
Chinese Chemical Letters 34 (2023) 107635

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

A Cu-based metal-organic framework with two types of connecting

nodes as catalyst for oxygen activation

Zhen Wanga,b, Jun-Yu Lia,b, Tao Huanga, Huai-Ming Lia, Teng Zhanga,b,∗

a State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, China
bUniversity of Chinese Academy of Sciences, Beijing 100049, China

a r t i c l e i n f o

Article history:

Received 19 April 2022

Revised 15 June 2022

Accepted 21 June 2022

Available online 25 June 2022

Keywords:

Copper

Metal-organic framework

Oxidative C-C coupling

Oxygen activation

Boronic acids

a b s t r a c t

Using a ditopic organic linker 4-(1H-pyrazol-4-yl)benzoic acid (H2pba), FICN-6, a metal-organic frame-

work containing both Cu2(O2CR)4 and Cu3(OH)(pyz)3(O2CR) secondary building units (SBUs), was synthe-

sized. FICN-6 adopts in an unusual intercatenated structure with SBUs from two distinct networks con-

necting to each other. Presence of Cu3 clusters makes FICN-6 a good heterogeneous catalyst for oxygen

activation and aerobic oxidative C-C coupling of organic boronic acids.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Molecular oxygen is an abundant, green and atom-economical

oxidant, which should be an ideal oxidant in organic transforma-

tions [1–3]. However, the application of oxygen is limited by the

high activation energies in reactions. Living organisms use tran-

sition metal-based enzymes to activate oxygen in metabolic pro-

cesses [2–5]. Natural monooxygenases can also effectively utilize

O2 in various organic transformations such as hydroxylation, epox-

idation, Baeyer-Villiger oxidation, and sulfonation oxidation [6,7].

Despite the ultrahigh activities, the catalysis of most natural metal-

loenzymes can only take place under very narrow condition range,

and natural enzymes always suffer from their poor stability and

difficulty in large scale preparation [8–10]. Compared to natural

enzymes, nanozymes or artificial enzymes have the advantages of

easy mass preparation and relatively stable catalytic performance,

and some of nanozymes have shown enhanced thermal and chem-

ical stability [11–14]. Mimicking natural oxidases or monooxyge-

nases with nanozymes is thus a promising approach to explore ef-

fective catalysts for oxygen activation.

Nanozymes can be classified into several categories:

metal/metal oxide-doped carbon-based nanozymes, single-atom

nanozymes, and metal-organic framework (MOF) nanozymes

[10,14,15]. Metal-organic frameworks are an emerging class of

organic-inorganic hybrid materials with porous network structures

constructed from coordination bonds between organic linkers

and metal or metal cluster nodes [16–19]. Most MOFs are highly
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crystalline with their structures determined at atomic-precise level

by single crystal or powder X-ray diffraction techniques. Moreover,

the properties of MOFs can be well-designed and fine-tuned by

carefully choosing the organic linkers and metal nodes to obtain

networks with suitable pore sizes and functionalities [20,21].

Compared with other type of nanozymes, MOF nanozymes are

of unique advantages because their predictable and controllable

structures allow systematic design of catalytic active sites as well

as comprehensive studies on the catalytic mechanisms [22–24]. In

this scenario, MOFs and MOF-derived materials have been used

to mimic a variety of enzymes [25–29]. For example, the iron

porphyrin-containing MOF PCN-222(Fe) have been reported as a

peroxidase mimic [30]. More impressively, the multinuclear metal

nodes or secondary building units (SBUs) are also good models for

multi-metallic catalytic sites of natural enzymes [31,32]. In a very

recent report, the Fe3 and Cu3 SBUs of MOF-919 were reported to

mimic the functions of peroxidase and oxidase, respectively [33].

Although several MOFs have been shown to be good mimics of

natural oxidases, not much effort have been devoted to utilization

of MOF catalysts for synthetically meaningful oxidation processes.

In this communication, we report the synthesis of FICN-6, a MOF

that contains Cu3(OH)(pyz)3 (pyz=pyrazolate) SBUs, and its cat-

alytic activity for oxidative C-C coupling reaction. While such a Cu3

SBU has been shown as a good oxidase mimic in literature, we are

showing that it can also serve as a good catalyst for oxidative or-

ganic transformations.

FICN-6 was synthesized via a solvothermal reaction of cop-

per sulfate and the H2pba ligand. Through the morphology anal-
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Fig. 1. (a) An SEM image of FICN-6 (scale bar: 10 μm). (b) Crystal structure of FICN-6 (viewed from b axis). (c) Coordination environment of Cu6 cluster assembled from

two Cu3 SBUs. (d) A schematic figure showing the formation of two-fold intercatenated network through SO4
2− bridging. (e) Simulated (black) and experimental (red) PXRD

patterns of FICN-6.

ysis by scanning electron microscope (SEM), it was found that

the hexagonal shape of FICN-6 can be clearly seen at 10 μm size

(Fig. 1a). Single crystal X-ray diffraction studies revealed that FICN-

6 crystallizes in the orthorhombic Cmca space group. FICN-6 has

a two-fold interpenetration structure (Fig. 1b). For each network,

there are two different types of secondary building units (SBUs),

one is the four-connected Cu2(O2CR)4 paddle-wheel dimer and

the other is the Cu3(OH)(pyz)3(O2CR) planar triangular trimer. The

Cu3 trimer is coordinated with three pyrazolate groups and a car-

boxylate group from four pba2− ligands, so both SBUs are four-

connected. Topological analysis found that each isolated network

adopts in nbo topology (Fig. 1d). Remarkably, the two interpen-

etrated networks are not only packed by non-covalent interac-

tions, but also bridged with sulfate anions on the Cu3 trimer SBU.

The Cu3 trimer is capped by a sulfate anion from the axial direc-

tion, which also coordinates to another Cu3 trimer from the other

network. Therefore, the Cu3 trimers from two distinct networks

are bridged by two sulfate anions to form an eight-connected

Cu6(OH)2(pyz)6(SO4)2(O2CR)2 cluster (Fig. 1c). The parallel distance

between the two Cu3 trimers is about 3.20 Å. The two-fold in-

terpenetration structure reduce the size of the pore and cavity in

the framework. Viewed from the b axis, the MOF has quadrilat-

eral channels with diagonals of approximately 1.1 nm×0.8 nm (Fig.

1b). The powder X-ray diffraction pattern (PXRD) of FICN-6 is con-

sistent with that simulated from single-crystal structure, indicat-

ing the phase purity of bulk sample (Fig. 1e). Although the sin-

gle crystal structure of FICN-6 gives a solvent accessible volume

of 65.0% as calculated by PLATON, nitrogen and CO2 sorption ex-

periments indicate a low BET surface area of about 18 m2/g (Fig.

S6 in Supporting information). The low surface area may be at-

tributed to the strong breathing effect, which is common for MOFs

with large quadrilateral channels [34,35]. Thermogravitic analysis

indicated that FICN-6 remains stable below 300 ◦C (Fig. S3 in Sup-

porting information).

Formation of biaryl compounds through the construction of C-C

bonds is an important method for the synthesis of natural prod-

ucts, drugs, pesticides and functional materials [36]. At present,

symmetric and non-symmetric biaryl compounds are mainly ob-

tained by using transition metal-catalyzed Suzuki coupling [37–

39], modified Ullmann reaction [40,41], or Kumada-Corriu-Tamao

reaction [42,43]. Harsh conditions such as heating and inert at-

mosphere are usually required for these processes. Alternatively,

oxidative homocoupling of arylboronic acids have been shown to

Table 1

Optimization of reaction conditions for FICN-6-catalyzed oxidative homocoupling of

phenylboronic acid.

Entry Cat. loading (mol% Cu) Solvent Et3N (equiv.) Yield (%)

1 0 MeOH 0 0

2 0 MeOH 1 0

3 10 MeOH 0 23

4 10 MeOH 1 80

5 10 CH2Cl2 1 24

6 10 DMF 1 32

7a 10 MeOH 1 36

8b 10 MeOH 1 35

9c 10 MeOH 1 24

10d 10 MeOH 1 21

a HKUST-1 used as catalyst.
b MOF-818 used as catalyst.
c rht-MOF-pyr used as catalyst.
d Under N2 atmosphere.

achieve symmetric biphenyl compounds under mild conditions.

However, the reaction usually requires noble metal catalysts based

on palladium [44–46], gold [47,48], or rhodium [49,50], and some-

times high-cost oxidants such as TEMPO or Ag2O. Recently, Cu-

based materials were also reported as effective catalysts for the re-

action [51–53]. With the presence of Cu3(OH)(pyz)3 clusters in the

structure, we propose that FICN-6 can be used to mimic oxidase-

like activity and activate oxygen for aerobic oxidation of organic

compounds, and oxidative homocoupling of organic boronic acids

was chosen as a model reaction.

The reaction conditions were first optimized with phenyl-

boronic acid as the substrate. As shown in Table 1, homocoupling

of phenylboronic acid proceeded smoothly in presence of FICN-6

catalyst and triethylamine (TEA) in methanol solution to give the

biphenyl product with a yield of 80% in 3 days (Table 1, entry 4).

The reaction was carried out in a mild condition without heat-

ing and with air as the oxidant. Changing the solvent into apro-

tic ones such as dichloromethane or DMF led to reduced yields

(Table 1, entries 5 and 6). The reaction yield reduced from 80%

to 23% without the addition of TEA (Table 1, entry 3), suggesting

that addition of base may promote the reaction. When FICN-6 was

not added, the reaction did not proceed (Table 1, entries 1 and 2),
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Fig. 2. (a) The PXRD patterns of FICN-6 before (black) and after (red) catalysis. (b)

Testing the “heterogeneity” of FICN-6-catalyzed oxidative homocoupling reaction.

showing that FICN-6 is crucial for the reaction. Under nitrogen at-

mosphere, the yield of biphenyl product was only 21%, significantly

lower than that under ambient condition, showing that the envi-

ronmental oxygen does involve in the reaction as the terminal ox-

idant (Table 1, entry 10).

Since FICN-6 consists of two different types of Cu-based

SBUs, both of which may serve as active sites for oxygen ac-

tivation, it is meaningful to investigate and compare their cat-

alytic activity. Therefore, we conducted control experiments with

HKUST-1 and MOF-818 as catalysts. HKUST-1 is constructed from

Cu2(O2CR)4 paddle wheel SBUs but contains no Cu3(OH)(pyz)3 pla-

nar trimers. MOF-818 has Cu3(OH)(pyz)3 planar trimer SBUs, but

no Cu2(O2CR)4 paddle wheel dimer presents in its structure [54].

With a Cu loading of 10%, both HKUST-1 and MOF-818 catalyzed

the homologous coupling of phenylboronic acid, but the conver-

sions were much lower with the same conditions and reaction

time (Table 1, entries 7 and 8). Therefore, it can be concluded that

either isolated Cu2(O2CR)4 or Cu3(OH)(pyz)3 SBU is not an effec-

tive catalytic active site. We next compared the catalytic activity of

FICN-6 with rht-MOF-pyr, which also consists of both Cu2(O2CR)4
and Cu3(OH)(pyz)3 SBUs but with a non-interpenetrate structure

[21]. It was found that rht-MOF-pyr also exhibits low catalytic ac-

tivity (Table 1, entry 9). Based on these results, we speculate that

network interpenetration in FICN-6 introduces synergistic effect

between SBUs, which plays an important role on the enhanced cat-

alytic activity. Presumably, the proximity of Cu3(OH)(pyz)3 planar

trimers through sulfate bridging may allow binding of oxygen and

boronic acid substrate at separate open metal sites that sit closely,

which will lead to facile oxidation and promote the reaction.

We next tested the recyclability of FICN-6 catalyst. Under the

same conditions, the yield of biphenyl product dropped sharply to

only 26% with the recovered FICN-6 catalyst from the first run (Fig.

S8 in Supporting information). PXRD pattern (Fig. 2a) of recovered

catalyst exhibited much lower peak intensity, suggesting that the

loss of crystallinity may be the main cause of deteriorated per-

formance. To demonstrate that FICN-6 is the real catalyst for the

reaction, a "heterogeneity" test or “hot filtration” experiment was

performed (Fig. S10 in Supporting information). For the oxidative

homocoupling of phenylboronic acid, the yield of biphenyl product

was tested after 12 h as 36%. After that, the FICN-6 solid was re-

moved from the reaction mixture, and the supernatant was further

reacted for another 2.5 days. No further conversion was detected

after FICN-6 removal (Fig. 2b). Meanwhile, a 3-day reaction gave

80% yield of the biphenyl product. Therefore, it can be concluded

that FICN-6 is the real catalyst for homologous coupling reactions.

We next investigated the compatibility of FICN-6 catalyzed

homocoupling reactions with various boronic acid substrates. As

shown in Table 2, substituted phenylboronic acids (Table 2, en-

tries 2 and 3) or thiophene-2-boronic acid (Table 2, entry 5) gave

reasonable yields of homocoupling products. Olefinic boronic acid

such as trans-2-phenylvinylboronic acid was also reactive (Table 2,

Table 2

Substrate scope for oxidative homocoupling of boronic acids.

entry 4). However, boronic acids with highly electron-poor aro-

matic rings such as pyrimidine-5-boronic acid (Table 2, entry 6)

or aliphatic boronic acids such as cyclohexylboronic acid (Table 2,

entry 7) did not react under the standard reaction conditions.

In summary, a Cu-based metal-organic framework with two dis-

tinct SBUs, Cu2(O2CR)4 and Cu3(OH)(pyz)3(O2CR), was synthesized.

The reported MOF FICN-6 adopts in a two-fold interpenetration

structure with Cu3 SBU from one network connecting to another

SBU from the other network, leading to an unusual intercatenated

structure. Moreover, FICN-6 served as a good heterogeneous cat-

alyst for oxygen activation and oxidative C-C coupling of boronic

acids.
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