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Transformation of carbon dioxide (CO2) into high-value chemicals has attracted increasing attention

because CO2 is an abundant, inexpensive and non-toxic renewable carbon resource. Herein, a novel

three-dimensional metal–organic framework, namely, {[Zn4(μ4-O)(L)4·4(H2O)]·2(NO3)}n (Zn-MOF), was

synthesized under hydrothermal conditions using an azolium-based ligand, 1,3-bis(4-carboxybenzyl)-4-

methyl-1H imidazolium chloride (H2L
+Cl−). Subsequently, Cu(I)-NHC@Zn-MOF was prepared by

introducing N-heterocyclic carbine-Cu(I) active sites into the Zn-MOF using a post-synthesis modification

(PSM) method, and it was characterized through powder X-ray diffraction (PXRD), X-ray photoelectron

spectroscopy (XPS), transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and

inductively coupled plasma optical emission spectroscopy (ICP-OES). Cu(I)-NHC@Zn-MOF was

successfully employed as a highly efficient catalyst for the C–H activated carboxylation of terminal alkynes

with CO2 (1 atm) under mild conditions, achieving an isolated yield of up to 98%. The catalyst exhibited

excellent recyclability and maintained high activity over three consecutive cycles without losing its

structural integrity. Additionally, the role of Cu(I)-NHC@Zn-MOF and the reaction mechanism were

comprehensively discussed.

Introduction

Fixation and conversion of carbon dioxide (CO2) into value-
added chemicals are areas of intense research owing to their
environmental and economic implications.1,2 The direct
carboxylation of CO2 with terminal alkynes, which was
initially reported by Inoue et al.3 in 1994, has made
remarkable progress in the straightforward synthesis of
functionalized propiolic acids, which is a class of important
compounds in the fields of medicinal chemistry and fine-
chemicals. The carboxylation of terminal alkynes with CO2 to
yield the corresponding carboxylic acids proceeds using a
base in the absence of a transition metal catalyst.4,5 However,
studies have shown that the presence of copper or silver salts
can effectively promote the reactions even at low
temperatures and ambient CO2 pressures.6–11 To overcome

the drawbacks of homogeneous catalysts, heterogeneous
catalysts have been developed for carboxylation reactions.12–17

Heterogeneous catalysts are preferable alternatives owing to
their recyclability, easy separation processes and reduced
environmental impact due to minimized waste generation.
However, either high catalyst loadings or synthetic
complications limit the further application of these catalytic
systems. Nevertheless, there is a necessity for further
development of the design and synthesis of efficient,
inexpensive, robust and reusable catalysts for such reactions.

N-Heterocyclic carbenes (NHCs) and their corresponding
transition metal complexes, which arise from strong metal-
NHC (NHC-M) bonding, are highly regarded in the field of
catalysis.18–20 Typically, the NHC-M moiety is synthesized
from a metal ion and an NHC precursor, such as
imidazolium, thiazolium, or triazolium salts, through
deprotonation. Metal–organic frameworks (MOFs) exhibit
exceptional potential as heterogeneous catalysts21 owing to
their unique organic–inorganic hybrid composition and
polymeric architecture, which enable the incorporation of
diverse active sites within their frameworks.22,23 Furthermore,
MOFs can be modified by incorporating specific ligands to
further enhance their catalytic properties. This facilitates the
fine-tuning of the chemical environment and introduction of
novel catalytic functionalities.
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Recent studies have shown that NHC-M (Cu and Ag) can
effectively catalyze the carboxylation of CO2 with terminal
alkynes. Thus far, transition metal NHC catalytic systems have
been established for these reactions;24–27 it is presumed that
the free NHC site reacts with CO2 to form NHC-carboxylate,
and the alkynes are activated by NHC-M with the formation of
metal acetylide as an intermediate. To the best of our
knowledge, there are only a few reports on the carboxylation of
terminal alkynes with CO2 using MOF as the matrix and solid
support for embedding the M-NHC moiety.28

In this study, a novel Zn-MOF, {[Zn4(μ4-O)(L)4·4(H2-
O)]·2(NO3)}n, was synthesized using the NHC precursor
1,3-bis(4-carboxybenzyl)-4-methyl-1H imidazolium chloride
(H2L

+Cl−) as the ligand. To decrease the cost of the catalyst,
NHC sites were utilized to anchor Cu(I) ions, thereby yielding
a copper-based MOF, Cu(I)-NHC@Zn-MOF, via a PSM
method. The Cu(I)-embedded MOF served as a highly
recyclable heterogeneous catalyst for the carboxylation of CO2

with terminal alkynes under mild conditions.

Experimental
Materials and physico–chemical measurements

All the reagents were purchased from commercial suppliers
and were used without further purification. FT-IR spectra
were recorded using a Nicolet iS50 FTIR spectrometer
using KBr particles. Powder X-ray diffraction (PXRD) of the
samples was performed on a Smartlab9k polycrystalline X-ray
diffractometer. Thermogravimetric analysis (TGA) was
performed on a STA449C thermogravimetric analyzer. The
temperature was increased from room temperature to 800 °C
with a heating efficiency of 10 °C min−1 under a nitrogen
atmosphere. X-ray photoelectron spectroscopy (XPS) was
performed using a Model Axis Supra+ X-ray photoelectron
spectrometer. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis was performed using an
Agilent model 5110 inductively coupled plasma optical
emission spectrometer. Transmission electron microscopy
(TEM) images were obtained using a JEOL JEM-2800
scanning electron microscope. Energy chromatography
dispersive X-ray spectroscopy (EDS) testing was performed
using a SU8100 X-ray energy spectrometer. The obtained
product was detected using 1H NMR spectra recorded using
an AVANCE III 500 MHz nuclear magnetic resonance
spectrometer. Single crystal X-ray diffraction of the crystal
was measured using an XtaLAB PROII diffractometer. The
mass spectra were obtained using a Shimadzu GC-2030 AM.

Synthesis of Zn-MOF

1,3-Bis(4-carboxybenzyl)-4-methyl-1H imidazolium chloride
(H2L

+Cl−) was obtained via the hydrolysis of 1,3-bis(methyl
4-formate)-4-methyl-1H imidazolium bromide ((Me)2L

+Br−)
(details are provided in the ESI†). The mixture of H2L

+Cl−

(0.0105 g, 0.03 mmol) and Zn(NO3)2·6H2O (0.0298 g, 0.1 mmol)
in deionized water (7.0 mL) and N,N-dimethylacetamide (DMA)
(2.0 mL) was sealed in a 20 mL glass sample bottle,

ultrasonicated for 30 min, maintained under its own pressure
at 100 °C for 72 h, and then allowed to cool naturally to room
temperature. The product was then washed with the reaction
solution and dried under vacuum to obtain colorless crystals
(yield is 83% based on Zn(NO3)2). The IR data of H2L

+Cl− and
Zn-MOF are shown in Fig. S1 and S2.†

Synthesis of Cu-NHC-(Me)2L and Cu(I)-NHC@Zn-MOF

Cu-NHC-(Me)2L was prepared by reacting (Me)2L
+Br− (0.3794 g,

1.0 mmol) with CuI (0.1905 g, 1.0 mmol) in acetonitrile (60 mL)
for 48 h in the dark at room temperature under an argon
atmosphere. After the completion of this reaction, the mixture
was vacuum filtered, and the product was washed with ether
and then vacuum dried to yield a dark brown solid.

Cu(I)-NHC@Zn-MOF was obtained by reacting Zn-MOF
with CuI under similar reaction conditions (Scheme 1). The
mixture of Zn-MOF (0.1870 g, 0.10 mmol), CuI (0.0190 g, 0.10
mmol) and acetonitrile (60 mL) was stirred at room
temperature for 48 h. The solid obtained from the reaction
mixture was subjected to vacuum filtration, followed by
washing with acetonitrile, anhydrous methanol and diethyl
ether. The solid was then vacuum dried to yield a white
powder. The Cu content of Cu(I)-NHC@Zn-MOF was
determined to be 0.29 wt% using ICP-OES.

Carboxylation reaction

A mixture of the terminal alkyne (1.0 mmol), base (3.0
mmol), solvent (10 mL) and catalyst (40, 50, 60 and 70 mg)
was placed in a 25 mL reaction tube, and a standard
atmospheric pressure of CO2 was applied. The reaction tube
was placed in an oil bath at 40, 50, 60, 70 and 80 °C and
stirred for 12, 16, 19, 21 and 24 h. Subsequently, the mixture
was transferred to a centrifuge tube, and 15 mL of deionized
water was added for centrifugation. The centrifuged mixture
was then transferred to a separation funnel and washed three
times with 10 mL of dichloromethane. Then, 1 mol L−1

hydrochloric acid was added dropwise until the pH of the
mixture was 1. The mixture was then extracted with ethyl
acetate. The product was obtained by vacuum concentration
and drying of the treated solution. By comparing the actual
product weight with the theoretical weight for 1 mmol, the
efficiency of the catalytic separation process can be assessed.

Crystal structure measurements

Crystallographic data were collected using an XtaLAB PROII
diffractometer using an ω-2θ scanning technique by applying
a graphite-monochromatized Mo Kα radiation (λ = 0.71073
Å). The data were corrected for empirical absorption using
the SADABS program.29 All structures were determined via
the direct method and optimized using full matrix least
squares on F2 using the SHELXTL crystallography software
package.30 All non-hydrogen atoms were anisotropically
refined. Hydrogen atoms were placed at the calculated
positions and refined using horseback riding mode. The
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crystal and structure refinement data of Zn-MOF (CCDC:
2465476) are provided in Table S1.†

Results and discussion
Crystal structure

Single crystal X-ray diffraction analysis demonstrated that Zn-
MOF belonged to the tetragonal system, I41/a space group.
As illustrated in Fig. S3,† Zn(II) was coordinated with four
oxygen atoms from a central μ4-O atom (O1) and three L−

ligands. The L− ligand exhibited the same coordination
pattern as that of the Zn-MOF: (κ1-κ1-μ2)-(κ1-μ1)-μ3 (Fig. 1a).
The μ4-O linked four Zn(II) ions, which were bridged via the
carboxyl groups of the ligands to build the [Zn4(μ4-O)(COO)4]
secondary building unit (SUB), to form a tetrapyramidal
structure (Fig. 1b). Two adjacent SUBs were alternately
connected by two L− ligands to expand the three-dimensional
framework (Fig. 1c). Furthermore, a triple interpenetrating
framework was formed owing to the low connection topology
and long organic ligand of the Zn-MOF (Fig. 1d and e).

Powder X-ray diffraction (PXRD) and thermogravimetric
analysis (TGA)

Powder X-ray diffraction (PXRD) was conducted to confirm
the phase purity of Zn-MOF (Fig. S4†). All main peaks of the
single crystal structure corresponded well with those of the
as-synthesized Zn-MOF. The crystal maintained its complete

structure during the preparation of the Cu(I)-NHC@Zn-MOF,
thereby confirming that the framework exhibited excellent
phase purity and homogeneity. Thermogravimetric analysis
(TGA) of Zn-MOF and Cu(I)-NHC@Zn-MOF was conducted.
The initial weight loss of Zn-MOF that occurred between
40 °C and 130 °C, was approximately 4.86%, which
corresponded to the loss of free water molecules (calculated:
3.85%). Zn-MOF remained thermally stable up to 300 °C and
decomposed at higher temperatures. The TGA curve of Cu(I)-
NHC@Zn-MOF was similar to that of Zn-MOF, indicating its
excellent thermal stability (Fig. S5†).

1H nuclear magnetic resonance (1H NMR) spectroscopy

To evaluate the feasibility of incorporating Cu(I) into Zn-
MOF, Cu-NHC-(Me)2L was prepared by reacting (Me)2L

+Br−

with CuI. Fig. 2 shows the 1H NMR spectra of (Me)2L
+Br− and

Cu(I)-NHC-(Me)2L. The disappearance of the peak at 9.4 ppm,
which corresponded to the C2 proton on the imidazolium
ring of (Me)2L

+Br−, confirmed the successful formation of
NHC-Cu(I) structure.31

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) studies provided
further insights into the chemical structures before and
after Cu(I) loading. The presence of the expected elements
(Br, C, N and O for (Me)2L

+Br−; C, N, O, I and Cu for Cu-

Scheme 1 Synthesis route of Cu(I)-NHC@Zn-MOF.

Fig. 1 (a) Coordination mode of the L− ligand; (b) [Zn4(μ4-O)(COO)4] secondary building units connected by L− ligands; (c) single 3D framework;
(d) 3-fold interpenetrated network; and (e) illustration of the 3D topology of the Zn-MOF.
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NHC-(Me)2L, C, N, O and Zn for Zn-MOF; and C, N, O, I,
Zn and Cu for Cu(I)-NHC@Zn-MOF) was confirmed by the
survey spectra (Fig. S6 and S7†). As shown in Fig. 3a and b,
the binding energies of N 1s at 401.1 eV were assigned to
the CN bond within the imidazolium ring. After the
formation of the C–Cu bond, the N 1s peak of Cu-NHC-
(Me)2L decreased to 400.3 eV, and a new peak was formed
at 398.8 eV for Cu(I)-NHC@Zn-MOF. The significant
reduction was due to the transformation of the imine CN
bond to the enamine C–N bond through Cu(I) coordination
at the C2 site.32 Fig. 3c shows the binding energies of Cu
2p for the prepared Cu(I)-NHC@Zn-MOF and Cu(I)-NHC-
(Me)2L. For the Cu(I)-NHC@Zn-MOF, the distinct peaks at
932.8 and 952.5 eV are assigned to Cu 2p3/2 and Cu 2p1/2,
respectively. These two peaks also maintained similar
positions in Cu-NHC-(Me)2L. Although the observed binding
energy varied slightly for each sample, the difference
between the two peaks was constantly maintained at 19.9
eV. This indicated the presence of Cu(I), which was in
accordance with the results from Fig. S6 and S7.† In
addition, the XPS spectrum of Cu 2p for the recycled

catalyst is shown in Fig. 3d; notably, the two distinct peaks
at 932.0 and 952.5 eV were assigned to Cu 2p3/2 and Cu
2p1/2, respectively.

33

Transmission electron microscopy (TEM)

The morphology of Cu(I)-NHC@Zn-MOF was examined using
the transmission electron microscopy (TEM), as shown in
Fig. 4a. The TEM image was composed of irregular blocks of
massive particles, and the energy-dispersive X-ray
spectroscopy (EDS) results confirmed the presence of Cu, Zn,
C, N and O elements in Cu(I)-NHC@Zn-MOF (Fig. S8†).
Furthermore, the elemental mapping images indicated a
homogeneous dispersion of Cu, Zn, C, N and O elements,
which illustrated the successful synthesis of Cu(I)-NHC@Zn-
MOF (Fig. 4b–f).

Catalytic activity

Following the determination of the structure, the role of
Cu(I)-NHC@Zn-MOF in the carboxylation reaction of CO2

with terminal alkynes was explored by introducing 1 atm
CO2 and varying the solvents, bases, reaction times and
catalyst amounts at different temperatures (Table S2†).
The optimum reaction conditions were as follows: Cs2-
CO3 as the base, dimethyl sulfoxide (DMSO) as the
solvent, and a reaction time of 24 h at 60 °C with
Cu(I)-NHC@Zn-MOF (60 mg); these conditions offered an
optimal yield of 95% (Entry 1). However, when
alternative solvents, namely, MeOH, CH3CN,
tetrahydrofuran (THF) and toluene, were employed, the
yield was found to be considerably lower than that
achieved using DMSO (Entries 1, 14–17). Furthermore,
when reacted with different bases, including K2CO3,
KOH, Na2CO3 and NaOH, only minimal yields were

Fig. 2 1H NMR spectra of (Me)2L
+Br− (black) and Cu(I)-NHC-(Me)2L

(blue).

Fig. 3 (a) XPS spectra of N 1s in Cu(I)-NHC-(Me)2L and (Me)2L
+Br−; (b) N 1s in Zn-MOF and Cu(I)-NHC@Zn-MOF; (c) Cu 2p in Cu(I)-NHC@Zn-MOF

and Cu(I)-NHC-(Me)2L; (d) Cu 2p in Cu(I)-NHC@Zn-MOF and recycled Cu(I)-NHC@Zn-MOF.
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obtained (Entries 1, 18–21). It was observed that an
increase in the reaction temperature resulted in a
gradual enhancement in the yield up to 60 °C, after
which a decline was found to occur (Entries 1–5). This
phenomenon can be attributed to the instability of the
cuprous alkynide intermediate formed during the reaction,
which causes decarboxylation at high temperature.34 The
absence of Cu(I)-NHC@Zn-MOF or Zn-MOF as a catalyst
resulted in no observable product (Entries 6, 22). The
highest product yield was observed when 60 mg of
catalyst was used, and increasing or decreasing the

amount of catalyst led to a decrease in the product
yield (Entries 1, 7–9). When the reaction time was
shortened, the yield of the reaction was gradually
reduced (Entries 1, 10–13). Notably, Cu(I)-NHC@Zn-
MOF displayed superior catalytic activity in comparison
to previously reported catalysts, which are known for
their use in the carboxylation of terminal alkynes
with CO2.

25,35–38

To gain deeper insights into the catalytic mechanism, a
series of control experiments were carried out (Table 1). As
shown in Entry 1, DMSO absorbed CO2, thereby promoting
the reaction.39 When Zn-MOF was added, the observed
product yield increased from 7% to 33% (Entry 2). This
enhancement in the yield could be ascribed to the NHC
structure formed by the imidazolium in Zn-MOF in the
presence of Cs2CO3. NHC combined with CO2 to form NHC
carboxylate (NHC-CO2), which in turn promoted the
carboxylation of terminal alkynes with CO2.

24 The use of
CuI as a catalyst resulted in a 67% product yield (Entry 3),
indicating the efficacy of Cu(I) in this reaction.40 In contrast
to Entry 3, the addition of Zn-MOF (60 mg) resulted in the
a product yield of 74%. Here, it could be hypothesized that
the generation of some Cu(I)-NHC@Zn-MOF during the
stirring process further enhanced the catalytic performance
(Entry 4). Subsequently, when Cu(I)-NHC-(Me)2L was chosen

Fig. 4 (a) TEM image of Cu(I)-NHC@Zn-MOF and (b–f) elemental
mappings of Cu, Zn, C, N and O atoms.

Table 1 Carboxylation of CO2 with phenylacetylene under different reaction conditions

Entry Catalyst (0.27 mol% Cu) Yielda (%)

1b Cu(I)-NHC@Zn-MOF 7
2c Cu(I)-NHC@Zn-MOF 33
3 CuI 67
4 CuI/Zn-MOF (60 mg) 74
5 Cu(I)-NHC-(Me)2L 80

a Isolated yield. b CO2 (balloon) was introduced for 2 h, then the balloon was removed, and Cu(I)-NHC@Zn-MOF was added and reacted for 24
h. c Zn-MOF (200 mg) was added in contrast to Entry 1.

Scheme 2 Possible mechanism of the carboxylation of terminal alkynes with CO2.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 2

:5
7:

58
 P

M
. 

View Article Online

https://doi.org/10.1039/d5ce00627a


5630 | CrystEngComm, 2025, 27, 5625–5632 This journal is © The Royal Society of Chemistry 2025

for the reaction, a product yield of 80% (Entry 5) was
observed, indicating that Cu(I)-NHC active site exhibited
enhanced catalytic activity when combined with Cu(I).
However, it should be noted that Cu-NHC-(Me)2L is a
homogeneous catalyst and cannot be recycled.
Heterogeneous Cu(I)-NHC@Zn-MOF was then prepared by
the PSM method, which offered a product yield of 95%
(Table S2,† Entry 1).

Based on the aforementioned results and previous
reports,3,4,12,26,41 a possible mechanism for the catalytic
carboxylation of terminal alkynes with CO2 was proposed
(Scheme 2). Initially, the proton at the C2 position of the
imidazolium structure was removed, resulting in the
formation of an NHC structure. Concurrently, Cu(I)-NHC in
the Zn-MOF underwent a reaction with terminal alkyne and
Cs2CO3, yielding alkyne-copper intermediates.3,4

Subsequently, NHC attacked the carbon atom of the CO2 to
form the NHC carboxylate (NHC-CO2);

12,26,41 this was
consistent with the capture ability of carbon dioxide by the
MOF (Table 1, Entry 2). NHC-CO2 then coordinated with a
nearby copper center, inducing the nucleophilic carbanion of
the alkyne to attack the carboxylic carbon. The formation of a
new C–C bond then occurred, and the CO2 unit was
transferred from NHC to the copper center to form a copper
arylpropionate intermediate, which then reacted with another
terminal alkyne and Cs2CO3 to release cesium propionate
while regenerating NHC and the copper acetylene
intermediate. After the reaction, cesium arylpropionate was
acidified using hydrochloric acid to obtain an arylpropiolic
acid product.

The effects of different substituents on the yield were
examined under the optimum conditions (Table 2). Results
showed that Cu(I)-NHC@Zn-MOF exhibited excellent catalytic
efficiency for substrates with both electron donor groups
(H3CO– and CH3–) and electron withdrawing groups (F–, Cl–,

and CN–), and the yield of the products reached more than
90%. Additionally, Cu(I)-NHC@Zn-MOF was applicable to a
wide range of functional groups.

To determine the heterogeneous catalytic performance of
Cu(I)-NHC@Zn-MOF, a hot filtration experiment was
conducted in accordance with the standard procedure. The
yield was 46% after 12 h of reaction, and there was no
increase in yield after the removal of the catalyst (Fig. 5),
demonstrating that no Cu(I) was leached from the catalyst to
the filtrate after the catalyst was filtered.

As shown in Fig. 6, the product yield could still reach 89%
after 3 cycles under the optimum reaction conditions. This
indicates that Cu(I)-NHC@Zn-MOF was efficiently recovered
with almost no loss of activity after four consecutive runs.
The PXRD pattern (Fig. S4†) revealed that the uniform
crystalline state of the Zn-MOF backbones was maintained
during the catalytic cycle run with Cu(I)-NHC@Zn-MOF. In
addition, the XPS spectrum of Cu 2p for the recycled catalyst
is shown in Fig. 3d, and the two distinct peaks at 932.0 and
952.5 eV are assigned to Cu 2p3/2 and Cu 2p1/2, respectively.
However, with the increase in the catalytic frequency, the
yield of the catalytic products decreased gradually.

Table 2 Cu(I)-NHC@Zn-MOF-catalyzed carboxylation of CO2 with

different terminal alkynesa

Entry R Product Yieldb (%)

1 F 98

2 Cl 98

3 H 95

4 CH3 95

5 CN 94

6 OCH3 90

a Reaction conditions: alkyne (1.0 mmol), Cs2CO3 (3.0 mmol), CO2

(balloon pressure), Cu(I)-NHC@Zn-MOF (60.0 mg, 0.27 mol%), DMSO
(10.0 mL), 60 °C. b Isolated yield.

Fig. 5 Plots of the yield versus time for the carboxylation reaction of
phenylacetylene with CO2 in the presence (blue) and removal (red) of
the Cu(I)-NHC@Zn-MOF via filtration after a reaction time of 12 h.

Fig. 6 Recycling of Cu(I)-NHC@Zn-MOF used in the carboxylation
reaction of phenylacetylene and CO2.
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Conclusions

In summary, a non-noble metal, bifunctional heterogeneous
catalyst (Cu(I)-NHC@Zn-MOF) was synthesized via a post-
modification synthesis method by introducing a Cu(I)-NHC
moiety into a Zn-MOF. The stable and efficient catalyst
exhibited highly selectivity and recyclability in the
carboxylation of terminal alkynes with carbon dioxide, and
the high catalytic activity was maintained after three cycles of
regeneration without any loss in structural integrity. The
synergistic cooperation between the Cu(I)-NHC active site and
the NHC-CO2 motif was clearly confirmed in the reaction of
CO2 and terminal alkynes catalyzed by Cu(I)-NHC@Zn-MOF.
This work, therefore, provides a promising strategy for the
design of noble metal-free N-heterocyclic carbene-metal
modified metal–organic frameworks for highly efficient
conversion of CO2 into high-value chemicals.
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