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ABSTRACT: The combination of chemo- and biocatalysis for
multistep syntheses provides attractive advantages in terms of
evolvability, promiscuity, and sustainability striving for desirable
catalytic performance. Through the encapsulation of flavin
analogues by both NADH and heme mimics codecorated
heteroleptic metal−organic capsules, herein, we report a
progressive host−guest strategy to imitate cytochrome P450s
catalysis for cascade oxidative coupling catalysis. Besides the
construction of stable dual-function metal−organic capsules and
the modification of cofactor-decorated capsules at the domain of
enzymes, this supramolecular strategy involves multistage direc-
tional electron flow, affording reactive ferric peroxide species for
inducing oxygenation. Under light irradiation, the metal−organic
capsule selectively converts stilbene to oxidative coupling products (including 2-oxo-1,2-diphenylethyl formate, 2-alkoxy-1,2-
diphenylethanone) in tandem with enzymatic reactions respectively, at the domain of natural enzymes. The ingenious combination
of capsules and enzymes with the in situ-regenerated capsule-loaded NADH cofactor promises non-native coupling reactions by
forming regional cooperation and division. This abiotic−biotic conjugated host−guest strategy is conducive to the de novo creation
of multifunctional components approaching active enzymatic sites for reinforced matter and energy transporting, demonstrating a
key role of multicomponent supramolecular catalysts for one-pot integrated catalytic conversions.
KEYWORDS: metal−organic capsule, artificial cytochrome P450s, supramolecular catalysis, C−H bond functionalization,
abiotic−biotic system, orthogonal cascades

■ INTRODUCTION
Supramolecular approaches to combining established natural
enzymes with artificial catalysts have emerged as a vital form to
achieve efficient and selective catalytic conversions in a bio-
orthogonal way.1−6 The fabrication of disparate abiological
functional groups within the active domain of enzymes in
bioinorganic hybrid systems is becoming a highly promising
route toward unusual catalytic results immersed in one-pot
intricate catalytic networks.7,8 The main obstacles to obtain
such multifunctional integrated catalytic systems extend
beyond the repetition of enzymatic processes and the conquest
of inherent communication barrier between abiotic and biotic
catalysis.9,10 It is more necessary to tackle the synchronous
creation of divergent active moieties into enzyme protein
scaffolds with considerable compatibility and ensure the fine
synergy of multiple functional components, which remains
largely elusive. It should be noted that the overall catalytic
efficiency of these hybrid biomanufacturing manifolds strongly
relies on the shuttling of energy-carrying cofactors, for
example, NAD+/NADH (nicotinamide adenine dinucleotide
pair) between the active centers of enzymes and abiotic
catalysts.11,12 We envisioned that the incorporation of cofactor

NADH and its mimics13,14 into the surface of a catalyst-
functionalized heteroleptic assembly would be an ideal toolkit
to combine multiple individual active sites into catalytic
pockets of enzymes,15,16 enabling biological cascades by
merging abiotic catalysis with cofactor-dependent enzymatic
reactions in one working module.17,18 Complementary to
biological engineering, such approaches struggle to provide
general solutions across gene expression limitation19 and allow
orthogonal cascades by compartmentalization,20 making
organic syntheses economically and ecologically worth under-
taking.
In recent decades, the development of preparative and

functionally diverse substrate C−H oxidations has captured
particular attention to incorporate oxidized functionality
selectively into organic frameworks.21,22 Heme-dependent
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cytochrome P450s in nature potently catalyze a myriad of
chemical reactions via the collaboration of multiple functional
units using environmentally benign molecular dioxygen as the
green oxygen source, capable of operating isolated inactive C−
H bond oxidation with predictable selectivity and holding a
promise for streamlining syntheses. The catalytic mechanism
involves the delivery of electrons originating from NADH
through the reduced form of the flavin cofactor to the heme
center, in which the reduction activation of O2 affords a ferric
peroxide species for performing C−H functionalization
tranformations.23−25 Accordingly, we hypothesized that both
NADH and heme models comodified metal−organic capsules
should be ideally applicable for replicating cytochrome P450s
by encapsulating a flavin cofactor.26−28 This unique approach
ensures the integration of all functional components of
cytochrome P450s within one assembly, shortening the
distance between NADH, flavin, and porphyrin modules,
which is applied to strengthen the electron transfer chain and
immobilize the electron flow originally occurred in cytochrome
P450s.29−31 Multiple exogenous catalytic sites can be created
nearby natural active sites when artificial hosts bind to the
enzymatic pockets, offering a potential way for distinctive
catalytic results.8 In this case, NADH mimics modified on the
host would work as proton- and electron-transport channels for
in situ-communicating artificial and natural catalysis inside and
outside capsules.17,18

Herein, a coordination-site engineering approach using 3:1
complementary denticity in symmetry interaction is harnessed
to build a new heteroleptic metal−organic rectangle with both
NADH and heme analogues installing into the backbone of the
supramolecular assembly,32,33 which engulfs a flavin model,
riboflavin tetraacetate (RFT),34 to work as a sophisticated
cytochrome P450 oxygenase analogue for oxidative cascade
catalysis in tandem with dehydrogenases (Figure 1). The
coexistence of NADH, flavin, and heme models within one
microenvironment enhances the electron transfer from the
NADH module via RFT to the Fe(III)-porphyrin site under
irradiation,35 affording oxygen-mediated Fe(IV)-oxo species
for catalytic oxidation inside the artificial host. The in situ-
formed intermediate within capsules can even react with
enzymatic nucleophilic substrates to obtain coupling products.

Thereinto, the cofactors modified on the surface of capsules
serving as electron and proton relays in direct contact two
catalytic cycles when capsules bind to dehydrogenases,
allowing emergence of orthogonal cascades for non-native
catalysis in a closed abiotic−biotic catalytic cycle and shifting
the paradigm in enzyme modification.

■ RESULTS AND DISCUSSION

Preparation and Structural Characterization of
Metal−Organic Hosts
With the principle of a symmetry interaction strategy using 3:1
complementary denticity as well as the bonding direction
approach taken in mind,36 a new heteroleptic metal−organic
capsule was able to be developed through co-assembly of three
individual components, including NADH active mimic
modified ligands (ligand H2LP) with NOP tridentate
coordinating sites,37 monodentate heme analogue Fe(III)-
porphyrin ligands (ligand LFe), and kinetically inert square
planar Pd(II) ions. The ligand H2LP was easily obtained by the
Schiff base reaction of 2-(diphenylphosphino)benzaldehyde
and 1-benzyl-4-phenyl-1,4-dihydropyridine-3,5-dicarbohydra-
zide in ethanol solution (Figure S1), while the other ligand
LFe was prepared by the condensation reaction of meso-phenyl-
dipyrromethane and 4-pyridinecarboxaldehyde followed by
iron metallization (Figure S2). Through proportioning the
ligand H2LP, ligand LFe, and palladium salt at a ratio of 1:1:2 in
N,N-dimethylformamide (DMF) solution, the dark red
paramagnetic target compound (denoted as Pd−ZPP(Fe))
was successfully obtained at room temperature by means of
both one-pot and stepwise assembly strategies (Figure S3).
Likewise, a nonparamagnetic compound (denoted as Pd−
ZPP(H)) possessing the same structural configuration as Pd−
ZPP(Fe) was also fabricated by substituting Fe(III)-porphyrin
ligands (ligand LFe) to H-porphyrin ligands (ligand LH),
serving as an ideal reference compound for Pd−ZPP(Fe) to
grasp structure information and investigate host−guest and
catalytic behavior of capsules in the collaborative catalysis with
natural enzymes.
The paramagnetic property of Fe(III)-porphyrin units on

Pd−ZPP(Fe) was manifested by the broadening signals

Figure 1. Comparation of natural and artificial tandem catalysis. (a) Multi-enzyme cascades comprising flavin-mediated cytochrome P450
oxygenase and dehydrogenase connected by the diffusion of nicotinamide cofactor couple (NADH/NAD+). (b) Construction of the heteroleptic
metal−organic capsule Pd−ZPP(Fe) with both NADH and heme model comodified ligands through self-assembly for mimicking cytochrome
P450s via encapsulating flavin analogue RFT, combining artificial and natural catalysis within enzymatic pockets by virtue of cofactor channels for a
host−guest semibiological system applying to in situ biomimetic oxidation.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00322
JACS Au 2022, 2, 1736−1746

1737

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00322/suppl_file/au2c00322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00322/suppl_file/au2c00322_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00322/suppl_file/au2c00322_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00322?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


displayed in the 1H NMR spectrum (Figure S18).38 However,
the coordination of ligands to metal ions was indicated by the
multinuclear NMR spectra of Pd−ZPP(H). 1H NMR spectra
of Pd−ZPP(H) included the characteristic peaks of both
ligand H2LP and LH, and these signals exhibited obvious shifts
compared to free ligands; specifically, the imine proton C(O)−
NH signal at 11.26 ppm that disappeared compared to ligand
H2LP was probably due to self-assembly (Figures 2a and
S13).17 The diffusion-ordered NMR spectrum intuitively
confirmed the formation of a sole species with a diffusion
coefficient of 4.0 × 10−10 m2·s−1 and an estimated diameter of
29.30 Å based on the Stokes−Einstein equation (Figures 2a
and S14).39,40 Moreover, 31P NMR spectrum of Pd−ZPP(H)
exhibited singlets at 31.50 ppm with respect to a single
phosphorus environment in sharp contrast with that of ligand
H2LP at −14.05 ppm, suggesting the coordinated formation of
pure discrete constructs with a high symmetry (Figure
S15).41,42 The electrospray ionization mass spectrometry
(ESI-MS) analysis of Pd−ZPP(Fe) exhibited an intense peak
at m/z = 898.6375 assigned to [Pd4(LPLFe)2·H2O]4+ via a
comparison with the simulation result based on natural
isotopic abundances (Figures 2b and S11), while the expected
isotopic pattern of [Pd4(LPLH)2]4+ species was at m/z =
867.6761 for Pd−ZPP(H) in the DMF solution (Figure S12).
Both capsules were also suitably stable in the water-containing
system, which was indicated by the identical ESI-MS outcomes

in CH3CN/H2O (1:1). Moreover, UV−vis absorption and
fluorescence spectra of Pd−ZPP(Fe) and Pd−ZPP(H)
contained the characteristic peaks of porphyrin and ligand
H2LP, and no observable change in the emission bands of both
Pd−ZPP(Fe) and Pd−ZPP(H) compared to each monomeric
ligand suggested that the conjugated effects of both divergent
ligands were separated by palladium ions, forming relatively
isolated molecular fragments to maintain the intrinsic property
of each ligand (Figures S19 and S21).43 These results
showcased the realization of paradigmatic structural creation
by the careful orchestration of 3:1 complementary coordina-
tion between two divergent ligands and square-coordinated
ions for self-assembled three-component capsules with high
stability.
The optimal geometrical structures by theoretical calcu-

lations showed that the compound Pd−ZPP(Fe) was a
tetranuclear molecular rectangle containing two divergent
ligands.41 The structure of Pd−ZPP(Fe) was formed by the
alternating connection of two ligand H2LP containing the
central NADH active mimic fragments and two Fe(III)-
porphyrin modified ligand LFe with four palladium ions,
producing a pseudo S2-symmetry tetracyclic architecture with a
well-defined square channels possessing a ca. 18.83 × 9.43 Å
opening, which was sufficiently large to encapsulate RFT (ca.
7.70 Å) into its hydrophobic cavity, ensuring a close proximity
between cofactors NADH, flavin modules, and porphyrin

Figure 2. Characterization of macrocycle hosts and host−guest species. (a) Partial 1H NMR spectra of the metallacycle Pd−ZPP(H) (1.0 mM),
RFT (1.0 mM), Pd−ZPP(H) (1.0 mM), and RFT (1.0 mM) mixture in equal concentrations, and 1H DOSY spectra of Pd−ZPP(H) with log D =
−9.40 in d6-DMSO. (b) ESI-MS of Pd−ZPP(Fe) (1.0 mM) and the mixture of Pd−ZPP(Fe) (1.0 mM) and RFT (1.0 mM) in DMF; the insets
show the measured and simulated isotopic patterns at m/z = 898.6375 and 1034.6769, respectively. (c) Structure of the macrocycle Pd−ZPP(Fe)
optimized using the PM6 semiempirical method, showing the distribution of the NADH-mimicking sites and porphyrin groups and the square
coordination geometry of palladium ions. (d) Resulting beleaguered confined space of Pd−ZPP(Fe). Pd dark green, Fe orange, P wine, O red, N
blue, C gray, and H white. (e) and (f) Docking study optimized model of Pd−ZPP(Fe) ⊃ RFT, representing the location of RFT in Pd−
ZPP(Fe)’s cavity to meet the close proximity between NADH, flavin, and porphyrin models.
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active sites (Figures 2c, d; S5). Each palladium ion in Pd−
ZPP(Fe) offered a square coordination geometry and was
chelated by both the NOP tridentate chelator from ligand
H2LP and the N monodentate chelator from ligand LFe, which
promised all coordinated atoms in one plane.44 The divergent
ligands cross-distributed on the capsule, where two NADH
models or porphyrin units on the opposite side were
positioned parallelly on the capsule walls, keeping functional
components evenly distributed on the artificial host. Of note,
all the active H atoms on the NADH models pointed toward
the interior of capsules, which was beneficial to the hydride
transfer between the NADH models and Pd−ZPP(Fe)-
included RFT to produce the semiquinone form of RFT for
further electron conduction to Fe(III)-porphyrin active sites
and the activation of molecule oxygen.45 Meanwhile, the
distribution of NADH mimics on the Pd−ZPP(Fe) surface
worked as communicators to connect abiotic and biotic
catalysis, ensuring a smooth exchange of protons and electrons
within catalytic cycles.17

Similarly, molecular simulations displayed a similar structure
for Pd−ZPP(H) to that of Pd−ZPP(Fe), albeit with differing
porphyrin ligands. This advanced fabrication protocol for
constructing heteroleptic capsule availably avoided the non-
statistical integration of divergent ligands,46 and the direction-
ality and angularity of each subunit involved in the
coordination-driven self-assembly directed the final pure
architectural outcome bearing confined space and functional
handles, posing a great opportunity for fabricating cytochrome
P450 analogue by encapsulating the flavin moiety.
Host−Guest Interactions and Oxidative Conversions

Theoretical docking calculations suggested that the artificial
host Pd−ZPP(Fe) possessed a well-matched opening for the
inclusion of guest to form host−guest species Pd−ZPP(Fe) ⊃
RFT (Figure 2e, f).18 The aromatic plane of RFT fell within
the host cavity, and the aromatic plane was held snugly with
the conjugate plane of porphyrin units by efficient aromatic
stacking interactions (ca. 3.30 Å), whilst widespread hydrogen-
bonding sites on Pd−ZPP(Fe) played an auxiliary role in

trapping RFT, forming a sandwich supramolecular structure
with a calculated ΔG of −35.03 kJ·mol−1 (Figure S6).47 To the
best of our knowledge, it was the first example for mimicking
cytochrome P450s by integrating all functional composition
within one assembly.48,49 In this situation, the flavin analogue
was in close proximity to both active sites of NADH and heme
models, and the fixed staggered distribution of NADH and
heme models subtly improved the synergy and compatibility
between individual catalytic components through the bridging
of a flavin translocator, which might be beneficial to
strengthening the sequential electron transfer chain for
catalytic cascade conversions.
The addition of Pd−ZPP(Fe) into RFT solution resulted in

an apparent quenching of the emission at 535 nm (Figure 3a).
Meanwhile, the luminescence decay of the mixture of RFT and
Pd−ZPP(Fe) at 535 nm followed bi-exponential function
(Figure 3b), and the lifetime 7.18 ns of the system was able to
be divided into 0.43 ns (in 2.69%) and 7.15 ns (in 97.31%),
respectively, consistent with the free Pd−ZPP(Fe) lifetime
0.65 ns and free RFT lifetime 7.15 ns (Figure S24). These
results indicated that both RFT and Pd−ZPP(Fe) could be
activated by light for redox events.50 Irradiation of a deaerated
DMSO-d6 solution containing Pd−ZPP(H) (1.0 mM) and
RFT (1.0 mM); 1H NMR spectra showed the emergence of
several new peaks at approximately 6.33, 6.41, 10.60, and 10.80
ppm, which were reasonably assigned to RFTH2 (Figure
S17).51 Moreover, UV−vis spectra of Pd−ZPP(Fe) (10.0 μM)
and RFT (10.0 μM) displayed a diminishing intensity at 358
nm assigned to the NADH model with an increasing intensity
at 296 nm assigned to the NAD+ form over irradiation time,
indicating that proton and electron transfer could occur from
the NADH module on capsule to the excited RFT* upon
irradiation (Figure 3c).17,52 Furthermore, the absorption at 406
and 432 nm assignable to ligand LFe and RFT, respectively,
decreased gradually accompanied with a weak but obvious
change of the Q band belonging to porphyrin groups in the
range of 500 to 700 nm, which could be reasonably attributed
to the occurrence of a directed electron transfer from the

Figure 3. Characterization of the interactions between Pd−ZPP(Fe) and RFT. (a) Luminescence spectra of RFT (10.0 μM) upon the addition of
Pd−ZPP(Fe) (7.5 μM) in CH3CN/H2O (1:1). (b) Luminescence decay of RFT (10.0 μM) in CH3CN and of the aforementioned solution upon
the addition of Pd−ZPP(Fe) (10.0 μM). (c) UV−vis spectra of Pd−ZPP(Fe) (10.0 μM) and RFT (10.0 μM) in CH3CN under 455 nm. Inset
shows the differential spectra as a function of irradiation time. (d) Differential UV−vis absorption spectra of Pd−ZPP(Fe) (10.0 μM) in CH3CN/
H2O (1:1) upon the addition of RFT (total 10.0 μM). (e) Luminescence spectra of RFT (10.0 μM) in CH3CN/H2O (1:1) upon the addition of
Pd−ZPP(Fe) (10.0 μM) of both Pd−ZPP(Fe) (10.0 μM) and ATP (50.0 μM). (f) ITC experiments of Pd−ZPP(Fe) upon the addition of RFT
and of FDH in the CH3CN/H2O (1:1) solution.
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NADH module via RFT to the Fe(III)-porphyrin site,
resembling the electron transfer processes within cytochrome
P450s.
The most studied oxidation of alkene derivatives was

selected as the benchmark reaction for this study. Irradiation
of a DMF solution containing Pd−ZPP(Fe) (1.0 mM), RFT
(1.0 mM), and cis-stilbene (cis-1a, 2.0 mM) in the presence of
oxygen for 12 h resulted in a yield of approximately 80%
product stilbene oxide (1b) (Table 1, entry 1). Notably,

monoligands or nonmetallic porphyrin containing capsule Pd−
ZPP(H), as alternatives to Pd−ZPP(Fe), was not able to
insert oxygen atoms into the substrate cis-1a under the same
conditions (Table 1, entries 2−4), indicating that both NADH
models and Fe(III)-porphyrin units on metal−organic

architecture Pd−ZPP(Fe) were indispensable catalytic ele-
ments in completing oxygenation, and iron porphyrin served as
the active site for substrate conversion, which were verified by
the chemo-catalysis with oxidants iodosobenzene and
iodobenzene diacetate (Table S3).53 Control experiments
demonstrated that the absence of either RFT or NADH and
heme models comodified Pd−ZPP(Fe) led only isomerization
products at the same reaction condition even if oxygen was
present, which showed that both RFT and Pd−ZPP(Fe) could
sensitize the alkenes under irradiation, and the singlet oxygen
that might be present in these reaction conditions was not able
to drive oxidation of substrates, indicating the cofactor role of
flavin RFT (Table 1, entries 5 and 6).54,55 Furthermore, when
either oxygen or light was absent, oxidation products could not
be detected, indicating that oxygen was the direct oxidant of
the reactions and that light promoted the exchange of protons
and electrons between cofactors (Table 1, entries 7 and 8).35

In addition, the nonreactive species adenosine triphosphate
(ATP, 2.0 mM)56 as the inhibitor for competing to occupy the
cavity of Pd−ZPP(Fe) was added to a solution containing
Pd−ZPP(Fe) (1.0 mM) and RFT (1.0 mM), giving a much
lower yield under the same reaction conditions (Table 1, entry
9). The competitive inhibition behavior suggested that the
reactions occurred within the pocket of Pd−ZPP(Fe) using
oxygen as the oxidant, mimicking cytochrome P450s via
encapsulating RFT to drive oxidative conversions.
The formation of host−guest complexation species was

further validated for suggesting the pronounced integration of
functional components. The addition of RFT (1.0 mM) into a
solution of Pd−ZPP(Fe) (1.0 mM) triggered the emergency of
a new peak at m/z = 1034.6769 assigned to the 1:1 host−guest
species [Pd4(LPLFe)2·H2O·RFT]4+ in the ESI-MS spectrum
(Figure 2b). This result could be reflected by the several
isosbestic points appeared in the absorption band when adding
RFT (10.0 μM) into a CH3CN/H2O (1:1) solution of Pd−
ZPP(Fe) (10.0 μM) (Figures 3d and S22).57 Moreover, the
addition of ATP (50.0 μM) into a solution containing RFT

Table 1. Oxidation of cis-Stilbene by Different Reactants
with Oxygena

entry reactant loading (mM) RFT (mM) oxidant yield (%)

1 Pd−ZPP(Fe) 1.0 1.0 O2 80 (2)
2 ligand H2LP 2.0 1.0 O2 trace
3 ligand LFe 2.0 1.0 O2 trace
4 Pd−ZPP(H) 1.0 1.0 O2 trace
5 � � 1.0 O2 trace
6 Pd−ZPP(Fe) 1.0 � O2 trace
7 Pd−ZPP(Fe) 1.0 1.0 � trace
8b Pd−ZPP(Fe) 1.0 1.0 O2 trace
9c Pd−ZPP(Fe) 1.0 1.0 O2 <15
aReaction conditions: cis-1a (2.0 mM), 455 nm LED, DMF, 37 °C,
12 h. bWithout light. cIn the presence of inhibitor ATP (2.0 mM).
The yields were determined by the gas chromatography analysis of the
products with error margins shown in parentheses.

Figure 4. Characterization of the interactions between Pd−ZPP(Fe) and RFT or enzymes. (a) EPR spectra collected at 150 K for the system
containing Pd−ZPP(Fe) (1.0 mM) treating with H2O2 (10.0 mM) or RFT (1.0 mM) upon the irradiation of xenon lamp in DMF/H2O (1:1). (b)
UV−vis absorption spectra of Pd−ZPP(Fe) (10.0 μM) upon the addition of FDH (total 0.5 μM) in CH3CN/H2O (1:1). (c) Family of
luminescence spectra of Pd−ZPP(Fe) (10.0 μM) upon the addition of FDH (total 0.5 μM) in CH3CN/H2O (1:1). (d) Theoretical docking study
optimized model of Pd−ZPP(Fe) ⊃ RFT with enzyme FDH. (e) Differential UV−vis absorption spectra of Pd−ZPP(Fe) (10.0 μM) upon the
addition of enzyme ADH (total 0.1 μM) in CH3CN/H2O (1:1). (f) Family of luminescence spectra of Pd−ZPP(Fe) (10.0 μM) in CH3CN/H2O
(1:1) upon the addition of ADH (total 1.0 μM).
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(10.0 μM) and Pd−ZPP(Fe) (10.0 μM) resulted in the
recovery of RFT emission (Figures 3e and S26), while there
was no effect on the emission of RFT (10.0 μM) after the
addition of ATP (50.0 μM).17 These results indicated that
RFT was encapsulated in the Pd−ZPP(Fe) pocket, and ATP
was capable of extruding RFT out of the capsule pocket
(Figure S25), blocking the electron transfer chain and
hampering the catalysis within the artificial host. Isothermal
titration calorimetry (ITC) experiments showed that upon the
addition of RFT to the solution of Pd−ZPP(Fe) gave an
association constant of Ka = 1.05 × 105 M−1 for the complex
Pd−ZPP(Fe) ⊃ RFT with a Gibbs free energy change of ΔG =
−28.65 kJ·mol−1 and considerable entropic contribution
(Figures 3f and S33), allowing the reproduction of cytochrome
P450s catalysis accompanied with the activation of bind-
ing.58,59 These results indicated that the spontaneous
molecular binding behavior between host and guest molecules
ensured the inclusion of RFT by both NADH and heme
models comodified capsule Pd−ZPP(Fe) with appreciable
affinity, shortening the distance between cofactors and Fe(III)-
porphyrin active sites and spatially permitting the electron
transfer between them. On this basis, the activation of oxygen
by Fe(III)-porphyrin was further verified by electron para-
magnetic resonance (EPR) spectra. The EPR measurements
under air revealed a characteristic signal with a g value of 2.006
because of the generation of Fe(IV)-oxo active species after
irradiating the mixture of Pd−ZPP(Fe) (1.0 mM) and RFT
(1.0 mM), consistent with the response when Pd−ZPP(Fe)
(1.0 mM) was treated with hydrogen peroxide (Figure 4a),
which was in line with previously reported EPR spectra of the
ferryl species raised in natural cytochrome P450 oxygenase.60

In contrast, light-irradiating the solution containing both Pd−
ZPP(H) (1.0 mM) and RFT (1.0 mM) led to a failure in
producing the signal response of such active species, which was
responsible for the inability to complete oxidation (Table 1,
entry 4) despite 1:1 binding host−guest species formed as
indicated by the shift of peaks attributable to RFT in 1H NMR
spectra (Figures 2a and S16), the ESI-MS peak at m/z =
1003.7198 belonging to [Pd4(LPLH)2·(RFT)]4+ (Figure S12),
and isosbestic points presented in UV−vis spectra (Figure
S23).
Hence, the catalysis by artificial cytochrome P450 Pd−

ZPP(Fe) was initialed by an electron originating from an
NADH analogue on the surface of the capsule through the
reduced form of the flavin cofactor to the Fe(III)-porphyrin
unit within capsule cavity. The electron-derived heme group
transferred the surplus electrons to molecular oxygen in a spin-
matching way to produce ferric superoxo species, which was
intuitively diagnosed by the α-terpinene oxidation test for the
emergency of the p-cymene-based product.61 The oxygen-
binding porphyrin then underwent the generation of different
forms of reactive oxygen species, affording ferric peroxide
adducts for inducing inactive C−H bond oxidation inside the
capsule.22−24 Without the regeneration of the NADH mimics,
these cofactors just worked as stoichiometric reactants to feed
the oxygenation reactions. Interestingly, following studies
unexpectedly showed that when additional typical enzymatic
substrates (such as formate and alcohol) were added to the
reaction system, the product 1b formed by mimicking
cytochrome P450 catalysis was further transformed into
oxidative coupling products (2-oxo-1,2-diphenylethyl formate,
1c; 2-ethoxy-1,2-diphenylethanone, 1d) with high selectivity
and efficacy (Table S4), which might attribute to the reaction

of artificial catalytic outcome 1b and enzymatic nucleophilic
substrates.62−64 This represented a rare example to complete
catalytic conversions of both intrinsic and extrinsic reactions by
one artificial cytochrome P450 enzyme. These results indicated
that the artificial system could combine with different enzymes
to obtain divergent coupled catalytic products, which was
promised by the confinement effects of capsules to separate
redox events,65 and the distribution of NADH mimics on the
surface of capsules to directly couple natural enzymatic
systems.
Tandem Catalysis by Artificial and Natural Enzymes

The supramolecular catalysis driven by artificial capsule Pd−
ZPP(Fe) was supposed to be able to combine with enzymatic
catalysis on account of the individual microenvironment for
limiting catalysis and the NADH mimics located on the surface
of capsules for proton and electron transporting. It was
considered that the affinity and compatibility between the
cofactor itself and the enzyme protein would facilitate the
combination of cofactor-modified artificial catalysts and natural
catalysts.66,67

Therefore, the host−guest relationship between the artificial
host and natural enzyme was first considered. The ITC assay of
Pd−ZPP(Fe) upon the addition of formate dehydrogenase
(FDH) gave an association constant Ka = 3.98 × 106 M−1 with
a good fitting of the experimental isotherms, wherein a large
change in ΔG was calculated as −36.42 kJ·mol−1, reflecting the
considerable affinity between the natural host FDH and Pd−
ZPP(Fe) and the generation of host−guest species by
noncovalent interactions (Figures 3f and S34).17,68 Inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
analysis of the solid mixture of Pd−ZPP(Fe)/FDH showed a
2:1 binding ratio between Pd−ZPP(Fe) and FDH in the
combined system, consistent with the result from ITC assay
(Table S1). The binding event between artificial and natural
catalysts was verified by the emerged isosbestic points at 470
nm in the UV−vis absorption spectra when adding FDH (total
0.5 μM) to Pd−ZPP(Fe) (10.0 μM) (Figures 4b and
S28).17,69 An enhanced luminescence of Pd−ZPP(Fe) (10.0
μM) appeared at both 648 and 714 nm upon the addition of
FDH (total 0.5 μM) (Figure 4c).70 Notably, this spectra
revealed significant changes from an initial linear growth to
almost unchanged (Figure S27), which could be interpreted as
the steady binding between Pd−ZPP(Fe) and enzyme FDH
arising from recognition between them.18,71 Importantly,
circular dichroism and luminescence spectra showed that the
characteristic peaks attributable to FDH were basically
maintained after adding the capsule Pd−ZPP(Fe) and
prolonging time, suggesting the stability of the combined
system with the secondary and tertiary structures of FDH
preserved (Figures S30−S32).
Theoretical docking study in random binding mode further

revealed that the RFT-containing heteroleptic capsule was
capable of binding to the FDH catalytic pocket to form one
working module and produce a transparent channel with FDH
opening, which allowed the exchange of substates between
artificial and natural enzymes (Figures 4d and S7).18,72 In this
case, the capsule binding to the FDH catalytic pocket was the
major binding conformation with the binding energy calculated
as −34.99 kJ·mol−1 (Figure S8), which was in line with the
binding energy provided by ITC assay. The high-affinity
binding might benefit from the suitable opening and
electrostatic and noncovalent interaction sites of the enzymatic
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pocket. Therefore, we anticipated that Pd−ZPP(Fe) was able
to attach to FDH, which allowed it to directly participate in
enzymatic reactions for cascade catalysis.
The tandem catalysis was first exploited in a CH3CN/H2O

(1:1) solution containing substrate cis-1a (8.0 mM), Pd−
ZPP(Fe) (1.0 mM), RFT (1.0 mM), FDH (1.0 U·mL−1), and
HCOONa (24.0 mM) upon 455 nm light. This catalytic
system only produced a trace amount of monooxygenation
product 1b but formed an 83% yield of the oxidative coupling
product 1c (Table 2, with substrate cis-1a) with the ESI-MS
signal assigned to Pd−ZPP(Fe) maintained. The catalytic

amount of Pd−ZPP(Fe) to achieve efficient conversions was
ascribed to the direct regeneration of the consumed NADH
mimics in situ by enzymatic dehydrogenations in one working
microenvironment,17 and the supramolecular catalytic product
could further interact with the enzymatic nucleophilic substrate
within the enzymatic domain directly affording cascade
products. Moreover, the combined system displayed a
pseudo-zero-order kinetic behavior during the initial stage of
reactions, and the initial kinetics generally satisfied a
Lineweaver−Burk plot with the concentration of substrates
(Figures S36 and S37), further inferring that the capsule was

Table 2. Oxidative Coupling Reactions Driven by Pd−ZPP(Fe) with Different Enzymesa,b

aFor the system with FDH: substrate (8.0 mM), Pd−ZPP(Fe) (1.0 mM), RFT (1.0 mM), FDH (1.0 U·mL−1), and HCOONa (24.0 mM) in a
CH3CN/H2O (1:1) solution, 455 nm LED, 12 h. For the system with ADH: substrate (8.0 mM), Pd−ZPP(Fe) (1.0 mM), RFT (1.0 mM), ADH
(10.0 U·mL−1) in a CH3CN/CH3CH2OH/H2O (1:1:1) solution, 455 nm LED, 12 h. Yields were determined by the gas chromatography analysis
of the products with error margins shown in parentheses. bSubstrate was replaced by cis-1a (8.0 mM).
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bound to FDH and served as a combined catalyst, and
multistep reactions occurred inside the capsule. This catalytic
mode masterly simulated the natural catalysis and avoided the
use of additional agents, promoting a circulating catalysis with
a closed loop of electrons and protons.
This oxidative coupling catalysis could further expand from

cis-alkenes to trans-alkenes (Table 2), which might be due to
the photosensitizing effect of flavin and the elimination of
restrictions imposed by the stereo configuration.53,73 More-
over, we found that regardless of the substrate steric hindrance
effect, the yields of electron-withdrawing substituent-modified
substrates decreased as the substituent constant increased
(Table 2, with substrate trans-2a and 3a). Even the reactant
coming to a bromine-modified substrate could not afford the
relevant target. These results indicated that the essence of the
coupling process was a nucleophilic addition reaction, and
electron-rich substrates deserved a better result. When the
experiment performed with a trans-alkene containing multiple
sterically hindered substituents (Table 2, with substrate trans-
8a), little coupling product was produced under the same
reaction conditions. The oxygenation reaction constrained by
the pocket of Pd−ZPP(Fe) was further verified by the
experiment with inhibitor ATP (2.0 mM) and afforded a 14%
yield of 1c in the optimal condition.
The attempt to hybridize the biological enzyme by Pd−

ZPP(Fe) was further extended to alcohol dehydrogenase
(ADH). The addition of ADH (total 0.1 μM) into a solution
containing Pd−ZPP(Fe) (10.0 μM) resulted in an isosbestic
point in the absorption band at 442 nm (Figures 4e and S29)
and caused similar emission enhancement at 648 and 714 nm
to the Pd−ZPP(Fe)/FDH system (Figure 4f), confirming that
Pd−ZPP(Fe) could assemble an integrated suprastructure
with ADH in like manner when encountered in an ADH
microenvironment. ITC measurements gave a binding
constant reaching 1.19 × 106 M−1 between Pd−ZPP(Fe)
and ADH with a ΔG of −34.68 kJ·mol−1 (Figure S35), being
highly consistent with that (−34.48 kJ·mol−1) provided by

theoretical docking experiments where the capsule Pd−
ZPP(Fe) majorly bound to the crack of the ADH catalytic
pocket through noncovalent interactions (Figures S9 and S10),
suggesting that the semibiological system consisting of Pd−
ZPP(Fe) and ADH might be also competent for cascade
catalysis. Therefore, the catalysis was then performed with
ADH (10.0 U·mL−1), Pd−ZPP(Fe) (1.0 mM), RFT (1.0
mM), and substrate cis-1a (8.0 mM) in a CH3CN/
CH3CH2OH/H2O (1:1:1) solution. It was gratifying that the
catalysis with ADH gave oxidative coupling product 1d in 70%
yield (Table 2, with substrate cis-1a). The superiority of such
cascade systems could be extended to trans-stilbene with
different substituents, which also showed the influence of the
substituent effect on the cascade reactions (Table 2). However,
it was noted that the weaker nucleophilicity of CH3CH2OH
compared to HCOONa required a large amount of ethanol to
drive catalysis. As ADH is also active with branched chain
alcohols and secondary alcohols,74 we further employed
methanol and isopropanol as both enzymatic substrates in
the tandem system and exactly found that 60% yield of 2-
methoxy-1,2-diphenylethanone and 24% yield of 2-isopropoxy-
1,2-diphenylethanone were able to be obtained by the
oxidative coupling of trans-stilbene with methanol and
isopropanol, respectively, under similar conditions (Table
S5). In general, excessive nucleophiles were not only the
substrate of oxidative coupling cascade catalysis but served as
enzymatic substrates to regenerate the consumed NADH
models in the artificial catalysis. These catalytic results
suggested the broad biocompatibility of Pd−ZPP(Fe) to
combine established enzymes for non-native catalysis,
resembling the different metabolic pathways in those living
organisms for achieving different purposes.
From a mechanistic viewpoint, through the careful

orchestration of the flavin unit encapsulated by a NADH and
heme mimics comodified heteroleptic metal−organic capsule
for inclusion into the dehydrogenase catalytic pocket in a
matryoshka fashion, a new supramolecular host−guest semi-

Figure 5. Schematic of the supramolecular catalytic oxidation of cis-stilbene, showing the synergistic catalytic behavior of artificial and natural
enzymes within the confined environment and in situ regeneration of the NADH model under enzymatic catalysis.
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biological system was well fabricated to simultaneously
combine a biomimetic cytochrome P450s catalysis with a
NADH-regenarated biotic catalysis within the pocket of
enzymes, allowing bio-orthogonal catalysis for cascade
reactions (Figure 5). The well-modified artificial metal−
organic host that integrated all functional compositions of
cytochrome P450s within one assembly effectively shortened
the distance between NADH, flavin, and heme mimics, which
could restraint a pseudo-intramolecular electron transfer chain
from the NADH cofactor via the flavin cofactor to the
porphyrin catalytic site, which originally occurred in
cytochrome P450s, inside the capsule pocket, and immobilized
the electron flow for a strengthened electron and energy
transport. Molecular oxygen completed the conversion at the
electron-rich heme site through the reductive activation path
and finally generated reactive ferric peroxide species for C−H
oxidation.
The allosteric regulation enzymes in response to the binding

of the capsule might allow this abiotic catalytic system to be
further embedded into different enzyme pockets to couple
divergent enzymatic nucleophilic substrates for oxidative
coupling products, meanwhile, combine enzymatic dehydro-
genation to regenerate the consumed NADH in situ through
transient collisions for achieving multiple turnovers.75 This
host−guest approach to joining artificial and enzymatic
catalysis allowed a direct modification of multiple exogenous
catalytic sites into the catalytic domain of natural enzymes, and
the formed closed range between artificial and natural catalytic
sites enhanced the transfer of matter and energy at the same
location, enabling smooth switching between two catalytic
cycles and avoiding the diffusion and expense of co-enzymes.
The inherent confined effects and secondary coordination
sphere effects by both artificial and natural hosts achieved the
optimized allocation of matter and energy by creating regional
cooperation and division, which was in favor of controlling
electron transfer pathways and altering the performance of
catalysis, eliminating inherent mutual interferences between
the artificial and natural catalysis and promoting the formation
of a circulating catalytic system for one-pot integrated catalytic
conversions.

■ CONCLUSIONS
In summary, a heteroleptic metal−organic capsule Pd−
ZPP(Fe) as a cytochrome P450s analogue was developed
and embedded into enzymatic pockets in a host−guest
approach for multistep C−H oxidative coupling catalysis.
The elaborate integration of functional units (nicotinamide-
and flavin-based cofactors, porphyrin catalytic site) in a
working module not only promises the immobilization of
electron flow that occurs inside the capsule for the effective
reductive activation of oxygen and the strengthened delivery of
matters and energy but also allows the direct proton and
electron transportation via NADH channels on the capsule
surface. This host−guest approach to simultaneously introduce
divergent functional groups into different enzymes promises
parallel reactions for divergent catalytic results, providing a
distinguished mean to achieve ideal levels of resource economy
in cascade syntheses for developing scalable and sustainable
bidirectional catalysis involving multiple active sites, environ-
mental benign redox reagents, renewable feedstock, and even
exogenous metal catalytic sites.
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