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A novel copper metal—organic framework catalyst
for the highly efficient conversion of CO, with
propargylic aminest

Xiao Xu, Zhentao Li, Huilin Huang, Xu Jing 2 * and Chunying Duan

The rapid increase in atmospheric carbon dioxide has resulted in the greenhouse effect. Hence, carbon
dioxide capture and further fixation into valuable chemical products are particularly important for redu-
cing atmospheric carbon dioxide concentrations. In this direction, a novel copper-based metal three-
dimensional framework, Cu-TSP, was assembled from tripod ligands containing thiourea groups; this
heterogeneous material can efficiently catalyze the reaction of propargylic amines and carbon dioxide to
synthesize 2-oxazolidinones, and the recyclability and high conversion rates demonstrate the broad
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Introduction

The rapid consumption of fossil fuels has led to excessive
emissions of carbon dioxide leading to increasing concen-
trations of carbon dioxide in the atmosphere, which is the
main cause of climate warming. To alleviate the abovemen-
tioned environmental problems, a lot of work on the capture,
storage and utilization of carbon dioxide has been carried
out.'™ Strategies for converting carbon dioxide into high
value-added chemicals using clean and renewable solar energy
is a very promising pathway to address energy and environ-
mental issues.®' Among the environmentally friendly and
atom economical reactions, the carboxyl cyclization of pro-
pargylic amines with CO, to generate 2-oxazolidinones has a
wide range of potential applications in synthetic and medic-
inal chemistry.>™® Due to the high thermodynamic stability
and kinetic inertness of CO,, exploring highly efficient cata-
lysts has been a central theme of research. From the perspec-
tive of industrial production, constructing heterogeneous cata-
lysts has the advantages of easy separation and recyclability. A
series of heterogeneous catalytic systems, such as immobilized
organometallic species'® and supported metal nanoparticles,'”
have been used for CO, chemical fixation, but their catalytic
performances are still unsatisfactory in terms of stability,
recyclability, turnover, etc.
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potential applications of this designed material as a n-activated catalyst in the chemical industry.

Metal-organic frameworks are ideal heterogeneous catalysts
for CO, chemical fixation because of their periodic, open struc-
tures, controllable pores, and highly dispersed catalytic
sites."® ' In recent years, many silver cluster-based and
cuprous cluster-based MOFs have been used for the reaction of
propargylic amines with CO,.*>>° Although these catalysts
show the special advantages of MOF catalysis with good cata-
Iytic efficiency, these catalytic systems usually require the
incorporation of noble metals or harsh reaction conditions
(high temperature, high pressure, and strong base). Therefore,
the construction of efficient and inexpensive MOF-based cata-
lysts for the conversion of CO, to oxazolidinones under mild
conditions remains a big challenge at present.

By incorporating tridentate thiourea ligands, we success-
fully constructed a three-dimensional framework with copper as
the metal center. Catalytic exploration reveals that Cu-TSP could
efficiently catalyze the cyclization of propargylic amines with
CO, into 2-oxazolidinones by using DBU as the base under
ambient conditions (50 °C, 0.1 MPa CO,), and the robust frame-
work of Cu-TSP can be recycled at least five times without an
obvious decrease in the catalytic activity (Scheme 1).

Experimental
Materials and instrumentation

All substrates were used as received from commercial suppliers
unless otherwise stated. Chemicals were purchased from
Sigma-Aldrich, Chempur, TCI, or Alfa Aesar. Carbon dioxide
(99.995%) was purchased from the Dalian Institute of Special
Gases and used as received. The ligand 2,2',2"-(benzene-1,3,5-
triyltris(ethan-1-yl-1-ylidene))tris(hydrazine-1-carbothioamide)
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Scheme 1 Perspective views of the construction of the porous coordi-
nation polymers and the catalytic conversion of carbon dioxide with
propargylic amines to oxazolidinones.

(TSP) was synthesized according to the previously reported pro-
cedure. "H NMR data were collected on a Varian DLG400 MHz
spectrometer at ambient temperature. Peak frequencies were
referenced versus an internal standard (TMS) for 'H NMR.
FT-IR spectra were recorded using KBr pellets on a JASCO FT/
IR-430 spectrometer. Powder XRD diffractograms were
obtained on a Rigaku D/Max-2400 X-ray diffractometer with a
sealed Cu tube (A = 1.54178 A). IR spectra were recorded as KBr
pellets on a NEXUS instrument. Thermogravimetric analyses
(TGA) were performed at a ramp rate of 10 °C min™" in a nitro-
gen flow with an SDTQ600 instrument. Confocal laser scan-
ning microscopy micrographs were recorded using an
Olympus Fluoview FV1000 with Ae, = 617 nm. Liquid UV-vis
spectra were recorded on a TU-1900 spectrophotometer. The
solid UV-vis spectra were recorded on a Hitachi U-4100 UV-vis-
NIR spectrophotometer. The microstructure and morphology
observations of samples were performed with a scanning elec-
tron microscope (SEM) (HITACHI UHR FE-SEM SU8220).

Synthesis of Cu-TSP

In a glass tube, TSP (4.2 mg) was dissolved in DMF (2.0 mL)
and then 10 mL of a DMF/CH;CN solution (1/8 v/v) was care-
fully layered followed by a layer of Cu(CH;CN),BF, (4.7 mg) dis-
solved in CH3CN (2.0 mL). The container was covered and
stored in the dark for the slow diffusion of the reactants at
room temperature, to afford pale yellow crystals within 3
weeks. The catalysts were soaked in ethanol and ether for
guest molecular exchange. Yield: 40% (based on Cu).

The method of catalysis by Cu-TSP

The catalytic reaction was conducted in a 10 mL Schlenk tube
with the catalyst (2 mol% based on Cu, 3.7 mg for Cu-TSP),
0.3 mmol of propargylic amine, 0.03 mmol (10 mol%) of DBU,
and 3 mL of acetonitrile as the solvent. The reaction system
was purged by bubbling CO, for 10 min, then the reaction was
sustained with 0.1 MPa CO, at 50 °C for 1 day. The yields were
determined using "H NMR spectroscopy.

Single-crystal analysis

X-ray intensity data were recorded on a Bruker SMART APEX
charge-coupled device-based diffractometer (Mo Ka radiation,
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2 0.71073 A) with the SAINT and SMART programs. The SAINT
software was used in data integration and reduction. Empirical
absorption correction, which was applied to the collected reflec-
tion, worked with SADABS. SHELXTL was used to solve the struc-
tures in direct methods, which was refined on F> by the full-
matrix least-squares method using the SHELXL-97 program.>®>*

Results and discussion
Synthesis and structure of Cu-TSP

The TSP ligand was prepared from a Schiff base reaction of
thiosemicarbazide and 1,3,5-triacetylbenzene with a high
yield. Slow diffusion of Cu(MeCN),BF, into a TSP solution pro-
duces Cu-TSP (Fig. 1). Single crystal X-ray crystallographic
study reflected that Cu-TSP crystallizes in a cubic crystal
system with a space group of 1-43d. Each Cu atom coordinated
with four sulfur atoms from four different ligands forming a
distorted tetrahedral coordination configuration, with an
average Cu-S distance of 2.325 A. (Fig. 1a and b). The absence
of any counterions implies that the C=S and C-N(H) bonds
were all transformed into C-S and C=N bonds, respectively,
via the loss of the imine protons during the coordination of
the metal ions. The measured C-S, C-N, and N-N bond dis-
tances (Fig. S1-S31) are all in the normal range of single- and
double-bond lengths, suggesting extensive electron delocaliza-
tion over the entire ligand skeleton.?**° This opening configur-
ation of Cu sites facilitates m-interactions of Cu atoms with
substrates containing unsaturated triple C-C bonds. Cu
centers are regarded as connection nodes that consolidate the
three-dimensional frameworks with tripodal thiourea-functio-
nalized ligand linkers. Two types of pores are observed in this
structure (Fig. 1c). The assembly of three Cu ions and TSP
ligands form a macrocycle that exhibits a triangular window

()

Fig. 1 (a) Distorted tetrahedral coordinating configuration of the Cu
atom; (b) connecting configuration between ligands and Cu atoms; (c)
view of the 3D structure along the b direction of Cu-TSP; and (d) rep-
resented cavities in the packing mode of Cu-TSP.
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with dimensions of 13.6 x 13.6 A® (Fig. 1d), which is large
enough to absorb substrate molecules and provide the possi-
bility of catalyzing the transformation of alkyne derivatives. On
the surface of the Cu-S SBUs, there are abundant H-bond
donors (-NH,) and H-bonding acceptors (C=N- and sulfur).
These hydrogen bond donors and acceptors provide potential
hydrogen bonding sites during the catalytic reaction and par-
ticipate in the capture and cooperative activation of reactant
molecules in the pores.®!

Characterization experiments

As obviously displayed in Fig. 2, the thermogravimetry analysis
curve of the freshly synthesized Cu-TSP demonstrated a slow
weight loss of 7% below 170 °C, corresponding to the loss of
acetonitrile and DMF molecules. It indicated that the frame-
work of Cu-TSP was stable below 170 °C (Fig. 2b). The charac-
teristic diffraction patterns of the prepared Cu-TSP are similar
to those simulated from the single crystal data of Cu-TSP
(Fig. 2a). XPS spectra revealed that the oxidation states of Cu()
ions in the Cu-TSP remained stable (Fig. 2c). The elemental
mapping indicated the uniform distribution of the N, S, and
Cu elements in Cu-TSP (Fig. 2d). The above results suggested
the good purity and stability of the framework.

Although the nitrogen adsorption isotherm of Cu-TSP
showed a limited amount of N, adsorption capacity at 77 K
(Fig. S11t), the pore size of Cu-TSP was calculated to be
0.573 nm and the total volume of pores as 4 x 10~ cm® g™* by
carbon dioxide adsorption (Fig. S12 and S137). The dye uptake
study was performed by soaking Cu-TSP in a methanol solu-
tion containing the dye malachite green, UV-vis spectra
demonstrated that Cu-TSP could absorb 13% malachite green
based on the crystal weight (Fig. 3d and Table S2f). Depth-
scanning confocal laser scanning microscopy of the dye-
adsorbed crystals revealed a strong green fluorescence emis-
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Fig. 2 (a) Simulated and experimental PXRD pattern of Cu-TSP; (b) the
TGA curve of Cu-TSP; (c) the XPS spectra of Cu() ions in Cu-TSP; and
(d) the HAADF-STEM images and the corresponding elemental map-
pings of Cu-TSP, N (blue), and S (green), Cu (purple), respectively.
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Fig. 3 (a and b) Confocal laser-scanning microscopy, dark field (a) and
light field (b). (c) The UV-vis spectrum of different concentrations of
malachite green dye. (d) The UV-vis absorption spectra of released
malachite green from Cu-TSP. The standard linear relationship between
the absorption and the concentration.

sion that could be attributable to malachite green. The
uniform distribution of the dye molecules throughout the crys-
tals suggested that the dyes deeply penetrate the channels
instead of remaining on the external surface (Fig. 3a and b).
These results indicated that Cu-TSP had enough pores and a
good ability to adsorb molecules of suitable sizes.****

Carboxylation of propargylic amines with CO,

The excellent chemical stability and highly dispersed active
metal center in Cu-TSP could deliver high activity in catalytic
reactions. Herein, the cyclization of propargylic amines with
CO, was selected as a model reaction to examine its
catalytic properties (Table 1). This reaction is very scientifically
significant, and the resulting products of 2-oxazolidinones
are widely used in many drugs. First, we selected

Table 1 Control experiments for the catalytic carboxylation of pro-
pargylic amines with CO,

7 Catalyst N—
N b -
///\H t+ co, Additive )\/

Entry Catalyst Base Yield (%)
1 L DBU <1
2 None DBU 0
3 L + Cu(CH;CN),BF, DBU 47
4 Cu(CH;CN),BF, DBU 16
5 Cu-TSP DBU 99
6 Cu-TSP None 3
7¢ Cu-TSP DBU 0

Reaction conditions: 1a (0.3 mmol), 1 mol% of the catalyst (based on
Cu), 0.03 mmol (10 mol%) of DBU, CH;CN (3 mL), 50 °C, 24 h, CO,
(balloon). “ N, atmosphere. The yields were determined using '"H NMR
spectroscopy.
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N-methylpropargylamine (1a) as the model substrate to investi-
gate the catalytic activity of Cu-TSP. The reaction was con-
ducted in the presence of compound Cu-TSP and DBU in
CH,;CN. Interestingly, Cu-TSP as the catalyst exhibits good cata-
lytic activity, the corresponding product of oxazolidinones was
obtained in 99% yield at 50 °C and CO, under atmospheric
pressure for 24 h (Table 1, entry 5). In the control experiments,
no detectable conversion occurred in the absence of the cata-
lyst, and DBU itself was ineffective under the given reaction
conditions (Table 1, entry 2). To explore in-depth the catalytic
activity of each component in Cu-TSP for this reaction, ligand
TSP was first studied, while no products could be observed
(Table 1, entry 1), Cu(CH3;CN),BF, gave 47% yield (Table 1,
entry 3). The simple mixture of Cu(CH;CN),BF, and ligand
TSP affords 46% conversion under the same reaction con-
ditions (Table 1, entry 4). Subsequently, we also investigated
the influence of a base on the reaction. The results revealed
that only a 3% yield of the product can be obtained without
adding any base (Table 1, entry 6). In addition, we found that
the product could not be generated under a N, atmosphere
(Table 1, entry 7). The above control experiments showed that
Cu-TSP, DBU and CO, are all essential for the reaction.

As is shown in Fig. 4d, the removal of Cu-TSP by filtration
after 4 h shuts down the reaction, and only 4% additional
yield was obtained after another 20 h under the same reaction
conditions (Fig. 4c), indicating that Cu-TSP was a true hetero-
geneous catalyst in the catalytic system. Additionally, recyclability
is very important in industrial production, and Cu-TSP could be
easily separated from the reaction system by filtration. Therefore,
the recyclable performance of Cu-TSP was studied in detail. Cu-
TSP can be recycled at least five times without an obvious
decrease in the catalytic activity (Fig. 4d). Moreover, the PXRD pat-
terns and IR spectra of the reused crystals did not exhibit any
change (Fig. S4 and S57), ICP-OES analysis of the reaction filtrate
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Fig. 4 (a) IR spectra of Cu-TSP impregnated with propargylic amine
(Cu-TSP@4a, red); free Cu-TSP (black); free propargylic amine (4a, blue);
(b) *H NMR spectra of the crystals of TSP, 4a, Cu-TSP, and Cu-TSP@4a
(digested in DMSO-dg); and (c) catalytic traces of cyclization performed
under optimal conditions with the catalyst Cu-TSP filtered after 4 h. (d)
Recycling experiments at each run.
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showed only a trace amount of Cu species (<0.2%), further con-
firming the high robustness and good reusability of Cu-TSP. All
of these results suggested that Cu-TSP possesses potential appli-
cation prospects in industrial production.

To test whether Cu-TSP could adsorb the substrate, the syn-
thesized Cu-TSP was immersed in acetonitrile solution con-
taining N-(4-nitrobenzyl)prop-2-yn-1-amine (4a) for 24 h. The
crystalline powder was filtered, washed with acetonitrile and
dried in air, and then "H NMR and IR spectra were acquired.
The "H NMR of 4a-impregnated crystals (denoted Cu-TSP@4a)
showed that Cu-TSP adsorbed approximately an 0.8 mole ratio
of 4a per copper node (Fig. 4b). The IR spectrogram showed a
new C=C stretching vibration at 2837 cm™", while the peak of
the C=C bond of free 4a was at 2845 cm ™" (Fig. 4a). It demon-
strated that the substrate could be absorbed by the pores of
Cu-TSP and interact with Cu-TSP.>*

Given the high catalytic activity of Cu-TSP in the cyclo-
addition of 1a with CO,, we further explore its generality by
using various propargylic amines, and the results are listed in
Table 2. To our delight, many different N-alkyl- or N-aryl-sub-

Table 2 Catalytic results for the cycloaddition of CO, with different
propargylic amines

0
R, 4
R
/l< Z/R‘ + : Cu-TSP 2mol% 't N/R1
5 —_—
Zz co, A

DBU 10mol% R,

Entry Substrates Products Yield (%)
1 z N 1 99
0" N7
)_/
2 ///\u/\/\ J0L 94
}_/N’\/\
3 ///\u/\o j\ 97
RS
4 4/\”’\©\ fl\ 87
Q.
LT ey T
N
|
6 )( )L 66
// N O N
0 0
7 /Q JOL 44
A
z H/\©\NOZ ;'_N%/\©\No2
Trace

-

@"v@w:é

Reaction conditions: propargylic amine (0.3 mmol), 2 mol% of the
catalyst (based on Cu), 0.03 mmol (10 mol%) of DBU, CH3CN (3 mL),
50 °C, 24 h, CO, (balloon). The yields were determined using '"H NMR
spectroscopy.
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stituted terminal propargylic amines (Table 2, entries 1-3 and
4) could afford the corresponding products in high yields
(87-99%) under the optimal reaction conditions. Notably, pro-
pargylic amine derivatives bearing electron-donating groups
on the N-benzyl moiety (Table 2, entry 5) provide the target
products in lower yields. Moreover, the addition of the methyl
group which increases the steric hindrance did reduce the
yield (Table 2, entries 6 and 7). In addition, we found that the
propargylic amine substrates 8a with oversized substituents
are almost completely unconverted. In particular, a significant
decrease in yields was observed, which suggested that the
cycloaddition transformation was highly dependent on the
molecular size of propargylamine derivatives.

Conclusions

In summary, we developed our previously reported synthetic
methodology for the design and synthesis of Cu-S-based
porous frameworks. A new Cu-S-based porous framework with
distorted tetrahedrally coordinated Cu centers as connecting
nodes and tripodal thiourea-functionalized ligands were syn-
thesized and used in n-catalytic transformation with moderate
to good yields of various propargylic amine derivatives.
The strong Cu-S bond provided enough chemical stability, the
multiple hydrogen-bonding sites on the ligands enhanced the
interaction between frameworks and reactants. The large pores
and appropriate coordination of the Cu centers enabled an
efficient catalytic transformation to occur under mild reaction
conditions. More importantly, Cu-TSP could be reused at least
five times without obvious catalytic activity loss. This is a
noble-metal-free MOF catalyst that can effectively catalyze the
cyclization of propargylic amines with CO, under mild reaction
conditions. This work will be helpful for the design of efficient
MOF catalysts for CO, conversion.
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