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Edmund C. M. Tse,[a, c] and Ho Yu Au-Yeung*[a, b, c]

While earth-abundant metals are green and sustainable alter-
natives to precious metals for catalytic chemical conversions,
the fast ligand exchange involving most of the base metals
renders their development into robust, reusable catalysts very
challenging. Described in this work is a new type of hetero-
geneous catalyst derived from a 2D metal-organic layer (MOL)
grafted with catenane-coordinated Cu(I) complexes. In addition
to the good substrate accessibility, easy functionalization, and
other favorable features due to the MOL support, the mechan-
ical bond in the anchored catenane ligands also represents a
new mechanism to dynamically confine the coordination envi-
ronment and kinetically stabilize the coordinated Cu(I) to give

a well-defined, active yet stable heterogeneous catalyst. Pilot
catalytic studies using a model dehydrogenative C─O cross-
coupling reaction showed that the Cu(I) catenane-grafted MOL
led to exclusive formation of the C─O coupled product, whereas
control catalysis using a similar Cu(I) catalyst supported by non-
interlocked macrocyclic ligands was found to also give a C─C
coupled by-product, whose formation was found to be mediated
by the uncontrolled oxidation of the Cu(I) to Cu(II), highlight-
ing the distinctive roles and untapped potential of the catenane
coordination in developing base metal-derived catalysts for
challenging catalytic conditions.

1. Introduction

Metal–organic frameworks (MOFs), consisting of organic link-
ers and metal ions/clusters, are an emerging class of crystalline
materials ideal for developing site-isolated heterogeneous metal
catalysts.[1–7] In addition to the long-range crystalline order,
high stability, and tunable connectivity,[8,9] 2D metal-organic
layers (MOLs) are particularly attractive for catalyst develop-
ment because their layered structures are readily accessible for
incorporating metal active sites, as well as facilitating substrate
diffusion that enhances the overall catalytic efficiency.[10–14] While
anchoring of metal ions or complexes onto a preformed frame-
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work is one most straightforward method to obtain MOF/MOL-
based catalysts,[15,16] the facile ligand exchange involving most
earth-abundant metals not only could lead to the formation of
multiple active sites of different reactivity, but also will result
in uncontrolled interactions and loss of the metal active sites
that will compromise the catalyst activity, selectivity, stability,
and recyclability.[17–20] New designs of MOFs/MOLs that contain
robust, isolated, and coordinatively well-defined active sites are
therefore necessary for developing new heterogenous catalysts
derived from base metals for sustainable catalysis.[21–24]

In this regard, mechanical interlocking of coordination lig-
ands offers a unique opportunity for obtaining metal catalysts
with a dynamic yet kinetically stable coordination.[25–31] Due to
the interlocking, complete ligand dissociation is prohibited.[32,33]

Hence, non-specific interactions with the metal active sites
are minimized, and a well-defined coordination is maintained
throughout the catalytic cycle, during catalyst handling and
recycling procedures.[34–36] Other characteristics due to mechan-
ical bond such as dynamic co-conformational changes and
mechanical confinement can also be engineered into favorable
catalysis features such as new selectivity, longer lifetime, and sus-
tained activity.[37,38] Employing mechanically interlocked ligands
such as catenane is therefore a promising direction to overcome
challenges related to facile ligand exchange upon integrating
earth-abundant metal catalysts into MOFs/MOLs.[39,40]

As a proof-of-concept, we describe in this work the devel-
opment of an active MOL grafted with a 2D array of iso-
lated, catenane-coordinated Cu(I) catalytic sites via simple linker
replacement and click functionalization. Model catalytic stud-
ies using the new MOL as a heterogeneous catalyst for the
cross-dehydrogenative C─O coupling of phenols and bromodi-
carbonyls showed that the C─O coupled product was formed
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Scheme 1. Comparison of MOF-based catalysts with metal active sites supported by conventional and mechanically interlocked ligands.

exclusively in good yield and efficiency with a good catalyst
recyclability. Control reactions using an analogous MOL grafted
with a non-interlocked, macrocyclic Cu(I) complex was found to
also result in a ketomalonate via a C─C coupling mediated by
residual Cu(II), showing that the kinetically stabilized catenane-
supported Cu(I) is advantageous and critical to the high-fidelity
catalysis (Scheme 1).

2. Results and Discussion

2.1. Design, Synthesis, and Characterization

A known MOL derived from 4,4′,4′ ′-benzene-1,3,5-triyl-
tris(benzoate) (BTB) and Zr6(μ3-O)4(μ3-OH)4(H2O)4(OH)4 clusters
(i.e., Zr-BTB) with a Kagome dual (kgd) topology was chosen
as the support platform for catalyst grafting because of its
exceptional stability, accessibility, and ease in ligand replace-
ment for hierarchical integration of extraneous active sites.[41,42]

Ultrathin Zr-BTB nanosheets were synthesized following a
literature procedure.[43] The vertically capped benzoates at
the 6-connecting [Zr6(μ3-O)4(μ3-OH)4] clusters were substi-
tuted by six pairs of OH−/H2O ligands upon treatment with
HCl/H2O, and subsequently replaced by the stronger coor-
dinating 3-azidopropionate to install clickable azide handles
to give Zr-BTB-Az.[44] For the metal catenane complex to be
grafted onto the MOL, the alkyne-functionalized [CuC](PF6) was
selected, as similar Cu(I) catenanes have been previously demon-
strated as active catalysts toward cross-coupling reactions and
electrochemical reduction.[29–32] For its asymmetric structure,
the Cu(I) catenane complex [CuC](PF6) was synthesized from
a “1+1” strategy, in which a phenanthroline macrocycle was
first complexed to a Cu(I) ion in the presence of an aldehyde-
functionalized phenanthroline, and subsequent ring-closing
reductive amination with an alkyne-containing diamine gave
the Cu(I) catenane [CuC](PF6) (Figure 1). An alkyne-containing
macrocycle was also synthesized using a similar method as an
non-interlocked control (see Supporting Information for details).

Figure 1. Synthesis of [CuC](PF6) and Zr-BTB-[CuC].
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The functionalized MOL, Zr-BTB-[CuC], with a 2D array of the
Cu(I) catenanes was obtained by copper-catalyzed azide-alkyne
click reaction, followed by extensive solvent washing to remove
the copper catalyst from the click reaction (Figure 1). Due to
the good kinetic stability from catenand effect, the Cu(I) cate-
nane complex was found to remain intact after the grafting
and extensive washing, highlighting the easy synthesis of the
catenane-grafted MOL without the need of metal reintroduction.
Compared with the direct construction of MOLs using catenane
complexes as the organic linkers, the present grafting method is
straightforward and reliable, and the crystallinity and structural
integrity of the MOLs will not be influenced by the relatively
large size and flexibility of the catenanes.

Fourier-transform infrared (FT-IR) spectrum of the obtained
Zr-BTB-[CuC] showed an azide stretching band at 2096 cm−1 of
only very weak intensity as compared to that obtained before
the click reaction, and the presence of C─N (1237 cm−1), C─H
(2905 cm−1 and 2984 cm−1), and N─H (3665 cm−1) stretching
bands of the Cu(I) catenane is consistent with the successful
grafting of the catenane onto the MOLs (Figure S14).[45] Energy-
dispersive spectroscopic (EDS) elemental mapping showed a
uniform Cu distribution on the surface of the Zr-BTB-[CuC]
monolayer (Figure 2b), and a loading of two copper (as cate-
nane complexes) per three Zr6 clusters was found based on
EDS and inductively coupled plasma mass spectrometry (ICP-MS)
(Table S1). Solid-state UV-vis spectrum of Zr-BTB-[CuC] shows a
broad absorbance in the visible region from 300 nm to 700 nm,
with an absorption edge that is more red-shifted than that of the
pristine Zr-BTB (Figure S15).

The X-ray photoelectron spectroscopy (XPS) measurements
showed the presence of C, O, N, F, Cu, and Zr elements in the
as-prepared Zr-BTB-[CuC] samples (Figures 2 and S16–S19). The
high-resolution Cu 2p XPS spectra of both [CuC]PF6 and Zr-BTB-
[CuC] show the Cu+/Cu0 states with their respective 2p3/2 and
2p1/2 peaks at 932.2 eV and 952.1 eV (Figure 2d). The XPS spec-
trum of the Zr-BTB-[CuC] revealed a slight shift of the Zr 3d
region toward a lower binding energy (∼0.31 eV) when com-
pared to that of the pure Zr-BTB phase (Figure S20), which
could be explained by a redistribution of the electrons causing
a strain, and/or restructuring of the Zr-BTB surface due to inter-
actions with the anchored Cu(I) catenanes.[46] Morphology and
structure of Zr-BTB-[CuC] were further characterized by trans-
mission electron microscopy (TEM) and aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) (Figures 2 and S21–S23). A wrinkled
monolayer morphology was found in the TEM images of Zr-BTB-
[CuC] (Figures 2e).[47] High-resolution TEM (HR-TEM) and HAADF
images revealed hexagonal lattice fringes expected for a 2D 3,6-
connected kgd network, with a distance of ∼2.1 nm between
adjacent spots that represent the Zr6 clusters (Figures 2 g and
S23). Notably, an amorphous layer of thickness ∼3 nm was
also observed at the edge of the nanosheet (Figure 2h), con-
sistent to the surface of the MOLs being decorated by the
Cu(I) catenanes. The selected area electron diffraction pattern
(SAED) also confirms the hexagonal symmetry along the c-
axis perpendicular to the 2D layer with a measured spacing of
∼17.4 Å between the crystal planes, which are consistent to

the reported kgd lattice of a related Zr-MOL with a hexagonal
unit cell (a = 19.4 Å) (Figure 2f). The powder X-ray diffraction
(PXRD) patterns obtained for Zr-BTB-[CuC] showed that structural
integrity of the nanosheets is retained after the grafting, and
that Zr-BTB-[CuC] is structurally highly similar to the parent Zr-
BTB (Figure 2i). On the other hand, N2 sorption measurements
showed a lower Brunauer-Emmett-Teller (BET) surface areas of
410 m2/g for Zr-BTB-[CuC] when compared to that of the parent
Zr-BTB (527 m2/g), which could be ascribed to the partial block-
ing of the adsorption surface by the Cu(I) catenane at the nodes
(Figure S24). Overall, all the characterization data are consistently
showing that the Cu(I) catenane has been successfully grafted
onto the surface of the Zr-BTB nanosheets, and the original
crystalline phase remains unaffected by the post-modification.

A related MOL in which the Cu(I) catenane was replaced by
the non-interlocked Cu(I) macrocyclic complex [CuM](PF6) was
also prepared as a control for studying the effect of ligand inter-
locking in the catalysis (see Supporting Information for detail).
With only the non-interlocked phenanthroline, Cu(I) coordina-
tion to M is less strong, and hence the free macrocycle M was
used for grafting onto Zr-BTB by click reaction. The residual
copper from the click reaction was removed by washing with
aqueous disodium EDTA, and Cu(I) ions were re-introduced to
give Zr-BTB-[CuM] (Figure S25). A homogeneous Cu distribution
was observed by EDS elemental mapping on the obtained Zr-
BTB-[CuM] (Figure S26), and a PXRD pattern similar to that of
the parent Zr-BTB was found, showing that structural integrity
of the nanosheets is retained after the post-synthetic grafting
(Figure S27).

2.2. Evaluation of Catalytic Performance in Dehydrogenative
C─O coupling

With the successful synthesis of Zr-BTB-[CuC], its catalytic per-
formance as a heterogenous catalyst was tested using the
C─O coupling of phenols and bromodicarbonyls as a model
reaction.[48,49] Previously, a related molecular Cu(I) catenane com-
plex has been demonstrated as an effective catalyst for the same
coupling reaction, and the mechanical bond in the catenane
ligand has been shown to be advantageous for enhancing the
catalyst activity and stability.[32] As shown in Table 1, by using 2
mol% (per Cu) of Zr-BTB-[CuC], coupling of phenol 1 and diethyl-
bromomalonate 2 in the presence of 2 eq. K2CO3 at 20 °C gave 3
in 77% yield after a 24-hour reaction. Increasing the catalyst load-
ing to 5 mol% or the reaction temperature to 50 °C gave a higher
yield of 3 at 91% and 90% (with 87% isolated yield), respectively.
On the other hand, performing the coupling at 50 °C with only
0.1 mol% of the catalyst did not compromise catalysis efficiency
significantly, and 3 was obtained in 75% yield. Control experi-
ment using 2 mol% of the non-functionalized Zr-BTB resulted in
no coupling product, showing that the Cu(I) catenane is essen-
tial to the good catalytic efficiency of Zr-BTB-[CuC].[50,51] Kinetic
analysis of the formation of 3 catalyzed by Zr-BTB-[CuC] showed
that ∼35% of 3 was initially formed after 2 hours, and the yield
of 3 steadily increased and reached 90% after a 24-hour reaction.
Comparing with the catalysis kinetics of the previously reported

Chem. Eur. J. 2025, 31, e202500866 (3 of 8) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Figure 2. (a) Model of Zr-BTB-[CuC] (C, grey; O, red; N, blue; Zr, cyan; Cu, orange; H atoms and PF6− ions are omitted for clarity); (b) HAADF image and EDS
elemental mappings of Zr-BTB-[CuC]; (c) EDX spectrum of Zr-BTB-[CuC]; (d) high-resolution Cu 2p XPS spectra of Zr-BTB-[CuC] (top) and [CuC](PF6) (bottom);
(e) HR-TEM images of Zr-BTB-[CuC] (inset: enlarged view of the selected area); (f ) SAED pattern showing a hexagonal symmetry with a measured
interplanar spacing of 17.4 Å (g) high-resolution STEM-HAADF image of the interface of Zr-BTB-[CuC]; (h) enlarged view of the selected region of the
STEM-HAADF image in (g) showing a hexagonal arrangement of the Zr6 cluster (yellow dots) and an amorphous layer of ∼3 nm at the edge of the MOLs;
(i) PXRD patterns of the obtained Zr-BTB-[CuC] (top), Zr-BTB-Az before click functionalization (middle) and the parent monolayered Zr-BTB (bottom).

Cu(I) catenane under a homogeneous condition, the heteroge-
neous catenane catalyst showed a slightly slower formation rate
of 3, which could be related to the differences in the efficiency
in substrates diffusion and reagent mixing, desolvation kinetics
and local catalyst concentration (Figure S29).

When the control catalyst Zr-BTB-[CuM] (2 mol%, per Cu) that
also features a Cu(I)-phenanthroline coordination was tested, 3
was only obtained in 33% yield after a 24-hour reaction at 20

°C, and the ketomalonate 4, resulted from the C─C coupling
of 2, was also unexpectedly obtained as a side product in 9%
yield. Different than the case of Zr-BTB-[CuC], repeating the cou-
pling reaction mediated by Zr-BTB-[CuM] at 50 °C has no obvious
effect on the C─O coupling efficiency and 3 was formed in 35%,
but instead promoted the C─C coupling with 4 obtained in 36%
yield. Formation of 4 is unexpected and the C─C coupling was
not observed when Cu(I) catenanes were used as the catalyst in

Chem. Eur. J. 2025, 31, e202500866 (4 of 8) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Table 1. Catalysis data on the dehydrogenative C─O cross-coupling.[a]

Entry Catalyst Temp. Yield of 3 Yield of 4

1 2 mol% Zr-BTB-[CuC] 20 °C 77% n.d.

2 5 mol% Zr-BTB-[CuC] 20 °C 91% n.d.

3 2 mol% Zr-BTB-[CuC] 50 °C 90%[b] n.d.

4 0.1 mol% Zr-BTB-[CuC] 50 °C 75% n.d.

5 2 mol% Zr-BTB 20 °C n.d. n.d.

6 2 mol% Zr-BTB-[CuM] 20 °C 33% 9%

7 2 mol% Zr-BTB-[CuM] 50 °C 35% 36%

8 2 mol% Zr-BTB-[CuM][c] 20 °C 51% n.d.

9 2 mol% Zr-BTB-[CuC] + 20 mol% Cu(BF4)2 50 °C 50% 50%

[a] Reaction was conducted with 1a (0.1 mmol) and 2a (0.22 mmol) in 0.5 mL MeCN for 24 hours. Yield determined by 1H NMR using 1,3,5-
trimethoxybenzene as internal standard.
[b] Isolated yield = 87%.
[c] Performed under argon.

both heterogeneous and homogeneous conditions. A study by
Miao, Sun, and coworkers have proposed that 4 could be formed
from ketomalonate 2ʹʹʹʹ, which in turn could be obtained from a
reaction between the α-malonate radical 2ʹʹ and molecular oxy-
gen, followed by a subsequent Cu(II)-mediated cleavage of the
resulting peroxy radical 2ʹʹʹ.[52] Indeed, performing the coupling
using Zr-BTB-[CuM] under argon at 50 °C resulted in no forma-
tion of 4 and the yield of 3 increased to 51%, not only supporting
that molecular oxygen is essential, but also hinting at the pres-
ence of a Cu(II) species in the case of Zr-BTB-[CuM]. Nevertheless,
4 could be formed in 50% yield by performing the catalysis using
2 mol% of Zr-BTB-[CuC] at 50 °C under air with the presence of
20 mol% of Cu(BF4)2, reinforcing that the C─C coupling is due to
the presence of Cu(II) (Scheme 2).

High-resolution Cu 2p XPS spectra of Zr-BTB-[CuM] recovered
from the catalysis mixture indeed showed the presence of Cu2+

with the 2p3/2 and 2p1/2 peaks at 934.5 eV and 954.2 eV (Figure 3a),
and these peaks are not observed in the corresponding spec-
tra of the recovered Zr-BTB-[CuC], hence highlighting the critical
roles of the catenane ligand in maintaining the Cu(I) resting state
in the high-fidelity C─O cross-coupling. As a result, mechanical
interlocking of the ligand, on one hand, can restrict changes of
the coordination geometry and stabilize the Cu(I) from air oxi-
dation (i.e., the catenand effect), and on the other hand, also
inhibits the metal from scrambling to other potential coordina-
tion sites within the MOLs (e.g., the triazoles), and as such a
well-defined coordination environment with predictable activ-
ity can be maintained throughout the different stages of the
catalysis.

Robustness of Zr-BTB-[CuC] as a heterogenous catalyst was
then evaluated by recycling experiments. Each round of reaction
was conducted with 3 mmol of phenol 1 (30 times of that used in

Scheme 2. Proposed mechanisms for the couplings.

the condition screening), with 2.2 eq. of 2 and 2 mol% of Zr-BTB-
[CuC] in 15 mL MeCN at 50 °C in air for 24 hours. After the reac-
tion, Zr-BTB-[CuC] was separated from the reaction mixture by
centrifugation and simple acetonitrile/water washing, and then
directly used in the next round of catalysis without further treat-
ment or activation. A good catalytic activity was maintained with
the C─O coupled product 3 consistently obtained in 85%–83%
yields in five consecutive rounds of reaction (Figure S28). Pow-
der X-ray diffraction (PXRD) and scanning electron microscopy

Chem. Eur. J. 2025, 31, e202500866 (5 of 8) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Figure 3. (a) XPS spectra of Zr-BTB-[CuM] (top) and Zr-BTB-[CuC] (bottom) recovered after catalysis; (b) PXRD patterns of recovered (top) and pristine
(middle) sample of Zr-BTB-[CuC], and that of pristine (bottom) Zr-BTB; and SEM images of (c) a pristine sample and (d) a recovered sample of Zr-BTB-[CuC]
after catalysis.

(SEM) characterization of the recovered Zr-BTB-[CuC] after the
last round of reaction also showed no observable difference in
the crystallinity and morphology as compared to that of the pris-
tine sample, demonstrating a good robustness of the MOL-based
catenane catalyst (Figure 3). Finally, a good substrate scope was
also found for Zr-BTB-[CuC], and phenols with substituents of
various electronic and steric properties can be efficiently cou-
pled to give the corresponding coupling products in 84% to 92%
yields (Scheme 3).

3. Conclusion

In summary, by strategically employing the stable yet dynamic
coordination provided by catenane ligands, a catalytically active
MOL containing isolated Cu(I) active sites has been successfully
developed by a straightforward post-synthetic grafting method.
The kinetically stabilized Cu(I) catenanes not only can withstand
the various conditions in the synthesis and catalyst recycling,
but also provide a coordinatively well-defined structure for the
Cu(I) that is essential for the catalyst selectivity and activity.
The Zr-BTB-[CuC] catalyst is active toward the dehydrogenative
cross-coupling of phenols and bromodicarbonyls, with a good
activity to give the C─O coupled product in high yields (∼90%),
good substrate scope and good recyclability. Control experi-
ments using a similar MOL grafted with a non-interlocked Cu(I)
complex showed that a C─C coupled product, mediated by a

Scheme 3. Substrate scope of the C─O coupling catalyzed by Zr-BTB-[CuC].
Reactions were performed with the corresponding phenol (0.1 mmol),
diethyl bromomalonate (0.22 mmol), Zr-BTB-[CuC] (0.002 mmol) and K2CO3

(0.2 mmol) in 0.5 mL MeCN at 50 °C in air for 24 hours. Reported are
isolated yields.

Chem. Eur. J. 2025, 31, e202500866 (6 of 8) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Cu(II), can also be formed as a side-product, indicating the cru-
cial role of the catenane ligand in maintaining the specific Cu(I)
coordination for the high-fidelity C─O coupling. This proof-of-
concept study hence, demonstrates the synergy and potential
from combining MOLs and mechanically interlocked molecules
for developing new catalytic systems, particularly those derived
from earth-abundant metals with facile ligand exchange, with
favorable features and synergy from the two unique classes of
chemical entity.

Supporting Information

Details of the instruments and methods; synthetic procedures,
characterization and catalytic data are available in the Support-
ing Information.
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Supporting Information.[43,52–55]
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