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lation of diisobutylene into methyl
isononanoate catalyzed by cobalt complexes
dispersed by poly(ionic liquids)

Heyuan Song,*a Mengjiao Ding, a Zhaoxiong Tian,a Shuangtai Leiab

and Hailong Liu*b

The catalytic performance of cobalt complex catalysts coordinated with various poly(ionic liquids) for the

methoxycarbonylation of diisobutene into methyl isononanoate was investigated. The poly(ionic liquids)

were synthesized via a solvothermal polymerization method and were characterized using Fourier

transform infrared spectroscopy, thermogravimetric analysis, scanning electron microscopy, transmission

electron microscopy, N2 adsorption–desorption and elemental analyses. A diisobutene conversion of

88.0% and a methyl isononanoate selectivity of 91.4% were achieved using HVIMI-VPy-DVB (1 : 1)

@Co2(CO)8 as catalysts at the optimized reaction conditions of 8.0 MPa CO and 150 °C. Furthermore,

the catalyst system can be suitable for the methoxycarbonylation of various terminal olefins and exhibits

high recoverability and thermostability.
1. Introduction

Carbonylation is an important means for introducing carbonyl
groups into organic molecules, such as those widely used in the
chemical industry and organic synthesis.1 Roelen was the rst
to report the carbonylation reaction process in 1938, and it has
more than 80 years history of research and application. Precious
metal catalysts of Pd, Ru, and Rh as well as non-precious metal
catalysts of Co and Ni have been successfully used in carbon-
ylation reactions.2–8 Since homogeneous catalysts possess the
same physical state as the reaction medium, it is difficult to
separate and recover them from the reaction system at the end
of the reaction;9–11 moreover, complex separation and purica-
tion techniques are usually required, which increases produc-
tion costs. Traditional heterogeneous catalysts are easily
separated and recovered from reactants, but their catalytic
activities and selectivities are oen not ideal. Nowadays, het-
erogenization of homogeneous catalysts has become a great
solution,12–16 which offers both the excellent performance of
homogenous catalysts and recyclability of heterogeneous cata-
lysts. However, precious metal catalysts are preferred. For
example, Doherty et al.17 reported for the rst time that the in
situ combination of 2-pyridyldiphenylphosphine anchored on
polymers with Pd(OAc)2 forms a heterogeneous complex cata-
lyst, which exhibited excellent catalytic performance for the
ineering, Lanzhou Jiaotong University,

g@mail.lzjtu.cn; Tel: +86-931-4938755

sis and Carbon Dioxide Utilization, State

lective Oxidation, Lanzhou Institute of

ces, Lanzhou 730000, China

the Royal Society of Chemistry
hydroesterication reaction of phenylacetylene and propargyl
acetylene, achieving homogeneous catalytic multiphasing. In
2016, Chen et al.18 synthesized an immobilized Pd/POL-2V-P,N
catalyst by anchoring Pd(OAc)2 over a 2-vinyl-functional
diphenyl-2-pyridylphosphine polymer (POL-2V-P,N) for the
methoxycarbonylation of acetylene. Pd/POL-2V-P,N showed
more superior catalytic activity in the catalyzed methox-
ycarbonylation reaction than the homogeneous catalyst system.
Similarly, Ren et al.19 successfully synthesized a porous Rh-
based N-containing polymeric materials via an impregnation
method, which showed good activity and stability in the cata-
lytic gas-phase carbonylation of methanol to generate acetic
acid andmethyl acetate and could be operated stably for amuch
longer time than the corresponding homogeneous catalyst
system. In 2016, Yang et al.20 prepared a Y-type molecular sieve-
loaded Mo(CO)6 catalyst, which demonstrated excellent activity
in the synthesis of propionic acid through the carbonylation of
ethylene; the activity of the catalyst was at least 400-fold higher
than that of similar homogeneous catalysts. The use of non-
precious metal catalysts such as Co is benecial for reducing
the cost of the catalyst, and therefore, it is an important direc-
tion for future carbonylation research.

Isononanoic acid and its derivatives are important interme-
diates of driers for paints and coatings and can be used in the
production of paints, lubricants, plasticizers, surfactants,
pharmaceutical intermediates, cosmetics, and peroxides.
Currently, isononanoic acid is mainly produced from 2-ethyl-
hexanol via a complicated process of dehydration, hydro-
formylation, and oxidation with low yield, environmental
pollution, and high equipment requirements. The preparation
of isononanoic acid from the methoxycarbonylation of
RSC Adv., 2024, 14, 25703–25711 | 25703
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diisobutene (DIB) is a promising route in the future, at present,
a few homogeneous catalytic systems have been applied to the
methoxycarbonylation of DIB.21–23 In 2022, our group24 synthe-
sized porous organic polymers bearing pyridine or imidazole
complexed Co2(CO)8, which exhibited excellent catalytic activity
for the methoxycarbonylation of DIB with methanol and CO.
The conversion and selectivity of methyl 3,3,5-trimethylhexa-
nate were up to 89.3% and 92.2% at the reaction conditions of
150 °C and 8.0 MPa for 12 h, respectively. Subsequently, our
group25 formed supported cobalt complex catalysts by loading
cobalt complex over N-containing ligand-functionalized ZSM-5,
in situ, which were used as catalysts. The conversion of 88.3%
and selectivity of 93.4% for methyl isononanoate in the
methoxycarbonylation of DIB was achieved under solvent-free
conditions at 6.0 MPa and 140 °C. Poly(ionic liquids)
combines the advantages of ordinary polymers and ionic
liquids with a porous structure, such as good thermal and
chemical stability, and good solubility for organic substances
on its surface, which are widely used in catalytic reactions.
Poly(ionic liquids) can not only coordinate with metallic cata-
lytic centers, but also improve the solubility of the substrate on
its surface by changing the structure, which could promotes the
catalytic reaction.

In this study, we synthesized the poly(ionic liquids) supports
via co-polymerizing N-vinyl imidazolium iodide containing
different side chains with 4-vinylpyridine and p-divinylbenzene.
Subsequently, the heterogeneous Co-based catalysts formed in
the presence of Co precursor and the poly(ionic liquids) in situ,
whose performance was investigated in the methox-
ycarbonylation of DIB. We selected 1-vinyl-3-hexyl-imidazolium
iodide, 1-vinyl-3-butyl-imidazolium iodide, 1-vinyl-3-ethyl-
imidazolium iodide, and 1-acetonitrile-3-vinyl-imidazolium
iodide as the polymeric monomers, which were polymerized
with 4-vinylpyridine and p-divinylbenzene in the presence of an
initiator. The structures and properties of the obtained poly(-
ionic liquids) were comprehensively characterized using Four-
ier transform infrared spectroscopy (FT-IR), elemental analysis,
thermogravimetric analysis (TG), N2 adsorption–desorption
(BET), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Simultaneously, the effects of
reaction parameters such as cobalt salt species, catalyst dosage,
feedstock ratio, pressure, temperature, and time on the reaction
were also investigated to determine the optimal reaction
conditions. Besides, a reasonable structure–function relation-
ship was examined. Additionally, catalyst recyclability and
substrate scope were also measured.

2. Experimental section
2.1 Materials

Analytically pure Co2(CO)8 ($99.5%, AR), CoCO3 (98%, Co
content: 45–47 wt%, Macklin), Co(acac)3 (98%, Macklin), 1-
iodohexane ($98%, Macklin), 1-iodobutane (98%, Macklin),
iodoethane (99%, Macklin), iodoacetonitrile (99%, Macklin), 4-
vinylpyridine (96 wt%, Macklin), N-vinyl imidazole (99 wt%,
Macklin), p-divinylbenzene (DVB, 80 wt%, Macklin), diisobuty-
lene (DIB, 98%, Macklin), methanol (AR, Rionlon), ethyl alcohol
25704 | RSC Adv., 2024, 14, 25703–25711
(AR, Chemical reagent), ethyl acetate (AR, Chemical reagent), 1-
octene (98%, Macklin), 1-hexene (99%, Macklin), styrene (AR,
Mcklin), and azobisi-sobutyronitrile (AIBN, AR, Damao chem-
ical reagent factory) were obtained. The CO used in this study
was of 99.999% purity (none of the drugs used in the experiment
were puried).
2.2 Catalyst synthesis

2.2.1 Preparation of ionic liquids. The ionic liquid of N-
vinyl imidazolium iodide was prepared as follows. Typically,
a mixture of 1-iodohexane (0.3 mol) and toluene (50 mL) was
slowly added dropwise to a solution of N-vinyl imidazole (0.3
mol) and toluene (200 mL) while stirring vigorously. Subse-
quently, the mixed solution was gradually heated to 60 °C and
reuxed for 48 h. Aer cooling to room temperature, the lower
layers of the mixture were identied as ionic liquids of 1-vinyl-3-
hexyl-imidazolium iodide (HVIMI) and were washed with
toluene and ethyl acetate (each 100 mL) three times. The ob-
tained ionic liquid was rotary evaporated at 60 °C for 8 h, and
then vacuum-dried at 60 °C for 12 h to remove the remaining
water and volatiles.26–29 The other ionic liquids of 1-vinyl-3-butyl-
imidazolium iodide (BVIMI), 1-vinyl-3-ethyl-imidazolium iodide
(HEIMI) and 1-acetonitrile-3-vinyl-imidazolium iodide
(CNVIMI) were prepared by the above method, except replacing
1-iodohexane with 1-iodobutane, iodoethane or iodoacetoni-
trile, respectively.

EVIMI. 1H NMR (500 MHz, D2O): d 7.90 (d, J = 2.2 Hz, 1H),
7.74 (d, J = 2.2 Hz, 1H), 7.28 (t, J = 8.7 Hz, 1H), 5.93 (d, J =
2.8 Hz, 1H), 5.54 (d, J= 2.8 Hz, 1H), 4.41 (q, J= 7.4 Hz, 2H), 1.66
(t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, D2O): d 128.43, 122.80,
119.60, 109.63, 45.52, 14.74. Anal. calcd for EVIMI: C, 33.62; H,
4.43; N, 11.20. Found: C, 32.28; H, 3.79; N, 11.53.

BVIMI. 1H NMR (500 MHz, D2O): d 7.86 (d, J = 2.1 Hz, 1H),
7.68 (d, J = 2.1 Hz, 1H), 7.23 (t, J = 2.9 Hz, 1H), 5.89 (d, J =
3.0 Hz, 1H), 5.50 (d, J = 8.7 Hz, 1H) 4.32 (t, J = 2.3 Hz, 2H), 1.94
(m, 2H), 1.40 (m, 2H), 0.98 (t, J = 1.5 Hz, 3H). 13C NMR (126
MHz, D2O): d 128.48, 123.07, 119.54, 109.59, 49.88, 31.25, 18.98,
12.99. Anal. calcd for BVIMI: C, 38.87; H, 5.44; N, 10.08. Found:
C, 37.69; H, 5.89; N, 10.14.

HVIMI. 1H NMR (500 MHz, D2O): d 7.82 (d, 1H), 7.63 (d, J =
2.4 Hz, 1H), 7.18 (t, J = 8.7 Hz, 1H), 5.84 (d, J = 2.8 Hz, 1H), 5.46
(d, J = 3.0 Hz, 1H), 4.28 (t, J = 2.7 Hz, 2H), 1.98–1.91 (m, 2H),
1.46–1.23 (m, 6H), 0.88 (t, J = 2.1 Hz, 3H). 13C NMR (126 MHz,
D2O): d 128.26, 122.91, 119.47, 109.39, 50.03, 30.36, 29.06, 25.04,
21.81, 13.32. Anal. calcd for HVIMI: C, 43.15; H, 6.25; N, 9.15.
Found: C, 42.87; H, 6.95; N, 9.11.

CNVIMI. 1H NMR (500 MHz, D2O): d 7.98 (d, J = 1.0 Hz, 1H),
7.85 (d, J = 2.0 Hz, 1H), 7.27(t, J = 8.5, 1H), 5.94 (d, J = 3.1 Hz,
1H), 5.60 (d, J = 3.0, Hz, 1H), 4.79 (s, 2H). 13C NMR (126 MHz,
D2O) d 128.07, 123.18, 120.50, 111.13. Anal. calcd for CNVIMI: C,
32.21, H, 3.09; N, 16.10. Found: C, 32.85, H, 3.29; N, 15.46.

2.2.2 Preparation of poly(ionic liquids). As shown in Fig. 1,
the poly(ionic liquids) were prepared via the solvothermal
polymerization method.30 The ionic liquids of EVIMI, BVIMI,
HVIMI, or CNVIMI (0.1 mol) were mixed with 4-vinylpyridine
(0.1 or 0.2 mol), p-divinylbenzene (0.1 mol), and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthetic route of poly(ionic liquids).

Fig. 2 FT-IR spectra of (a) ionic liquids and (b) poly(ionic liquids).
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azobisisobutyronitrile (AIBN, 3.2 wt%) in 200 mL of ethanol
while to form a homogeneous mixture via vigorous stirring. The
obtained mixture was then gradually heated to 80 °C and
reuxed for 48 h. Aer the mixture cooled to room temperature
and maintained continuously for 12 h, an organic polymer was
obtained by centrifugation. Aer washing with ethanol (100mL)
three times, the solid was dried under vacuum at 60 °C for 12 h
to eliminate the residual volatiles and moisture.24,29 Depending
on the different monomers, the dried poly(ionic liquids) were
denoted as EVIMI-VPy-DVB (x : y), BVIMI-VPy-DVB (x : y), HVIMI-
VPy-DVB (x : y), and CNVIMI-VPy-DVB (x : y). Where x : y denotes
the molar ratios of 4-vinylpyridine to ionic liquids, respectively.
The polymer VPy-DVB (2 : 1) without any ionic liquid was also
prepared as above.

2.3 Catalysts characterization

FT-IR spectra were obtained by pressing anhydrous potassium
bromide with the samples and scanning them in the range of
500–4000 cm−1 using a Nicolet NEXUS 870 system (USA).
Thermogravimetric analysis (TG) was performed using
a Netzsch STA 449F3 Jupiter instrument operating in an N2

atmosphere in the range of 50–800 °C with a temperature
ramping rate of 10°C min−1. The particle size and morphology
of the samples were recorded by SEM analysis using a ZEISS
Gemini SEM 500 instrument at 10.0 kV. Elemental analysis was
performed using an Elementar UNICUBE organic elemental
analyzer in the CHNS mode. A Micromeritics ASAP2460
instrument (USA) was used to record the N2 adsorption–
desorption isotherms at the liquid nitrogen temperature. The
Brunauer–Emmett–Teller (BET) method was used to estimate
the surface area. Prior to the measurement, each sample was
degassed at 90 °C for 10 h.

2.4 Catalytic performance testing

The methoxycarbonylation reaction of DIB with CO and meth-
anol was carried out in a stainless steel autoclave with
a mechanical stirring speed of 500 rpm. Generally, a certain
amount of prepared poly(ionic liquids), Co precursor, DIB, and
methanol were added to the autoclave. Then, the autoclave was
sealed and ushed with CO (2.0 MPa) three times and pres-
surized to the appropriate pressure. The reaction system was
heated to the desired temperature and kept constant during the
reaction. Aer the completion of the reaction, the heating and
© 2024 The Author(s). Published by the Royal Society of Chemistry
stirring equipment were turned off, and the reactor was natu-
rally cooled to room temperature. The reaction mixture was
subjected to solid–liquid separation by centrifugation. The
liquid products and substrates were analyzed using gas chro-
matography (GC, Agilent 7980) equipped with a SE-54 capillary
column and a ame ionization detector (FID) with ethyl acetate
as the internal standard. For the recycle experiments, the liquid
was pressed out of the reactor through a lter by high pressure,
the catalyst was retained at the bottom of the reactor, and the
reactants were added directly to the reactor for the next cycle.
3. Results and discussion
3.1 Catalyst characterization

3.1.1 FT-IR spectra. The FT-IR spectra of the ionic liquids
of N-vinyl imidazolium iodide with different side chains and
poly(ionic liquids) with different monomers and ratios are
shown in Fig. 2. As shown in Fig. 2(a), the absorption peaks at
1553 cm−1, 1172 cm−1, and 3078 cm−1 are attributed to the
backbone vibrations of the imidazole ring, telescoping vibra-
tions of the ring, and C–H telescoping vibrations in the ring,
respectively, and the multiplet peaks in the range of 500–
1000 cm−1 are attributed to bending vibrations in the C–H
plane.31,32 In Fig. 2(b), the FT-IR absorption peak at 3023 cm−1 is
attributed to the stretching vibration of C–H in the pyridine
molecule,33 which is observed in all samples. Absorption peaks
at 1153 and 3125 cm−1 can be observed in the poly(ionic liquids)
RSC Adv., 2024, 14, 25703–25711 | 25705
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Fig. 3 TG analysis curves of poly(ionic liquids).
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spectrum, which are attributed to the stretching vibration of the
imidazole ring and the C–H stretching vibration in the poly(-
ionic liquids), respectively.34 These results indicate that the
pyridine and imidazole groups in the monomers are retained
and embedded in the poly(ionic liquids) obtained by the sol-
vothermal polymerization method.

3.1.2 TG analysis. The thermal stability of the poly(ionic
liquids) can be determined by the TG analysis, and the weight
Table 1 Elemental analysis of poly(ionic liquids)

Entry Sample

Results of element

N C

1 EVIMI-VPy-DVB (1 : 1) 7.41 6
2 EVIMI-VPy-DVB (2 : 1) 7.65 6
3 BVIMI-VPy-DVB (1 : 1) 7.71 6
4 BVIMI-VPy-DVB (2 : 1) 7.23 7
5 HVIMI-VPy-DVB (1 : 1) 7.30 6
6 HVIMI-VPy-DVB (2 : 1) 8.28 6
7 CNVIMI-VPy-DVB (2 : 1) 9.26 6

a Divinyl benzene in poly(ionic liquids) was used as the calculation bench

Table 2 BET surface characterization of poly(ionic liquids)

Sample

BET analytic results

BET surface area
(m2 g−1)

Total p
(cm3 g−

EVIMI-VPy-DVB (1 : 1) 4.89 0.01
EVIMI-VPy-DVB (2 : 1) 181.89 0.37
BVIMI-VPy-DVB (1 : 1) 0.62 0.003
BVIMI-VPy-DVB (2 : 1) 183.51 0.39
HVIMI-VPy-DVB (1 : 1) 0.16 0.007
HVIMI-VPy-DVB (2 : 1) 1.17 0.007
CNVIMI-VPy-DVB (2 : 1) 0.63 0.003

a Macroporosity. b Mesoporosity.

25706 | RSC Adv., 2024, 14, 25703–25711
loss curves of the samples are shown in Fig. 3. A slight weight
loss was observed at 100–280 °C, which is attributed to the
release of water, low-boiling solvents, and monomers of poly-
mer inside the pore channels.35 There was a signicant weight
loss of the poly(ionic liquids) at 280–450 °C, which was attrib-
uted to the decomposition of the poly(ionic liquids) formed by
the co-polymerization of the ionic liquid, 4-vinylpyridine, and p-
divinylbenzene. This indicated that the tested poly(ionic
liquids) demonstrated good thermal stability and could be used
as catalysts.

3.1.3 Elemental analysis. The molar ratios of different
monomers in the poly(ionic liquids) were calculated based on
the test results of elemental analysis presented in Table 1. These
results suggest that the polymerization of different monomers
occurred, and the molar ratio of each monomer was close to the
theoretical values.

3.1.4 N2 adsorption–desorption. N2 physisorption was used
to evaluate the textural properties of the poly(ionic liquids), and
the results are shown in Table 2 and Fig. 4. From Table 2, it can
be seen that the BET surface area increased with the increasing
the vinyl pyridine contents, and gradually increased as the R
chain of imidazolium-based ionic liquids became shorter.
Mesoporous and macroporous structures are predominantly
present in poly(ionic liquids), and it was found that the mac-
roporosity increased with the increase in the R group on
al analysis (%) Proportion of monomersa (mol ratio)

H C7H7N/ionic liquid

6.11 6.66 1.31
7.68 6.53 1.76
6.09 6.73 1.55
3.92 6.99 3.38
6.56 7.04 1.35
8.53 6.99 2.49
7.35 6.02 1.77

mark (1 mol).

Distribution of pores

ore volume
1)

Average pore
width (nm)

Maa

(%)
Meb

(%)

0.79 14.2 85.8
0.74 39.1 55.6
0.79 100 0
0.74 47.9 52.1
0.79 100 0
0.79 77.7 22.3

17.30 28.9 71.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 N2 adsorption–desorption isotherms of poly(ionic liquids).
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imidazolium-based ionic liquids. The isotherms of N2 adsorp-
tion–desorption are displayed in Fig. 4, which combine the
characteristics of type IV adsorption isotherms and H3 hyster-
esis loops, which are distinctive of mesoporous materials. The
adsorption hysteresis phenomenon forms a hysteresis loop,
indicating that the poly(ionic liquids) have a regular pore
structure.36

3.1.5 SEM and TEM studies. SEM images of different pol-
y(ionic liquids) are illustrated in Fig. 5 and the morphology of
the samples varies with the type of monomer. These images
show that dried EVIMI-VPy-DVB (1 : 1), BVIMI-VPy-DVB (1 : 1),
and HVIMI-VPy-DVB (1 : 1) have a large number of dense pore
structures on the surface. This is because poly(ionic liquids) are
formed by the polymerization of monomers, and macropores
and mesopores may be formed in the interstitial space of the
monomers aer polymerization. Fig. 6 displays the TEM images
Fig. 5 SEM images of poly(ionic liquids). (a) EVIMI-VPy-DVB (1 : 1), (b) BV

Fig. 6 TEM images of poly(ionic liquids). (a) EVIMI-VPy-DVB (1 : 1), (b) BV

© 2024 The Author(s). Published by the Royal Society of Chemistry
of EVIMI-VPy-DVB (1 : 1), BVIMI-VPy-DVB (1 : 1), and HVIMI-
VPy-DVB (1 : 1), and it can be seen that this series of poly(-
ionic liquids) are porous organic polymers.

3.2 Performance of catalytic methoxycarbonylation

The methoxycarbonylation of DIB with methanol and CO was
chosen as the model reaction to evaluate and compare the
catalytic performance of the poly(ionic liquids)@Co catalyst
system. The detailed results are presented in Table 3. Firstly, we
examined the effect of the N : Co ratio on the methox-
ycarbonylation under the reaction conditions of CH3OH : DIB =

30 : 1(mol ratio), 3 wt% Co2(CO)8, 8.0 MPa CO and 150 °C for
12 h. The highest conversion of DIB was observed at N : Co= 1 :
1(mol ratio) and the selectivity of methyl isononanoate
decreased with the increasing of N : Co (Table 3, entries 1–3).
Subsequently, the effect of different cobalt precursors,
IMI-VPy-DVB (1 : 1), and (c) HVIMI-VPy-DVB (1 : 1).

IMI-VPy-DVB (1 : 1), and (c) HVIMI-VPy-DVB (1 : 1).
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Table 3 Effect of different catalysts and N : Co on methoxycarbonylation of DIB with methanol and COa

Entry Catalyst N : Co (mol ratio) Conversion (%)

Selectivity (%)

a b a + b

1 HVIMI-VPy-DVBb (1 : 1)@Co2(CO)8 1 : 2 87.0 81.4 9.6 91.0
2 HVIMI-VPy-DVBb (1 : 1)@Co2(CO)8 1 : 1 88.9 82.6 8.2 90.7
3 HVIMI-VPy-DVBb (1 : 1)@Co2(CO)8 2 : 1 82.0 82.0 6.1 88.1
4 HVIMI-VPy-DVB (1 : 1)@Co(acac)2 1 : 1 38.7 77.2 0 77.2
5 HVIMI-VPy-DVB (1 : 1)@Co(acac)3 1 : 1 49.8 58.5 0 58.5
6 HVIMI-VPy-DVB (1 : 1)@CoCO3 1 : 1 34.4 43.1 4.2 47.3
7 HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 1 : 1 88.0 81.0 10.4 91.4

a Reaction conditions: CH3OH : DIB = 15 : 1(mol ratio), 4 wt% Co2(CO)8, 150 °C, 8 MPa, 12 h. b CH3OH : DIB = 30 : 1(mol ratio), 3 wt% Co2(CO)8,
150 °C, 8 MPa, 12 h.
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including Co2(CO)8, Co(acac)2 and CoCO3, on the reaction was
examined with HVIMI-VPy-DVB (1 : 1) poly(ionic liquids). Only
34.4% (38.7% or 49.8%) DIB conversion and 47.3% (77.2% or
58.5%) methyl isononanoate selectivity were obtained using the
catalyst systems formed with CoCO3 (Co(acac)2 or Co(acac)3)
and HVIMI-VPy-DVB (1 : 1) (Table 3, entries 4–6). Replacing
CoCO3 (Co(acac)2 or Co(acac)3) with Co2(CO)8 increased the
total DIB conversion to 88.0% and the selectivity of methyl
isononanoate to 91.4% (Table 3, entry 7). Co2(CO)8 was selected
as the most ideal cobalt precursor.

The catalytic performance of different poly(ionic liquids)
@Co2(CO)8 for the methoxycarbonylation of DIB to synthesize
methyl isononanoate was investigated under 8.0 MPa CO and
150 °C for 12 h. The detailed results are presented in Table 4.
The best yield was obtained using HVIMI-VPy-DVB (1 : 1)
@Co2(CO)8 as the catalyst; the conversion of DIB was 88.0%,
and the total selectivity of methyl isononanoate was 91.4%
(Table 4, entry 1). As the side chain of the ionic liquids grew
from ethyl to hexyl at a 1 : 1 molar ratio of VPy to ionic liquids,
DIB conversion increased from 86.0% to 87.0% to 88.0%, and
methyl isononanoate selectivity increased from 83.5% to 87.1%
to 91.5% (Table 4, entries 1–3). As the side chain of ionic liquids
Table 4 Effect of different poly(ionic liquids) on the performance of DIB

Entry Catalyst Con

1 HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 88.
2 BVIMI-VPy-DVB (1 : 1)@Co2(CO)8 87.
3 EVIMI-VPy-DVB (1 : 1)@Co2(CO)8 86.
4 HVIMI-VPy-DVB (2 : 1)@Co2(CO)8 81.
5 BVIMI-VPy-DVB (2 : 1)@Co2(CO)8 85.
6 EVIMI-VPy-DVB (2 : 1)@Co2(CO)8 86.
7 CNVIMI-VPy-DVB (2 : 1)@Co2(CO)8 69.
8 VPy-DVB (2 : 1) @Co2(CO)8 84.

a Reaction conditions: CH3OH : DIB = 15 : 1 (mol ratio), 4 wt% Co2(CO)8,

25708 | RSC Adv., 2024, 14, 25703–25711
grew from ethyl to hexyl at a 2 : 1 molar ratio of VPy to ionic
liquids, DIB conversion decreased from 86.9% to 85.6% to
81.8%, and methyl isononanoate selectivity increased from
83.6% to 86.5% to 88.2% (Table 4, entries 4–6). This phenom-
enon indicates that with the growth of the side chain of ionic
liquids, the dissolution performance of the support to the
substrate increases, and the reactivity is enhanced accordingly.
Meanwhile, the reaction conversion and selectivity increased
with increasing HVIMI:VPy or BVIMI:VPy, suggesting that the
ionic liquids play more role than just as a ligand with Co and
that the good solubility of the ionic liquids on the substrate
facilitated methoxycarbonylation.

The reaction parameters, including the molar ratio of
methanol to DIB, catalyst concentration, reaction temperature,
reaction pressure, and reaction time were investigated in detail.
First, the molar ratio of methanol to DIB in the reaction was
investigated (Table 5, entries 1–5). With an increase in meth-
anol:DIB (mol ratio), the conversion of DIB and the selectivity of
the product increased, and the molar ratio of methanol : DIB =

15 : 1 was selected for the subsequent reaction. The catalyst
concentration had a signicant effect on the catalytic perfor-
mance, as the DIB conversion increased steadily from 73.9% to
methoxycarbonylationa

version (%)

Selectivity (%)

a b a + b

0 81.0 10.4 91.4
0 76.5 10.6 87.1
0 72.2 11.3 83.5
8 77.6 10.6 88.2
6 74.2 12.3 86.5
9 73.2 10.5 83.6
2 80.1 8.4 88.4
2 75.8 13.3 87.9

150 °C, 8 MPa, and 12 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Methoxycarbonylation of different terminal olefins catalyzed
with HVIMI-VPy-DVBa (1 : 1)@Co2(CO)8

Entry Substrates Conversion (%) Selectivity (%)

1 1-Octene 97.9 55.9
2 1-Hexene 98.3 58.1
3 Styrene 87.1 74.9

a Reaction conditions: CH3OH : DIB = 15 : 1 (mol ratio), 4 wt%
Co2(CO)8, 150 °C, 8 MPa, and 12 h.

Fig. 7 Reusability of HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 in the
methoxycarbonylation reaction of DIB and CO. Co2(CO)8: 4 wt%, N :
Co = 2 : 1 (mol ratio), 150 °C, 8.0 MPa, 12 h.
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91.9% when the Co2(CO)8 loading was increased from 3 wt% to
6 wt% (Table 5, entries 4, 6 and 7). In addition, the selectivity of
methyl isononanoate reached a maximum of 91.4% at
a Co2(CO)8 loading of 4 wt% (Table 5, entry 6). When the reac-
tion temperature was increased from 140 °C to 160 °C, the
conversion and selectivity rst increased and then decreased
(Table 5, entries 4, 8 and 9), and the optimal reaction temper-
ature was 150 °C (Table 5, entry 6). DIB conversion and methyl
isononanoate selectivity gradually increased from 53.4% and
79.4% to 88.0% and 91.4% as CO pressure was increased from 6
to 8 Mpa, respectively (Table 5, entries 4, 10 and 11). The
conversion and selectivity increased from 68.0% and 86.6% to
88.0% and 91.4%, respectively, and then decreased to 80.8%
and 90.9%, respectively, when the reaction time was gradually
increased from 8 h to 14 h, with the best conversion and
selectivity at 12 h of reaction.

The substrate scope was investigated using HVIMI-VPy-DVB
(1 : 1) @Co2(CO)8 as the catalyst at 150 °C and 8.0 MPa CO.
Excellent catalytic performance was achieved using aliphatic
terminal olens as the substrates. The conversions of 1-hexene,
1-octene, and styrene were 98.3%, 97.9%, and 87.1% (Table 6),
respectively, whereas the selectivities of the corresponding
methoxycarbonylation products were 58.1%, 55.9% and 74.9%,
respectively.

The recyclability of HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 catalyst
was investigated, where the reactor was equipped with a lter
through which the liquid at the bottom of the reactor was
released, and the catalyst in the mixture was retained at the
bottom of the reactor. The catalyst was not treated in any
manner during the next cycle. As shown in Fig. 7, aer three
runs, the DIB conversion and methyl isononanoate selectivity
decreased from 88.0% and 91.4% to 56.4% and 85.4%, respec-
tively. The results showed that the poly(ionic liquids)@Co2(CO)8
catalysts were less stable in the DIB methoxycarbonylation
reaction. Fig. 8 shows the TEM images before and aer use, and
it can be seen that there are obvious Co clusters in the TEM
images aer use. Aer three runs, Co was gradually
Table 5 Effect of different reaction conditions of HVIMI-VPy-DVB (1 : 1)

Entry
CH3OH : DIB
(mol ratio)

Catalyst loading
(wt%)

Temp.
(°C)

CO
(MP

1 50 : 1 3 150 8
2 25 : 1 3 150 8
3 20 : 1 3 150 8
4 15 : 1 3 150 8
5 10 : 1 3 150 8
6 15 : 1 4 150 8
7 15 : 1 6 150 8
8 15 : 1 4 140 8
9 15 : 1 4 160 8
10 15 : 1 4 150 7
11 15 : 1 4 150 6
12 15 : 1 4 150 8
13 15 : 1 4 150 8
14 15 : 1 4 150 8

© 2024 The Author(s). Published by the Royal Society of Chemistry
agglomerated, the agglomeration of Co would lead to poor
dispersion of Co, making it unevenly dispersed on the carrier,
thus affecting the catalytic performance of the catalysts and
leading to a decrease in conversion and selectivity. Additionally,
the textural structure of the catalyst changed signicantly
@Co2(CO)8 catalysts on DIB methoxycarbonylation

press.
a)

Time
(h)

Conversion
(%)

Selectivity (%)

a b a + b

12 h 88.9 82.6 8.2 90.7
12 h 84.2 81.9 8.6 90.5
12 h 84.0 81.5 8.7 90.2
12 h 73.9 79.5 9.1 88.7
12 h 61.8 80.4 7.3 87.7
12 h 88.0 81.0 10.4 91.4
12 h 91.9 76.4 13.0 89.5
12 h 80.5 79.0 8.7 87.7
12 h 66.1 71.5 5.6 77.1
12 h 82.1 76.2 10.2 86.5
12 h 53.4 74.0 5.4 79.4
14 h 80.8 82.2 8.7 90.9
10 h 75.3 80.1 10.0 90.0
8 h 68.0 78.0 8.6 86.6
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Fig. 8 The TEM images of HVIMI-VPy-DVB (1 : 1) @Co2(CO)8 catalyst before and after use. (a) Before use and (b) after use.

Table 7 BET surface properties of the HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 catalyst before and after use

Sample BET surface area (m2 g−1) Total pore volume (cm3 g−1) Average pore width (nm)

Fresh HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 0.783 0.012 0.793
Used HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 0.125 0.005 0.781

Fig. 9 Proposed catalytic mechanism for methoxycarbonylation of
DIB.
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during methoxycarbonylation. The BET surface area decreased
from 0.783 m2 g−1 to 0.124 m2 g−1 and the total pore volume
decreased from 0.012 cm3 g−1 to 0.005 cm3 g−1 (Table 7),
respectively. This provides evidence that the channels for the
support collapsed aer three runs. The apparent changes in the
texture and structure of the catalysts can be attributed to the
loss of poly(ionic liquids) anions and cations in methanol and
the partial dissolution of poly(ionic liquids) resulting in the
disruption of its structure. Agglomeration of Co and collapse of
the support pores reduced the active sites, thus affecting the
catalytic performance of the poly(ionic liquids)@Co2(CO)8
catalysts for the methoxycarbonylation reaction of DIB.
25710 | RSC Adv., 2024, 14, 25703–25711
Based on previous studies,37–40 we proposed a reaction
mechanism for the methoxycarbonylation of DIB, as shown in
Fig. 9 Firstly, in the presence of an N-donors, such as a pyridine
compound (Py), Co2(CO)8 is reduced to [CoPy6][Co(CO)4]2, and
then HCo(CO)4 (1) is formed. DIB (2) reacts with (1) in an
addition reaction to form C8H17Co(CO)4 (4), CO migrates
intramolecularly to insert a Co–C bond to form the complex (5).
(5) is an active substance that undergoes easy carbonylation in
the presence of carbon monoxide to form acyl complex (6), and
treatment of acyl complex (6) with methanol gives methyl iso-
nonanoate (7).
4. Conclusions

The heterogeneous catalysts formed by the in situ combination
of poly(ionic liquids) with Co2(CO)8 showed good activity and
selectivity in the methoxycarbonylation of DIB with CO and
methanol. It was found that the catalytic performance depen-
ded on the Co precursor, the side chain of ionic liquids, the
molar ratio of ionic liquids to VPy, and textural structure. The
catalyst HVIMI-VPy-DVB (1 : 1)@Co2(CO)8 showed 88.0% DIB
conversion and 91.4% methyl isononanoate selectivity under
the optimum conditions of 8.0 MPa CO and 150 °C for 12 h
reaction. However, gradual agglomeration of Co was observed
during reuse, and the pore collapse affected its catalytic
performance and led to catalyst deactivation. These ndings
provide an important reference for the preparation of efficient,
stable, easily separable and recoverable multiphase homoge-
neous catalytic systems for the methoxycarbonylation of
olens.
Data availability

All relevant data are within the paper.
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