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A B S T R A C T

The catalytic conversion of CO2 into value-added chemicals is an important strategy for CO2 utilization. Herein, hypercrosslinked polymer-supported N-heterocyclic 
carbene–copper complexes (HCP-NHC–Cu) are synthesized in a single step from imidazolium-based hypercrosslinked polymers and evaluated as heterogeneous 
catalysts for the conversion of CO2 to cyclic carbamates. Owing to their robustness and insolubility, these materials operate as efficient heterogeneous catalysts in 
complementary coupling pathways, in three-component coupling reactions involving CO2, propargylic alcohols, and primary amines, as well as the coupling reaction 
of CO2 with propargylic amines, affording cyclic carbamates in quantitative yields and high selectivity. Cyclic carbamates are obtained in quantitative yields and high 
selectivity under moderate conditions (CO2 pressure of 5 bar, temperatures of 60–120 ◦C, and reaction times of 4–16 h). The excellent performance of the novel 
catalysts is attributed to a cooperative effect arising from CO2-philic NHC ligands working in concert with catalytically active Cu(I) sites.

1. Introduction

The conversion of CO2 into value-added molecules is one of the most 
active areas of chemical research not only because of the usefulness of 
the molecules obtained, but also because it helps to close the carbon 
cycle, reducing dependence on fossil fuels by promoting the circular 
economy and sustainability by reusing a gas considered waste. Thus, 
CO2 has been widely used to obtain carbonaceous materials, hydrocar
bons, alcohols, ethers, sugars, starches, aldehydes, ketones, acids, esters, 
acetates and carbonates [1–3].

Five-membered cyclic carbamates, also known as 2-oxazolidinones, 
are very interesting molecules with broad industrial applications in 
the fields of medicine, pesticides and insecticides due to their remark
able therapeutic and biological properties. In addition, they serve as 
very versatile building blocks in organic synthesis, and are of particular 
importance as chiral auxiliaries in asymmetric synthesis [4]. The 
traditional approach to synthesize cyclic carbamates typically relies on 
highly toxic phosgene or isocyanate derivatives as starting materials, 
posing significant risks to both environmental safety and human health 
[5]. In recent years, the synthesis of these compounds by three- 
component coupling of primary amines, propargylic alcohols and CO2 

(Fig. 1a) has gained much attention in the scientific landscape due to the 
accessibility and low cost of the starting materials, the non-toxic nature 
of the by-products and the simplicity of the reaction process throught 
metal, organo and liquid-phase catalyzed reactions [6]. Another strategy 
is through a coupling reaction between propargylic amines and CO2 
(Fig. 1b) [7–9]. Although this strategy is more straightforward and in
volves the complete insertion of the CO2 molecule and the cyclic 
carbamate, it offers less structural diversity as it limits the possibility of 
independently modulating the alcohol and amino groups, and few 
propargylamines are commercially available.

Over the past two decades N-heterocyclic carbene-metal complexes 
(NHC-M) have been used as catalysts in a wide variety of reactions 
[10–15]. In recent years, soluble NHC-M complexes have also been 
successfully used as homogeneous catalysts in the synthesis of cyclic 
carbamates via a CO2-based two or three-component reactions [13–20]
and even to obtain asymmetric cyclic carbonates [21]. However, reports 
on the use of heterogeneous catalysts for the fixation of CO2 into cyclic 
carbamates remain scarce, with only two examples described to date. 
The first involves a Cu(I)-anchored, NHC-based MOF, in which the dense 
arrangement of CO2-philic NHC ligands and catalytically active Cu(I) 
sites within the one-dimensional channels enables highly efficient 
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conversion of CO2 into oxazolidinones (99% yield) under ambient 
temperature and pressure but needing 24 h of reaction. Moreover, the 
activation of the propargylic alcohol proceeds via deprotonation pro
moted by a strong base (DBU) [22].

The second study reports NHC–silver and NHC–copper complexes 
immobilized on multiwalled carbon nanotubes (CNTs) and graphene 
(GN). Under optimized conditions, the CNT–NHC–Cu catalyst efficiently 
promotes the three-component coupling of CO2, propargyl alcohol, and 
amines to afford cyclic carbamates in high yield (up to 96%); however, 
this efficiency is achieved only under high CO2 pressure (30 bar) and 
prolonged reaction times (24 h) [23].

In this paper, we report novel heterogeneous NHC–copper catalysts 
that efficiently fix CO2 into cyclic carbamates in significantly shorter 

reaction times (5 h) than previously reported heterogeneous NHC–M 
catalysts, and notably without the need for added any base.

The NHC–copper catalysts were easily obtained from two 
imidazolium-hyper-crosslinked polymers (HCP-BzmimCl and HCP- 
BisBzmimCl, Fig. 2) previously reported by us, which were highly se
lective in the N-formylation of secondary amines, utilizing CO2 as a 
carbon source [24]. Moreover, these catalysts demonstrated exceptional 
recyclability and scalability, which are crucial for their potential in in
dustrial applications. Now, we have gone a step further and we have 
converted these hyper-crosslinked polymers into novel HCPs containing 
copper N-heterocyclic carbenes (Fig. 2). The novel catalysts were eval
uated in the three-components coupling reaction of CO2 and propargyl 
alcohol with primary amines and in a coupling reaction of CO2 with 
propargylic amines to give cyclic carbamates (Fig. 1) in excellent yield 
and short reaction times.

2. Experimental section

2.1. Materials

HCP-BzmimCl and HCP-BisBzmimCl (Fig. 2) were prepared 
following the procedures reported [24,25]. 2-Methylbut-3-yn-2-ol pu
rity 98% was supplied by Sigma Aldrich. Potassium tert-butoxide (98%) 
was supplied by Thermo Scientific and cuprous iodide (98%) was sup
plied by FluoroChem. The other reagents and solvents were supplied by 
Aldrich with analytical grade and were used as received.

Synthesis of the molecular reference complex, NHC-Cu-I, is described 
in the Supporting Information.

Fig. 1. A) Three-Component Coupling of CO2, propargylic alcohols and pri
mary amines, and b) coupling reaction of CO2 and propargylic amines for the 
synthesis of cyclic carbamates.

Fig. 2. Synthesis of Hyper-crosslinked Polymer heterogenized N-Heterocyclic Carbene–Copper Complexes (HCP-NHC-Cu and HCP-BisNHC-Cu).
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2.2. Synthesis of HCP-NHC-Cu and HCP-BisNHC-Cu

HCP-BzmimCl or HCP-BisBzmimCl (500 mg), a magnetic stirrer and 
degassed tetrahydrofuran (THF, 20 mL) were added successively to a 
flask (50 mL) under a nitrogen atmosphere. After sonication of the 
mixture for 5 min, CuI (140 mg, 0.39 mmol) and potassium tert-butoxide 
(44 mg, 0.39 mmol) were added to the vessel under nitrogen atmo
sphere. The resulting suspension was stirred vigorously for 24 h at room 
temperature. The mixture was then filtered under vacuum and the 
resulting filter cake was thoroughly washed with THF (50 mL × 3), 
dichloromethane (DCM) (50 mL × 3) and methanol (50 mL × 3). To 
remove unreacted CuI, the obtained solid was dispersed in DCM, fol
lowed by the addition of 1-benzyl-3-methyl-imidazolium chloride. The 
resulting soluble NHC–Cu complex was filtered, and the remaining solid 
was dried under vacuum at 110 ◦C for 12 h.

2.3. Synthesis of cyclic carbamates

2.3.1. Three-component coupling reactions
General procedure: The catalyst (5 mol% based on Cu), 2-methylbut- 

3-yn-2-ol (0.5 mmol), amine (1 mmol) and acetonitrile (0.5 mL) as 
solvent, were successively added into a steel autoclave reactor. After 
purging with CO2 (3.0 bar), the reactor was pressurized to 5.0 bar. The 
reaction was maintained at 120 ◦C during the times indicated in Table 1. 
The reactor was then cooled to room temperature, and the CO2 was 
slowly released. The reaction mixture was filtered under vacuum and 
washed thoroughly with DCM (3 × 10 mL). The resulting filtrate was 
collected and the solvent removed. The cyclic carbamate was purified by 
flash chromatography using hexane/ethyl acetate (1:1) as the eluent. 
The reactions were monitored by 1H NMR spectroscopy. The conversion 
of propargylic alcohol (2-methylbut-3-yn-2-ol) was determined by 
comparing the integral of the signal at 2.41 ppm, corresponding to the 
terminal alkyne proton of the starting material, with the signal at 4.00 
and 4.09 ppm, attributed to the vinyl protons of the cyclic carbamate 
product. At the end of the reaction, the catalysts were separated from the 
reaction by filtration, washed with DCM and methanol, dried overnight 
under vacuum at 100 ◦C, and then it was used in a new run. The turnover 
frequency (TOF) was calculated according to the following equation: 
TOF (h− 1) = (mmol of substrate converted) / (mmol of catalyst × re
action time (h)) where the amount of substrate converted corresponds to 
the conversion measured within the linear region of the reaction profile 
(between 1 and 2 h).

2.3.2. Coupling of CO2 with propargylic amine
General procedure: The catalyst (5 mol% based on Cu), propargylic 

amine (0.5 mmol), and acetonitrile (0.5 mL) as solvent were added into a 
steel autoclave reactor. After purging the reactor with CO2 (three times), 
it was charged with CO2 to 5 bar. The reactions were maintained at 60 ◦C 
for 16 h. Then the reactor was cooled to room temperature. The re
actions were filtered and washed with acetonitrile. The filtrate was 
evaporated under vacuum. The reactions were monitored by 1H NMR 
spectroscopy. The conversion of propargylic amines was determined by 
comparing the integral of the methylene signal with the signal at 4.75 
ppm, attributed to one of the vinyl protons of the cyclic carbamate 
product.

2.4. Characterization techniques

Fourier Transform Infrared Spectra (FTIR) were recorded on a 
Perkin-Elmer RX-1 instrument.

The solid-state 13C NMR spectra were taken in a Bruker AV-400-WB 
using a 4 mm triple channel probe with ZrO rotors and Kel-F plug at 
room temperature and 100.32 MHz. The speed of rotation is set at 10 
KHz in all cases. 13C NMR CP-MAS spectra were recorded using a 
spectral width of 35 kHz and the chemical shift refers to the CH signal of 
adamantine (29.5 ppm) as a secondary reference to tetramethylsilane as 

the primary reference. NMR spectra (1H and 13C NMR) were recorded 
with a BRUKER AVANCE III HD (Larmor frequencies of 400, 101 MHz 
for 1H, 13C).

Microanalyses were made with a LECO CHNS-932 elemental 
analyzer (C, H, N). Residual aluminium contents were analyzed by 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
on a Perkin Elmer OPTIMA 2100 DV. Specific surface area measure
ments and porosity analysis were performed using N2 adsorption iso
therms on a Micromeritics, ASAP 2020 MICROPORE DRY Analyzer (P/ P 
0.01–1.0), using the Brunauer-Emmett-Teller (BET) surface area theory 
and Density Functional Theory (DFT) methods. Before, the samples were 
degassed at 110 ◦C for 12 h.

Thermogravimetric analysis (TGA) data were obtained on a TGA- 
DSC1600 Setsys Evolution under an air atmosphere, using approxi
mately 5 mg of the sample under a flow of 50 mL/min. The samples were 
heated from 50 to 850 ◦C at 5 ◦C/min.

Scanning electron microscopy (SEM) micrographs were obtained 
with a Hitachi SU-8000 microscope operating at 0.5 kV. The samples 
were prepared directly by dispersing the powder onto a double-sided 
adhesive surface.

Transmission electron microscopy (TEM) micrographs were recor
ded with a JEM2100F electron microscope (JEOL Ltd., Tokyo, Japan) 
operating at 200 keV.

High-resolution isotherms of CO2 were obtained at a series of tem
peratures in a Micromeritics ASAP 2010 volumetric instrument, using 
~150 mg of powder sample. The sample was placed in a sample holder 
that was immersed into a liquid recirculating thermostatic bath (Julabo 
FP40-HL) able to control the adsorption temperature from 273 to 333 K. 
Before adsorption experiments, samples were outgassed at 423 K for 6 h 
under turbo-molecular high vacuum.

The adsorption heat was estimated using the Clausius- Clapeyron 
equation from the CO2 isotherms obtained at different temperatures.

X-ray Photoelectron Spectroscopy (XPS) data were obtained with a 
SPECS GmbH system equipped with a hemispherical energy analyser 
PHOIBOS 150 9MCD. A non-monochromatic Mg X-ray source was used 
with a power of 200 W and voltage of 12 kV. Samples were placed first in 
the pre-chamber at room temperature and degassed for several hours 
before being transferred to the analysis chamber. Pass energies of 50 and 
20 eV were used for acquiring both survey and high-resolution spectra, 
respectively.

3. Results and discussion

3.1. Synthesis and characterization of hyper-crosslinked polymer 
heterogenized N-Heterocyclic Carbene–Copper complexes (HCP-NHC-Cu, 
HCP-BisNHC-Cu)

The imidazolium based hyper-crosslinked polymers, HCP-BzmimCl 
and HCP-BisBzmimCl, prepared as reported [24,25] were reacted with 
CuI in tetrahydrofuran and the mixtures were stirred for 24 h at room 
temperature to obtain the two HCPs containing N-heterocyclic carbene- 
copper complexes: HCP-NHC-Cu and HCP-BisNHC-Cu (Fig. 2). The se
lection of NHC–copper complexes was motivated by their ability to 
promote the facile insertion of CO2 into the in situ generated 
NHC–copper species, a key step in the carboxylation process. These 
catalysts exhibit excellent functional group tolerance, enabling their 
application to a wide variety of substrates, and demonstrate high effi
ciency in the reported carboxylation reactions. Moreover, the NHC li
gands play a crucial role in stabilizing the active copper centers, thereby 
enhancing both the reactivity and long-term stability of the catalytic 
system [26].

The chemical structure of both complexes was determined by 
Elemental Analysis, FT-IR, XPS and solid-state 13C NMR spectroscopies. 
The first evidence for the copper complex formation was provided by FT- 
IR spectra (Fig. S1) as the characteristic C=N stretching vibrations of the 
imidazole rings observed at 1555–1568 cm− 1 in HCP-BzmimCl and HCP- 
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BisBzmimCl were absent in the spectra of HCP-NHC-Cu and HCP- 
BisNHC-Cu, indicating coordination with the metal center [27]. The 
characteristic stretching bands of =C-N at 1150 and 1620 cm− 1, and the 
bending vibrations of the –CH2− groups at 1445 cm− 1, which are pre
sent in the four polymers, were observed in all spectra, confirming the 
preservation of the polymeric backbone of the solids.

X-ray photoelectron spectroscopy (XPS) analyses are made to 
analyze the surface elements on HCP-NHC-Cu and HCP-BisNHC-Cu. The 
XPS survey (Fig. S2) shows clearly the signals corresponding to copper, 
iodine, nitrogen and carbon. The XPS traces of copper (Fig. 3) show two 
peaks at 932.1, 932.6 eV and 952.8, 952.5 eV attributed to Cu 2p3/2 and 
Cu 2p1/2 respectively, characteristics of Cu(I) species [28]. Both spectra 
shows satellite features indicative of Cu(II) species. These shake-up 
satellites, typically observed in the 940–945 eV region, arise from 
charge-transfer processes characteristic of Cu(II) centers [29,30]. 
Therefore, the significant intensity of these features in the heterogenized 
catalysts suggests that a fraction of the copper has been oxidized to Cu 
(II). This is likely due to exposure to air and/or moisture during catalyst 
preparation, handling, or measurement, leading to partial oxidation of 
the initially formed Cu(I) species.

The XPS I3d traces exhibit two peaks at 630.7 eV and 619.7 eV (HCP- 
NHC-Cu) and 630.9 eV and 619.2 eV (HCP-BisNHC-Cu) which were 
attributed to I 3d3/2 and I 3d5/2, respectively, confirming the existence of 
iodine as counterion in HCP-NHC–Cu complexes [31].

The XPS traces of C1s exhibit two peaks at 285.7 eV and 289.5 eV 
(HCP-NHC-Cu) and 285.1 eV and 289.0 eV (HCP-BisNHC-Cu) and the 
XPS traces of N1s show a broad peak centered at ~399 eV.

The solid-state 13C NMR spectra (Fig. S3) of all HCP-NHC-complexes 
showed comparable groups of signals to those present in the spectra of 
the corresponding HCP-polymer precursor and were in close agreement 

with the reference NHC-Cu-I complex. Thus, a broad chemical shift 
between 110 ppm and 130 ppm was observed in all spectra, accompa
nied by a shoulder around 140 ppm attributed to the aromatic carbons of 
the benzene rings and to C-N atoms, respectively, together with the 
characteristic signals of the methylene and methyl groups at around 35 
and 50 ppm, respectively. A weak signal at 189 ppm is assigned to NHC- 
to-Cu coordination.

The thermal stability of the two copper supported catalysts was 
evaluated by TGA analysis. As shown in Fig. 4a, both polymers exhibited 
good thermal stability with a two-step degradation pattern. A large first 
weight loss is observed between 275 and 280 ◦C and a second one, with a 
small weight loss, close to 500 ◦C. The first weight loss was attributed to 
the dissociation of the metal from the polymer network together with its 
partial degradation, as it was reported for other supported NHC-copper 
complexes [32]. The second weight loss is attributed to the generalized 
degradation of the polymer network. From the obtained residue, the 
percentage of copper in each case can be calculated, resulting in 9.6% 
and 16.7% for the HCP-NHC-Cu and HCP-BisNHC-Cu, respectively. 
These experimental values were similar to those calculated theoretically 
(Table S1) as was observed for the percentages of hydrogen and nitro
gen. Moreover, the nitrogen/metal ratio is also around 2 in both cases, 
confirming the presence of one metal atom for every two nitrogen atoms 
and therefore the successful formation of the N heterocyclic carbene- 
copper complex from the corresponding imidazolium units. All at
tempts to determine Cu content by ICP were unsuccessful, as digestion of 
the catalyst under both acidic and basic conditions did not achieve 
complete disaggregation of the polymeric matrix, thereby preventing 
reliable ICP measurements.

The porous properties were evaluated by N2 adsorption–desorption 
isotherms (Fig. S4) which showed low specific surface areas for both 

Fig. 3. XPS traces of copper and iodine of a) HCP-NHC-Cu and b) HCP-BisNHC-Cu.
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polymers, although they were larger than their respective precursors. 
Thus, HCP-NHC-Cu exhibited 21.1 m2.g− 1 while its precursor HCP- 
BzmimCl showed a very low value of 4.5 m2.g− 1 [24]. Likewise, the 
HCP-BisNHC-Cu exhibited 68.9 m2.g− 1 while its precursor HCP- 
BisBzmimCl showed a value of 16.9 m2.g [24]. These results suggest 
that, contrary to typical cases where metal incorporation reduces the 
specific surface area due to the metal occupying space, [33] in this case, 
it seems to expand the structure. In general, the increase in surface area 
after metal incorporation can be explained by several factors, such as 
structural expansion induced by metal coordination that could generate 
additional accessible porosity, increased polymer rigidity due to Cu- 
NHC complexation that could prevent pore collapse, maintaining a 
more open structure, and possible creation of new internal micropores 
or cavities that might result from network reorganization or counterion 
effects. All these factors could indicate that copper incorporation ex
pands rather than collapses the polymeric network.

The pore size distribution (Fig. S5) confirms the mesoporous nature 
of both polymers. Specifically, HCP–NHC–Cu shows pronounced 
adsorption features corresponding to pores centred at 1.99, 2.87, and 
4.88 nm, while HCP–BisNHC–Cu exhibits major contributions at 2.70, 
3.20, and 4.55 nm.

The CO2 uptake was measured for the both complexes using CO2 
adsorption isotherms (Fig. 4b). The CO2 uptake of the HCP-BisNHC-Cu 
complex was higher than that of the HCP-NHC-Cu complex, most 
likely due to the larger Langmuir surface and higher N content of this 
polymer. Thus, HCP-BisNHC-Cu showed the highest CO2 uptake with an 
adsorption of 1.27 mmol.g− 1 while HCP-NHC-Cu showed adsorption 
values of 0.74 mmol.g− 1. Although the CO2 adsorption values appeared 
moderate, they were higher than those of the precursor polymers, [24]
indicating that the generation of metal carbenes positively enhanced the 
CO2 adsorption. In fact, the higher CO2 adsorption observed in the HCP- 
BisNHC-Cu complex could be related to the higher NHC-copper content 
present in this material which provides more active sites for CO2 in
teractions, thus increasing the adsorption capacity. Moreover, differ
ences in pore distribution and accessibility may allow better diffusion of 
CO2 in the BisNHC structure. An overestimation of the Langmuir surface 
area due to model assumptions (Fig. 4b) could be observed, as Langmuir 
often gives higher values than BET without necessarily correlating with 
CO2 uptake. In general, metal coordination effects can influence CO2 
interactions, but if the metal sites are not fully accessible, the adsorption 

capacity remains moderate despite the high surface area.
Both catalysts exhibit an amorphous character, as evidenced by the 

corresponding X-ray diffraction patterns (Fig. S6).
Finally, the morphology of the complexes was examined by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) 
(Fig. 5). The SEM images revealed the characteristic morphology of 
hyper-crosslinked porous polymers, consisting of spherical aggregates of 
varying sizes, consistent with similar materials. The TEM images pro
vided further insight into the internal structure, showing porous do
mains and an interconnected network.

In both samples, dispersed electron-dense regions were observed, 
suggesting the presence of copper-containing species. These electron- 
dense domains appear distributed throughout the polymeric particles, 
without evidence of large segregated copper-rich regions or extensive 
aggregation, suggesting a reasonably good dispersion of copper- 
containing species within the hyper-crosslinked matrix. It should be 
noted that TEM contrast mainly arises from differences in electron 
density and therefore does not allow direct identification of the oxida
tion state of copper species. Accordingly, these domains may correspond 
to Cu(I) species strongly coordinated within the polymeric framework or 
forming small clusters, rather than necessarily metallic copper nano
particles. Although electron beam-induced effects cannot be completely 
ruled out, no significant changes in the size or distribution of these 
domains were observed during image acquisition. In agreement with 
this interpretation, XPS analysis does not provide evidence of fully 
reduced metallic Cu species, indicating that these copper-containing 
domains are more likely present in an oxidized state or strongly coor
dinated within the polymeric framework. Overall, these results suggest 
that copper incorporation influences both the textural properties and the 
distribution of metal species within the polymeric network, which may 
have important implications for catalytic performance.

3.2. Catalytic activity in the synthesis of cyclic carbamates

The synthesis of cyclic carbamates (2-oxazolidinones) via the three- 
component coupling reaction of CO2 was optimized using propargylic 
alcohol and n-butylamine as model substrates. An excess of amine was 
used to shift the equilibrium toward carbamate formation as it was 
previously reported for this reaction [23]. The reaction was first done at 
120 ◦C, 5 bar CO2 pressure, 5 mol% catalyst (based on Cu content), and 

Fig. 4. A) thermogravimetrical analysis and b) CO2 uptake of HCP-NHC-Cu and HCP-BisNHC-Cu complexes.
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acetonitrile as the solvent. The catalytic performance was evaluated for 
the two synthesized catalysts (Table 1, entries 1, 2), and their kinetic 
reaction profiles are recorded in Fig. S7. Both catalysts exhibit similar 
activity with turnover frequency (TOF) values of 1.63 h− 1 (HCP-NHC- 
Cu) and 2.40 h− 1 (HCP-BisNHC-Cu), suggesting a very efficient activa
tion of the substrates, possibly due to stronger π-coordination between 
Cu and the starting propargylic alcohol. The superior catalytic activity 
observed for HCP-BisNHC-Cu can be attributed to the presence of bis- 
NHC units, which may enable cooperative substrate activation be
tween two neighboring copper centers. This close proximity can pro
mote synergistic interactions during the catalytic process, resulting in 
enhanced activity compared to the HCP-NHC-Cu system, where the 
metal sites are more isolated.

Fig. S8 and S9 show the 1H NMR of the propargylic alcohol and cyclic 
carbamate (3-butyl-5,5-dimethyl-4-methyleneoxazolidin-2-one) ob
tained in the reaction of entry 2. The absence of signal at 2.41 ppm, 
corresponding to the terminal alkyne proton of the propargylic alcohol 
confirmed the 100% conversion of this reagent. The virtually identical 
catalytic activity observed for both catalysts can be attributed to the 
comparable accessibility and dispersion of copper active sites in the two 
catalysts. Although they exhibit differences in BET and Langmuir surface 
areas as well as in CO2 adsorption capacity, these textural and adsorp
tion properties do not necessarily determine the number of catalytically 
relevant Cu surface sites. Considering the reasonably dispersed distri

bution of copper-containing domains observed by TEM, the density of 
accessible Cu sites, and therefore the number of effective reaction cen
ters, may be comparable in both catalysts.

Under such conditions, the overall reaction rate would be primarily 
governed by the intrinsic activity of the Cu sites rather than by differ
ences in total surface area or CO2 capture capacity, explaining the nearly 
identical catalytic performance.

The reaction catalyzed by the reference soluble complex (entry 3) 
quantitatively affords the cyclic carbamate; however, oxidation to Cu(II) 
occurs in the reaction medium, since the initially obtained white solid 
was observed to rapidly turn green upon exposure to ambient condi
tions, which hindered its isolation in a form suitable for additional 
spectroscopic or crystallographic analyses. This behaviour is attributed 
to the limited ability of iodide (I− ), a relatively soft ligand, to fully 
stabilize the Cu(I) center. Thus, upon exposure to air or moisture, an 
oxidation of the reference complex to Cu(II) can occur, which manifest 
as the observed green coloration.

The control experiments conducted with the metal salt used in the 
functionalization process, CuI, as catalyst (entry 4), resulted in very low 
propargylic alcohol conversion (10%) confirming the positive effect of 
heterogenizing transition copper complexes in such polymeric networks. 
Some additional experiments were performed to evaluate effects of 
varying pressure, temperature, and reaction time, choosing HCP- 
BisNHC-Cu as catalyst. Reducing the temperature to 60 ◦C or to 

Fig. 5. A) sem (a1) and tem (a2) images of hcp-nhc-cu and b) sem (b1) and tem (b2) images of hcp-bisnhc-cu.

Table 1 
Optimization of reaction conditions of the three-component coupling of CO2, propargylic alcohol and n-butylamine.[a].

Entry Catalyst P(CO2) (bar) T (◦C) t (h) Conv. (1) (%) Selec. (2) (%)

1 HCP-NHC-Cu 5 120 5 100 98
2 HCP-BisNHC-Cu 5 120 4 100 100
3 NHC-Cu-I 5 120 5 100 100
4 CuI 5 120 16 10 100
5 HCP-BisNHC-Cu 5 60 16 35 96
6 5 100 16 80 90
7 0 120 5 0 0
8 balloon 120 5 0 0
9 3 120 5 35 90
10[b] 5 120 5 65 96
11 none 5 120 5 5 97
12 HCP-BzmimCl 5 120 5–16 0 0
13 HCP-Bis(BzmimCl) 5 120 5–16 0 0

[a] Propargylic alcohol (0.5 mmol), n-butylamine (1 mmol), catalyst (5 mol% based on Cu content), acetonitrile (1 mL). [b] Without solvent.

B. Fuerte-Díez et al.                                                                                                                                                                                                                            Journal of Catalysis 460 (2026) 116970 

6 



100 ◦C even with a long reaction time, did not result in complete con
version (entries 5 and 6). As expected, the reaction does not take place in 
the absence of CO2, but also not at atmospheric pressure (entries 7 and 
8), and decreasing the pressure to 3 bar (entry 9), the conversion of 
propargylic alcohol was very low, 35%, indicating that the optimal 
working pressure is 5 bar. The reaction in the absence of solvent (entry 
10) achieved a conversion of 65%. However, the reaction mixture 
became difficult to stir, suggesting that the solvent is critical for the best 
dispersion of the reactants and catalyst. A control experiment without 
catalyst (entry 11) resulted in only 5% conversion after 16 h, confirming 
the key role of the catalyst in driving the reaction. Finally, the reaction 
was performed using the imidazolium-based hyper-crosslinked starting 
polymers, HCP-BzmimCl and HCP-BisBzmimCl (entries 12 and 13). In 
both cases, no product formation was observed, even after extended 
reaction times. This result further confirms the crucial role of copper as 
an active catalytic component in the reaction.

To evaluate the generality of the reaction using this catalyst, 
different amines were reacted with propargylic alcohol (Table 2). The 
use of an amine with a longer hydrocarbon chain length such as octan-1- 
amine, conducted to the corresponding cyclic carbamate (Fig. S10) with 
excellent selectivity and full propargylic alcohol conversion, but 
needing more time (10 h) (2b). This could be due to octylamine's longer 
carbon chain, which introduces greater steric hindrance and increases 
the non-polar character of the molecule. These factors can influence its 
behavior in heterogeneous-phase reactions, where solubility and mo
lecular accessibility play a more significant role. Cyclopentylamine also 
gave excellent catalytic results (Fig. S11) but also reacted more slowly 
(2c), than butylamine likely due to its cyclic structure, which introduces 
conformational rigidity and steric hindrance near the amino group. This 
can limit access to the reactive center and hinder the optimal orientation 
needed for cyclization. Additionally, its reduced flexibility compared to 
butylamine may further affect the efficiency of the process and differ
ences in solubility in acetonitrile may also contribute to the observed 
behavior. Isopropylamine led to similar results (2d) (Fig. S12) and also 

reacts more slowly than butylamine, likely due to the steric hindrance 
caused by its isopropyl group. This congestion around the nucleophilic 
site can hinder attack on the reactive center. Furthermore, its more 
branched structure reduces molecular flexibility, which may affect the 
orientation required for cyclization. Primary amines bearing an aro
matic moiety (2e–2g) also showed excellent selectivity toward cyclic 
carbamates (Figs. S13–S15) and propargylic alcohol conversion. How
ever, they reacted more slowly than n-butylamine, primarily due to 
electronic effects and, to a lesser extent, steric hindrance. The aromatic 
ring can withdraw electron density from the nitrogen via resonance or 
inductive effects, thereby decreasing its nucleophilicity. Additionally, 
the bulkiness of the aromatic group may impede access to the reactive 
center.

Finally, pyridin-2-ylmethanamine yielded only traces of the cyclic 
carbamate (2h) likely due to the electron-withdrawing nature of the 
pyridine ring, which reduces the nucleophilicity of the amine. Addi
tionally, the nitrogen in the 2-position can engage in intramolecular 
interactions or coordination with electrophilic species, potentially 
deactivating the amine or hindering its approach to the reactive center. 
These electronic and steric factors together reduce its reactivity in the 
cyclization reaction. However, the 1H NMR spectrum (Fig. S16) shows, 
along with the signals from the unreacted amine and the cyclic carba
mate traces, the signals corresponding to the formation of α-alkylidene 
cyclic carbonate. Moreover, the conversion of propargylic alcohol was 
completed since not signals corresponding to this reagent were observed 
in the spectrum.

The synthesis of cyclic carbamates was also explored using prop
argylic amines to simplify the reaction. Among the conditions reported 
for the heterogeneous catalytic synthesis of cyclic carbamates using this 
strategy, [19,32–34] the conditions established by Zhao et al were 
selected [34]. They used a metal–organic framework based on imida
zolium units as the catalyst, a CO2 pressure of 5 bars, at 60 ◦C and no 
added base.

The two-propargylic amines evaluated (Table 2) yielded selectively 

Table 2 
Scope of the three-component coupling reaction using CO2, propargylic alcohol and different amines and HCP-BisNHC-Cu as catalyst.
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the corresponding cyclic carbamate in 16 h. The N-benzylprop-2-yn-1- 
amine (3b) achieved quantitatively the product, whereas propargylic 
amine was somewhat less efficient in this transformation (3a). This 
enhanced reactivity can be attributed to the benzyl group, which pro
vides electronic stabilization of the reaction intermediate and facilitates 
the final cyclization step. Additionally, the benzyl moiety increases the 
basicity of the amine, improving its interaction with CO2. In contrast, 
propargylic amine, being structurally simpler, lacks these stabilizing 
effects and is more susceptible to side reactions, resulting in lower 
overall efficiency. Figs. S17-S20 show the 1H NMR spectra of both cyclic 
carbamates and those of the corresponding starting propargylic amines.

To elucidate the interactions between the Cu catalyst, the amine, and 
propargyl alcohol, 1H NMR spectra were recorded for the individual 
reactants as well as their combinations and with the catalyst (Fig. S21). 
The signals corresponding to the alkyne proton (2.45 ppm) and the 
methyl groups (1.56 ppm) in the spectrum of propargyl alcohol alone (1) 
shift when the alcohol is mixed with the amine (3) or with the catalyst 
(4). Moreover, the amine signals also change when the catalyst is added 
to the alcohol-amine mixture (5). This suggests the presence of an 
interaction between Cu and the amine, that activates the propargyl 
alcohol and promotes the reaction.

Based on some reported mechanisms [23,35,36] a plausible mech
anism for this reaction is depicted in Fig. 6. First, the alkyne group of the 
propargylic alcohol coordinates to the copper center while the amine 
acts as a nucleophile activating the –OH group in the propargyl alcohol 
(I). Simultaneously, CO2 is adsorbed by the system and then the 
hydrogen atom of the hydroxyl group is transferred to an oxygen atom of 
the activated CO2; after a rotation (II), this hydrogen is transferred to the 
terminal carbon of the alkyne bond (III). Furthermore, a ring-closing 
reaction takes place, leading to the formation of the α-alkylidene car
bonate (IV), which regenerates the catalyst and allows the catalytic 
cycle to continue in the presence of the amine. Thus, the reaction first 
undergoes aminolysis via the nucleophilic attack of the amine on the 
carbonyl, to give the acyclic carbamate (V). After intramolecular cycli
zation and subsequent dehydration, the corresponding cyclic carbamate 
(2 oxazolidinone) (2) is formed. When the amine is poorly reactive, as in 
the case of pyridin-2-ylmethanamine (2g), the cyclic carbonate IV 

remains unopened, which explains why it is the main compound 
detected in this reaction.

The mechanism proposal for the synthesis of cyclic carbamates from 
propargylic amines is similar to that of the multicomponent reaction 
[33,34], first, the alkyne bond of the propargylic amine coordinates to 
the copper center (Ib), while CO2 is adsorbed by the system. Then, a 
hydrogen of the amine group is transferred to the oxygen atom of the 
CO2 (IIb); next, after a rotation, this hydrogen is transferred to the ter
minal carbon of the alkyne bond yielding 4.

The CO2 adsorption in the reaction system was confirmed by IR 
spectral analysis of the reaction mixture both before the initiation of the 
reaction and after its completion (Fig. S22). No bands attributable to 
activated CO2 species were observed prior to reaction, whereas signifi
cant changes appear in the post–reaction spectrum. In particular, an 
intense band at 2253 cm− 1 is clearly observed after the reaction. This 
band is markedly red–shifted relative to the asymmetric stretching mode 
of free CO2 (~2340–2350 cm− 1), indicating the formation of a strongly 
perturbed CO2 species. This type of spectral feature can originate from 
either coordination of CO2 to a metal center [29] or chemical interaction 
with amines [37] which confirms the adsorption of CO2 in our system.

Once the excellent catalytic activity of HCP-BisNHC-Cu in the syn
thesis of cyclic carbamates from CO2 was demonstrated, it is important 
confirm its heterogeneity. Thus, a hot filtration experiment was per
formed in a three-component reaction using CO2 and propargylic 
alcohol and n-butylamine as substrates, removing the catalyst after two 
hours of reaction. At this time the conversion of propargylic alcohol was 
55%, as shown in Fig. S23, and increased only marginally to ~60% after 
catalyst removal, confirming that there is no significant release of cat
alytic species to the reaction medium, corroborating the heterogeneity 
of the catalytic system. Its recyclability was also evaluated repeating the 
reaction for eight cycles (Fig. 7). The catalyst showed excellent activity, 
with propargylic alcohol conversions between 92 and 100%, maintain
ing the reaction over 5 h, and selectivity towards the cyclic carbamate 
close to 100% which confirm the recyclability of the catalyst. A slight 
decrease in catalytic activity observed after the first recycling may be 
attributed to the loss of a minor fraction of weakly bound or more labile 
metal species during the initial reaction and recovery process. Notably, 

Fig. 6. Mechanism proposal for the HCP-NHC–Cu-catalyzed three and two-component coupling reactions using CO2.
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no further decrease in conversion is detected in subsequent cycles, 
indicating that the remaining catalyst corresponds to a stable, truly 
heterogeneous phase with strongly anchored active sites. The recovered 
catalyst after the eight cycle was analyzed by TGA, which shows small 
differences between the solids before and after recycling, as the per
centage of metal decreases to 12.5%, which may explain the longer re
action time required to reach full conversions (Fig. S24).

To provide an overview of the catalytic performance of the catalysts 
developed in this work for the three-component coupling of CO2, 
propargylic alcohol, and n-butylamine to afford the corresponding cy
clic carbamate, a comparative analysis was conducted against other 
heterogeneous catalysts reported for this transformation (Table S2). 
Compared with these previously reported systems, our catalyst dem
onstrates a clear practical and sustainable advantage. While many cat
alysts require high CO2 pressures (20–30 bar), long reaction times 
(12–24 h), added solvents, or co-catalysts such as DBU, our catalyst 
achieves an excellent 99% yield under moderate pressure (5 bar CO2) 
and significantly shorter reaction time (5 h). Importantly, this perfor
mance is achieved under co-catalyst-free conditions, greatly simplifying 
the process and enhancing its environmental friendliness. In contrast, 
other high-yielding catalysts require co-catalysts, or operate at much 
harsher conditions, making our system more efficient, greener, and 
more practical for potential scale-up and industrial applications. In 
particular, the performance was compared against N-heterocyclic car
bene–silver (NHC–Ag) and copper (NHC–Cu) complexes immobilized on 
multiwalled carbon nanotubes (CNTs) and graphene (GN) [23]. In these 
cases, the cyclic carbamate was obtained in yields ranging from 76% to 
90%, with propargylic alcohol conversions of 94% to 97%. However, 
these systems required elevated CO2 pressures (30 bar) and extended 
reaction times (24 h).

Unlike some reported catalysts for the carboxylative cyclization of 
propargylic amines with CO2, which frequently rely on complex catalyst 
architectures, co–catalysts, or specialized additives (Table S3), our 
catalytic system stands out for its operational simplicity and overall 
efficiency. For instance, heterogeneous catalysts based on Cu(II)-MOFs 
or COFs have been shown to produce cyclic carbamates with high 
yields under relatively mild conditions; however, these systems often 
require strong organic bases such as DBU to achieve effective CO2 
activation and facilitate the cyclization step, adding complexity to the 
reaction and downstream processing. In contrast, our catalyst delivers a 
99% yield without the need for any co–catalyst or external additives, 
demonstrating that efficient CO2 incorporation can be achieved with a 
simplified catalyst formulation. Although our process operates at a 
somewhat higher CO2 pressure and longer reaction time, the elimination 

of co–catalytic bases and auxiliary components simplifies reaction setup, 
streamlines product purification, and improves the practical applica
bility and sustainability of the method.

4. Conclusions

Heterogenized HCP–NHC–Cu complexes were successfully synthe
sized from HCPs–BzmimCl polymers and applied as efficient catalysts 
for the synthesis of cyclic carbamates (2-oxazolidinones), via either a 
three-component reaction involving CO2, propargylic alcohol, and pri
mary amines, or a coupling reaction of CO2 and propargylic amines.

All cyclic carbamates were obtained with excellent yields which is 
consistent with efficient π-activation of the terminal alkyne by Cu(I) 
sites. The use of n-butylamine in the three-component reaction led to the 
formation of the corresponding cyclic carbamate in the shortest reaction 
time (4–5 h), compared to other amines tested. This enhanced reactivity 
is likely due to its balanced polarity, low steric hindrance, and favorable 
electronic properties, unlike amines with bulkier, more apolar, or elec
tronically deactivated structures.

The heterogenized HCP–NHC–copper catalysts presented in this 
work have demonstrated significantly high efficiency in the synthesis of 
cyclic carbamates achieving product formation in short reaction times 
and under mild conditions (5 bar CO2) being easily recovered from the 
reaction medium and reused for eight consecutive cycles, showing an 
initial decrease in activity after the first run, but maintaining stable 
conversion and high selectivity in the subsequent cycles.

Supporting Information:
Fig. S0 show the 1H NMR spectrum of spectra of NHC-Cu-I complex; 

Figs. S1–S3 show the characterization data of the catalysts; Fig. S4 shows 
the N2 adsorption–desorption isotherms of catalysts and Fig. S5 shows 
the pore size distribution; Fig. S6 shows the kinetic profiles of the cat
alysts. Figs. S7-S19 show the 1H NMR spectra of all synthesized cyclic 
carbamates, as well as the corresponding spectra of the starting reagents 
for comparative analysis. Fig. S20 shows a hot filtration experiment. 
Fig. S21 shows the TGA of the catalyst HCP-BisNHC-Cu after recycling 
(PDF). Table S1 shows the elemental analyses of catalysts. Table S2-S3
show ccomparisons of the yields obtained in the three and two compo
nent reactions using different catalytic systems.
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