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KEYWORDS Abstract By grafting nitrogen-containing complexes onto ZSM-5 mesoporous material and then
Molecular sieves: supporting a cobalt catalyst in situ, the methoxycarbonylation of diisobutylene (DIB) was achieved.
Functionalization; Moreover, a series of functionalized ZSM-5 mesoporous materials containing different nitrogen
Cobalt complex; complexes were synthesized and characterized by FT-IR, N, adsorption—desorption isotherms,
Diisobutylene; XRD, SEM, and X-ray photoelectron spectroscopy (XPS). Subsequently, the catalytic activity of
Methoxycarbonylation functionalized ZSM-5 mesoporous materials and the reaction parameters in the methoxycarbony-

lation of DIB were investigated. The results revealed that the conversion of DIB was 88.3% and the
selectivity for methyl isononanoate was 93.4% under solvent-free conditions at 6.0 MPa and 140 °C
for 10 h by using the catalyst ZSM-5iCPdPy@ Co,(CO)g. The potential mechanism for this catalytic
reaction was also put forth. Admittedly, these inexpensive and easy-to-recover heterogeneous cat-
alysts can replace the noble metal palladium complexes on a laboratory scale to achieve partial ole-
fin carbonylation reactions.
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1. Introduction

Carbonylation reactions constitute a powerful tool for the synthesis of
carboxylic acids and their derivatives in the synthesis of large-scale
industrial products (Kiss, 2001; Peng et al., 2019). Therein, hydro-
formylation and hydroesterylation of alkenes are also important com-
ponents of alkenes carbonylation (Hebrard and Kalck, 2009; Dydio
et al., 2014). On an industrial scale, cobalt- and rhodium-based homo-
geneous catalysts have been successfully used to date, although alterna-
tive metals continue to attract significant interest (Pospech et al., 2013).
Traditionally, cobalt catalysts are often used to convert medium- and
long-chain olefins into alcohols because of their high inherent hydro-
genation activity. In addition, the rhodium-based catalyst system
replaces the cobalt complex in the lower olefins carbonylation reaction
due to its excellent catalytic activity and selectivity (Tudor and Ashley,
2007). Remarkably, the recovery costs of the metal and ligands are deci-
sive regardless of which metal catalysts are used. Therefore, heteroge-
neous and immobilized homogeneous catalysts for carbonylation
have been studied by many research groups, including mainly rhodium
and cobalt catalysts (Rupflin et al., 2017; Li et al., 2016; Lang et al.,
2016; Sun et al., 2015; Adint and Landis, 2014; Jakuttis et al., 2011;
Li et al., 2018; Gorbunov et al., 2018; Cai et al., 2010; Zhang et al.,
2005). Additionally, researchers are becoming more and more inter-
ested in creating more affordable methods that enable the quantitative
recovery of catalysts to accomplish catalyst circulation.

Isononanoic acid is a widely used chemical, suitable for the fine
chemical production of surfactants, pharmaceutical intermediates
and cosmetics, etc. At present, isononanoic acid is usually prepared
from 2-ethyl hexanol through complex dehydration and hydrogena-
tion. However, the disadvantages of this process are its low yield, large
environmental pollution, equipment requirements, and corrosion
problems, which limit its industrial application in large-scale produc-
tion. In addition, the preparation of isononanoic acid from diisobutene
by esterification and hydrolysis is a promising route, but the challenge
is how to achieve high quality conversion of diisobutene methoxycar-
bonylation. To our knowledge, only a few homogeneous catalytic sys-
tems have been applied in hydroesterification of diisobutylene so far
(Nobbs et al., 2017; Dong et al., 2018; Sang et al., 2018; Sang et al.,
2020; Diihren et al., 2021). Based on the study of heterogeneous cata-
lyst systems, only porous organic polymers (POLs) supported cobalt
catalysts have been reported (Song et al., 2022).

To improve the efficiency of heterogeneous catalysts in carbonyla-
tion reactions, the molecular sieves provide ideal support for the immo-
bilization of metal complexes due to their crystalline structure (Corma
and Garcia, 2004). Their structures contain well-proportioned pores
and channels so that only active ingredients with appropriate size and
shape can be added; which can significantly improve the selectivity of
carbonylation reactions. Furthermore, molecular sieves supported
heterogeneous catalysts have made initial progress in the carbonylation
of olefins (Silva et al., 2006; Yang et al., 2010; Maurya et al., 2011;
Kuzniarska-Biernacka et al., 2013; Kuzniarska-Biernacka et al.,
2012), and how to improve the catalytic activity and selectivity more
effectively needs to be further investigated.

Herein, we performed the ZSM-5 molecular sieve, which had a rela-
tively abundant Si—OH group to be grafted easier by silanization
reagent and suitable micro-mesoporous structure. A series of function-
alized molecular sieves supported by cobalt catalysts were synthesized,
which have exhibited significant effects on the methoxycarbonylation
of diisobutylene through various schiff base complexes and amide com-
plexes supported on molecular sieves. Subsequently, the surface proper-
ties of the catalysts were characterized by elemental analysis, infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), thermogravimet-
ric (TG) and N, adsorption—desorption isotherms (BET). In addition,
the effects of catalyst amount, reactant mole ratio, reaction time, reac-
tion temperature, and pressure (CO) on the reaction were investigated.

2. Experimental section

2.1. Materials

The commercial HZSM-5 (Si:Al = 500:1), which purchased
from Jiangsu XFNAON Materials Technology Co., Ltd.,
were calcined in air at 550 °C for 4 h before use. 3-
Aminopropyltriethoxysilane (99 wt%, Innochem), 3-Isocyana
topropyltriethoxysilane (95 wt%, Innochem), 2-Pyridinecar-
boxaldehyde (98 wt%, Innochem), 4-Pyridinecarboxaldehyde
(98 wt%, Innochem), S5-Hydroxypicolinaldehyde (98 wt%,
Innochem), Imidazole (99 wt%, Sinopharm Chemical
Reagent Co., Ltd.), 2,2-Dipyridylamine (99 wt%, Innochem),
Cox(CO)s (98 wt%, Zhongze group), diisobutylene (2,4,4-
trimethyl-1-pentene 79 wt%, 2,4,4-trimethyl-2-pentene 21 wt
%, Innochem), carbon monoxide gas (99.999 wt%, Dalian
Special Gases Co., Ltd), were used directly without further
purification.

2.2. Catalysts supports preparation

As shown in Scheme 1, the catalyst support HZSM-5 with sur-
face modification was pre-treated with the following procedure
(Yang et al., 2010). Typically; the calcined HZSM-5 (10.0 g)
was dispersed in anhydrous toluene (100 mL) to form suspen-
sion with vigorous stirring under dry nitrogen atmosphere.
Afterwards, appropriate amount of 3-
Aminopropyltriethoxysilane (0.02 mol, 4.4 g) or 3-Isocyanato
propyltriethoxysilane (0.02 mol, 5.0 g) was added dropwise
to the solution, and refluxed at 110 °C for 24 h. Next, the pro-
cessed solids were filtered, washed with anhydrous toluene for
3 times, and dried in vacuum at 60 °C overnight to obtained
ZSM-5AmP (3-Aminopropyltriethoxysilane) or ZSM-5iCP
(3-Isocyanatopropyltriethoxysilane).  Subsequently,  dried
ZSM-5AmP or ZSM-5iCP (5.0 g) was dispersed into the abso-
lute ethanol (50 mL) under nitrogen atmosphere. Then, 2-
Pyridinecarboxaldehyde (20 mmol, 2.1 g or 20 mmol other
aldehyde) and triethylamine (20 mmol) were added dropwise
under stirring, followed by refluxing at 80 °C for 24 h. Finally,
the powder was filtered, washed three times with toluene-
dichloromethane, and dried to obtain an off-white powdery
solid (shown in Scheme 1). Moreover, the functionalized
molecular sieves (ZSM-5iCPdPy, ZSM-5iCPIm) were synthe-
sized using a similar method (Natour and Abu-Reziq, 2015).

2.3. Catalysts characterization

The FT-IR spectrums with scanning range of 400-4000 cm ™"
were obtained by Nicolet NEXUS 870 system (USA) using
the anhydrous KBr wafer technique. The particle size and
morphology of the samples were assessed by SEM images
using Zeiss Sigma 300 (Germany) at 3 kV. TG/DSC analysis
was carried out in N, atmosphere from 50 to 800 °C using Net-
zsch STA449F3 simultaneous thermal analysis system (Selb,
Germany). The N, adsorption—desorption isotherms were
recorded using a Micromeritics ASAP2010 instrument (USA)
at liquid nitrogen temperature. Prior to the measurement, each
sample was degassed for 4 h at 80 °C. XRD patterns were
recorded using the Panalytical X’PERT PRO X-ray diffrac-
tometer with Cu Ko radiation at a scanning rate of 5° min~!
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Scheme 1

in the 20 range of 5-60°. The XPS spectra were performed
using an ESCALAB 250 X-ray photoelectron spectrometer
with Al Ko X-rays as the excitation source. All binding ener-
gies were calibrated by Cls (284.6 eV) as the reference. The
abreaction-corrected HAADF-STEM images and energy-
dispersive X-ray spectroscopy (EDX) were recorded on equip-
ment equipped with FEI-Talos F200s and FEI Super-X EDS
Detector operated at an acceleration voltage of 200 kV.

2.4. Catalysts activity tests

The methoxycarbonylation reaction of diisobutylene with CO
and methanol was carried out in a 100 mL stainless steel auto-
clave equipped with a stable temperature control and a
mechanical stirrer. Typically, a certain proportion of pre-
treated HZSM-5 catalyst support, Co,(CO)g precursor and
methanol were added in the autoclave. After flushing with
N, for 3 times, the pre-fabrication of Co-based catalysts sup-
ported on pretreated HZSM-5 were conducted at room tem-
perature for 30 min. Whereafter, a certain amount of
diisobutylene was added to the autoclave. Subsequently, after
the reactor was pressured with CO to 2.0 MPa, the reaction
mixture was heated to the desired temperature and kept con-
stant during the reaction. When the reaction was completed,
the autoclave was cooled to room temperature, and the cata-
lyst and product were separated by filtration. The products
were analyzed by gas chromatography/mass spectrometry
(GC/MS) with an HP-5MS capillary column (Agilent
7890A/5975C). Using ethyl acetate as the internal standard,
quantitative analysis of diisobutylene and products was per-
formed by GC (Agilent 6820) with a SE-54 capillary column
and a flame ionization detector (FID).

3. Results and discussion
3.1. Catalysts characterization

3.1.1. FT-IR analysis

The FT-IR spectra of the HZSM-5 catalyst supports pre-
treated with different reagents were shown in Fig. 1. The
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Preparation method of surface modification of molecular sieves.

FT-IR absorption peaks at 1088 and 802 cm™! in all samples
were attributed to the stretching vibration peak of the
Si—O—Si bond in the ZSM-5 framework (Zhu et al., 2014).
There was a wide absorption peak at 3400-3600 cm ™! attribu-
ted to the hydrogen bonds Si—OH absorption peak in the sam-
ple. The peaks at 449.1, 802.3, 1097.8, and 1227.8 em™!
indicate the presence of the O—Si—O bond (Zhu et al.,
2014). Furthermore, the presence of a C=N stretching vibra-
tion is demonstrated by the weak absorption peak at around
1635 cm™" (October and Mapolie, 2017). The absorption at
2950 and 700 cm ! is designated as the C—H stretching vibra-
tion and N—H bending vibration, respectively, and a new peak
at 1707 cm™! for the CO group indicates that the nitrogen-
containing functional groups were successfully grafted onto
ZSM-5 (Saikia et al., 2016).

3.1.2. Elemental analysis

The amount of each functional group grafted onto the molec-
ular sieves was determined by the nitrogen content obtained
from the element analyzer, and the results were exhibited in
Table 1. According to the calculation of nitrogen content,
the grafting amount of nitrogen-containing functional groups
in the HZSM-5 catalyst supports pre-treated with different
reagents was 1.13,1.22,1.01,1.2 and 1.15 mmol/g respectively,
which further indicated that the functionalized group was suc-
cessfully grafted onto the molecular sieves.

3.1.3. TG analysis

The thermal stability of functionalized molecular sieves was
recorded by the TG method, and the weight losses were shown
in Fig. 2. Before 100°C, the functionalized molecular sieve
(ZSM-5AmPPy(2); ZSM-5AmPPy(4)) exhibited slight weight
loss due to the release of adsorbed water and solvent. 12 %
weight loss was observed at the temperature range of 230-
450 °C, which attributed to the loss of grafted components
and indicated that the organic components were successfully
grafted onto ZSM-5 (Penia et al., 2001). A similar result was
obtained for the functionalized molecular sieve (ZSM-
SAmPHyPy; ZSM-5iCPdPy; ZSM-5iCPIm). The weight loss
of about 8% at temperatures below 220 °C was attributed to
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Table 1 Elemental analysis of functionalized molecular sieves.
Sample N content Functionalized group
(wt.%) amount (mmol/g)
ZSM-5AmPPy(2) 3.16 1.13
ZSM-5AmPPy(4) 3.41 1.22
ZSM-5AmPHyPy 2.82 1.01
ZSM-5iCPdPy 6.75 1.20
ZSM-5iCPIm 4.83 1.15
100 =
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Fig. 2 TG analysis curves of functionalized molecular sieves.

the loss of solvent and unreacted silanol groups, while the loss
of weight of the grafted organic components was observed at
320450 °C (Jin et al., 2006). Therefore, the functionalized cat-
alyst ZSM-5 can be operated stably at temperatures under
230 °C.

3.1.4. N, adsorption—desorption

The BET isotherms and pore size distributions of functional-
ized molecular sieves were shown in Fig. 3(a-b). The specific
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Fourier transform infrared spectroscopy spectra of functionalized molecular sieves.

surface area, pore volume, and pore size parameters of the
samples were listed in Table 2. The N, adsorption—desorption
of the samples presented the characteristics of both type I and
type IV isotherms, and the adsorption hysteresis phenomenon
formed a hysteresis loop at the pressures of P/P® = 0.4-0.95,
indicating that the functionalized molecular sieves demon-
strated regular pore channels and micro- and mesoporous
properties. However, the pore volume and surface area of
the sample are reduced because the hydroxyl group is replaced
by a larger modifying group in the functionalized sample
(Mitchell et al., 2011). The average pore diameter increased
as a small fraction of the pores were blocked off after grafting
(Song et al., 2018). Additionally, the fact that organic compo-
nents were bound to the functionalized molecular sieves caused
their hysteresis loops to slightly shrink.

3.1.5. X-Ray diffraction (XRD) studies

The high-angle XRD spectrum of ZSM-5 and the functional-
ized molecular sieves were revealed in Fig. 4. Obviously, the
functionalized molecular sieves catalyst exhibited the charac-
teristic peaks of an MFI type zeolite (20 = 7-9° and 23-25°)
(Sun et al., 2016). It indicated that the framework of the func-
tionalized molecular sieves was not damaged. However, the
intensity of the diffraction peaks (ZSM-5AmPPy(2), ZSM-
SAmPPy(4), ZSM-5AmPHyPy, ZSM-5iCPdPy, and ZSM-
5iCPIm) was slightly reduced(260 = 7-9°). It implies the crys-
tallinity and orderliness of the functionalized molecular sieves
decrease, which may be due to the reaction between Si-(OEt)3
of the grafting group and Si-OH on the molecular sieve skele-
ton to generate new Si-O-Si groups (Song et al., 2018; He et al.,
2019).

3.1.6. Scanning electron microscopy (SEM) studies

As illustrated in Fig. 5, Fig (b-f) show the representative
shapes of functionalized ZSM-5 zeolite nanocrystals. The
nanocrystal particles were uniformly distributed with an aver-
age particle size of about 0.2 - 0.3 um. In addition, functional-
ized ZSM-5 particles were slightly combined, which might be
due to the combination of zeolite crystals. It indicates that
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(a)N, adsorption—desorption isotherms and (b) the corresponding BJH pore size distributions of functionalized molecular sieves.

the functionalization process will not affect the overall mor-
phology of molecular sieve.

3.2. Performance of catalytic methoxycarbonylation

The catalytic performance of functionalized zeolite-supported
cobalt catalysts was implemented through the typical hydroes-
terification of diisobutylene as the probe reaction (Table 3).
Firstly, under heterogeneous conditions, the impact of func-
tionalized molecular sieves with various nitrogen sources on
the hydroesterification of diisobutylene was examined. It was
found that the optimum yield could be obtained using ZSM-
5iICPdPy@Co,(CO)g as the catalyst, with the conversion of
DIB of 88.3%, the selectivity for methyl isononanoate of
93.4% (Table 3, entry 4). Moreover, when ZSM-5AmPPy(2)
@Coy(CO)g was used as the catalyst, higher conversion
(85.9%) and selectivity (93.7%) could also be obtained, which
may be due to the synergistic coordination between dinitrogen
and cobalt in ZSM-5AmPPy(2)@Co,(CO)s. The yield of the
obtained product decreased slightly under the catalysis of
ZSM-5AmPHyPy@Co,(CO)g, which may be due to the weak
acidity of the —OH group in ZSM-5AmPHyPy, resulting in a
slight decrease in catalyst activity. Next, the impacts of various
metal sources (Co, Ru, Rh) were investigated with medium
conversion and favorable selectivity, except for CoCO5 due
to poor solubility in the reaction system. In addition, the
effects of various nitrogen-containing ligands on the hydroes-
terification of diisobutylene were investigated under homoge-
neous conditions. When pyridine or trihydroxypyridine were
used as ligands, the conversion of diisobutylene was 90.5-
85.1%, and the selectivity of methyl isononanoate was 86.5—
82.5%. With 1,10-phenanthroline hydrate as a ligand, the con-
version of diisobutylene was only 12.2% and the product selec-
tivity was 86.6%, which may be due to the difference in
basicity and coordination of each nitrogen ligand. Compared
with the catalytic effect of the homogeneous system, the func-
tionalized molecular sieve-supported cobalt catalyst exhibits
better selectivity for methyl isononanoate, which may be due
to the better coordination between cobalt and nitrogen and
the appropriate pore structure of the modified molecular sieve.
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Fig. 5 The SEM images of ZSM-5 and functionalized zeolite. (a) ZSM-5, (b) ZSM-5AmPPy(2), (c) ZSM-5AmPPy(4), (d) ZSM-

SAmPHyPy, (e) ZSM-5iCPdPy, (f) ZSM-5iCPIm.

More intriguingly, the high diisobutylene conversion achieved
by functionalized molecular sieve ZSM-51CPdPy@ Co,(CO)g
may be related to the easier enhancement of the disproportion-
ation reaction of Co,(CO)g to [Co(CO),4]" in accordance with
the proposed catalytic mechanism (Guo et al., 2020).

The effects of various reaction factors were further investi-
gated using ZSM-5iCPdPy@Co,(CO)g as the catalyst, and the
results were summarized in Table 4. In accordance with the
increase in the amount of cobalt, the conversion of diisobuty-
lene increased from 71.2% to 95.2%. Additionally, selectivity
for methyl isononanoate reached a maximum of 93.4% with
4 wt% Co,(CO)g (Fig. S1). The effect of CH;0OH/DIB was
investigated. With an increase in CH3;OH/DIB, the conversion
of diisobutylene increased slightly from 89.2% to 91.4%
(Fig. S2). When the total pressure of CO increased gradually,

the conversion of diisobutylene increased to 90.1% and the
selectivity for methyl isononanoate decreased slightly
(Fig. S3). Moreover, when the temperature increased from
120°C to 160°C, the conversion of diisobutylene increased from
72.4% to 92.1%, and the selectivity of methyl isononanoate
was more than 90% (Fig. S4). Next, with the extension of
the reaction time, the conversion rate of DIB gradually
increased from 69.2% to 91.8% (Fig. S5), while the selectivity
of methyl isononanoate essentially remained consistent.

The substrate scope and limitations of the catalyst were
explored according to the optimal reaction conditions by using
ZSM-5iCPdPy@Co,(CO)g (Table 5). Initially, we evaluated
the carbonylation of DIB with different alcohol sources. It
was found that the conversion of DIB and selectivity were both
reduced, which may be due to the steric hindrance of alcohol.
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Table 3 Effect of different catalyst systems on the reaction performance for DIB methoxycarbonylation.

M (0] 7
Lo w - >|\/\\
—_— O
>|\¢|\ + CH30H o * W +
a b c d

ZSM-5 series

Entry catalyst ligand ‘N:M Con.a/% Sel. /%
(mol) b c d

1 ZSM-5AmPPy(2)@ - 2 85.9 93.7 3.8 2.4
Coy(CO)g

2 ZSM-5AmPPy(4)@ - 2 84.3 91.1 4.7 3.6
Coy(CO)g

3 ZSM-5AmPHyPy@Co,(CO)g - 2 82.5 85.4 7.8 5.5

4 ZSM-5iCPdPy@ - 4 88.3 93.4 3.6 2.9
Coy(CO)g

5 ZSM-5iCPIm@ - 3 76.6 91.5 4.5 3.8
Coy(CO)g

6 ZSM-5iCPdPy@ - 4 50.7 86.8 7.6 4.2
COC12

7 ZSM-5iCPdPy@ - 4 21.2 85.5 6.9 5.9
CoCO;

8 ZSM-5iCPdPy@Co - 4 56.3 78.4 11.2 9.4
(acac),

9 ZSM-5iCPdPy@ - 4 60.2 82.0 9.6 7.9
Ru;3(CO)1»

10 ZSM-5iCPdPy@Rh - 4 57.0 90.1 5.4 4.5
(CO),(acac)

11 Co,(CO)g Pyridine 2 90.5 87.1 7.6 5.2

12 Coy(CO)g Imidazole 4 74.4 82.1 8.1 8.5

13 Coy(CO)g 1,10-Phenanthroline 2 12.2 86.6 7.5 5.2

14 Co,(CO)g 3-Hydroxypyridine 2 85.1 86.1 7.6 4.9

Reaction conditions: Co,(CO)g 4 wt%, CH;OH:DIB = 15:1(mol ratio), CO 6.0 MPa, 140°C, 10 h.
% N calculated by element analysis.

Table 4 The effect of different reaction conditions for DIB methoxycarbonylation by ZSM-5iCPdPy@Co,(CO)s.

Entry Coy(CO)g (Wt%) CH;0H /DIB CO Press. Temp. Time (h) Con.a/% Sel. /%
(mol) (MPa) (C) b c d

1 8 15 6.0 140 10 95.2 90.8 4.5 3.9
2 4 15 6.0 140 10 88.3 93.4 3.4 3.1
3 2 15 6.0 140 10 71.2 90.2 5.1 4.2
4 4 10 6.0 140 10 89.2 88.1 6.4 5.3
5 4 20 6.0 140 10 91.4 91.5 5.2 33
6 4 15 4.0 140 10 84.8 92.7 3.5 3.1
7 4 15 8.0 140 10 90.1 91.5 4.1 3.8
8 4 15 6.0 120 10 72.4 95.6 23 1.8
9 4 15 6.0 160 10 92.1 90.1 5.6 3.9
10 4 15 6.0 140 8 69.2 92.8 3.8 3.1
11 4 15 6.0 140 12 90.3 92.3 3.5 3.7
12 4 15 6.0 140 16 91.8 91.8 3.7 4.1

Reaction conditions: ZSM-5iCPdPy (0.16 g/ml) in reactants. DIB (0.02 mol), N:Co = 4:1(mol) in ZSM-5iCPdPy@ Co,(CO)s.

With 1-hexene as the substrate, the selectivity for the corre- 3.3. Catalytic reaction mechanism
sponding methoxycarbonylation product was 75.4%. Then,
hydroaminocarbonylation of DIB was further investigated.
The conversion of DIB and selectivity were 44.2% and
71.6%, respectively.

An explanation of the mechanism for methoxycarbonylation
of diisobutylene was proposed in a compact catalytic cycle
(Tuba et al., 2003), as shown in Scheme 2. Firstly, nitrogen-
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Table 5 The application scope of substrate in olefin carbonylation reaction.
Entry Substrate Con. of olefin (%) Selectivity (%)
Linear-ester Iso-ester Iso-octane
1° ~Son 54.3 71.2 20.1 8.5
OH
2° )\ 40.8 43.8 44.7 11.5
3 St > sh 14.2 68.2 243 7.3
4 T 43.6 75.4 238 =
NH,
71.6 21.4 6.8

5¢ @ 44.2

4 Reaction conditions: Co(CO)g 4 wt%, alcohol:DIB = 15:1(mol ratio), 6.0 MPa CO, 140°C, 10 h.
® Methoxycarbonylation of 1-hexene. “Hydroaminocarbonylation of DIB.

containing complexes modified cobalt-catalyzed starts by the
disproportionation of Co,(CO)g to [Co(CO)4][Co(CO)s.
L,]" followed by the formation of HCo(CO), (a) in protic
solvent (Guo et al., 2020; Tuba et al., 2003; Liu et al., 2006;
Gorbunov et al., 2019). HCo(CO), (a) reacts immediately with
diisobutylene to produce compound (b), and the intramolecu-
lar migratory insertion of CO into the Co-C bond may result in
the formation of the complex (c). The reactive species (c)
undergoes a facile carbonylation in the presence of carbon
monoxide to form the acyl complex (d), which affords an ester
compound after treatment with methanol.

3.4. Recycling of the catalyst

In order to further evaluate the recyclability of the catalyst, a
filter was utilized to extract the reaction liquid from the tube’s
bottom, separating the catalyst from the reaction mixture. The
catalyst continues to remain at the bottom of the reactor for
reuse without any treatment, which effectively prevents oxida-
tion of the supported cobalt catalyst upon exposure to air. As
shown in Fig. 6, after being reused five times, the conversion of
DIB and selectivity of methyl isononanoate were not signifi-

Coy(CO)s + nL [Co(COMI [Co(CO)s-nkn]” + (n-1)CO

O "
HCo( 00)4 R
;3/( p—t
R
CO (CO)4 \/\CO(CO)4
J. % )
CH,OH
+ CO

o(CO
(C) Co(CO)s

Scheme 2 Proposed catalytic mechanism for methoxycarbony-
lation of diisobutylene.

cantly decreased and stabilized at about 85% and 93%, respec-
tively. In the sixth recycling, the conversion of DIB decreased
slightly, and the selectivity remained basically stable. The
cobalt content in the separated catalyst after the first reaction
was 6.4% by ICP-OES analysis, while it was 5.7% after six
cycles. The cobalt content in the reaction solution after the
cycles was 8.3 ppm, indicating that there was a slight loss of
cobalt on the catalyst during the reaction, which might be
one of the reasons for the decreased catalyst activity. The
infrared (Fig. S6) and BET (Fig. S7) characterizations before
and after the catalyst recycling showed that the overall frame-
work of the catalyst did not change significantly after six
cycles, but the carbonyl peak was slightly reduced and the
specific surface area of the catalyst decreased (Table S1), which
might be due to the slight loss of supported cobalt carbonyl
and local plugging of the ZSM-5 channels. EDS, XPS,
(Fig. S8 a and b) and HAADF-STEM (Fig. S8 c) analyses
unequivocally confirmed the presence of cobalt species and
uniformly dispersed nitrogen species on the surface of func-
tionalized ZSM-5 after the methoxycarbonylation of diisobu-
tylene, indicating that the chemical state of Co species
remained at Co(I) (Biesinger et al., 2011); which may be
caused by partial oxidation of Co during the cycle.

Con. of DIB —®— Scle. for methyl isononanoate
100 | -4 100
75 | 475
3 :
[
v 50 450 ©
25 - 425
0 T T T T T T 0
1 2 3 4 5 6

Recycle times

Fig. 6 Reusability of in the ZSM-5iCPdPy@Co,(CO)g for DIB
methoxycarbonylation. Reaction conditions: N:Co = 4:1(mol),
Coy(CO)s 4 wt% (Not added during the cycle), CH;OH:
DIB = 15:1(mol), 6.0 MPa CO, 140°C, 10 h.
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Table 6 Comparison of homogeneous or heterogeneous catalytic methoxycarbonylation of diisobutylene.

Entry Catalyst Ligand CO/MPa Temp./°C Time/h Sel./% TOF/h™! Refs
I Pd(OAc), L-1 5.0 105 4 99 240 (Nobbs et al., 2017)
2¢ Pd(acac), L-2 4.0 120 20 99 480 (Dong et al., 2018)
3¢ Pd(OAc), L-3 100 20 99 4.7 (Sang et al., 2018)
4¢ Pd(OAc), L-4 120 55 90 1.7 (Sang et al., 2020)
5 Co@POLs 8.0 150 12 92.2 0.8 (Song et al., 2022)
6 ZSM-5iCPdy @ Co,(CO)g 6.0 140 10 93.4 4.5 Present work
L-1:
P P
0 o}
L-2:
Qp \ J
'S
A
L-3:
=
Ad |
PNy
Ad |
=
L-4:

# Homogeneous conditions.

3.5. Hot filtration experiment

In order to understand the heterogeneous nature of the sup-
ported catalyst, a thermal filtration experiment was performed
over ZSM-5i1CPdPy@Co,(CO)g. The results showed that after
4 h of processing, the conversion of diisobutylene was 36%
and the selectivity of methyl isononanoate was 94%. After
removing the catalyst from the reaction solution and continu-
ing the reaction for 12 h (Fig. S9), the conversion rate of diiso-
butylene and the product selectivity were not obviously
changed, which demonstrated the heterogeneity of the catalyst
and that the homogeneous catalyst had no significant
contribution.

Some of the most active catalysts with different reaction
conditions in the literature were compared, and the data was
summarized in Table 6. Among these catalysts, the noble metal
palladium was used as a homogeneous catalyst, demonstrating
good selectivity and TOF values (240-480 h™"). Using formic
acid (Table 6, entry 3) and paraformaldehyde (Table 6, entry
4) as the carbonyl sources, the reaction TOF value was only
4.7-1.7 h~'. Importantly, there were still problems with the cir-
culation of palladium in a homogeneous catalytic system.
According to the findings of this work, there are obvious
advantages over the reported heterogeneous cobalt catalysts.

4. Conclusions

Functionalized ZSM-5 mesoporous materials were successfully synthe-
sized by anchoring nitrogen-containing complexes and following in-
situ supported cobalt catalyst, and the methoxycarbonylation of DIB
was realized under solvate-free conditions. Under the optimum reac-
tion conditions, high conversion of DIB (88.3%) and methyl isono-
nanoate selectivity (93.4%) were achieved by functionalized
molecular sieve ZSM-5iCPdPy@Co,(CO)s. In addition, the catalyst
was also suitable for methoxycarbonylation of diisobutyl hydrocar-
bons with different alcohols and hydroaminocarbonylation of DIB.
These findings provided a significant reference for replacing the noble
metal palladium complexes and developing efficient and stable cata-
lysts for methoxycarbonylation of olefins.
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