 1). At a 30 mol% [Cp*Rh(BPyDC)Cl]+ doping ratio 
during linker exchange, both Rh@UiO-67 and Rh@UiO-67-Bpy incor
porated 1 wt% Rh according to ICP and EDX, corresponding to an atomic 
ratio of 0.15-0.19%. However, XPS detected significantly higher Rh 

contents (1.07-1.20% atomic), nearly six-times the bulk value. The 
higher Rh content observed by XPS suggests that the ligand exchange 
predominantly occurred on the surface. Similar Rh incorporation ratio 
was achieved in Rh@UiO-67 and Rh@UiO-67-Bpy when PSE ratio was 
applied.

3.2. Catalytic activity of Rh@UiOs

To evaluate the catalytic activity of Rh@UiO-67 and Rh@UiO-67- 
Bpy in formate-driven reactions, we investigated both the reduction of 
cyclohex-2-enone and the targeted catalytic reduction of O₂ to H₂O₂.

In the case of cyclohexenone conversion, when Rh molar concen
tration was kept constant, the MOF-embedded [Cp*Rh(BPyDC)]2+

complexes exhibited higher catalytic activity than their homogeneous 
counterparts, [Cp*RhCl2]2 and [Cp*Rh(BPyDC)Cl]+, despite that the 
activity of [Cp*Rh(BPyDC)Cl]+ increased with concentration (Fig. 3a). 
The molecular basis of the enhanced activity in the MOF-embedded 
system remains unclear, although it is conceivable that the Lewis acid
ity of the [ZrIV

6 O4(OH)4]¹²⁺ nodes synergistically activate cyclohexenone 
towards Michael-type hydride attack [16] Further investigations will be 
required to substantiate this effect.

We next examined the selective reduction of O₂ to H₂O₂. To this end, 
we monitored O₂ depletion in the reaction medium under catalytic 
turnover conditions (Fig. 3b). Once again, both Rh@UiO-67 and 
Rh@UiO-67-Bpy exhibited significant catalytic activity, which corre
lated with the rhodium content of the MOF catalysts.

In both model reactions, Rh@UiO-67-Bpy consistently exhibited 
higher activity than Rh@UiO-67. This difference arises from multiple 
factors. First, PSE induced a structural transformation of Rh@UiO-67- 
Bpy into a lamellar-like nanostructure, thereby increasing the acces
sible surface area and shortening the mass transporting distance inside 
the particle. In contrast, Rh@UiO-67 maintained the octahedral cubic 
morphology from UiO-67, where greater mass transfer resistance could 
be expected, resulting in lower catalytic velocity (Fig. 2a-b). Second, 

Fig. 2. Structural characterization of Rh@UiO-67 and Rh@UiO-67-Bpy. (a) SEM morphology characterization of UiO-67, Rh@UiO-67 (above), and EDX elementary 
analysis of Rh@UiO-67 (below). (b) SEM morphology characterization of UiO-67-Bpy, Rh@UiO-67-Bpy (above), and EDX elementary analysis of Rh@UiO-67-Bpy 
(below). (c-d) UV-Vis spectra of UiO-67 and UiO-67-Bpy before and after PSE. (Dosing ratio of [Cp*Rh(BPyDC)Cl]Cl was 30 mol% based on the original linker 
amount in ideal UiO-67. Green and violet dots in elemental mapping show the distribution of zirconium and rhodium, respectively. The scale bars are 1 μm.).

Table 1 
Rh analysis for different Rh-MOF species.

Method Analysis 
range

Samplea Mass ratio 
(%)

Atomic ratio 
(%)

ICP- 
OES

Bulk Rh@UiO-67 1.0 0.14b

​ ​ Rh@UiO-67-Bpy 1.0 0.12b

EDX Bulk Rh@UiO-67 1.19 0.15
​ ​ Rh@UiO-67-Bpy 1.37 0.19
XPS Surface Rh@UiO-67 ​ 1.07
​ ​ Rh@UiO-67-Bpy ​ 1.20
​ ​ [Cp*Rh(BpyDC) 

Cl]Cl
​ 2.42c

a PSE was performed using an added [Cp*Rh(BPyDC)Cl]Cl amount corre
sponding to 30 mol% of the original MOF’s linker content.

b Atomic ratio of Rh was estimated based on the mass ratio determined by ICP- 
OES, assuming no defects in the UiO-67.

c Theoretical atomic Rh content in [Cp*Rh(BpyDC)Cl]Cl linker is 2.7 %.
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electronic environment of Cp*Rh also contributes. High-resolution XPS 
analysis revealed a positive shift in RhIII binding energy upon 

incorporated into the MOFs (Fig. S3). This shift was more pronounced 
for Rh@UiO-67, indicating lower electron density at its Rh center. 

Fig. 3. Catalytic performance of Rh@UiO. (a) Hydrogenation of cyclohex-2-en-1-one. The reactions in Tris-HCl buffer (25 mM, pH 8.0) contains 0.5 M formate, Rh 
catalyst (Rh@UiO 2 mg/mL or free complexes 0.2-1 mM, the Rh-content in Rh@UiOs was modulated by changing doping ratio in PSE), and 4 mM cyclohexenone. (b) 
Oxygen depletion in the H2O2 generation catalyzed by Rh@UiO/FMN. The reaction in air-saturated Tris-HCl buffer (50 mM, pH 8.0) contains 0.1 M formate, 
Rh@UiO 0.25 mg/mL, and FMN 50 μM.

Fig. 4. Steady-state kinetic study of Rh@UiO-67. Michaelis-Menten fittings were performed against varying (a) FMN concentrations or (c) sodium formate con
centrations. The formate and FMN concentrations were fixed at 300 mM and 50 μM, respectively. Lineweaver-Burk plots (b,d) were performed to verify the kinetic 
parameters. The assays were done in microplates in the glovebox at r.t. (20◦C). Each well contains Rh@UiO-67 50 μM/mL in degassed Tris-HCl buffer (25 mM, pH 
8.0). (PSE was performed using an added [Cp*Rh(BPyDC)Cl]Cl amount corresponding to 20 mol% of the original MOF’s linker content).
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Consequently, compared with the metal active center in Rh@UiO-67- 
Bpy, Cp*Rh in Rh@UiO-67 is more readily activated by hydrogen, 
whereas the subsequent hydrogen-donating step is less favorable. Given 
the overall lower activity of Rh@UiO-67 in trans-hydrogenation, the 
hydrogen-donating step is likely the rate-determining step.

Despite its lower activity, Rh@UiO-67 exhibited superior biocom
patibility (vide infra), which led us to focus on Rh@UiO-67 rather than 
Rh@UiO-67-Bpy. The stability of rhodium incorporation during catal
ysis was further assessed by hot-filtration tests (Fig. S4): the reaction 
ceased immediately upon removal of Rh@UiO-67, demonstrating that 
the metal complex remained firmly coordinated within the framework 
and did not leach into solution. This stability not only sustains the cat
alytic activity of the complex but also minimizes potential enzyme 
inactivation by free rhodium species. Compared to its natural counter
part formate oxidase (FOx), Rh@UiO-67 exhibits higher stability against 
pH (4-9) and temperature (20-70◦C) changes (Fig. S5).

Encouraged by these preliminary results, we investigated the kinetic 
parameters of the Rh@UiO-67-catalyzed reduction of FMN. Both the 
formation of the catalytically active hydrido-rhodium species and its 
subsequent re-oxidation by hydride transfer are thought to proceed via 
coordinative pre-equilibria, followed by a quasi-irreversible hydride 
transfer step to or from the rhodium center. Consequently, Michaelis- 
Menten type saturation kinetics were expected for both formate and 
FMN. Indeed, saturation behavior was observed for both substrates 
(Fig. 4). From the corresponding Lineweaver-Burk plots, KM values of 
20.5 ± 0.8 µM for FMN and 22.8 ± 3.4 mM for formate were deter
mined, together with a kcat value of 20.2 ± 0.3 h⁻¹ for the Rh catalyst. 
These values are remarkably similar to those previously reported for the 
soluble analogue [Cp*Rh(bpy)(H₂O)]²⁺ [17b] Notably, the KM value for 
formate in this study is approximately three-fold lower than the earlier 
report. This difference, however, may reflect the lower buffer strength 
employed here, and thus reduce competition between formate and 
buffer for coordination to the rhodium center. In any case, it can be 
concluded that heterogenization of Cp*Rh did not adversely affect its 
catalytic performance.

3.3. Biocompatibility of Rh@UiOs

The central hypothesis of this work was that Cp*Rh immobilized on 
the UiO-67 framework is shielded to such an extent that interaction with 
high-molecular-weight ligands (i.e. enzymes) is either precluded or at 
least markedly slowed. Accordingly, our subsequent experiments 
focused on probing this interaction and the issue of mutual inactivation.

In an initial experiment, we compared the catalytic performance of 

Rh@UiO-67 and Rh@UiO-67-Bpy in the transfer hydrogenation of 
cyclohex-2-enone with formate, both in the presence and absence of 
bovine serum albumin (BSA). Somewhat unexpectedly, BSA exerted a 
pronounced effect on Rh@UiO-67-Bpy, reducing its catalytic activity by 
more than 80%. In contrast, Rh@UiO-67 appeared to be slightly acti
vated in the presence of BSA (Fig. 5). As noted earlier, Rh@UiO-67-Bpy 
exhibits higher catalytic efficiency than Rh@UiO-67. A plausible 
explanation is that the larger surface area of Rh@UiO-67-Bpy exposes a 
greater fraction of rhodium active sites on the surface. While these 
surface-displayed sites are more readily accessible to substrates and 
thereby enhance activity, they are also more susceptible to interaction 
and deactivation by proteins. By contrast, Rh@UiO-67 provides a more 
balanced system, combining catalytic efficiency with protein compati
bility. Protein compatibility is maintained even when the PSE ratio in
creases to 80%, as the crystallinity of UiO-67 framework is preserved 
(Fig. S6).

BSA is a typical globular protein (66.5 kDa) with a hydrodynamic 
radius of 33.7 Å [17] It is therefore far too large to efficiently penetrate 
the pores of UiO-67. Our biocatalyst of interest, the peroxygenase from 
Agrocybe aegerita, is somewhat smaller (51 kDa), although its hydrody
namic radius has not yet been determined [18] To probe size limitations, 
we performed a protein absorption test with homemade ladder 
including AaeUPO to evaluate enzyme accessibility to the Rh@UiO-67 
pores (Fig. S7). During incubation, total protein concentration and 
protein composition in the supernatant barely changed, suggesting that 
negligible amount of protein was absorbed by Rh@UiO-67. A protein 
impurity slightly above 10 kDa was still shown on the SDS-PAGE after 
7-hours incubation regardless of its low abundance, further confirming 
the size-exclusion capability of the Rh@UiO-67 framework.

Selected model proteins were employed to further examine the size- 
exclusive shielding of the Rh active site by the UiO-67 framework. We 
tested myoglobin (Mb, 17 kDa) and papain (23 kDa), which have a 
hydrodynamic radius of 9.7 Å and 18.4 Å, respectively (Fig. 7) [19] 
These are small proteins closer to the window size of UiO-67, yet the 
porous framework still prevented protein penetration. By contrast, small 
molecules such as amino acids were able to diffuse through the pores. 
When histidine was introduced, a pronounced loss of activity was 
observed for Rh@UiO-67. Nevertheless, Rh@UiO-67 retained nearly 
30% of its activity, whereas the free Rh complex was completely deac
tivated, highlighting the protective effect of the MOF framework.

We then focused on the target cascade system to verify that immo
bilization of the Rh-complex suppresses its contact with AaeUPO and 
thereby prevents mutual deactivation (Fig. 7). Over an 8-hours period, 
no significant loss of activity was observed for either Rh@UiO-67 or 

Fig. 5. (a) Cyclohexenone hydrogenation activity of Rh@UiO-67 and Rh@UiO-67-Bpy (PSE 20 mol%) with BSA as model protein. (b) Impact of PSE doping ratio on 
the protein compatibility of Rh@UiO-67. Reaction condition: formate 0.5 M, cyclohexenone 2 mM, Rh@UiO-67 or Rh@UiO-67-Bpy 2 mg/ml, BSA 0 or 10 mg/mL, 
reaction time 1 hour.
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AaeUPO. Moreover, only negligible Rh activity was detected in the su
pernatant, indicating that the immobilization of the Rh active sites is 
robust under this condition. In comparison, incubation with the enzyme 
caused an immediate activity drop of free [Cp*Rh(BpyDC)Cl]+. While 
[Cp*Rh(BpyDC)Cl]+ also induced noticeable decrease in AaeUPO ac
tivity, complete deactivation was not observed due to the relatively low 
metal-enzyme (200:1) ratio applied [6].

3.4. Rh@UiO-67/FMN fueled peroxygenase reaction

The Rh@UiO-67/FMN system for in situ H2O2 generation was eval
uated in the AaeUPO-catalyzed oxyfunctionalization of ethylbenzene as 
a model reaction. The cascade maintained high activity across pH 6-9, 
although an unexpected decrease was observed at pH 7. The highest 
overall cascade activity was observed at 40◦C, while higher tempera
tures led to decreased activity (Fig. 6a-b). In biphasic systems using ethyl 
acetate as a substrate reservoir, the reaction proceeded approximately 
twice as fast as in monophasic buffer system.

The unexpected activity drop at pH 7 is noteworthy, given that both 
[Cp*Rh(bpy)]2+ complex [17b] and AaeUPO [20c] have been reported 
to perform optimally under near-neutral conditions. This suggests that 
factors such as enzyme-cofactor interactions or local microenvironment 
effects may influence cascade reaction. The optimum cascade activity at 
40◦C aligns with the typical temperature profile of AaeUPO, while 
further temperature increases led to reduced conversion, likely due to 
thermo-denaturation of the enzyme. The rapid loss of activity upon 
prolonged incubation indicates that thermal stress, exacerbated by 
mechanical agitation, accelerates enzyme inactivation. In contrast, 
Rh@UiO-67 is highly stable under these conditions. Compared to the 
monophasic system, the biphasic reaction system showed twofold in
crease in reaction rate, which is likely due to the alleviating of solubility 
limitations of hydrophobic substrates.Fig. 8

Under biphasic conditions, a scope of representative UPO substrates 
were tested using the in situ H2O2 generated by Rh@UiO-67/FMN 
(Table 2). AaeUPO-catalyzed hydroxylation, epoxidation and sulfox
idation were performed effectively. For the hydroxylation of ethyl
benzene derivatives (a-d), corresponding (R)-alcohols were obtained 
with ee > 93%, indicating that the intrinsic enantioselectivity of AaeUPO 
was not influenced. Overoxidation to ketones remained under 10% in all 
cases except substrate d. The hydroxylation of cyclohexane is less 

efficient compared to the ethylbenzene substrates, as the phenyl position 
is more activated, yet still a TON of 9,413 was achieved. The highest 
TON (36,702) was observed in the epoxidation of cis-β-methyl styrene, 
giving (1R,2S)-cis-methyl styrene oxide in ee >99%. When using thio
anisol as substrate, tandem system that uses free Cp*Ir complex to 
generate H2O2 gave low TON due to the inhibition of Cp*Ir catalytic 
center [6]. In this study, AaeUPO delivered a 21-fold TON of 29,081 in a 
6-times shorter time frame using H2O2 in situ generated by 
Rh@UiO-67/FMN, consistent with the generally high efficiency of 
UPO-catalyzed oxyfunctionalization. Overall, the result supports that 
the shielding by UiO-67 framework stabilizes both the Rh center and the 
enzyme, enabling high activity in diverse reactions.

4. Conclusion

Cp*Rh incorporated to UiO-67 framework was employed as a trans- 
hydrogenation catalyst in the regeneration of FMNH2, which subse
quently generates H2O2 in situ for enzymatic oxyfunctionalization. The 
UiO-67 framework effectively shielded both transition metal and 
enzyme by spatial separation, mitigating the critical mutual deactiva
tion in this tandem cascade. Using AaeUPO as a model peroxygenase, 
high activity and selectivity were maintained across a representative 
substrate scope. Compared with systems that generate H2O2 using ho
mogeneous transition-metal catalysts, the Rh@UiO-67/FMN module 
delivered higher product concentrations in shorter reaction times. 
Moreover, the H2O2-generation unit showed greater operational stabil
ity than its natural counterpart AoFOx, underscoring its potential as a 
H2O2-generation platform for diverse peroxide-dependent enzymatic 
cascades.

Supporting Information. Supplementary characterization methods 
and data are included in Supporting Information. The following files are 
available free of charge.

Enzyme production, GC analysis, Hot filtration reaction, and Sup
plementary characterizations (PDF)
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Fig. 6. Size-selective protection of Rh@UiO-67 against protein interference. The reactions in Tris-HCl buffer (50 mM, pH 8.0) contains formate 0.5 M, cyclohex-2- 
enone 2 mM, Rh@UiO-67 2 mg/mL or [Cp*Rh(BPyDC)Cl]Cl 1.1 mM, and the interfere proteins. The reactions were performed at 40◦C, 800 rpm. Reactions time 
2 hours.
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determined by ABTS assay.

Fig. 8. Tandem reaction optimization of Rh@UiO-67/FMN-AaeUPO in the ethylbenzene oxyfunctionalization. Different (a) pH and (b) temperatures were tested in 
the monophasic cascade. Time course of the (c) biphasic and (d) monophase reactions were recorded at pH 8, 40◦C. Each reaction contains formate 0.4 M, FMN 4 
mM, AaeUPO 1 μM, and Rh@UiO-67 2 mg/mL (PSE 20 mol%). Ethylbenzene 20 mM with ACN (4% v/v) for monophasic system, or 100 mM in EtOAc for biphasic 
system. Reactions under pH 4-5 were performed in acetate buffer (25 mM), while pH 6-9 in Tris-HCl buffer (25 mM). 800 rpm, 4 hours.
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