
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 6
:0

8:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Carboxylation of
School of Chemistry and Chemical Engine

Technology, Nanjing 210094, China. E-mail

edu.cn

† Electronic supplementary informa
10.1039/d1ra05228d

Cite this: RSC Adv., 2022, 12, 772

Received 7th July 2021
Accepted 5th November 2021

DOI: 10.1039/d1ra05228d

rsc.li/rsc-advances

772 | RSC Adv., 2022, 12, 772–776
sodium arylsulfinates with CO2

over mesoporous K-Cu-20TiO2†

Yanjiao Chen, Xuan Dai, Wenwei Zhang, Tao Wu, Lei Chen and Xinhua Peng *

A mesoporous ternary metal oxide (K-Cu-20TiO2) from a simple sol–gel method was prepared to catalyze

heterogeneously the carboxylation reaction of various sodium arylsulfinates under atmospheric carbon

dioxide. The catalyst showed excellent selectivity and good functional group tolerance to carboxylation

recycle. The oxidation state of active copper(I) by characterization using FTIR, XRD, TG, XPS and TEM

techniques proved to be efficacious to conduct atom economical reactions.
1. Introduction

In recent years, the term “green chemistry” is frequently
mentioned by researchers.1 The emissions of carbon dioxide
known as the “greenhouse gas” have far exceeded the level of
pre-industry concentration.2,3 Moreover, the utilization of CO2 is
rather attractive because of the abundant C1 source.4–7 In spite
of its high thermodynamic and kinetic stabilities, CO2 has the
characteristics of low electrophilicity.8–10 Therefore, it is
important to activate CO2 with a Lewis acid to improve the
electrophilic ability. For example, Olah et al. used the CO2–

Al2Cl6/Al system to carboxylate ethylbenzene in 33% yield of p-
ethyl benzoic acid under 5.7 MPa CO2 pressure.11,12

On the other hand, a strong carbon nucleophile acts on CO2

to form valuable carboxylic acids and their derivatives.13,14 The
chemical utilization of CO2 has made considerable progress.15,16

In particular, some carbon nucleophiles such as Grignard
reagents were employed to attack CO2 in the syntheses of
aliphatic carboxylic acids.17,18 The reaction is usually conducted
under strict anhydrous and anaerobic conditions.19,20

Some mild reaction conditions are developed towards the
CO2 carboxylation of organo-boron21,22 and zinc substrates23,24 in
the presence of organometallic complexes. The reaction is
accompanied by a cumbersome pre-functionalization process of
the substrate and the requirements of sustainable chemistry are
different.25,26 Fujihara et al.27–30 explored the carboxylation of
aryl halides, styrene and propylene, etc. with CO2 by synergy
between reductants such as Mn or Zn and some organometallic
complexes. These typical synthetic methodologies have been
summarized in Scheme 1.

Various transition metal catalysts can catalyze the coupling
reaction of sodium sulfonates involving Heck desulfurization
ering, Nanjing University of Science and

: xhpeng@njust.edu.cn; xinhpeng@njust.

tion (ESI) available. See DOI:
reactions,31 addition reactions of alkynes32 and cross-coupling
reactions with polyuoroaromatic hydrocarbons.33 Performing
the carboxylation of sodium arylsulnates with CO2 (ref. 34)
brings similar advantages, due to the stability and the proc-
essability of aromatic sodium sulnates as aryl sources.35,36

In addition, it has been reported that the homogeneous
catalyst CuI was used to catalyze the carbonylation reaction of
CO2 and sodium benzenesulnate. However, CuI has the
disadvantages of non-recoverability and easy loss of active sites.
Recycling heterogeneous catalysts remains challenging. Here,
the article describes a heterogeneous catalyst to promote the
carboxylation of aromatic sodium arylsulnates with CO2.

The heterogeneous catalyst, a mesoporous ternary metal
oxide (K-Cu-20TiO2) is prepared using a sol–gel method by
dissolving cheap polymers and metal alkoxides in a solution
composed of glacial acetic acid, hydrochloric acid and ethanol
(AcHE) (see ESI for details†).37–40 K-Cu-20TiO2 shows stable and
Scheme 1 The utilization of CO2 in carboxylation reactions.
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excellent catalytic performances and promotes the high-
selective substitution carboxylation of arylsulnates with CO2

under mild conditions.
As shown in Fig. 1, 2 and 4, K-Cu-20TiO2 from a uniform

combination of potassium and copper components in tetra-
butyl titanate stabilizes the oxidation state of active copper(I)
based on the characterization of FTIR, XRD and XPS charac-
terizations. In Fig. 3, the TG curve displays its good thermal
stability up to 480 �C. In addition, it exhibits a high degree of
uniformity with dense accumulation and mesoporous channels
in the TEM image (Fig. 5).
Fig. 2 XRD patterns of Cu-20TiO2 and K-Cu-20TiO2.
2. Results and discussion
2.1. Characterizations of the catalyst

FTIR spectra of KNO3, Cu(NO3)2, TiO2 and K-Cu-20TiO2 are
depicted in Fig. 1. K-Cu-20TiO2 exhibits the characteristic peaks
of the stretching vibrations of KNO3 at 2819–3006 cm�1 and
2360 cm�1 in Fig. 1(a). Similarly, the characteristic peak of TiO2

stretching vibration at 3541–3868 cm�1 (Fig. 1(b)) exists in the
spectrum of catalytic material, which shows the importance of
the TiO2 support.

XRD patterns of Cu-20TiO2 and K-Cu-20TiO2 are shown in
Fig. 2. There is a strong 2q peak at 25.3� corresponding to the
(210) plane, which is attributed to TiO2. The peaks at 36.2�,
48.0�, 54.3�, 54.5�, 62.0� and 68.9� are in good agreement with
(102), (321), (230), (131), (502) and (040) planes of TiO2 (PDF#72-
0100), respectively. Peaks at 42.9� are consistent with the (221)
plane of KNO3 (PDF#81-0070).

The recorded TG curve of K-Cu-20TiO2 is shown in Fig. 3.
When 7.084 mg K-Cu-20TiO2 is heated to 350 �C and 480 �C, the
total mass loss is 0.275 and 0.492 mg, respectively. This shows
that the catalyst demonstrates excellent thermal stability under
reaction conditions.

XPS is used to characterize the Cu oxidation state. The
existence of Cu(I) in fresh K-Cu-20TiO2 is observed with the
major peak at 929.9 eV (Fig. 4), which has no shake-up satellites
in the range of 931–933 eV. It is demonstrated that Cu(I) ions are
homogeneously incorporated into the TiO2 matrix in meso-
porous K-Cu-20TiO2 materials.

TEM images in Fig. 5 are employed to analyze the
morphology features of K-Cu-20TiO2. From Fig. 5(a) to (e), the
morphology of K-Cu-20TiO2 is a tightly packed cubic structure
with sizes in the range 2–50 nm, in which there are some pores
on the surface of K-Cu-20TiO2 as seen in Fig. 5(a). This proves
Fig. 1 FTIR spectra of (a) KNO3 and K-Cu-20TiO2, (b) TiO2 and
Cu(NO3)2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
that TiO2 is closely packed as a framework to form the meso-
porous structure, while Cu and K are evenly dispersed and
embedded in the crystal.
2.2. Optimization studies

The reaction of sodium benzenesulnate with atmospheric CO2

over the K-Cu-20TiO2 catalyst turns out to be efficacious for the
carboxylation with excellent selectivity. Control experiments
were conducted with various bases, ligands and DMSOmedium
(Table 1). The reaction becomes rather weak in the absence of
the catalyst as compared to that without the ligand or base
(entries 1–3 in Table 1). Ligands and bases promote the reaction
by synergy with the catalyst. Of the tested ligands, o-phenan-
throline is the most effective as compared with other ligands
such as pyridine, 2,20-bipyridine, 4,40-bipyridine and 2,20,60,200-
terpyridine in the presence of KOtBu (entries 4–8 in Table 1). Of
the tested bases, Cs2CO3 proves to be quite efficient when
compared with its counterparts, such as K2CO3, KOH,
NaOC2H5, LiOtBu and KOtBu, in the presence of o-phenan-
throline (entries 4, 9–13 in Table 1). An optimum combination
of the substrate (0.10 mmol), K-Cu-20TiO2 (20.9 mg), o-phe-
nanthroline (30 mol%) and Cs2CO3 (3.0 equiv.) in DMSO (2.5
mL) produced 85% conversion of sodium benzenesulnate with
99.8% selectivity of benzoic acid during carboxylation (entry 10
in Table 1).

Moreover, the amounts of catalyst, ligand and base are able
to affect the product yield (Table 2). The increase in the amount
of the catalyst (entries 1–4 in Table 2), ligands (entries 5–7 in
Fig. 3 TG curve of K-Cu-20TiO2.

RSC Adv., 2022, 12, 772–776 | 773
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Fig. 4 XPS spectra of mesoporous K-Cu-20TiO2.

Fig. 5 TEM images of K-Cu-20TiO2.

Table 1 Carboxylation of sodium benzenesulfinate with carbon
dioxidea

Entry Catalyst Ligand Base Conv.b (%) Sel.c (%)

1 K-Cu-20TiO2 — KOtBu 33 >99.2
2 K-Cu-20TiO2 Phen — 15 >99.3
3 — Phen KOtBu Trace —
4 K-Cu-20TiO2 Phen KOtBu 77 >99.5
5 K-Cu-20TiO2 Py KOtBu 70 >99.5
6 K-Cu-20TiO2 Bipy KOtBu 70 >99.4
7 K-Cu-20TiO2 4,40-Bipy KOtBu 60 >99.3
8 K-Cu-20TiO2 Terpy KOtBu 50 >99.3
9 K-Cu-20TiO2 Phen K2CO3 80 >99.5
10 K-Cu-20TiO2 Phen Cs2CO3 85 >99.8
11 K-Cu-20TiO2 Phen KOH 73 >99.7
12 K-Cu-20TiO2 Phen NaOC2H5 55 >99.4
13 K-Cu-20TiO2 Phen LiOtBu 50 >99.5

a The mixture of sodium benzenesulnate (0.10 mmol), CO2 (0.1 MPa),
K-Cu-20TiO2 (20.9 mg), ligand (0.03 mmol, phen: o-phenanthroline, py:
pyridine, bipy: 2,20-bipyridine, 4,40-bipy: 4,40-bipyridine, terpy: 2,20,60,200-
terpyridine, same as below), base (0.30 mmol) and DMSO (2.5 mL) was
reacted at 120 �C for 16 h in a sealed Schlenk tube. b Conversion,
determined by product yield and selectivity from GC and GC-MS
analyses using 2-methylimidazole as internal standard. c Selectivity,
mass percentage of benzoic acid in the product mixtures from GC and
GC-MS analyses using 2-methylimidazole as internal standard.

Table 2 Screening the amount of catalyst, ligand and basea

Entry K-Cu-20TiO2 (mg) Phen (mmol) Cs2CO3 (mmol) Conv.b (%)

1 62.9 0.03 0.30 87
2 41.8 0.03 0.30 86
3 20.9 0.03 0.30 85
4 10.5 0.03 0.30 41
5 20.9 0.04 0.30 86
6 20.9 0.02 0.30 75
7 20.9 0.01 0.30 35
8 20.9 0.03 0.40 87
9 20.9 0.03 0.20 72
10 20.9 0.03 0.10 55

a The mixture of sodium benzenesulnate (0.10 mmol), CO2 (0.1 MPa),
K-Cu-20TiO2, o-phenanthroline, Cs2CO3 and DMSO (2.5mL) was reacted
for 16 h at 120 �C in a sealed Schlenk tube. b Conversion, determined by
product yield and selectivity from GC and GC-MS analyses using 2-
methylimidazole as internal standard.

774 | RSC Adv., 2022, 12, 772–776
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Table 2) and base (entries 8–10 in Table 2) can improve
substrate conversion and carboxylation yield.

The carboxylation performance of various aromatic sodium
arylsulnates is inspected in optimum reaction conditions. As
shown in Table 3, the reactions of arylsulnates with CO2 form
corresponding carboxylated products smoothly with moderate
substrate conversion and high product selectivity. These
substrates with functional groups involving methyl, ethyl,
methoxy, chloro, iodo and phenyl have no intimate relevance to
the electron and conjugate effects by the electron-donating and
electron-withdrawing groups on the aromatic ring.

The reusability of K-Cu-20TiO2 for the carboxylation of
sodium benzenesulnate was investigated. The results under
optimal conditions are shown in Fig. 6. It is clear that there are
only insignicant decreases in conversion and selectivity aer
ve cycles; the conversion and selectivity were about 83% and
99.8%, respectively. The catalyst is regenerated by the usual
process involving centrifugation separation, washing with
ethanol and deionized water, followed by drying at 70 �C prior to
reuse.

The catalytic properties are implied by the mechanism pre-
sented in Scheme 2. Sodium benzenesulnate in stronger
alkaline conditions can favor metathesis from active Cu(I) of K-
Cu-20TiO2 based on the XPS analysis. The Cu(I) complex on
solid surface is further coordinated with ligands to form an
intermediate Ar–CuL (aromatic copper complex), accompanied
by the release of molecular sulfur dioxide from the substrate.
Subsequently, CO2 is inserted into Ar–CuL to form a carbon–
carbon coupling product of benzoate by the electrophilic
substitution effect. This method based on the catalytic cycle can
readily synthesize aromatic carboxylic acid by mild
desulnation.

3. Experimental
3.1. Preparation and regeneration for catalyst

A mixture of 10 mmol Ti(OBu)4, 40 mmol HOAc (99.5%),
12 mmol HCl (36–38%), 0.50 mmol Cu(NO3)2$3H2O and
0.50 mmol KNO3 was dissolved in 2 mL deionized water, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Extension of the substrate scopea

Entry Substrate Product Conv.b (%) Sel.c (%)

1 85 >99.8

2 80 >99.6

3 75 >99.3

4 78 >99.6

5 70 >99.3

6 23 >99.1

7 83 >99.3

8 77 >99.3

9 45 >99.4

10 66 >99.5

a The mixture of substrate (0.10 mmol), CO2 (0.1 MPa), K-Cu-20TiO2
(20.9 mg), phen (0.03 mmol), Cs2CO3 (0.30 mmol) and DMSO (2.5 mL)
was reacted for 16 h at 120 �C in a sealed Schlenk tube. b Conversion,
determined by product yield and selectivity from GC and GC-MS
analyses using 2-methylimidazole as internal standard. c Selectivity,
mass percentage of benzoic acid in the product mixtures from GC and
GC-MS analyses using 2-methylimidazole as internal standard.

Fig. 6 Recycling of the catalyst.

Scheme 2 The proposed electrophilic mechanism.
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1.6 g F68 (polyethylene-polypropylene glycol) in 30 mL ethanol
was stirred vigorously for 1 h at room temperature. Then the
mixture was further concentrated to form a yellow transparent
© 2022 The Author(s). Published by the Royal Society of Chemistry
lm by rotary evaporation at 50 �C under reduced pressure. The
lm was aged for 24 h at 70 �C and then calcined for 5 h at
350 �C in nitrogen atmosphere. The lm material was ground
into a ne powder before use.

The solid catalyst separated from the reaction mixture by the
centrifugation process was stirred for 1 h in 5.0 mL ethanol and
then in 5.0 mL deionized water. Aer being aged for 24 h at
70 �C and then calcined for 5 h at 350 �C in nitrogen atmo-
sphere, the solid was reused in the next run.
3.2. Procedure for carboxylation reaction

A 10 mL sealed Schlenk tube was ventilated with CO2 added
substrate (0.10 mmol), K-Cu-20TiO2 (20.9 mg), ligand (0.03
mmol), base (0.30 mmol) and DMSO (2.5 mL). The mixture was
stirred for 16 h at 120 �C under 0.1 MPa carbon dioxide atmo-
sphere. Aer the mixture was cooled to room temperature,
1 mol L�1 HCl (1.5 mL) was added to the mixture. The catalyst
was separated by centrifugation, and the product was extracted
with EtOAc (5 mL � 3) and washed with saturated NaCl
aqueous solution (5 mL � 3). The organic phase was dried by
Na2SO4, and then concentrated by distillation and puried by
TLC.
4. Conclusions

In summary, an excellent K-Cu-20TiO2 catalyst is used to
promote the atom economic carboxylation of CO2 as the C1
source. Carboxylation of arylsulnates does not need the usual
pre-activation on the substrate in the presence of the solid
catalyst. In addition, the reaction is heterogeneously performed
in mild conditions on the solid surface with high product
selectivity. Therefore, this methodology expands CO2 xation
utilization.
Conflicts of interest
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