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Abstract: The aromatic C(sp2)-H functionalization of unprotected naphthols with α-phenyl-α-diazoesters
under mild conditions catalyzed by CuCl and CuCl2 exhibits high efficiency and unique ortho-
selectivity. In this study, the combination of density functional theory (DFT) calculations and
experiments is employed to investigate the mechanism of C-H functionalization, which reveals
the fundamental origin of the site-selectivity. It explains that CuCl-catalyzed ortho-selective C-H
functionlization is due to the bimetallic carbene, which differs from the reaction catalyzed by CuCl2
via monometallic carbene. The results demonstrate the function of favourable H-bond interactions on
the site- and chemo-selectivity of reaction through stabilizing the rate-determining transition states
in proton (1,3)-migration.

Keywords: copper catalysis; ortho-C(sp2)-H bond functionalization; naphthols; diazo compounds;
metal carbene; density functional theory (DFT) calculations

1. Introduction

The metal-carbenes, normally generated from diazo compounds via the catalysis of
transition-metals, have been widely used in organic synthesis as one of the most significant
reactive intermediates due to the versatile transformations [1–16], such as cycloaddition,
cyclopropanation, ylide formation and rearrangement, O-H bond insertion, N-H bond
insertion, and C-H bond functionalization [17–31]. Thus, it is highly desirable to develop
a new reactional methodology by using metal-carbenes as the key species in synthetic
chemistry. On the other hand, because phenyl rings, such as benzene, phenol, aniline
and their derivatives, occur widely in natural products, bioactive molecules and drugs
are important platforms in organic synthesis. The highly site-selective aromatic C(sp2)-H
bond functionalization of phenyl ring without the directing groups is still challenging,
especially for the phenol derivatives [32–38]. In this field, due to its high activity in
organic reactions, metal-carbene species have the advantage in the activation of inert C-H
bond, while still meeting the chemo- and region-selectivities. For example, the phenolic
O-H insertion occurred during the reactions of phenol derivatives with diazoesters in the
presence of various metal catalysts such as Rh, Fe, Ru, Cu, and Pd (Scheme 1a) [39–44]. In
2014, we disclosed the first gold-catalyzed aromatic C(sp2)-H bond functionalization of
free phenols with diazo compounds in high efficiency with excellent para-selectivity [45].
Later, we reported the challenging ortho-selective aromatic C(sp2)-H bond alkylation of
phenols with diazoesters by using B(C6F5)3 and naphthols with diazoesters by using
gold catalyst (Scheme 1b) [46,47]. Nemoto disclosed the similar gold catalyzed C(sp2)-H
bond functionalization/cyclization of β-naphthols with diazoesters [48]. However, the
catalysts used in these reactions, like gold complexes and B(C6F5)3, are expensive. Thus,
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the development of inexpensive and abundant catalysts to replace the noble catalysts is
a long-term need. Furthermore, understanding the origins of new catalytic systems in
carbene chemistry is also very important, which could guide the design of new reactions
and new catalysts.

 
Scheme 1. The reactions of phenol derivatives with diazoesters. (a) O-H insertion of phenols; (b) C-H
bond functionalization of phenols by gold and boron; (c) Copper-catalyzed reaction of phenols
with diazoesters.

Compared to other commonly used transition-metals in organic synthesis, copper
represents a type of ideal catalyst for chemical reactions. It attracts much attention due to its
low-toxicity, low cost, ready availability, and its benign environmental impact [49–53]. It has
been used in carbene transfer reactions for half a century. However, the O-H insertion was
the major reaction when phenol derivatives reacted with diazo compounds in the presence
of copper [54–57]. In 1952, Yates reported the reaction of phenols and diazo compounds
under copper catalyst, delivering O-H insertion product as the primary one along with the
side product via the ortho-selective C-H bond functionalization/cycliztion [54]. Recently,
Zhou disclosed an elegant asymmetric copper-catalyzed O-H insertion of phenols [56].
Apart from experimental investigations, mechanistic investigation of the O-H insertion by
copper-catalyzed carbenes transferred from diazo compounds were also performed [58–62].
Pérez et al. examined the mechanism of copper-catalyzed O-H insertion reaction, in which
they investigated the ligand effects of TpX (hydrotris(3,5-dimethylpyrazolyl)borate and
its derivatives) on chemoselectivity by experiments [58]. Yu et al. explored the detailed
mechanism of O-H insertion of diazoacetates under copper (I) by DFT calculation [59]. They
discovered that the (1,2)-H migration favored the copper-associated ylide pathway, in which
the water molecule acted as an effective proton shuttle for the (1,2)-H shift in Cu-catalyzed
O-H insertion. In contrast to the above cases, we recently reported a copper-catalyzed
ortho-selective C-H bond alkylation of naphthols and phenols that provided an important
route for the synthesis of ortho-substituted phenol derivatives [63]. However, the detailed
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mechanism of copper-catalyzed C(sp2)-H bond functionalization is still unknown due to the
more complex structures and versatile valence states of copper (Scheme 1c). In our previous
work, we studied the competitive pathways of gold catalyzed C-H bond functionalization
and O-H bond insertions of phenols with diazo compounds via the combination of DFT
calculations and experiments [61,62]. In this report, both CuCl and CuCl2 were efficient
catalysts for this reaction, providing a good yield of the ortho-selective products with
excellent site-selectivity (Table 1). In this study, we investigated the mechanism of site-
selective C(sp2)-H bond functionalization of 1-naphthol and α-diazoacetate catalyzed by
CuCl and CuCl2 by combining DFT calculations and experiments.

Table 1. Copper-catalyzed C(sp2)-H bond functionalization of naphthols with α-diazoesters [63].

 
Catalyst Yield of 3 (%) 1 Yield of 4 (%) 1

CuCl 76 0
CuCl2 87 0

1 The yield was determined by 1H NMR of crude product by using CH2Br2 as internal standard.

Previously, we reported a mechanistic study on how to yield the active Cu-carbenes
from diazo compounds with CuCl and CuCl2 [64]. The DFT calculations revealed that the
most stable structure of CuCl in the solution was dimer, while that of CuCl2 was monomer.
Then, the decomposition of α-phenyl-α-diazoester under CuCl generated the bimetallic
carbene, while the monometallic Cu(II)-carbene was obtained in the presence of CuCl2
(Figure 1). Therefore, the two types of Cu-carbenes will be used as the precursors for the
site-selective C(sp2)-H bond functionalization of naphthols.

 
Figure 1. The reactions of the formation of the monometallic and bimetallic Cu carbenes [64].

2. Results and Discussion

Under the catalysis of transition metal Cu, we studied the mechanisms of C-H
bond functionalization between diazo compounds and naphthols to generate the ortho-
substituted products. Previous experimental studies reported that the transition metal
complexes initially reacted with the methyl phenyl diazoacetates to form metal carbenes
by releasing the N2 molecules [65–67]. The metal carbenes and naphthols were regarded
as the precursors for the C-H insertion. Thus, the Cu-carbenes and naphthols are used as
the reaction precursors in our DFT calculations. The relative energies of all intermediates
and transition states to the sum of precursors are calculated and presented in all figures.
The red and pink lines denote the lowest energy pathways of ortho-C-H and para-C-H
insertions, respectively.
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2.1. The C-H Insertion of Naphthols Catalyzed by the (CuCl)2 Dimer

As discussed, the DFT calculations revealed that CuCl preferred the dimer to the
monomer in the solution [64]. Assuming the (CuCl)2 dimer as an effective catalyst, it reacts
with the diazo compound to yield the bimetallic Cu carbene. Figure 2 shows the calculated
free energy profiles for the detailed reaction pathways of the C(sp2)-H bonds of naphthols
inserted by bimetallic Cu carbenes. The bimetallic Cu carbenes and naphthols undergo
the electrophilic addition to form the intermediate 1-Int-o2 through the ortho-substituted
transition state 1-TS-o1 with a barrier of 11.9 kcal mol−1. Another reaction pathway of
the addition at the para-C(sp2) of naphthols via 1-TS-p1 has a higher barrier of 12.7 kcal
mol−1. In the two addition pathways, the protons of the aromatic C-H bonds transfer to the
carboxyl oxygen atoms via the optimized five-membered ring transition states 1-TS-o3/p3.
In this case, the protons of 1-Int-o2/p2 at the ortho- and para-carbons of naphthols move to
the carbonyl oxygens to form the enols 1-Int-o4/p4, which overcome the activation barriers
of 8.5 and 8.6 kcal mol−1, respectively.

Figure 2. The calculated free energy profiles ΔGsol and the corresponding structures of intermediates
and transition states along different pathways of the C–H bonds of naphthols inserted by the bimetallic
carbenes of the (CuCl)2 dimer. The reasonable ortho-selective pathway is shown in red, the para-
selective pathway is pink, and other possible pathways are in blue. The free energies are given in
kcal mol−1.

There are two possible reaction pathways from 1-Int-o4 to yield the final product
Pro-o8. One is the conversion of 1-Int-o4 into 1-Int-o5* through the (CuCl)2 dimer disso-
ciating into the solution by absorbing an energy of 7.0 kcal mol−1. The second pathway
is that the (CuCl)2 dimer in 1-Int-o4 undergoes the (1,3)-migration to the phenyl group to
yield the less stable enol 1-Int-o5. However, the formation of 1-Int-o5 is more favorable
than 1-Int-o5* by 4.9 kcal mol−1 in energy. For the para-C-H insertion of naphthols, the
reaction process is like the ortho-C-H insertion. The enol complex 1-Int-p4 could be further
stabilized through the intramolecular (1,3)-migration of the (CuCl)2 dimer, leading to the
enol intermediate 1-Int-p5 rather than to 1-Int-p5*. Subsequently, the metal catalysts partic-
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ipate in the two-water assisted (1,3)-H migration via the eight-membered ring transition
states 1-TS-o6-2w and 1-TS-p6-2w. Comparison of the calculated energies of the optimized
TSs for proton transfer suggests that the energy of 1-TS-o6-2w is lower than that of 1-TS-

p6-2w by 1.4 kcal mol−1. In this case, the proton transfer from the hydroxyl group to the
ortho-position carbon of naphthol through 1-TS-o6-2w leads to the formation of 1-Int-o7

with a barrier of 18.7 kcal mol−1. Finally, the (CuCl)2 dimer of 1-Int-o7 dissociates into the
solution to yield the final product Pro-o8 with the calculated energy of −35.8 kcal mol−1.

2.2. The Key H-Bond Interactions Formed with (CuCl)2

To further explain the site-selectivity of the bimetallic Cu carbene catalyzed C(sp2)-H
functionalization of naphthols with diazo compounds, we focus on the two important
elementary steps during the activation of the ortho-C-H bond of naphthols by the bimetallic
Cu carbenes: the electrophilic addition of bimetallic Cu carbenes and naphthols, and the
two water-assisted (1,3)-proton transfer with the participation of Cu catalyst, which is the
rate-determining step of the reaction. It is found that both the electrophilic addition and the
(1,3)-H migration at the ortho-sites of naphthols are superior to that of the para-sites. The
optimized structures and energies of 1-TS-1o, 1-TS-1p, 1-TS-o6-2w, and 1-TS-6p-2w are
shown in Figure 3. It is noted that the electrophilic addition at the ortho-C(sp2) of naphthol
has a lower barrier of 11.9 kcal mol−1 relative to that at the para-C(sp2), which is consistent
with the known experiment results [63]. The 1-TS-o1 is stabilized by the O-H···Cl H-bond
interaction between the hydroxyl group of naphthol and the Cl atom of bimetallic Cu
carbene, with the H···Cl distance of 2.14 Å, as shown in Figure 3.

Figure 3. Optimized geometries of four transition states 1-TS-1o, 1-TS-1p, 1-TS-6-2w, and
1-TS-p6-2w corresponding to Figure 2. The distances are in the units of angstroms and the val-
ues of free energy barriers are in kcal mol−1.

Additionally, the H-bond interactions also play an important role in the two water-
assisted proton transfer. The remote (1,3)-H migration needs two water molecules as a
shuttle rather than one, which has been demonstrated in our previous study on the C-H
insertion of phenols by Au-carbenes [61,62]. There are two kinds of H-bonds formed
in the transition state 1-TS-o6-2w, including the O-H···Cl H-bond interaction formed
from the shuttle water and the Cl atom of the (CuCl)2 dimer, and the O-H···O H-bond
interaction between the hydroxyl group of naphthol and the shuttle water. Due to the
stabilization of the formed H-bonds in 1-TS-o6-2w, the barrier of the (1,3)-proton shift
is only 18.7 kcal mol−1, lower than that of 20.1 kcal mol−1 of 1-TS-p6-2w, leading to the
ortho-substituted products. Thus, the presence of H-bond interactions in the ortho-C-H
functionalization reduces the energy barriers of the electrophilic addition of the metal
carbenes with naphthols and the (1,3)-proton transfer process.

5
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2.3. The C-H Insertion of Naphthols Catalyzed by the CuCl Monomer

We also studied the C(sp2)-H bond insertion mechanism of naphthols catalyzed
by the CuCl monomer instead of the (CuCl)2 dimer. Figure 4 displays the calculated
free energy profiles of reaction pathways of the C-H bonds of naphthols inserted by the
monometallic Cu carbenes. The first step remains the addition of the monometallic carbenes
and naphthols and the calculated results indicate that the electrophilic addition at the para-
C(sp2) of naphthols occurs via the transition state 1′-TS-p1 with a lower energy barrier of
15.6 kcal mol−1. This is lower than that of 17.6 kcal mol−1 at the ortho-C(sp2) via 1′-TS-o1.
Thus, the addition through 1′-TS-p1 is more kinetically favorable and not consistent with
the experimental observations. If 1′-Int-o4 releases the moiety of the CuCl monomer
into the solution, it yields a more stable intermediate 1′-Int-o5* with the exothermicity
of 2.8 kcal mol−1. However, the (1,3)-migration of CuCl to the phenyl group in 1′-Int-o4

leads to the enol 1′-Int-o5 with an exothermic energy of 5.9 kcal mol−1. Because 1′-Int-o5

is more stable than 1′-Int-o5* by 3.1 kcal mol−1, the catalyst CuCl participates in the proton
transfer. Also, 1′-Int-p4 transforms to the 1′-Int-p5 through the (1,3)-migration of the
monomer CuCl instead of the dissociation of CuCl to form 1′-Int-p5*. Furthermore, the
barrier from 1′-Int-o5 to 1′-TS-o6-2w is high (up to 28.2 kcal mol−1)and considered as the
rate-determining step, which is higher than that of 1′-Int-p5 to 1′-TS-p6-2w by 5.8 kcal
mol−1. Such a high barrier is counter to the experimental results. As such, the reaction
pathways catalyzed by the monometallic carbenes of CuCl are excluded [63]. In summary,
the calculated reaction pathways of C-H bond functionalization of naphthols catalyzed by
the bimetallic and monometallic carbenes account for the site-selectivity of the C-H bond
functionalization by the mild catalyst CuCl. The calculated results of these two steps show
that the Cu-catalyzed C-H bond functionalization of naphthols with diazo esters is more
inclined to obtain the ortho-substituted products.

Figure 4. The calculated free energy profiles ΔGsol and the corresponding structures of intermedi-
ates and transition states along different pathways of the C–H bonds of naphthols inserted by the
monometallic carbenes of the CuCl monomer. The reasonable ortho-selective pathway is shown in
red, the para-selective pathway is pink, and other possible pathways are in blue. The free energies
are given in kcal mol−1.
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2.4. The C-H Insertion of Naphthols Catalyzed by the CuCl2 Monomer

Figure 5 shows the calculated free energy profiles for the possible C-H bonds insertion
pathways of naphthols catalyzed by the monometallic carbenes of CuCl2. The difference,
when compared to Cu(I), is the energy barriers of the electrophilic addition at the ortho-
C(sp2) of naphthols, which is higher than that at the para-C(sp2) by 2.8 kcal mol−1. For
ortho-C-H insertion, it is an endothermic process when the CuCl2 moiety of 2-Int-o4

migrates from the C=C double bond to the phenyl group to generate 2-Int-o5* via (1,3)-
migration of the monomer CuCl2. The 2-Int-o4 can transform to the key intermediate
2-Int-o5 through the CuCl2 monomer as it dissociates into the solution by releasing an
energy of 4.6 kcal mol−1, which is relatively more feasible and stable compared to the
formation of 2-Int-o5*. Like the process of ortho-C-H insertion, the enol complex 2-Int-p4

can be further stabilized by releasing CuCl2 into the solution, leading to a free enol 2-Int-p5

rather than 2-Int-p5*. Subsequently, the two water-assisted (1,3)-H migration without
the participation of CuCl2 via the eight-membered ring transition states 2-TS-o6-2w and
2-TS-p6-2w are the pivotal steps in the ortho-C-H and para-C-H insertions, with the calculated
barriers of 19.8 and 22.2 kcal mol−1, respectively. The activation energy barrier of 2-TS-p6-2w

is higher than that of 2-TS-o6-2w by 2.4 kcal mol−1, implying that the C(sp2)-H insertion
catalyzed by Cu(II) prefers the ortho-selective product Pro-o8 to the para-substituted product
Pro-p8, which is in accordance with previous experimental results [58–62].

Figure 5. The calculated free energy profiles ΔGsol and the corresponding structures of interme-
diates and transition states along different pathways of the C–H bonds of naphthols inserted by
the monometallic carbenes of CuCl2. The reasonable ortho-selective pathway is shown in red, the
para-selective pathway is pink, and other possible pathways are in blue. The free energies are given
in kcal mol−1.
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The structures of the key transition states 2-TS-1o and 2-TS-1p of the electrophilic
additions in the two pathways are shown in Figure 6. The calculated distance between
the C1 atom of the copper-carbene and the C2 atom of naphthol in 2-TS-1p is longer than
that of 2-TS-1o. Although neither 2-TS-1o nor 2-TS-1p has H-bonds formed, the H-bond
interaction of O-H···O between the hydroxyl group of naphthol and the water molecule
in 2-TS-o6-2w plays a crucial role in stabilizing the proton transfer through the Cu-free
pathways, with a distance of 1.60 Å. The 2-TS-o6-2w has a lower barrier than that of 2-TS-

p6-2w, which could be the key to control the chemo- and site-selectivity of the C-H bond
insertion of naphthols catalyzed by Cu(II).

Figure 6. Optimized geometries of four transition states 2-TS-1o, 2-TS-1p, 2-TS-o6-2w, and
2-TS-6p-2w corresponding to Figure 5. The distances are in the units of angstroms and the val-
ues of free energy barriers are in kcal mol−1.

2.5. Experimental Reactivity of 1-Methoxynaphthalene Catalyzed by Cu Catalysts

To further prove the Cu-catalyzed ortho-C-H insertion mechanism of naphthols we
proposed, we performed the experiments of the 1-methoxynaphthalene 5 and methyl α-
diazoacetate 2 catalyzed by Cu catalysts and obtained a trace amount of the ortho-selective
C-H products 6 (Scheme 2). Due to the high structural similarity of the reactants, we
presuppose that it also follows the same reaction mechanism of naphthols inserted by the
Cu carbenes. Since we have discussed the significance of the electrophilic addition and
the hydrogen transfer assisted by two water molecules, the DFT calculations are primarily
performed to investigate the two crucial elementary steps.

 
Scheme 2. C(sp2)-H functionalization of 1-methoxynaphthalene with α-diazoesters catalyzed by
CuCl or CuCl2.

Figure 7 shows the calculated energy profiles of the ortho- and para-C-H bonds of
1-methoxynaphthalenes inserted by the bimetallic and monometallic Cu carbenes. The
calculated reaction pathways of the C-H insertion of 1-methoxynaphthalenes are similar to
that of naphthols. With the catalysts CuCl or CuCl2, the calculated free energy barriers of
the electrophilic addition at the ortho-positions of 1-methoxynaphthalenes are higher than
the counterparts at the para-positions. It has been emphasized that the H-bonds formed

8
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by the hydroxyl groups of naphthols and the bimetallic carbenes are the key factors to
determine the site-selectivity in the addition step. Nevertheless, such a specific O-H···Cl
H-bond interaction does not exist in the transition states 3-TS-o1 and 4-TS-o1 due to the
steric effect of methoxy groups of 1-methoxynaphthalenes.

 

Figure 7. The calculated free energy profiles ΔGsol and the corresponding structures of intermediates
and transition states along different pathways of the C–H bonds of 1-methoxynaphthalenes inserted
by the bimetallic and monometallic Cu carbenes. The reasonable ortho-selective pathways are shown
in red, the para-selective pathways are pink, and other possible pathways are in blue. The free
energies are given in kcal mol−1. Aro = o-methoxyl naphthyl, Arp = p-methoxyl naphthyl.

The energy barriers of the subsequent rate-determining steps, namely the proton
transfer steps at the ortho-positions, are relatively higher than that of the para-positions.
Specifically, the crucial barriers of the (1,3)-H transfer in the transition states 3-TS-o6-2w

and 3-TS-p6-2w at the ortho-C-H and para-C-H insertion catalyzed by the (CuCl)2 dimer
reach high energies of 25.4 and 23.3 kcal mol−1, respectively. In another case, the (1,3)-H
transfer of the ortho-C-H and para-C-H insertion catalyzed by the CuCl2 monomer also
have high activation barriers of 24.0 and 22.7 kcal mol−1, respectively. The high barriers
of both 3-TS-o6-2w and 4-TS-o6-2w mean that it is difficult to pass through them and
obtain the product at the room temperature when using the trace amount of the product 6

obtained in our experiments. The optimized structures of the transition states 3/4-TS-o6-2w

and 3/4-TS-p6-2w are remarkably different from that of naphthols due to the lack of the
crucial H-bonds formed between the chemical groups of reactants and the metal catalysts.

3. Materials and Methods

3.1. General Imformation
1H NMR spectra were recorded on a BRUKER 500 spectrometer (Billerica, MA, USA)

in CDCl3. Chemical reagents were purchased from Leyan (Shanghai, China). Anhydrous
dichloromethane (DCM) was distilled from calcium hydride to use. Catalysts CuCl and
CuCl2 were purchased from Alfa-Aesar Company (Haverhill, MA, USA) and used directly.
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3.2. Synthetic Procedure for the Reaction of 1-Methoxynaphthalene and Diazoester

In a dried glass tube, copper catalyst CuCl (0.02 mmol, 5 mol%), 1-methoxynaphthalene
5 (189.6 mg, 1.2 mmol, 3 equiv), and DCM (1 mL) was added at room temperature. Then a
solution of methyl phenyl diazaester 2 (76.2 mg, 0.4 mmol) dissolved in 1 mL DCM was
introduced into the reaction mixture by a syringe. The resulting mixture was continually
stirred at room temperature until product 6 was consumed completely, determined by TLC
analysis. After being filtrated through celite and concentrated, the residue was purified
by column chromatography on silica gel to obtain the desired product. The yield was
determined by 1H NMR of crude product by using CH2Br2 as internal standard.

3.3. Computational Methods

All DFT calculations are performed using the Gaussian09 program package [68]. The
geometric structures of intermediates and transition states are directly optimized in the
solution phase by using the ωB97XD functional [69,70]. The SDD basis set [71] combined
with the effective core potential is used to describe the metal element Cu, and the large
6-31 + G** basis set [72] is utilized to describe the nonmetallic elements C, H, O, N and
Cl. Frequency analyses are also performed at the same computational level to confirm
that the intermediates are local minima and the transition states have only one imaginary
frequency. The intrinsic reaction coordinate (IRC) [73,74] calculations are performed to
make sure that all transition state structures connect the correct reactants and products
in the forward and backward reaction directions. The solvent effect of dichloromethane
is evaluated using the SMD [75] model with a dielectric constant ε = 8.93 in Gaussian09.
All the calculated energies refer to the Gibbs free energies in the units of kcal mol−1 at the
temperature of 298.15 K. Further structure details about the intermediates and transition
states are provided in Supporting Information.

4. Conclusions

The detailed mechanisms of the C(sp2)-H bond functionalization of naphthols and
α-aryl-α-diazoacetates by the catalysts CuCl and CuCl2 are studied through the combined
experimental and computational methods. The DFT calculations reveal that the ortho-
selective products catalyzed by CuCl are obtained from the C-H insertion of naphthols by
the bimetallic carbenes. Also, the optimized TS structures of the steps of addition and (1,3)-
H transfer reveal that the H-bonds formed by the OH groups of naphthols and the Cl atoms
of metal catalysts play an important role in stabilizing the TSs and lowering their energies.
In the reaction catalyzed by CuCl2, the DFT results indicate that the monometallic carbenes
insert into the C(sp2)-H bonds of naphthols, rather than the bimetallic species. It is proposed
that the H-bond interactions between the Cu carbenes and substrates play an essential role
in stabilizing the site-selectivity-determining TSs in all cases, resulting in a lower energy
barrier and generating the experimentally observed ortho-selective products. The proposed
H-bonds assisted insertion by Cu catalysts are supported by our further experiments of the
C-H insertion of 1-methoxynaphthalenes catalyzed by the CuCl/CuCl2 catalysts as well as
the corresponding DFT calculations. Our studies systematically provide the mechanistic
insights into the unprecedented C-H functionalization by the CuCl/CuCl2 catalysts, which
is instructive in designing Cu-catalyzed chemo- and site-selective transformations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28041767/s1, Figure S1: Calculated reaction path-
ways of diazoacetates and copper catalyst CuCl monomer, the (CuCl)2 dimer and CuCl2 monomer;
Scheme S1 C(sp2)-H bond functionalization of 1-methoxynaphthalene with α-diazoesters catalyzed
by CuCl or CuCl2
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Abstract: The development of an efficient and straightforward method for cyanation of alcohols is of
great value. However, the cyanation of alcohols always requires toxic cyanide sources. Herein, an
unprecedented synthetic application of an isonitrile as a safer cyanide source in B(C6F5)3-catalyzed
direct cyanation of alcohols is reported. With this approach, a wide range of valuable α-aryl nitriles
was synthesized in good to excellent yields (up to 98%). The reaction can be scaled up and the
practicability of this approach is further manifested in the synthesis of an anti-inflammatory drug,
naproxen. Moreover, experimental studies were performed to illustrate the reaction mechanism.

Keywords: boron Lewis acid; α-aryl nitrile; cyanation; isonitrile; green chemistry

1. Introduction

The need for the development of new reactions that are based on applying the atom-
economy concept [1] and avoiding the use of toxic reagents has become a consensus.
Alcohols are highly attractive starting materials for synthesis because they are stable, have
low toxicity, and are available. Direct nucleophilic substitution of an alcohol is attractive
since water is, in principle, the only by-product [2–5]. However, this reaction is difficult
because hydroxide is such a poor leaving group and therefore alcohols are classically
derivatized to halides or pseudohalides prior to substitution, which results in the formation
of vast amounts of waste. Thus, the development of new catalytic methodologies for
dehydrative substitutions of alcohols was considered a central issue, as demonstrated by
the inclusion of the “direct substitution of alcohols” in the ACS Green Chemistry Institute®

Pharmaceutical Roundtable’s 2018 update on key green chemistry research areas [6]. In
this context, the deoxygenative cyanation of readily available benzyl alcohols represent
one of the most powerful methods for preparing α-aryl nitriles [7–20], an important class
of core structures found in bioactive moleculars [21] and functional materials [22], and pre-
cursors that have applications in the synthesis of well-known drugs such as verapamil [23],
naproxen [24], and cytenamide [25] as shown in Figure 1.

As early as 1967, the one-pot method for the conversion of alcohols into cyanides
based on the concept of the Mitsunobu reaction using NaCN as the cyanide source has
been described [26]. Subsequently, there are a few reports on one-pot transformations of
alcohols to α-aryl nitrile using Me3SiCl/NaI/NaCN [27], PPh3/nBu4NCN/DDQ [28], N-(p-
toluenesulfonyl)imidazole (TsIm)/NaCN [29], and PPh3/DEAD/acetone cyanohydrin [30].

However, these methods suffer from major disadvantages such as the presence of
hazardous and toxic cyanide sources and the use of stoichiometric activating reagents.

Recently, catalytic synthesis of α-aryl nitrile from benzyl alcohols was successfully
developed. Ding’s group performed pioneering work on the direct cyanation of α-aryl
alcohols with trimethylsilyl cyanide (TMSCN) by indium halide catalysis [31]. Later,
other Lewis acids, such as FeCl3·6H2O [32], Zn(OTf)2 [33], Brønsted acid montmorillonite

Molecules 2023, 28, 2174. https://doi.org/10.3390/molecules28052174 https://www.mdpi.com/journal/molecules14



Molecules 2023, 28, 2174

catalysts [34], and others [35] were also used to catalyze this transformation. Besides these,
ruthenium-catalyzed cyanation of benzyl alcohol with cuprous cyanide (CuCN) was also
reported [36]. Again, these methods are typically plagued by notorious toxic cyanide
source issues. To solve the severe safety issues associated with the handling of traditional
cyanide sources, such as metal cyanides, ketone cyanohydrins [37–39], or TMSCN, several
safer alternatives have been introduced, including: DMF [40], DMSO/ammonium ion [41],
azobisisobutyronitrile (AIBN) [42], TsN(Ph)CN [43], isocyanides [44–51], and so on [52,53].
However, no direct cyanation of alcohols has been described so far for the synthesis of
α-aryl nitriles from these safer organic CN surrogates (Scheme 1A).

i

(calcium channel antagonist) (fluorescent molecular probe)(anti-inflammatory drug) (control seizures)  

Figure 1. Verapamil, H-DAAN, and some derivatives of α-aryl nitriles.

 
Scheme 1. Our catalytic strategy to access α-aryl nitriles and its scientific context.

Isocyanides, which are isoelectronic with carbon monoxide, have emerged as powerful
C1 building blocks in organic synthesis [54–60]. The distinctive reactivity of isocyanides
makes them well-known in Passerini and Ugi multicomponent reactions and others [61]. In
1982, Saegusa and co-workers performed seminal work on the conjugate hydrocyanation
and 1,2-addition reactions with tert-butyl isocyanide in the presence of stoichiometric Lewis
acids [44]. Subsequently, commercially available tert-butyl isocyanide as a safer cyanide
alternative in C-H cyanation [45–48], noble-metal-catalyzed cyanation of aryl iodides [49],
and cyanothiolation of alkynes [50] has been reported, which further broadened the appli-
cation of isocyanides in organic synthesis. To date, the catalytic method to obtain valuable
α-aryl nitriles relied upon the usage of isocyanides as a cyanide source; however, these are
rarely known. As a rare example, Muthukrishnan and co-workers reported a BF3·OEt2-
catalyzed 1,6-conjugate addition reaction of p-quinone methides (p-QMs) with tert-butyl
isocyanide for synthesis of α-diaryl and α-triaryl nitriles (Scheme 1B) [51]. Nonetheless,
the substrates of the reaction are limited to p-QMs that feature bulky tert-butyl substituents
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at the 2- and 6-positions. Therefore, the development of new reactions with isocyanides for
synthesis of α-aryl nitriles is highly desirable.

In recent years, B(C6F5)3 as a non-metallic Lewis acid has received widespread attention
because of its strong Lewis acidity, commercial availability, and environmental friendli-
ness [62–68]. Although still limited in its success, it mainly involves the B(C6F5)3-catalyzed
activation of hydroxyl groups, as reported by Meng, Zhao and Chan [69,70], Marek [71],
Tang [72], Maji [73], Gevorgyan [74], and Moran [75]. Inspired by these reports and building
on our ongoing interest in the developing atom-economic reactions [76–79], we questioned if
the direct cyanation of alcohols with isocyanides in the presence of B(C6F5)3 could be real-
ized to meet the requirements of atom economy and green chemistry (Scheme 1C). However,
this hypothesis may face considerable challenges, such as the following: (a) the catalyst
should be stable in wet and Lewis basic conditions, and (b) tert-butylisocyanide/B(C6F5)3
and nitrile/B(C6F5)3 adducts can be easily formed, as reported by Berke and Erker and
co-workers [80]. It is unknown whether B(C6F5)3 can maintain its catalytic activity dur-
ing the current cyanation reaction, and (c) the catalyst should be able to dissociate from
nitrile products. Finally, (d) another challenge is to suppress the B(C6F5)3-catalyzed homo-
etherification of alcohols reported by Chan and co-workers [70].

2. Results

We initiated our investigation with the optimization of the reaction of benzhydryl
alcohol (1a) and tert-butyl isocyanide (2a). Initially, 1a and 1.5 equivalents of 2a were
subjected to a solution of FeCl3 (10 mol%) in toluene at 100 ◦C (Table 1, entry 1). However,
FeCl3 showed almost no catalytic activity. Other commonly used Lewis acids, including
AlCl3, Cu(OTf)2, AgClO4, and BF3·(OEt)2 were also tested, but led to low yield (see entries
2–5 in Table 1). Of note, using AlCl3, BF3·(OEt)2, or TsOH·H2O as a catalyst, a mixture of
3a and some homo-etherification side product 4a was obtained (entries 2, 5 and 7). With
the use of Brønsted acid Tf2NH, the cyanation provided the desired 3a in 72% NMR yield.
Interestingly, the reaction favors the formation of etherification product 4a rather than 3a

when using diphenyl phosphate as the catalyst (entry 8 versus 9). Gratifyingly, we found
that B(C6F5)3 affords the desired α-aryl nitrile 3a in >99% NMR yield at 100 ◦C (entry 6).
No reaction occurred when B(C6F5)3 was used as the catalyst at 50 ◦C (entry 11). Increasing
the temperature to 80 ◦C improved both the yield of 3a (20%) and ether 4a (30%). Different
solvents such as 1,2-dichloroethane (DCE), THF, and hexafluoroisopropanol (HFIP) (entries
12–15) were also tested, and the results revealed that toluene was superior to other solvents.

With the optimized conditions identified, we then proceeded to explore the scope of
isocyanides (Scheme 2). Besides tBu-NC (2a), other tertiary amine-derived isocyanides,
such as 2b and 2c, can also be used as a novel cyano source in the current direct cyanation
of α-aryl alcohols. In contrast, when secondary amine- and aniline-derived isocyanides
were used as substrates, only the corresponding ether products were obtained (not shown).
Of note, treatment of 1a and 2c with the standard conditions afforded 3a in 81% NMR yield
together with internal alkene 5 in 53% NMR yield and terminal alkene 6 in 38% NMR yield
(Scheme 2b), indicating a tertiary carbon cation might be an intermediate.

Next, we turned to explore the generality of this cyanidation reaction with a variety
of alcohols with tBu-NC (2a). As shown in Scheme 3, a wide range of benzylic alcohols
can smoothly react with 2a under the optimized conditions, giving the corresponding
α-aryl nitriles in good to excellent yields. Diarylsubstituted alcohols (R2 = aryl) underwent
reaction with tBu-NC to furnish the corresponding products (3a–3k) in 19−98% yields.
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Table 1. Optimization of reaction conditions [a].

t

p

Entry Catalyst Solvent T [◦C] Conv. (%) 3a [%] [b] 4a [%] [b]

1 FeCl3 toluene 100 10 0 0
2 AlCl3 toluene 100 86 16 28
3 Cu(OTf)2 toluene 100 100 57 0
4 AgClO4 toluene 100 21 7 0
5 BF3·Et2O toluene 100 48 24 11
6 B(C6F5)3 toluene 100 100 >99(98) 0
7 TsOH·H2O toluene 100 84 32 29
8 Tf2NH toluene 100 100 72 0
9 (PhO)2P(=O)OH toluene 100 100 0 45

10 B(C6F5)3 toluene 80 70 20 30
11 B(C6F5)3 toluene 50 0 0 0
12 B(C6F5)3 DCE reflux 100 93 0
13 B(C6F5)3 THF reflux 100 82 0
15 B(C6F5)3 HFIP reflux 50 20 0

[a] Reaction conditions: 1a (0.20 mmol), 2a (0.30 mmol, 1.5 equiv), catalyst (10 mol%), solvent (2 mL), T ◦C, under
N2 for 12 h. [b] The yields were determined by 1H NMR spectroscopy using CH2Br2 as the internal standard. The
number in the parentheses is the isolated yield of 3a.

 
Scheme 2. Survey of the scope of isocyanides (a,b).

Diarylsubstituted alcohols bearing electron-donating (methoxy, alkyl) groups at the
para-, ortho- or meta-positions of the benzene rings reacted smoothly (1a–1f). A variety of
electron-withdrawing functional groups at the para-positions of the benzene rings such
as -Br, -CF3, and -CO2Me were tolerated, affording the desired products in moderate to
good yields (1g–1i). However, a low yield of 3j was isolated from 1j having an ortho-nitro
group on the aromatic substituent. The naphthyl-containing alcohol 1k and heteroaryl-
containing alcohol 1l also afforded the corresponding products in good to excellent yields.
In addition, alkyl-substituted alcohols (R2 = methyl, ethyl, and tert-butyl) were also well-
tolerated to afford the desired products 3m–3o. Of note, a competitive side reaction
encountered in the reaction with 1m or 1n is the formation of styrene derivatives via the
dehydration reactions of alcohols. Besides R1 = methoxy (1p–1q), the substituent R1 can be
benzamide (1r). Benzhydrol 1s was tested but afforded the corresponding product 3s in
low yield together with (oxybis(methanetriyl))tetrabenzene in 64% NMR yield. However,
1,2,3,4-tetrahydronaphthalen-1-ol (1t) and allylic alcohol (1u) underwent smooth cyanation.
It is worth noting that the reported indium halide-catalyzed protocol with TMSCN as
the cyanide source is not amenable to primary alcohol 1v for cyanation reaction [31].
Our system, however, gives reasonable yield for the same substrate. To our delight, the

17



Molecules 2023, 28, 2174

precursors for naproxen and cytenamide, respectively, can also be efficiently obtained in
high yields by this protocol (3w and 3x).

 

Scheme 3. Survey of the scope of α-aryl alcohols [a,b]. [a] Standard conditions: 1 (0.20 mmol), 2a

(0.30 mmol, 1.5 equiv), B(C6F5)3 (10 mol%), toluene (2 mL), at 100 ◦C for 2–18 h. [b] Isolated yield of 3.

To disclose the synthetic practicability of the developed method, we studied a gram-
scale reaction, and 66% yield of 3w was obtained, which might provide potential value
in synthetic chemistry. Having established a protocol for the efficient synthesis of α-aryl
nitrile 3w, (±)-naproxen, a nonsteroidal anti-inflammatory drug [24], was prepared in three
steps from commercially available materials (Scheme 4).

18



Molecules 2023, 28, 2174

 
Scheme 4. Scale-up synthesis and synthetic transformations.

To gain insight into the reaction mechanism, several control experiments were con-
ducted. When an enantiomerically pure sample of (R)-1y was subjected to standard
conditions, the resulting nitrile 3y was obtained in racemic form (Scheme 5a). Moreover,
(R)-1y was also employed to perform the etherification reaction under the standard condi-
tion. The 1H NMR spectrum showed the ether 4y was obtained in 50% NMR yield with a
48/52 ratio of the two diastereomers (Scheme 5b). These control experiments support an
SN1 pathway and rule out a concerted SN2 mechanism. The tert-Butylisocyanide-B(C6F5)3
adduct (8) was easily prepared [80] and used as a catalyst in the current reaction, affording
the corresponding product 3a in 99% NMR yield (Scheme 5c). As shown in Table 1, entry
10, the reaction did form 3a in 20% NMR yield along with ether 4a in 30% NMR yield at 80
◦C. Treatment of 4a with the standard setup then gave the desired 3a in 70% NMR yield
(Scheme 5d).

 
Scheme 5. Control experiments (a–d).

Based on the results above, a plausible mechanism is proposed in Scheme 6. First,
tert-butylisocyanide 2a forms a reversibly Lewis adduct 8 with B(C6F5)3 [80]. The homo-
etherification of alcohol in the presence of the B(C6F5)3 quickly delivers the ether 4 [70],
which could furnish an adduct 9 with B(C6F5)3 through the oxygen center. Subsequently, the
adduct 9 could break into an intermediate 10 and carbocation 11. However, an alternative
reaction path for the formation of the carbocation 11 directly from alcohol in the presence
of the in situ-generated strong Brønsted acid B(C6F5)3·nH2O or boron Lewis acid B(C6F5)3
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(not shown, see Supporting Information for details) cannot be ruled out [69,70]. The
carbocation 11 could then be intercepted instantaneously by the tBu-NC (2a) to afford an
intermediate 12 with a borate anion 10 as the counteranion. The stability of the tertiary
carbon cation is the driving force to break the C-N bond in 12, leading to the α-aryl nitrile
3 and 2-methylpropene by proton elimination via a tert-butyl carbon cation intermediate
(supported by Scheme 2b) [81]. The borate anion 10, on the other hand, transforms into
alcohol 1 with the regeneration of the B(C6F5)3 catalyst.

 
Scheme 6. Proposed mechanism.

3. Materials and Methods

3.1. General Information

All reactions were performed in flame-dried glassware using conventional Schlenk
techniques under a static pressure of nitrogen unless otherwise stated. Liquids and solu-
tions were transferred with syringes. The known alcohols 1 [31,35] and tBu-NC-B(C5F5)3
adduct 8 [80] were prepared according to reported procedures. (R)-1y was prepared in
80% yield according to the known procedure [82] (95% ee of (R)-1y was determined by
HPLC: OJ-H Column, 5/95 iPrOH/hexane, 0.5 mL/min, 254 nm, 35 ◦C; retention time
= 75.36 min (minor), 81.66 min (major)). Tris(pentafluorophenyl)borane (B(C5F5)3, 98%,
Energy Chemical) and tert-butyl isocyanate (97%, Energy Chemical) were purchased from
commercial suppliers and used as received. Other commercially available reagents were
purchased from Sigma-Adrich, Leyan and Bide Chemical Company. All solvents (tetrahydro-
furan, toluene, and 1,2-dichloroethane etc.) were dried and purified following standard
procedures. Technical grade solvents for extraction or chromatography (petroleum ether,
CH2Cl2, and ethyl acetate) were distilled prior to use. Analytical thin layer chromatography
(TLC) was performed on silica gel 60 F254 glass plates by Merck. Flash column chromatog-
raphy was performed on silica gel 60 (40–63 μm, 230–400 mesh, ASTM) by Grace using
the indicated solvents. 1H, 13C NMR spectra (Supplementary Materials) were recorded
in CDCl3 on Bruker AV400 instruments. Chemical shifts are reported in parts per million
(ppm) and are referenced to the residual solvent resonance as the internal standard (CHCl3:
δ = 7.26 ppm for 1H NMR and CDCl3: δ = 77.0 ppm for 13C NMR). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplett, q = quartet, m
= multiplet), coupling constants (Hz), and integration. Mass spectra were recorded on a
THERMO FINNIGAN LTQ-XL. The MS inlet capillary temp was always maintained at
275 ◦C and capillary voltage at 5 kV. No other source gases were used when digestion was
performed in microdroplets. The samples were dissolved in 1:1 methanol:water.

3.2. Typical Procedure for Direct Cyanation of Alcohols

In a glove box, alcohol 1 (0.2 mmol), isocyanide 2 (0.3 mmol, 1.5 equiv), B(C6F5)3
(10.2 mg, 20 μmol, 10 mol%), and toluene (2.0 mL) were added to an oven-dried 10 mL
pressure vial. The vial was sealed and removed from the glove box. The reaction mixture
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was stirred at 100 ◦C (oil bath) for 2–18 h. After the reaction was completed, the reaction
mixture was purified by silica gel column chromatography by using petroleum ether/ethyl
acetate mixture to obtain the desired nitrile 3.

3.3. Procedure for the Preparation of Naproxen

To a solution of 6-methoxy-2-naphthaldehyde (1.86 g, 10.0 mmol, 1.0 equiv) in THF
(20 mL, 0.5 M), methylmagnesium bromide (4.0 mL, 12 mmol, 3.0 M, 1.2 equiv) was
added. When the reaction was judged to have reached completion (as determined by TLC),
sat. NH4Cl was added slowly at 0 ◦C, and the mixture was extracted with EtOAc. The
combined organic layers were washed with brine, dried over MgSO4, and purified by
column chromatography on silica gel to obtain 1w (1.60 g, 80% yield).

To an oven-dried 200 mL Schlenk flask containing a magnetic stir bar under an
atmosphere of nitrogen, alcohol 1w (1.62 g, 8.0 mmol), isocyanide 2a (1.0 g, 12 mmol,
1.5 equiv), B(C6F5)3 (0.41 g, 0.8 mmol, 10 mol%), and toluene (80 mL) were added. The
reaction mixture was stirred at 100 ◦C (oil bath) for 12 h. After the reaction was completed,
the reaction mixture was purified by silica gel column chromatography by using petroleum
ether/ethyl acetate mixture to obtain the desired nitrile 3w (1.12 g, 66% yield).

To a suspension of 3w (42.3 mg, 0.2 mmol, 1.0 equiv) in ethylene glycol (0.6 mL), KOH
(0.1 mL, 10 M solution in H2O, 5.0 equiv) was added. The reaction vessel was sealed with a
rubber septum and submerged in an oil bath at 100 ◦C for 20 h. We then added 1M HCl
(2.5 mL) dropwise, and the mixture was extracted with EtOAc. The combined organic layers
were washed with brine, dried over MgSO4, and concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel to obtain Naproxen (31.8 mg,
69% yield).

3.4. Characterization Data of the Products

2-(4-methoxyphenyl)-2-phenylacetonitrile (3a) [83]. White solid (43.8 mg, 98% yield);
mp 130–132 ◦C; Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ
7.39–7.29 (m, 5H), 7.25 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 5.09 (s, 1H), 3.79 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): δ 159.4, 136.2, 129.1, 128.9, 128.1, 127.9, 127.6, 119.9,
114.5, 55.3, 41.8 ppm.

2-(4-methoxyphenyl)-2-(p-tolyl)acetonitrile (3b) [83]. White solid (43.9 mg, 92%
yield); mp 85–87 ◦C; Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz,
CDCl3): δ 7.25–7.15 (m, 6H), 6.87 (d, J = 8.8 Hz, 2H), 5.05 (s, 1H), 3.79 (s, 3H), 2.33 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): δ 159.3, 137.9, 133.2, 129.8, 128.8, 128.2, 127.5, 120.0,
114.4, 55.3, 41.4, 21.0 ppm.

2,2-bis(4-methoxyphenyl)acetonitrile (3c) [83]. White solid (41.9 mg, 83% yield); mp
156–158 ◦C; Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ
7.23 (d, J = 8.4 Hz, 4H), 6.88 (d, J = 8.8 Hz, 4H), 5.04 (s, 1H), 3.79 (s, 6H) ppm. 13C NMR
(100 MHz, CDCl3): δ 159.3, 128.7, 128.2, 120.1, 114.4, 55.3, 41.0 ppm.

2-(4-methoxyphenyl)-2-(o-tolyl)acetonitrile (3d) [83]. Colorless oil (44.4 mg, 93%
yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.40–7.38
(m, 1H), 7.25 (t, J = 4.8 Hz, 2H), 7.20–7.17 (m, 3H), 6.87 (d, J = 8.8 Hz, 2H), 5.23 (s, 1H), 3.78
(s, 3H), 2.26 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.3, 135.8, 133.8, 131.2, 128.9,
128.5, 128.4, 126.8, 126.7, 119.8, 114.4, 55.3, 39.1, 19.4 ppm. MS (ESI) m/z: [M+H]+ calcd. for
C16H16NO: 238.12; found: 238.18.

2-(4-methoxyphenyl)-2-(m-tolyl)acetonitrile (3e) [83]. Colorless oil (44.4 mg, 93%
yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.25–7.22
(m, 3H), 7.14–7.10 (m, 3H), 6.88 (d, J = 8.4 Hz, 2H), 5.04 (s, 1H), 3.78 (s, 3H), 2.33 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): δ 159.3, 139.0, 136.1, 128.9, 128.84, 128.81, 128.2, 128.0,
124.6, 120.0, 114.4, 55.3, 41.7, 21.3 ppm. MS (ESI) m/z: [M+H]+ calcd. for C16H16NO: 238.12;
found: 238.82.

2-(3,4-dimethylphenyl)-2-(4-methoxyphenyl)acetonitrile (3f) [83]. Colorless
oil (55.1 mg, 98% yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz,
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CDCl3): δ 7.24 (d, J = 6.8 Hz, 2H), 7.12–7.03 (m, 3H), 6.87 (d, J = 6.4 Hz, 2H), 5.02 (s, 1H),
3.78 (s, 3H), 2.24 (s, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.3, 137.5, 136.6, 133.6, 130.2,
128.8, 128.7, 128.3, 124.9, 120.1, 114.4, 55.3, 41.4, 19.8, 19.4 ppm. MS (ESI) m/z: [M+H]+

calcd. for C17H18NO: 252.14; found: 252.18.
2-(4-bromophenyl)-2-(4-methoxyphenyl)acetonitrile (3g) [83]. Colorless oil (49.4 mg,

82% yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.48
(d, J = 8.4 Hz, 2H), 7.20 (t, J = 7.5 Hz, 4H), 6.88 (d, J = 8.4 Hz, 2H), 5.04 (s, 1H), 3.79 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): δ 159.6, 135.3, 132.2, 129.2, 128.8, 127.2, 122.2, 119.3,
114.6, 55.3, 41.2 ppm. MS (ESI) m/z: [M+H]+ calcd. for C15H13BrNO: 302.02; found: 302.36.

2-(4-methoxyphenyl)-2-(4-(trifluoromethyl)phenyl)acetonitrile (3h). Colorless oil
(23.2 mg, 40% yield); Rf = 0.40 (petroleum ether/EtOAc = 10/1). 1H NMR (400 MHz,
CDCl3): δ 7.63 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 6.91
(d, J = 8.4 Hz, 2H), 5.14 (s, 1H), 3.80 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.8,
140.1, 130.6 (q, J = 32.8 Hz), 128.9, 128.0, 126.9, 126.1 (q, J = 3.7 Hz), 123.8 (q, J = 270.5 Hz,
1H), 119.1, 114.8, 55.3, 41.6 ppm. 19F NMR (376 MHz, CDCl3) δ −62.75 (s) ppm. HRMS
(MALDI-TOF/TOF) for C16H13F3NO [M+H]+: calculated 292.0944, found 292.0947.

Methyl 4-(cyano(4-methoxyphenyl)methyl)benzoate (3i). Yellow oil (39.4 mg, 70%
yield); Rf = 0.50 (petroleum ether/EtOAc = 5/1). 1H NMR (400 MHz, CDCl3): δ 8.03 (d,
J = 8.2 Hz, 2H), 7.42 (d, J = 8.2 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H),
5.14 (s, 1H), 3.91 (s, 3H), 3.79 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 166.3, 159.6,
141.0, 130.4, 130.1, 128.9, 127.6, 127.1, 119.2, 114.7, 55.3, 52.2, 41.7 ppm. HRMS (ESI) for
C17H16NO3 [M+H]+: calculated 282.1125, found 282.1126.

2-(4-methoxyphenyl)-2-(2-nitrophenyl)acetonitrile (3j) [84]. Yellow oil (10.1 mg, 19%
yield); Rf = 0.40 (petroleum ether/EtOAc = 10/1). 1H NMR (400 MHz, CDCl3): δ 8.04 (d,
J = 8.0 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 7.69 (t, J = 7.2 Hz, 1H), 7.53 (t, J = 7.6 Hz, 1H),
7.22 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 6.11 (s, 1H), 3.79 (s, 3H) ppm. 13C NMR
(100 MHz, CDCl3): δ 159.8, 147.7, 134.0, 130.9, 130.7, 129.5, 129.1, 126.0, 125.7, 118.8, 114.7,
55.3, 37.6 ppm.

2-(4-methoxyphenyl)-2-(naphthalen-2-yl)acetonitrile (3k) [85]. Colorless oil (53.5 mg,
98% yield). Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ
7.87–7.81 (m, 4H), 7.53–7.48 (m, 2H), 7.34 (d, J = 8.4 Hz, 1H), 7.29 (d, J = 8.8 Hz, 2H), 6.89
(d, J = 8.4 Hz, 2H), 5.25 (s, 1H), 3.79 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.5,
133.4, 133.2, 132.7, 129.2, 129.0, 128.0, 127.8, 127.7, 126.7, 126.6, 126.5, 125.2, 119.8, 114.5, 55.3,
42.0 ppm.

2-(4-methoxyphenyl)-2-(thiophen-2-yl)acetonitrile (3l). Colorless oil (33.8 mg, 74%
yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.31 (d,
J = 8.4 Hz, 2H), 7.25 (d, J = 5.2 Hz, 1H), 7.06 (d, J = 3.2 Hz, 1H), 6.97–6.95 (m, 1H), 6.91 (d,
J = 8.4 Hz, 2H), 5.30 (s, 1H), 3.80 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.7, 139.1,
128.7, 127.5, 127.0, 126.5, 126.3, 119.0, 114.5, 55.3, 37.2 ppm. HRMS (MALDI-TOF/TOF) for
C13H12NOS [M+H]+: calculated 230.0634, found 230.0631.

2-(4-methoxyphenyl)propanenitrile (3m) [48]. Colorless oil (23.3 mg, 72% yield);
Rf = 0.70 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.27 (d, J = 8.4 Hz,
2H), 6.90 (d, J = 8.4 Hz, 2H), 3.85 (q, J = 7.6 Hz, 1H), 3.81 (s, 3H), 1.61 (d, J = 7.3 Hz, 3H)
ppm. 13C NMR (100 MHz, CDCl3): δ 159.2, 129.0, 127.8, 121.8, 114.4, 55.3, 30.4, 21.5 ppm.

2-(4-methoxyphenyl)butanenitrile (3n) [86]. Colorless oil (17.5 mg, 50% yield);
Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.4 Hz,
2H), 6.90 (d, J = 8.4 Hz, 2H), 3.81 (s, 3H), 3.68 (t, J = 7.2 Hz, 1H), 1.95–1.86 (m, 2H), 1.06 (t,
J = 7.2 Hz, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.3, 128.4, 127.7, 121.0, 114.3, 55.3,
38.1, 29.2, 11.4 ppm.

2-(4-methoxyphenyl)-3,3-dimethylbutanenitrile (3o) [87]. White solid (31.1 mg, 76%
yield); mp 50–52 ◦C; Rf = 0.70 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3):
δ 7.19 (d, J = 6.8 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 3.82 (s, 3H), 3.51 (s, 1H), 1.04 (s, 9H) ppm.
13C NMR (100 MHz, CDCl3): δ 159.3, 130.4, 125.4, 120.6, 113.6, 55.3, 48.9, 35.1, 27.3 ppm.
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2-(3,4-dimethoxyphenyl)-2-phenylacetonitrile (3p) [88]. Colorless oil (37.0 mg, 73%
yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.38–7.31
(m, 5H), 6.90–6.80 (m, 3H), 5.10 (s, 1H), 3.86 (s, 3H), 3.84 (s, 3H) ppm. 13C NMR (100 MHz,
CDCl3): δ 149.4, 148.9, 136.0, 129.1, 128.13, 128.12, 127.5, 120.1, 119.8, 111.3, 110.7, 55.89,
55.88, 42.1 ppm.

2-([1,1′-biphenyl]-4-yl)-2-(3,4-dimethoxyphenyl)acetonitrile (3q) [48]. Colorless oil
(59.3 mg, 90% yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz,
CDCl3): δ 7.60–7.55 (m, 4H), 7.45–7.39 (m, 4H), 7.37–7.33 (m, 1H), 6.92 (d, J = 8.4 Hz, 1H),
6.85 (d, J = 7.2 Hz, 2H), 5.13 (s, 1H), 3.86 (s, 3H), 3.85 (s, 3H) ppm. 13C NMR (100 MHz,
CDCl3): δ 149.5, 149.0, 141.1, 140.1, 135.0, 128.8, 128.1, 128.0, 127.8, 127.6, 127.0, 120.2, 119.8,
111.4, 110.7, 56.0, 55.9, 41.8 ppm. HRMS (MALDI-TOF/TOF) for C22H20NO2 [M+H]+:
calculated 330.1489, found 330.1386.

N-(4-(cyano(phenyl)methyl)phenyl)benzamide (3r). White solid (41.6 mg, 67% yield);
mp 196–198 ◦C; Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, DMSO-d6):
δ 10.35 (s, 1H), 7.98 (d, J = 7.6 Hz, 2H), 7.85 (d, J = 8.4 Hz, 2H), 7.65–7.61 (m, 1H), 7.58–7.55
(m, 2H), 7.48–7.39 (m, 7H), 5.81 (s, 1H) ppm. 13C NMR (100 MHz, DMSO-d6): δ 166.5, 139.8,
137.7, 135.6, 132.5, 130.1, 129.3, 128.8, 128.7, 128.5, 128.3, 121.8, 121.3, 41.2 ppm. HRMS (ESI)
m/z: [M+H]+ calcd. for C21H17N2O: 313.1336; found: 313.1334.

2,2-diphenylacetonitrile (3s) [83]. White solid (13.1 mg, 34% yield); mp 70–72 ◦C;
Rf = 0.50 (petroleum ether/EtOAc = 15/1). 1H NMR (400 MHz, CDCl3): δ 7.39–7.30 (m,
10H), 5.14 (s, 1H) ppm. 13C NMR (100 MHz, CDCl3): δ 135.9, 129.2, 128.2, 127.7, 119.6,
42.6 ppm.

6-methoxy-1,2,3,4-tetrahydronaphthalene-1-carbonitrile (3t) [48]. Colorless
oil (17.5 mg, 47% yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz,
CDCl3): δ 7.26 (d, J = 8.8 Hz, 1H), 6.78–6.75 (m, 1H), 6.64 (s, 1H), 3.92 (t, J = 6.4 Hz, 1H),
3.78 (s, 3H), 2.87–2.71 (m, 2H), 2.13–2.09 (m, 2H), 2.07–1.96 (m, 1H), 1.87–1.77 (m, 1H) ppm.
13C NMR (100 MHz, CDCl3): δ 159.1, 137.7, 129.9, 121.9, 114.2, 112.8, 55.2, 30.1, 28.7, 27.5,
20.7 ppm.

(E)-2,4-diphenylbut-3-enenitrile (3u) [89]. Colorless oil (34.0 mg, 78% yield); Rf = 0.50
(petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.42–7.26 (m, 10H), 6.81
(d, J = 15.6 Hz, 1H), 6.19 (dd, J = 16.0, 6.4 Hz, 1H), 4.69 (d, J = 6.4 Hz, 1H) ppm. 13C
NMR (100 MHz, CDCl3): δ 135.4, 134.5, 133.2, 129.2, 128.7, 128.4, 127.5, 126.7, 123.2, 118.8,
40.0 ppm.

2-(4-methoxyphenyl)acetonitrile (3v) [90]. Colorless oil (17.0 mg, 23% yield, 0.5 mmol
scale); Rf = 0.50 (petroleum ether/EtOAc = 15/1). 1H NMR (400 MHz, CDCl3): δ 7.23 (d,
J = 8.4 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 3.80 (s, 3H), 3.68 (s, 2H) ppm. 13C NMR (100 MHz,
CDCl3): δ 159.3, 129.0, 121.8, 118.1, 114.5, 55.3, 22.8 ppm.

2-(6-methoxynaphthalen-2-yl)propanenitrile (3w) [91]. White solid (42.3 mg, 72%
yield); mp 72–74 ◦C; Rf = 0.70 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz,
CDCl3): δ 7.76–7.72 (m, 3H), 7.38 (dd, J = 8.4, 2.0 Hz, 1H), 7.18 (dd, J = 8.8, 2.4 Hz, 1H), 7.13
(d, J = 2.4 Hz, 1H), 4.02 (q, J = 7.2 Hz, 1H), 3.92 (s, 3H), 1.71 (d, J = 7.2 Hz, 3H) ppm. 13C
NMR (100 MHz, CDCl3): δ 158.1, 134.0, 132.0, 129.3, 128.8, 127.9, 125.4, 124.9, 121.7, 119.6,
105.7, 55.3, 31.2, 21.4 ppm.

5H-dibenzo[a,d][7]annulene-5-carbonitrile (3x) [25]. Colorless oil (36.6 mg, 84%
yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz, CDCl3): δ 7.68 (s,
2H), 7.40 (t, J = 7.2 Hz, 2H), 7.35–7.28 (m, 4H), 7.11 (s, 2H), 4.72 (s, 1H) ppm. 13C NMR
(100 MHz, CDCl3): δ 133.9, 132.3, 131.3, 129.2, 128.6, 127.8, 125.3, 118.3, 41.1 ppm.

2-(2,5-dimethylphenyl)-2-(4-methoxyphenyl)acetonitrile (3y) [92]. Colorless
oil (47.2 mg, 94% yield); Rf = 0.50 (petroleum ether/EtOAc = 20/1). 1H NMR (400 MHz,
CDCl3): δ 7.22–7.17 (m, 3H), 7.07 (s, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.20 (s, 1H), 3.79 (s, 3H),
2.33 (s, 3H), 2.21 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 159.3, 136.4, 133.6, 132.6,
131.1, 129.2, 129.1, 128.9, 127.1, 120.0, 114.4, 55.3, 39.1, 21.0, 18.9 ppm.

2,2′-(oxybis((4-methoxyphenyl)methylene))bis(1,4-dimethylbenzene) (4y). Color-
less oil (17.9 mg, 38% yield); Rf = 0.50 (petroleum ether/EtOAc = 15/1). 1H NMR (400

23



Molecules 2023, 28, 2174

MHz, CDCl3): δ 7.46 (s, 1H), 7.39 (s, 1H), 7.20–7.18 (m, 4H), 6.98 (d, J = 10.8 Hz, 4H), 6.82
(t, J = 6.4 Hz, 4H), 5.46 (s, 1H), 5.45 (s, 1H), 3.77 (s, 6H), 2.33 (s, 3H), 2.31 (s, 3H), 1.96 (s,
6H) ppm. 13C NMR (100 MHz, CDCl3): δ 158.8, 158.6, 139.9, 139.6, 135.3, 134.0, 133.8,
133.0, 132.3, 130.4, 130.2, 129.1, 128.7, 128.3, 128.0, 127.8, 127.5, 113.6, 113.5, 76.9, 76.5, 55.2,
21.2, 21.2, 18.9, 18.8 ppm. HRMS (ESI) for C32H34O3Na [M+Na]+: calculated 489.2400,
found 489.2414.

2-(6-methoxynaphthalen-2-yl)propanoic acid (Naproxen) [24]. White solid (31.8 mg,
69% yield); mp 156–158 ◦C; Rf = 0.50 (petroleum ether/EtOAc/MeOH = 5/2/1). 1H NMR
(400 MHz, CDCl3): δ 7.70–7.67 (m, 3H), 7.40 (d, J = 8.4 Hz, 1H), 7.14–7.10 (m, 2H), 3.90–3.85
(m, 4H), 1.58 (d, J = 6.8 Hz, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 179.9, 157.7, 135.1,
133.8, 129.3, 128.9, 127.2, 126.2, 126.1, 118.9, 105.7, 55.3, 45.3, 18.2 ppm.

4. Conclusions

In conclusion, by taking advantage of isonitriles as low-toxic CN surrogates in the
metal-free cyanation of alcohols, an efficient and green method for the direct catalytic syn-
thesis of α-aryl nitriles was developed (up to 98% yield). To the best of our knowledge, this
is the first B(C6F5)3-catalyzed transformation of isonitriles. Control experiments support an
SN1 pathway and rule out a concerted SN2 mechanism. The in situ-generated ether 4 can
be converted to the desired α-aryl nitriles under the current catalytic system via cleavage
of the C-O bond. The use of readily available starting materials, low catalyst loading, a
broad substrate scope, ease of scale-up, and application in the synthesis of the precursors
for naproxen and cytenamide make this approach very practical and attractive. With these
advantages, we expect that this method will find wide applications in organic synthesis.
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Abstract: Symmetrical diaryl sulfides and diaryl disulfides have been efficiently and selectively
constructed via the homocoupling of sodium arenesulfinates. The selectivity of products relied on
the different reaction systems: symmetrical diaryl sulfides were predominately obtained under the
Pd(OAc)2 catalysis, whereas symmetrical diaryl sulfides were exclusively yielded in the presence of
the reductive Fe/HCl system.

Keywords: sodium arenesulfinates; homocoupling; symmetric; diaryl sulfides; diaryl disulfides

1. Introduction

Symmetrical sulfides [1–3] and disulfides [4–7] are ubiquitous structural motifs, and
their corresponding derivatives have found prevalent existence in many biologically active
molecules, pharmaceuticals, ligands, functional materials, and natural products. Owing to
their importance, various synthetic methodologies have been developed for the preparation
of these two classes of sulfur compounds [8–23]. Although the cross-coupling reactions of
various sulfur surrogates with other aromatic reagents, such as aromatic halides, arenedia-
zonium salts, and others, are generally efficient for the construction of these two symmetric
structures [24–36], the homocoupling of arylsulfonyl derivatives [37,38] and thiols [39–48]
has proven to be the most straightforward and convenient strategy in terms of simplicity.
Despite these major advances, the utility of environmentally friendly sulfur sources for
symmetric sulfides and disulfides is still highly desirable.

Due to their stable, greener, and inexpensive features, sodium sulfinates have been
utilized as ideal sulfur donors and widely applied as the coupling partners in C-S cross-
coupling reactions, such as sulfonylation [49,50], thiosulfonylation [51], sulfinylation [52,53],
and sulfenylation [54–59]. Especially by reductive coupling, the sodium sulfinates could
serve as sulfenylation reagents for the synthesis of unsymmetric sulfides under Pd, Cu,
or I2 catalysts (Scheme 1a) [54–59]. However, the application of sodium sulfinates for the
construction of symmetric disulfides by homocoupling reactions was still less explored.
On the other hand, although several reaction systems, such as EtOP(O)H2, TiCl4/Sm,
WCl6/NaI, WCl6/Zn, MoCl6/Zn, Cp2TiCl2/Sm, and Silphos, have been reported to medi-
ate the conversion of sodium arenesulfinates into symmetric diaryl disulfides by reductive
coupling (Scheme 1b) [60–63], they generally suffered from limited substrate scope, ex-
pensive reagents, or complicated procedures. Herein, we would like to report an efficient
strategy for the selective synthesis of symmetrical diaryl sulfides and diaryl disulfides
using sodium sulfinates as sulfenylation reagents through homocoupling.
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Scheme 1. Sulfides and disulfides construction from sodium sulfinates.

2. Results and Discussion

Our initial study started with sodium phenylsulfinate 1a as the model substrate to
explore the formation of diphenylsulfide 2a. First, by screening different solvents, NMP
was proven to be the most effective out of the others, such as DMF and DMSO (Table 1,
entry 3 vs. 1−2). The catalyst played a decisive role in this reaction: among the common
metal catalysts, Pd(OAc)2 was the best one to afford diphenylsulfide 2a in 47% yield
(entry 3 vs. 4–6). With CuI and Ni(OAc)2 as catalysts, the product 2a was not detected at
all (entries 4 and 5). Only a trace amount of 2a was observed when FeCl3 was employed
(entry 6). The yield could be improved to 60% by increasing reaction temperature to 150 ◦C
(entry 7 vs. 3 and 8). Most importantly, a decrease of catalyst loading to 2 mol% could
further increase the yield to 89%, and no better result was observed by continuously
reducing the catalyst loading (entry 10 vs. 7, 9–11). The desired 2a was not detected when
sodium benzenesulfinate was replaced with benzenesulfinic acid in the presence of NaOH
under the same conditions (entry 12).

Table 1. Optimization of reaction conditions for sodium benzenesulfinate to diphenylsulfide [a].

 

Entry Solvent (mL) Catalyst (mol%) T (◦C) Yield [b] (%)

1 DMF (1.0) Pd(OAc)2 (2.5) 130 28
2 DMSO (1.0) Pd(OAc)2 (2.5) 130 trace
3 NMP (1.0) Pd(OAc)2 (2.5) 130 47
4 NMP (1.0) CuI (2.5) 130 N.D. [c]

5 NMP (1.0) Ni(OAc)2 (2.5) 130 N.D. [c]

6 NMP (1.0) FeCl3 (2.5) 130 trace
7 NMP (1.0) Pd(OAc)2 (2.5) 150 60
8 NMP (1.0) Pd(OAc)2 (2.5) 170 52
9 NMP (1.0) Pd(OAc)2 (2.0) 150 89
10 NMP (1.0) Pd(OAc)2 (1.5) 150 80
11 NMP (1.0) Pd(OAc)2 (0.5) 150 71

12 [d] NMP (1.0) Pd(OAc)2 (2.0) 150 0
[a] Reactions were performed on a 0.4 mmol scale of sodium benzenesulfinate 1a (67.0 mg) under identified
conditions for 26 h; [b] isolated yield; [c] N.D. = not detected; [d] PhSO2Na was replaced with PhSO2H/NaOH.
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Having built the optimal conditions for the construction of diphenylsulfide 2a, we
turned our attention to explore the generality of sodium sulfinates. As shown in Table 2,
a variety of substrates could undergo the homocoupling to afford symmetrical diaryl
sulfides with high chemoselectivity. It was found that sodium benzenesulfinates with
electron-donating groups such as 4-methyl, 3-methyl, 2-methyl, 4-methoxyl, 3-methoxyl,
2-methoxyl, 4-isopropyl, and 4-tert-butyl on the phenyl ring gave the corresponding prod-
ucts 2b–2i in good yields. Electron-withdrawing groups, such as F, Cl, Br, and NO2, were
also well-tolerated to provide the desired products 2j–2s in moderate to good yields that
were somewhat lower than the electron-donating groups offered. To our delight, the in-
tramolecular formation of sulfides was also tried, and the desired dibenzothiophene 2t was
produced in a 51% yield.

Table 2. Scope of sodium arylsulfinates to diaryl sulfides [a,b].

 
[a] Reaction conditions: sodium arylsulfinate 1 (0.4 mmol), Pd(OAc)2 (2 mg, 2 mol%), NMP (1.0 mL), and 150 ◦C;
[b] isolated yield; [c] 4-methylbenzenesulfinic acid (0.4 mmol) was used as a starting material in the presence of
Pd(OAc)2 (2 mg, 2 mol%), NaOH (16.0 mg) in NMP (1.0 mL) at 150 ◦C; [d] N2 was adopted.

During our studies on the synthesis of diphenylsulfide 2a, 1,2-diphenyldisulfide 3a

was accidentally detected when using CuI as a reductant. This discovery encouraged us to
search for optimal conditions for the reductive coupling of sodium benzenesulfinate for 1,2-
diphenyldisulfide 3a. Fortunately, using Fe/HCl as the reductive system, diphenyldisulfide
3a was isolated as the major product. Subsequently, the investigation of the concentration
of hydrochloric acid revealed that increasing the concentration led to the higher yield,
and 12 mol/L of hydrochloric acid gave up to 96% yield (Table 3, entry 4 vs. 1−3). The
highest yield was obtained when 4.0 equiv. of HCl was used (Table 2, entry 4). Increasing
or decreasing the amount resulted in lower yields (entries 5 and 6 vs. 4). It was found
that 2.0 equiv. of Fe was suitable for this transformation, and other amounts did not
improve the yield further (entry 4 vs. 7 and 8). More notably, the similar high yield was
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provided when the time was shortened to 9 h (entry 9). However, sodium benzenesulfinate
generated in situ by the reaction of NaOH and the equivalent of 4-methylbenzenesulfinic
acid only afforded the target product (3b) in a 59% yield (entry 10).

Table 3. Optimization of reaction conditions for sodium benzenesulfinate to diphenyldisulfide [a].

 

Entry
Concentration
of HCl (mol/L)

HCl (equiv.) Fe (equiv.) Yield [b] (%)

1 1 4.0 2.0 34
2 4 4.0 2.0 60
3 8 4.0 2.0 78
4 12 4.0 2.0 96
5 12 2.0 2.0 71
6 12 6.0 2.0 90
7 12 4.0 1.5 81
8 12 4.0 2.5 93
9 12 4.0 2.0 96 [c]

10 [d] 12 4.0 2.0 59
[a] Reactions were performed on a 0.2 mmol scale of sodium benzenesulfinate 1a (33.5 mg) in DMF (1.0 mL)
at 130 ◦C for 20 h. [b] Isolated yield; [c] reaction time: 9 h; [d] PhSO2Na was generated in situ.

With the optimized reaction conditions in hand, we next focused on the evaluation of
the scope of the coupling partner to symmetric disulfides, and the results are summarized
in Table 4. To our delight, it was found that the reaction could be compatible with a broad
range of functional groups, furnishing the corresponding products in good to excellent
yields. Although various functional groups, including electronically diverse (3a–3u) and
sterically hindered (3d, 3g, 3h, 3i, 3l, and 3r) ones are readily tolerated, some substantial
influence of electronic properties and steric hindrance of the substituents was observed.
The substrates possessing an electron-rich group (Me, MeO, i-Pr, and t-Bu) showed higher
yields than those bearing an electron-poor group (F, Cl, Br, and CF3) (3b–3i vs. 3j–3l, 3p–3s,

and 3u). Among substrates, sodium ortho-substituted arylsulfinates, which are sterically
hindered, gave relatively lower yields (3d vs. 3b, 3c, and 3g vs. 3e, 3f, and 3l vs. 3j, 3k, and
3r vs. 3p and 3q). In addition, an 82% yield was obtained when sodium 2-naphthylsulfinate
was employed as a substrate (3t). Notably, sodium 3-carboxybenzenesulfinate and sodium
thiophene-2-sulfinate could be not transformed into the corresponding disulfides.

To further evaluate the utility of these two protocols, two gram-scale reactions were
subsequently carried out (Scheme 2). The corresponding products 2a and 3a could be
afforded in 88% and 94% yields in a 10 mmol scale, respectively, demonstrating the practi-
cability of the present methodology.

Scheme 2. Gram-scale reactions of sodium benzenesulfinate.
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Table 4. Scope of sodium arylsulfinates to diaryl disulfides [a,b].

 
[a] Reaction conditions: sodium arylsulfinate 1 (0.2 mmol), Fe powder (23.0 mg, 2 equiv.), HCl (12 M, 67.0 uL),
DMF (1.0 mL), and 130 ◦C; [b] isolated yield.

To elucidate the reaction mechanism for the homocoupling of sodium arylsulfinates,
several control experiments were conducted (Scheme 3). The formation of both symmetric
diphenyl disulfide 3a and diphenyl sulfide 2a was not detected after the addition of the
radical scavenger 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 2 equiv.) to the standard
reaction systems (Scheme 3a,b), indicating that both of these two transformations under-
went a free-radical process. For the synthesis of 2a, the disulfide 3a was detected by mass
spectrometry. The preparation of disulfides from sodium arylsulfinates under Pd(OAc)2
catalysis was also demonstrated by Xiang and co-workers [55]. In addition, the transforma-
tion from 3a to 2a could be successfully realized in the presence of a catalytic amount of
Pd(OAc)2 and sodium sulfinate 1a (Scheme 3c,d).

Based on the results of the control experiments and literature reports [64,65], a plausi-
ble mechanism for the homocoupling of sodium arylsulfinate 1 to the selective access to
symmetric sulfide 2 and disulfide 3 is shown in Scheme 4. First, in the reductive Fe/HCl
system, disulfide 3a could be generated via the homocoupling of the thiyl radical A, which
comes from the radical reduction of sodium phenylsulfinate 2a (Scheme 4a). Alternatively,
disulfide 3a could be also formed in the presence of catalytic Pd(OAc)2. After disulfide
3a was formed, the Pd(II)-insertion to the S-S bond produced the metal-intermediate B,
which underwent ligand exchange to form intermediate C. The thermal extrusion of SO2 of
intermediate C resulted in the formation of intermediate D [66], which underwent the re-
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ductive elimination to give the target sulfide 2a and regenerate Pd(0) into the next catalytic
cycle (Scheme 4b).

 
Scheme 3. Control experiments for the homocoupling of sodium phenylsulfinate.

Scheme 4. Proposed mechanism for the homocoupling of sodium arylsulfinates.
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3. Materials and Methods

Unless otherwise indicated, all reagents and solvents were purchased from commercial
sources and used without further purification. Deuterated solvents were purchased from
Sigma–Aldrich(Shanghai, China.). Refinement of the mixed system was achieved through
column chromatography, which was performed on silica gel (200–300 mesh) with petroleum
ether (solvent A)/ethyl acetate (solvent B) gradients as elution. In addition, all yields were
referred to the isolated yields (average of two runs) of the compounds, unless otherwise
specified. The known compounds were partly characterized by melting points (for solid
samples), 1H NMR, and compared to authentic samples or the literature data. Melting
points were measured with an RD-II digital melting point apparatus (Henan, China)
and were uncorrected. 1H NMR data were acquired on a Bruker Advance 600 MHz
spectrometer (Bruker, Germany). using CDCl3 as solvent. Chemical shifts are reported in
ppm from tetramethylsilane, with the solvent CDCl3 resonance as the internal standard
(CDCl3 = 7.26). Spectra are reported as follows: chemical shift (δ = ppm), multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz),
integration, and assignment. 13C NMR data were collected at 100 MHz, with complete
proton decoupling. The chemical shifts are reported in ppm downfield to the central CDCl3
resonance (δ = 77.0). High-resolution mass spectra were performed on a micrOTOF-Q II
instrument (Bruker, Germany), with an ESI source.

3.1. Typical Procedure for Symmetric Diaryl Sulfides 2

The mixture of sodium arylsulfinate 1 (0.4 mmol) and Pd(OAc)2 (2 mg, 2 mol%) in
NMP (1.0 mL) was stirred at 150 ◦C (oil bath) until the substrate was completely con-
sumed, which was determined by TLC. Finally, the reaction mixture was purified by
silica gel column chromatography (PE: EA = 40: 1) to afford the desired coupling product
diarylsulfides 2.

3.2. Typical Procedure for Symmetric Diaryl Sisulfides 3

The mixture of sodium arylsulfinate 1 (0.2 mmol), Fe powder (23 mg, 2.0 equiv), and
HCl (12 M, 67.0 μL) in DMF (1.0 mL) was stirred at 130 ◦C (oil bath), until the substrate
was completely consumed, which was determined by TLC. Finally, the reaction mixture
was purified by silica gel column chromatography (PE: EA = 40: 1) to afford the desired
coupling product diaryldisulfides 3.

3.3. Gram-Scale Reaction of Sodium Benzenesulfinate to Diphenylsulfide

The mixture of sodium benzenesulfinate 1a (1.64 g, 10 mmol) and the catalyst, Pd(OAc)2
(45 mg, 2 mol%) in NMP (10 mL), was stirred at 150 ◦C (oil bath) until the substrate was
completely consumed, which was determined by TLC. Finally, the reaction mixture was pu-
rified by silica gel column chromatography to afford the coupling product diphenylsulfide
2a (1.640 g, 88% yield).

3.4. Gram-Scale Reaction of Sodium Benzenesulfinate to 1,2-Diphenyldisulfane

The mixture of sodium benzenesulfinate 1a (1.640 g, 10 mmol), Fe powder (1.150 g,
2.0 equiv.), and 12 mol/L HCl (3.35 mL) in DMF (15 mL) was stirred at 130 ◦C (oil bath)
until the substrate was completely consumed, which was determined by TLC. Finally, the
reaction mixture was purified by silica gel column chromatography to afford the coupling
product 1,2-diphenyldisulfane 3a (2.050 g, 94% yield).

3.5. Characterization Data for Homo-Coupling Products of Sodium Arylsulfinates
3.5.1. Characterization Data for the Products of Diaryl sulfides

Diphenyl sulfide (2a) [8]. Colorless liquid (33.1 mg, 89% yield); Rf = 0.6 (petroleum
ether); 1H NMR (600 MHz, CDCl3) δ 7.35−7.33 (m, 4H), 7.32−7.27 (m, 4H), 7.26−7.22 (m, 2H)
ppm; 13C{1H} NMR (100 MHz, CDCl3) δ 135.9, 131.2, 129.3, and 127.1; HRMS (ESI) m/z [M
+ H]+ calculated for C12H11S 187.0576, found 187.0579.
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4,4’-Dimethyldiphenyl sulfide (2b) [67]. White solid (36.8 mg, 86% yield); mp 57−58 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.23 (dt, J = 4.8, 2.4 Hz, 4H), 7.10
(d, J = 7.8 Hz, 4H), 2.33 (s, 6H) ppm; 13C{1H} NMR (100 MHz, CDCl3) δ 136.9, 132.7, 131.1,
129.9, and 21.0; HRMS (ESI) m/z [M + H]+ calculated for C14H15S 215.0889, found 215.0885.

3,3’-Dimethyldiphenyl sulfide (2c) [68]. Colorless liquid (35.5 mg, 83% yield); Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.20−7.16 (m, 4H), 7.13 (d, J = 7.8 Hz, 2H),
7.05 (d, J = 7.8 Hz, 2H), and 2.31 (s, 6H) ppm; HRMS (ESI) m/z [M + H]+ calculated for
C14H15S 215.0889, found 215.0885.

Di-o-tolylsulfide (2d) [8]. White solid (33.4 mg, 78% yield); mp 64−65 ◦C; Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.35−7.22 (m, 2H), 7.16 (td, J = 6.0, 1.2 Hz,
2H), 7.11−7.08 (m, 2H), 7.05 (dd, J = 6.6, 1.2 Hz, 2H), and 2.38 (s, 6H) ppm; HRMS (ESI)
m/z [M + H]+ calculated for C14H15S 215.0889, found 215.0885.

Bis(4-methoxyphenyl)sulfide (2e) [8]. White solid (41.8 mg, 85% yield); mp 44−46 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.29−7.26 (m, 4H), 6.83 (dt, J = 9.0,
2.4 Hz, 4H), and 3.79 (s, 6H) ppm; HRMS (ESI) m/z [M + H]+ calculated for C14H15O2S
247.0787, found 247.0785.

Bis(3-methoxyphenyl)sulfide (2f) [8]. White solid (39.9 mg, 81% yield); mp 45−47 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.24−7.18 (m, 2H), 6.96−6.92 (m,
2H), 6.90−6.88 (m, 2H), 6.81−6.77 (m, 2H), and 3.76 (s, 6H) ppm; HRMS (ESI) m/z [M +
H]+ calculated for C14H15O2S 247.0787, found 247.0785.

Bis(2-methoxyphenyl)sulfide (2g) [8]. White solid (35.9 mg, 73% yield); mp 73−74 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (400 MHz, CDCl3) δ 7.28−7.21 (m, 2H), 7.06 (dd, J = 5.6,
2.0 Hz, 2H), 6.93−6.90 (dd, J = 7.6, 0.8 Hz, 2H), 6.87−6.85 (dd, J = 6.4, 1.2 Hz, 2H), and 3.87 (s,
6H) ppm; HRMS (ESI) m/z [M + H]+ calculated for C14H15O2S 247.0787, found 247.0785.

4,4’-Diisopropyldiphenyl sulfide (2h). White solid (45.4 mg, 84% yield); mp 73−75 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHZ, CDCl3) δ 7.28−7.25 (m, 4H), 7.17−7.14
(m, 4H), 2.92−2.82 (m, 2H), and 1.24 (d, J = 6.6 Hz, 12H) ppm; 13C{1H} NMR (100 MHz,
CDCl3) δ 147.8, 132.8, 131.0, 127.3, 33.7, and 23.9; HRMS (ESI) m/z [M + K]+ calculated for
C18H22SK 309.1074, found 309.1073.

4,4’-Di-tert-butyldiphenyl sulfide (2i) [69]. White solid (48.3 mg, 81% yield); mp
83−84 ◦C; Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.34−7.30 (m, 4H), 7.28
(t, J = 1.8 Hz, 2H), 7.26 (t, J = 2.4 Hz, 2H), and 1.30 (s, 18H) ppm; HRMS (ESI) m/z [M + H]+

calculated for C20H27S 299.1828, found 299.1821.
4,4’-Difluorodiphenyl sulfide (2j) [8]. Colorless liquid (33.7 mg, 76% yield); Rf = 0.6

(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.33−7.28 (m, 4H) and 7.03−6.98 (m, 4H)
ppm; HRMS (ESI) m/z [M + H]+ calculated for C12H9F2S 223.0388, found 223.0393; 19F
NMR (376 MHz, CDCl3) δ -114.3 ppm.

3,3’-Difluorodiphenyl sulfide(2k) [68]. Colorless liquid (32.0 mg, 72% yield); Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.33−7.26 (m, 2H), 7.16−7.11 (m, 2H),
7.06−7.01 (m, 2H), and 6.99−6.94 (m, 2H) ppm; HRMS (ESI) m/z [M + H]+ calculated for
C12H9F2S 223.0388, found 223.0393; 19F NMR (376 MHz, CDCl3) δ -111.5 ppm.

Bis(2-fluorophenyl)sulfide (2l) [70]. Colorless liquid (29.8 mg, 67% yield); Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.31−7.22 (m, 4H) and 7.14−7.06 (m, 4H)
ppm; HRMS (ESI) m/z [M + H]+ calculated for C12H9F2S 223.0388, found 223.0393; 19F
NMR (376 MHz, CDCl3) δ -108.7 ppm.

Bis(4-nitrophenyl)sulfide (2m) [8]. White solid (40.3 mg, 73% yield); mp 156−158 ◦C;
Rf = 0.5 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 8.06 (dt, J = 9.0, 2.4 Hz, 2H),
7.58−7.52 (m, 2H), 7.48−7.44 (m, 2H), and 7.17 (dt, J = 9.0, 2.4 Hz, 2H) ppm; HRMS (ESI)
m/z [M + H]+ calculated for C12H9N2O4S 277.0278, found 277.0281.

Bis(3-nitrophenyl)sulfide (2n) [71]. White solid (37.5 mg, 68% yield); mp 42−44 ◦C;
Rf = 0.5 (petroleum ether); 1H NMR (400 MHz, CDCl3) δ 8.36 (t, J = 4.0 Hz, 2H), 8.15−8.06
(m, 2H), 7.86−7.77 (m, 2H), and 7.53 (t, J = 12.0 Hz, 2H) ppm; HRMS (ESI) m/z [M + H]+

calculated for C12H9N2O4S 277.0278, found 277.0282.
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Bis(2-nitrophenyl)sulfide (2o) [8]. Yellow solid (34.8 mg, 63% yield); mp 123−124 ◦C;
Rf = 0.5 (petroleum ether); 1H NMR (400 MHz, CDCl3) δ 8.41 (dd, J = 8.4, 1.2 Hz, 2H), 8.07
(dd, J = 8.4, 1.2 Hz, 2H), 7.84−7.77 (m, 2H), and 7.61−7.54 (m, 2H) ppm; HRMS (ESI) m/z
[M + H]+ calculated for C12H9N2O4S 277.0278, found 277.0281.

4,4’-Dichlorodiphenyl sulfide (2p) [8]. White solid (42.2 mg, 83% yield); mp 88−89 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.30−7.27 (m, 4H) and 7.26−7.23
(m, 4H) ppm; HRMS (ESI) m/z [M + H]+ calculated for C12H9Cl2S 254.9797, found 254.9792.

Bis(3-clorophenyl)sulfide (2q) [71]. Colorless liquid (39.1 mg, 77% yield); Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.32−7.31 (m, 2H), 7.26−7.23 (m, 4H), and
7.22−7.19 (m, 2H) ppm; HRMS (ESI) m/z [M + H]+ calculated for C12H9Cl2S 254.9797,
found 254.9792.

Bis(2-clorophenyl)sulfide (2r) [68]. White solid (37.1 mg, 73% yield); mp 68−70 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.47 (dd, J = 7.8, 1.2 Hz, 2H), 7.24
(td, J = 7.8, 1.8 Hz, 2H), 7.19 (td, J = 7.8, 1.2 Hz, 2H), and 7.14 (dd, J = 7.8, 1.8 Hz, 2H) ppm;
HRMS (ESI) m/z [M + H]+ calculated for C12H9Cl2S 254.9797, found 254.9792.

Bis(4-bromophenyl)sulfide (2s) [8]. White solid (54.7 mg, 80% yield); mp 110−111 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.45−7.40 (m, 4H) and 7.21−7.16
(m, 4H) ppm; HRMS (ESI) m/z [M + H]+ calculated for C12H9Br2S 342.8786, found 342.8784.

Dibenzo[b,d]thiophene (2t) [72]. white solid (38 mg, 51% yield); m.p. 95–96 ◦C.
Rf = 0.8 (PE/EA = 20:1); 1H NMR (400 MHz, CDCl3) δ 8.17 (m, 2H), 7.87 (dd, 2 H, J = 8.0,
4.0 Hz), and 7.47 (m, 4 H). The NMR data were consistent with the previous report (see
spectra at Supplementary Materials).

3.5.2. Characterization Data for the Products of Diaryl Disulfides

Diphenyl disulfide (3a) [73]. White solid (21.0 mg, 96% yield); mp 61−62 ◦C; Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.54−7.45 (m, 4H), 7.33−7.26 (m, 4H), and
7.25−7.19 (m, 2H) ppm; 13C{1H} NMR (100 MHz, CDCl3) δ 137.0, 129.0, 127.5, and 127.1;
HRMS (ESI) m/z [M]+ calculated for C12H10S2 218.0224, found 218.0217.

4-Methylphenyl disulfide (3b) [73]. White solid (22.9 mg, 93% yield); mp 47−48 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.39 (d, J = 8.4 Hz, 4H), 7.11 (d,
J = 7.8 Hz, 4H), and 2.32 (s, 6H) ppm; 13C{1H} NMR (100 MHz, CDCl3) δ 137.4, 133.9, 129.8,
128.6, and 21.0; HRMS (ESI) m/z [M]+ calculated for C14H14S2 246.0537, found 246.0517.

3-Methylphenyl disulfide (3c) [73]. White solid (22.1 mg, 90% yield); mp 112−114 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.31 (d, J = 7.2 Hz, 4H), 7.19 (t,
J = 7.4 Hz, 2H), 7.04 (d, J = 7.2 Hz, 2H), and 2.32 (s, 6H) ppm; HRMS (ESI) m/z [M]+

calculated for C14H14S2 246.0537, found 246.0519.
Di(o-methylphenyl)disulfide (3d) [73]. White solid (20.9 mg, 85% yield); mp 40−42 ◦C;

Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.24−7.21 (m, 2H), 7.19−7.15 (m,
2H), 7.11−7.07 (m, 2H), 7.06 (dd, J = 7.8, 1.8 Hz, 2H), and 2.37 (s, 6H) ppm; HRMS (ESI)
m/z [M]+ calculated for C14H14S2 246.0537, found 246.0517.

Di(4-methoxyphenyl)disulfide (3e) [34]. White solid (25.6 mg, 92% yield); mp 45−47 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.31−7.27 (m, 4 H), 6.87−6.81
(m, 4 H), and 3.79 (s, 6H) ppm; HRMS (ESI) m/z [M]+ calculated for C14H14O2S2 278.0435,
found 278.0423.

Di(3-methoxyphenyl)disulfide (3f) [34]. White solid (24.5 mg, 88% yield); mp
106−108 ◦C; Rf = 0.6 (petroleum ether); 1H NMR (400 MHz, CDCl3) δ 7.18−7.11 (m,
2H), 7.03−6.99 (m, 2H), 6.88−6.81 (m, 2H), 6.73−6.67 (m, 2H), and 3.69 (s, 6H) ppm; HRMS
(ESI) m/z [M]+ calculated for C14H14O2S2 278.0435, found 278.0423.

Di(2-methoxyphenyl)disulfide (3g) [34]. White solid (23.4 mg, 84% yield); mp
120−121 ◦C; Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.53 (dd, J = 6.6,
1.2 Hz, 2 H), 7.21−7.16 (m, 2 H), 6.93−6.88 (m, 2 H), 6.86 (d, J = 7.8 Hz, 2 H), and 3.90 (s,
6 H) ppm; HRMS (ESI) m/z [M]+ calculated for C14H14O2S2 278.0435, found 278.0427.

1,2-bis(4-isopropylphenyl)disulfane (3h) [73]. White solid (27.5 mg, 91% yield); mp
79−81 ◦C; Rf = 0.6 (Petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.44 (dt, J = 8.4, 4.8 Hz,
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4H), 7.17 (dt, J = 7.8, 4.2 Hz, 4H), 2.93−2.86 (m, 2H), and 1.24 (d, J = 7.2 Hz, 12H) ppm;
HRMS (ESI) m/z [M + H]+ calculated for C18H23S2 303.1236, found 303.1226.

Bis(4-tert-butylphenyl) disulfide (3i) [74]. White solid (28.7 mg, 87% yield); mp
88−89 ◦C; Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.46 (d, J = 9.0 Hz,
4H), 7.34 (d, J = 8.4 Hz, 4H), and 1.31 (s, 18H) ppm; HRMS (ESI) m/z [M]+ calculated for
C20H26S2 330.1476, found 330.1462.

Bis(4-fluorophenyl) disulfide (3j) [34]. White solid (21.8 mg, 86% yield); mp 112−114 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.48−7.41 (m, 4H) and 7.05−6.98
(m, 4H) ppm; HRMS (ESI) m/z [M]+ calculated for C12H8F2S2 254.0035, found 254.0029;
19F NMR (376 MHz, CDCl3) δ -113.4 ppm.

Bis(3-fluorophenyl) disulfide (3k) [75]. White solid (20.6 mg, 81% yield); mp 93−94 ◦C;
Rf = 0.6 (Petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.31−7.27 (m, 2H), 7.26 (s, 1H),
7.25−7.23 (m, 2 H), 7.22 (t, J = 1.8 Hz, 1H), and 6.96−6.91 (m, 2H) ppm; HRMS (ESI)
m/z [M]+ calculated for C12H8F2S2 254.0035, found 254.0030; 19F NMR (376 MHz, CDCl3)
δ -111.1 ppm.

Bis(2-fluorophenyl)disulfide (3l) [75]. Slight yellow oil (19.9 mg, 75% yield); Rf = 0.6
(petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.59 (td, J = 7.8, 1.8 Hz, 2 H), 7.28−7.25
(m, 2H), 7.12 (td, J = 7.8, 1.2 Hz, 2 H), and 7.08−7.04 (m, 2H) ppm; HRMS (ESI) m/z
[M]+ calculated for C12H8F2S2 254.0035, found 254.0029; 19F NMR (376 MHz, CDCl3)
δ -109.9 ppm.

4,4’-Dichlorodiphenyl disulfide (3p) [73]. White solid (26.0 mg, 91% yield); mp
68−70 ◦C; Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.40 (dt, J = 8.4, 4.8 Hz,
4H) and 7.28 (dt, J = 8.4, 4.8 Hz, 4H) ppm; 13C{1H} NMR (100 MHz, CDCl3) δ 135.1, 133.7,
129.4, and 129.3; HRMS (ESI) m/z [M]+ calculated for C12H8Cl2S2 285.9444, found 285.9421.

Bis(3-clorophenyl)disulfide (3q) [73]. White solid (25.2 mg, 88% yield); mp 80−82 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.48 (d, J = 2.4 Hz, 1 H), 7.37−7.32
(m, 2 H), 7.26 (d, J = 2.4 Hz, 1H), and 7.24−7.20 (m, 4H) ppm; HRMS (ESI) m/z [M]+

calculated for C12H8Cl2S2 285.9444, found 285.9425.
Bis(2-clorophenyl)disulfide (3r) [76]. White solid (24.0 mg, 84% yield); mp 90−91 ◦C;

Rf = 0.6 (petroleum ether); 1H NMR (400 MHz, CDCl3) δ 7.48 (dd, J = 8.0, 1.6 Hz, 2H), 7.30
(dd, J = 7.2, 1.6 Hz, 2H), 7.14 (td, J = 7.6, 1.2 Hz, 2H), and 7.09 (td, J = 7.6, 1.6 Hz, 2H) ppm;
HRMS (ESI) m/z [M]+ calculated for C12H8Cl2S2 285.9444, found 285.9421.

Bis(4-bromophenyl)disulfide (3s) [75]. White solid (33.3 mg, 89% yield); mp 110−112 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.44−7.41 (m, 4 H) and 7.35−7.32
(m, 4 H) ppm; HRMS (ESI) m/z [M]+ calculated for C12H8Br2S2 373.8434, found 373.8414.

2,2’-Dinaphthyl disulfide (3t) [77]. White solid (26.1 mg, 82% yield); mp 139−141 ◦C;
Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.99 (d, J = 1.8 Hz, 2H), 7.82−7.76
(m, 4H), 7.75−7.71 (m, 2H), 7.62 (dd, J = 9.0, 6.6 Hz, 2H), and 7.49−7.44 (m, 4H) ppm; HRMS
(ESI) m/z [M + H]+ calculated for C20H15S2 319.0610, found 319.0614.

Bis(4-trifluoromethylphenyl)disulfide (3u) [42]. White solid (28.3 mg, 80% yield);
mp 119−120 ◦C; Rf = 0.6 (petroleum ether); 1H NMR (600 MHz, CDCl3) δ 7.60−7.55 (m,
8H) ppm; HRMS (ESI) m/z [M + H]+ calculated for C14H9F6S2 355.0044, found 355.0039; 19

F NMR (376 MHz, CDCl3) δ -62.5 ppm.

4. Conclusions

In summary, we have developed an efficient protocol for the selective access to sym-
metrical diaryl sulfides and disulfides using sodium sulfinates as sulfenylation reagents via
homocoupling reaction. The utilization of readily available sodium sulfinates as coupling
partners and good functional group tolerance with modest to excellent yields for most
substrates enable these two types of novel transformations to become attractive alternatives
for the preparation of the corresponding sulfur compounds. More importantly, sodium
sulfinates were used for the first time to access symmetrical diaryl sulfides. The convinced
mechanism, selectivity, and synthetic application of this transformation are still under
investigation.
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Abstract: A cascade 6-endo-dig cyclization reaction was developed for the switchable synthesis
of halogen and non-halogen-functionalized pyrazolo[3,4-b]pyridines from 5-aminopyrazoles and
alkynyl aldehydes via C≡C bond activation with silver, iodine, or NBS. In addition to its wide
substrate scope, the reaction showed good functional group tolerance as well as excellent regional
selectivity. This new protocol manipulated three natural products, and the arylation, alkynylation,
alkenylation, and selenization of iodine-functionalized products. These reactions demonstrated the
potential applications of this new method.

Keywords: pyrazolo[3,4-b]pyridine; alkyne activation; regional selectivity; 6-endo-dig cyclization

1. Introduction

A series of natural products and biologically active molecules contain pyrazolo[3,4-
b]pyridine as a key structural motif [1,2]. Several of these compounds are effective antien-
terovirals, antimalarials, anticancer agents, and kinase inhibitors (Figure 1) [3–5]. This
has inspired the development of efficient methods to construct these compounds and has
become a hot topic in modern organic synthesis.

Figure 1. Some biologically active pyrazolo[3,4-b]pyridine derivatives.

Recently, catalytic carbon-carbon bond activation has emerged as a useful tool to build
complex molecules rapidly and efficiently [6–9]. There are versatile intermediates involved
in these reactions, which could be trapped in situ by a second molecule that triggers
subsequent tandem reactions [10–15]. The nucleophilic/electrophilic addition reactions
of alkynes are well-known and provide a convenient way to synthesize functionalized
molecules [16–20]. The high reactivity, good selectivity, excellent functional-group tolerance,
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and mild reaction conditions of these reactions have inspired significant research over the
past few decades. Generally, this process forms highly active intermediates using transition
metals, such as Ag, Au, Rh, Cu, and Co [21–27], or electrophiles like I2, NXS (X = I, Br, Cl),
Se, S, and P (Scheme 1a) [28–34]. Each reagent type sees significant use in the development
of synthetic methodologies and applications to prepare bioactive compounds or complex
naturally occurring skeletons. However, to our knowledge, among those strategies, a direct
and efficient protocol for the selective synthesis of polysubstituted and functionalized fused
heterocycles, such as halogen-functionalized pyrazolo[3,4-b]pyridine frameworks, by C≡C
bond activation has seldom been described. Thus, developing convenient and sustainable
synthetic methods to build these high-value compounds merits attention.

Scheme 1. Strategies for the synthesis of diverse molecules via activating C≡C bond.

As a kind of synthetic block with bifunctional groups (C≡C and carbonyl), alkynyl
aldehydes are essential synthons with rich and unexpected chemical properties [35–38].
Tandem cyclization reactions using alkynyl aldehydes as synthons yields a variety of
heterocycles. Generally, tandem cyclization occurs in one of two ways, 5-exo-dig or 6-
endo-dig cyclizations. For example, some efficient synthesis strategies have been reported
for the synthesis of multi-substituted thiazoles, imidazo[1,2-a]pyridines, and imidazoles
by using alkynyl aldehydes as synthons via 5-exo-dig cyclization [39–41]. The 6-endo-dig
cyclization of alkynyl aldehydes is an alternative method to construct complex fused ring
systems (Scheme 1b) [42–44]. These protocols typically use simple starting materials, with
good functional tolerance and high yields. Inspired by these achievements, we sought to
selectively activate the C≡C bond by changing the reaction conditions to obtain a series of
compounds with a pyrazolo[3,4-b]pyridine structure core.

2. Results and Discussion

To evaluate our idea, we chose 3-methyl-1-phenyl-1H-pyrazol-5-amine (1a) and
3-phenylpropiolaldehyde (2a) as the model substrates for the optimization of the con-
ditions. Through optimization of the catalyst, additive, solvent and temperature, the
optimal reaction conditions can be summarized as follows: 1a (0.2 mmol) and 2a (0.2 mmol)
in DMAc (1.5 mL) with Ag(CF3CO2) (10 mol%), TfOH (30 mol%), at 100 ◦C for 2 h (details
appear in Supplementary Materials Tables S3–S6).

Having optimized the reaction conditions, we determined the versatility of this re-
action. We examined a series of 5-aminopyrazole derivatives to test the generality of this
method and evaluate the electronic influence of aromatic ring substitutions. As shown in
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Scheme 2, pyrazole rings bearing electron-donating groups (e.g., 3-Me, 3-(t-Bu), 1-Ph, 3-Ph)
led to good yields (74–84%) of the corresponding products (3a–3d and 3f–3k). Notably, the
structure of compound 3a was confirmed by X-ray single-crystal diffraction (Scheme 2).
The substrates of aromatic rings attached to halogen atoms (e.g., 4-F, 4-Br) also led to their
corresponding products (3e and 3l–3p) in yields between 68–81%. A strongly electron-
deficient substrate was applied and afforded its product in 63% yield for the corresponding
product 3q. Pyrazole rings only bearing alkyl groups were used as starting materials and
yielded the expected products (3r–3t) in moderate to good yields (66–75%). Additionally,
5-aminoisoxazoles also readily reacted with 3-phenylpropiolaldehyde, yielding the desired
products (3u–3x) in good yields (70–75%). However, 3-methylisothiazol-5-amine did not
yield the desired product 3y.

Scheme 2. Substrate scope and Isolated yield of substituted 5-aminopyrazoles and derivatives.
Reaction conditions: 1 (0.2 mmol), 2a (0.2 mmol), Ag(CF3CO2) (10 mol%), TfOH (30 mol%) in DMAc
(1.5 mL) at 100 ◦C for 2 h. c N.D. = not detected.
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We next investigated the scope of alkynyl aldehydes derivatives for this reaction
(Scheme 3). First, we examined 3-phenylpropiolaldehydes with phenyl rings containing
electron-rich substituents (e.g., 4-Me, 4-Et, 4-OMe, 4-OEt, 3,4-(OMe)2). Annulation reactions
occurred smoothly to deliver products (4b–4f) in 64–78% yields. For 3-phenylpropiolaldehyde
containing electron-withdrawing groups (e.g., 4-Ac, 4-CO2Me, 4-CF3, 4-F, 3-F, 3-Cl, 4-Br), the
reaction proceeded smoothly and afforded products (4g–4i and 4l–4o) in moderate to good
yields (66–81%). In addition, when 4-phenylbut-2-ynal and 3-(trimethylsilyl)propiolaldehyde
were used as starting materials, products 4j and 4k were obtained in good yields (67% and
73% respectively). It is worth noting that when using 3-(trimethylsilyl)propiolaldehyde,
compound 4k was the product of the trimethylsilyl group removal. Furthermore, different
heterocyclic aldehydes were also investigated including furan, thiophene, and pyridine to
generate products 4p–4s in 65–72% yields. We were delighted to find that alkyl alkynyl
aldehydes gave the corresponding products 4t-4u in moderate yields as well.

Scheme 3. Substrate scope and Isolated yield of substituted alkynyl aldehydes and derivatives.
Reaction conditions: 1a (0.2 mmol), 2 (0.2 mmol), Ag(CF3CO2) (10 mol%), TfOH (30 mol%) in DMAc
(1.5 mL) at 100 ◦C for 2 h.

The iodinated product was detected when 1.0 equivalent of iodine was added to the
reaction system (control experiment, Scheme 7d). We chose 1a and 2a as model substrates
to investigate the optimal conditions to synthesize iodinated products (more details appear
in Supplementary Materials Tables S7 and S8).

Next, various 5-aminopyrazoles and alkynyl aldehydes were tested to determine the
scope of iodine-functionalized products (Scheme 4). These reactions produced the corre-
sponding products 5a–5j 58–68% yields. Meanwhile, 3-methylisoxazol-5-amine tolerated
the reaction conditions and reacted with 3-phenylpropiolaldehyde (2a) to generate 5k in
moderate yield. When iodine was replaced by NBS, the expected compounds 5l–5r were
obtained in moderated yields (53–66%). However, after many trials, the Cl-functionalized
product 5s was not obtained.
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Scheme 4. The substrate scope and Isolated yield of halogen-functionalized products. Reaction
conditions: 1 (0.2 mmol), 2 (0.2 mmol), I2 or NBS (2.0 equiv.), TfOH (1.0 equiv.) in DMSO (2 mL) at
100 ◦C for 6 h. c N.D. = not detected.

To demonstrate the applicability of this method, we modified natural products (Scheme 5a).
For example, estrone, formononetin, and eudistomin Y1 are all biologically active nat-
ural products, and these compounds have phenolic hydroxyl groups that undergo con-
version into trifluoromethane sulfonates. Those sulfonates undergo Sonogashira cou-
pling and deketalization to afford alkynaldehyde intermediates (6, 8, and 10). By using
these alkynaldehyde intermediates as substrates for this protocol, we successfully ob-
tained three natural product functionalized pyrazolo[3,4-b]pyridines in moderate to good
yields (7, 9, and 11). Because heteroaryl iodides are highly useful functional structures
in synthetic organic chemistry, additional applications of iodine-functionalized products
were conducted (Scheme 5b) [45]. A series of coupling reactions were examined to form
iodine-functionalized products, including Suzuki, Sonogashira, and Heck couplings that
yielded the expected products 13–15 in good yields. Furthermore, selenization of iodine-
functionalized products afforded 16 in very good yield (78%).
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Scheme 5. Strategies to synthesize diverse molecules via C≡C bond activation.

The reaction of 1a and 2a was scaled up to 5 mmol to illustrate the potential applica-
tions of this method; 3a and 5a formed 71% and 53% yields, respectively (Scheme 6). This
promising result lays a good foundation for large-scale syntheses.

Scheme 6. Scale-up reactions.

Relevant control experiments were conducted to probe the reaction mechanism for
the formation of pyrazolo[3,4-b]pyridine frameworks. When the reaction of 1a with 2a was
conducted without acid for 2 h, it afforded 3a and 3a′ in 40% and 46% yields, respectively,
(Scheme 7a). Intermediate 3a′ was confirmed by TLC-MS(APCI), LC-HRMS, and NMR (the
details can be seen in Supplementary Materials). In addition, intermediate 3a′ transform
to 3a in 88% yield under standard conditions (Scheme 7b). These results suggested that
3a′ may serve as the intermediate in this reaction. To illustrate regioselectivity, we chose
cinnamaldehyde (2a′) as a substrate to react with 1a under standard conditions. Compared
with a standard simple, 3-methyl-1,4-diphenyl-1H-pyrazolo[3,4-b]pyridine (17) was ob-
tained in 45% yield, no product 3a was observed (Scheme 7c). These results confirmed
the regioselectivity of this method, as it only afforded the C6 substituted pyrazolo[3,4-
b]pyridine for alkynyl aldehydes substrates. Furthermore, when 1 eq. of iodine was
added, non-iodinated and iodized products 3a and 5a were detected in 46% and 30% yields,
respectively (Scheme 7d).
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Scheme 7. Control experiments. (a) Form intermediate 3a′. (b) Intermediate 3a′ transform to 3a

under standard conditions. (c) Validation of regioselectivity experiments. (d) Add one equivalent of
iodine under standard conditions.

Considering the aforementioned control experiments and earlier works [46–48], a reac-
tion mechanism is shown in Scheme 8 using 1a with 2a as a typical reaction. Initially, 3-methyl-1-
phenyl-1H-pyrazol-5-amine (1a) undergoes condensation with 3-phenylpropiolaldehyde (2a) to
form intermediate 3a′. Next, the silver salt coordinates to the alkyne of 3a′ to form interme-
diate A; this undergoes 6-endo-dig cyclization to form B. Finally, B undergoes demetallation
to afford product 3a (Scheme 8, pathway A). Similarly, I2 or NBS adds to a triple bond that
leads to intermediate A’, which undergoes 6-endo-dig cyclization to form B’, followed by
acid loss from B’ to obtain 5a or 5l (Scheme 8, pathway B).

Scheme 8. Plausible mechanistic pathway.

3. Materials and Methods

3.1. General Information

Aminopyrazoles and NBS were purchased from Shanghai Shaoyuan Co. Ltd. (Shang-
hai, China) 3-substituted propiolaldehyde and Ag(CF3CO2) were purchased from Leyan. Un-
less stated otherwise, all solvents and commercially available reagents were obtained from
commercial suppliers and used without further purification. In addition, petroleum ether
(b.p. 60–90 oC) was distilled prior to use for Column chromatography. Non-commercial
starting materials were prepared as described below or according to literature procedures.
TLC analysis was performed using pre-coated glass plates. Column chromatography was
performed using silica gel (200–300 mesh). Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Advance 400 MHz spectrometer at ambient temperature using
the non or partly deuterated solvent as internal standard (1H: δ 7.26 ppm and 13C{1H}:
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δ 77.0 ppm for CDCl3; 1H: δ 2.50 ppm and 13C{1H}: δ 40.0 ppm for DMSO-d6). Chemical
shifts (δ) are reported in ppm, relative to the internal standard of tetramethylsilane (TMS).
The coupling constants (J) are quoted in hertz (Hz). Resonances are described as s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), br (broad) or combinations thereof. High
resolution mass-spectrometric (HRMS) were obtained on an Apex-Ultra MS equipped with
an electrospray source. Melting points were determined using SGW X-4 apparatus and not
corrected. The X-ray diffraction data for the crystallized compound were collected on a
Bruker Smart APEX CCD area detector diffractometer (graphite monochromator, Mo Kα

radiation, λ = 0.71073 Å) at 296(2) K. All the heating procedures were conducted with an
oil bath.

3.2. Synthetic Procedures

Typical Procedure (TP 1) for the Synthesis of 3 and 4 Taking 3a as an Example. A
25 mL pressure vial was charged with 1a (34.6 mg, 0.20 mmol, 1.0 equiv.), 2a (26 mg,
24.5 uL, 0.20 mmol, 1.0 equiv.), Ag(CF3CO2) (4.4 mg, 0.02 mmol, 10 mol%), TfOH (9 mg,
5.3 uL, 0.06 mmol, 30 mol%) and DMAc (1.5 mL).The vial was sealed and the reaction
mixture was stirred at 100 ◦C for 2 h under air atmosphere (monitored by TLC). After
the reaction was completed, and added 50 mL water to the mixture, then extracted with
EtOAc 3 times (3 × 50 mL). The solution was dried over anhydrous Na2SO4, concentrated
under reduced pressure, and dried under vacuum. The residue was purified by flash
column chromatography by using ethyl acetate/petroleum ether mixture to obtain the
corresponding product 3a.

Typical Procedure (TP 2) for the Synthesis of 5 Taking 5a as an Example. A 25 mL
pressure vial was charged with 1a (34.6 mg, 0.20 mmol, 1.0 equiv.), 2a (26 mg, 24.5 uL,
0.20 mmol, 1.0 equiv.), I2 (101.5 mg, 0.40 mmol, 2.0 equiv.), TfOH (30 mg, 17.6 uL, 0.20 mmol,
1.0 equiv.) and DMSO (2.0 mL). The vial was sealed, and the reaction mixture was stirred at
100 ◦C for 6 h under air atmosphere (monitored by TLC). After the reaction was completed,
and added 50 mL water to the mixture, then extracted with EtOAc 3 times (3 × 50 mL). The
extract was washed with 10% Na2S2O3 solution, dried over anhydrous Na2SO4 and concen-
trated under reduced pressure. The residue was purified by flash column chromatography
by using ethyl acetate/petroleum ether mixture to obtain the corresponding product 5a.

General Procedure for Synthesis of 13. K2CO3 (0.4 mmol, 2.0 equiv.), phenylboronic
acid (0.26 mmol, 1.3 equiv.) and PdCl2(PPh3)2 (5 mol%) were added to a solution of 5a

(0.2 mmol, 1.0 equiv.) in a 5:1 solvent mixture of dioxane and water. The reaction mixture
was heated to 90 ◦C and stirred at this temperature until complete consumption of 5a

was observed (monitored by TLC). After cooling to room temperature, the mixture was
diluted with a mixture of EA and water and the aqueous layer was extracted with EtOAc
(3 × 50 mL). dried over anhydrous Na2SO4 and concentrated under reduced pressure. The
residue was purified by flash column chromatography by using ethyl acetate/petroleum
ether mixture to obtain the desired product 13 in 88% yield.

General Procedure for Synthesis of 14. 5a (0.2 mmol, 1 equiv.), PdCl2(PPh3)2 (5 mol%),
CuI (10 mol%) and phenylacetylene (0.3 mmol, 1.5 equiv.) were added to a 25 mL Schlenk
flask with a stir bar under an Ar atmosphere. Then DMF (2 mL) and TEA (1 mL) were
added sequentially. The reaction mixture was then stirred at 90 ◦C. Afterwards 15 mL
of water were added, and the reaction mixture was extracted with EtOAc (3 × 50 mL).
The combined organic fractions were washed with brine and dried over Na2SO4. After
filtration, the solvent was removed under reduced pressure. The residue was purified by
flash column chromatography by using ethyl acetate/petroleum ether mixture to obtain
the desired product 14 in 85% yield.

General Procedure for Synthesis of 15. 5a (0.2 mmol, 1 equiv.), Pd(OAc)2 (10 mol%),
PPh3 (20 mol%) and ethyl acrylate (0.3 mmol, 1.5 equiv.) were added to a 25 mL Schlenk
flask with a stir bar under an Ar atmosphere. Then dioxane (2 mL) and TEA (1 mL) were
added sequentially. The reaction mixture was then stirred at 90 ◦C. Afterwards 50 mL
of water were added, and the reaction mixture was extracted with EtOAc (3 × 50 mL).
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The combined organic fractions were washed with brine and dried over Na2SO4. After
filtration, the solvent was removed under reduced pressure. The residue was purified by
flash column chromatography by using ethyl acetate/petroleum ether mixture to obtain
the desired product 15 in 75% yield.

General Procedure for Synthesis of 16. Adapting a literature procedure [49], A 25 mL
Schlenk flask with a stir bar was charged with 5a (0.2 mmol, 1.0 equiv.), diphenyl diselenide
(0.14 mmol, 0.7 equiv.) CuI (0.02 mmol, 10 mol%) and Cs2CO3 (0.4 mmol, 2.0 equiv.) in
MeCN (2.0 mL). The vial was sealed and the resulting mixture was stirred at 80 ◦C for 24 h
under an Ar atmosphere. After the reaction completed, and added 50 mL water to the
mixture, then extracted with EtOAc 3 times (3 × 50 mL). The extract was washed with brine,
dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was
purified by flash column chromatography by using ethyl acetate/petroleum ether mixture
to obtain the desired product 16 in 78% yield.

4. Conclusions

In summary, a cascade 6-endo-dig cyclization reaction was developed for the switchable
synthesis of halogen and non-halogen-functionalized pyrazolo[3,4-b]pyridines from 5-
aminopyrazoles and alkynyl aldehydes. This method afforded diversified pyrazolo[3,4-
b]pyridine frameworks via C≡C bond activation with silver, iodine, or NBS. The protocol
was characterized by a wide substrate scope, good functional group tolerance, and excellent
regional selectivity. The structural modification of estrone, formononetin, and eudistomin
Y1 provided new ideas for syntheses of drug molecules. Iodine functionalization allowed
several additional transformations, including arylation, alkenylation, alkynylation, and
selenization to fabricate useful molecules.

5. Patents

A patent (Yantai University, CN 112300157, and 2021 A) has been derived from this
manuscript. The patent is entitled Novel pyrazolopyridine compound with antitumor
activity and preparation method thereof.
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//www.mdpi.com/article/10.3390/molecules27196381/s1, Characterization data for product 3, 4,
5, 6–11, and 13–17, include 1H- and 13C-NMR spectroscopies are available online. CCDC 2075351
contain the supplementary crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: +44 1223 336033. References [50–56] are cited in the Supplementary Materials.
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Abstract: The aim of this work was to fabricate a new heterogeneous catalyst as zinc ferrite (ZF)
supported on gamma-alumina (γ-Al2O3) for the conversion of cyclic ethers to the corresponding,
more valuable lactones, using a solvent-free method and O2 as an oxidant. Hence, the ZF@γ-Al2O3

catalyst was prepared using a deposition–coprecipitation method, then characterized using TEM,
SEM, EDS, TGA, FTIR, XRD, ICP, XPS, and BET surface area, and further applied for aerobic oxidation
of cyclic ethers. The structural analysis indicated spherical, uniform ZF particles of 24 nm dispersed
on the alumina support. Importantly, the incorporation of ZF into the support influenced its texture,
i.e., the surface area and pore size were reduced while the pore diameter was increased. The product
identification indicated lactone compound as the major product for saturated cyclic ether oxidation.
For THF as a model reaction, it was found that the supported catalyst was 3.2 times more potent
towards the oxidation of cyclic ethers than the unsupported one. Furthermore, the low reactivity of
the six-membered ethers can be tackled by optimizing the oxidant pressure and the reaction time.
In the case of unsaturated ethers, deep oxidation and polymerization reactions were competitive
oxidations. Furthermore, it was found that the supported catalyst maintained good stability and
catalytic activity, even after four cycles.

Keywords: cyclic ethers; tetrahydrofuran; supported catalyst; lactones; aerobic oxidation; oxygen

1. Introduction

Nowadays, environmental changes have triggered scientists to focus on finding solu-
tions to reduce pollution levels from several sources [1]. One example of these is chemical
industries, a factor that has an enormous effect on air and water pollution, resource exhaus-
tion, soil contamination, and greenhouse gases [2–4]; there is now a significant increase
in interest in searching for remedies that refer to the principles of green chemistry by
which pollution is reduced to the minimal levels [5,6]. It is fundamental that catalysts, the
atomic economy, harmless and sustainable materials, selective reactions, and other green
chemistry principles are put into consideration when searching for unprecedented tech-
niques in the chemical industry to substitute the non-environmental currently approved
approaches [7,8].

Lactones are cyclic organic compounds of carboxylic esters that are typically catego-
rized according to the type of rings as having three, four, five, six, and seven members,
namely, α-, β-, γ-, δ-, and ω-lactones, respectively [9]. Due to their availability in nature,
uses, and stability, the five- and six-membered ones are considered the most significant [10].
The most varied and well-liked gamma-lactones are represented by γ-butyrolactone (GBL)
and γ-valerolactone (GVL), while δ-valerolactone (DVL) is the most popular delta-lactone.

They have numerous applications in manufacturing polymers, chemical intermedi-
ates, pharmaceuticals, foods, beverages, electrical products, rubber additives, herbicides,
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solvents, viscosity modifiers, textiles, agrochemicals, pesticides, and liquid fuels [11–16].
In addition, they are key components of many biological compounds and, as such, play a
significant role in biology [17,18]. Hence, recently, the lactone marketing value has grown
greatly [19,20].

Until now, lactone production is still based on three methods in general. The first is
the oxidative lactonization of corresponding diols, e.g., 1,4 butanediol and 1,5 pentanediol,
as raw materials for GBL and DVL production, respectively. The second is reductive
lactonization of γ-keto acid(ester)s, e.g., levulinic acid, which is famous for GVL production.
The third is the Baeyer–Villiger oxidation of cyclic ketones, which is mostly applied for DVL
synthesis [21]. Moreover, the malic anhydride method is a well-known industrial route for
GBL production [22]. From the scientific point of view, these methods are environmentally
unsafe and economically unsatisfactory [16,23–26]. As a consequence, finding renewable,
environmentally friendly, and economical alternative methods for lactone production is of
utmost importance [27–29].

Today, biomass-derived products are of high economic and environmental importance
as they, from a green chemistry point of view, represent a sustainable raw material [29,30]. It
is possible to synthesize lactones from biomaterials using chemical and biological methods,
but these methods need to be improved [31–33].

Cyclic ethers such as tetrahydrofuran (THF), tetrahydropyran (THP), and 2-methyl
tetrahydrofuran (2-MTHF) can be utilized as excellent sustainable raw materials for GBL,
DVL, and GVL production, respectively, for which they can be sourced from biomass-
derived material [34–36]. Notably, cyclic ethers have similar backbone as corresponding
lactones and could be oxidized in one step to lactones. However, such a process may
require an appropriate catalyst that could achieve a satisfactory economic yield and is
environmentally unharmful.

Several studies have been conducted to explore new environmentally friendly oxida-
tion processes [37–39]. For example, Higuchi et al. applied Ru porphyrin heteroaromatic
N-oxide system for homogenous cyclic ether oxidation [37]. In addition to drawbacks
related to homogenous catalysts, such as production waste and economic cost [40], over-
oxidation and ring opening reactions also reduce the lactone yield [41]. Tert-butyl hy-
droperoxide/(diacetoxyiodo) benzene (DIB/TBHP) protocol, depending on free radicals
mechanism with no metallic reagent under mild condition, have been used for the oxidative
transformation of cyclic ethers to lactones [38]. Although this protocol prevents the over-
oxidized product, processing requirements, moisture sensitivity, necessary solvents, and
complex product separation make its use on a large industrial scale unfeasible. Bhaumikb
et al. [42] studied the catalytic oxidation of cyclic ethers to the corresponding lactones,
employing various crystalline microporous metallosilicates as heterogeneous catalysts in
the liquid phase. They used hydrogen peroxide (H2O2) as one green oxidizing agent for
cyclic ether oxidation. It is, however, essential to note that acceptable catalysts should be
inexpensive and easy to obtain. In general, hydrogen peroxide is a remarkably effective
oxidant due to its oxidative features represented by the extra oxygen atom compared to
water’s structure [43]. However, handling requirements, high cost, and product separation
have limited its utilization [44]. On the other hand, despite its limited ability to oxidize
under mild conditions and low selectivity of desired products, molecular oxygen, the
ultimate green oxidizing agent, is a low-cost, cheap, and readily available gas [45,46].
Thus, it is desirable to overcome this limitation by finding an appropriate heterogeneous
catalyst [47,48].

In this regard, gold (Au) supported by nanorods of CeO2 has been tested as a hetero-
geneous catalyst for cyclic ether oxidation; using THF as a model reaction, oxidation was
performed under aerobic conditions to produce GBL as a main product and propylformate
as a minor product [39]. Nevertheless, it is still required to improve yield and selectivity
while avoiding environmental and economic issues.

In our previous article [49], we reported that the use of ZnFe2O4 catalyst and H2O2 as
an oxidizing agent for THF conversion into GBL resulted in 47.3% conversion and 87.2%
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selectivity. When O2 was used in place of H2O2, a conversion and a GBL selectivity of
18.1% and 63.3%, respectively, were achieved. Indeed, such unsatisfied improvement can
be further ameliorated by incorporating certain support. Hence, materials like Al2O3, SiO2,
TiO2, and ZrO2 can be used as catalysts, composite agents, or supports for enhancing
catalyst reactivity [50]. Support could play a synergistic effect to increase catalyst efficiency.
γ-Al2O3 is an active catalyst and support with many attractive properties such as low cost,
surface area, good thermal stability, and acid/base characteristics [51,52].

Herein, ZnFe2O4/γ-Al2O3-supported catalyst was successfully fabricated by a simple
deposition–coprecipitation method, being further employed as an effective catalyst for
cyclic ether oxidation to lactones through a green process, which involves solvent-free aero-
bic oxidation under mild conditions. The prepared catalyst was extensively characterized
using IR, XRD, TGA, EDS, ICP, XPS, BET surface area, SEM, and TEM. The effect of various
factors, including reaction temperature, reaction time, oxidant amount, and catalyst dose,
were fully investigated for THF as a model reaction of cyclic ether oxidation. Moreover,
oxidation of several five- and six-membered saturated and unsaturated cyclic ethers was
also explored.

2. Results and Discussion

2.1. Catalyst Characterizations
2.1.1. FTIR Analysis

Figure 1 shows the FTIR spectra of ZnFe2O4 (ZF), ZF@γ-Al2O3, and γ-Al2O3. In this
figure, peaks of adsorbed water were observed in all spectra around 3460 and 1635 cm−1

for stretching and bending vibrations, respectively. The characteristic broad peaks at 838,
757, and 533 cm−1 belong to the Al–O–Al vibration of the γ-Al2O3 support [53]. Moreover,
the spectrum of the ZF spinal catalyst showed two peaks at 550 and 410 cm−1, which are
attributed to Zn–O and Fe–O vibrations at tetrahedral and octahedral sites, respectively [54].
Moreover, the shoulder-type peaks at 864 and 718 cm−1, as well as peaks at 543 and
427 cm−1, confirm the formation of the ZF@γ-Al2O3-supported catalyst composite.

Figure 1. FTIR spectra of ZnFe2O4 (ZF), ZF@γ-Al2O3, and γ-Al2O3.

2.1.2. XRD Analysis

The X-ray diffractograms of ZF, ZF@γ-Al2O3, and γ-Al2O3 are illustrated in Figure 2.
The XRD pattern of zinc ferrite with a cubic spinel crystal structure showed a list of 2θ
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peaks at 18.45◦, 30.42◦, 35.65◦, 43.53◦, 53.87◦, 57.61◦, 63.19◦, 71.75◦, 74.79◦, and 78.82◦,
which agreed with the reported JCPDS PDF (card no: 01-077-0011) [55]. The typical bands
of γ-Al2O3 were observed at 31.10◦, 37.69◦, 39.67◦, 45.94◦, 60.96◦, and 67.40◦ [56], which
matched the diffraction planes (220), (311), (222), (400), (511), and (440) in the JCPDS PDF
(card no: 01-079-1558), respectively. The XRD pattern of ZF@γ-Al2O3 indicated, besides
the peaks of ZF, the presence of Al2O3 prominent peaks at 37.67◦, 45.92◦, and 67.37◦, thus
signifying the composite formation. Indeed, the XRD pattern of the catalyst was in good
agreement with the literature [57,58].

Figure 2. XRD spectra of ZnFe2O4 (ZF), ZF@γ-Al2O3, and γ-Al2O3 with JCPDS card.

The Debye–Scherrer formula was used to calculate the average crystal size of ZF
particles in the supported catalyst, which amounted to 18.86 nm. Moreover, the unit
constant was also measured, and the result was 8.31, approving the formation of a cubic
spinel structure [59].

2.1.3. TGA Analysis

The thermal stabilities of the target substances, the catalyst ZF, the support γ-Al2O3,
and the applied γ-Al2O3-supported ZF (ZF@γ-Al2O3) catalyst were monitored using the
TGA technique. As can be seen, three degradation steps can be identified in Figure 3.
Two weight-loss stages are presented for the ZF catalyst ranging from 25 to 400 ◦C, with a
mass loss of 1.2 and 1.4%, attributed to the loss of physically adsorbed water and lattice
water molecule evaporation, respectively [60,61]. However, a mass loss of 0.5% for γ-Al2O3
and 1.43% in the case of ZF@γ-Al2O3 indicated the effect of the amount of γ-Al2O3 in the
composite. Moreover, this result confirmed that a stable composite was successfully formed
in the calcined catalyst up to 800 ◦C as there was no significant weight loss.

2.1.4. BET-Surface Area Analysis

The BET-surface area, pore volume, and pore width of the unsupported and supported
catalysts were measured using N2 adsorption–desorption isotherms and the Barrett–Joyner–
Halenda (BJH) method. According to IUPAC classification, Figure 4 supports the IV-type
isotherms for both ZF and γ-Al2O3 and the majority of the mesoporous structure. For
hysteresis loop classification, γ-Al2O3 has a type between H1 and H2 [62], whereas ZF
has an H1 type. Most importantly, the change in the hysteresis shape of the supported
catalyst is further evidence of incorporating ZF particles in the supported matrix. Moreover,
the shift in the hysteresis loop at relative pressure (P/P◦) from 0.42 for γ-Al2O3 to 0.6 for
ZF@γ-Al2O3 indicates increased pore width in the supported catalyst [63]. According to
Table 1, upon loading of the ZF to the γ-Al2O3 support, the latter total surface area, external

58



Molecules 2023, 28, 7192

surface area, and average pore volume decreased. The decrease in the surface area of
support can be attributed to the dispersed ZF particles on the surface and the blockage of
inner pores. In addition, the average pore width was substantially higher for ZF@γ-Al2O3
due to blocking the small pores, which were thus eliminated from pore counting [64].

Figure 3. TGA curves of ZnFe2O4 (ZF), γ-Al2O3, and ZF@γ-Al2O3.

Figure 4. Nitrogen adsorption–desorption isotherms of γ-Al2O3, ZnFe2O4 (ZF), and ZF@γ-Al2O3.
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Table 1. BET-surface area and porosity results.

Catalyst
Total Surface
Area (m2/g)

External Surface
Area (m2/g)

Average Pore
Volume (cm3/g)

Average Pore
Width (nm)

ZnFe2O4 22.05 14.65 0.08 13.4

γ-Al2O3 100.55 67.35 0.22 78.0

ZF@γ-Al2O3 52.04 36.33 0.16 105.2

2.1.5. TEM Analysis

Surface morphology, shape, and particle size distribution of the obtained supported
catalyst were evaluated using a transmission electron microscope (TEM). As shown in
Figure 5a, the TEM micrograph confirmed the formation of the cubic ZF structure, which
was highly dispersed on the γ-Al2O3 support. Based on the TEM image, particle size and
particle distribution were also counted and are presented in Figure 5b. Accordingly, the
catalyst particles were of irregular shapes with an average particle size of 24 nm.

(a) (b) 

Figure 5. (a) TEM micrograph of ZF@γ-Al2O3, and (b) particle size distribution.

2.1.6. SEM Analysis

The surface morphology of the supported catalyst is illustrated in Figure 6. It is
shown that the particles were majorly spherical. The particle size of the dispersed ZF was
counted to 26 nm. As can be seen, the obtained particle sizes from both TEM and SEM
were almost the same, with further evidence of the catalyst nanostructure and catalyst-
support compatibility.

2.1.7. EDS Analysis

The chemical composition of the prepared ZF@γ-Al2O3 catalyst was investigated
using the energy-dispersive X-ray spectroscopy (EDS) method, as depicted in Figure 7. The
EDS spectrum shows the presence of aluminum (Al), zinc (Zn), iron (Fe), and oxygen (O)
peaks, clarifying the composition of the supported catalyst. The mole percentage of the
ZF catalyst in the supported catalyst was calculated to be 28%, indicating a homogeneous
composition of the supported catalyst.
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Figure 6. SEM images of ZF@γ-Al2O3.

Figure 7. EDS of ZF@γ-Al2O3.

2.1.8. XPS Analysis

The supporting catalyst’s atomic composition was identified using X-ray photoelectron
spectroscopy (XPS). Zn, Fe, Al, and O elements were detected, as shown in Figure 8. The
distinctive peaks of Zn 2p3/2 and Zn 2p1/2 were found in the spectra of the ZF@γ-Al2O3
at 1022.25 eV and 1045.42 eV, respectively. The peak with characteristic binding energy
531.52 eV and 529.53 eV belongs to the O1s species. In the spectrum of Fe 2p, there were
two peaks at 721.40 eV and 725.17 eV, indicating the presence of Fe3+. Furthermore, the
peak at 74.22 eV was assigned to Al 2p. Those results agreed with the ZF@γ-Al2O3 reported
spectra [57]. In addition, comparing the ZF@Al2O3 spectrum with the ZF XPS spectrum [49]
(not shown), a shift in band energies of Zn 2p, Fe 2p, and O 1s was observed, which suggests
that the electrical environment in the composite changed [65].
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Figure 8. XPS spectra of ZF@γ-Al2O3.

2.1.9. ICP Analysis

Elemental analyses were carried out under inductively coupled plasma spectrometry
(ICP) to confirm the chemical composition of the prepared supported catalyst. The results
are summarized in Table 2. The molar percentages of zinc, iron, and aluminum revealed by
the ICP analysis agreed with those obtained by the EDS analysis (Section 2.1.7).

Table 2. ICP results of ZF@γ-Al2O3.

Catalyst Al (mol%) Zn (mol%) Fe (mol%)

ZF@γ-Al2O3 58.78 12.53 28.69

2.2. Catalytic Activity

The as-prepared supported catalyst was tested for aerobic oxidation of cyclic ethers.
The reactions were carried out in a liquid phase without solvent. The identification of the
products was achieved by GC-MS. Moreover, the products’ conversion and selectivity were
determined using gas phase chromatography. THF oxidation was used as a model reaction
of cyclic ether oxidation to evaluate the catalyst’s performance. The analysis showed
that the reaction led to gamma-butyrolactone (GBL) as a mine product, while 2-hydroxy
tetrahydrofuran (2-HTHF), 4-hydroxybutyric acid (4-HBA), and 4-hydroxybutaldehyde
(4-HBAl) were the minor products (Scheme 1). Furthermore, a blank run experiment was
also conducted for comparison, which revealed a negligible conversion, demonstrating
that O2 alone cannot oxidize cyclic ethers without a catalyst. According to the preliminary
tests, ZF@γ-Al2O3 showed better performance than the individuals γ-Al2O3 and ZnFe2O4
separately. This suggests a synergistic effect of catalyst and support, encouraged by
the support’s high surface area and physiochemical properties. Large surface areas are
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advantageous for dispersing ZF as active components, while adequate pore sizes provide
reactants additional sites to bind and activate gaseous oxygen species [66]. In essence, the
catalytic activity of supporting catalysts depends on their acid–base property. Hence, ether
is anticipated to be readily adsorbed and activated on surfaces [67,68].

Scheme 1. Reaction products of THF oxidation by O2 over the ZF@γ-Al2O3 catalyst.

The effect of the catalyst-support ratio was investigated for three different catalyst-
support mole ratios (Supporting Information, Table S1). According to the results, increasing
the support ratio from (1:1) to (1:2) enhanced conversion and lactone selectivity. How-
ever, when the catalyst-support ratio was raised to (1:3), more Lewis acid and Brnsted
acid sites were present, which were responsible for the ring opening process and subse-
quent oxidation [69]. Therefore, the ratio (1:2) was found optimal and thus was used for
further investigation.

Considering these results, the aerobic oxidation of THF was studied using ZF@γ-
Al2O3 as the catalyst by varying the following factors: reaction temperature, O2 pressure,
and reaction time. Furthermore, the optimized conditions were applied to other cyclic
ether oxidations.

2.2.1. THF Oxidation

The effect of the reaction parameters on the THF oxidation is presented in Figure 9.
Hence, the temperature effect was studied in the range from 70 ◦C to 90 ◦C and shown in
Figure 9a. It is clear that the conversion value of GBL was remarkably dependent on the
reaction temperature, as its value approximately doubled when temperature was raised
from 70 ◦C to 85 ◦C. On the other hand, for the same range, the selectivity value of GBL
increased from 74.39% to 83.99%. However, GBL selectivity decreased as temperatures
increased to 90 ◦C with increased acid formation due to additional oxidation events [39].
To investigate the effect of the pressure of oxygen (PO2) on the rate of THF oxidation, the
reaction was performed with varying PO2 from 1.5 to 7 bars. As seen in Figure 9b, the
conversion of THF was significantly improved from 10.5% to 48.1% upon increasing PO2
from 1 to 3.5 bars. This increase was due to the decrease in the amount of 2-HTHF. As PO2
increased, GBL selectivity decreased with the formation of oxygenated products such as
4-HBAl and 4-HBA, which can be explained in terms of the fact that GBL underwent deep
oxidation in the presence of excessive oxygen. Hence, these results reflect the importance
of O2 pressure control. The reaction time effect is depicted in Figure 9c. The conversion
linearly increased from 38.4 to 52.7% as reaction time increased from 5 to 15 h. On the other
hand, the selectivity of GBL increased linearly by increasing reaction time up to 12 h. After
12 h, the selectivity of GBL decreased in favor of 4-HBA production. The catalyst dose
was also investigated in the range of 0.15 to 1.0 g per 10 mL of substrate, as presented in
Figure 9d. When the amount of the catalyst increased from 0.15 to 0.5 g, the conversion
increased from 26.3 to 48.1%. This suggests that ZF@γ-Al2O3 functioned as active sites for
the oxidation and, with the increase in catalyst amount, the number of active sites available
for the reaction to progress increased. A gradual increase in GBL selectivity was also
noticed with the increase in the catalyst up to 0.5 g, beyond which no significant change
was detected. Table 3 summarizes the findings under the optimal reaction condition.
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Figure 9. Effect of reaction parameters on the THF oxidation. (a) reaction temperature, (b) O2

pressure, (c) reaction time, and (d) catalyst amount. Reaction conditions (unless otherwise specified):
PO2 = 3.5 bar, THF = 10 mL, 85 ◦C, 0.5 g catalyst, 12 h.

Table 3. Catalytic results under optimal conditions: PO2 = 3.5 bar, substrate (THF) = 10 mL, 0.5 g
catalyst, 85 ◦C, 12 h.

Catalyst Conversion (%) Selectivity of GBL (%)

ZF@γ-Al2O3 48.1 83.9

ZnFe2O4 (ZF) 18.1 63.3

γ-Al2O3 11.7 32.6

Blank 3.2 0

2.2.2. Cyclic Ethers Oxidation

The oxidative conversion of other five- and six-membered ethers to the corresponding
lactones was also investigated and presented in Table 4. According to Entry 1, saturated
five-membered cyclic compounds such as 2-methyl tetrahydrofuran (2-MTHF) performed
well with 40% conversion and 86% γ-valerolactone (GVL) selectively. Substrates with
a six-membered ring showed lower conversion than their five-membered counterparts.
This result is in line with Huckel’s theory, which states that the six-membered ring is
more stable than the five-membered ring (less reactive). For instance, tetrahydropyran
(THP) oxidation resulted in a low conversion of 11% but a high selectivity of 89% for
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δ-valerolactone (DVL) due to the absence of ring opening or excessive oxidation products.
Thus, the oxidation was performed under high pressure and a long-time reaction, resulting
in both improved conversion and improved selectivity of DVL production. Furthermore,
due to their activity, both five- and six-membered unsaturated cyclic ethers demonstrated
poor selective outcomes due to deep oxidation and polymerization reactions. Therefore,
an experiment was conducted under low pressure and a shorter time, which improved
selectivity results towards lactone formation (entries 2, 5 and 6).

Table 4. Cyclic ether oxidation catalyzed by ZF@γ-Al2O3.

Entry Substrate Conversion S. Lactone Product

1 40 86

2 76
49 a

34
62 a

3 -- -- -

4 11
28 b

83
89 b

5 38
49 a

61
72 a

6 68 25

7 11 72

Reaction condition: substrate = 10 mL, PO2 = 3.5 bar, 85 ◦C, 0.5 g catalyst, 12 h. a Substrate = 10 mL, PO2 = 1.5 bar,
85 ◦C, 0.5 g catalyst, 6 h. b Substrate = 10 mL, PO2 = 7 bar, 85 ◦C, 0.5 g catalyst, 24 h. For byproducts, see
Supporting Information Table S2.

2.3. Reusability

Reusability, along with activity, is considered the most important indicator for the
industrial consideration of catalysts. To reduce production costs and minimize waste
generation, catalysts must be separated and recycled easily after catalytic reactions [70].
Recycling of the catalyst was performed using centrifugation, washing with aqueous
ethanol (25% v/v), and finally drying at 85 ◦C for 24 h. FTIR and XRD techniques were
used to investigate the catalyst’s stability, and the results are provided in Figure 10. As
can be seen, an acceptable XRD pattern match between the fresh and reused catalysts was
detected, indicating high stability of the catalyst system. However, the slight difference
in the relative intensities of the peaks before and after the usage of the catalyst was due
to the activation process, with the possible occupation of residues that were not removed
during the reactivation stage [71]. The traced peak around 2θ of 25◦ was possibly for
carbon residues.
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Figure 10. (a) FTIR and (b) XRD for fresh and reused ZF@γ-Al2O3 after the catalytic cycle.

As can be seen in Figure 11, after four runs, a reduction in the THF conversion from
48.1% to 43.8% was observed; however, the GBL selectivity remained almost constant. A
controlled leaching experiment was also performed to measure zinc and iron contents. The
reaction mixture was filtered and analyzed by ICP. The results showed the absence of ions
within the detection capacity of the device of 1 ppb, confirming the stability and reusability
of the catalyst. These findings demonstrated the catalyst’s stability and ability to oxidize
cyclic ethers to the corresponding lactones under an aerobic condition.

Figure 11. Reusability of ZF@γ-Al2O3. Reaction conditions: PO2 = 3.5 bar, THF = 10 mL, 85 ◦C, 0.5 g
of catalyst, 12 h.

3. Materials and Methods

3.1. Materials

The organic and inorganic chemicals were used as provided without further purifica-
tion and are as follows: ammonium bicarbonate (NH4HCO3), ferric nitrate nonahydrate
(Fe (NO3)3·9H2O), and zinc acetate dihydrate (Zn(CH3COO)2.2H2O) from BDH chemi-
cals, London, UK; THF (99.5%) from Fisher Scientific, Loughborough, UK; THP, 2-MTHF,
3,4-dihydro-2H-pyran, and 2,3-dihydrofuran from Sigma-Aldrich, Burlington, MA, USA;
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pyran, furan, and 1.4 dioxane from BDH chemicals, London, UK; and gamma-alumina
(γ-Al2O3) from Sigma-Aldrich, Burlington, MA, USA.

3.2. Catalyst Preparation

The gamma-alumina-supported zinc ferrite (ZF@γ-Al2O3) catalyst was prepared by a
deposition–coprecipitation method. Typically, 4.04 g ferric nitrate nonahydrate, 1.1 zinc
acetate dihydrate, and 1.1 g gamma-alumina (1:2 mol ratio of ZF/γ-Al2O3) were added
to a 250 mL round flask containing 30 mL deionized (DI) water. The mixture was stirred
at 40 ◦C for 1 h, and then the appropriate amount of ammonium bicarbonate in 50 mL DI
was added drop-wisely. The resulting precipitate was stirred at 75 ◦C for a further 5 h in a
closed flask. After 12 h of aging, the precipitate was filtered, washed, and dried overnight
at 75 ◦C. Calcination at 600 ◦C was then performed on the catalyst precursor for 5 h.

3.3. Characterization of the Catalysts

Fourier transform infrared (FTIR) spectra were recorded in a PerkinElmer spectrum
BX (Perkin Elmer, Waltham, MA, USA) using the KBr disk method on the range of 400 to
4000 cm−1. X-ray diffraction (XRD) measurements were carried out using Rigaku XtaLAB
mini II benchtop X-Ray 110 crystallography system (The Woodlands, TX, USA), where
Cu K∝λ = 1.5418 Å was used as the light source; the powdered sample was placed in the
sample holder and exposed to X-ray radiation at room temperature, and the diffraction
pattern was obtained over the 2θ range of 10◦ to 80◦ at a rate of 3◦/min. X-ray photo-
electron spectroscopy (XPS) was carried out using an ESCALAB 250Xi apparatus and a
monochromatic Al Ka X-ray source (1486.6 eV). The specific surface area, pore volume,
and average pore diameter of the catalyst were measured in Micromeritics Tristar II 3020
surface area and porosity analyzer (Micromeritics Instrument Corporation, Norcross, GA,
USA). To achieve these measurements, catalysts of weights varying from 0.20 g to 0.50 g
were used, and the test advancement was monitored by computer and then analyzed
by the corresponding software. A JEM-2100F field emission electron microscope (JEOL,
Tokyo, Japan) with an 80 kV acceleration voltage was used for transmission electron mi-
croscope (TEM) imaging; hence, drops of a prepared sample suspension were deposited
on a copper grid made of lacey carbon. Scanning electron microscopy (SEM) was carried
out using FESEM (JSM-7600F, JEOL, Tokyo, Japan) with an accelerating voltage of 5 kV, a
beam current of 30 A, and image magnification of 30,000× for platinum-coated samples.
The energy dispersive X-ray spectroscopy (EDS) profile was obtained using an X-MaxN
system from Oxford instruments (Abingdon, UK). Elemental analyses were performed
under inductively coupled plasma spectrometry (ICP) measurements using a Nexion 300D
Spectrometer from Perkin Elmer (Waltham, MA, USA). For this, a concentrated nitric acid
was used to acidify the sample. In the following steps, the acidified samples were digested
in an oven at 75 ◦C for 24 h, cooled, filtered, and diluted as required. On a Mettler Toledo
TGA/DSC Star system (Columbus, OH, USA), the thermogravimetric and differential
thermal analysis (TGA/DTA) curves of the catalysts were obtained under nitrogen and at a
heating rate of 10 ◦C min−1.

3.4. Experimental Procedure

The reactions were carried out in a 100 mL stainless steel autoclave equipped with a
magnetic stirrer, manometer, and vent. Hence, the following experimental conditions were
applied unless otherwise specified. A quantity of 10 mL cyclic ether substrate and 0.5 g of
the catalyst were charged into the autoclave. The pressure of O2 was set at 3.5 bar using
a regulator and mass flow meter. The reaction temperature was controlled by a heating
jacket connected to a water circulator with an accuracy of ± 0.1 ◦C. The reactor vessel
was placed under the desired temperature and continuously stirred for the predefined
time. When the target time elapsed, the reactor was cooled to 10 ◦C and depressurized
to atmospheric pressure. The used catalyst was removed by centrifugation, purified, and
dried for further use. The resulting solution was analyzed in a gas chromatography (GC)
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instrument with a flame ionization detector (FID) using a (Rtx-5-length 30 m, ID 0.53 mm)
capillary column. The identification of products was achieved occasionally by GC coupled
with a mass selective detector (GC-MS). For the separation of the target compounds, the
TR-5 MS-SQC capillary column (30 m length × 0.25 mm internal diameter, phase thickness
0.25 μm) was used with helium as the carrier gas (at a flow rate of 1 mL min−1). The total
conversion, selectivity, and product yield were calculated using the following equations:

Conversion% =
n0 − nr

n0
× 100 (1)

Yield% =
ni
n0

× 100 (2)

Selectivity% =
yield(i)

conversion
× 100 (3)

where n0 is the number of the initial moles of substrate, ni is the number of the moles
formed from the product i (i = GBL, DVL, . . .), and nr is the number of the remaining moles
from substrate.

4. Conclusions

In this work, the aerobic oxidation of cyclic ethers was examined over the ZF@γ-Al2O-
supported catalyst using O2 as an oxidizing agent under solvent-free conditions. The
ZnFe2O4 was successfully incorporated on the γ-Al2O3 support, as indicated by FTIR, XRD,
TEM, and BET techniques. The performance of the supported catalyst was better than that
of the unsupported one in terms of conversion of the starting model material (THF) and
selectivity of the desired product (GBL). The catalytic oxidation condition endorses the
production of GBL as the main product. The optimized reaction conditions demonstrated
that the catalytic performance was significantly influenced by temperature and amount
of oxygen. The catalyst amount also greatly influenced the THF conversion, while GBL
selectivity was mostly unaffected. Also, six-membered cyclic ethers were less active than
five-membered cyclic ethers in terms of lactone transformation. Due to the over-oxidation
and polymerization reactions that occured during the oxidation of unsaturated cyclic ethers,
poor lactone selectivity was found. Controlling the reaction time and oxidant pressure
are crucial for improving lactone selectivity. Thus, to achieve a high yield of the desired
product, the reaction conditions (e.g., reaction time) must be carefully controlled. Hence, it
is evidently proven that the applied ZF@γ-Al2O3 is promising for the selective conversion
of cyclic ethers to lactones with a high product yield and catalytic activity that remained
effective even after four rounds of catalysis.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28207192/s1, Table S1: Comparison of various catalyst-support
mole ratio performances in terms of conversion and selectivity. Condition: PO2 = 3.5 bar, substrate
(THF) = 10 mL, 0.5 g catalyst, 85 ◦C, 12 h. Table S2: Products of cyclic ether oxidation reaction.
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Abstract: This paper presents an overview of the chemical recycling methods of polyethylene
terephthalate (PET) described in the scientific literature in recent years. The review focused on
methods of chemical recycling of PET including hydrolysis and broadly understood alcoholysis
of polymer ester bonds including methanolysis, ethanolysis, glycolysis and reactions with higher
alcohols. The depolymerization methods used in the literature are described, with particular emphasis
on the use of homogeneous and heterogeneous catalysts and ionic liquids, as well as auxiliary
substances such as solvents and cosolvents. Important process parameters such as temperature,
reaction time, and pressure are compared. Detailed experimental results are presented focusing on
reaction yields to allow for easy comparison of applied catalysts and for determination of the most
favorable reaction conditions and methods.

Keywords: chemical recycling; depolymerization; catalysis; glycolysis; transesterification; hydrolysis

1. Introduction

Plastics are a massively used product in the global economy. It is estimated that about
83,000 million tons of plastics have been produced since 1950 [1]. Plastics are widely used,
among others, as construction materials, in the textile industry, as well as in packaging,
transport and electronics [2]. The most commonly produced plastics are polyolefins, of
which a significant part is poly(ethylene terephthalate) (PET), which is mainly used in
the production of packaging and textiles [1]. The mass production of plastics and the
lack of proper practices and regulations regarding waste collection and treatment have
led to an increasing accumulation of waste in the natural environment. Untreated and
poorly deposited waste enters the natural environment, leading to pollution in both land
and aquatic environments. The latter has recently been a source of particular interest
due to the presence of microplastics in the natural environment, which accumulates in
the environment due to poor biodegradability [3,4]. The accumulation of waste and the
introduction of legal regulations have resulted in an increase in interest in plastic recycling.
Over the years, various methods of recycling plastics have been developed. Among these
methods, energy, mechanical and chemical recycling are distinguished. Thermal recycling
is used to generate energy and is used for materials that are not suitable for processing using
other methods [5]. It is used for degraded plastics that can no longer be recycled, cross-
linked polymers and composites whose recycling is not economical. Mechanical recycling
is most commonly used for thermoplastics that can be easily recycled and reused. Chemical
recycling is the process by which a polymer undergoes a chemical reaction that produces
monomers or other valuable chemical compounds. Of the massively used polymers,
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only some can be chemically recycled. Important factors determining the possibility of
chemical recycling of polymers include their susceptibility to depolymerization reaction,
availability on the market and cost-effectiveness. The material most often subjected to
the depolymerization process is poly(ethylene terephthalate) (PET), although there are
also known methods of depolymerization of other materials such as other polyesters [6],
polycarbonates [7], and polyurethanes [8]. Poly(ethylene terephthalate) is chemically
recycled using such methods as hydrolysis [9], glycolysis [10] and alcoholysis [11].

A significant number of the review papers describe general issues in plastic recycling
or focus on the selected polymer and describe available recycling methods in a general
way. There are relatively few review publications from the last ten years describing in-
depth available methods for the chemical depolymerization of poly(ethylene terephthalate)
by transesterification reaction. This review includes the chemical recycling: hydrolysis,
methanolysis, glycolysis, alcoholism using alcohols C2 to C7, as well as 2-ethylhexanol of
PET towards useful products. These compounds can be reused in the synthesis of polymers
using recovered compounds, for the synthesis of new products with practical applications
or directly to new compounds with increased added value such as dioctyl terephthalate
(DOTP) which can be applied as a PVC plasticizer. Furthermore, this review was carried out
in terms of the types of catalysts used, divided into homogeneous catalysts, heterogeneous
catalysts, as well as non-catalytic systems such as processes carried out in sub-critical and
supercritical conditions. The general methodology of the conducted research and selected
results obtained by the authors with an emphasis on the efficiency of the processes and the
activity of catalytic systems are presented.

2. Chemical Recycling

2.1. Hydrolysis

The hydrolytic decomposition of synthetic polymers that provide starting monomers
which can be reused for polymer synthesis is one of the most important methods in the
chemical recycling of post-consumer polymeric materials [12]. Not every type of polymer
can be processed by this method. However, polyethylene terephthalate is one of the
polymers for which this processing path is possible to carry out (Figure 1).

The hydrolytic decomposition of PET for producing starting monomers was the
earlier method of waste PET recycling. From a chemical point of view, the hydrolytic
decomposition of PET can be carried out in neutral, alkaline and acidic conditions [13,14].
The disadvantage of this method is the relatively high cost of purifying terephthalic acid
(TPA) from the post-reaction mixture, which limits the commercial use of this method for
the production of high-quality polymer, e.g., intended for contact with food [14].

The neutral hydrolysis method of PET depolymerization uses water or steam without
the addition of an acid or basic catalyst, usually at temperatures between 250–300 ◦C and
pressures between 1.5–4.0 MPa. The weight ratio of PET: water is generally from 1:2 to
1:12. The neutral hydrolysis method leads directly to monomers for their subsequent use
in polyester synthesis. It can be carried out both in stationary (batch) and continuous
modes. In this method, various metal catalysts are often used, which positively affect
the efficiency of the process, but the addition of these catalysts has a negative impact on
the separation and purification of monomers, especially terephthalic acid. The literature
provides a number of examples describing these types of solutions. Stanica-Ezeanu and
Matei described a method of waste PET hydrolysis in neutral conditions carried out in a
seawater environment [15]. The process was carried out at a temperature of 215 ◦C and a
pressure of 4 MPa. Under these conditions, only 85–87% conversion was achieved and the
TPA yield was only 76–84%.
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Figure 1. Hydrolysis of poly(ethylene terephthalate).

Under the standard hydrothermal process (250 ◦C, 39–40 bar, 30 min.), 90–92% PET
conversion can be achieved [16,17]. Depolymerization of the colored polymer is slightly
less effective. Conversion of PET obtained in this case was only 85% [17]. The process
can also be carried out in supercritical conditions (H2O or CO2) [17] and also supported
by microwave heating [18,19]. Although this method can be considered as effective and
more ecological, it requires the use of more drastic conditions of temperature, pressure and
reaction time, which can be up to 5 h.

Based on recent literature, methods of PET depolymerization (hydrolysis) carried
out in alkaline conditions, most often using NaOH as an alkaline catalyst, are definitely
dominant [20–23]. Both the PET conversion and TPA yields obtained were typically >90%.
There are also known solutions in which the hydrolysis process is carried out in a mixture
containing an additional solvent, such as ethanol [24] or γ-valerolactone used as pre-solvent
of waste PET [25]. Specific phase transfer catalysts were also used as catalysts supporting
the hydrolysis process [26–28]. They turned out to be very effective in the tested reaction,
as evidenced by the very high PET conversion values (99%) obtained. Both classical
ammonium salts and highly specific ammonium phosphotungstates were used as the phase
transfer catalyst (Table 1).
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Table 1. PET hydrolysis in alkaline process conditions.

TPA Yield [%]
Reaction

Temperature [◦C]
Reaction Time

[min]
Pressure [bar] Catalyst Solvent Reference

97 120–200 60 n/a NaOH Water [12]
92 200 25 n/a NaOH Water [20]
95 220 n/a 26 NaOH Water [23]
95 80 20 1 NaOH Water/Ethanol [24]
99 80 20 1 NaOH Water [25]
95 n/a 1 60 1 NaOH + TBAJ Water [26] 1

99 110 300 n/a NaOH +
[CTA]3PW Water [27] 2

93 145 120 n/a NaOH +
[CTA]3PW Water [28] 2

1 under microwave irradiation, 2 cetyltrimethylammonium phosphotungstate, n/a—not applicable.

In alkaline hydrolysis, separation of terephthalic acid requires an additional precipita-
tion operation using acid solutions, which generates an additional stream of waste inorganic
salts. These problems do not occur in hydrolysis processes carried out under acidic condi-
tions. As catalysts, both strong sulfonic acids, such as H2SO4 [28] or p-toluenesulphonic
acid, were commonly applied [29]. Some heterogeneous catalysts with acidic properties,
such as heteropolyacids [28] and “superacid” type SO4

2−/TiO2 [30] and WO3/SiO2 [31]
were also used as catalysts in PET hydrolysis process. In the case of sulfuric acid, a PET
conversion of 83% was obtained with a TPA yield of about 75%. Similar results were ob-
tained for heteropolyacids; however, superior results were obtained for ptc-type quaternary
ammonium phosphotungstates, for which PET conversion was even 100% [28]. Yang et al.
described an interesting process of PET hydrolysis catalyzed by easily recyclable tereph-
thalic acid [32]. The advantage of this method is that no compounds are introduced into
the process that would require removal from the post-synthesis mixture. PET conversion
was close to 100% with a TPA yield of 95.5% (Table 2).

Table 2. PET hydrolysis in acidic process conditions.

TPA Yield [%]
Reaction

Temperature
[◦C]

Reaction Time
[min]

Pressure [bar] Catalyst Solvent Reference

75 180 180 n/a H2SO4 Water [28]
73 180 180 n/a H3PW12O40 Water [28]
93 180 180 n/a [CTA]3PW Water [28]

96.2 150 90 n/a PTSA Water [29]
99.2 160 12 h 150 SO4

2−/TiO2 Water [30] 1

99.5 160 15 h 150 WO3/SiO2 Water [31] 1

95.5 220 180 n/a TPA Water [32]

Note 1 under supercritical CO2, n/a—not applicable.

2.2. PET Alcoholysis

Alcoholysis of poly(ethylene terephthalate) (Figure 2) is, apart from alkaline hydrolysis,
one of the basic methods of chemical depolymerization of waste PET. Alcoholysis involves
the degradation of PET in an alcohol environment under conditions of high temperature
and pressure. Alcoholysis is considered to be one of the more reliable and effective methods
applied for waste PET recycling [33,34]. Alcoholysis processes use a wide group of well-
known alcohols, among which the most often used are: methanol, ethanol, butanol and
isooctyl alcohol (2-ethylhexanol). Among the described reports in this field, various variants
of methanolysis processes definitely dominate, which is related to the key role of dimethyl
terephthalate obtained in these processes. As it is known, dimethyl terephthalate is the
basic raw material in the synthesis technologies of phthalate polyesters. Alcoholysis using
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alcohols > C1 has become less common and esters of terephthalic acid and higher alcohols
are often used as raw materials in processes other than the synthesis of polyesters.
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Figure 2. Alcoholysis of poly(ethylene terephthalate).

2.2.1. Methanolysis

Methanolysis process is used to produce dimethylterephthalate (DMT) which then can
be applied in poly(ethylene terephthalate). DMT is produced via the reaction of PET with
methyl alcohol usually under increased pressure due to the low boiling point of methanol.
Reaction is conducted in the presence of various types of catalysts such as Bronsted and
Lewis acids, hydroxides, organic bases, oxides and ionic liquids. The process is most often
conducted in liquid phase; however, gas-phase methanolysis [35] and processes conducted
in supercritical conditions are described in the scientific literature [36]. Separation and
repeated usage of catalysts from depolymerization products is an important aspect of
designing a viable process that can be implemented as a working chemical technology.
Homogenous catalysts can be difficult to remove and to reuse. To remove this obstacle, the
use of heterogeneous catalysts in chemical depolymerization of PET is investigated.

One of the catalysts in depolymerization reaction of poly(ethylene terephthalate) is
zinc acetate. Its application as a PET depolymerization catalyst was described in numerous
scientific publications and is characterized by high activity and its application results
in high product yields. Hofmann et al. [37] investigated methanolysis of waste PET
using zinc acetate catalyst and waste PET. The process was conducted in the presence
of dichloromethane which acted as a solvent. The authors obtained high yields of dimethyl
terephthalate which reached 98% after a 20 min time period. However, a large amount of
methanol was used in this process. Equivalent methanol-to-PET repeating unit ratio varied
from 46.2 to 92.5. Catalyst amount was weight in respect to amount of PET used in the
reaction. Interestingly, reaction yield dropped significantly after lowering temperature to
140 ◦C. In this case, after 20 min reaction yield was under 1%wt and reached 92%wt after
60 min of reaction. Employed catalyst is also susceptible to contaminants in waste PET.
When reaction was carried out using dyed bottles, this resulted in lower reaction yield
of 38%wt. Investigation of thermodynamics and kinetics of waste PET methanolysis was
conducted by Mishra et al. [38] using zinc and lead acetates as catalysts. Influence of PET
particle size on reaction kinetics was investigated and reaction was also optimized. Optimal
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reaction time was determined to be 120 min at temperatures ranging from 130 to 140 ◦C
with PET particle size of 127.5 μm. Zinc acetate was also employed as a catalyst in chemical
recycling of mixture of waste PET and polylactic acid (PLA) [37] using methanol as well as
a number of other solvents, i.e., ethanol, ethylene glycol, etc. After reaction conducted in 15
h time under boiling point of methanol, there was no discernable effect on PET while all of
the PLA was depolymerized. This result is attributed to differences between solubility of
tested polymers in methanol. Methanolysis of PET in microwave reactor was investigated
in [6] and the process is characterized by a very short reaction time and low amount of
catalyst used. Within 10 min of the process with catalyst loading of 0.01 g per 1 g of PET,
88%wt of PET can be converted.

Some inorganic as well as organic catalysts are active at low temperatures in methanol-
ysis of waste poly(ethylene terephthalate). Catalysts like potassium carbonate 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) and potassium methoxide CH3OK exhibit good cat-
alytic properties in methanolysis reaction conducted in low temperatures [39]. Methanol-
ysis conducted at a temperature of 25 ◦C over a period of 24 h using K2CO3 yielded
93.1%wt dimethyl terephthalate. To obtain such high yields, a large excess of methanol and
dichloromethane was used as well as large amounts of catalyst. Implementation of TBD and
CH3OK resulted in lower yields of product 89.3 and 85.5%wt, respectively. Interestingly,
K2CO3 exhibits highest catalytic activity although it did not completely dissolve in applied
solvent. Other catalysts like KHCO3, KOAc, Na2CO3, and CaO among others had given
significantly lower concentrations of dimethyl terephthalate.

Calcinated sodium silicate (Na2SiO3) was used in the methanolysis of PET by
Tang et al. [40]. The authors investigated catalyst obtained by calcination under different
temperatures as well as influence of catalyst concentration, reaction temperature methanol-
to-PET weight ratio and reaction time on reaction yield and PET conversion. Applied
silicate exhibits good catalytic properties in relatively small catalyst loadings from 3 to
7%wt reaching up to 63% yield and 74% conversion rate using as much as 5% of the catalyst.
The process was tested in temperatures ranging from 160 to 200 ◦C. Interestingly, the au-
thors used relatively low alcohol-to-PET ratio which ranged from 3 to 7. Process conducted
under optimized conditions resulted in obtaining dimethyl terephthalate with 95% yield
and 100% conversion. Recycling of catalyst was also investigated. Silicate catalyst was
reused four times with some loss in activity attributed to adsorption of water. Magnesium
phosphate catalyst obtained in the presence of pectin was used in PET methanolysis [41].
The use of pectin resulted in obtaining catalyst with large BET surface area of 19.51 m2/g
and average pore size of 26.01, which was significantly higher compared to catalyst ob-
tained without the use of pectin. Process was conducted at 180 ◦C for 150 min with 3%wt
of catalyst achieving yield of 74%wt. MgP catalyst is stable when reused as it was reused
four times with low loss in PET conversion. However, a methanol-to-PET weight ratio of
200 was used in this study. Such large alcohol excess will have a negative influence on the
overall amount of obtained DMT per synthesis.

Heterogeneous catalysts obtained from bio wastes can also be implemented in methanol-
ysis of waste poly(ethylene terephthalate) [42]. The authors used a catalyst obtained by
calcination of bamboo leaf at 700 ◦C in methanolysis of PET waste. The obtained catalyst was
composed mainly of SiO2 and a mixture of various oxides of other metals such as calcium,
potassium, iron, manganese, magnesium, etc. Methanolysis reaction using such catalyst al-
lowed for achieving DMT with a yield of 78%wt after two hours in relatively low methanol
excess of 7.5 and catalyst loading of 20.8%wt in relation to the mass of PET. Interestingly,
increase in catalyst loading, reaction temperature and time resulted in lower yield of DMT.
Reusability tests have shown the loss in activity of the catalyst. After four cycles, DMT yield
lowered from 78%wt to 67%wt. Nanocatalysts in the form of zinc oxide dispersions are found
to be active in methanolysis of poly(ethylene terephthalate) [43]. Depolymerization process
conditions were optimized regarding reaction time, methanol-to-PET ratio and catalyst con-
centration. The tested catalyst exhibits very good activity achieving DMT yield of 97%wt
after 15 min at 170 ◦C and subsequent trials conducted to test the possibility of catalyst reuse
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have shown a decrease in activity by approximately 20%. Overall, ZnO nanodispersion has
proven to be an active catalytic system which allows for obtaining high yields in very short
time periods. Heterogeneous hydrotalcite (Mg-Al) has proven to be an effective degradation
catalyst when used in conjunction with dimethyl sulfoxide (DMSO) [44]. Degradation process
was completed in a 10 min time period obtaining PET oligomer. Obtained product was then
reacted with methanol in the presence of sodium hydroxide (NaOH) at 35 ◦C for 60 min.

Ionic liquids are used as methanolysis catalysts in depolymerization of poly(ethylene
terephthalate). Liu et al. [45] tested a series of ionic liquids in methanolysis of various
polymers including poly(ethylene terephthalate), polycarbonate, Polyhydroxybutyrate and
polylactic acid. [HDBU][Im] and [Bmim]2[CoCl4] were used in PET methanolysis. Reaction
was conducted at 170 ◦C over a period of four hours for [Bmim]2[CoCl4] and 140 ◦C over a
period of three hours for [HDBU][Im]. Reactions yielded 78 and 75%wt, respectively.

Chemical recycling of waste poly(ethylene terephthalate) under supercritical condi-
tions can be employed successfully for PET methanolysis [46]. Process conducted at 298 ◦C
for a duration of 112 min with excess methanol results in DMT yield of 99.79%wt (Table 3).

Table 3. Methanolysis reaction parameters.

Yield [%]
Alcohol/Polymer

Ratio

Reaction
Temperature

[◦C]

Reaction
Time [min]

Pressure
[bar]

Catalyst
Catalyst
Amount
[%wt.]

Reference

98 46.2 160 20 n/a Zn(OAc)2 1 [37]
97.76 2.38 130 120 8.5 Zn(OAc)2/Pb(OAc)2 5.1 [38]

0.0 2.16 64.7 900 1 Zn(OAc)2 0.07 [37]
93.1 50 25 1440 1 K2CO3 0.2 a [39]
89.3 50 25 1440 1 TBD 0.2 a [39]
85.5 50 25 1440 1 CH3OK 0.2 a [39]
95 5 200 45 n/a Na2SiO3 5 [40]
74 200 180 150 n/a MgP 3 [41]
78 7.5 200 120 n/a BLA 20.8 [42]

97 6 170 15 n/a ZnO nanodis-
persion 3.5 [43]

78 5 170 240 n/a [Bmim]2[CoCl4] 1.6 [47]
75 5 140 180 n/a [HDBU][Im] 1.6 [47]

99.79 6 298 112 n/a - - [48]
a % of PET degradation; n/a—not applicable.

2.2.2. Glycolysis

Glycolysis is a widely used method for the chemical processing of PET. Most com-
monly, as the reactive solvent, ethylene glycol (EG) and diethylene glycol (DEG) are
used [14]. From a chemical point of view, the glycolysis reaction is the decomposition of
PET with glycols, in the presence of transesterification catalysts, where ester linkages break
and are replaced with hydroxyl terminals. One of the earliest patents of this process was
proposed in 1964 by Ostrysz et al. and concerns the preparation of unsaturated polyester
resins (UPR) bearing a structure as presented in Figure 3 [49,50].
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Figure 3. Structure of Thixotropic and Chemoresistant Unsaturated Polyester Resins [3].

Glycolysis proceeds in a several steps as presented in Figure 4. Initially, PET is con-
verted to its dimer form through oligomer molecules at a high rate, and then slow transition
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takes place. Process is mainly carried out in mild conditions under atmospheric pressure
and at a temperature ranging between 180–240 ◦C. A major advantage of this procedure
is the application of less volatile glycols compared to alcohols of similar structure [51,52].
It was also found that specific order of parameters: catalyst concentration > glycolysis
temperature > glycolysis time affects the yield of obtained product [53,54]. However, the
disadvantage of this process is that the yield is insufficient for industrial application. In
order to increase efficiency of the process, catalysts are used [5,55]. The most widely dis-
cussed group of catalysts in the recent literature are salts of transition group metals. Zinc
(II) Acetate (Zn(OAc)2) had been found to be the most effective catalyst. Zn(OAc)2 was
applied for the first time as a catalyst for PET glycolysis in 1989 by Vaidya and Nadkarni;
however, other molecules have been topics of interest in recent studies. These are mainly
transition metals salts and complexes, ionic liquids and metal oxides [5,56].
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Figure 4. Glycolysis of poly(ethylene terephthalate) [57].

Processed PET in the form of polyhydric alcohols or oligomers with applied glycol on
the end-groups have found numerous applications. Depolymerized PET can be used as
an additive to poly(vinyl chloride) (PVC) [5]. Another application of oligoesters is in the
production of polyurethanes, as polyol groups containing reactant. The depolymerized
PET with ethylene glycol can be reused to produce fresh poly(ethylene terephthalate)
molecules [57].

Metals salts and complex compounds
Zn(OAc)2 was one of the first catalysts applied in the depolymerization process of

poly(ethylene terephthalate). Wang et al. [58] glycolyzed PET fibers with EG at a weight
ratio of 1:3 and Zn(OAc)2 as the catalyst. The reaction was carried out at 196 ◦C under
nitrogen atmosphere at standard pressure for 0.5 h for differing catalyst concentrations
ranging from 0 to 0.8%wt of PET load. They found that in absence of the catalyst, the
reaction almost fails to proceed reaching only 2.79% PET conversion, while with the use of a
catalyst at 0.2% concentration, PET conversion exceeded 93%. The highest productivity was
obtained at 196 ◦C with 0.2% of Zn(OAc)2 and PET/EG ratio 1:3 in 2 h, reaching 100% PET
conversion and an 81.8% yield of bis(hydroxyethyl) terephthalate (BHET). Song et al. [59]
analyzed the process of PET glycolysis with EG applying tropine and tropine-Zn(OAc)2
complex as catalysts. Process was conducted at atmospheric pressure at five temperatures
between 150 ◦C and 190 ◦C with 10 ◦C steps. The most effective conditions were established
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at 170 ◦C with 5%wt of the catalyst with respect to PET and was achieved over the course
of 2 h. The final yields of BHET were then found to be 91% and 182% higher for tropine
and tropine-Zn(OAc)2 complex, respectively, than for Zn(OAc)2 reaching only about 15%.
Moncada et al. [60] studied progress of PET glycolysis at different temperatures 165 ◦C,
175 ◦C and 185 ◦C, with Zn(OAc)2 catalyst at a concentration of 1%wt and 0.5%wt of initial
mass of PET and in presence of EG (2.4 mL along with 1 g of PET). Reaction progress
was established by measuring water-insoluble mass fraction of depolymerized PET along
80 min in the oil bath, with 10 min sampling intervals. They found that the highest
depolymerization progress is observed after first 30 min at 185 ◦C reaching about 13% of
initial average molecular weight while at 165 ◦C it was only about 35%. Similar results
were found for both catalyst concentrations. PET with decreased molecular weight was
then used for block co-polymer building, consisting of PET oligomers and poly(ethylene
glycol) [61].

Garcia et al. [62] conducted a series of experiments on metal salts and complexes
as catalysts for PET glycolysis with ethylene glycol. Applying different concentration of
catalysts and reaction conditions, they attempted to find a substance that would effectively
catalyze the PET glycolysis process. The results of their work are presented in Table 4.

Table 4. Results of PET glycolysis [62].

Catalyst
Catalyst

Concentration
Reaction

Temperature
Reaction
Time [h]

PET
Conversion [%]

BHET Yield [%]

- - - - 0 0
Ni(NO3)2 × 6H2O 1 [%wt.] 190 ◦C 3 13 4

FeSO4 × 7H2O 1 [%wt.] 190 ◦C 3 44 12
CuSO4 × 2H2O 1 [%wt.] 190 ◦C 3 49 17
CuCl2 × 2H2O 1 [%wt.] 190 ◦C 3 53 19

Zn(OAc)2 × 2H2O 1 [%wt.] 190 ◦C 3 55 23
FeCl3 × 6H2O 1 [%wt.] 190 ◦C 3 57 42

AlCl3 1 [%wt.] 190 ◦C 3 59 44
ZnCl2 1 [%wt.] 190 ◦C 3 60 45

MnCl2 × 4H2O 1 [%wt.] 190 ◦C 3 62 48
NiSO4 × 7H2O 1 [%wt.] 190 ◦C 3 100 55
NiCl2 × 6H2O 1 [%wt.] 190 ◦C 3 100 55
ZnSO4 × 7H2O 1 [%wt.] 190 ◦C 3 100 57
CoCl2 × 6H2O 1 [%wt.] 190 ◦C 3 100 65

ZrCl4 1 [%wt.] 190 ◦C 3 100 69
BEt3 1 [%wt.] 190 ◦C 3 100 56

CoCl2 1:3 dcype 1.5 [mol % of
CoCl2] 190 ◦C 3 - 10

CoCl2 1:1 dcype 1.5 [mol % of
CoCl2] 190 ◦C 1 - 58

[Co(dcype)Cl2] 1.5 [mol % of
CoCl2] 170 ◦C 3 - 10

[Co(dcype)Cl2] 1.5 [mol % of
CoCl2] 190 ◦C 1 - 58

[Co(dcype)Cl2] 1.5 [mol % of
CoCl2] 190 ◦C 2 - 75

[Co(dcype)Cl2] 1.5 [mol % of
CoCl2] 190 ◦C 3 - 75

[Co(dcype)Cl2] 3 [mol % of CoCl2] 190 ◦C 3 - 82

Ni(COD)2
1 [%wt. of
Ni(COD)2] 190 ◦C 100 55
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Table 4. Cont.

Catalyst
Catalyst

Concentration
Reaction

Temperature
Reaction
Time [h]

PET
Conversion [%]

BHET Yield [%]

[Ni(COD)2] 1:4 PPh3
1 [%wt. of
Ni(COD)2] 190 ◦C 3 27 13

[Ni(COD)2] 1:4
P(OiPr)3

1 [%wt. of
Ni(COD)2] 190 ◦C 3 0 0

[Ni(COD)2] 1:2 dcype 1 [%wt. of
Ni(COD)2] 190 ◦C 3 100 59

[Ni(COD)2] 1:2 dppe 1 [%wt. of
Ni(COD)2] 190 ◦C 3 100 67

[Ni(COD)2] 1:2 dppf 1 [%wt. of
Ni(COD)2] 190 ◦C 3 30 15

[(COD)Ni(dppe)] 1 [%wt. of
Ni(COD)2] 190 ◦C 3 - 44

[Ni(COD)2] 1:1 dppe 1 [%wt. of
Ni(COD)2] 190 ◦C 3 - 48

[Ni(COD)2] 1:2 dppe 1 [%wt. of
Ni(COD)2] 190 ◦C 1 - 30

[Ni(COD)2] 1:2 dppe 1 [%wt. of
Ni(COD)2] 190 ◦C 2 - 57

[Ni(COD)2] 1:2 dppe 1 [%wt. of
Ni(COD)2] 190 ◦C 3 - 67

[Ni(COD)2] 1:2 dppe 1 [%wt. of
Ni(COD)2] 190 ◦C 5 - 59

[Ni(COD)2] 1:2 dppe 1 [%wt. of
Ni(COD)2] 200 ◦C 3 - 71

Note: Pressure = 1 [atm]; Glycol:PET ratio = 10 mL:1 g.

As it can be seen, the most efficient catalyst for the PET glycolysis process is a complex
compound of cobalt dichloride with 1,2-Bis(dicyclohexylphosphino)ethane ([Co(dcype)Cl2]).
They also pointed out a reverse correlation between the amount of ligand added and
reaction yield. After increasing the number of dcype, the reaction yield decreased. Fur-
thermore, the efficiency of the process depends on the applied ligands and for catalytic
purposes the bidentate ligand should be used, while monodentate inhibits the process of
PET glycolysis [62].

Liu et al. [63] chose another approach for reaction yield improvement. They decided
to conduct the glycolysis reaction in a homogenous environment. For this purpose, they
applied dimethyl sulfoxide (DMSO) as a solvent for PET. They conducted the glycolysis
reaction in two variants. First, 5 g of PET powder was mixed with 30 g of EG and heated to
temperatures ranging from 160 ◦C to 190 ◦C for 5 to 300 min. Second, 5 g of PET powder
was mixed with 10 g of EG and 20 g of solvent, then heated in temperature range from
155 ◦C to 190 ◦C for 1 to 20 min. For both cases, the catalyst was added when the assumed
temperature was reached. Results of their experiments from HPLC analysis are presented
in Table 5.

The obtained results directly indicate a high positive correlation between solvent
application and BHET yield. With each catalyst, the yield increased by a significant amount.
Moreover, the reaction time is extremely small. In most cases, lengthy time periods in the
order of hours are required to achieve a BHET yield of about 80%, while the addition of
solvent reduces this time to minutes. This has a great impact on energy efficiency of the
process. However, the process of applying organic solvents is not environmentally friendly
and should be avoided in order to reduce the impact on living organisms. It is for this
reason that such a process might be considered economically suitable, but environmentally
harmful [63].
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Table 5. Results of PET glycolysis with EG and DMSO with 0.25 [g] of a catalyst [63].

Catalyst Time [min]
Yield of BHET with

Solvent [%]
BHET Yield without

Solvent [%]

Zn(OAc)2 × 2H2O 5 83.88 ± 1.12 42.98 ± 1.76
Zn(OAc)2 × 2H2O 1 82.97 ± 2.44 20.11 ± 2.01
Zn(NO3)2 × 6H2O 5 78.64 ± 2.60 25.69 ± 2.37
Zn(NO3)2 × 2H2O 1 53.48 ± 2.46 7.32 ± 2.33

ZnSO4 × 7H2O 5 57.21 ± 2.14 1.27 ± 0.29
Co(OAc)2 × 4H2O 5 78.69 ± 1.87 24.73 ± 1.88
Ni(OAc)2 × 4H2O 5 21.65 ± 1.82 1.22 ± 0.20
Cu(OAc)2 × H2O 5 14.68 ± 1.01 1.16 ± 0.32

Mn(OAc)2 × 4H2O 5 80.77 ± 1.70 42.15 ± 2.37
Urea/Zn(OAc)2 5 77.90 ± 2.28 48.17 ± 1.51

K6SiW11ZnO39(H2O) 5 65.94 ± 2.86 38.77 ± 2.62
[Bmim] Zn(OAc)3 5 72.44 ± 2.29 38.40 ± 2.53

Note: Pressure = 1 [atm]; Glycol:PET wt. ratio = 6:1 without solvent; Glycol:PET wt. ratio = 2:1 with solvent;
Temperature = 190 ◦C.

Lei et al. [60] applied tin (II) chloride (SnCl2) as a catalyst in glycolysis process. They
conducted studies on increasing glycolysis efficiency by stepwise PET addition process.
Process was carried out in diethylene glycol (DEG) at 200 ◦C, 210 ◦C, and 220 ◦C. Weight
ratios of PET-to-DEG were 1:2, 1:1.5, and 1:1 accompanied with tin (II) chloride (SnCl2)
0.3%wt of loaded PET for up to 150 min. In the one-step process, all reactants were mixed
together and heated to the desired temperature. For the stepwise process, DEG was mixed
with SnCl2 and heated, then the PET had been added in small portions with regular
intervals. Time measuring was started when the last portion was added. The reaction yield
(WSM%) was established as an amount of water soluble monomer (WSM) in ratio with
a theoretical amount of water soluble monomer. The highest efficiency was obtained at
220 ◦C after 90 min of the reaction. Presented results exhibit high improvement on the
reaction yield for stepwise process, reaching over twice as much WSM% as the one-step
addition. Moreover, higher WSM% was obtained for PET waste bottles and purchased
particles than for PET fibers. Authors explained that phenomenon with higher crystallinity
of PET fibers, that impedes the penetration of the degrading agent. They also conclude
that the reaction takes place mostly at the solid/liquid interface of PET and DEG, though
stepwise PET inserting allows for more rapid swelling and dissolving of solids. This has a
significant influence on the reaction efficiency and explains the difference between single
and multiple step procedures.

Metal oxides
In a study by Son et al. [64] on PET glycolysis, the authors applied exfoliated nanosheets

of manganese dioxide (e-MON) as an improvement of the process conducted with typically
used MnO2 forms. e-MON was obtained from δ–MnO2 in a fluid dynamic reactor in
Taylor–Couette flow, and then separated with a centrifuge. With this method, they obtained
MnO2 sheets with a few nanometers thickness and relatively large surface area, what has a
crucial influence on the catalyst efficiency. Glycolysis was carried out with an EG in mass
ratios EG/PET in range from 6.7 up to 55.5. Process temperatures were controlled from
150 ◦C to 200 ◦C. An amount of the e-MON was kept constant 0.01%wt of PET. Comparison
experiments with bulk MnO2 were also conducted. The results clearly show that e-MON is
a much more efficient catalyst than bulk MnO2, reaching 100% yield of BHET synthesis
in 30 min at 200 ◦C, while reaction with bulk MnO2 reached only about 80%. The highest
BHET yields were obtained for EG/PET mass ratio starting from 18.5 and higher reaching
100%. After the process, e-MON was recovered by washing with deionized water and
filtration. Recovered e-MON was then used four-more times without losing its catalytic
properties still reaching 100% BHET yield synthesis.

Wang et al. [65] used as a PET glycolysis catalysts CoFe2O4 magnetic nanoparticles
(MNP) modified with ionic liquid as a surfactant. Modified NMP’s were synthesized
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by precipitation from aqueous solution of iron and cobalt salts with addition of certain
ionic liquid. Modified NMP’s were crushed out of the solution through the addition of
acetone and separated using magnets. Size distribution of modified MNP’s depends on
the applied ionic liquid ranging from 4 nm to below 20 nm, while not “coated” MNP has
a size distribution range from 20 nm up to 35 nm. For the glycolysis reaction, they used
5 g of PET and 0.1 g of the catalyst. The most efficient amount of EG was distinguished
as 25 g within the range 10–30 g, while the reaction time with the highest BHET synthesis
yield was found as 2.5 h within the 1–3.5 h range. The results of their work are presented in
Table 6.

Table 6. Results of the PET glycolysis in the most efficient parameters [65].

Catalyst Temperature [◦C] PET Conversion [%] BHET Yield [%]

CoFe2O4 195 91.2 72.6
CoFe2O4/[C6COOHbim]Br 195 95.3 79.7
CoFe2O4/[C10COOHbim]Br 195 98.4 88.03
CoFe2O4/[C10COOHbim]NTf2 195 99.6 86.6
CoFe2O4/[C10COOHbim]OAc 195 100 95.4

[C6COOHbim]Br 205 19.8 8.5
[C10COOHbim]Br 205 22.9 9.5

[C10COOHbim]NTf2 205 20.4 7.5
[C10COOHbim]OAc 205 60.5 32.1

Note: CoFe2O4—MNP; bim—butyl imidazole; NTf2—bis[(trifluoromethyl) sulfonyl] imide; OAc—CH3COO−;
C6COOH—hexanoic acid; C10COOH—decanoic acid; Pressure = 1 [atm]; Glycol:PET wt. ratio = 5:1; Duration
2.5 h.

The results in Table 6 clearly indicate that from the tested catalysts, the most efficient
is MNP coated with ionic liquid with a formula [C10COOHbim]OAc reaching a BHET syn-
thesis yield of 95.4%. A huge advantage of using modified MNP’s is the possibility to easily
separate them from the post-reaction mixture by applying a magnetic field. Separating this
way, CoFe2O4/[C10COOHbim]OAc was used over six glycolysis cycles without impacting
PET conversion and BHET yield. From seventh to tenth attempts, BHET yields slightly
decreased to about 95% [63].

Guo et al. [66] introduced micro iron oxide particles coated with magnesium aluminum
oxide (Mg-Al-O@Fe3O4) to the PET glycolysis reaction. Mg-Al-O@Fe3O4 was prepared
from two solutions. Solution A contains sodium hydroxide and sodium carbonate and
solution B consists of iron oxide suspension, magnesium nitrate and aluminum nitrate.
Solution A was dropwise added into the solution B until pH of the mixture reached 10,
then it was left for aging. After 24 h, the mixture was freeze dried and annealed at 1000 ◦C.
Glycolysis reaction was conducted using 5 g of PET along with 25 g of EG. Analyzed
amounts of the catalyst were 0.1, 0.25, 0.5, 1.0 and 2.0%wt of PET. Reaction was carried out
at different temperatures 200 ◦C, 220 ◦C, 240 ◦C and 250 ◦C. The reaction time ranged from
20 to 150 min.

They found that the most efficient glycolysis parameters are 240 ◦C for 90 min with the
catalyst concentration 0.5%wt of PET. Under such conditions, BHET synthesis yield reaches
82%mol. The great advantage of such catalyst is its easy recovery through application of
an external magnetic field. The catalyst can be used in a cycle. For the second reaction,
BHET yield dropped only slightly; however, the third run reached only about a half of the
initial yield. For the fourth cycle, the catalyst becomes fully deactivated obtaining less than
10%mol of BHET yield. Fortunately, catalyst regeneration by annealing at 1000 ◦C recovers
most of the catalyst efficiency reaching nearly the same yield as in the second run.

Fang et al. [67] studied the catalytic properties of sandwich-structure polyoxometalates
(POMs) for PET glycolysis. They analyzed molecules with the formula Na12[WZnM2(H2O)2
(ZnW9O34)2] where M = Zn2+, Mn2+, Co2+, Cu2+ and Ni2+. For the reaction, 5 g of PET
was mixed with 20 g of EG in a reactor. PET-to-catalyst molar ratio was 0.018%mol, the
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temperature was kept at 190 ◦C and the time duration ranged from 40 min to 110 min.
Experimental results are given in Table 7.

Table 7. Results of PET glycolysis reactions with POMs catalysts [67].

Catalyst
Reaction

Time [min]
PTE

Conversion [%]
BHET Yield [%]

Na12[WZn3(H2O)2(ZnW9O34)2] 40 100.00 84.48
Na12[WZnCo2(H2O)2(ZnW9O34)2] 50 100.00 83.95
Na12[WZnCo2(H2O)2(ZnW9O34)2] 40 99.83 84.61
Na12[WZnNi2(H2O)2(ZnW9O34)2] 60 100.00 83.96
Na12[WZnNi2(H2O)2(ZnW9O34)2] 40 98.13 77.48
Na12[WZnCu2(H2O)2(ZnW9O34)2] 65 100.00 83.61
Na12[WZnCu2(H2O)2(ZnW9O34)2] 40 99.18 78.42
Na12[WZnMn2(H2O)2(ZnW9O34)2] 44 100.00 84.11
Na12[WZnMn2(H2O)2(ZnW9O34)2] 40 99.90 82.88
Na12[WZn3(H2O)2(CoW9O34)2] 110 100.00 82.42
Na12[WZn3(H2O)2(CoW9O34)2] 40 66.90 69.88

Note: Pressure = 1 [atm]; Glycol:PET wt. ratio = 4:1; Temperature = 190 ◦C.

They found that the most efficient POM was Na12[WZnCo2(H2O)2(ZnW9O34)2] reach-
ing a BHET yield of 84.61% in only 40 min. The authors also state that POMs are relatively
cheap and with low toxicity catalysts. They also recover the remaining catalyst from the
post-reaction mixture and use it in a cycle. Within four cycles, the catalyst kept nearly the
same BHET yield confirming its stability as declared by the authors.

Putisompon et al. [68] in their research found that calcium oxide (CaO) has applications
as a catalyst for transesterification in biodiesel production and decided to test its potential
to catalyze PET glycolysis process. For this purpose, as a source of CaO ostrich eggshells,
chicken eggshells, mussel shells, geloina shells, and oyster shells from Thailand local flesh
market were chosen and Zn(OAc)2 as a reference catalyst. Shells were washed, ground,
and calcined in variety of temperatures from 600 ◦C to 1000 ◦C with 100 ◦C step. Calcined
shells were then ground to a fine powder. To the reactor, 5 g of PET was loaded along with
1%wt of a catalyst. Weight ratio of PET to EG 1:15 was applied. The reaction was carried
out at 192 ◦C for 2 h. Then, obtained BHET was extracted with water, filtered out, dried,
and weight to establish the final yield as a percent of BHET.

The most efficient calcination temperature of 1000 ◦C was established, reaching 72
and 76% of BHET for a chicken eggshell and an ostrich eggshell, respectively. These results
increased from barely several percent at a calcination temperature equal to 600 ◦C. When
the decomposition of calcium carbonate to CaO starts at 700 ◦C, temperature increase
also reduces organic impurities present in the shell structures and increase crystallinity of
obtained CaO [65].

Zangana et al. [69] covered the topic of microwave irradiation support for the catalytic
glycolysis of PET. They conducted the process using different molar ratios of PET:EG such
as 1:4, 1:6, 1:10 and 1:20 with reaction times up to 5 min. As a catalyst, CaO was applied in
concentrations 3%wt, 5%wt and 10%wt of the reaction mixture (PET and EG). Reaction was
carried out at EG boiling temperature 197 ◦C, supported by microwave irradiation with
power 800 W. For optimized conditions, supported CaO on activated carbon (CaO/AC)
as a catalyst was applied. For the CaO, the most optimal reaction conditions are 10%wt
of the catalyst, PET:EG ratio 1:10 and 4 min of microwave irradiation reaching about 75%
BHET yield, while for CaO/AC 15%wt of catalyst along 3.5 min of microwave irradiation
with the same PET:EG ratio similar yield was obtained. They also analyzed catalyst and
EG recovery as well as their re-use over 3 cycles. For each run, CaO concentration was
kept constant; however, the reaction time was increased for each cycle reaching 16 min
on third run. Catalyst efficiency decreased on each run, but what is interesting is that
CaO/AC shows much smaller differences than CaO. Recovered CaO and EG behaves at
the second run as recovered CaO [66]. It is worth mentioning that Zangana et al. [69] and
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Putisompon et al. [68] obtained similar BHET yields; however, Zananga et al. [69] reached
the final concentration about 30-times faster due to microwave support.

For the glycolysis process, Lalhmangaihzuala et al. [70] applied orange peels ash
(OPA) as the catalyst. Orange peels were initially washed with distilled water and dried at
atmospheric conditions or in an oven. In the next step, dry peels were burned. Glycolysis
reaction was conducted with 480 mg of PET with certain amount of EG and OPA. Reactor
was placed in an oil bath and heated to 190 ◦C until complete disappearance of PET.
Reaction parameters and results are presented in Table 8.

Table 8. Results of PET glycolysis reactions with OPA catalyst [70].

Catalyst
Amount [mg]

EG Amount [g] Time [h] PET Conversion [%] BHET Yield [%]

20 2 1 100 63
30 2 1 100 71
50 2 1 100 75
70 2 1 100 69

100 2 1 100 71
50 1 1 100 61
50 1.5 1 100 73
50 2.5 1 100 78
50 3 1 100 76
50 2.5 0.5 80 54
50 2.5 1.5 100 79
50 2.5 2 100 76
50 2.5 2.5 100 71

Note: Pressure = 1 [atm]; PET amount = 480 mg; Temperature = 190 ◦C.

As it can be seen, the most efficient parameters of PET (480 mg) glycolysis with OPA at
190 ◦C were a reaction time set as 1.5 h, 2.5 g mass of EG and 50 mg of OPA, which produces
521%wt (of PET) EG and 10.42%wt (of PET) OPA [67]. In conclusion, it is possible to apply
waste orange peels as an efficient catalyst for the glycolysis reaction of a waste PET.

Ionic liquids
Shuangjun et al. [71] investigated Lewis acidic ionic liquids (LAIL) as a possible active

catalytic system for the glycolysis process of the post consumption PET. For this purpose,
LAIL’s consist of 1-hexyl-3-methylimidazolium (Hmim) and metal halides (MH) (zinc,
cobalt, iron and copper chlorides) were prepared in different molar ratios of Hmim and
MH, and mixtures of two LAIL’s were also analyzed. To conduct glycolysis reaction, 2 g of
PET was loaded into the reactor along with 22 g of EG and 0.1%wt (of PET) of the catalyst.
The reaction was carried out for 2 h at 190 ◦C. Results of these processes are presented in
Table 9.

Among all the catalytic compositions, the most efficient composition reached 87.1
BHET yield along with 100% PET conversion, which was [Hmim]ZnCl3:[Hmim]CoCl3 at
a 1:1 molar ratio. What is also interesting is that pure components [Hmim]Cl and MH
exhibit lower BHET yields than when mixed forming LAIL’s. Moreover, systems with
pure [Hmim]CuCl2 and mixture of [Hmim]ZnCl2 and [Hmim]CuCl2 in molar ratio 1:3,
respectively have very low PET conversion along with no BHET detected. Basing on their
results, authors purposed a decreasing order of metal anions activity: [ZnCl3]− > [CoCl3]−
> [FeCl4]− > [CuCl3]− [71].

Cano et al. [72] applied MNP consists of the core made of Fe3O4 coated with SiO2 and
ionic liquid (IL) as a catalyst. General procedure for PET glycolysis was done by mixing
100 mg of PET and 1 mL of EG in the reactor with 15 mg of MNP. The reaction was preceded
for 24 h at 160 ◦C or 180 ◦C. They also recovered MNP using an external magnetic field,
then applied the same catalyst portion in over a dozen times. At 160 ◦C reaction yields of
BHET were rather low reaching less than 60% with a maximal PET conversion about 64%
dropping into poor yield about 20% after fifteenth cycle. In contrast, reaction conducted
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at 180 ◦C reached 100% yield after first cycle, while for the next 10 repetitions yield was
kept above 90%. In the last twelfth step yield dropped to the still significant yield 84%. All
twelve cycles carried out at 180 ◦C exhibit 100% PET conversion.

Table 9. Results of PET glycolysis reactions with LAIL’s catalysts [71].

Molar Ratios
[Hmim]Cl:ZnCl2:CoCl2:FeCl3:CuCl2

PET Conversion [%] BHET Yield [%]

1:1:0:0:0 100 76.8
1:0:1:0:0 85.8 38.1

1:0.25:0.75:0:0 100 75.2
1:0.5:0.5:0:0 100 87.1

1:0.75:0.25:0:0 100 79.6
1:0:0:1:0 99.5 51.5

1:0.25:0:0.75:0 100 60.8
1:0.5:0:0.5:0 98 55.1

1:0.75:0:0.25:0 99.8 37.5
1:0:0:0:1 4.8 –

1:0.25:0:0:0.75 14.5 –
1:0.5:0:0:0.5 99 73.0

1:0.75:0:0:0.25 100 76.8
Note: [Hmim]Cl:ZnCl2—1:1 = [Hmim]ZnCl3; [Hmim]Cl:ZnCl2:CoCl2—1:0.5:0.5 = [Hmim]ZnCl3:[Hmim]CoCl3—
1:1; Pressure = 1 [atm]; Glycol:PET wt. ratio = 11:1; Duration = 2 h; Temperature = 190 ◦C.

Najafi-Shoa et al. [73] in their studies on PET glycolysis applied IL grafted on graphene.
For that purpose 1-(triethoxysilyl) propyl-3-methylimidazolium chloride ([TESPMI]Cl) is
attached to the graphene oxide (GO), which is then reduced with hydrazine forming
rGO/[TESPMI]Cl. The final catalyst is prepared by dispersion of rGO/[TESPMI]Cl at
CoCl2 solution, what leads to formation of rGO/[TESPMI]2CoCl4. They have done the
glycolysis reaction by mixing 1 g of PET with 8 to 14 g of EG along with 0.05 up to 0.25 g
of catalyst. The reaction was carried out from 1 to 4 h at the temperature in range from
150 ◦C up to 190 ◦C. What they found is the most efficient conditions are for the process
with 14 g of EG proceed for 3 h at 190 ◦C with 0.15 g of a catalyst. That allows to reach
95.22% BHET yield with 100% PET conversion. Authors also verified the reusability of the
catalyst. What they obtained, is that after fifth cycle BHET yield drops to about 90%, while
the PET conversion remains unchanged at 100% level.

Others catalytic systems
Hong Le et al. [74] noticed that most of the glycolysis processes require high energy

consumption, which is mostly allocated to heating of the reaction system. They have
decided to apply anisole as co-solvent for reduction of an energy requirements of the
process. Glycolysis was carried out for 10 g of PET with 38.75 g of EG and 22.51 g of anisole.
Reaction had been performed for two hours. The variety of catalyst had been tested, such
as Zn(OAc)2, NaOAc, KOAc, Na2CO3, K2CO3, NaHCO3, KHCO3, MgCO3, potassium
methoxide (CH3OK), 1,1-DMU, 1,3-DMU and 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD).
Comparing results for the reaction done at 197 ◦C without co-solvent and at 153 ◦C with
anisole with molar ratios EG:anisole:catalyst:PET equal to 12:4:0.04:1 KOAc was depicted
as the most efficient catalyst reaching (at 153 ◦C with anisole) about 87% BHET yield with
100% PET conversion, while reaction at 197 ◦C without co-solvent with KOAc reached
about 84% BHET yield with the same PET conversion. Nevertheless, reaction carried out
at 153 ◦C with the molar ratios of EG:anisole:catalyst:PET equal to 10:3:0.02:1 only TBD
got BHET yield above 80% and 100% PET conversion. Other co-solvents were also tested,
however like in the previous sentence, only for anisole 80% BHET yield boundary was
crossed reaching also 100% PET conversion.

Veregue et al. [75] in their research work on PET glycolysis involved cobalt nanopar-
ticles (CoNP) too check its activity as a catalytic system. For that purpose CoNP were
synthesized through the reduction reaction of cobalt (II) chloride with sodium borohydride.
The depolymerization reaction was achieved for 4 g of PET with 100 mL of EG and 60 mg of
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CoNP. The reaction was carried out at 180 ◦C for 2, 3 or 4 h. They have reached maximum
BHET yield with the time of the process equal to 3 h reaching 77%. Catalyst was then
recovered from the postreaction mixture and used four more times to check its activity.
They found that CoNP retained its catalytic properties for all five cycles.

In contrary to the most of research done on the PET glycolysis, Wang et al. [76] have
decided to check organocatalyst cyanamide efficiency for this process and find optimal
reaction conditions. In their procedure, they mixed 2 g of PET with 20 g of EG. They have
analyzed reaction yield in terms of temperature in a range between 160 ◦C to 200 ◦C, time
in a range 0.5 h up to 3 h and catalyst weight percent with respect to PET in a range from
2.5% to 15%. They obtained the most efficient reaction conditions at the temperature 190 ◦C
in 2.5 h with 5%wt of cyanamide. With these parameters they have reached 100% PET
conversion along with about 95% BHET yield. What remains interesting, further increase
of mentioned parameters was inversely related with BHET yield, which started to decrease,
however PET conversion was kept at 100% level.

Wang et al. [77] checked catalytic activity of graphite carbon nitride colloid (GCNC)
in the PET glycolysis process. Moreover, they attempt to establish the most efficient
parameters for this reaction. For that purpose they have mixed 2 g of PET with 20 g of EG.
Then following reaction conditions were investigated: temperature in a range from 160 ◦C
to 196 ◦C; time in a range from 5 to 120 min; GCNC mass in a range from 0.01 g to 0.15 g.
They found optimal parameters for PET glycolysis with GCNC as 196 ◦C for 0.5 h along
with 0.5 g of the catalyst. In such conditions 80.3% of BHET yield had been co-established
with 100% PET conversion.

2.2.3. Ethanolysis

Ethanolysis of poly(ethylene terephthalate) is widely regarded as an environmentally
friendly alternative to methanolysis, which has been well known for many years. This is
mainly due to the possibility of replacing harmful methanol with safer ethanol [78]. Diethyl
terephthalate formed in the depolymerization (hydrolysis) reaction can be reused for the
synthesis of poly(ethylene terephthalate) (Figure 5).

 
Figure 5. Recycling of waste PET via direct ethanolysis.

The use of ethanol in the process of depolymerization of waste PET should be con-
sidered in a much broader aspect than only as a process leading to diethyl terephthalate.
Speaking about the process of ethanolysis of poly(ethylene terephthalate), one should also
take into account the process whose final product is terephthalic acid and it is a process
similar to the process of alkaline PET hydrolysis described earlier. Three reactions take
place under alkaline catalysis (NaOH) in a water-ethanol medium: depolymerization of
PET to a mixture of diethyl terephthalate (Step I), its hydrolysis to TPA disodium salt
(Step II) and precipitation of free TPA (Step III, Figure 6). Ethanol is recycled and can
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be reused (Closed-loop recycling process), making it very competitive with conventional
alkaline hydrolysis processes [24,79,80].
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Figure 6. Three-step recycling process of waste PET into terephthalic acid.

The process can be carried out under relatively mild conditions (reaction temper-
ature 50–80 ◦C, the proportion of ethanol to water 20–100 vol%, the amount of NaOH
5–15%wt) [81]. Under optimal conditions, TPA efficiency reaches 95%. In the method pre-
sented in Figure 6, diethyl terephthalate formed in Step I is not separated. Under process
conditions, it hydrolyzes to terephthalic acid.

Diethyl terephthalate is obtained by direct ethanolysis of PET (Figure 5). The direct
PET ethanolysis process requires temperatures above 200 ◦C and sometimes the addition
of a catalyst. Li et al. [82] described a method of direct PET ethanolysis carried out under
pressure and at a temperature of 180–200 ◦C without the addition of a catalyst. The au-
thor reported that under the assumed reaction conditions, nearly 100% PET conversion
can be obtained and the DET yield reached 97%. Zinc acetate is an effective catalyst for
PET ethanolysis, which allows DET yields of 96–97% to be achieved [83,84]. From a tech-
nological point of view, the method is very convenient. Due to differences in solubility,
the ethylene glycol formed in the reaction is the lower, immiscible phase, which can be
separated from the upper phase containing diethyl terephthalate. Compounds containing
acidic sulfonic groups, such as, sulfonic ionic liquids, can also act as catalysts for the PET
ethanolysis reaction [85]. By carrying out the process for 14 h at 80 ◦C in the presence of sul-
fobutylammonium ionic liquid, diethyl terephthalate can be obtained with a yield of 96%.
However, using the techniques of depolymerization of waste PET leading to the production
of useful phthalate monomers (terephthalic acid esters), solvolysis processes carried out in
supercritical conditions prevail. The basics of the process were presented in the last century
in Japan, where a method of PET depolymerization using supercritical water and methanol
was developed [78]. Supercritical solvents are very attractive media for conducting many
chemical processes mainly because the solvent and transport properties of a single solution
can be appreciably and continuously varied with relatively minor changes in either temper-
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ature or pressure. Variation in the supercritical fluid density also influences the chemical
potential of solutes, reaction rate and equilibrium constant [86]. Depolymerization of waste
PET in supercritical methanol is the subject of extensive research [87]. In recent years,
however, there have been increasing reports on solvolysis of waste polyester polymers in
supercritical ethanol [78,88]. As described by Castro et al. [78], the ethanolysis process was
carried out in a supercritical ethanol environment at a temperature of 255 ◦C, a pressure of
115 or 165 bar and reaction times between 5.0 and 6.5 h without the addition of a catalyst.
Under these process conditions, PET was practically completely depolymerized and the
main product of the reaction, apart from ethylene glycol and ethanol, was diethyl terephtha-
late. Later studies included the addition of catalysts, such as metal oxides [89,90] and ionic
liquids [91,92]. As the research has shown, the addition of catalysts to the PET ethanolysis
process does not have a major impact on the conversion rates, but conclusively shortens the
reaction time. Later studies showed that increasing the temperature to 275–350 ◦C removed
the need for the addition of catalysts while maintaining high PET conversion rates and DET
efficiency [93,94]. Recent studies have also shown the high efficiency of the PET ethanolysis
process in supercritical conditions and the possibility of using this method on a technical
scale (Table 10).

Table 10. PET alcoholysis with ethanol.

DET Yield [%]
Reaction

Temperature [◦C]
Reaction Time

[min]
Pressure [bar] Catalyst Solvent Reference

97.3 200 210 n/a Zn(OAc)2 Ethanol [82]
92 220 120 n/a Zn(OAc)2 Ethanol [83]

97 180 60 n/a Zn(OAc)2 +
Al(OH)3

Ethanol [84]

95.8 80 20 1 Sulphonic IL Ethanol [85]
98.5 240 300 115–165 1 - Ethanol [94]
>99 255 90 115 1 Co3O4 or NiO Ethanol [89]
92.2 270 60 n/a 1 ZnO/Al2O3 Ethanol [90]
98 255 45 115 [bmim]BF4 Ethanol [91,92]
95 275–300 90 n/a 1 - Ethanol [93]
98 310 60 n/a 1 - Ethanol [94]

1 under supercritical conditions, n/a—not applicable.

2.2.4. Alcoholysis with Alcohols > C2

Diethyl terephthalate is used as a safer alternative to dimethyl terephthalate in the
synthesis of polyesters. Terephthalates of higher alcohols are no longer used in this specific
application. However, they are equally valuable due to their plasticizing properties. This
also applies to dibutyl terephthalate, which is produced on an industrial scale. Dibutyl
terephthalate has fast melting and low migration properties and provides greater flexibility
of finished products. These properties mean that it is used, for example, in the production
of flexible floor coverings based on PVC, adhesives and sealants, and in the production of
printing inks [95,96].

Dibutyl terephthalate is most often produced by esterification of terephthalic acid, but
the use of waste for its synthesis seems to be a more ecological alternative. Depolymeriza-
tion of waste PET by butanol alcoholysis requires a completely different process than in
the case of alcohols such as methanol or ethanol. It also requires the addition of a catalyst.
According to the description given in the patent CN102603532, the PET depolymerization
process in the presence of 1-butanol and sulfonic ionic liquid allows dibutyl terephthalate
to be obtained with a yield of 93.9%. According to the description, the alcoholysis process
was carried out at 190 ◦C for 9 h [85]. In turn, the patent description WO2022112715
provides a general method for the synthesis of terephthalic acid esters, including dibutyl
ester [97]. In this method, waste PET is reacted with excess butanol at a temperature
between 50–70 ◦C for 1.5–3 h in the presence of a catalyst being a suitably selected mixture
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of cyclic guanidine (TBD) or amidine (DBU) derivatives and sodium methoxide. In this
method, dibutyl terephthalate can be obtained with a yield between 80–85%. The original
method of depolymerization of waste polyesters, including PET, was described in [48]. The
essence of the method is the use of specific catalysts based on DBU and various imidazole
derivatives (Figure 7).

 

Figure 7. DBU ionic liquid as catalyst for alcoholysis of waste polyesters (PC, PLA, PHB, and
PET) [48].

The alcoholysis process was carried out in relatively mild conditions (70 ◦C) for 2 h.
In the case of butanol, a PET conversion of 91% was obtained with a DBT yield of 73%, but
for alcohols C5–C6 the yield of the corresponding terephthalic acid ester decreases.

For higher alcohols, clearly higher rates of yield of the appropriate diesters of tereph-
thalic acid can only be obtained in processes carried out in more conventional parameters,
i.e., higher temperature and pressure. According to the patent description CN102234227,
the PET depolymerization process in the presence of higher alcohols can be carried out at a
temperature of 180–200 ◦C for 4–9 h [98]. Zinc acetate is an effective catalyst for the reaction,
but the described method does not provide detailed information on the conversion of PET
and the yield of the corresponding terephthalic acid esters. Two other patents CN105503605
and CN106986326 describe the method of PET depolymerization with monohydric alcohols
C4-C8 catalyzed by tetrabutyl titanate [99,100]. In addition, this method requires a slightly
higher temperature range between 200–230 ◦C. However, the authors of both solutions also
do not provide PET conversion rates and yields of the corresponding esters (Table 11).

Table 11. PET alcoholysis with alcohols C3–C7.

DET Yield [%] Alcohol
Reaction

Temperature [◦C]
Reaction Time

[min]
Catalyst Reference

92.3 1-Butanol 190 300 Sulphonic IL [85]
95.3 1-Hexanol 190 600 Sulphonic IL [85]

80–85 1-Butanol 50–70 90–180 TBD(DBU) +
CH3ONa [97]

78 1-Propanol 70 120 [HDBU][Im] [48]
73 1-Butanol 70 120 [HDBU][Im] [48]

n/a C4–C8 180–200 240–540 Zn(OAc)2 [98]
n/a C4–C8 200–230 120–600 TBT [99]
n/a C4–C8 200–230 120–600 TBT [100]

2.2.5. Alcoholysis with C8 Alcohols

Depolymerization of poly(ethylene terephthalate) can by conducted using higher
alcohols, i.e., 2-ethylhexanole, isononyl and isodecyl alcohol. Products obtained in this
manner are valuable chemicals that can be used as PVC plasticizers. This process can be
catalyzed by organometallic catalysts, ionic liquids and superbases. One of the earliest
works on alcoholysis of PET was presented by Gupta et al. [101]. Authors investigated
the application of organotin catalyst in depolymerization of waste PET from different
sources. The authors conducted depolymerization of waste PET from beverage and food
bottles, packaging film, fabrics, car parts, photographic and X-ray films. Additionally, the
catalyst was tested in depolymerization reaction of crystalized PET and glycol modified
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PET as well as PBT. Obtained DOTP samples were tested with PVC to determine their
plasticizing properties. It was concluded that all obtained samples exhibit similar properties
to commercial DOTP obtained from terephthalic acid. The most important difference was
the difference in color of the product which is heavily influenced by the color of used
substrate. Hardness, brittle point, tensile strength and elongation at break were at similar
values regardless of the origin of applied plasticizer.

Ionic liquids
Ionic liquids are used as catalysts in alcoholysis of waste PET. A series of (3–sulfonic

acid) propyltriethylammonium chloroironinate [HO3S–(CH2)3–NEt3]Cl–FeCl3 ionic liq-
uids obtained with different molar fractions of FeCl3 as well as zinc and copper chloride
derivatives were tested in depolymerization of waste polyethylene terephthalate with
2-ethylhexanol and their activity was compared to common transesterification catalysts like
zinc acetate, zinc chloride and tetrabuthyl titaniate [102]. Reaction was carried out at tem-
perature of 210 ◦C for the duration of 8 h using 2-ethylhexanol excess of 3.39. Analysis of
postreaction mixture has shown that the highest yield of dioctyl terephthalate was obtained
while using ionic liquids containing 0.67 and 0.75 molar fraction of FeCl3 and 0.67 molar
fraction of ZnCl2. [HO3S–(CH2)3–NEt3]Cl–FeCl3 ionic liquid was reused seven times
with only a small decrease in dioctyl terephthalate yield. [HO3S–(CH2)3–NEt3]Cl–ZnCl2
achieved also very good yields of dioctyl terephthalate (95.7%wt) while [HO3S–(CH2)3–
NEt3]Cl–CuCl2 yielded only 37.3%wt of DOTP. Titanium butoxide, which is commonly
used as a catalyst in synthesis of DOTP from terephthalic acid and 2-ethylhexanol, gave
DOTP yield of 89.0%wt which is lower when compared to active ionic liquid catalysts.
Similar results were obtained when ZnCl2 and Zn(CH3COO)2 were applied. Sulfuric acid
has shown poor activity in depolymerization reaction with DOTP yield of 67.5 and PET
conversion of 70.1%wt. This result is to be expected since PET depolymerization is a
transesterification reaction and Bronsted acids are usually less active compounds in this
reaction. Tested ionic liquid catalysts have largely shown good activity; however, a high
catalyst concentration of catalyst was used in the reaction. Ionic liquids also plays a role as a
cosolvent in PET alcoholysis [103]. A series of methylimidazolium ionic liquids containing
different anions (Cl, Br, NO3, etc.) were tested in PET degradation trials in the presence
of 2-ethylhexanole. Propylmethylimidazolium ([Amim]Cl) and butylmethylimidazolium
([Bmim]Cl) chlorides have proven to be the most effective cosolvents achieving PET degra-
dation rates of 56.1 and 57.3%wt and DOTP yields of 42.4 and 43.2%wt, respectively. The
process was conducted using 2:2:2 IL:2-Eh:PET weight ratios. Catalyst activity of titanium
butoxide (TnBt) and zinc acetate was tested using [Bmim]Cl as cosolvent. [Bmim]Cl was
reused four times with only marginal changes in PET degradation and DOTP yield. Appli-
cation of ionic liquid cosolvent has significant impact on degradation of PET as well as on
obtained yields of DOTP.

Deep eutectic solvents
Choline chloride deep eutectic solvents (DES) are also used in PET alcoholysis.

Zhou et al. [104] investigated the use of DES comprised of choline chloride and various
metal salts in PET depolymerization in the presence of 2-ethylhexanole (Table 12). Their
activity was compared with other transesterification catalysts such as zinc, manganese and
cobalt acetates among others. DES that were applied in depolymerization reaction showed
high catalytic activity which resulted in high conversion rates of PET and good DOTP
yields. ChCl/Za(Ac)2 has shown the best results achieving conversion close to 100%wt and
84.2%wt yield of DOTP. The depolymerization process was conducted at 185 ◦C for 60 min
with 2-Eh/PET ratio of 3.4 and DES concentration of 5%wt regarding initial PET mass.
Choline chloride deep eutectic solvents have shown very good catalytic activity when
compared to standard transesterification catalysts such as titanium butoxide or zinc acetate,
which under the same reaction conditions yielded lower conversion rates of 78.5%wt and
46.4%wt, respectively, and DOTP yields (63.8%wt and 40.6%wt).
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Table 12. Results of PET alcoholysis with 2-ethylhexanole.

Catalyst
Catalyst

Concentration
[%wt.]

Reaction
Temperature [◦C]

Reaction Time
[min]

Conversion
[%]

Yield [%] Ref.

ZnCl2 20 210 480 93.2 87.6 [102]
Zn(CH3COO)2 20 210 480 92.5 88.2 [102]

(CH3CH2CH2CH2O)Ti 20 210 480 93.2 89.0 [102]
H2SO4 20 210 480 70.1 67.5 [102]

[HO3S–(CH2)3–NEt3]Cl 20 210 480 40.1 35.4 [102]
[C4H6N2(CH2)3SO3H]3PW12O40 20 210 480 97.5 94.7 [102]

[HO3S–(CH2)3–NEt3]–FeCl3 (x = 0.50) 20 210 480 42.4 38.6 [102]
[HO3S–(CH2)3–NEt3]Cl–FeCl3 (x = 0.60) 20 210 480 86.0 84.2 [102]
[HO3S–(CH2)3–NEt3]Cl–FeCl3 (x = 0.64) 20 210 480 94.2 88.6 [102]
[HO3S–(CH2)3–NEt3]Cl–FeCl3 (x = 0.67) 20 210 480 100 97.6 [102]
[HO3S–(CH2)3–NEt3]Cl–FeCl3 (x = 0.75) 20 210 480 100 97.9 [102]
[HO3S–(CH2)3–NEt3]Cl–ZnCl2 (x = 0.67) 20 210 480 100 95.7 [102]
[HO3S–(CH2)3–NEt3]Cl–FeCl2 (x = 0.67) 20 210 480 87.7 78.9 [102]
[HO3S–(CH2)3–NEt3]Cl–CuCl2 (x = 0.67) 20 210 480 40.3 37.3 [102]

[C4mim]Cl–FeCl3 (x = 0.67) 20 210 480 92.1 91.4 [102]
- - 190 240 1.7 1.2 [103]

[Amim]Cl b - 190 240 56.1 a 42.4 [103]
[Bmim]Cl b - 190 240 57.3 a 43.4 [103]
[Bmim]Br b - 190 240 46.2 a 37.3 [103]

[Bmim]NO3
b - 190 240 10.5 a 6.5 [103]

[Hmim]CF3SO3
b - 190 240 5.2 a 3.7 [103]

[Bmim]HSO4
b - 190 240 28.6 a 20.5 [103]

[Bmim]BF4
b - 190 240 4.3 a 3.1 [103]

B[mim]PF6
b - 190 240 3.7 a 2.2 [103]

Ti(OC4H9)4
c 1.2 190 240 98.1 86.7 [103]

Zn(CH3COO)2
c 1.2 190 240 97.5 85.9 [103]

ChCl 5 185 60 3.4 - [104]
ChCl/Zn(Ac)2 (1:1) 5 185 60 100 84.2 [104]
ChCl/Mn(Ac)2 (1:1) 5 185 60 96.5 80.6 [104]
ChCl/Co(Ac)2 (1:1) 5 185 60 90.4 74.1 [104]
ChCl/Cu(Ac)2 (1:1) 5 185 60 91.7 76.2 [104]

ChCl/FeCl3 (1:1) 5 185 60 94.5 78.3 [104]
Zn(Ac)2 5 185 60 46.4 40.6 [104]
Mn(Ac)2 5 185 60 44.2 36.6 [104]
Co(Ac)2 5 185 60 32.9 27.1 [104]
Cu(Ac)2 5 185 60 33.8 27.6 [104]

FeCl3 5 185 60 43.8 35.7 [104]
CoCl2 5 185 60 31.6 26.5 [104]
H2SO4 5 185 60 41.4 34.5 [104]

Ti(OC4H9)4 5 185 60 78.5 [104]

Note. a % of PET degradation, b cosolvent, c [Bmim]Cl as cosolvent.

3. Conclusions

The significant amount of waste generated by poly(ethylene terephthalate) requires the
development of a recycling process chain in which chemical recycling plays an important
role. On the one hand, it allows the depolymerization of degraded plastics that do not
meet the quality requirements to be used in mechanical recycling, and on the other hand,
provides an opportunity to process cheap waste and obtain products with greater added
value. It can be widely used in the recycling of both packaging plastics and textiles, or
other waste generated with PET.

Chemical depolymerization processes of poly(ethylene terephthalate) can be carried
out in several ways, using the susceptibility of the ester group to select chemical reactions
such as hydrolysis and transesterification. The products obtained as a result can be divided
into two groups, the first of which includes compounds obtained by hydrolysis, methanoly-
sis, ethanolysis and glycolysis used in the synthesis of polymers. The second group includes
terephthalic esters with plasticizing properties of plastics obtained by depolymerization
with higher monohydric alcohols.

The use of hydrolysis allows terephthalic acid to be obtained, which after purification
can be reused in the polymerization reaction to obtain plastics. This process is relatively
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widely described in the scientific literature and has found practical application in industry.
It requires the use of high temperatures and pressures and, in the case of alkaline hydrolysis,
a significant number of bases. Inorganic hydroxides, inorganic acids, organic acids and
heteropolyacids, as well as “superacids” and quaternary ammonium salts are used as
catalysts in the process. However, it allows for high PET conversion rates and yields in
excess of 90%. An important problem in the use of this method is the purification of crude
terephthalic acid to the purity required by polymer manufacturers.

The alcoholysis process includes PET depolymerization using monohydric alcohols
such as methanol, ethanol, butanol and higher alcohols such as butanol or 2-ethylhexanol.
The methanolysis reaction is another chemical recycling process that allows raw materials to
be obtained that can be directly used in the synthesis of a new polymer. The process usually
requires high temperatures, which due to the low boiling point of methanol necessitates
the use of a high-pressure environment. Typical catalysts used in this process are metal
acetates, with zinc acetate exhibiting the highest activity. Other salts, “superbases” and
ionic liquids are also used. The process can also be carried out in supercritical conditions,
which ensures high efficiency without the need for a catalyst. Polyethylene terephthalate
ethanolysis is seen as an alternative to the methanolysis process to eliminate harmful methyl
alcohol. The process is carried out analogously to methanolysis at elevated temperature and
pressure using analogous catalysts. The process can also be carried out under supercritical
conditions. Glycolysis is one of the most widely described PET depolymerization processes
in the scientific literature. The presented results cover a wide range of catalysts used from
typical compounds such as metal salts, metal oxides, metal complexes, polyoxometalates
to ionic liquids.

Higher alcohols such as butanol or 2-ethylhexanol can be used in the synthesis of
terephthalic plasticizers using catalysts such as superbases, ionic liquids, Lewis acids,
acetates and deep eutectic solvents. Due to the high boiling point of the alcohols used,
depolymerization processes do not require the use of high pressures. The obtained products
have plasticizing properties similar to plasticizers obtained by traditional methods. They
are potential substitutes for plasticizers obtained by traditional methods.

The re-use of waste poly(ethylene terephthalate) is an increasingly common practice,
mainly due to legal regulations requiring producers to introduce more waste raw mate-
rial into production stream. Recycling of waste PET by introducing waste substrate in
to production leads to gradual degradation of the processed material, which forces the
development of effective methods of its chemical recycling. Chemical recycling of PET
can be divided into processes that result in compounds used in the production of fresh
poly(ethylene terephthalate) and upcycling processes, which result in products used in
other fields, with higher added value. Due to their high potential for practical application,
it is expected that their future development will focus on developing methods to achieve
high conversions and yields in order to obtain a high-quality product. In particular, the
future development of PET chemical recycling methods will focus on the development
of catalysts that will achieve high product performance with low-mass feedstock ratios.
The use of superacids in hydrolysis and acetates, nanodispersion and processes under
supercritical conditions in methanolysis and acetates in the glycolysis process seems to
be a future direction. Chemical recycling towards value-added products represents an
interesting path for waste PET treatment. From the group of products that can be obtained
by PET alcoholization, the most promising are the terephthalates of alcohols C8 to C10.
These compounds are widely used as PVC plasticizers, which are traditionally obtained
from terephthalic acid and can be seen as a viable alternative for traditional process.

By characterizing the depolymerization methods and catalysts described in the scien-
tific literature, this review will contribute to a better understanding of the state of knowledge
about the chemical recycling of poly(ethylene terephthalate). It will also undoubtedly be of
help to scientists planning to start research on this topic.
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Abstract: A sustainable enzymatic strategy for the preparation of amides by using Candida antarctica
lipase B as the biocatalyst and cyclopentyl methyl ether as a green and safe solvent was devised. The
method is simple and efficient and it produces amides with excellent conversions and yields without
the need for intensive purification steps. The scope of the reaction was extended to the preparation
of 28 diverse amides using four different free carboxylic acids and seven primary and secondary
amines, including cyclic amines. This enzymatic methodology has the potential to become a green
and industrially reliable process for direct amide synthesis.

Keywords: sustainable enzymatic strategy; direct amide synthesis; green solvent; CALB; carboxylic
acid; amine

1. Introduction

The amide bond is a fundamental linkage in nature. It is the main chemical bond
that links amino acid building blocks together to give peptides and proteins, which oc-
cur worldwide [1–3]. Furthermore, as an important moiety of pharmaceutically active
compounds, it can be found in a significant array of commercial drugs worldwide. For
example, Acetaminophen, a common pain reliever and an antipyretic agent, is used to treat
various conditions such as headache, muscle aches, and arthritis [4]. Amide-based local
anesthetics are applied to numb a specific area of the body, before a medical procedure or
surgery [5,6]. β-Lactam antibiotics are a group of antibiotics that are used to treat bacterial
infections, including pneumonia, bronchitis, and urinary tract infections [7–9]. Celecoxib is
a nonsteroidal anti-inflammatory drug (NSAID) utilized to treat pain and inflammation
associated with conditions, such as arthritis, menstrual cramps, and sport injuries [10,11].
These are just a few examples of amide drugs, and there are many others used in the
treatment of various medical conditions.

A large number of synthetic methods resulting in the formation of amide bonds
have been devised in the last decade [12–19]. However, there are only a limited num-
ber of strategies that are both efficient and environmentally benign [20–22]. The most
common processes utilize coupling reagents or activating agents with larger stoichiomet-
ric ratio to couple a free carboxylic acid with an amine. However, these are generally
hazardous/poisonous reagents and, consequently, they put a heavy burden on the en-
vironment. Furthermore, the purification of the crude products is problematic, since it
requires a large quantity of organic solvents, due to the formation of large quantities of
by-products [23,24]. Therefore, there is a great demand to develop simple amide-bond-
forming reactions to access amides from free carboxylic acids and amines in a green and
efficient way.

The green chemistry concept has 12 principles aimed at the design of chemical prod-
ucts and processes, that reduce or eliminate the application and generation of hazardous
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substances, which are harmful for human health or the environment [25,26]. Using enzymes
in synthetic chemistry has always been a hot topic due to the ability of enzymes to catalyze
chemical transformations with high catalytic efficiency and specificity [27–31]. For instance,
the reactions mentioned above carried out under harsh conditions can be induced to pro-
ceed faster under mild conditions (lower temperatures and pressures, neutral pH), with
fewer work-up steps and higher yields. All of these result in an improvement in efficiency
and save energy. Enzymes have emerged as preferred tools in green chemistry by replacing
hazardous/poisonous reagents, generating the formation of fewer by-products [32–35].

In the case of amide bond formation, enzymes, particularly the members of the
lipase family, are powerful and effective biocatalysts for esterification reactions [36–38].
Several lipases have been reported to exhibit high catalytic activity and stability in organic
solvents [39,40]. In particular, Candida antarctica lipase B (CALB; Novozyme 435) prefers
anhydrous conditions and it has been widely applied in esterification and hydrolysis
studies [41–46]. CALB could also catalyze amidation reactions [47–52] when the amine is
used as a nucleophile in anhydrous organic media. In these reactions, amine amidation
with a free carboxylic acid takes place, resulting in the amide product. A previous study
reported by the Manova group [53] showed that CALB could be a simple and convenient
biocatalyst for the efficient, direct amidation of free carboxylic acids with amines applied
for a wide range of substrates, including lipoic acid.

Thus, the CALB enzymatic approach could offer the possibility of accomplishing direct
amide coupling in an efficient and sustainable way without any additives in green organic
solvents, providing amides with high yields and excellent purity.

Herein, we report a sustainable amidation strategy through CALB-catalyzed coupling
of free acyclic carboxylic acids with different primary and secondary amines in a prominent
green solvent (Scheme 1). In order to follow the progress of the enzymatic reactions, we also
develop an adequate gas chromatography–mass spectrometry (GC-MS) analytic method.

Scheme 1. CALB-catalyzed synthesis of amides.

2. Results and Discussion

In view of the results on the enzymatic amidation of free carboxylic acids with
amines [49], CALB-catalyzed amidation of octanoic acid (1) with benzylamine (5) in the
presence of a molecular sieve in toluene at 60 ◦C was performed (Figure 1a curve I). An
excellent conversion of >99% after 30 min was observed.

In order to increase the reaction rate, further preliminary experiments were performed
at different temperatures (Figure 1a curves II–IV). When the amidation was performed
at 25 ◦C, the desired product with 78% conversion was obtained after 30 min (curve
IV). By applying a higher temperature of 50 ◦C, the conversion of the reaction improved
remarkably, reaching a >99% conversion in 60 min (curve III). However, at temperatures
higher than 60 ◦C, the conversion decreased slightly, because of the thermal denaturation
process of CALB protein chains (curve II). The optimal temperature of 60 ◦C was chosen
for further reactions.

Next, we screened organic solvents with different types of polarity such as acetoni-
trile and N,N-dimethylformamide (DMF). In addition, we focused on the application of
greener alternative solvents, such as propylene carbonate (PC), 2-methyltetrahydrofuran
(2-MeTHF), diisopropyl ether (DIPE), and cyclopentyl methyl ether (CPME). While the
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reaction rate in acetonitrile was relatively low, CPME and PC were the most promising
green solvents with conversions reaching >99% in 30 min (Figure 1b).

  
(a) (b) 

Figure 1. The effect of temperature (a) and solvents (b) on the reaction conversion catalyzed by CALB.

In an attempt to increase the efficiency of the present method, the initial concentration
of the substrate of 46 mM was increased to 92, 460, and 920 mM (Figure 2a,b). Reac-
tions were performed in CPME and PC solvents with a constant enzyme concentration
of 50 mg mL–1. Slightly lower reaction rates with 92 mM concentration (curves II(a) and
(b)) were observed. Despite the much lower reaction rates found at concentrations of 460
and 920 mM, the amide formation was still significant after 60 min (curves III(a) and (b)
and IV(a) and (b)). Such robust behavior of commercially available CALB might be an
important parameter not only for laboratory-scale but also industrial-scale reactions [54,55].

  
(a) (b) 

Figure 2. The efficiency of amide formation catalyzed by CALB in CPME (a) and PC (b).
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Having in hand the optimal conditions (CALB, molecular sieve 3 Å, CPME solvent,
60 ◦C, substrate concentration 920 mM), we performed further amidation reactions and
obtained 28 different amides (12–39) with excellent conversions (>92%) and yields (>90%)
in 90 min (Table 1). The study involved the use of four different free carboxylic acids and
seven amines including primary, secondary, and secondary cyclic amines. According to
GC-MS analysis, all reactions were completed in 90 min. The product molecules might be
used as potential intermediates or building blocks in the synthesis of biologically active
compounds [56,57].

Table 1. Substrate scope of amide formation in CPME solvent with conversion data.

Substrates Octanoic Acid (1) Hexanoic Acid (2) Butyric Acid (3) 4-Phenylbutyric Acid (4)

benzylamine (5)

12, 99% 13, 98%, 14, 98%
 

15, 99%

allylamine (6)  
16, 96%

 
17, 96% 18, 94% 19, 98%

propargylamine (7)

20, 97%
 

21, 98% 22, 92% 23, 97%

piperidine (8)

24, 95% 25, 93% 26, 92% 27, 97%

morpholine (9)

28, 99% 29, 98% 30, 94% 31, 96%

N1,N1-dimethylethane-1,2-diamine (10)
32, 96% 33, 98% 34, 93% 35, 97%

N1,N1-dimethylpropane-1,3-diamine (11)
36, 99% 37, 98% 38, 92% 39, 99%

3. Materials and Methods

3.1. General

All solvents and reagents were of analytical grade and used directly without fur-
ther purification. The lipase acrylic resin (CALB, ≥5000 U/g, recombinant, expressed
in Aspergillus niger, quality level 200, Catalogue no. L4777), cyclopentyl methyl ether
(inhibitor-free, anhydrous, ≥99.9%), propylene carbonate (ReagentPlus®, 99%), toluene
(anhydrous, 99.8%), 2-methyltetrahydrofuran (BioRenewable, anhydrous, ≥99%, inhibitor-
free), acetonitrile (suitable for HPLC, gradient grade, ≥99.9%), N,N-dimethylformamide
(suitable for HPLC, ≥99.9%), and 3 Å molecular sieve (beads, 8–12 mesh) used in this
study were purchased from Merck Life Science Kft., an affiliate of Merck KGaA, Darmstadt,
Germany (Budapest, Hungary). All reactions were carried out in an Eppendorf™ Innova™
40R Incubator Shaker. Melting points were determined on a Kofler apparatus. 1H NMR and
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13C NMR spectra were recorded on a Bruker Avance NEO 500.1 spectrometer, in CDCl3 as
solvent, with tetramethylsilane as an internal standard at 500.1 and 125 MHz, respectively.
GC-MS analyses were performed on a Thermo Scientific Trace 1310 Gas Chromatograph
coupled with a Thermo Scientific ISQ QD Single-Quadrupole Mass Spectrometer using a
Thermo Scientific TG-SQC column (15 m × 0.25 mm ID × 0.25 μm film). Measurement
parameters were as follows: column oven temperature: from 50 to 300 ◦C at 15 ◦C min−1;
injection temperature: 240 ◦C; ion source temperature: 200 ◦C; electrospray ionization:
70 eV; carrier gas: He at 1.5 mL min−1; injection volume: 5 μL; split ratio: 1:50; and mass
range: 25–500 m/z.

3.2. General Procedure for CALB-Catalyzed Amidation

In preliminary amidation experiments, the carboxylic acid and amine substrates
(1:1 equiv) were dissolved in an organic solvent (1 mL) to provide a solution with a
given concentration (46, 92, 460, or 920 mM). CALB (50 mg), molecular sieve (50 mg
3 Å size) to avoid the reversible hydrolysis reaction, and n-heptadecane (2 μL) as an
internal standard were added to the above solution. The mixture was shaken at a selected
temperature (25, 50, 60 or 70 ◦C) in an incubator shaker. The progress of the reaction was
followed by taking samples from the reaction mixture at intervals and analyzing them
by GC-MS measurements. Conversion of the starting materials (moles of the converted
molecules/moles of the initial starting materials × 100) was calculated by n-heptadecane
as an internal standard, in percent yield of the desired amides (actual yield/theoretical
yield × 100) (see Supplementary Information). In order to obtain reliable yields, we filtered
the CPME samples through a silica gel plug followed by vacuum evaporation of the solvent.
All samples were analyzed by 1H and 13C NMR spectroscopy without any prior purification.
Amidations, to form amides 12–39, were performed with the above protocol under the
optimized conditions (50 mg CALB, 920 mM substrate concentration, 1 mL solvent CPME,
50 mg molecular sieve, 2 μL n-heptadecane, 60 ◦C).

3.2.1. N-Benzyloctanamide (12)

CAS number: 70659-87-9, white solid, mp = 65.1–66.3 ◦C [58]. 1H-NMR (CDCl3,
500.1 MHz): δ = 7.25–7.34 (m, 5H, Ar), 5.69 (s, 1H, NH), 4.44 (d, J = 5.69 Hz, 2H, CH2), 2.20
(t, J = 7.86 Hz, 2H, CH2CO), 1.62–1.68 (m, 2H, CH2), 1.27–1.33 (m, 8H, CH2CH2CH2CH2),
0.87 (t, J = 7.16 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.05, 22.59, 25.77, 28.99,
29.27, 29.69, 31.68, 36.84, 43.60, 127.50, 127.84, 128.71, 138.45, 172.93.

3.2.2. N-Benzylhexanamide (13)

CAS number: 6283-98-3, yellowish white solid, mp = 55.1–55.5 ◦C [59]. 1H-NMR
(CDCl3, 500.1 MHz): δ = 7.25–7.33 (m, 5H, Ar), 5.84 (s, 1H, NH), 4.42 (d, J = 5.73 Hz, 2H,
CH2), 2.19 (t, J = 7.87 Hz, 2H, CH2CO), 1.62–1.68 (m, 2H, CH2), 1.27–1.34 (m, 4H, CH2CH2),
0.88 (t, J = 7.04 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.92, 22.39, 25.45, 29.69,
31.48, 36.75, 43.56, 53.42, 127.46, 127,80, 128.68, 138.47, 173.03.

3.2.3. N-Enzylbutyramide (14)

CAS number: 10264-14-9, yellowish solid, mp = 43.0–43.6 ◦C [60]. 1H-NMR (CDCl3,
500.1 MHz): δ = 7.23–7.31 (m, 5H, Ar), 6.14 (s, 1H, NH), 4.39 (d, J = 5.75 Hz, 2H, CH2),
2.16 (t, J = 7.64 Hz, 2H, CH2CO), 1.62–1.69 (m, 2H, CH2), 0.93 (t, J = 7.42 Hz, 3H, CH3),
13C-NMR (CDCl3, 125 MHz): δ = 13.78, 19.18, 29.69, 38.58, 43.46, 53.45, 127.38, 127.73,
128.63, 138.54, 173.00.

3.2.4. N-Benzyl-4-phenylbutanamide (15)

CAS number: 179923-27-4, yellowish solid, mp = 79.2–80.2 ◦C [61]. 1H-NMR (CDCl3,
500.1 MHz): δ = 7.13–7.32 (m, 10H, Ar), 5.84 (s, 1H, NH), 4.39 (d, J = 5.73 Hz, 2H, CH2),
2.63 (t, J = 7.54 Hz, 2H, CH2), 2.18 (t, J = 7.78 Hz, 2H, CH2CO), 1.94–2.00 (m, 2H, CH2),
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13C-NMR (CDCl3, 125 MHz): δ = 27.13, 29.72, 35.22, 35.85, 43.59, 46.42, 70.52, 72.51, 125.99,
127.51, 127.83, 128.41, 128.51, 128.71, 138.41, 141.48, 172, 57.

3.2.5. N-Allyloctanamide (16)

CAS number: 70659-85-7, yellow solid, mp = 27.6–28.3 ◦C [62]. 1H-NMR (CDCl3,
500.1 MHz): δ = 5.84 (ddt, J = 15.97 Hz, 10.29 Hz, 5.09 Hz, 1H, CH), 5.53 (s, 1H, NH),
5.11–5.19 (m, 2H, CH2), 3.88 (t, J = 5.73 Hz, 2H, CH2), 2.19 (t, J = 7.79 Hz, 2H, CH2CO),
1.61–1.66 (m, 2H, CH2), 1,25–1.31 (m, 8H, CH2CH2CH2CH2), 0.87 (t, J = 7.03 Hz, 3H, CH3),
13C-NMR (CDCl3, 125 MHz): δ = 14.04, 22.59, 25.77, 29.00, 29.27, 31.67, 36.81, 41.86, 116.27,
134.42, 172.94.

3.2.6. N-Allylhexanamide (17)

CAS number: 128007-44-3, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 5.84 (ddt,
J = 15.96 Hz, 10.27 Hz, 5.04 Hz, 1H, CH), 5.55 (s, 1H, NH), 5.11–5.20 (m, 2H, CH2), 3.88 (t,
J = 5.74 Hz, 2H, CH2), 2.19 (t, J = 7.81 Hz, 2H, CH2CO), 1.61–1.67 (m, 2H, CH2), 1.29–1.35
(m, 4H, CH2CH2), 0.89 (t, J = 7.08 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.91,
22.39, 25.45, 31.47, 36.77, 41.86, 116.29, 134.41, 172.97.

3.2.7. N-Allylbutyramide (18)

CAS number: 2978-29-2, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 5.84 (ddt,
J = 16.00 Hz, 10.32 Hz, 5.06 Hz, 1H, CH), 5.46 (s, 1H, NH), 5.12–5.20 (m, 2H, CH2), 3.89 (t,
J = 5.74 Hz, 2H, CH2), 2.17 (t, J = 7.68 Hz, 2H, CH2CO), 1.64–1.71 (m, 2H, CH2), 0.96 (t,
J = 7.36 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.77, 19.16, 29.69, 38.72, 41.86,
116.33, 134.40.

3.2.8. N-Allyl-4-phenylbutanamide (19)

CAS number: 430450-20-7, yellow oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 7.17–7.29 (m,
5H, Ar), 5.83 (ddt, J = 16.00 Hz, 10.28 Hz, 5.06 Hz, 1H, CH), 5.40 (s, 1H, NH), 5.11–5.19 (m,
2H, CH2), 3.87 (t, J = 5.77 Hz, 2H, CH2), 2.66 (t, J = 7.53 Hz, 2H, CH2), 2.19 (t, J = 7.84 Hz,
2H, CH2CO), 1.94–2.02 (m, 2H, CH2), 13C-NMR (CDCl3, 125 MHz): δ = 27.08, 29.70, 35.19,
35.86, 41.91, 116.44, 125.98, 128.40, 128.49, 134.30, 141.46, 172.42.

3.2.9. N-(Prop-2-yn-1-yl)octanamide (20)

CAS number: 422284-34-2, white solid, mp = 72.4–73.4 ◦C [63]. 1H-NMR (CDCl3,
500.1 MHz): δ = 5.60 (s, 1H, NH), 4.06 (dd, J = 5.18 Hz, J = 2.53 Hz 1H, CH2), 4.04 (dd,
J = 5.18 Hz, J = 2.53 Hz, 1H, CH2), 2.22 (t, J = 2.55 Hz, 1H, CH), 2.19 (t, J = 7.77 Hz, 2H,
CH2CO), 1.62–1.66 (m, 2H, CH2), 1.25–1.30 (m, 8H, CH2CH2CH2CH2), 0.87 (t, J = 7.05 Hz,
3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.04, 22.58, 25.54, 28.97, 29.14, 29.20, 31.65,
36.49, 71.53, 79.67, 172.70.

3.2.10. N-(Prop-2-yn-1-yl)hexanamide (21)

CAS number: 62899-12-1, white solid, mp = 47.3–48.0 ◦C [64]. 1H-NMR (CDCl3,
500.1 MHz): δ = 5.74 (s, 1H, NH), 4.05 (dd, J = 5.21 Hz, J = 2.54 Hz 1H, CH2), 4.04 (dd,
J = 5.21 Hz, J = 2.54 Hz, 1H, CH2), 2.22 (t, J = 2.53 Hz, 1H, CH), 2.19 (t, J = 7.84 Hz, 2H,
CH2CO), 1.61–1.67 (m, 2H, CH2), 1.29–1.35 (m, 4H, CH2CH2), 0.89 (t, J = 6.98 Hz, 3H, CH3),
13C-NMR (CDCl3, 125 MHz): δ = 13.89, 22.36, 25.23, 29.13, 31.40, 36.42, 71.49, 79.68, 172.80.

3.2.11. N-(Prop-2-yn-1-yl)butyramide (22)

CAS number: 2978-28-1, yellowish solid, mp = 26.1–26.6 ◦C [65]. 1H-NMR (CDCl3,
500.1 MHz): δ = 5.56 (s, 1H, NH), 4.06 (dd, J = 5.21 Hz, J = 2.54 Hz 1H, CH2), 4.05 (dd,
J = 5.19 Hz, J = 2.52 Hz, 1H, CH2), 2.22 (t, J = 2.55 Hz, 1H, CH), 2.17 (t, J = 7.66 Hz,
2H, CH2CO), 1.64–1.71 (m, 2H, CH2), 0.95 (t, J = 7.42 Hz, 3H, CH3), 13C-NMR (CDCl3,
125 MHz): δ = 13.71, 18.97, 29.14, 29.69, 38.37, 71.55.
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3.2.12. 4-Phenyl-N-(prop-2-yn-1-yl)butanamide (23)

CAS number: 1250568-47-8, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 7.16–7.29
(m, 5H, Ar), 5.54 (s, 1H, NH), 4.04 (dd, J = 5.24 Hz, J = 2.56 Hz 1H, CH2), 4.03 (dd, J = 5.19 Hz,
J = 2.51 Hz, 1H, CH2), 2.66 (t, J = 7.53 Hz, 2H, CH2), 2.22 (t, J = 2.58 Hz, 1H, CH), 2.19 (t,
J = 7.83 Hz, 2H, CH2CO), 1.95–2.01 (m, 2H, CH2), 13C-NMR (CDCl3, 125 MHz): δ = 26.84,
29.15, 29.17, 35.08, 35.49, 71.59, 79.58, 126.02, 128.42, 128.50, 141.33, 172.22.

3.2.13. 1-(Piperidin-1-yl)octan-1-one (24)

CAS number: 20299-83-6, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 3.54
(t, J = 5.47 Hz, 2H, CH2N), 3.39 (t, J = 5.36 Hz, 2H, CH2N), 2.30 (t, J = 7.91 Hz, 2H,
CH2CO), 1.50–1.66 (m, 8H, CH2CH2CH2CH2), 1.25–1.32 (m, 8H, CH2CH2CH2CH2), 0.87
(t, J = 7.01 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.05, 22.60, 24.60, 25.50, 25.59,
26.58, 29.10, 29.50, 31.72, 33.49, 42.58, 46.72, 171.52.

3.2.14. 1-(Piperidin-1-yl)hexan-1-one (25)

CAS number: 15770-38-4, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 3.54 (t,
J = 5.47 Hz, 2H, CH2N), 3.39 (t, J = 5.47 Hz, 2H, CH2N), 2.30 (t, J = 7.77 Hz, 2H, CH2CO),
1.51–1.65 (m, 8H, CH2CH2CH2CH2), 1.30–1.35 (m, 4H, CH2CH2), 0.90 (t, J = 6.91 Hz, 3H,
CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.96, 22.49, 24.61, 25.18, 25.60, 26.59, 31.72, 33.45,
42.59, 46.72, 171.53.

3.2.15. 1-(Piperidin-1-yl)butan-1-one (26)

CAS number: 4637-70-1, yellow oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 3.54 (t,
J = 5.48 Hz, 2H, CH2N), 3.39 (t, J = 5.34 Hz, 2H, CH2N), 2.29 (t, J = 7.78 Hz, 2H, CH2CO),
1.50–1.69 (m, 8H, CH2CH2CH2CH2), 0.96 (t, J = 7.41 Hz, 3H, CH3), 13C-NMR (CDCl3,
125 MHz): δ = 14.04, 18.88, 24.61, 25.61, 26.58, 35.40, 42.58, 46.71, 171.34.

3.2.16. 4-Phenyl-1-(piperidin-1-yl)butan-1-one (27)

CAS number: 41208-51-9, white solid, mp = 153.9–154.4 ◦C [66]. 1H-NMR (CDCl3,
500.1 MHz): δ = 7.16–7.29 (m, 5H, Ar), 3.54 (t, J = 5.53 Hz, 2H, CH2N), 3.31 (t, J = 5.47 Hz,
2H, CH2N), 2.67 (t, J = 7.66 Hz, 2H, CH2), 2.32 (t, J = 7.84 Hz, 2H, CH2CO), 1.93–1.99 (m,
2H, CH2), 1.49–1.64 (m, 6H, CH2CH2CH2), 13C-NMR (CDCl3, 125 MHz): δ = 24.58, 25.60,
26.54, 26.84, 29.69, 33.54, 35.42, 42.63, 46.61, 125.86, 128.33, 128.49, 141.85, 171.01.

3.2.17. 1-Morpholinooctan-1-one (28)

CAS number: 5338-65-8, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 3.66 (t,
J = 5.14 Hz, 4H, CH2OCH2), 3.61 (t, J = 3.75 Hz, 2H, CH2N), 3.46 (t, J = 4.53 Hz, 2H,
CH2N), 2.30 (t, J = 7.83 Hz, 2H, CH2CO), 1.59–1.65 (m, 2H, CH2), 1.25–1.34 (m, 8H,
CH2CH2CH2CH2), 0.88 (t, J = 7.08 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.03,
22.58, 25.25, 29.05, 29.40, 31.68, 33.11, 41.85, 46.06, 66.68, 66.95, 171.89.

3.2.18. 1-Morpholinohexan-1-one (29)

CAS number: 17598-10-6, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 3.66 (t,
J = 5.18 Hz, 4H, CH2OCH2), 3.61 (t, J = 3.75 Hz, 2H, CH2N), 3.46 (t, J = 4.56 Hz, 2H, CH2N),
2.30 (t, J = 7.85 Hz, 2H, CH2CO), 1.60–1.66 (m, 2H, CH2), 1.30–1.36 (m, 4H, CH2CH2), 0.90
(t, J = 6.95 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.92, 22.45, 24.93, 31.62, 33.07,
41.86, 46.06, 66.68, 66.96, 171.90.

3.2.19. 1-Morpholinobutan-1-one (30)

CAS number: 5327-51-5, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 3.66 (t,
J = 5.20 Hz, 4H, CH2OCH2), 3.61 (t, J = 4.56 Hz, 2H, CH2N), 3.46 (t, J = 4.56 Hz, 2H, CH2N),
2.29 (t, J = 7.70 Hz, 2H, CH2CO), 1.63–1.70 (m, 2H, CH2), 0.97 (t, J = 7.46 Hz, 3H, CH3),
13C-NMR (CDCl3, 125 MHz): δ = 13.96, 18.66, 35.02, 41.86, 46.05, 66.69, 66.97, 171.75.
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3.2.20. 1-Morpholino-4-phenylbutan-1-one (31)

CAS number: 61123-44-2, white solid, mp = 40.7–42.5 ◦C [67]. 1H-NMR (CDCl3,
500.1 MHz): δ = 7.17–7.29 (m, 5H, Ar), 3.59–3.66 (m, 6H, NCH2CH2OCH2), 3.37 (t,
J = 4.68 Hz, 2H, NCH2), 2.68 (t, J = 7.59 Hz, 2H, CH2), 2.30 (t, J = 7.71 Hz, 2H, CH2CO),
1.95–2.01 (m, 2H, CH2), 13C-NMR (CDCl3, 125 MHz): δ = 26.54, 29.70, 32.10, 35.26, 45.89,
45.92, 66.63, 66.95, 125.98, 128.40, 128.48, 141.57, 171.42.

3.2.21. N-(2-(Dimethylamino)ethyl)octanamide (32)

CAS number: 114011-26-6, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 6.14
(s, 1H, NH), 3.30–3.34 (m, 2H, CONHCH2), 2.41 (t, J = 5.90 Hz, 2H, CH2), 2.23 (s, 6H,
CH3CH3), 2.17 (t, J = 7.82 Hz, 2H, CH2CO), 1.59–1.65 (m, 2H, CH2), 1.27–1.30 (m, 8H,
CH2CH2CH2CH2), 0.87 (t, J = 7.09 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.04,
22.58, 25.78, 29.00, 29.26, 29.68, 31.69, 36.64, 36.73, 45.07, 57.94, 173.37.

3.2.22. N-(2-(Dimethylamino)ethyl)hexanamide (33)

CAS number: 114011-25-5, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 6.07 (s, 1H,
NH), 3.31–3.34 (m, 2H, CONHCH2), 2.41 (t, J = 5.90 Hz, 2H, CH2), 2.23 (s, 6H, CH3CH3),
2.17 (t, J = 7.81 Hz, 2H, CH2CO), 1.60–1.66 (m, 2H, CH2), 1.28–1.36 (m, 4H, CH2CH2), 0.89
(t, J = 7.04 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.94, 22.41, 25.46, 29.69, 31.49,
36.62, 36.72, 45.08, 57.91, 173.30.

3.2.23. N-(2-(Dimethylamino)ethyl)butyramide (34)

CAS number: 63224-16-8, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 6.12 (s, 1H,
NH), 3.31–3.35 (m, 2H, CONHCH2), 2.42 (t, J = 5.88 Hz, 2H, CH2), 2.24 (s, 6H, CH3CH3),
2.15 (t, J = 7.69 Hz, 2H, CH2CO), 1.62–1.70 (m, 2H, CH2), 0.94 (t, J = 7.36 Hz, 3H, CH3),
13C-NMR (CDCl3, 125 MHz): δ = 13.77, 19.19, 29.69, 36.57, 38.65, 45.03, 57.19, 173.14.

3.2.24. N-(2-(Dimethylamino)ethyl)-4-phenylbutanamide (35)

CAS number: 63224-25-9, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 7.17–7.28
(m, 5H, Ar), 3.30–3.33 (m, 2H, CONHCH2), 2.65 (t, J = 7.60 Hz, 2H, CH2), 2.40 (t, J = 5.88 Hz,
2H, CH2), 2.22 (s, 6H, CH3CH3), 2.18 (t, J = 7.79 Hz, 2H, CH2CO), 1.94–2.00 (m, 2H, CH2),
13C-NMR (CDCl3, 125 MHz): δ = 22.68, 27.13, 29.35, 29.69, 35.23, 25.84, 36.66, 45.07, 57.90,
125.91, 128.35, 128.51, 141.61, 172.85.

3.2.25. N-(3-(Dimethylamino)propyl)ctanamide (36)

CAS number: 22890-10-4, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 6.89
(s, 1H, NH), 3.30–3.34 (m, 2H, CONHCH2), 2.37 (t, J = 6.41 Hz, 2H, CH2), 2.23 (s, 6H,
CH3CH3), 2.14 (t, J = 7.80 Hz, 2H, CH2CO), 1.57–1.68 (m, 4H, CH2CH2), 1.25–1.30 (m, 8H,
CH2CH2CH2CH2), 0.87 (t, J = 7.04 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.04,
22.59, 25.75, 26.14, 29.02, 29.26, 29.68, 31.68, 36.96, 39.15, 45.34, 58.50, 173.16.

3.2.26. N-(3-(Dimethylamino)propyl)hexanamide (37)

CAS number: 73603-23-3, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 6.92 (s, 1H,
NH), 3.30–3.34 (m, 2H, CONHCH2), 2.37 (t, J = 6.45 Hz, 2H, CH2), 2.22 (s, 6H, CH3CH3),
2.14 (t, J = 7.77 Hz, 2H, CH2CO), 1.57–1.67 (m, 4H, CH2CH2), 1.28–1.34 (m, 4H, CH2CH2),
0.89 (t, J = 7.16 Hz, 3H, CH3), 13C-NMR (CDCl3, 125 MHz): δ = 13.90, 22.40, 25.42, 26.17,
29.67, 31.45, 36.89, 39.15, 45.35, 58.49, 173.18.

3.2.27. N-(3-(Dimethylamino)propyl)butyramide (38)

CAS number: 53201-67-5, colorless oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 6.89 (s, 1H,
NH), 3.32–3.35 (m, 2H, CONHCH2), 2.43 (t, J = 6.43 Hz, 2H, CH2), 2.27 (s, 6H, CH3CH3),
2.13 (t, J = 7.63 Hz, 2H, CH2CO), 1.60–1.70 (m, 4H, CH2CH2), 0.94 (t, J = 7.39 Hz, 3H, CH3),
13C-NMR (CDCl3, 125 MHz): δ = 13.80, 19.12, 26.01, 29.69, 38.87, 38.98, 45.16, 58.36, 172.97.
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3.2.28. N-(3-(Dimethylamino)propyl)-4-phenylbutanamide (39)

CAS number: 885912-19-6, yellowish oil. 1H-NMR (CDCl3, 500.1 MHz): δ = 7.16–7.28
(m, 5H, Ar), 6.88 (s, 1H, NH), 3.30–3.34 (m, 2H, CONHCH2), 2.64 (t, J = 7.64 Hz, 2H, CH2),
2.38 (t, J = 6.42 Hz, 2H, CH2), 2.22 (s, 6H, CH3CH3), 2.16 (t, J = 7.78 Hz, 2H, CH2CO),
1.92–1.98 (m, 2H, CH2), 1.62–1.67 (m, 2H, CH2), 13C-NMR (CDCl3, 125 MHz): δ = 14.11,
26.11, 27.19, 29.69, 35.25, 36.09, 39.17, 45.30, 53.42, 58.52, 125.89, 128.34, 128.46, 141.64, 172.61.

4. Conclusions

We successfully developed a sustainable and green enzymatic strategy for the synthesis
of amides from free carboxylic acids and amines by using Candida antarctica lipase B as a
biocatalyst, using GC-MS analysis to monitor the reaction progress. The green enzymatic
amidation is simple and efficient without any additives, with the application of cyclopentyl
methyl ether as the solvent, which is a greener and safer solvent alternative in comparison
with the usual organic solvents. The scope of the reaction was extended to the preparation
of 28 diverse amides, by using four different free carboxylic acids and seven amines,
including primary and secondary amines as well as cyclic amines. In every case, excellent
conversions and yields were achieved without the need of any intensive purification step.
This enzymatic methodology offers a way to synthetize pure amides. That is, this synthetic
approach is both eco-friendly and practical for large-scale production.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28155706/s1, Figures S1–S62: 1H-NMR and 13C-NMR spectra of
12–39 amide products and GC-MS measurement.
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56. Lo, Y.C.; Lin, C.L.; Fang, W.Y.; Lőrinczi, B.; Szatmári, I.; Chang, W.H.; Fülöp, F.; Wu, S.N. Effective Activation by Kynurenic Acid
and Its Aminoalkylated Derivatives on M-Type K+ Current. Int. J. Mol. Sci. 2021, 22, 1300. [CrossRef]

57. Hollmann, F.; Kara, S.; Opperman, D.J.; Wang, Y. Biocatalytic synthesis of lactones and lactams. Chem.-Asian J. 2018, 13, 3601–3610.
[CrossRef] [PubMed]

58. Kunishima, M.; Watanabe, Y.; Terao, K.; Tani, S. Substrate-Specific Amidation of Carboxylic Acids in a Liquid-Liquid Two-Phase
System Using Cyclodextrins as Inverse Phase-Transfer Catalysts. Eur. J. Org. Chem. 2004, 2004, 4535–4540. [CrossRef]

59. Kim, S.E.; Hahm, H.; Kim, S.; Jang, W.; Jeon, B.; Kim, Y.; Kim, M. A Versatile Cobalt Catalyst for Secondary and Tertiary Amide
Synthesis from Various Carboxylic Acid Derivatives. Asian J. Org. Chem. 2016, 5, 222–231. [CrossRef]

60. Ojeda-Porras, A.; Hernandez-Santana, A.; Gamba-Sanchez, D. Direct amidation of carboxylic acids with amines under microwave
irradiation using silica gel as a solid support. Green Chem. 2015, 17, 3157–3163. [CrossRef]

61. Métro, T.-X.; Bonnamour, J.; Reidon, T.; Duprez, A.; Sarpoulet, J.; Martinez, J.; Lamaty, F. Comprehensive Study of the Organic
Solvent-Free CDI-Mediated Acylation of Various Nucleophiles by Mechanochemistry. Chem. Eur. J. 2015, 21, 12787–12796. [CrossRef]

62. Roe, E.T.; Stutzman, J.M.; Swern, D. Fatty Acid Amides. III.2a N-Alkenyl and N,N-Dialkenyl Amides2b. J. Am. Chem. Soc.
1951, 73, 3642–3643. [CrossRef]

63. Willand, N.; Desroses, M.; Toto, P.; Dirié, B.; Lens, Z.; Villeret, V.; Rucktooa, P.; Locht, C.; Baulard, A.; Deprez, B. Exploring Drug
Target Flexibility Using in Situ Click Chemistry: Application to a Mycobacterial Transcriptional Regulator. ACS Chem. Biol.
2010, 5, 1007–1013. [CrossRef] [PubMed]

64. Tian, J.; Gao, W.-C.; Zhou, D.-M.; Zhang, C. Recyclable Hypervalent Iodine(III) Reagent Iodosodilactone as an Efficient Coupling
Reagent for Direct Esterification, Amidation, and Peptide Coupling. Org. Lett. 2012, 14, 3020–3023. [CrossRef] [PubMed]

65. Ouerghui, A.; Elamari, H.; Dardouri, M.; Ncib, S.; Meganem, F.; Girard, C. Chemical modifications of poly(vinyl chloride) to
poly(vinyl azide) and “clicked” triazole bearing groups for application in metal cation extraction. Adv. Mater. Res. 2016, 100, 191–197.
[CrossRef]

66. Wei, W.; Hu, X.-Y.; Yan, X.-W.; Zhang, Q.; Cheng, M.; Ji, J.-X. Direct use of dioxygen as an oxygen source: Catalytic oxidative
synthesis of amides. Chem. Commun. 2012, 48, 305–307. [CrossRef] [PubMed]

67. Cromwell, N.H.; Creger, P.L.; Cook, K.E. Studies with the Amine Adducts of β-Benzoylacrylic Acid and its Methyl Ester. J. Am.
Chem. Soc. 1956, 78, 4412–4416. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

108



Citation: Li, B.; Wen, W.; Wen, W.;

Guo, H.; Fu, C.; Zhang, Y.; Zhu, L.

Application of Chitosan/Poly(vinyl

alcohol) Stabilized Copper Film

Materials for the Borylation of α,

β-Unsaturated Ketones,

Morita-Baylis-Hillman Alcohols and

Esters in Aqueous Phase. Molecules

2023, 28, 5609. https://doi.org/

10.3390/molecules28145609

Academic Editor: Lu Liu

Received: 28 June 2023

Revised: 21 July 2023

Accepted: 21 July 2023

Published: 24 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Application of Chitosan/Poly(vinyl alcohol) Stabilized Copper
Film Materials for the Borylation of α, β-Unsaturated Ketones,
Morita-Baylis-Hillman Alcohols and Esters in Aqueous Phase †

Bojie Li 1, Wu Wen 1,2, Wei Wen 1,2, Haifeng Guo 1,2, Chengpeng Fu 1,2, Yaoyao Zhang 1,* and Lei Zhu 1,2,*

1 School of Chemistry and Materials Science, Hubei Key Laboratory of Quality Control of Characteristic Fruits
and Vegetables, Hubei Engineering University, Xiaogan 432000, China; ghf02062023@163.com (H.G.)

2 School of Materials Science and Engineering, Hubei University, Wuhan 430062, China
* Correspondence: yaoyaozhang@hbeu.edu.cn (Y.Z.); lei.zhu@hbeu.edu.cn (L.Z.)
† Dedicated to the 80th anniversary celebration of Hubei Engineering University.

Abstract: A chitosan/poly(vinyl alcohol)-stabilized copper nanoparticle (CP@Cu NPs) was used as
a heterogeneous catalyst for the borylation of α, β-unsaturated ketones, MBH alcohols, and MBH
esters in mild conditions. This catalyst not only demonstrated remarkable efficiency in synthesizing
organoboron compounds but also still maintained excellent reactivity and stability even after seven
recycled uses of the catalyst. This methodology provides a gentle and efficient approach to synthesize
the organoboron compounds by efficiently constructing carbon–boron bonds.

Keywords: chitosan/PVA-stabilized copper nanoparticles; copper catalysis; heterogeneous catalyst;
aqueous phase; recycle and reuse

1. Introduction

Organoboron compounds are a significant class of organic intermediates that are
capable of reacting with various nucleophilic reagents and could be conveniently converted
into various chemical bonds, such as C–C, C–O, and C–N bonds, which are very important
in organic synthesis [1–3]. For this reason, in the past decades, various transition metals, in-
cluding rhodium [4], palladium [5,6], platinum [7], cobalt [8], nickel [9], and copper [10–12],
have been used as catalysts to synthesize the organoboron compounds. Recently, metal
nanoparticles have received much attention because of their large surface area, which
could increase catalytic efficiency [13,14]. However, metal nanoparticles sometimes have
some drawbacks in the aqueous phase; for example, they are prone to aggregation and
precipitation. To overcome these problems, an appropriate carrier was considered to load
these metal nanoparticles, which could make these loaded nano-catalytic materials have
several good advantages, including easy recovery and uniform dispersion [15,16].

Montmorillonite [17–19], activated carbon [20–22], and chitosan [23–26] are commonly
used as carriers for heterogeneous catalytic materials in organic synthesis. Among these
materials, chitosan is especially preferred due to its numerous amino and hydroxyl groups.
These functional groups could coordinate well with various metals to perform a good
catalytic activity. So far, several transition metals have been reported using chitosan as a
support, including gold [27], silver [28], ruthenium [29], palladium [30–32], platinum [33],
and copper [34–36]. Compared with these precious metals, copper has received more
attention for its low price and lower toxicity.

In our previous research, we found that the borylation reactions of chalcone deriva-
tives could be carried out smoothly, and the corresponding target products could also be
obtained in good yields when CS@Cu(OH)2 [37], Cell-CuI NPs [38], or CP@Cu NPs [39]
were used as catalysts (Scheme 1a). Under oxidative conditions, the resulting organoborons
could give rise to the desired β-hydroxy-substituted carbonyl compounds, which are widely
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found in active molecules [40–42]. Compared with other supports, chitosan has inherent
advantages due to its green property, abundance, stability, and ability of chelation [26].
With our continuous efforts in exploring applications of chitosan-supported metal catalysts,
we were interested in developing a chitosan composite film of stabilized copper nanoparti-
cles and its application for the synthesis of useful organoboron compounds. In particular,
chitosan/poly(vinyl alcohol) composite films loaded with copper nanoparticles (CP@Cu
NPs) were found to exhibit high reactivity, as well as excellent reusability and stability. Not
only did α, β-unsaturated ketones have good reactivity in borylation reactions, but also α,
β-unsaturated esters and amides could react smoothly when CP@Cu NPs was used as a
catalyst in the reactions, and even after the catalyst was reused seven times, it still showed
very good catalytic activity. However, in our previous work, the CP@Cu NPs were limited
to the borylation reactions of 1,2-disubstituted α, β-unsaturated compounds, whereas
the borylation reactions of 1,1-disubstituted unsaturated compounds were not explored,
including the borylation reactions of MBH alcohols, and esters were also not involved.
Morita-Baylis-Hillman alcohols or esters have aroused much attention in organic synthesis
as valuable synthons and intermediates for the preparation of many important cyclic and
acyclic compounds. Thus, their ready availability and condensed functional groups make
them particularly attractive. In recent years, considering the importance of MBH alcohols
and esters in organic synthesis, more and more research groups pay attention to their appli-
cations, especially as electrophilic reagents in borylation reactions [43–53]. These methods
still have some shortcomings; for instance, the precious metal palladium as a catalyst is
needed in reactions [43,51–53]. Even with copper as a catalyst, the reaction substrate range
is quite limited, and only MBH alcohols or esters are compatible in these methods [44–50].
And more importantly, because all of the above methods are homogeneous reactions, the
catalysts in reactions are difficult to be separated and reused after the reactions, which
resulted in waste and heavy metal residues. Herein, in this work, we used CP@Cu NPs as
a heterogeneous catalyst and 1,1-disubstituted α, β-unsaturated compounds (including α,
β-unsaturated ketones, MBH alcohols, and esters) as substrates. The borylation reactions
of these compounds could be achieved under mild conditions. Considering that some
organoboron compounds are not very stable, the corresponding β-hydroxy-substituted
carbonyl compounds were obtained via direct oxidation. Finally, the activity and stability
of the catalysts were proved by the recovery experiments (Scheme 1b).

 
Scheme 1. Copper-catalyzed borylation reactions of α, β-unsaturated compounds.

2. Results and Discussion

2.1. Catalysis of CP@Cu NPs in the Borylation Reaction of α, β-Unsaturated Ketones

The initial experiments commenced with α, β-unsaturated ketone II-1 (0.2 mmol)
as a model substrate. CP@Cu NPs (10.0 mg, 9.0 mol%) was used as a catalyst by using
B2(pin)2 (0.4 mmol, 2.0 equiv) as a boron source in 2.0 mL of solvents. First, various organic
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solvents were investigated, and no additives were added (Table 1, entries 1–7). When
THF and toluene were used as solvents in this reaction, no reaction happened (Table 1,
entries 1–2). Surprisingly, when ether was used as a solvent, the reaction occurred, and
the target product was obtained in 8% yield (Table 1, entry 3). We continued to explore
other solvents, such as MeOH, acetone, and H2O; the reaction could still happen, but the
yields increased not obviously (Table 1, entries 4–6). In our previous work, we found that
when we used mixed solvents in the reaction, excellent yields could be gained [37–39].
Considering the role of protons in this reaction, we used MeOH and H2O as mixed solvents
(MeOH/H2O = 3:1), and the yield was increased to 28% yield (Table 1, entry 7). Next, we
intended to examine the effects of additives in the reactions, mainly various organic bases,
including 2,2-bipyridine, DMAP, 2-cyanopyridine, 2-chloropyridine, 2-bromopyridine,
2,6-dibromopyridine, and 4-picoline (Table 1, entries 8–14). We found that when we used
4-picoline as an additive in the reaction, the reaction worked very well, and the yield could
obviously increase to 60% yield (Table 1, entry 14). Inspired by this result, we considered
that the ratio of MeOH and H2O may have some contribution to these reactions. When we
changed the ratio of the mixed solvents, different results were observed (Table 1, entries
15–18). In particular, when the ratio of MeOH to H2O was 1:1, the best result 92% yield
could be obtained (Table 1, entry 16). In the organic synthesis, the reaction time is also
one of the important factors that would affect the yield; therefore, we carried out the
examination of the reaction time (Table 1, entries 19–21 vs. 16), and it was found that the
reaction efficiency was still the highest when the reaction time was 12 h (Table 1, entry
16) and the yield was decreased whether the reaction time was shortened or prolonged.
In order to study the effect of the amounts of additives on the reactions, we reduced or
increased the amounts of additives and found that it actually had an effect on the reaction,
and the yields were reduced to a certain extent (Table 1, entries 22–23 vs. 16). Finally, we
investigated the catalyst loading in the reactions. When the catalyst loading was reduced
to 4.5 mol%, the yield was still 92% (Table 1, entry 24), but when the amount of catalyst
was increased to 13.5 mol%, the yield decreased to 90% (Table 1, entry 25). Therefore,
we chose to use 4.5 mol% of catalyst loading to carry out the reactions from the view of
economy. Thus, by a series of optimizations of the conditions, the optimal conditions of this
research were 4.5 mol% CP@Cu NPs as a catalyst, 2.0 equiv of B2(pin)2 as a boron source,
and 6.0 mol% of 4-picoline as an additive, and the whole reaction was conducted in 2.0 mL
of mixed solvents (MeOH/H2O = 1:1) at room temperature for 12 h (Table 1, entry 24).

With the optimal experimental conditions in hand, we continued to investigate the
universality of the reaction, and the results are summarized in Scheme 2. We mainly
examined the effects of the substituents on the benzene ring of 1,1-disubstituted α, β-
unsaturated ketones on the yields (Scheme 2). We first investigated the para-substituted
functional groups on the benzene ring Ar1; when the substituents were methoxyl and
methyl, the yields of the borylation were slightly decreased, and the possible reason was
that both methoxyl and methyl were electron-donating groups that had an effect on the
electrophilicity of the substrates (II-2a-II-3a, 81–85% yields). When the substituents were
changed to fluorine and bromine, the yields were very good (II-4a, 90% yield; II-6a, 93%
yield). However, when chlorine was used as a substituent, the yield was decreased to 80%
yield (II-5a), mainly because it had less electron absorption than fluorine and bromine.
Next, we examined the ortho-substituents on the benzene ring Ar1; the electron-donating
group methoxyl had a better yield than the electron-withdrawing group bromine (II-7a,
90% yield, vs. II-8a, 57% yield). We also investigated the reactivity of meto-position of
the benzene ring Ar1, and the yields of the reactions were still good (II-9a-II-10a, 80–92%
yields). Last, we found that the substituents on the para-position of the benzene ring Ar2
had little effect on the yields; neither was it the electron-donating group methyl, nor the
electron-withdrawing group fluorine (II-11a-II-12a, 81–88% yields, vs. II-3a, 81% yield).
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Table 1. Optimization of CP@Cu NPs in the borylation reaction of α, β-unsaturated ketones a.

Entries
CP@Cu

NPs
Solvents (2.0 mL) Additives

Time
(h)

NMR
Yields (%)

1 (9.0 mol%) THF - 12 N.R.
2 (9.0 mol%) Toluene - 12 N.R.
3 (9.0 mol%) Et2O - 12 8
4 (9.0 mol%) MeOH - 12 16
5 (9.0 mol%) Acetone - 12 8
6 (9.0 mol%) H2O - 12 19
7 (9.0 mol%) MeOH/H2O = 3:1 - 12 28
8 (9.0 mol%) MeOH/H2O = 3:1 2,2-bipyridine 12 35
9 (9.0 mol%) MeOH/H2O = 3:1 DMAP 12 33

10 (9.0 mol%) MeOH/H2O = 3:1 2-cyanopyridine 12 54
11 (9.0 mol%) MeOH/H2O = 3:1 2-chloropyridine 12 57
12 (9.0 mol%) MeOH/H2O = 3:1 2-bromopyridine 12 50
13 (9.0 mol%) MeOH/H2O = 3:1 2,6-dibromopyridine 12 48
14 (9.0 mol%) MeOH/H2O = 3:1 4-picoline 12 60
15 (9.0 mol%) MeOH/H2O = 2:1 4-picoline 12 72

16 b (9.0 mol%) MeOH/H2O = 1:1 4-picoline 12 92
17 (9.0 mol%) MeOH/H2O = 1:2 4-picoline 12 89
18 (9.0 mol%) MeOH/H2O = 1:4 4-picoline 12 80
19 (9.0 mol%) MeOH/H2O = 1:1 4-picoline 4 79
20 (9.0 mol%) MeOH/H2O = 1:1 4-picoline 8 87

21 b (9.0 mol%) MeOH/H2O = 1:1 4-picoline 16 90
22 b,c (9.0 mol%) MeOH/H2O = 1:1 4-picoline 12 90
23 b,d (9.0 mol%) MeOH/H2O = 1:1 4-picoline 12 90
24 b (4.5 mol%) MeOH/H2O = 1:1 4-picoline 12 92
25 b (13.5 mol%) MeOH/H2O = 1:1 4-picoline 12 90

Reaction conditions: a II-1 (0.2 mmol), B2Pin2 (0.4 mmol), CP@Cu NPS (10.0 mg, 9.0 mol%), additives (6.0 mol%,
0.012 mmol), solvents (2.0 mL) at room temperature. b Isolated yield. c 4-picoline (5.0 mol%). d 4-picoline
(7.0 mol%). N.R. = no reaction.

 

Scheme 2. Screening substrate scope of CP@Cu NPs in the borylation reaction of α, β-unsaturated
ketones. Reaction conditions: II (0.2 mmol), B2(pin)2 (2.0 equiv), CP@Cu NPs (5.0 mg, 4.5 mol%),
4-picoline (6.0 mol%) in 2.0 mL of mixed solvents (MeOH/H2O =1:1) at room temperature for 12 h.
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2.2. Catalysis of CP@Cu NPs in the Borylation Reaction of MBH Alcohols and Esters

MBH alcohols and esters are very important intermediates in organic synthesis, and
there is not much research on the borylation reactions of these compounds at present.
Therefore, in this work, we planned to use them as reaction substrates for condition
optimization. The same as the above condition optimizations, we selected MBH alcohols
III-1 (0.2 mmol) or MBH esters IV-1 (0.2 mmol) as a model substrate, CP@Cu NPs (5.0 mg,
4.5 mol%) as a catalyst, and B2(pin)2 (0.4 mmol, 2.0 equiv) as a boron source in 2.0 mL of
solvents; the whole reaction was conducted at room temperature for 12 h, and no additives
were needed (Table 2). According to the above experimental results we achieved, we
believed that proton solvents were beneficial to this reaction, so we just chose methanol
and water as the solvents for screening. First, when we used methanol as a solvent, both
MBH alcohol III-1 and IV-1 could react smoothly, and considering that the intermediates
III-1a and IV-1a were not very stable in these conditions, we directly further oxidized
these intermediates to the corresponding β-hydroxy substituted products using excessive
NaBO3•4H2O as an oxidant (entry1, 31% yield; entry 2, 45% yield). And when H2O was
used as a solvent, both reaction yields were not improved (entry 3, 33% yield; entry 4, 20%
yield). Then, based on our previous experiment results, the mixed solvents were beneficial
to this reaction, and we considered using methanol and water as the mixed solvents for
conditional screening. We investigated the ratio of methanol to water in a mixed solvent
and found that the highest yield could be obtained while the ratio of methanol to water was
2:1, and the target products could be obtained in 93% (entry 7 for III-1b) and 92% (entry 8
for IV-1b) isolated yields. Finally, we investigated the catalyst loading and found that the
yields of the reactions did not change much. From the economic point of view, 4.5 mol% of
catalyst loading was still the best choice in the reactions. Therefore, the optimal conditions
for this reaction were MBH alcohols III-1 (0.2 mmol) or MBH esters IV-1 (0.2 mmol) as
a model substrate, CP@Cu NPs (5.0 mg, 4.5 mol%) as a catalyst, and B2(pin)2 (0.4 mmol,
2.0 equiv) as a boron source in 2.0 mL of mixed solvent (MeOH/H2O = 2:1), and the whole
reaction was conducted at room temperature for 12 h (entry 7 for III-1b, entry 8 for IV-1b).

Table 2. Optimization of CP@Cu NPs in the borylation reaction of MBH alcohols and esters a.

Entries Substrates CP@Cu NPs Solvents (2.0 mL) NMR Yields (%)

1 III-1 5.0 mg MeOH 31
2 IV-1 5.0 mg MeOH 45
3 III-1 5.0 mg H2O 33
4 IV-1 5.0 mg H2O 20
5 III-1 5.0 mg MeOH/H2O =3:1 94
6 IV-1 5.0 mg MeOH/H2O =3:1 90

7 b III-1 5.0 mg MeOH/H2O =2:1 93
8 b IV-1 5.0 mg MeOH/H2O =2:1 92
9 III-1 5.0 mg MeOH/H2O =1:1 90

10 IV-1 5.0 mg MeOH/H2O =1:1 86
11 III-1 5.0 mg MeOH/H2O =1:2 89
12 IV-1 5.0 mg MeOH/H2O =1:2 83
13 III-1 5.0 mg MeOH/H2O =1:3 88
14 IV-1 5.0 mg MeOH/H2O =1:3 85
15 III-1 10.0 mg MeOH/H2O =2:1 93
16 IV-1 10.0 mg MeOH/H2O =2:1 91

Reaction conditions: a III-1 and IV-1 (0.2 mmol), B2(pin)2 (0.4 mmol), CP@Cu (5.0 mg, 4.5 mol%), solvents (2.0 mL)
at room temperature for 12 h. b Isolated yields.
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With the optimized conditions in hand, we investigated the universality of the borylation
reactions of MBH alcohols and esters, and the results are summarized in Scheme 3. We
first examined the reactions as group R1 was different; when R1 was 4-methylphenyl, 4-
ethylphenyl, 4-isopropylphenyl, 4-tert-butylphenyl, and 4-methoxyphenyl, the effect of the
substituent on the reaction was not significant, whether they were MBH alcohols (III-2b-III-

6b, 85–98% yields) or esters (IV-2b-IV-6b, 80–91% yields). However, when group R1 was
4-fluorophenyl, 4-chlorophenyl, 4-bromophenyl, and 4-trifluoromethylphenyl, the reaction
results were not very good compared with the model reaction. Especially for MBH alcohols,
when R1 was 4-bromophenyl, the target product was not detected (III-9b), and when R1 was
4-trifluoromethylphenyl, the yield was not good because of its strong electron absorption
(III-10b, 53% yield). When R1 consisted of 3-substituted benzene rings, the electronic effect
of the benzene ring had a great influence on the reactions. When the benzene ring was
connected with electron-donating groups, such as 3-methyl and 3-methoxy, the yields were
better, but for the electron-deficient group, for example, 3-bromophenyl, the yield had a
great influence (III-13b, 50% yield; IV-13b, 39% yield). However, when R1 was 2-substituted
phenyl, the electronic effect of the aromatic rings had no effect on the reactions, no matter
whether they were electron-absorbing substituents or electron-giving substituents (III-14b-III-

16b, 93–98% yields; IV-14b-IV-16b, 87–95% yields). For the disubstituted benzenes of R1, no
matter whether they were electron-absorbing substituents or electron-giving substituents, the
reactions could still have good yields (III-17b-III-20b, 71–97% yields; IV-17b-IV-20b, 67–80%
yields). To our delight, when R1 was the 2-thiophene substituent, the reactions could still take
place, and the target products could be obtained in medium yields (III-21b, 43% yield; IV-21b,
62% yield). Next, we continued to investigate the reactions when R1 consisted of alkyl groups.
From the reaction results, we found that the alkyl substituents could occur smoothly, and the
target products could be synthesized in medium to excellent yields (III-22b-III-27b, 48–99%
yields; IV-22b-IV-27b, 40–66% yields). Finally, we investigated the reaction of R2 and found
that when R2 was ethyl, the reaction activity was still very good, and the corresponding target
product could be obtained with good yields (III-28b, 86% yield; IV-28b, 99% yield).

 

Scheme 3. Screening substrate expansion scope of CP@Cu NPs in the borylation reaction of MBH
alcohols and esters. Reaction conditions: III-1 and IV-1 (0.2 mmol), B2Pin2 (0.4 mmol), CP@Cu
(5.0 mg), 2.0 mL of mixed solvents with MeOH/H2O =3:1 for III-1 reaction and MeOH/H2O =2:1 for
IV-1 reaction, at room temperature for 12 h. N.D. = no detection.
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2.3. Recycling Experiments of CP@Cu NPs in Borylation Reactions

The main advantage of heterogeneous catalysis in organic synthesis was that the
catalyst in the system could be easily recovered and reused. Such a type of operation
could not only increase the catalytic efficiency of the catalyst and reduce the cost of the
reactions but also avoid the heavy metal residue to the environment. In this work, to
assess the reusability and stability of the CP@Cu NPs in borylation reactions, we used
MBH alcohols III-1 as a substrate and CP@Cu NPs as a catalyst. After the completion
of the reaction, the catalyst CP@Cu NPs could be recycled with a simple operation. The
results showed that the activity of the catalyst stayed very well, and the yield of the product
could also still be up to 84% even in the seventh experiment, which confirmed that the
catalyst could be recyclable (Figure 1). Notably, the yields of the eighth and ninth cycles
were still 83% and 82%, respectively. The slight decrease in the yields that was observed in
the recycling experiments was probably due to the formation of a byproduct, which may
be absorbed onto the surface of CP@Cu NPs. It must also be mentioned that the catalyst
could be reactivated by washing with 10% aq. NaOH solution and dried again after the
reaction. By using this process, an average of ~90% yield could be obtained after each
cycle. Furthermore, ICP tests of recycled catalyst were carried out, and almost no detectable
copper leaching was observed. These results strongly indicated that the CP@Cu NPs was a
highly active heterogeneous catalyst for this borylation process.
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Figure 1. The recycle experiments.

3. Materials and Methods

3.1. Materials

Chitosan/poly(vinyl alcohol) composite film-supported copper nanoparticles (CP@Cu
NPs) were prepared, according to the procedures reported [39]. The characterization
of CP@Cu NPs was described in the supplementary materials. Bis(pinacolato)diboron
(B2(pin)2, AR), methanol (MeOH, AR), ethanol (EtOH, AR), acetone (AR), tetrahydrofuran
(THF, AR), ether (Et2O, AR), 2,2-bipyridine (AR), 4-dimethylaminopyridine (DMAP, AR),
2-cyanopyridine (AR), 2-chloropyridine (AR), 2-bromopyridine (AR), and 4-picoline (AR)
were obtained commercially from Energy Chemical (Shanghai, China).

3.2. Synthesis of α, β-Unsaturated Ketones II

In step 1, a mixture of substituted phenylacetonitrile (10 mmol), substituted phenyl-
boronic acid (20 mmol), Pd (OAc)2 (112.3 mg, 0.5 mmol), 2,2′-dipyridine (156.2 mg,
1.0 mmol), TFA (11.4 g, 100 mmol), and H2O (4 mL) were added into THF (20 mL). Then the
mixture was refluxed under nitrogen atmosphere for 2–3 days. The residue was extracted
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with EtOAc (20 mL) three times. After evaporation of solvent, the crude mixture was
purified by flash column chromatograph to afford the intermediate compounds.

In step 2, to the compounds (5 mmol) obtained from step 1, formaldehyde (0.60 g,
20 mmol), piperidine (42.1 mg, 0.5 mmol), AcOH (60.1 mg, 1.0 mmol), and MeOH (5 mL)
were added. The mixture was then refluxed for 6 h. After the completion of this reaction,
evaporation was carried out to remove MeOH. The residue was washed with CH2Cl2 to
collect the organic layer, which was washed with brine, dried over Na2SO4, and concen-
trated in vacuo. The desired ketones II [54,55] were obtained by further purification by
silica gel chromatography.

3.3. Synthesis of MBH Alcohols III

Different substituted benzaldehyde (10 mmol), methyl acrylate (1.72 g, 20 mmol) or ethyl
acrylate (2.00 g, 20 mmol), and DABCO (1.12 g,10 mmol) were successively added into a
50 mL flask under air. After stirring for 3–7 days at room temperature, the reaction mixture
was filtered, and the filtrate was extracted with EtOAc (20 mL) three times. The crude mixture
was purified by silica gel chromatography to afford the desired MBH alcohols III [56].

3.4. Synthesis of MBH Esters IV

Different substituted MBH alcohols III (10 mmol), acetic anhydride (1.23 g, 12 mmol),
4-DMAP (122.2 mg, 1 mmol), and DCM (10 mL) were successively added to a 50 mL flask
under air. The reaction was monitored by TLC. After completion of reaction, the mixture was
filtered, and the filtrate was extracted with EtOAc (20 mL) three times. Then the crude mixture
was purified by silica gel chromatography to afford the corresponding MBH esters IV [56].

3.5. Analytical Methods

The purification of products was accomplished by using flash column chromatography
on silica gel (200–300 mesh) or preparative TLC. Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance III 400 MHz spectrometer (Karlsruhe, Germany) operating
at 400 MHz for 1H and 100 MHz for 13C NMR in CDCl3 unless otherwise noted. CDCl3
served as the internal standard (δ = 7.26 ppm) for 1H NMR and (δ = 77.0 ppm) for 13C NMR.

3.6. Copper-Catalyzed Borylation Reactions

The reaction procedure is depicted in Scheme 1b. Nano-sized copper loaded onto the
membrane material could enable the borylation reaction of α, β-unsaturated ketones, MBH
alcohols, and esters under very mild conditions. Because of the difference in reactivity,
the borylation of α, β-unsaturated ketones with B2(pin)2 required the additional bases,
whereas the borylation of MBH alcohols and esters could be conducted smoothly without
the bases.

3.6.1. Borylation Reactions of α, β-Unsaturated Ketones

At room temperature, 0.2 mmol of α, β-unsaturated ketones II, 0.4 mmol of B2(pin)2,
6 mol% of base, 10.0 mg of CP@Cu NPs as a catalyst, and 2.0 mL of solvent were added in
the reaction system. The whole reactions were stirred at room temperature for 12 h, and
after completion of the reaction, the mixture was filtered, and the desired products II-a

were obtained by being purified with column chromatography and characterized by 1H
NMR and 13C NMR (see supplementary materials).

3.6.2. Borylation Reactions of MBH Alcohols and Esters

At room temperature, a reaction mixture containing 0.2 mmol of MBH alcohols or
esters (III or IV), 0.4 mmol of B2(pin)2, 10.0 mg of CP@Cu NPs, and 2.0 mL of solvent were
prepared, and the whole reactions were stirred at room temperature. After the completion
of the reactions, the organic phase was separated, and the crude intermediates III-a or IV-a

were added to a mixture of THF-H2O containing an excess of sodium perborate, and the
mixture continued to be stirred for 4 h. When the reaction finished, the desired products
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III-b or IV-b were obtained, purified by column chromatography, and characterized by 1H
NMR and 13C NMR (see supplementary materials).

3.7. General Procedure for ICP Test of CP@Cu NPs

Chitosan/poly(vinyl alcohol) composite film supported copper nanoparticles (CP@Cu
NPs) (~20 mg) were placed in a clean test tube and heated with H2SO4 (1 mL) at 200 ◦C. After
30 min, several drops of concentrated HNO3 were added carefully, and the tube was shaken
occasionally. HNO3 was continuously added until a clear solution was obtained, and the
excess amount of HNO3 was allowed to evaporate under heating. After the solution was
cooled to room temperature, 1 mL of aqua regia was added carefully. The effervescence of
gas was observed, and the solution became clearer. The solution was then transferred to a
volumetric flask and increased up to 50 mL with water, which was submitted for ICP analysis.

3.8. General Procedure for the Sample Preparation for ICP Analysis to Determine Metal Leaching

After the reaction was finished, the reaction mixture was filtered. The filtrate obtained
was concentrated and diluted with 10 mL of THF. Then, 50% v/v of the crude THF solution
(5 mL) was then passed through a membrane filter (0.25 or 0.45 μm) into a clean test tube.
After the evaporation of the solvent, the solid obtained in the test tube was heated to
200 ◦C, and 1.0 mL of concentrated H2SO4 was added. Following a procedure similar to
that described above, concentrated HNO3 was added at regular intervals until the resulting
solution was clear. After the solution was cooled to room temperature, 1 mL of aqua regia
was added carefully. The effervescence of the gas was observed, and the solution became
clearer. The solution was then transferred to a volumetric flask and increased up to 50 mL
with water, which was submitted for ICP analysis.

4. Conclusions

In summary, we reported the preparation of a chitosan-loaded copper catalyst (CP@Cu
NPs) and its application in the borylation of α, β-unsaturated ketones, MBH alcohols,
and esters with B2(pin)2 as a boron source. The whole reaction conditions were very
mild, and no additives were even needed in the borylation of the MBH alcohols and
esters. It demonstrated that the substrate scope of this newly developed method was
very broad (more than 40 examples) with very high activity of the catalyst (up to 99%
yield). Remarkably, a single heterogeneous catalyst could efficiently catalyze three types
of substrates including the borylation of α, β-unsaturated ketones, MBH alcohols, and
esters. Moreover, this newly developed strategy could largely solve the recovery of copper
catalysts, providing a green and economic way for the efficient synthesis of organoboron
compounds in the aqueous phase.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28145609/s1.
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Abstract: At present, the production of propylene falls short of the demand, and, as the global
economy grows, the demand for propylene is anticipated to increase even further. As such, there
is an urgent requirement to identify a novel method for producing propylene that is both practical
and reliable. The primary approaches for preparing propylene are anaerobic and oxidative dehy-
drogenation, both of which present issues that are challenging to overcome. In contrast, chemical
looping oxidative dehydrogenation circumvents the limitations of the aforementioned methods, and
the performance of the oxygen carrier cycle in this method is superior and meets the criteria for
industrialization. Consequently, there is considerable potential for the development of propylene
production by means of chemical looping oxidative dehydrogenation. This paper provides a review
of the catalysts and oxygen carriers employed in anaerobic dehydrogenation, oxidative dehydrogena-
tion, and chemical looping oxidative dehydrogenation. Additionally, it outlines current directions
and future opportunities for the advancement of oxygen carriers.

Keywords: propylene; propane; oxygen carrier; chemical looping; oxidative dehydrogenation

1. Introduction

Propylene is primarily utilized at room temperature to produce raw materials, such
as acrylic acid, acrolein, acrylonitrile, and polypropylene, which are fundamental to the
synthesis of plastics, rubber, and fibers. The global demand for propylene is projected to rise
in tandem with the development of the social economy. The primary sources of propylene
production are steam cracking of refinery gas and catalytic cracking of heavy oils, such
as petroleum [1–5]. Nevertheless, the propylene yield in these processes is significantly
restricted. The yield ratio of propylene to ethylene in the steam cracking process is 0.4–0.5,
while it is only 4.5% in the catalytic cracking process of heavy oil [6–10].

Over the past few years, several technologies have been investigated worldwide to
improve propylene yield, such as propane dehydrogenation [11,12], carbon-tetraolefin dis-
proportionation to propylene [13–15], methanol to propylene [16–18], and catalytic cracking
of olefins to increase propylene production [19–21]. Among these technologies, propane
dehydrogenation has gained considerable attention, and its development potential is vast.
Propane dehydrogenation accounts for 4.5% of the total propylene capacity, and is the
third-largest source of propylene production globally [22–26]. The primary techniques for
propylene preparation are anaerobic dehydrogenation and oxidative dehydrogenation. The
former process is associated with high equipment and catalyst costs. In contrast, oxidative
dehydrogenation is exothermic, and has lower equipment and catalyst costs compared
to conventional anaerobic dehydrogenation. Furthermore, oxidative dehydrogenation
has significant potential to address equilibrium conversion limitations and low selectivity.
Extensive research has been conducted on the oxidative dehydrogenation of propane,
using various gases and solids with the different oxidizing properties as oxidants [27–30].
The primary gas oxidants used in oxidative dehydrogenation are O2, N2O, Cl2, and CO2.

Molecules 2023, 28, 3594. https://doi.org/10.3390/molecules28083594 https://www.mdpi.com/journal/molecules120



Molecules 2023, 28, 3594

However, CO2 has garnered more attention from previous researchers, due to its difficulty
in oxidizing propylene and propane. Some studies have explored the role of CO2 in the
oxidative dehydrogenation of propane, but it is challenging to regulate its impact on the
reaction at low temperatures. Moreover, the reaction mechanism is not clear, leading to
significant product variability. Anaerobic dehydrogenation typically yields low conversion
rates (not exceeding 50%) [31,32], but it has higher dehydrogenation efficiency and propy-
lene selectivity. Therefore, anaerobic dehydrogenation has found practical applications.
The aerobic dehydrogenation method entails adding an oxidant to the reaction system.
Hydrogen, a byproduct of the decomposition of low-carbon alkanes, reacts with the oxidant
to produce H2O, which can be separated from the reaction by condensation, maintaining
a positive reaction direction. The oxidative dehydrogenation of low-carbon alkanes is
exothermic, resulting in lower reaction temperatures. The catalyst is not deactivated by
high temperatures, enhancing its application value. However, oxidative dehydrogenation
has problems with process control, necessitating high catalyst selectivity. Hence, the devel-
opment of catalysts with high selectivity for target olefins is the focus of current research
on the aerobic dehydrogenation of low-carbon alkanes.

While anaerobic dehydrogenation is effective in dehydrogenation, it has several prob-
lems, such as poor catalyst cycling performance, severe carbon accumulation, and low
propane conversion, limiting the development of industrial propane dehydrogenation
process technology. As of September 2022, China imported 1,686,800 tons of propylene,
whereas only 38,400 tons were exported [33]. The production was much lower than the
demand, making it necessary to identify a new pathway for practical and reliable target
olefin production [34]. Chemical looping oxidative dehydrogenation utilizes the hydrogen
produced by the dehydrogenation of low-carbon alkanes to combine with lattice oxygen
provided by metal oxide (MeO) oxygen supports to generate water, which is separated
from the reaction system by condensation. This drives the reaction equilibrium in the
direction of a positive reaction, increasing propane conversion. Furthermore, the slow
release of lattice oxygen effectively controls the rate of propylene production and enhances
propylene selectivity. Moreover, the oxygen support used in chemical looping oxidative
dehydrogenation typically exhibits better cycling performance and meets industrial pro-
duction requirements [35–37]. Thus, there is considerable potential for the development of
low-carbon olefin production via chemical looping oxidative dehydrogenation.

Although researchers have made many contributions to the propane dehydrogenation,
reviews, such as this one, are still necessary to provide direction for future research. In this
paper, we will focus on the mechanism and role of catalysts, or oxygen carriers, in propane
dehydrogenation reactions.

2. Catalysts for Anaerobic Dehydrogenation Reaction

The catalysts utilized in anaerobic dehydrogenation mainly comprise of Pt-Sn and
Cr2O3 catalysts, with other catalysts being less commonly reported. The Pt-Sn catalysts
exhibit high catalytic activity, owing to the presence of the noble metal Pt, which also
enhances propylene selectivity. Furthermore, the catalysts demonstrate excellent thermal
stability and adaptability to a diverse range of reaction conditions, making them industrially
viable for over two decades. In contrast, the Cr2O3 catalysts are inexpensive and readily
available, but their application is limited, due to the presence of the heavy metal element
Cr, which is harmful to the environment, making them less desirable.

2.1. Platinum-Based Catalyst

Platinum (Pt) is a noble metal, often used in the direction of catalyst dehydrogenation.
Yu et al. [38] achieved 34.1% propane conversion and 79.2% propylene selectivity using
Pt/Al2O3 catalyst at 576 ◦C. However, due to the excessive acidic bits of Al2O3 support,
carbon deposition occurred during the reaction, leading to catalyst deactivation. To address
this issue, researchers have improved the activity of Pt/Al2O3 catalysts by adding catalytic
agents, or modifying Al2O3. Various studies have demonstrated that adding Sn signifi-
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cantly improves catalyst activity. For instance, Hien et al. [39] investigated the role of Sn in
reducing catalyst Pt/γ-Al2O3, and found that Sn addition enabled rapid reductive regener-
ation of Pt, reducing the occurrence of side reactions. Antolini et al. [40] loaded Pt-Sn onto
Al2O3 for propane dehydrogenation and reported that increasing the amount of the active
component Sn improved propane conversion and propylene selectivity. The interaction
of Sn with Pt produced different types of alloys that modified the defective sites on the
catalyst surface, improving Pt dispersion, propane adsorption, and inhibiting the formation
of byproducts. Yang et al. [41] investigated the catalytic performance of PtSn catalysts for
propane dehydrogenation using first principles calculations and found that the formation
of an alloy facilitated the reaction. Vu et al. [42] suggested that the type and stability of
PtSn alloy were positively correlated with the activity and stability of the catalytic propane
dehydrogenation reaction of this catalyst. Hauser et al. [43] used density function theory
(DFT) to study the reaction path of propane dehydrogenation to propylene and found
that replacing a Pt atom in the Pt4 cluster with a Sn atom to form a PtSn alloy reduced
the activation energy of the rate-controlling step, thereby improving propane conversion
and propylene selectivity. Sn transfers electrons to Pt atoms, reducing the desorption
energy barrier of propylene and carbon precursors, and hindering the adsorption of propy-
lene on Pt atoms, thus reducing the possibility of side reactions, such as hydrogenolysis
and coking.

The size of Pt particles also affects propane dehydrogenation. Kumar et al. [44]
prepared Pt/SBA-15 catalysts with varying Pt particle sizes for catalytic propane dehydro-
genation and found that Pt particles with a particle size of around 3 nm had higher activity.
However, the coking rate and amount of coking were also higher. This is due to smaller Pt
particles activating the C-C bond, leading to cleavage reactions.

The results of Nykanen et al. [45] showed that the adsorption energy (0.52 eV) of
propylene on the Pt(111) crystal surface is smaller than its energy barrier (0.81 eV) for deep
dehydrogenation. While the adsorption energy (0.81 eV) on the Pt(211) crystal surface is
larger than its energy barrier (0.54) for deep dehydrogenation. Propylene is prone to deep
cracking and coking on the crystalline surface of Pt. Therefore, monometallic Pt-based
catalysts have high activity and low selectivity for propylene in the initial stage of the
reaction. When the reaction temperature of Pt-based catalysts is high, it is more likely to
bring about the sintering problem of Pt nanoparticles. Currently, the Pt-based catalyst
activity could be improved by improving the interaction between Pt and the support, in
addition to the introduction of metals such as Sn.

2.1.1. Improvement of Support

Different supports can strongly influence catalytic propane dehydrogenation by Pt-
based catalysts. Al2O3 and molecular sieves are the main supports currently used for
propane dehydrogenation. Kikuchi et al. [46] and Kobayashi et al. [47] mixed Al2O3
with MgO, ZnO, and Fe2O3 to obtain MgO-Al2O3, ZnO-Al2O3, and Fe2O3-Al2O3 sup-
ports, respectively, followed by loading Pt and Sn. Experimental results showed that the
Pt-Sn/ZnO-Al2O3 catalyst for n-butane dehydrogenation was highly effective. In their
catalytic propane dehydrogenation study, Vu et al. [48] employed Pt-Sn catalysts that were
loaded with La, Ce, and Y-doped Al2O3 supports. The authors observed that La and Y
could form a dispersed phase, whereas Ce formed CeO2, due to an agglomeration phe-
nomenon on the catalyst surface. Notably, PtSn/La-Al2O3 and PtSn/Y-Al2O3 surfaces
formed Pt and Sn alloys, respectively. The catalytic activity of these two catalysts was high,
due to the low coking amount and the excellent stability of the alloys.

In contrast to metal oxides, molecular sieves used as supports can reduce the adsorp-
tion capacity of propylene and minimize side reactions such as product cracking. In a study
conducted by Chen et al. [49], a PtSnNaLa/ZSM-5 catalyst was prepared, and was observed
to have a lower amount of carbon deposition compared to the PtSnNaLa/γ-Al2O3 catalyst
during propane dehydrogenation catalysis. After 880 h of continuous reaction, the propane
conversion of the PtSnNaLa/ZSM-5 catalyst remained above 30%, while, after 480 h of
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continuous reaction with the PtSnNaLa/γ-Al2O3 catalyst, the propane conversion had
dropped below 30%. Li et al. [50] prepared Co-doped HZSM-5 catalysts, and it was found
that the dehydrogenation reaction rate of propane catalyzed by this catalyst was 12 times
higher than that of the HZSM-5 catalyst, and the selectivity of propylene was also high.

2.1.2. Effect of Additives

The addition of metal Sn to the catalyst is also an important factor. Although the
Pt-Sn/γ-Al2O3 catalyst showed a significant improvement in catalytic activity, it still
suffered from catalyst coking, which shortened its lifetime [51]. To address this issue,
Xia et al. [52] used Mg(Al)O-x supports loaded with active components Pt and In to
produce Pt-In/Mg(Al)O-x catalysts. The addition of In regulated the acidity of the catalyst
surface, improved the dispersion of Pt, and increased the anti-coking ability of the catalyst.
Consequently, the Pt-In/Mg(Al)O-4 catalyst reduced carbon accumulation and prolonged
the catalyst’s lifespan. The initial conversion of propane was 66.4%, and the propane
conversion after eight reaction cycles still reached 43.5%. Similarly, Zhang et al. [53] added
different levels of La to Al2O3 supports, using the sol-gel method. The best conversion and
selectivity of propane were achieved when the mass fraction of La was 1.0%, resulting in
41% propane conversion and 97–98% propylene selectivity. In addition to its effectiveness
in the dehydrogenation of propane, the addition of In was also found to be effective
in the dehydrogenation of butane. Bocanegra et al. [54] added In to the Pt-Sn system,
using MgAl2O4 as a support for the dehydrogenation of butane, which resulted in high
selectivity (95–96%) of butene. During anaerobic dehydrogenation, researchers observed
that the competitive adsorption of additives decreased the adsorption of low-carbon olefins,
but improved the selectivity of target products produced from the dehydrogenation of
low-carbon alkanes.

2.2. Cr-Based Catalyst

Cr-based catalysts have gained attention, due to their high catalytic activity and propy-
lene selectivity, as well as their cost-effectiveness compared to noble metal Pt. Also, the
better cycling performance of chromium-based catalysts is an important reason for their in-
dustrialization. The Cr2O3/Al2O3 catalyst, developed by Cabrera et al. [55], demonstrated
propane conversion of up to 47% and propylene selectivity above 90% at a reaction temper-
ature of 600 ◦C and atmospheric pressure. However, carbon deposition and deactivation of
the catalyst remain issues that need to be addressed to improve the conversion of propane
and selectivity of propylene. Therefore, modifications to Cr-based catalysts are necessary.

Modification of Supports

Kim et al. [56] examined the impact of varying the ratio of Al2O3 and ZrO2 in Cr2O3
catalyst supports on propylene yield. Their findings showed that the lowest oxygen content
of the catalyst was achieved at an Al/Zr ratio of 0.1, resulting in propylene selectivity and
yield of 85% and 30%, respectively. The authors speculated that this might be due to the
interaction of the active component with the support, leading to the conversion of lattice
oxygen to electrophilic oxygen in the catalyst. However, an increase in carbon oxide content
(CO2 and CO) was observed, leading to a decrease in propylene selectivity.

It is important to note that Cr is a heavy metal element that poses environmental
pollution risks, which greatly limits the widespread industrial use of Cr2O3.

2.3. Introduction of Several Propane Anaerobic Dehydrogenation Industrialization Technologies

Currently, industrial technology for anaerobic propane dehydrogenation mainly con-
sists of the Oleflex process, developed by UP, and the Catofin process, developed by
ABB Lummus.
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2.3.1. Catofin Process

The Catofin process comprises four stages: propane dehydrogenation to propylene
(reaction stage), compression of the reactor discharge (compression stage), and recovery
and refining of the product (recovery and refinement stages). The Catofin process employs
a CrOx/Al2O3 catalyst, which is cost-effective, and has high cycle times and excellent
mechanical properties. The catalyst has a long service life of up to 600 days [21].

The main characteristics of the Catofin process [20] are (1) the use of a low-cost
non-precious metal catalyst with excellent mechanical properties and high cycle times,
(2) high-pressure reaction, requiring the importation of specialized equipment, and (3) easy
separation of products.

Figure 1 shows that process diagram of Catofin dehydrogenation unit.

Figure 1. Process diagram of Catofin dehydrogenation unit. (1) Heat exchanger; (2) Steam generator;
(3) Heating furnace; (4) Purge section reactor; (5) Process section reactor; (6) Cooler; (7) Compressor;
(8) Air cooling; (9) Flash tank; (10) Dryer; (11) Cold box; (12) Gasifier; (13) Heater; (14) Regeneration
section reactor.

2.3.2. Oleflex Process

The Oleflex process is divided into three parts: the reaction part, the product separation
part, and the catalyst regeneration part. The reaction section uses moving bed reactor.
Compared with the Catofin process, the catalyst in the reactor is recycled and has a service
life of 2 to 7 days.

The Oleflex process employs the Pt catalyst to carry out the dehydrogenation of
propane, and the resulting polymeric grade propylene is obtained by separation and
distillation in the presence of the catalyst. This reaction does not require the use of hydrogen
or water vapor as diluents, resulting in lower energy consumption and operational costs.
The Oleflex process is characterized by (1) high operational safety, a small reaction volume,
and easy operation, and (2) a lower one-way conversion and a higher sulfur content
limitation (not exceeding 100 ppm) compared to the Catofin process. Table 1 shows the
comparison of these two process technologies.

Figure 2 shows that Process diagram of Oleflex dehydrogenation unit. Table 1 shows
the comparison of the Catofin and Oleflex propane dehydrogenation processes.
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Figure 2. Process diagram of Oleflex dehydrogenation unit.

Table 1. Comparison of Catofin and Oleflex propane dehydrogenation process technologies.

Projects
Process Technology

Catofin Process Oleflex Process

Technology exporter ABB Lummus UOP
Reactor type Fixed Bed Moving Bed

Total number of reactors 5 3~4
Catalyst CrOx/Al2O3 Pt-Sn/Al2O3

Cycle regeneration time 15~30 min 2~7 d
Temperature/◦C 600–700 550~620

Pressure/Mpa 0.3~0.5 2~3
Diluent - H2

Propane conversion 48~65 80~88
Propylene selectivity 25 89~91

The reaction is a strong heat absorption reaction, which requires a large amount of ex-
ternal reaction heat supply. Since the dehydrogenation reaction is an equilibrium reaction,
increasing the temperature and decreasing the pressure are beneficial for the dehydro-
genation reaction to proceed and obtain a high propane conversion. The temperature of
industrial propane dehydrogenation reaction is 500–700 ◦C. However, the high temperature
will promote the occurrence of thermal cracking side reactions, which will also produce
some heavy hydrocarbons and form a small amount of coking on the catalyst, thus reducing
the reactivity. Therefore, the Oleflex process is more selective for propylene than the Catofin
process, due to the cyclic regeneration of the catalyst.

3. Catalysts for Oxidative Dehydrogenation Reaction

In contrast to anaerobic dehydrogenation, oxidative dehydrogenation is a highly
endothermic reaction that is not limited by thermodynamic equilibrium, thereby increasing
propane conversion. However, it is prone to catalyst deactivation, due to carbon deposition.
To extend the catalyst lifetime, oxidative dehydrogenation reactions typically require the
introduction of a gaseous oxidant. Common oxidants include O2, N2O, and CO2. CO2, in
particular, has been widely studied in the literature, as it does not deeply oxidize propane
or propylene. The function of CO2 as an oxidant can be attributed to two factors [57,58]:
(1) the reaction CO2 + C → 2CO can reduce carbon deposition on the catalyst and improve
its stability, and (2) it inhibits the adsorption of olefin products on the catalyst surface,
thereby improving propylene selectivity.
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3.1. Chromium-Based Catalysts

The use of Cr2O3/Al2O3 catalysts in oxidative dehydrogenation is also common.
However, unlike in anaerobic dehydrogenation, the addition of CO2 as an oxidant does
not improve propane conversion and propylene selectivity of the Cr2O3/Al2O3 cata-
lyst. Its only function is to extend the catalyst’s lifetime. Therefore, researchers have
explored the use of molecular sieves to modulate the physicochemical properties of Cr2O3.
Michorczyk et al. [59] loaded Cr2O3 onto a MCM-41 molecular sieve and obtained 34.9%
propane conversion and 88.5% propylene selectivity at 550 ◦C. Zhang et al. [60] loaded
Cr2O3 onto SBA-15, ZrO2, and ZrO2/SBA-15 supports and found that the Cr2O3/SBA-15
catalyst displayed excellent catalytic activity, with 24.2% propane conversion and 83.9%
propylene selectivity at 600 ◦C.

3.2. Vanadium-Based Catalysts

V2O5 is an acidic oxide that exhibits high catalytic activity, but low propylene selectiv-
ity. Therefore, V2O5 is often loaded onto suitable supports to improve propylene selectivity
for propane dehydrogenation. The appropriate support can decrease the deep dehydro-
genation capability of V2O5 and enhance the selectivity of propylene. The catalytic activity
center in vanadium-based catalysts is VOx [61]. Vanadium oxide with high coordination
numbers can deeply oxidize propane, whereas highly dispersed tetrahedral VO4 provides
limited lattice oxygen for propane dehydrogenation. By controlling the release rate of lattice
oxygen, selectivity of propylene can be improved. A balanced ratio of acidic and basic sites
on the catalyst surface is the key to improving the conversion of propane and propylene
selectivity [62]. A more acidic surface activates propane more strongly, improving the
propane conversion. On the other hand, the product propylene has a greater electron cloud
density compared to propane, and it is more basic. Therefore, a more alkaline surface
facilitates propylene desorption and Improves selectivity [63–66]. During the preparation
of vanadium-based catalysts, it is crucial to control the vanadium content. Exceeding
the theoretical monolayer of vanadium content results in the appearance of octahedral
V2O5 crystalline phases, with different polymerization deformations on the catalyst sur-
face [67–70]. Therefore, it is essential to disperse tetrahedral VO4 as much as possible on the
catalyst surface to reduce the occurrence of crystalline phase V2O5. Hossain et al. prepared
vanadium-based CaO-γ-Al2O3 supports for the oxidative dehydrogenation of propane [71].
They achieved 25.5% conversion of propane and 94.2% selectivity of propylene at 640 ◦C,
and the most active catalysts were obtained at a mass ratio of CaO to γ-Al2O3 of 1:1.

3.3. Gallium-Based Catalysts

Gallium-based catalysts have also been utilized for propane dehydrogenation, along
with chromium-based and vanadium-based catalysts. Ga2O3 catalysts operate via a het-
erolysis process, which is distinct from the mechanism of the Cr system. The reaction
mechanism is illustrated in Figure 3 [72–76].

Xu et al. [77] and Ren et al. [78] discovered that the impact of CO2 oxidation on propane
dehydrogenation was evident when the reaction rate of (3c) was slow and the reaction rate
of (3d) was fast. On the other hand, the presence of CO2 had little effect on the reaction
when the reaction rate of (3c) was fast and the reaction rate of (3d) was slow. However, CO2
had an inhibitory effect on propane dehydrogenation, as it had to compete with propane
for the basic sites on the catalyst surface, which hindered the adsorption of propane on the
catalyst surface. When the rate of reaction (3d) was very slow, the conversion of propane
and propylene yield decreased with the increase of CO2 concentration.
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Figure 3. Reaction mechanism diagram of Ga2O3 catalyst with propane (a–d).

4. The Process of Chemical Looping Oxidative Dehydrogenation

The anaerobic dehydrogenation method has drawbacks, such as the non-recyclability
of the catalyst, and being constrained by thermodynamic equilibrium, resulting in low
conversion rates. On the other hand, the aerobic dehydrogenation method has issues,
such as difficulty controlling the degree of reaction, especially when using CO2 as the
oxidant, leading to varying reaction products. Chemical looping technology uses an
oxygen carrier that can be regenerated and slowly releases lattice oxygen to control the
degree of reaction, thereby improving the thermodynamic irreversibility of traditional
dehydrogenation reactions. Chemical looping oxidative dehydrogenation overcomes the
limitations of both anaerobic and oxidative dehydrogenation methods, and has the potential
to significantly improve the conversion of low-carbon alkanes and selectivity of low-carbon
olefins [79–81].

Chemical looping oxidative dehydrogenation involves oxidation and reduction reac-
tions based on the oxygen carrier’s reaction type in two reactors. In the dehydrogenation
reactor, the oxygen carrier is used for the dehydrogenation reaction with propane, and
is then regenerated with air, releasing heat in the oxidation reactor. During the reaction,
the products of low carbon alkanes after dehydrogenation (H2) combine with the metal
oxide oxygen carriers’ lattice oxygen to form water, which is removed from the reaction
system by condensation, promoting the reaction equilibrium to proceed in the positive
reaction direction, thus increasing the conversion rate of low carbon alkanes. The lattice
oxygen in the oxygen carrier can be gradually released under specific conditions, control-
ling the reaction’s course, which contributes to enhancing the selectivity of propylene. After
the reduction of the oxygen carrier product in the dehydrogenation reactor, it enters the
air reactor for oxidation with oxygen to complete the regeneration process. The process
flowchart is presented in Figure 4.
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Figure 4. The process flow diagram of chemical looping oxidative dehydrogenation.

4.1. Monometallic Active Oxygen Carriers

Ghamdi et al. [82] investigated catalysts with varying vanadium content (5%, 7%, 10%
wt.%), loaded onto γ-Al2O3 for chemical looping oxidative dehydrogenation reactions.
They achieved a maximum propylene selectivity of 85.94% at a propylene conversion
of 11.73%. However, the VOx/γ-Al2O3 catalysts had a limited number of cycles, with a
maximum of 10 cycles throughout the reaction. This was likely due to the accumulation of
V2O5 crystal structures on the catalyst surface as the number of cycles increased, which
decreased the propylene yield. In monometallic oxygen carriers, lattice oxygen is released
rapidly, resulting in deep propane oxidation during the chemical looping oxidative dehy-
drogenation of propane. Additional CO2 is often required to provide an oxygen source for
the reaction system. Loading appropriate metal oxides onto catalysts to control the rate of
lattice oxygen release and regulate the migration or evolution of the released lattice oxygen
from the catalyst surface could reduce the selectivity of COx and extend the catalyst’s
lifespan. Wu et al. [83] compared the activity of Ga-based, Mo-based, and V-based oxygen
carriers for propane dehydrogenation at 540 ◦C, 615 ◦C, and 650 ◦C, respectively. The
results showed that the V-based oxygen carrier had the best catalytic activity. Meanwhile,
the optimum reaction temperature for propane dehydrogenation was also investigated to
be 615 ◦C.

4.2. Bimetallic or Polymetallic Composite Oxygen Carriers

Fukudome et al. [84,85] achieved higher concentrations of isolated VOx species by
incorporating them into the SiO2 framework using alkoxy exchange between metal alcohol
oxygen compounds and polyethylene glycols. It was observed that SiO2-doped VOx
exhibited higher selectivity for propylene than VOx loaded onto SiO2. Gao et al. [86] used
polymetallic composite oxygen carriers (LaxSr2−xFeO4−δ) to dehydrogenate ethane into
ethylene, with a high yield of 51.6%, and the number of cycles of the oxygen carriers
reached up to 30. Thus, there is a need to develop oxygen carriers that can last for more
cycles in the future.
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Appropriate bimetallic or even polymetallic oxides can release lattice oxygen slowly,
which is more effective in controlling the rate of propane dehydrogenation for propylene
production than anaerobic dehydrogenation and gaseous oxidants. Moreover, metal oxides
can inhibit the conversion of lattice oxygen (O2–) to electrophilic oxygen (O2

–) and reduce
the formation of oxides (e.g., COx), thereby improving the conversion of propane and
the selectivity of propylene [87–89]. Additionally, the short reaction time of chemical
looping oxidative dehydrogenation, ranging from 20 s to 8 min, makes it difficult to study
the reaction mechanism of propane dehydrogenation. For industrial promotion, further
research is needed to develop oxygen carriers with high oxygen loading capacity and high
propane conversion with propylene selectivity.

5. Conclusions and Prospects

(1) The current methods for propylene production are anaerobic and oxidative dehy-
drogenation. The anaerobic method has been used for many years, but is expensive,
due to high equipment and catalyst costs. The oxidative dehydrogenation method
is cheaper, but the extent of CO2 influence on the reaction is difficult to control at
certain temperatures, and the reaction mechanism is still unclear, resulting in variable
product yields.

(2) In contrast, chemical looping oxidative dehydrogenation resolves the drawbacks of the
previous methods. Lattice oxygen release can be controlled by appropriate bimetallic
or polymetallic oxides, replacing molecular oxygen. This effectively controls the
reaction rate of propane dehydrogenation to produce propylene, and improves the
conversion of propane with high selectivity for propylene, compared to oxygen-free
dehydrogenation and gas oxidant methods.

(3) The future of chemical looping oxidative dehydrogenation for industrial applications
requires the development of multi-component coupled composite oxygen carriers
with high oxygen loading, extended cycle life, and high propylene yield.
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Abstract: Allylic alcohols typically produced through selective hydrogenation of α,β-unsaturated
aldehydes are important intermediates in fine chemical industry, but it is still a challenge to achieve
its high selectivity transformation. Herein, we report a series of TiO2-supported CoRe bimetallic
catalysts for the selective hydrogenation of cinnamaldehyde (CAL) to cinnamyl alcohol (COL) using
formic acid (FA) as a hydrogen donor. The resultant catalyst with the optimized Co/Re ratio of 1:1 can
achieve an exceptional COL selectivity of 89% with a CAL conversion of 99% under mild conditions
of 140 ◦C for 4 h, and the catalyst can be reused four times without loss of activity. Meanwhile, the
Co1Re1/TiO2/FA system was efficient for the selective hydrogenation of various α,β-unsaturated
aldehydes to the corresponding α,β-unsaturated alcohols. The presence of ReOx on the Co1Re1/TiO2

catalyst surface was advantageous to the adsorption of C=O, and the ultrafine Co nanoparticles
provided abundant hydrogenation active sites for the selective hydrogenation. Moreover, FA as a
hydrogen donor improved the selectivity to α,β-unsaturated alcohols.

Keywords: cinnamaldehyde; cinnamyl alcohol; CoRe bimetallic catalyst; selective hydrogenation;
formic acid

1. Introduction

Selective hydrogenation of α,β-unsaturated aldehydes to unsaturated alcohols is an
important process used to obtain a great deal of valuable chemicals [1–4]. Cinnamaldehyde
(CAL), a typical α,β-unsaturated aldehyde, could be selectively hydrogenated to generate
cinnamyl alcohol (COL), which is regarded as one of the most promising building blocks in
pharmaceutical, agrochemical and fragrance industries [5,6].

Generally, the selective hydrogenation of CAL leads to the reduction of different
functional groups, including C=O and C=C, and produces COL, 3-phenylpropionaldehyde
(HCAL) and 3-phenylpropanol (HCOL) [7–10]. Owing to a higher binding energy of
C=O bonds than C=C bonds (715 vs. 615 KJ·mol−1), the hydrogenation of C=O bonds is
more unfavorable in thermodynamics [11–13]. Therefore, it is essential to develop high-
performance catalysts to improve the selectivity hydrogenation of C=O bonds and avoid
the hydrogenation of C=C bonds.

Supported metal nanoparticle catalysts have been widely used in the industry due
to their merits of easy separation and recovery [7,14]. The radial expansion of a metal
D-bandwidth and d orbital is related to the selectivity of products (including COL, HCAL
and HCOL) [15]. Metal with a small D-bandwidth (such as Ni) is conducive to the formation
of HCAL [16], while some noble metals with a relatively large D-bandwidth (such as Ru,
Ir, Au and Pt) can be used as catalysts for the synthesis of COL [17–21]. However, the
high cost and rarity of noble metal catalysts hinder their industrial application. Non-noble
Co has shown potential in the selective hydrogenation of CAL to COL due to its larger
D-bandwidth and low price. For example, Zhang et al. [22] investigated the performance of
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the Co/ZSM-5 catalyst for the hydrogenation of CAL to COL at 90 ◦C and 20 bar H2 for
6 h, with a 72.7% conversion of CAL and a 78.5% selectivity to COL. In another work using
Co/ZSM-5 as the catalyst, a maximum COL yield of 61.9% was achieved at 100 ◦C and
20 bar H2 [23].

However, monometallic Co catalysts have noticeable issues such as poor catalytic
activity and high metal dosage. It is widely believed that the introduction of a second
metal is an effective way to enhance the catalytic properties of Co nanoparticles, although
the catalytic mechanism of the bimetallic catalysts is far from clear [24]. Adjusting the
metal–metal/metallic oxide interactions in the catalyst could improve the morphology
of dispersed metals and result in electron transfer, thus enhancing the charge density
of the active metal and affecting the adsorption/desorption of C=O or C=C bonds on
CAL [5,25]. For instance, the CoGa3/MgO·Al2O3-LDH catalyst gave 96% COL selectivity
in the hydrogenation of CAL at 100 ◦C and 20 bar H2 for 8 h, which was significantly higher
than the monometallic Co catalyst (42%) [26]. CoPt/Fe3O4 showed excellent catalytic
performance under the conditions of 160 ◦C and 30 bar H2, with a CAL conversion of 95%
and a COL yield of 84% [27].

Another factor affecting the selectivity of COL in CAL hydrogenation is hydrogen
donors. When using molecular hydrogen, a high H2 pressure is usually needed in the
selective hydrogenation of CAL to COL. However, high H2 pressure requires specialized
transportation and handling, which is deemed to be unsafe [28]. In addition, the different
phases of H2 and substrates increase the contact time, thus reducing the reaction efficiency
caused by the transport phenomenon [29]. By comparison, the selective hydrogenation
by replacing traditional hydrogen with hydrogen donors such as alcohols [30–32], formic
acid (FA) [33,34] and silanes [35,36] offers a green, safe, sustainable and atomic economic
process. For example, Butt et al. [34] reported that a COL yield of 73% was obtained in the
hydrogenation of CAL over a AuNPore catalyst using Et3SiH as a hydrogen donor at 70 ◦C
for 24 h. When using FA as a hydrogen donor, a COL yield of 97% was achieved over a
AuNPore catalyst at 90 ◦C for 22 h [35]. Herein, we prepared a series of TiO2-supported
CoRe bimetallic catalysts for the hydrogenation of CAL to COL under mild conditions
using FA as an effective hydrogen donor, and we further extended the hydrogenation of
various α,β-unsaturated aldehydes to α,β-unsaturated alcohols. The choice of Re as the
second component is mainly due to the following two considerations. Firstly, high valence
Re (+7) can be easily reduced to ReOx (mainly Re (+4) and Re (+6)), which has many
oxygen vacancies, and is conducive to the preferential adsorption of the C=O group on
CAL [24,37]. Secondly, ReOx has a positive effect on the stability of metal nanoparticles [38],
thus reducing the aggregation and leakage of Co during the reaction [39,40]. The structure–
activity relationship was analyzed by N2 adsorption–desorption, CO chemisorption, TEM
and XPS characterizations. In addition, the effects of the reaction parameters and the
stability of the green catalytic system were investigated. Finally, the possible reaction
mechanism was proposed. The main purpose here is to develop an efficient methodology
for the selective hydrogenation of α,β-unsaturated aldehydes to α,β-unsaturated alcohols.

2. Results and Discussions

2.1. Catalytic Activity Test

The selective hydrogenation of CAL to COL was firstly investigated over the Co/TiO2,
Re/TiO2 and CoxRey/TiO2 catalysts (x:y varied from 2:1 to 1:2) using isopropanol as both
the solvent and hydrogen donor at 160 ◦C for 12 h, and the results are shown in Figure 1. It
can be seen that the monometallic Co/TiO2 catalyst showed a low conversion (23%) of CAL,
although it gave a high selectivity (83%) to COL. The addition of Re obviously improved
the conversion of CAL, which was consistent with the previous report that introducing the
hydrophilic metal Re to the catalyst is beneficial for the adsorption of the C=O bond, thus
improving the catalytic performance of the catalyst [41]. The maximum CAL conversion
of 96% with a COL selectivity of 82% was achieved over the Co1Re1/TiO2 catalyst, better
than the Co1Mo1/TiO2, Co1Ce1/TiO2, Co1Zr1/TiO2 catalysts and the Co1Re1 catalyst on
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other supports (SiO2, ZrO2, γ-Al2O3 and ZSM-5, Table S1, in the Supplementary Materials).
These phenomena might be attributed to the strong adsorption of TiO2 and ReOx on
exposed the C=O group [42], which improves the diffusion of the substrate and accelerates
the hydrogenation of CAL [43].

Figure 1. Hydrogenation of CAL to COL over various CoRe/TiO2 catalysts. Reaction conditions:
3 mmol CAL, 80 mg catalyst, 10 mL isopropanol, 160 ◦C, 12 h. Others: allylbenzene, isopropenylben-
zene, 1,1′-(1,5-hexadiene-1,6-diyl)bisbenzene and other unknown by-products.

2.2. Catalyst Characterization

The structural parameters of the samples are summarized in Table 1. Deposition of
relatively low Co and Re contents on TiO2 only slightly influenced its specific surface area,
and the SBET values of all catalysts are close to TiO2 and remain near 50 m2·g−1. On the
other hand, the average pore diameter Dp of metal-supported catalysts Co/TiO2, Re/TiO2
and Co1Re1/TiO2 were larger than TiO2, and the pore volumes Vp of them were reduced,
which could be explained by partial blocking of the narrowest pores by the metallic phase,
indicating that the metals were embedded in the carrier pores [44].

Table 1. Textural properties of TiO2, Co/TiO2, Re/TiO2 and Co1Re1/TiO2.

Sample dTEM (nm) dCo
a (nm) Dispersion of Co a (%) SBET (m2·g−1) Dp

b (nm) Vp
b (cm3·g−1)

TiO2 / / / 52.8 11.3 0.15
Co/TiO2 / 8.1 12.3 52.9 28.9 0.41

Co1Re1/TiO2 1.7 1.8 55.7 48.5 24.5 0.33
Re/TiO2 / / / 50.7 27.5 0.37

a Determined by CO chemisorption. b The pore size and pore volumes were derived from the adsorption branches
of isotherms by using the BJH model.

The morphologies of Co/TiO2 and Co1Re1/TiO2 catalysts were characterized by TEM.
As illustrated in Figure 2a, no clear Co nanoparticles were observed on the Co/TiO2 catalyst,
which is in agreement with Cheng’s work [45]. As seen from Figure 2c, no diffraction spot
was observed in the fast Fourier transformation (FFT) image of the CoRe particles, which is
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similar to our earlier work [46], implying its amorphous structure. The size-distribution
histogram substantiates that the average size of the CoRe nanoparticles is about 1.7 nm
(Figure 2d), which is similar to the size (1.8 nm) measured by CO chemisorption, and
is much smaller than monometallic Co (8.1 nm, Table 1). This observation was further
demonstrated by the results of Co dispersion measured by CO chemisorption (Table 1). The
dispersion of Co on Co1Re1/TiO2 is much higher than that of Co/TiO2. These phenomena
manifest that the introduction of the second metal Re significantly reduced the particle size
of the Co nanoparticles and improved Co dispersion, thus providing more hydrogenation
active sites for the selective hydrogenation of CAL.

Figure 2. TEM images of (a) Co/TiO2 and (b,c) Co1Re1/TiO2 catalysts and (d) particle size distribu-
tion of Co1Re1/TiO2.

The chemical state and surface composition of Co/TiO2, Re1/TiO2 and Co1Re1/TiO2
catalysts were assessed by XPS (Figure 3), and the calculated abundances of different surface
Co and Re species are summarized in Table S3. As shown in Figure 3a, the peaks in the Co
2p spectrum of Co/TiO2 at 778.2 and 793.4 eV are assigned to Co0, the peaks at 781.0 and
796.8 eV are attributed to CoO, and the peaks at 796.1 and 802.5 eV are satellite peaks [47].
The observation of CoO was due to the oxidation of surface metallic Co nanoparticles in the
air. As shown in Figure 3b, the binding energy in the range of 39–50 eV belonged to the Re
4f region, which was deconvoluted into doublet peaks for 4f5/2 and 4f7/2 orbits, implying
the presence of ReO (4f5/2 = 44.2 eV, 4f7/2 = 41.9 eV), ReO2 (4f5/2 = 46.3 eV, 4f7/2 = 44.0 eV),
and Re2O5 (4f5/2 = 48.3 eV, 4f7/2 = 46.0 eV) [48] in Re/TiO2 with an atomic ratio of 65:16:19
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(Table S2), and no metallic Re was detected, which was contributed to the high affinity of
Re for oxygen [49]. Compared to their monometallic counterparts, the content of ReO in
Co1Re1/TiO2 significantly increased to 71%, which may promote the spillover of hydrogen
on its surface and therefore be beneficial to the hydrogenation process [46].

 

Figure 3. XPS spectra of (a) Co 2p and (b) Re 4f of the reduced catalysts Co/TiO2, Re/TiO2 and
Co1Re1/TiO2.

2.3. Effects of Reaction Conditions

As mentioned in Figure 1, using isopropanol as a hydrogen donor over the Co1Re1/TiO2
catalyst can cause a high yield of COL to be obtained. However, a higher temperature
(160 ◦C) and a longer reaction time (12 h) were required, and a great amount of HCOL
(17%) was generated, thus decreasing COL selectivity. As shown in Table S3 (entry 4),
compared to other common hydrogen donors (isopropanol, triethyl silicane and ammonium
formate), when using FA as the hydrogen donor, a high COL yield could be achieved under
mild reaction conditions in the inert solvent tetrahydrofuran (THF). Meanwhile, FA is
green, sustainable, atom economical and easy to operate. Therefore, it is a good choice
of hydrogen donor for the selective hydrogenation of CAL to COL. Thus, we used FA
as a hydrogen donor to further study the hydrogenation of CAL to COL. Based on the
results in Table 2, the combination of FA and triethylamine (NEt3) was found to be essential
for achieving high activity and selectivity in the hydrogenation of CAL to COL over
Co1Re1/TiO2, and a CAL conversion of 99% and a COL selectivity of 89% were obtained
at a FA:NEt3 molar ratio of 1:1 (Table 2, entry 2), which displayed obvious advantages
over molecular hydrogen (Table 2, entry 5). The addition of NEt3 to provide basic sites
can substantially facilitate the crucial FA deprotonation process, which appears to be a key
factor for achieving high activity of CAL hydrogenation to COL [50]. Too much or too little
amounts of NEt3 in the reaction system, however, led to a decrease in the selectivity of COL
(Table 2, entries 3 and 4). In addition, the CAL:FA molar ratio also affected the reactivity
of the hydrogenation of CAL to COL, as shown in Table 3. Low amounts of FA led to the
deficiency of active hydrogen and to the decrease in the conversion of CAL, while excess FA
led to an increase in by-products, and the optimal molar ratio of CAL:FA was 1:2 (Table 3,
entry 2).
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Table 2. Hydrogenation of CAL to COL using different hydrogen donors.

Entry Hydrogen
Donor

Molar Ratio
(FA:NEt3)

Conv. (%)
Sel. (%)

COL HCAL HCOL Others

1 FA / 64 29 4 3 64
2 FA 1:1 99 89 / 10 1
3 FA 2:5 99 72 / 28 /
4 FA 5:2 99 80 / 20 /

5 a Hydrogen / 57 17 42 25 16

Reaction conditions: 3 mmol CAL, CAL:FA = 1:2, 10 mL THF, 80 mg Co1Re1/TiO2 catalyst, 140 ◦C, 4 h.
a 2.5 MPa H2. Others: allylbenzene, isopropenylbenzene, 1,1′-(1,5-hexadiene-1,6-diyl)bisbenzene and other un-
known by-products.

Table 3. Effect of CAL:FA molar ratio on the hydrogenation of CAL to COL.

Entry
Molar Ratio

(CAL:FA)
Conv. (%)

Sel. (%)

COL HCAL HCOL Others

1 1:1.5 92 89 / 11 /
2 1:2 99 89 / 10 1
3 1:3 94 60 / 7 33

Reaction conditions: 3 mmol CAL, FA:NEt3 = 1:1, 10 mL THF, 80 mg Co1Re1/TiO2 catalyst, 140 ◦C, 4 h. Others:
allylbenzene, isopropenylbenzene, 1,1′-(1,5-hexadiene-1,6-diyl)bisbenzene and other unknown by-products.

The effects of the reaction temperature and catalyst dosage for the hydrogenation of
CAL to COL were investigated over Co1Re1/TiO2, and the results are shown in Figure 4.
Figure 4a shows the results of the hydrogenation of CAL at varied temperatures (from 100
to 160 ◦C). During the reaction, no HCAL was detected. The catalyst showed low activity
for the reaction at a low temperature of 100 ◦C. Increasing the reaction temperature to
140 ◦C achieved a remarkable increase in the catalytic performance. However, the excessive
reaction temperature (160 ◦C) led to a significant increase in the excessive hydrogenation
of HCOL and other by-products. Thus, 140 ◦C was the appropriate reaction temperature
for CAL-selective hydrogenation to COL. Fixing the reaction temperature at 140 ◦C, the
hydrogenation of CAL was carried out over the Co1Re1/TiO2 catalyst at a dosage in the
range from 40 to 100 mg, and the results are shown in Figure 4b. It can be seen that the
yield of COL was significantly improved with the increase in catalyst dosage from 40 to
80 mg. However, an excessive catalyst dosage reduced the selectivity of COL increased
the excessive hydrogenation by-product HCOL and other by-products. As expected, our
rationally designed Co1Re1/TiO2 catalyst exhibited higher activity and selectivity for the
hydrogenation of CAL to COL compared with TiO2, Co/TiO2, and Re/TiO2 catalysts
(Table S4), and it showed significant advantages compared with the relevant literature
(Table S5) [24,27,30,32–35,45,51–61]. The results of the selective hydrogenation of CAL to
COL suggest that the synergistic effect among the TiO2 support and Co and Re metals is
the main reason for the enhanced performance of the Co1Re1/TiO2 catalyst.
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Figure 4. Effect of (a) reaction temperature; (b) Co1Re1/TiO2 catalyst dosage for the hydrogena-
tion of CAL to COL. Reaction conditions: 3 mmol CAL, CAL:FA:NEt3 = 1:2:2, 10 mL THF, 80 mg
Co1Re1/TiO2 catalyst, 140 ◦C, 4 h. Others: allylbenzene, isopropenylbenzene, 1,1′-(1,5-hexadiene-1,6-
diyl)bisbenzene and other unknown by-products.

Subsequently, we investigated the stability of the Co1Re1/TiO2 catalyst for the hy-
drogenation of CAL to COL. During each cycle, after a complete reaction at 140 ◦C for
4 h, the catalyst was centrifuged, washed with THF for five times, and reused for the
next runs. As shown in Figure 5, the Co1Re1/TiO2 catalyst kept its good performance
during recycling, the conversion of CAL was 97%, and the selectivity of COL was 87%
after four runs. The XRD pattern of the spent catalyst showed no noticeable morphology
changes compared with the fresh one (Figure S1). Moreover, the comparable metal contents
in the fresh and spent catalysts determined by ICP-OES indicated no obvious metal leaching
(Table S6). These results suggest that the Co1Re1/TiO2 catalyst has excellent stability for
the hydrogenation of CAL to COL.

 
Figure 5. Recyclability of Co1Re1/TiO2 catalyst. Reaction conditions: 3 mmol CAL,
CAL:FA:Net3 = 1:2:2, 10 mL THF, 80 mg catalyst, 140 ◦C, 4 h.
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In addition, the applicability of the Co1Re1/TiO2/FA system was tested for the se-
lective hydrogenation of various α,β-unsaturated aldehydes to the corresponding α,β-
unsaturated alcohols under the optimized reaction conditions, except for the reaction time,
which was adjusted to obtain high yields. The results are listed in Table 4. Similar to COL,
α-methyl cinnamaldehyde also achieved high conversion (99%, entry 1) and selectivity
(86%), and the remaining 14% selectivity was attributed to simultaneous hydrogenation
of C=C and C=O by-product. Moreover, aliphatic crotonaldehyde and citral could be
converted well, and the target products were offered with selectivities of 74% and 96%,
respectively (entries 2, 3). It is clear that substituent groups greatly affected the performance
of the Co1Re1/TiO2 catalyst. In general, the selectivity to α,β-unsaturated alcohols is closely
related to the steric prohibition of the substituent groups. The more steric prohibition
of C=C by the substitutes at γ-carbon, the higher the C=O selectivity, which is in good
agreement with the literature [62]. Furthermore, a high conversion of 99% was obtained
after the hydrogenation of cycloaliphatic isophorone (entry 4), with a product selectivity
of 84% accompanied by excessive hydrogenation by-product of 16%. These results well
verify that the Co1Re1/TiO2/FA system is effective for the selective hydrogenation of
α,β-unsaturated aldehydes to α,β-unsaturated alcohols.

Table 4. Hydrogenation of various α,β-unsaturated aldehydes over the Co1Re1/TiO2 catalyst.

Entry Substrate Time (h) Conv. (%) Sel. (%)

1
 

5 99
 (86)  (14)

2 8 93 (74) (26)

3 8 92
OH

(96)

OH

(5)

4
O

12 99

(84) (16)

Reaction conditions: 3 mmol substrate, substrate:FA:NEt3 = 1:2:2, 10 mL THF, 80 mg Co1Re1/TiO2 catalyst,
140 ◦C.

To speculate the possible reaction pathway, the time course experiments of the hydro-
genation of CAL over the Co1Re1/TiO2 catalyst was carried out under optimal reaction
conditions (Figure 6a). As shown in Figure 6a, CAL was rapidly converted (73%), and a
42% yield of COL was achieved at the initial 1 h, accompanied by 26% of cinnamyl formate
and 5% of HCOL. Under the weak alkaline condition of NEt3, cinnamyl formate could be
easily formed through esterification of COL with formic acid [63], which then smoothly
decreased and disappeared within 4 h with the decomposition of formic acid. CAL was
almost completely converted at 4 h, and COL and HCOL were offered with yields of 88%
and 10%, respectively. It is recognized that the decomposition mechanism of FA in the
presence of NEt3 is as follows [34,64,65] NEt3 acts as a proton scavenger to facilitate the O-H
bond cleavage, thus forming metal–formate species during the initial step of the reaction.
Then metal–formate produces molecular hydrogen through a β-elimination pathway. This
hydrogen desorption step is irreversible, indicating that it is feasible to use renewable FA
as a convenient hydrogen donor instead of molecular H2 for sustainable and green organic
synthesis. The proposed mechanism is shown in Figure 6b. The Co1Re1/TiO2 catalyst and
FA produce metal–formate species in the presence of NEt3, which are then decomposed to
generate metal–hydride species and CO2. Meanwhile, the C=O bond on CAL is adsorbed
on the ReOx species and is coordinated with metal–hydride. Finally, it is neutralized
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with +HNEt3 to form COL, thereby realizing the regeneration of the Co1Re1/TiO2 catalyst
and NEt3.

Figure 6. (a) Time courses of the hydrogenation of CAL to COL over Co1Re1/TiO2. Reaction
conditions: 3 mmol CAL, CAL:FA:NEt3 = 1:2:2, 10 mL THF, 80 mg Co1Re1/TiO2 catalyst, 140 ◦C. Oth-
ers: allylbenzene, isopropenylbenzene, 1,1′-(1,5-hexadiene-1,6-diyl)bisbenzene and other unknown
by-products. (b) The proposed mechanism for the hydrogenation of CAL to COL over Co1Re1/TiO2.

3. Experimental Section

3.1. Materials

Co(NO3)2·6H2O (99%) was purchased from Shanghai Jiuling Chemical Co., Ltd.
(Shanghai, China). NH4ReO4 (99%) was purchased from Shanghai Macklin Biochemi-
cal Co., Ltd. (Shanghai, China). Isopropanol (99.5%), tetrahydrofuran (99.5%) and formic
acid (99%) were purchased from Yonghua Chemical Technology Co., Ltd. (Suzhou, China).
Triethylamine (99.5%) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Other chemicals were purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China). All the chemicals used in this work were analytical reagents and were used without
further purification.

3.2. Preparation of Various CoRe/TiO2 Catalysts

A series of TiO2-supported CoRe catalysts with variable Co:Re molar ratios (Co:Re = 2:1,
1:1 or 1:2) were prepared by an incipient wetness impregnation method. The loading of Co in
the catalysts was kept at 2 wt%. Taking the CoRe/TiO2 catalyst with a Co:Re molar ratio of
1:1 as an example, the preparation method was as follows: firstly, TiO2 was calcined at 500 ◦C
for 4 h to remove the impurities prior to impregnation of the metal precursor. Then, 0.0998 g
of Co(NO3)2·6H2O and 0.0920 g of NH4ReO4 were dissolved in ca. 1 mL deionized H2O. An
appropriate amount of TiO2 (ca. 0.98 g) was slowly added to the aqueous solution under
ultrasound. After being impregnated at room temperature for 24 h, the mixture was dried
at 110 ◦C overnight and finally reduced at 500 ◦C in a tubular furnace under hydrogen flow
for 3 h to obtain the target catalyst, which was denoted as Co1Re1/TiO2. Two monometallic
catalysts 2 wt% Co/TiO2 and 2 wt% Re/TiO2 were prepared by using the same method for
comparison. The information on the content of Co and Re in the corresponding catalyst is
described in Table S7.

3.3. Catalyst Characterization

Brunauer–Emmett–Teller (BET) surface areas and pore structures of the catalyst sam-
ples were measured by pulsed N2 adsorption–desorption method at −196 ◦C using Mi-
cromeritics ASAP 2460 analyzer. Before N2 physisorption, the samples were degassed
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under vacuum at 250 ◦C for 3 h. Transmission electron microscopy (TEM) images were ob-
tained using a Tecnai G2 F30 S-Twin instrument (FEI Co., Columbia, SC, USA). The particle
size distribution of metal nanoparticles in the sample was determined by measuring approx-
imately 100 particles randomly selected from the TEM micrographs. The metal dispersion
and particle size were measured by CO chemisorption at 35 ◦C using a Micromeritics
ASAP 2020 system. X-ray diffraction (XRD) was conducted using an X’ Pert PRO X-ray
diffractometer equipped with Cu Kα radiation at 40 kV and 40 mA (λ = 0.15405 nm). Sam-
ples were scanned from 20◦ to 80◦ with a scanning rate of 4◦·min−1 and a step size of
0.02◦. The content of the metals was measured by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) using a Thermo Fisher iCAP PRO. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using an Escalab Mark II X-ray spectrometer (VG
Co., Manchester, UK) equipped with a magnesium anode (Mg Kα = 1253.6 eV). Energy
corrections were performed using a C 1s peak of the pollutant carbon at 284.8 eV.

3.4. Catalytic Performance

The catalytic hydrogenation of α,β-unsaturated aldehydes to α,β-unsaturated alcohols
was performed in a 25 mL stainless-steel autoclave equipped with magnetic stirring. In a
typical experiment, 3 mmol of α,β-unsaturated aldehyde, 6 mmol of FA, 6 mmol of NEt3,
80 mg of catalyst and 10 mL of THF were added into the reactor. The reactor was sealed
and purged with N2 five times. The autoclave was then heated to the required temperature
and kept at this temperature for the required time under the continuous stirring speed of
1000 rpm. After the reaction, the autoclave was quickly cooled to room temperature, and
the reaction products were separated from the catalyst by centrifugation and quantitatively
analyzed with an Agilent 7890 A gas chromatographer equipped with an HP-5 capillary
column (30.0 m × 0.32 mm × 0.25 μm) and a flame ionization detector (FID) using n-
dodecane as an internal standard. The conformation of the products was performed on an
Agilent 6890 GC system coupled to a mass spectrometer equipped with an Agilent 5973
quadrupole mass analyzer. CAL conversion and selectivity and the yield of the products
were calculated by the following equations.

Conversion (%) =
moles o f substrate consumed

moles o f initial substrate
× 100% (1)

Selectivity (%) =
moles o f desired product f ormed

moles o f substrate consumed
× 100% (2)

Yield (%) = Conversion × Selectivity × 100% (3)

4. Conclusions

In summary, CoRe bimetallic catalysts supported on TiO2 were achieved and were first
reported in the selective hydrogenation of CAL to COL using FA as a hydrogen donor to
replace the traditional molecular hydrogen. Especially, the Co1Re1/TiO2 catalyst performed
excellent activity, selectivity and stability, with a 99% conversion of CAL and 89% COL
selectivity, and no obvious deactivation was observed after using it four times. Under
similar reaction conditions, using α-methyl cinnamaldehyde, crotonaldehyde, citral and
isophorone as feedstocks, high conversions and excellent selectivities to allylic alcohols were
also achieved. The technique established in this work provides a green, mild and efficient
process for the selective hydrogenation of α,β-unsaturated aldehydes to allylic alcohols.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28083336/s1, Table S1: Hydrogenation of CAL
over different Co-based catalysts; Table S2: Co 2p and Re 4f dispersion on different catalysts; Table S3:
Hydrogenation of CAL to COL using different hydrogen donors; Table S4: Hydrogenation of CAL to
COL over various catalysts using formic acid as the hydrogen donor; Table S5: Hydrogenation of
CAL to COL over various catalytic systems; Table S6: Metal contents in fresh and spent Co1Re1/TiO2
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catalyst measured by ICP-OES; Table S7: Labels and calculated metal contents of catalysts; Figure S1:
XRD patterns of fresh and spent Co1Re1/TiO2; Figure S2: GC/MS spectra of substrate and products
in the hydrogenation of COL; Figure S3: GC/MS spectra of the main products in the hydrogena-
tion of other α,β-unsaturated aldehydes. References [24,27,30,32,33,33–35,45,51–61] are cited in the
supplementary materials.
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Abstract: Laccase immobilization is a promising method that can be used for the recyclable treatment
of refractory phenolic pollutants (e.g., chlorophenols) under mild conditions, but the method is
still hindered by the trade-off limits of supports in terms of their high specific surface area and
rich functional groups. Herein, confined polymerization was applied to create abundant amino-
functionalized polymeric ionic liquids (PILs) featuring a highly specific surface area and mesoporous
structure for chemically immobilizing laccase. Benefiting from this strategy, the specific surface area
of the as-synthesized PILs was significantly increased by 60-fold, from 5 to 302 m2/g. Further, a
maximum activity recovery of 82% towards laccase was recorded. The tolerance and circulation
of the immobilized laccase under harsh operating conditions were significantly improved, and the
immobilized laccase retained more than 84% of its initial activity after 15 days. After 10 cycles, the
immobilized laccase was still able to maintain 80% of its activity. Compared with the free laccase,
the immobilized laccase exhibited enhanced stability in the biodegradation of 2,4-dichlorophenol
(2,4-DCP), recording around 80% (seven cycles) efficiency. It is proposed that the synergistic effect
between PILs and laccase plays an important role in the enhancement of stability and activity in
phenolic pollutant degradation. This work provides a strategy for the development of synthetic
methods for PILs and the improvement of immobilized laccase stability.

Keywords: polymeric ionic liquids; confined polymerization; laccase; immobilization; 2,4-DCP;
removal

1. Introduction

Chlorophenols, a class of important chemicals that are used in the industrial field, can
cause serious pollution due to their aromatic structure and high toxicity [1,2]. Therefore,
the degradation of chlorophenol pollution is urgent and has attracted extensive attention.
Although a variety of physical, chemical, and biological methods have been used towards
this end, most of these have certain limitations, such as high energy consumption, high costs,
and low degradation efficiency [3–5], limiting their large-scale application. In recent years,
biodegradation has emerged as one of the most promising technologies for treating harmful
organic pollutants from the viewpoints of sustainable chemistry and green chemistry, due to
its higher environmental friendliness, higher selectivity, and more efficient mineralization
compared with other methods [6]. Further, the potential for biodegradation to be used to
remove chlorophenols in water has attracted considerable research attention.

Laccases (EC 1.10.3.2), found in fungi, plants, bacteria, and insects, belong to the blue-
copper enzyme family. They have broad substrate specificity and eco-friendliness [7]. In
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addition, laccases can catalyze the one-electron oxidation of various organic and inorganic
substrates, including phenols, ketones, phosphates, ascorbates, amines, and lignin. Free
laccases extracted from nature have the disadvantages of poor stability, a short lifespan,
being difficult to recycle, and high cost, meaning it is generally difficult for them to tolerate
harsh industrial processing conditions [8–10]. Researchers have mainly modified enzymes
through protein engineering, non-covalent modification, chemical modification, and immo-
bilization [11–13]. However, in practice, protein engineering still faces many challenges.
After protein modification, laccases exhibit unstable properties with regard to their preser-
vation and application [14]. Both the covalent modification and non-covalent modification
of enzyme systems are unstable, and the activity and stability of enzymes may be reduced
after modification. Therefore, enzyme immobilization technology is ideal for compensating
for the deficiency of free enzymes [15,16]. One of the significant advantages of enzyme
immobilization is that it provides an expected ideal enzyme system that can be reused
for a couple of cycles, reducing operation costs [11,17]. Currently, enzyme immobilization
strategies mainly focus on supports innovation through the use of metallic compounds [18],
carbon-based materials [19], silicon-based nanomaterials [20], metal-organic frameworks
or their derivatives [14], polymers [21], etc. Liu and co-workers immobilized laccase
into carbon-based mesoporous magnetic composites through adsorption. The system
was able to retain above 70% of its initial activity after five cycles [22]. Navarro-Sanchez
and colleagues encapsulated laccase in MOF and realized high activity of laccase under
high-temperature conditions [23]. Xu and colleagues developed a method of laccase im-
mobilization based on nanofibrous membranes consisting of electrospun chitosan/poly
(vinyl alcohol) composites. Compared with free laccase, the combined removal of 2,4-DCP
was significantly improved by the immobilized laccase [21]. However, there are still some
challenges that need to be resolved prior to enzyme immobilization’s industrial application,
such as enzyme leakage, toxicity, the low surface area involved, and the supports’ high
cost. Therefore, it is highly desirable to develop novel supports to achieve the effects of the
high load, low leakage, high activity, and high stability of enzymes.

In the past few decades, the application of polymeric ionic liquid (PIL)-based bioma-
terials has attracted wide attention. PILs are one type of conductive polymer that have
an IL structure in the repeating unit, where the anions or cations of the PILs are confined
in the matrix of the macromolecules. They have a wide range of applications in poly-
electrolytes, flexible materials, stimuli-responsive materials, catalysts, energy materials,
and carbon materials [24–27]. To the best of our knowledge, the application of PILs in
the immobilization of enzymes is still under development. There are two factors limiting
this application. On the one hand, the existing preparation methods for PIL-based porous
materials involve low IL contents and a narrow application range [28,29]. On the other
hand, although PILs can have high IL contents, they are mostly non-porous or low-specific
surface area materials [24,28,29]. Recently, Wang and colleagues introduced hydrophilic
polyvinylpyrrolidone chain segments into hydrophobic polydivinylbenzene frameworks
through the reinitiation of suspended double bonds, affording a kind of adsorbent with
a uniform distribution of functional groups, strong cross-linking structure, and highly
specific surface area [30]. Therefore, a higher specific surface area of PILs can be achieved
through this kind of confined polymerization, further broadening their application in the
biological field. However, research into this subject is still lacking. The higher the specific
surface area, the better the enzyme immobilization’s performance, owing to there being
more available reactive groups [31,32]. Therefore, the strategy of enhancing the specific sur-
face area and mechanical properties of PILs is expected to further broaden their application
in the biological field [33,34].

Herein, two amino-functionalized PIL microspheres synthesized by traditional free
radical polymerization and confined polymerization, respectively, were compared. They
were found to have different specific surface areas, pore structures, and rough surfaces.
Laccase was covalently immobilized on the surface of these microspheres via the bridging of
glutaraldehyde. A better enzyme immobilization system was selected for the degradation
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of 2,4-dichlorophenol (2,4-DCP), and its biocatalytic degradation was characterized. The
optimum conditions, including the temperature and pH, for the immobilized laccase
system were determined using the enzyme relative activity test, and the storage stability
and circulation of the same system were further tested. Finally, the biodegradation of
2,4-DCP was systematically evaluated. This work provides a protocol for the design and
optimization of the structure of PILs. In addition, the study found that compared with free
laccase, the stability and circularity of the PIL-immobilized laccase were greatly improved.

2. Results and Discussion

2.1. Structural Characterization of Polymerized Ionic Liquid Materials

As illustrated in Scheme 1, the amino-functionalized PILs were synthesized by two
different polymerization methods (i.e., traditional free radical polymerization and confined
polymerization), and the corresponding products were denoted as PIL (1)–NH2 and PIL
(2)–NH2, respectively. The material synthesized after the immobilization of laccase was
recorded as PIL–NH2–GA–Lac.

 

Scheme 1. Preparation of PILs for laccase immobilization and its application in phenol removal.

Figure 1a–c show the morphology of the PIL–NH2–GA–Lac composites. The PIL
(1)–NH2 composites did not have regular spheroids, nor were they observed to have a
uniform surface or pore structure. Figure 1d–f indicate that PIL (2)–NH2 had a spherical
structure with a size distribution between 15 and 100 μm, and the surface of its microsphere
was rough, as shown in Figure 1f. In addition, PIL (2)–NH2–GA–Lac (Figure 1g–i) still
retained a spherical structure, while its surface was smoother compared with that of the
pristine support (PIL (2)–NH2). This may have been due to the coating that formed after
the immobilization of the laccase.

Surface interactions between the laccase and two supports (i.e., PIL (1)–NH2 and PIL
(2)–NH2) were investigated by FT-IR (Figure 2a). As expected, in the spectra of the IL
monomer and PIL–NH2, a stretching vibration peak of the N-H bond of a primary amine
was observed near 3441 cm−1, and a vibration peak near 1182 cm−1 also confirmed the
presence of a primary amine. The absorption corresponding to the C-H stretching of the
-CH=CH of the ILM was observed at 3026 cm−1, which indicated the aromatic structure of
DVB. The peak at 1652 cm−1 corresponded to the characteristic peak of the carbon–carbon
double bonds of -CH=CH2, and the peak at 709 cm−1 was the C-H characteristic peak in
the double bond connecting the benzene ring, which was not affected by the introduction of
functional groups [35]. This also verified the successful synthesis of the polymer skeleton.
Moreover, the peaks at 1691 cm−1 and 1602 cm−1 represented the presence of an amide I
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and an amide II band, respectively, which indicated that laccase was immobilized to the
amino-functionalized PIL [36].

 

Figure 1. SEM micrographs of PIL (1)–NH2–GA–Lac (a–c), PIL (2)–NH2 (d–f) and PIL (2)–NH2–GA–
Lac (g–i).

 
Figure 2. FTIR spectra of PIL–NH2 and PIL–NH2–GA–Lac (a). Nitrogen adsorption–desorption
isotherms and BJH pore size distributions of PIL–NH2 (b).

Figure 2b shows the specific surface area analysis and pore size distribution curves of
the two amino-functionalized PIL supports. It can be observed that the adsorption curve
of the isotherm was inconsistent with the desorption curve, resulting in hysteresis loops.
The N2 isothermal adsorption–desorption curves of PIL (1)–NH2 and PIL (2)–NH2 were
IV H3 and H4 hysteresis loops, respectively. It was found that PIL (1)–NH2 had a fairly
low specific surface area of 5 cm2/g. Nevertheless, PIL (2)–NH2 showed a high uptake
capacity, having a Brunauer–Emmett–Teller (BET) surface area of 302 cm2/g. The formation
of a high specific surface area can be attributed to the polymerization of the polystyrene
skeleton in the early stage of the procedure [30]. The analysis of the pore size distribution
in PIL (2)–NH2 showed that it had a mesoporous structure with a pore size of mainly
12 nm. Its pore size distribution between 12 and 50 nm can be interpreted as owing to the
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diversity of its pore patterns. According to the previous literature, a part of laccase can be
immobilized into mesoporous materials, further improving its immobilization efficiency
and activity [23,37].

To verify the effect of the specific surface area on the immobilized efficiency, we used
the popular crosslinking agent glutaraldehyde (GA), and the amount used (2% v/v) in this
work was analogous to that used in other studies (0.5–5% v/v) [26,38]. Glutaraldehyde is a
crosslinking agent that has two aldehyde groups during the cross-linking process. In this
study, after activation, an aldehyde group was covalently linked to PIL–NH2 and a free
formyl of the microspheres. During the immobilization of laccase, free formyl groups on
the surface of PIL–NH2 microspheres were covalently linked to laccase macromolecules.
However, excessive cross-linking can lead to distortion of the laccase configuration, so a
relatively low concentration of glutaraldehyde was used for immobilization to prevent the
distortion of the enzyme structure and to reduce the activity [39].

2.2. Immobilization of Laccase

Next, two important immobilized laccase parameters, the initial laccase concentration
and the cross-linking time, were investigated. The number of amino-functionalized PIL
particles determines the number of laccases. As shown in Figure 3a, with a higher initial
concentration, more laccase was able to be immobilized. In addition, the immobilized
efficiencies of laccase corresponded to the nature of PILs, such as their specific surface area
and pore size. A higher specific surface area and larger pore size can facilitate the entry of
enzymes into the support to achieve a higher enzyme immobilization [40]. When the initial
concentration of laccase was below 1 mg/mL, both the immobilized laccase and activity
recovery increased. It should be noted that when the concentration was 1 mg/mL, the
maximum laccase activity recovery was obtained (82%, 0.34 u/mg; the specific activity of
free laccase was 0.41 u/mg under the same test conditions). However, the activity recovery
did not increase when the concentration was over 1 mg/mL, which might have been due
to the fact that an aggregation of the excessive laccase in the pores occurred or that a
multilayer structure formed on the surface of the PILs.

 
(a) (b) 

Figure 3. Effect of laccase concentration (a) and cross-linking time (b) on the activity recovery and
the immobilized laccase.

Cross-linking time is another parameter that influences the immobilization efficiency
of enzymes. As shown in Figure 3b, the activity recovery of the laccase activity increased
from 1 to 5 h due to sufficient cross-linking. However, the immobilization rate gradually
slowed as the time extended, as shown by the slope (comparing the data in the figure, it
was found that the maximum immobilized rate generally occurred within 2 h) in Figure 3b.
For example, when the cross-linking time was 2 h, the immobilized laccase of PIL (1)–
NH2–GA–Lac and PIL (2)–NH2–GA–Lac increased by 17 mg/g and 26 mg/g, respectively.
In addition, the activity recovery of PIL (2)–NH2–GA–Lac increased by 14% during this
period. This was the most efficient period of enzyme immobilization. From the viewpoint of
dynamics, a large concentration gradient in the early cross-linking time (0.5–2 h) promoted
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the immobilization of laccase. A maximum activity recovery was achieved when the
cross-linking time was around 5 h (i.e., 82%, 0.31 u/mg). It is worth noting that PIL
(2)–NH2–GA–Lac, having a larger specific surface area, had a higher capture ability for
laccase than PIL (1)–NH2 under the same enzyme concentration. However, the excessive
immobilization of enzymes makes the aperture of the support relatively thin, resulting in
the reduced accessibility of the substrate to the active sites [41,42].

2.3. pH and Thermal Stability of Immobilized Laccase

The optimal pH of a laccase immobilization reaction system varies according to
the charge in the enzymatic protein and the support used [43]. As shown in Figure 4a,
and consistent with previous studies, free laccase showed maximum activity at a pH of
2.5 and rapidly decreased activity as the pH increased, and it was almost completely
inactivated under neutral conditions [44]. In general, anionic supports attract protons from
a given solution, which results in a higher concentration of H+ in the diffusion layer of
an immobilized enzyme than in the external solution. This is why the pH of the external
solution should be higher [45]. In the present study, the amino-functionalized PILs were
positively charged (+1.7–+5.8 eV); however, the optimal pH value of the immobilized
laccase still was higher than that of free laccase. This can be attributed to the imidazolium
skeleton in the PILs being positively charged, and the fact that part of the OH− was
enriched in the solution. Therefore, there was more available H+ near the laccase at the
other end of the cross-linking arm. Further, this is why the optimum pH of the PIL (2)–NH2
–GA–Lac system was increased slightly. Additionally, the activity–pH curve of most of the
immobilized enzymes was bell-shaped, and compared with that of the free laccase, the
bell-shaped curve of the immobilized laccase, especially PIL (2)–NH2, was flatter. Even in
the buffer solution of pH 7, PIL (2)–NH2 was able to retain more than 45% activity.

 

Figure 4. Effect of (a) pH and (b) temperature on the activity of free laccase and PIL–NH2–GA–Lac.
(c) Storage stability of free and immobilized laccase and (d) reusability of the immobilized laccase.
Conditions: ABTS (100 mM), PIL–NH2–GA–Lac (10 mg/mL), pH = 3 (b–d), and 25 ◦C (a,c,d).
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Figure 4b shows that the relative activities of both the free and immobilized laccase
were strongly temperature-dependent. The thermal stability of PIL–NH2–GA–Lac was
improved, and its activity decreased more slowly than that of free laccase. In particular,
PIL (2)–NH2–GA–Lac maintained more than 70% activity at 60 ◦C. This may be attributed
to the PIL supports’ providing covalently attached sites and confined space for the laccase,
as well as the inactive active center’s being preserved by its binding with the ligand,
resulting in the decreased formation of the thermo-unfolded enzyme. Therefore, higher
temperatures (above 40 ◦C) were required to break down the intermolecular interactions
and to inactivate the enzyme [46]. In addition, some reports have proved that PILs have
a good heat insulation effect, so when the temperature of the external solution rises, the
surface and internal temperature of the support will be relatively low, which protects the
laccase from being inactivated by high temperatures [47].

2.4. Operational Stability of Immobilized Laccase

Storage stability and reusability are also important characteristics and are prerequisites
for the practical application of immobilized enzymes. Storage is particularly difficult
because the conformation of an enzyme changes over time and gradually loses its activity
in solution. As shown in Figure 4c, it can be observed that with the increase in storage
time, the difference between the free and immobilized laccase activities became significant.
The relative activity of the free laccase was less than 50% after 15 days, while PIL (2)–NH2–
GA–Lac was still able to maintain more than 80%. After 30 days, the relative activity
of PIL (2)–NH2–GA–Lac was twice that of free laccase. The storage stability of PIL (1)–
NH2–GA–Lac fell between that of PIL (2)–NH2–GA–Lac and free laccase. This shows that
immobilization significantly improved the storage stability of the laccase. One possible
reason for this is that the laccase was in a confined space provided by PIL–NH2 and that
the spatial conformation had little or no tendency to change [48].

The reusability test performed over 10 successive catalytic cycles showed that the
immobilized laccase exhibited superior circularity. Despite its loss of activity in cycling,
the immobilized laccase (i.e., PIL (2)–NH2–GA–Lac) exhibited good reusability, retaining
80% of its initial activity after 10 cycles (Figure 4d). It should be noted that the amount
of immobilized laccase in PIL (2)–NH2–GA–Lac was about two-fold higher than that in
PIL (1)–NH2–GA–Lac under theoretical conditions; however, the relative activity of PIL
(2)–NH2–GA–Lac was three-fold higher than that of PIL (1)–NH2–GA–Lac after 10 cycles.
This can be attributed to the higher specific surface area and stronger binding force of PIL
(2)–NH2, by which the laccase activity loss of PIL (2)–NH2–GA–Lac was smaller under the
same experimental conditions.

2.5. Analysis of Enzyme Kinetic Parameters

The enzymatic kinetic parameters are shown in Table 1 and Supplementary Materials:
Figure S2. The Michaelis–Menten constant reflects the affinity of an enzyme to a substrate.
The smaller the Km, the greater the affinity between the enzyme and the substrate. As
shown in Table 1, the Km of the immobilized laccase was slightly reduced compared with
that of the free laccase, indicating its substrate affinity was enhanced. This might be ascribed
to the rough surface of the PILs, which is conducive to interactions with the substrates and
enzymes. The maximum reaction rate was Vmax, and Km/Vmax was used to evaluate the
catalytic efficiency. The reaction rate of the immobilized enzymes was improved compared
with that of free laccase. This may have been due to the enrichment of the substrate on the
supports, which made it easier for the laccase to contact the substrate (ABTS) and accelerate
the reaction.
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Table 1. Km and Vmax of free laccase and immobilized laccase.

Vmax (mM/(mg·min)) Km (mmol/L)

Free laccase 0.035 1.202
PIL (1)–NH2–GA–Lac 0.043 1.100
PIL (2)–NH2–GA–Lac 0.043 0.998

2.6. Interference Test of Metal Ions

As can be seen from Figure S3, both Fe3+ and Cr2+ had certain inhibitory effects. This
may have been because these metal ions occupy the active centers of laccase. However,
Mg2+, Cu2+, and Zn2+ were able to promote the activity of the laccase. This is consistent
with previous results that have found that Zn2+ and Mg2+ are catalytic activators of many
oxidoreductases [49,50]. The activation effect of Cu2+ was consistent with the fact that Cu2+

is an active center of laccase and an important component of the laccase molecule [51]. Com-
pared with the free laccase, the support provided some shielding effect for the immobilized
laccase and reduced the interference of the metal ions.

2.7. Removal of 2,4-DCP

Next, the catalytic potential of PIL (2)–NH2–GA–Lac was investigated. Many previous
studies have shown that various process parameters may significantly affect the removal of
harmful pollutants by enzymes [52]. Therefore, after evaluating the stability and reusability
of immobilized laccase, it was crucial to determine the effects of various process conditions
(e.g., pH, temperature, and substrate concentration) on its efficiency and the optimal
conditions for the effective removal of phenolic contaminants. In Figure 5a–c, the bar
represents the efficiency of phenol removal over time (12–36 h). The dot plot represents
the removal, degradation, and adsorption of 2,4-DCP by the immobilized enzyme within a
certain time range. The recycling efficiency of 2,4-DCP removal by the immobilized enzyme
was also studied, as shown in Figure 5d.

As shown in Figure 5a, with the increase in the substrate concentration from 1 to
20 mg/L, both the 2,4-DCP removal and degradation increased firstly and then slightly
decreased. When the concentration was 15 mg/L, the maximum 2,4-DCP removal and
degradation occurred (90% and 55%, respectively). However, the 2,4-DCP removal and
degradation decreased slightly when the substrate concentration was 20 mg/L. This can
be explained by the fact that at a higher substrate concentration, the phenolic substrate
tended to aggregate through intermolecular interactions, which led to a reduction in the
substrate adsorption in the immobilized system [53,54]. In addition, it can be seen from
the bar that with extension of the reaction time (12–36 h), the removal of 2,4-DCP basically
showed a steady rising trend. As one item that contributed to the removal, the 2,4-DCP
adsorption increased until it reached around 35%. This also can be understood as the
gradual saturation of the immobilized capacity on the support [55].

The removal of 2,4-DCP was investigated over a broad pH range of 2 to 6 at 20 ◦C
(Figure 5b). As can be seen from the bar, when the reaction lasted for 24 h, the 2,4-DCP
removal increased substantially, reaching its maximum increment at pH 4. Furthermore,
regarding their variation with the pH values, the removal and degradation showed similar
trends, while the adsorption did not change significantly, remaining at about 20%. It was
also found that the removal changed a little when the pH was 2–4 and reached its maximum
value at pH 5 (84%, 36 h). However, when the pH exceeded 5, the degradation was
negatively correlated with the pH. It can be seen that the weak acidity of the solution was
conducive to the removal and degradation of 2,4-DCP. In a slightly high pH environment,
the dissociation equilibrium of 2,4-DCP shifted in the direction of producing more H+.
According to the principle of chemical reaction equilibrium, anions (OH−) enable and
promote the catalytic oxidation reaction [56]. However, in this study, this led to lower
catalytic oxidation efficiency when the pH value was further increased. On the other hand,
the increase in anions in the dissociation equilibrium brought about the formation of free
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phenoxy, which gave rise to C-O coupling and further led to the accumulation of 2,4-DCP
dimers and a high concentration of oligomer. This may hinder the substrate molecules’
ability to enter the laccase’s active center, resulting in reduced 2,4-DCP removal [43].

 

Figure 5. Effect of time and concentration of 2,4-DCP (a), pH (b), and temperature (c) on the efficiency
of removal of phenolic compounds and reusability of the immobilized laccase (d). Conditions:
2,4-DCP (1 mg/L), PIL–NH2–GA–Lac (10 mg/mL), pH = 3 (b–d), 20 ◦C (a,c,d), and 12 h (d).

Figure 5c demonstrates that PIL (2)–NH2–GA–Lac was characterized by 2, 4-DCP
removal over a wide temperature range. As the temperature increased, the removal and
degradation gradually increased, with the maximum removal recorded at 50 ◦C (24 h,
85%). The covalent binding between the laccase and the PIL–NH2 led to the stronger
conformation of the laccase, by which the higher temperature was able to make the laccase-
activated groups more active, benefiting the diffusion and electron transfer of the substrate
in the material channel. In addition, the synergistic mechanism between the laccase
and the support enabled the maximum removal of 2,4-DCP by PIL (2)–NH2–GA–Lac at
50 ◦C. However, when the temperature continued to increase, this was not conducive to
the adsorption and degradation of 2,4-DCP by PIL (2)–NH2–GA–Lac. This was because
constant high temperatures will cause protein inactivation and greatly reduce the catalytic
oxidation capacity of laccase [57]. The trend of the bar also supports this view. The increase
in 2,4-DCP removal decreased with time, reaching its minimum value at 60–70 ◦C.

The cycling properties of the immobilized laccase system are shown in Figure 5d. As
expected, the relative removal efficiency of the immobilized laccase system did not decrease
significantly as the number of batches increased. After seven cycles, the 2,4-DCP removal
was still maintained at more than 80%. Table S1 (in Supplementary Materials) summarizes
recent studies on enzyme immobilization and its application in the degradation of phenolic
pollutants. Compared with other supports, PILs have higher mechanical properties, more
suitable specific surface area and superior circulation performance. They conform with the
support selection principle of enzyme immobilization and provide ideas for the further
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development of enzyme immobilization. Compared with the typical reports listed, the
PIL (2)–NH2–GA–Lac system used in this paper showed comparable or better operational
stability for the degradation of phenolic pollutants. This can be attributed to the strong
binding between the laccase and the support, which helped avoid leakage [58]. The above
results illustrate that the reusability of the current immobilized laccase system showed
great potential for the system’s large-scale application in the future.

3. Experimental Section

3.1. Materials

Laccase was supplied by Chengdu Huaxia Chemical (0.5 U mg−1). Glutaraldehyde
(25% in H2O, v/v) was supplied by Sigma Aldrich (St. Louis, MO, USA). Divinyl ben-
zene (DVB), toluene and 2,2′-azo ratio (2-methylpropanitrile) (AIBN, 98%) were provided
by Tianjin Damao Chemical Reagent Co., Ltd. (Tianjin, China). Polyvinyl alcohol pur-
chased from Jiangsu Aikang Biomedical Research and Development Co., Ltd. (PVA).
N-vinylimidazole and 3-Bromopropylamine hydrobromide were purchased from Meryer.
AIBN was used after fresh recrystallization. 2,2′-Azbis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), sodium citrate dehydration, FeCl3, AlCl3, CrCl3, ZnCl2, and MgCl2 were
purchased from Aladdin Chemical Co., Ltd. Except for AIBN, which needs recrystallization,
and DVB, which needs extraction, other solvents and reagents were analytical grade and
were able to be used without further purification.

3.2. Characterization of the Support

The PILs were characterized by scanning electron microscopy (SEM, Haitich SU8020,
Tokyo, Japan), Fourier-transform infrared spectroscopy (FTIR, Shimadzu IRTracer-100, Ky-
oto, Japan), specific surface analysis (BET, BSD-PM, Beijing, China), and thermogravimetric
analysis (TGA, Setaram Labsys, Lyon, France). The optical density of the sample solution
was measured by a 752 UV-Vis Spectrophotometer (Shanghai Spectral Instrument Co., Ltd.,
Shanghai, China). The concentration of 2,4-DCP was analyzed by high-performance liquid
chromatography (HPLC, Agilent 1260, Santa Clara, CA, USA). The content of the laccase
in the solution was determined by a microplate reader (INFINITE M PLEX, Männedorf,
Switzerland).

3.3. Preparation of Amino PILs

Preparation of amino-ionic liquid monomer (ILM–NH2): N-vinylimidazole (2.8 g,
30 mmol) and acetonitrile (30 mL) were added to a two-necked flask equipped with
a magnetic stirrer. The mixture was refluxed at 78 ◦C under a nitrogen atmosphere.
3-Bromopropylamine (4.4 g, 20 mmol) was added drop by drop into the flask over 12 h.
After purification, the ILM–NH2 was obtained.

Preparation of PIL (1)–NH2: ILM–NH2 (0.5 g, 2.68 mmol), DVB (3.2 g, 24.6 mmol),
ethanol and deionized water were added to a three-necked flask equipped with a magnetic
stirrer. The mixture was refluxed at 70 ± 8 ◦C over 48 h.

Preparation of PIL (2)–NH2: Two steps were involved. The first step: according to the
traditional suspension polymerization, deionized water (810 g) and PVA (90 g, 5%) were
mixed in a three-necked flask equipped with a magnetic stirrer. The mixture was refluxed
at 40 ◦C. Then, toluene and DVB were added (mass ratio: 3:1, 300 g). The mixture was
refluxed at 70 ◦C–80 ◦C over 2–3 h. The heating was stopped after PDVB solidified. After
purification, the PIL (2)–NH2 was obtained.

3.4. Laccase Immobilization by PILs

Amino-functionalized PILs (named PIL-NH2) immobilized laccase (Lac) by covalently
binding glutaraldehyde (GA). The activated PIL (1)–NH2 and PIL (2)–NH2 (20 mg) were
dispersed in a sodium citrate buffer (pH = 3, 10 mL, 100 mM) under ultrasound, and then
laccase (1 mg·ml−1) was added. Then, glutaraldehyde (2% v/v) was added drop-wise to the
mixture of PIL–NH2 and laccase. The new mixture was cross-linked at room temperature
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for a certain time (e.g., 1, 2, 3, 4, or 5 h). The immobilization efficiency was estimated using
Equation (1). Drawing BSA standard curve [59]: Deionized water was used to prepare
BSA solution with a concentration of 1–10 μg/mL. BSA (4 mL) was mixed with Coomassie
brilliant blue G-250 protein reagent (1 mL), and the absorbance was measured at 595 nm
with a microplate reader after 3 min. Coomassie brilliant blue G-250 staining method was
used to determine the ability of amino-functionalized PILs to immobilize laccase. After
the enzyme was cross-linked with the support for a certain time, the supernatant was
taken and combined with the Coomassie brilliant blue G-250 reagent. The absorbance was
determined by colorimetry at 595 nm, and C (final concentrations of protein) was obtained
according to the standard curve.

M =
(C0 − C)V

m
(1)

Here, M is the efficiency of immobilized laccase of PIL–NH2 (mg/g); C0 and C are the initial
and final concentrations of proteins (μg/mL), respectively; V is the volume of solution (mL);
m is the mass of PIL–NH2 (mg). The laccase immobilized by PIL–NH2–GA–Lac under
different initial concentrations of laccase and different cross-linking times was calculated.

3.5. Activity Assays of Free and Immobilized Laccase

The activities of the free laccase and immobilized laccase were determined by an ABTS
assay at 420 nm. The reaction mixture consisted of 100 mM ABTS and a suitable amount of
free or immobilized laccase. During the process, the increase in the absorbance at 420 nm
was measured using a UV-2450 spectrophotometer. One unit (U) of laccase activity was
defined as the amount of enzyme needed to oxidize 1 mol of ABTS per minute. The specific
activity and activity recovery of immobilized enzyme were calculated by the following
formulas [60]:

The specific activity of the immobilized enzyme
(

IU
g

)
=

�A
M × m × t

(2)

where ΔA is the change in absorbance in a certain period; M is immobilized laccase (mg/g);
m is the mass of PIL–NH2 (mg); t is the reaction time (min).

Activity recovery =
Ri

Rf
(3)

where Ri is the specific activity of the immobilized laccase (U/g); Rf is the specific activity
of the free laccase under the same conditions (U/g).

3.6. Effect of pH and Temperature on Laccase Activity

To determine the pH and temperature activity profiles of the free and immobilized
laccase, the activity assays were carried out over a pH range of 2.0–7.0 (in sodium citrate
buffer (100 mM, pH 2.0–4.0), sodium acetate buffer (100 mM, pH 5.0) and phosphate
buffer (100 mM, pH 6.0–7.0) at 25 ◦C) and a temperature range of 30–60 ◦C. The results
were converted to relative activities (percentage of the maximum activity obtained in that
series). Each set of experiments was performed in triplicate, and the arithmetic mean values
were calculated.

3.7. Storage Stability and Cycle Stability

The free and immobilized laccase were incubated in sodium citrate buffer at 4 ◦C. To
detect the activity, the laccase was taken out of the buffer every few days and tested by
ABST assay. The relative activity of freshly immobilized laccase was considered to be 100%.
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3.8. Determination of Km and Vmax

Determination of Km and Vmax: The free and immobilized laccase were assayed
at different concentrations of ABTS, ranging from 1 to 5 mM, to determine the laccase
kinetics, i.e., Km and Vmax values, using Lineweaver–Burk reciprocal plot transformation
of Michaelis–Menton equation.

3.9. Effect of Metal Ions

Aqueous solutions of Cr2+, Fe3+, Zn2+, Mg2+, and A13+ ions (e.g., 5 mmol/L) were
prepared. Metal salt solution (1 mL), sodium citrate buffer (1 mL, pH = 3.0), free laccase
(1 mL) or immobilized laccase (5 mg) and ABTS substrate (2 mL) were mixed in a 50 mL
centrifuge tube. The final concentration of metal ions was 1 mmol/L. Reaction took place
at 25 ◦C for 5 min. The laccase activity was measured at 420 nm wavelength by ultraviolet
spectrophotometer. Three parallel samples were set in each group. The buffer solution was
used instead of the metal salt solution in the blank group.

ω =
Lj

L0
× 100% (4)

where ω is the metal ions‘ effect on efficiency; Lj is the laccase activity with metal ions; L0 is
the laccase activity without metal ions.

3.10. Removal of Phenolic Compounds

The ability of the immobilized laccase to remove 2,4-DCP (1–20 mg/L) with different
pH (2–6) and temperature (30 ◦C–70 ◦C) levels was tested in 10 mL reaction medium
(10 mg PIL (2)–NH2–GA–Lac, 12–36 h). Chlorophenols removed by adsorption were also
investigated using inactivated PIL–NH2–GA–Lac. The conditions were the same as above,
except that PIL–NH2–GA–Lac was inactivated. Each set of experiments was performed in
triplicate, and the arithmetic mean values were calculated.

The removal (R), adsorption (RA) and degradation (RD) of 2,4-DCP were calculated by
the following Equations:

R =
C1 − C2

C1
× 100% (5)

RA =
C1 − C3

C1
× 100% (6)

RD = (R − RA) (7)

where C0 is the initial concentration of 2,4-DCP, C1 is the residual concentration of 2,4-DCP
removed by immobilized laccase, and C2 is the residual concentration of 2,4-DCP adsorbed
by inactivated PIL–NH2–GA–Lac.

To explore the recyclability of immobilized enzyme, the degradation of 2,4-DCP
(1 mg/L) by PIL (2)–NH2–GA–Lac (10 mg) was repeated in 10 cycles. After each batch,
the immobilized laccase was isolated by centrifuge, and then an aliquot of fresh reaction
medium was added for the next cycle. The relative removal efficiency was correlated
with the highest removal percentage (100% represented the highest removal). This was
expressed as the following Equation:

Relative removal efficiency =
Ri

Rmax
× 100 (8)

where Ri is the phenol removal of each sample and Rmax is the highest phenol removal of
all samples. In the cycle test, the first phenol removal was generally considered 100%.

The high-performance liquid chromatography: C18 column. The mobile phase was
75% (mass fraction) methanol and 25% (mass fraction) ultrapure water. The flow rate was
1 mL/min. The detection wavelength was 225 nm. The peak time of 2,4-DCP was about
6.5 min at 35 ◦C.
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4. Conclusions

In summary, in this study, confined polymerization was demonstrated to be an ef-
ficient strategy for constructing PILs with a high specific surface area (302 m2/g) and
mesoporous structure (~12 nm). (I) The microenvironment provided by PILs may play an
important role in shielding external environmental interferences (e.g., pH, temperature).
(II) Compared with the free laccase, the immobilized laccase showed improved stability
and circulation stability. (III) In the catalytic study of the effects of the immobilized lac-
case on 2,4-DCP, the interactions between the PILs and 2,4-DCP might have enriched the
substrates, enabling the laccase to promote biodegradation. This research demonstrated
the versatile potential of PILs in constructing high-efficiency immobilized enzymes, and
lends support to the promotion of their application in wastewater treatment and biological
technology development.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Figure S3: Effect of metal ions on laccase activity. Table S1: Different support enzyme loading
performance and phenol compounds removal rate.
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1. Zdarta, J.; Jankowska, K.; Bachosz, K.; Degórska, O.; Kaźmierczak, K.; Nguyen, L.N.; Nghiem, L.D.; Jesionowski, T. Enhanced
Wastewater Treatment by Immobilized Enzymes. Curr. Pollut. Rep. 2021, 7, 167–179. [CrossRef]

2. Hu, D.; Song, L.; Yan, R.; Li, Z.; Zhang, Z.; Sun, J.; Bian, J.; Qu, Y.; Jing, L. Valence-mixed iron phthalocyanines/(1 0 0)
Bi2MoO6 nanosheet Z-scheme heterojunction catalysts for efficient visible-light degradation of 2-chlorophenol via preferential
dechlorination. Chem. Eng. J. 2022, 440, 135786. [CrossRef]

3. Gupta, V.K.; Nayak, A.; Agarwal, S.; Tyagi, I. Potential of activated carbon from waste rubber tire for the adsorption of phenolics:
Effect of pre-treatment conditions. J. Colloid Interface Sci. 2014, 417, 420–430. [CrossRef]

4. Karimi-Maleh, H.; Fakude, C.T.; Mabuba, N.; Peleyeju, G.M.; Arotiba, O.A. The determination of 2-phenylphenol in the presence
of 4-chlorophenol using nano-Fe3O4/ionic liquid paste electrode as an electrochemical sensor. J. Colloid Interface Sci. 2019,
554, 603–610. [CrossRef]

5. Saravanan, A.; Kumar, P.S.; Karishma, S.; Vo, D.-V.N.; Jeevanantham, S.; Yaashikaa, P.; George, C.S. A review on biosynthesis of
metal nanoparticles and its environmental applications. Chemosphere 2020, 264, 128580. [CrossRef] [PubMed]

6. Chan, S.S.; Khoo, K.S.; Chew, K.W.; Ling, T.C.; Show, P.L. Recent advances biodegradation and biosorption of organic compounds
from wastewater: Microalgae-bacteria consortium. Bioresour. Technol. 2022, 344, 126159. [CrossRef] [PubMed]

7. Fernández-Fernández, M.; Sanromán, M.; Moldes, D. Recent developments and applications of immobilized laccase. Biotechnol.
Adv. 2013, 31, 1808–1825. [CrossRef] [PubMed]

8. Mehra, R.; Muschiol, J.; Meyer, A.S.; Kepp, K.P. A structural-chemical explanation of fungal laccase activity. Sci. Rep. 2018,
23, 17285. [CrossRef] [PubMed]

9. Mokhtar, A.; Nishioka, T.; Matsumoto, H.; Kitada, S.; Ryuno, N.; Okobira, T. Novel biodegradation system for bisphenol A using
laccase-immobilized hollow fiber membranes. Int. J. Biol. Macromol. 2019, 180, 737–744. [CrossRef] [PubMed]

158



Molecules 2023, 28, 2569

10. Li, M.; Dai, X.; Li, A.; Qi, Q.; Wang, W.; Cao, J.; Jiang, Z.; Liu, R.; Suo, H.; Xu, L. Preparation and Characterization of Magnetic
Metal–Organic Frameworks Functionalized by Ionic Liquid as Supports for Immobilization of Pancreatic Lipase. Molecules 2022,
27, 6800. [CrossRef]

11. Sheldon, R.A.; Basso, A.; Brady, D. New frontiers in enzyme immobilisation: Robust biocatalysts for a circular bio-based economy.
Chem. Soc. Rev. 2021, 50, 5850–5862. [CrossRef]

12. Wu, H.; Chen, Q.; Zhang, W.; Mu, W. Overview of strategies for developing high thermostability industrial enzymes: Discovery,
mechanism, modification and challenges. Crit. Rev. Food Sci. Nutr. 2021, 26, 1–18. [CrossRef] [PubMed]

13. Mohammadi, M.; As, M.; Salehi, P.; Yousefi, M.; Nazari, M.; Brask, J. Immobilization of laccase on epoxy-functionalized silica and
its application in biodegradation of phenolic compounds. Int. J. Biol. Macromol. 2018, 109, 443–447. [CrossRef] [PubMed]

14. Katyal, P.; Chu, S.; Montclare, J.K. Enhancing organophosphate hydrolase efficacy via protein engineering and immobilization
strategies. Ann. NY Acad. Sci. 2020, 1480, 54–72. [CrossRef] [PubMed]

15. Wu, S.; Snajdrova, R.; Moore, J.C.; Baldenius, K.; Bornscheuer, U.T. Biocatalysis: Enzymatic Synthesis for Industrial Applications,
Bornscheuer. Angew. Chem. Int. Ed. 2021, 60, 88–119. [CrossRef]

16. Dong, Z.; Liu, Z.; Shi, J.; Tang, H.; Xiang, X.; Huang, F.; Zheng, M.-M. Carbon nanoparticle-stabilized pickering emulsion as a
sustainable and high-performance interfacial catalysis platform for enzymatic esterification/transesterification. ACS Sustain.
Chem. Eng. 2019, 7, 7619–7629. [CrossRef]

17. Hwang, E.T.; Lee, S. Multienzymatic Cascade Reactions via Enzyme Complex by Immobilization. ACS Catal. 2019, 9, 4402–4425.
[CrossRef]

18. Ariaeenejad, S.; Motamedi, E.; Salekdeh, G.H. Application of the immobilized enzyme on magnetic graphene oxide nano-carrier
as a versatile bi-functional tool for efficient removal of dye from water. Bioresour. Technol. 2021, 319, 124228. [CrossRef]
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Abstract: In this research, ethyl levulinate, methyl levulinate, and 2-methyltetrahydrofuran as bio-
derived hemicellulose-based solvents were applied as green alternatives in palladium-catalyzed
aminocarbonylation reactions. Iodobenzene and morpholine were used in optimization reactions
under different conditions, such as temperatures, pressures, and ligands. It was shown that the
XantPhos ligand had a great influence on conversion (98%) and chemoselectivity (100% carboxamide),
compared with the monodentate PPh3. Following this study, the optimized conditions were used to
extend the scope of substrates with nineteen candidates (various para-, ortho-, and meta-substituted
iodobenzene derivatives and iodo-heteroarenes), as well as eight different amine nucleophiles.

Keywords: aminocarbonylation; green solvents; amides; palladium; homogeneous catalysis

1. Introduction

Biomass is the only abundant and concentrated source of non-fossil carbon that is
available on Earth, and its conversion into special chemicals and fuels has been the focus
of several chemical researches within the past decade [1]. The biomass obtained by plants
and other wastes can be used to provide sustainable chemicals. In general, biomass usage
will bring benefits, such as a cleaner environment, more security, and projected long-term
economic savings [2]. The solvent industry, as one of the biggest and most important global
markets, is projected to reach 30.0 billion USD in 2025 (21.8 billion USD in 2020) at a CAGR
(compound annual growth rate) of 6.6% during the forecast period and is estimated to
reach 34 million metric tons by 2027 [3,4].

The bio-derived solvents obtained from biomass are environmentally benign,
biodegradable, and have lower toxicity than conventional organic solvents. Lomba and
coworkers found in a detailed study that levulinic acid and its esters showed very low toxi-
city, with a high biodegrability, which supports their use as green alternatives of traditional
chemicals. They investigated the ecotoxicity on Chlamydomonas reinhardtii, Vibrio fischeri,
Daphnia magna, and Eisenia foetida and ascertained that the toxicities of the levulinates
(methyl-, ethyl-, and butyl levulinate) were increased as a function of the length of the
alkyl chain [5]. Ventura and her research group evaluated the toxicity of biomass-derived
platform molecules by using the Microtox toxicity test. Contrary to the statement of the
above-mentioned research group, they found that ethyl levulinate was less toxic (practically
harmless, EC50 = 694 mg L−1) than levulinic acid (moderately toxic, EC50 = 28.4 mg L−1)
in the case of Vibrio fischeri bacteria [6]. In recent times, 2-MeTHF has been selected over
tetrahydrofurane, due to its favorable characteristic properties (e.g., higher boiling point,
which allows performing reactions at a relatively higher temperature [7], lower miscibility
in water, which favors a cleaner workup [8]). Furthermore, it has been established after
detailed toxicological studies that 2-MeTHF is not associated with any genotoxicity and
mutagenicity [9].
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Because solvents have great influence on reactivity and selectivity, their selection is
very crucial in most chemical processes. For this reason, there are solvent selection guides
made by researchers in academic and industrial areas (e.g., CHEM21, Sanofi’s selection
guide) to help choose the appropriate reaction media for a chemical synthesis [10–13]. In
these guides, the preferable terms are characterized by favorable environmental, health,
and safety (EHS) properties [14], and chemicals are categorized generally as hazardous,
problematic, or recommended. On the other hand, these guides are helpful for selecting
the best solvent because the “green solvents” deal with constraints that are sometimes
contradictory: the chemical reaction efficiency, safety (flash point, resistance, energy de-
composition, and peroxydation), health (acute, long-term, and single-target organ toxicity),
environment (biodegradability, ecotoxicity, solubility in water, volatility, odor, and life
cycle analysis), quality, industrial constraints (boiling and freezing points, density, and
recyclability) and cost. Briefly, the best green solvent must meet the specifications by which
the concept of “green chemistry” has been defined by the well-known 12 principles [15].

Water is cheap, safe, non-toxic, environmentally benign, and readily available; there-
fore, the application of it as a suitable reaction medium has received increasing attention
during the last decades. However, an efficient homogeneous CC coupling, as well as an
aminocarbonylation reaction, are often restricted, due to the limited solubility of reagents
(substrates, amine nucleophiles) and amide products or the decomposition of the catalyst.
Consequently, many more heterogeneous [16–21] or biphasic [22] aminocarbonylation pro-
cesses have been described than homogeneous processes [23–25]. Additionally, it has been
described by our research group that water can act as an O-nucleophile during aminocar-
bonylative conditions, resulting in the formation of carboxylic acid when low-reactive
nucleophile reaction partners are used [26]. Considering the above-mentioned reasons, our
attention turned to using bio-derived solvents instead of water.

Transition metal-catalyzed carbonylation reactions in the presence of nucleophile
reagents have become an indispensable tool for the synthesis of several α,β-unsaturated
and aromatic carboxylic acid derivatives [27,28]. Although these reactions require low
catalyst loading, they generally need a huge amount of solvent as a reaction media. One of
these reactions is aminocarbonylation, which has great importance concerning the synthesis
of simple building blocks and the functionalization of biologically important skeletons.
Carboxamides can be synthesized from easily available starting materials with aminocar-
bonylation, although the conventional carboxylic acid−carboxylic halide−carboxamide
route is difficult to prepare because it has no notable yield in the implementation [29,30].
Moreover, our research group has been investigating this reaction in the conventional
solvent DMF for years [29–39], and thanks to the ascertainments of the groups from Skryd-
strup [40] and Mika [41–43], our interest has been turned to the investigation of green
solvents.

In this study, we plan to investigate some appropriate green solvents as reaction
mediums for Pd-catalyzed aminocarbonylation, which has many applications in both
industrial and fine chemistry in organic synthesis, including the introduction of amides
with a variety of N-substituents [44,45]. Amides are one of the most important classes of
organic compounds, especially for the pharmaceutical industry, because most of the drugs
contain amide functionality. For example, most of the top 15 best-selling drugs in 2017
contained amide moiety [46].

Levulinic acid (LA), which is one of the platform compounds derived from biomass,
can be produced from lignocellulose biomass via two different ways. One is the direct
hydrolysis of biomass based on cellulose through 5-(hydroxymethyl)furfural (5-HMF) inter-
mediate, while the other is known as the furfuralcohol catalytic hydrolysis way, producing
LA via the hemicellulose–xylose(C5 unit)–furfural–furfuralcohol pathway (Figure 1). There-
fore, levulinic acid can be considered a valuable platform molecule that can be converted
into several important chemicals, such as levulinate esters, GVL, 2-MeTHF, etc. In this
work, ethyl levulinate was chosen as a biomass-derived solvent that can be synthesized
via direct esterification of the platform molecule, levulinic acid, in ethanol (Figure 1). This
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bio-based solvent is the viable additive for gasoline and diesel transportation fuels, and it
can also either be used in the flavoring and fragrance industries or as substrates for vari-
ous kinds of condensation and addition reactions at the ester and keto groups in organic
chemistry [47,48]. Lei et al. investigated the Suzuki−Miyaura coupling of amides with
this solvent and obtained 63% conversion during this transformation [49]. Another chosen
levulinate ester was methyl levulinate, which is also a certified viable additive for gasoline
and diesel transportation fuels, similar to the other levulinate esters [50]. Homogeneous
acid catalysts or mixtures of Lewis and Brønsted acids have also been generally employed
to produce a high yield of methyl levulinate from cellulose [51].

Figure 1. Converting lignocellulose through levulinic acid to alkyl levulinates and 2-MeTHF [52,53].

According to the computational study of Leal Silva’s group, the conversion of furfural
derived from hemicellulose to 2-methyltetrahydrofuran (2-MeTHF) could be more prof-
itable than ethyl levulinate synthesis [52], which moved our attention to the advantages
of 2-MeTHF as a solvent in the aminocarbonylation reaction. It is highly flammable and
mostly used as a fuel additive and an alternative solvent of tetrahydrofuran (THF) [47,54].
2-MeTHF is a promising solvent for transition metal-catalyzed reactions, and it has been
justified with quite a large number of articles published in literature [28,54–63]. In this
research, considering the green properties of the above-mentioned alkyl levulinates and
2-MeTHF, we investigated their applicability in the palladium-catalyzed aminocarbonyla-
tion of iodobenzene and its substituted derivatives, as well as iodo(hetero)arenes, in the
presence of various N-nucleophiles.

2. Results and Discussion

2.1. Optimization Study

Iodobenzene and morpholine as the nucleophilic reaction partners were chosen to
find the optimized conditions in our aminocarbonylation model reaction performed in
green solvents (Scheme 1). Pressure, temperature, and ligand were selected as the variable
parameters in the optimization study (Figure 2). First, the reaction was performed in the
presence of a Pd(OAc)2/2 PPh3 catalyst at 50 ◦C under 1 or 40 bar CO, conditions which
have been generally used and well-studied by our research group [64].

Scheme 1. Palladium-catalyzed aminocarbonylation reaction of iodobenzene with morpholine.
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Figure 2. Optimization study of the aminocarbonylation of iodobenzene (1) with morpholine (a).
(Reaction conditions: 0.5 mmol of iodobenzene, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.025 mmol of PPh3 or 0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under
a CO atmosphere for 6 h. The conversion was determined by GC using dodecane as an internal
standard.)

Under atmospheric carbon monoxide pressure, the reaction showed moderate conver-
sion (29–46%) in the alkyl levulinate-type solvents (MetLEV and EtLEV) and 9% conversion
in 2-MeTHF after 6 h. Under these conditions, the reaction was not chemoselective, due
to the formation of the corresponding 2-ketocarboxamide-type product (16–41%) caused
by the double carbon monoxide insertion. After carrying out the reactions under elevated
temperature (70 ◦C) in the presence of the previously used catalyst, the following consid-
erations are worth mentioning: (i) the chemoselectivity was favorable toward the amide
(1aa) product, and (ii) the conversions were increased in the case of all solvents after a
6 h reaction time. The CO pressure had a great influence on the product selectivity. After
carrying out the reaction at 40 bar of carbon monoxide pressure in the presence of the
previously used catalyst at 50 ◦C, the 1-morpholino-2-phenylethane-1,2-dione (1ab) formed
with high chemoselectivity (>85%) in all cases. It must be noted that the iodobenzene (1)
was converted by 79% by using the alkyl levulinate-type solvents, while in 2-MeTHF, the
conversion was only 35% after a 24 h reaction. Despite the promising chemoselectivity
results at the elevated CO pressure, the above-mentioned low conversions inspired us to
find other reaction conditions that could increase the synthetic importance of this reac-
tion in green solvents. The aminocarbonylation of iodobenzene and tert-butylamine has
been investigated by Marosvölgyi-Haskó and coworkers in DMF [65] and GVL using the
Pd(OAc)2/PPh3 catalyst [41]. Although the amines were different, we described similar
behavior in our former research (reactivity and selectivity) under the same reaction con-
ditions [66–68]. After carrying out the reactions with tert-butylamine in the conventional
organic solvent, the following considerations can be stated after a 6 h reaction time: (i)
the conversion (50%) was higher under atmospheric conditions than in our green solvents
(9–46%); (ii) the chemoselectivity was better towards the ketoamide-type product in DMF
(amide:ketoamide = 22:78) at 1 bar of CO, while the amide formation was more favorable
in alkyl levulinates and 2-MeTHF (59–84%); (iii) under elevated carbon monoxide pressure,
higher conversions were detected in alkyl levulinates (63–78%) than in DMF (53%); (iv) ex-
cellent chemoselectivity towards the ketoamide was observed in the conventional solvents,
as well as in our green solvents. It also has to be mentioned that the conversions and the
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chemoselectivity values, observed in GVL by Marosvölgyi-Haskó et. al., are similar to our
results detected in alkyl levulinates.

Based on our former research [69,70], in which XantPhos was used successfully to
convert the substrate selectively to the target product in a short reaction time, we decided to
apply this rigid bidentate phosphine ligand with a large bite angle to increase the efficiency
(e.g., conversion, selectivity) of the model reaction. After changing the triphenylphosphine
to XantPhos and carrying out the reaction under ambient conditions (50 ◦C and 1 bar of
CO pressure), complete conversion was detected in the alkyl levulinate solvents, while the
reaction was also almost complete in 2-MeTHF (87%) after 6 h.

To justify the applicability of the bio-derived candidates, we performed our model
reaction in DMF under the same reaction conditions as in the green solvents, and the results
are summarized in Table 1.

Table 1. Comparison of the aminocarbonylation reaction of iodobenzene (1) and morpholine (a) in
conventional and green solvents (a).

Entry Solvent Ligand Temp. pco Conv.(b) Ratio of Products (b)

[◦C] [bar] [%] Amide Ketoamide

1 DMF PPh3 50 1 71 28 72
2 DMF PPh3 70 1 74 67 33
3 DMF PPh3 50 40 79 3 97
4 DMF XantPhos 50 1 100 88 12
5 MetLev PPh3 50 1 29 59 41
6 MetLev PPh3 70 1 62 88 12
7 MetLev PPh3 50 40 63 5 95
8 MetLev XantPhos 50 1 99 100 0
9 EtLev PPh3 50 1 46 68 32
10 EtLev PPh3 70 1 69 91 9
11 EtLev PPh3 50 40 78 8 92
12 EtLev XantPhos 50 1 98 100 0
13 2-MeTHF PPh3 50 1 9 84 16
14 2-MeTHF PPh3 70 1 20 82 18
15 2-MeTHF PPh3 50 40 31 14 86
16 2-MeTHF XantPhos 50 1 87 100 0

(a) Reaction conditions: 0.5 mmol of iodobenzene, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2, 0.025 mmol
of PPh3 or 0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under a CO atmosphere after
a 6 h reaction time. (b) The conversion and the ratio of the carbonylated products were determined by GC using
dodecane as an internal standard.

It can be seen that the conversion in DMF was higher than in our solvents under
atmospheric conditions and in the presence of the Pd(OAc)2/2 PPh3 catalyst system.
Furthermore, the formation of the 1ab product was more favorable in DMF, while the
amide (1aa) formation was preferable in the green solvents (entries 1, 5, 9, and 13). The
amide (1aa) formation was much more expressed by carrying out the reactions at 70 ◦C
(entries 2, 6, 10, and 14). The conversion and the selectivity values were almost the same
in conventional and green solvents (except in 2-MeTHF) under high pressure conditions
(entries 3, 7, 11, and 15). After changing the triphenylphosphine to the bidentate XantPhos,
the reaction rate was extremely increased, and the amide (1aa) was formed with high
selectivity (88%) (entries 4, 8, 12, and 16).

Additionally, the morpholino(phenyl)methanone (1aa) compounds were isolated in
the following yields after performing the aminocarbonylation under optimized conditions:
61% (MetLev), 66% (EtLev), and 65% (2-MeTHF). After comparing these values with the
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isolated yields (>81%) reached by using conventional solvents [71–73], it can be stated that
removing the solvent under reduced pressure followed by column chromatography is an
applicable process to isolate the carboxamide products synthesized in bio-derived solvents.
In this way, we have appropriate conditions to use in further reactions, in which we can
extend the scope of the amine nucleophiles, as well as the substrates.

2.2. Extending the Scope of Amine Nucleophiles

With the optimized conditions on hand (XantPhos, 50 ◦C, atmospheric carbon monox-
ide pressure), we extended the scope of the amine nucleophiles in the aminocarbonylation
of iodobenzene (Figure 3).

 

Figure 3. Palladium-catalyzed aminocarbonylation of iodobenzene (1) with different amines (b–h).
(Reaction conditions: 0.5 mmol of iodobenzene, amine nucleophile (1.5 mmol of tert-butylamine,
0.75 mmol of pyrrolidine, 0.75 mmol of cyclohexylamine, 1.0 mmol of aniline, 0.55 mmol of amino
acid methyl esters (AlaOMe, ProOMe), and 0.75 mmol of 4-picolylamine), 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent at 50 ◦C under 1 bar of CO
in 6 h. The conversion was determined by GC using dodecane as an internal standard.)

It can be seen, by using simple primary (b,d) and secondary amines, that they showed
complete conversion in all green solvents. The tert-butylamine (b) provided similar reac-
tivity to amine (c) and (d) alkyl levulinate solvents, while in 2-MeTHF, strikingly lower
conversion was detected after 6 h. The lowest basicity among our nucleophiles was in the
presence of the aromatic aniline (e), with 46 and 70% conversions detected in methyl and
ethyl levulinate, respectively. The N-phenylbenzamide (2ea) was identified in traces in
2-MeTHF. Alanine methyl ester (f) and proline methyl ester (g) showed a slightly lower
reactivity in methyl levulinate than in ethyl levulinate, but the difference was not significant.
Furthermore, the two amino acid methyl esters provided the lowest conversion in 2-MeTHF,
which can be explained by their low solubility in this solvent. While the 4-picolylamine (h)
showed similar reactivity to the amino acid methyl esters in alkyl levulinates, surprisingly,
it was completely converted to the corresponding carboxamide (2ha) in 2-MeTHF after a
6 h reaction.
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2.3. Extending the Scope of Substrates

In the next step, iodobenzene derivatives (2–9) possessing various para-substituents
were reacted with morpholine (a) in the chosen green solvents under carbonylative condi-
tions (Scheme 2).

 

Scheme 2. Palladium-catalyzed aminocarbonylation reaction with para-substituted iodobenzenes
(2–9) and morpholine (a).

Although a strong relation between the reactivity and the Hammett para constant
of the substrates was not observed, the substrates (8, 9), having electron-withdrawing
substituents, provided lower conversions (55–67%) than the first three para-substituted
iodobenzene derivatives (2–4) that bore electron-donating groups (Figure 4). Furthermore,
substrates 2–4 reacted quite quickly with morpholine and gave high conversion values
(76–96%), especially in methyl levulinate, after a 2 h reaction. It can also be seen that
1-fluoro-4-iodobenzene (5) and 1-bromo-4-iodobenzene (6) showed the lowest reactivity
(46–59% conversions) in the alkyl levulinate solvents. After analyzing the reaction mixtures
after 6 h, complete conversions were detected in almost all cases except 4-iodoanisole
3 (92%). Each substrate showed quite a high reactivity in alkyl levulinate-type solvents
(>46%) in a 2 h reaction. It can also be seen that the behaviors of the para-substituted model
compounds are almost completely the same. Only substrate 3 provided a much lower
reactivity in the EtLEV (46%) than in the MetLEV (76%/) solvent. Consequently, there
was no significant difference between the behaviors of our para-substituted substrates
(2–9) in the alkyl levulinate-type solvents. The reactions, performed in 2-MeTHF under
the same conditions mentioned above, showed strikingly different reactivity than those in
the alkyl levulinate solvents. Most of the substrates showed very low conversions (<22%)
in 2 h, except 4-iodotoluene (4) and methyl 4-iodobenzoate (7), in which cases 68% and
45% conversions were observed, respectively. While substrates 4 and 7 provided complete
conversion, the others (2, 3, 5, 6, 8, and 9) were converted by only 24–68% after a 6 h
reaction. More than 92% of the target compounds were detected in the reaction mixture
after 24 h; only the 4-iodobenzotrifluoride (8) provided the corresponding carboxamide in
a quantity of 78%.
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Figure 4. Palladium-catalyzed aminocarbonylation of para-substituted iodobenzene derivatives
(4-iodo-phenole, 4-iodoanisole, 4-iodotoluene, 1-fluoro-4-iodobenzene, 1-bromo-4-iodobenzene,
methyl 4-iodo-benzoate, 4-iodobenzotrifluoride, and 4-iodobenzonitrile). (Reaction conditions:
0.5 mmol of para-substituted iodobenzene, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under a CO atmosphere for
2 h. The conversion was determined by GC using dodecane as an internal standard.)

In the continuation, ortho/meta-mono-substituted (10–12) and di- and tri-substituted
(13, 14) iodobenzene derivatives were examined. Compared to para-substituted substrates,
the ortho-, di-, and tri-substituted compounds (10, 13, 14) provided lower conversions,
likely due to steric reasons (Figure 5).

 

Figure 5. Pd-catalyzed aminocarbonylation of substituted iodobenzenes (10–14) with morpholine (a).
(Reaction conditions: 0.5 mmol of substrate, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under CO atmosphere in 6 h.
The conversion was determined by GC using dodecane as an internal standard.)

The 3-iodotoluene (11) (96 and 94% conversion) and 3-iodobenzonitrile (12) (71 and
84% conversion) showed high activity in both MetLEV and EtLEV solvents after 6 h
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reactions, while 2-iodoanisole (10) was converted in moderate yields (57–60%), due to the
steric hindrance of the methoxy moiety in the ortho position. Substrate 13, which had
trifluoromethyl substituents in ortho- and para-positions, showed less reactivity (32–37%)
in alkyl levulinate solvents, while the tri-substituted 5-iodo-1,2,3-trimethoxybenzene (14)
was slightly more reactive than 1-iodo-3,5-bis(trifluoromethyl)benzene (13) during the 6 h
reaction. Furthermore, it was demonstrated that substrates 11, 12, and 14 were converted
completely, in contrast with substrates 10 and 13, which gave 80–93% conversions in
alkyl levulinates after a 24 h reaction. Considering our result in the aminocarbonylation
reaction with substrates 11–14 and morpholine in 2-MeTHF, it can be easily seen that each
starting material showed very poor reactivity (<33%) after 6 h. Nonetheless, substrate
11 had a complete conversion in 24 h, while substrates 10, 12, and 14 were converted by
58–65% in one-day reactions. Only substrate 13 was converted slowly, resulting in the (2,4
bis(trifluoromethyl)phenyl) (morpholino)methanone (13aa) product being detectable in
traces (16%) after 24 h. Consequently, we can underline that alkyl levulinate-type solvents
could be more appropriate solvents than 2-MeTHF in the aminocarbonylation reaction
in the presence of ortho/meta-mono-substituted (10–12) and di/tri-substituted (13, 14)
iodobenzene derivatives.

In the last part of the study, some iodo-heteroaromatic substrates (15–19) were reacted
with morpholine under optimized conditions. Then, their reactivities were investigated
and compared in the green solvents above (Figure 6).

 

Figure 6. Pd-catalyzed aminocarbonylation of iodoheteroaromatic substrates (15–19) with morpholine
(a). (Reaction conditions: 0.5 mmol of substrate, 0.75 mmol of morpholine, 0.0125 mmol of Pd(OAc)2,
0.0125 mmol of XantPhos, 0.25 mL of triethylamine, and 5 mL of solvent under CO atmosphere in 2 h.
The conversion was determined by GC using dodecane as an internal standard.)

2-Iodopyridine (15) and 1-iodoisoquinoline (18), in which the iodo-functionality is
adjacent to the N-atom in the ring, were completely converted into the target carboxamide
(15aa, 18aa) in methyl- and ethyl levulinate after a 2 h reaction. 2-Iodothiophene (17) and
6-iodoquinoline (19) also showed good conversions (60–83%), while 3-iodopyridine (16)
was the least reactive (43–47%) among them. While substrates 17 and 19 were converted
completely in 6 h, 3-iodopyridine (16) showed 88% and 92% conversions in MetLEV and
EtLEV, respectively. It is clearly seen in Figure 6 that the substrates unambiguously showed
much higher reactivity in the alkyl levulinate-type solvents than in 2-MeTHF after 2 h of
reaction time; conversion values lower than 20% were detected by GC analysis. The most
reactive 2-iodopyridine (15) provided the target morpholino(pyridin-2-yl)methanone (15aa)
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compound with 82% conversion while in the reaction mixture, even though the conversions
were just 7–36%, in the case of substrates 16–19, after 6 h in 2-MeTHF.

Because the conversions, especially in alkyl levulinates, are comparable to the reactions
performed in conventional solvents, and the isolated yields in the case of compound 1aa

are similar to the results found in literature, the elementary steps of the catalytic cycle
should be the same as in conventional solvents. Considering this concept, the following
mechanism could be proposed. The ‘starting’ palladium(0) complex (Pd(CO)Ln, A) formed
by reduction, reacts with the organic halide substrate in an oxidative addition, affording
the palladium(II)-aryl intermediate (B). It is followed by the insertion of carbon monoxide
into the palladium–carbon (Pd-Ar) bond, resulting in the corresponding palladium(II)-
acyl complex (C). The next step is the nucleophile (NuH) attack on the species C, giving
the catalytic intermediate D. It is followed by the HI elimination in the presence of the
base (Et3N) from the complex D, providing the amido-acyl-palladium(II) species (E). The
last step is the reductive elimination, in which the carboxamide (F) is formed, and the
palladium(0) species is regenerated (Scheme 3).

Scheme 3. Proposed mechanism of palladium-catalyzed aminocarbonylation in bio-derived solvents.

3. Materials and Methods

3.1. Compounds and Solvents

Solvents (ethyl levulinate, methyl levulinate, 2-MeTHF, and dichloromethane), sub-
strates (1–19), nucleophiles (a–h), and triethylamine (Et3N) were purchased from Sigma-
Aldrich (St. Louis, MO, USA), and they were used without any further purification. The
Pd(OAc)2 and the ligands (PPh3 and XantPhos) were also purchased from Sigma-Aldrich.
TLC plates (silica gel on TLC Al foils with fluorescence indicators of 254 nm) and the silica
gel (high-purity grade, average pore size 60 Å (52–73 Å), 70–230 mesh) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Aminocarbonylation Reaction under Atmospheric Pressure of CO

Pd(OAc)2 (2.8 mg, 0.0125 mmol), PPh3 (6.5 mg, 0.025 mmol), or XantPhos (7.2 mg,
0.0125 mmol) were measured in a 100 mL three-necked flask equipped with a reflux
condenser connected to a balloon filled with argon. An amount of 0.5 mmol of substrate,
one of the amine nucleophiles (0.75 mmol of 4-picolylamine, cyclohexylamine, pyrrolidine,
and morpholine; 0.55 mmol of ProOMe·HCl and AlaOMe·HCl; 1.0 mmol of aniline; and
1.5 mmol of tBuNH2), 0.25 mL of triethylamine, 0.25 mmol of internal standard (dodecane),
and 5 mL of the green solvent were added under argon. Then the balloon was vacuumed
and filled with carbon monoxide. The reaction mixture was stirred at 600 rpm in an oil
bath at 50 ◦C for 24 h. The conversion was determined by GC measurements after 2, 6, and
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24 h, and then the reaction was stopped and filtered. All the carboxamides, synthesized
in the aminocarbonylation reactions, have already been described and characterized in
previous literature. Due to this reason and environmental considerations, the isolation of
the products was not performed. We performed the workup and isolation processes only in
the case of our model aminocarbonylation reaction, which was performed in the presence
of XantPhos; the solvents were removed under reduced pressure, and the crud was purified
using a column chromatography with the carefully chosen CHCl3: EtOAc = 8:2 eluent.

3.3. Aminocarbonylation Reaction under High Pressure of CO

Pd(OAc)2 (2.8 mg, 0.0125 mmol), PPh3 (6.5 mg, 0.025 mmol), or XantPhos (7.2 mg,
0.0125 mmol) were measured into a 100 mL stainless steel autoclave. The reagents and
solvents, which were mentioned in Chapter 2.2, were transferred under argon. The reaction
vessel was pressurized up to 40 bar total pressure with carbon monoxide, and the reaction
mixture was stirred at 600 rpm in an oil bath at 50 ◦C for 24 h. After the given time, the
reaction was stopped, and the autoclave was carefully depressurized in a well-ventilated
hood. Then, the reaction mixture was filtered and analyzed by GC measurements after 2, 6,
and 24 h.

3.4. Analytical Measurements

The reaction mixtures were analyzed by gas chromatography (Shimadzu Nexis GC-
2030, Tokyo, Japan; Agilent J&W GC Column, DB-1MS stationary phase with automatic
injection or DB-5MS stationary phase for ethyl levulinate and 1-iodobenzene with manual
injection) using the following parameters: injector temperature: 250 ◦C; oven initial tem-
perature: 50 ◦C (holding time: 1 min.); heating rate: 15 ◦C/min; final temperature: 320 ◦C
(holding time: 11 min.); detector temperature: 280 ◦C; and carrier gas: helium (1 mL/min).
The conversion and selectivity of the reactions were determined by GC. Unless otherwise
stated, the conversion was checked with the internal standard method using dodecane.
Mass spectrometry data were recorded using a GC–MS-QP2020 system (Shimadzu, Tokyo,
Japan) with electron spray ionization (ESI) to identify the amides formed in the reactions
(See Supplementary materials). The data are given as mass unit per charge (m/z), and the
intensities are given in brackets. These data sets can be found in the Supplementary file.

4. Conclusions

In conclusion, we focused our attention on selecting environmentally friendly and
greener solvents, which are commercially available and quite new, to facilitate the devel-
opment of palladium-catalyzed homogeneous aminocarbonylation reactions. After the
detailed optimization study, it has been shown that the Pd(OAc)2/XantPhos catalyst sys-
tem has great activity in the aminocarbonylation reaction of iodobenzene and morpholine,
and the substrate converted completely and selectively towards the target carboxamide.
By performing our model reaction in a conventional solvent, we demonstrated that the
results observed in DMF and in the bio-derived reaction media are similar, justifying the
applicability of our green solvents in aminocarbonylation. The appropriate conditions
were chosen to extend the scope of amine nucleophiles with eight candidates, as well
as nineteen different substrates (various para-, ortho-, and meta-substituted iodobenzene
derivatives and iodo-heteroarenes). Considering our results, it can be unambiguously
stated that the methyl- and ethyl levulinate are much more effective than the 2-MeTHF
under similar conditions. Consequently, the ’alkyl levulinate’-type solvents could be used
as alternative solvents for palladium-catalyzed aminocarbonylation reactions, opening a
greener procedure for this synthetically relevant transformation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010442/s1, Table S1: Optimization study of the
aminocarbonylation of iodobenzene (1) with morpholine (a); Table S2: Palladium-catalyzed aminocar-
bonylation of iodobenzene (1) with different primary and secondary amines (b–h); Table S3: Palladium-
catalyzed aminocarbonylation of para-substituted iodobenzene derivatives (2–9) with morpholine (a);
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Table S4: Palladium-catalyzed aminocarbonylation of substituted iodobenzenes (10–14) with morpho-
line (a); Table S5: Palladium-catalyzed aminocarbonylation of iodoheteroaromatic substrates (15–19)
with morpholine (a); Table S6: Palladium-catalyzed aminocarbonylation of iodobenzene (1) with
different primary and secondary amines (a–h); Table S7: Palladium-catalyzed aminocarbonylation of
para-substituted iodobenzene derivatives (2–9) with morpholine (a); Table S8: Palladium-catalyzed
aminocarbonylation of substituted iodobenzenes (10–14) with morpholine (a); Table S9: Palladium-
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Abstract: The present study is dedicated to the experimental verification of a concept for the hy-
drogenolysis of glycerol over in situ-generated Cu dispersed particles (Cu-DP). The Cu-DP were
generated by in situ reduction of a precursor salt (Cu(OAc)2, CuSO4, CuCl2) in the presence of KOH
and were active in glycerol conversion under hydrogen (T = 200–220 ◦C, p(H2) = 1–4 MPa), where
1,2-propylene glycol (PG) and lactic acid (LA) were detected to be the main products. The influence
of the reaction conditions (temperature, hydrogen pressure, reaction time, catalyst-to-feed ratio and
the KOH/Cu ratio) on the yields of the products is described. It was shown that the selectivity
between the PG and LA could be tuned by changing p(H2) or by the KOH amount, i.e., higher yields
of LA corresponded to lower p(H2) and higher alkalinity of the reaction media. The activity of the in
situ-generated Cu-DP was found to be comparable to that of an industrial Cu-Cr2O3 catalyst. The
Cu-DP catalysts were characterized by XRD, XPS, HRTEM and SEM. During the reaction, the catalyst
evolved by the sintering and recrystallization of the separate Cu-DP; the crystallite sizes after 1 and
15 h reaction times amounted to 35 and 49 nm, respectively.

Keywords: dispersed copper particles; glycerol; propylene glycol; hydrogenolysis; heterogeneous catalysis

1. Introduction

The need to reduce environmental degradation and to transition to a low-carbon
economy requires the search for new solutions to reduce the consumption of non-renewable
carbonaceous raw materials. One such solution is the synthesis of the most important large-
tonnage compounds traditionally obtained from raw mineral materials using components
derived from renewable sources, i.e., so-called “petrochemical substitutes”. For example,
propylene glycol (1,2-propanediol) is a dihydric alcohol of great industrial importance that
is currently obtained mainly from fossil-derived propylene oxide. Propylene glycol is used
as a polyol in the synthesis of polyurethanes and polyesters, as a solvent and plasticizer,
and as a base for technical fluids for various purposes, e.g., antifreezes, hydraulic fluids,
water-based heat carriers and deicing fluids for aviation needs [1].

Due to the versatile applications of propylene glycol (PG), the development of tech-
nologies for its production from renewable raw materials is of real significance. The most
promising renewable raw material for PG production is bioglycerol, the market of which
experienced tenfold growth in the 2003–2012 period [2]. At present, it is known that a
consortium of Oleon and BASF is producing bio-propylene glycol from bioglycerol [3].
At the same time, studies aimed at improving the technology for obtaining propylene
glycol from glycerol continue in two main directions, i.e., the search for new methods of
processing crude bioglycerol [4] and the development of improved process catalysts with
increased activity, selectivity and stability [4–8].

Traditionally, heterogeneous catalysts based on precious metals (Ru, Rh and Pd [9–12])
and some transition metals (Co [13], Ni [14,15] and Cu [16–21]) have been used for hy-
drogenation and hydrogenolysis processes. The high cost of precious metals and the low
selectivity of catalysts based on them for 1,2-propanediol limit their use in the production
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of propylene glycol, despite their high activity [22]. The low selectivity of hydrogenolysis
is associated with side reactions involving the cleavage of C–C bonds in glycerol with the
formation of ethylene glycol, ethanol and methanol, as is typical of both platinum group
metals and cobalt and nickel.

In contrast to catalysts based on precious metals, in glycerol hydrogenolysis, copper-
containing catalysts demonstrate high selectivity for the hydrogenation of C–O bonds but
lower catalytic activity than precious metals. In particular, when using heterogeneous
catalysts, such as Cu/Al2O3 [7,8] and Cu/ZnO [16,23,24], the glycerol conversion rate can
be 70%, with propylene glycol selectivity of up to 90%. Other advantages of copper-based
catalysts include their relative environmental friendliness and high availability. Due to
the high selectivity for 1,2-PG and relative affordability of copper as the main component,
copper-containing catalysts are extremely promising for industrial applications.

The main problem of copper-containing catalysts is their low activity. For example,
at T = 200 ◦C and p(H2) = 200 psi, propylene glycol was produced on industrial catalysts
5%Pt/C and Raney copper at an equivalent weight catalyst-to-feed ratio, while the mass
contents of the active components in these catalysts were 5% and 100%, respectively. In-
creasing the activity of copper-based catalysts may be achieved in two main ways. The
first involves the promotion of copper by a second element. The most effective promotion
(which is also used in the manufacture of industrial catalysts) is achieved by adding alu-
minum [4,18,25], chromium [5,17,26] and zinc oxides [16,18,23,24,27,28] to copper, although
examples of adding Ni, Mg [21] or B [4,29] are also known. The second way to increase
the activity of copper-based catalysts relies on the fact that their activity is proportional
to the copper dispersion (which can be expressed in terms of the specific surface area of
copper in the catalyst) [30]. In other words, catalysts with more dispersed copper particles
have increased activity. The problem of using highly active heterogeneous catalysts is
associated not only with their preparation but also with the configuration of the fixed-bed
reactors used. The hydrogenolysis of glycerol is exothermic and, as such, the use of a
fixed-bed reactor requires additional technology to control temperature gradients inside
the apparatus.

An alternative approach to hydrogenolysis is dispersed-phase catalysis in a slurry
reactor. The catalyst is a dispersed phase consisting of solid particles; when the average
particle size approaches the sub-nanometer range in a slurry reactor, the diffusion inside
the particles practically disappears and the process becomes quasi-homogeneous. To apply
this approach, the following factors should be considered:

• The dispersion of catalyst particles affects the reaction rate;
• The thermal effect of the reaction complicates the use of a fixed-bed reactor;
• The catalytic dispersed phase can be formed in situ;
• The reaction medium is able to inhibit the coagulation of the particles;
• The reaction products have a boiling point lower than the raw material and can be

separated from the reaction mass by distillation.

In the case of the hydrogenolysis reaction of glycerol to propylene glycol, most of
these conditions are met. The polyol medium is an excellent stabilizer for dispersed
metal particles and has given rise to the polyol process of obtaining dispersions of metal
nanoparticles [31]. Copper is easily reduced to a metallic state from Cu2+ salts, and
polyol itself can act as a reducing agent [32–35]; the resulting particles can have sizes in
the tens of nanometers [36]. This, in turn, led us to consider the application of copper
nanoparticles, the activity of which will be high in glycerol hydrogenolysis. The boiling
point of propylene glycol is almost 100 ◦C lower than that of glycerol (190 and 290 ◦C,
respectively), which makes it easy to separate the product by distillation. Finally, the use of
a dispersed catalyst in a mixing reactor eliminates the problem of thermal gradients. Ex
situ-derived copper nanoparticles were previously successfully applied as a catalyst for
furfural hydrogenation [37]. For the hydrogenolysis of glycerol, Omar et al. proposed the
use of Cu/ZnO nanoparticles that were also obtained by ex situ synthesis [24]. The aim of
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this study is to experimentally test our proposed concept for glycerol hydrogenolysis in the
presence of in situ-formed, dispersed copper particles (Figure 1).

 

Figure 1. The concept of glycerol hydrogenolysis over in situ-generated ultrafine copper particles.

Achieving the goal requires the following:

• A description of the phenomenon of dispersed catalyst formation in situ in the
reaction medium;

• Characterization of the catalytic activity of the resulting catalyst, including the depen-
dence of product yields on the reaction conditions;

• Description of the structure and morphology of in situ-generated catalysts.

2. Results and Discussion

2.1. Phenomenon of Catalytic Activity in the Glycerol Hydrogenolysis Reaction

The initial hypothesis of our study implies that when a copper salt solution (Figure S5)
is heated in glycerol, dispersed particles of metallic copper are formed, which, due to
their catalytic activity, catalyze the glycerol hydrogenolysis reaction. Confirmation of this
hypothesis should be based on the following observations:

• A heterogeneous catalyst must be present in the reaction mixture;
• The resulting reaction mixture must contain reaction products—in particular, the target PG;
• The conversion of glycerol and the yield of the desired products should increase with

increasing temperature and reaction time;
• The conversion of glycerol and the yield of the desired products should change when

the Gly/Cu ratio changes;
• Propylene glycol should be formed only in a hydrogen medium and only in the

presence of a copper precursor salt.

The activity of copper-containing catalysts in glycerol hydrogenolysis is traditionally
considered to be relatively low compared with that of catalysts based on platinum group
metals. The results of experiments on glycerol hydrogenolysis using an industrial copper
chromite catalyst (Table 1, entry 23–24) have generally confirmed this statement; at a ratio
of Gly/Cu = 100 mol and T = 200 ◦C, the glycerol conversion for 5–10 h of reaction was
3.6–9.2%. Thus, to obtain the measured dynamics in the experiment, the catalyst must be
1–2% mol per substrate.
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Table 1. Hydrogenolysis of glycerol in the presence of copper catalysts. Conditions: p(H2) = 3 MPa,
KOH/Cu = 5.8 mol, Gly/H2O = 4.1 vol.

Entry Precursor Salt T, ◦C Gly/Cu, mol τ, h XGly, % YEG, % YPG, % YLA, % YGA, %

1 - 220 - 5 2.2 0.1 0.2 2.0 -

2

CuSO4·5H2O

200

50
5 15.0 0.4 7.0 7.0 0.6

3 10 15.2 0.5 8.9 5.0 0.8

4
100

5 7.0 0.2 4.0 2.5 0.3

5 10 8.1 0.4 4.7 2.9 0.1

6

220

50
5 16.6 0.8 10.4 5.1 0.3

7 10 18.4 0.9 10.7 6.8 -

8
100

5 8.5 0.4 4.7 3.3 0.1

9 10 8.5 0.3 4.8 3.4 -

10

Cu(OAc)2·H2O

200

50
5 14.8 0.3 8.9 3.7 1.9

11 10 15.5 0.6 8.0 5.7 1.2

12
100

5 7.0 0.1 3.6 2.6 0.7

13 10 7.1 0.2 3.7 2.5 0.7

14

220

50
5 16.8 0.7 8.5 6.8 0.8

15 10 18.5 0.8 9.4 7.4 0.9

16
100

5 7.8 0.2 4.0 3.2 0.4

17 10 10.6 0.5 5.3 4.2 0.6

18

Nitrogen

200

100

5 4.6 0.1 0.7 3.1 0.7

19
220

5 4.4 0.1 0.7 2.8 0.8

20 10 4.8 0.1 0.8 3.3 0.6

21

Cu-Cr2O3
1

200

50
5 7.4 0.1 6.0 1.3 -

22 10 10.6 0.1 10.1 0.4 -

23
100

5 3.6 - 3.6 - -

24 10 9.3 0.3 8.3 0.7 -

25

220

50
5 19.0 0.2 17.3 1.5 -

26 10 26.1 0.2 25.4 0.5 -

27
100

5 11.9 0.1 8.6 3.1 -

28 10 19.4 0.1 19.0 0.4 -

29 Cu-Cr2O3 + KOH 220 50 5 34.5 1.5 23.6 9.4 -

30
CuCl2·2H2O

200 50 5 11.0 0.3 5.8 4.3 0.6

31 220 50 5 16.2 0.5 6.7 8.3 0.7
1 The copper chromite catalyst was used without KOH addition.

At this ratio, the precursor cannot be quickly dissolved in the initial water–glycerol
mixture; therefore, to ensure homogenization, an excess of KOH was added to the solution
with the precursor. In this case, the copper salts were completely dissolved, probably
forming copper glycerate, as indicated by the cornflower-blue color of the solution.

When heating precursor solutions in glycerol at T = 200–220 ◦C and p(H2) = 3 MPa,
solution discoloration was observed with the simultaneous formation of a copper-colored
solid phase. The analysis of reaction mixtures (Table 1) showed that these phenomena were
accompanied by glycerol conversion with the formation of two main products, i.e., propy-
lene glycol and lactic acid (or salt, depending on the pH of the reaction medium), and two
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by-products, i.e., ethylene glycol and glyceric acid (or salt, depending on the pH of the
reaction medium). This was observed for all three tested precursors (CuSO4, Cu(OAc)2
and CuCl2). With this in mind, the conversion of glycerol sharply decreased in the absence
of a copper salt precursor, and propylene glycol was practically not formed at all. Thus,
when heating glycerol with KOH at T = 220 ◦C (Table 1, entry 1), the glycerol conversion
was 2.2%, of which, 2.0% accounted for YLA and only 0.2% for YPG. The same mixture with
the addition of 2% mol (for glycerol) of copper acetate (Table 1, entry 14) was characterized
by XGly = 16.8% with YPG = 8.5% and YLA = 6.8%. Thus, the formation of propylene glycol
was associated with the presence of copper in the reaction mixture. It was also found
that propylene glycol did not form when the reaction took place in a nitrogen atmosphere
(Table 1, entry 18–20); the YPG under these conditions was only 0.7%. When the reaction
was carried out under the same conditions in a hydrogen atmosphere (p(H2) = 3.0 MPa),
the PG yield was 4.0% (Table 1, entry 16). These results confirm that a heterogeneous
catalyst was formed from the precursor salt in the solution and that a catalytic reaction of
hydrogenolysis subsequently occurred.

The conversion rate of glycerol and the yield of products varied depending on the
reaction time and the catalyst-to-feed ratio. For example, in the presence of copper acetate
at T = 200 and 220 ◦C (Table 1, entries 11 and 15), the XGly amounted to 15.5% and 18.5%,
respectively. With a twofold increase in the catalyst-to-feed ratio, glycerol conversion also
increased. For instance, at Gly/Cu = 100 mol and 50 mol, the XGly was 7.8% and 16.8%,
respectively (Table 1, entries 16 and 14).

It is obvious that it is the alkaline nature of the reaction mixture that is responsible
for the significant yield of lactic acid during the glycerol hydrogenolysis in the presence of
in situ-formed copper particles. The co-catalytic performance of KOH was confirmed by a
control test. The glycerol hydrogenolysis over the Cu-Cr2O3 catalyst resulted in XGly = 19.0%,
YPG = 17.3% and YLA = 1.5% (Table 1, entry 25). When the fivefold molar amount of KOH
was added to the Cu-Cr2O3 catalyst, the YPG was slightly increased, while the YLA rose from
1.5% to 9.4%, therefore contributing to the XGly surplus. Since the alkali acting as a co-catalyst
regulates the reaction selectivity, the corresponding dependence deserves consideration.

Cu2+ reduction should be accompanied by partial neutralization of alkali according to
the following equations:

Cu(OAc)2 + H2 = Cu0 + 2HOAc; 2HOAC + 2KOH = 2KOAc + 2H2O

Thus, at the ratio KOH/Cu = 2.0 mol, complete alkali neutralization should be ob-
served during complete copper reduction. At lower KOH/Cu ratios in the initial reaction
mixture, one can expect acidic medium formation; the values of KOH/Cu > 2.0 mol will
correspond to the alkaline medium. As can be seen from the results obtained (Figure 2), the
glycerol conversion and yields of products depended on the alkali amount in the initial re-
action mixture. With a lack of alkali relative to stoichiometric amount (KOH/Cu < 2.0 mol),
XGly did not exceed 3.5%, with a YPG of 0.8–1.1% and YLA of 0.6–1.1%. When the medium
changed to a slightly alkaline one (KOH/Cu = 2.3 mol), the glycerol conversion increased
sharply to 13.4%, and this increase was associated with an increase in the propylene
glycol yield of up to 10.0%, while the lactic acid yield increased insignificantly (up to
1.7%). A further increase in the alkali amount and the medium transition to alkaline
(KOH/Cu = 3.6–5.8 mol) changed the conversion selectivity at an almost constant conver-
sion. At KOH/Cu = 3.6 mol, the glycerol conversion was 12.6%; furthermore, YPG = 6.3%
and YLA = 4.7%. By-product (EG and GA) yields did not depend much on the alkali amount
in the mixture. Thus, the highest selectivity of glycerol conversion in the presence of the in
situ-formed copper catalyst was achieved in a slightly alkaline medium; when the dosage
was increased, PG and LA alkalis were formed in comparable amounts.
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Figure 2. The influence of the KOH/Cu molar ratio on the glycerol conversion and the yields
of the products. Conditions: T = 220 ◦C, p(H2) = 3.0 MPa, Gly/Cu = 50 mol, τ = 5 h,
precursor salt = Cu(OAc)2.

Lactic acid is formed from glycerol in an alkaline medium through successive stages
of dehydrogenation (catalyzed by Cu0) and dehydration (catalyzed by OH−). Both the
rate and the equilibrium of the dehydrogenation reaction can depend on the hydrogen
pressure in the system. However, the propylene glycol (hydrogenolysis product) formation
rate can also depend on the hydrogen pressure. Thus, changing p(H2) can be a way to
control the reaction selectivity. The results obtained (Figure 3) indicate the validity of these
assumptions: an increase in hydrogen pressure was accompanied by both an increase
in glycerol conversion and an increase in selectivity between PG and LA. Thus, during
glycerol hydrogenolysis in the presence of Cu(OAc)2 (T = 220 ◦C, KOH/Cu = 5.8 mol,
Gly/Cu = 50 mol, τ = 2.5 h), at p(H2) = 1.0 MPa and 4.0 MPa, XGly amounted to 9.9% and
13.0%; YPG amounted to 3.7% and 7.2%; and YLA decreased from 4.5% to 3.7%, respectively.
With that, we did not find a significant effect of hydrogen pressure on the yields of by-
products of ethylene glycol and glyceric acid. Despite the lack of data on the reaction
kinetics, it can be concluded from this that the glycerol hydrogenolysis reaction with the
propylene glycol formation in the presence of the in situ-formed copper dispersed catalysts
has a non-zero hydrogen order.

With that, both the conversion and the selectivity of the reaction changed little
when the glycerol concentration in the reaction mixture was reduced by diluting it with
water (Figure 4). Therefore, at Gly/H2O = 0.4 vol, the values of XGly/YPG/YLA were
13.3/4.0/7.3%, and at Gly/H2O = 4.1 vol the values were 16.8/8.5/6.8%, respectively.
Apparently, the lactic acid formation reaction has an glycerol order close to zero. Since YPG
more than doubled (from 4.0 to 8.5%) with an increase in the glycerol concentration, the
propylene glycol formation reaction order obviously has a non-zero value.
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Figure 3. The influence of the hydrogen pressure on the glycerol conversion and the yields of the
products. Conditions: T = 220 ◦C, KOH/Cu = 5.8 mol, Gly/Cu = 50 mol, Gly/H2O = 4.1 vol, τ = 2.5 h,
precursor salt = Cu(OAc)2.

Figure 4. The influence of the Gly/H2O volume ratio on the glycerol conversion and the yields of the
products. Conditions: T = 220 ◦C, p(H2) = 3.0 MPa, KOH/Cu = 5.8 mol, Gly/Cu = 50 mol, τ = 5.0 h,
precursor salt = Cu(OAc)2.

The dependence of glycerol conversion and product yields on the reaction time was
studied for two different catalytic systems differing in their KOH/Cu molar ratio (2.3 and
5.8) (Figures 5 and 6). In both cases, the continuous growth of XGly, YPG and YLA was
observed. In general, the yield of the by-product ethylene glycol increased with an increase
in the PG yield, while the GA yield tended to somewhat decrease. The latter circumstance
can be explained by the fact that GA formed during the copper reduction by glycerol was
further converted—presumably as a result of slow hydrogenation into glycerol.
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Figure 5. The influence of the reaction time on glycerol conversion and the yields of the products.
Conditions: T = 220 ◦C, p(H2) = 3.0 MPa, KOH/Cu = 5.8 mol, Gly/Cu = 50 mol, Gly/H2O = 4.1 vol,
precursor salt = Cu(OAc)2.

Figure 6. The influence of the reaction time on glycerol conversion and the yields of the products.
Conditions: T = 220 ◦C, p(H2) = 3.0 MPa, KOH/Cu = 2.3 mol, Gly/Cu = 50 mol, Gly/H2O = 4.1 vol,
precursor salt = Cu(OAc)2.

With that, according to the data obtained, a sharp reaction deceleration is evident,
and is more pronounced in the case of KOH/Cu = 5.8 mol (Figure 5). Thus, the change
in conversion rate for the first hour of reaction was 12.6%, while for the next 29 h, the
conversion rate changed by only 11.8%. In the case where KOH/Cu = 2.3 mol, the reaction
deceleration was smoother: XGly at 1 and 30 h of the reaction was 2.9% and 30.6%; however,
when the reaction continued for up to 60 h, the conversion increase was only 2.1% (Figure 6).

In principle, such a sharp reaction deceleration can be due to three main reasons. The
first of them is the accumulation of an inhibitor compound in the reaction medium, which
sharply slows down the target reaction. Theoretically, the reaction product can also act as
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an inhibitor, but the repeatedly described possibility of obtaining high yields of propylene
glycol in the glycerol hydrogenolysis on copper catalysts indicates a low probability of such
a scenario [7,25]. The second reason for reaction deceleration is to reduce the concentration
of alkali by converting it to potassium lactate. When YLA reaches approximately 8%, the
reaction medium becomes acidic. As is shown in Figure 2, when pH < 7, the conversion
of glycerol and the yields of the main products—propylene glycol and lactic acid—are
sharply reduced. The third potential cause may be the catalytic phase degradation. It is
generally assumed that dispersed metal particles are well stabilized by a polyol medium;
however, this does not guarantee a complete halt in agglomeration and recrystallization
processes. It should be noted that the catalyst formation from the glycerol solution of the
precursor salt coincides in time with the start of the catalytic reaction, and then these two
processes (the catalyst evolution and the catalytic reaction) proceed in parallel. Since the
main regularities of the catalytic reaction have already been described in this study, it is
necessary to continue to characterize the catalyst formed in the reactor while making an
attempt to describe its evolution.

2.2. In Situ-Generated Catalyst Characterization

The first questions to be answered in order to characterize the catalyst are: what is
the precursor conversion degree to form a solid phase and what is the residual concen-
tration of dissolved copper in the reaction mixture after the experiment? To answer these
questions, the obtained reaction mixtures were subjected to thorough centrifugation; the
copper concentration in the supernatants was determined by the XRF method (Table 2).
The estimated copper concentration in the initial solution was 2.93 wt %. In the reac-
tion mixture supernatant obtained with a reaction time of 1 h, the total residual copper
content was 7 × 10−4 wt %. The reaction mixture obtained at τ = 5 h was characterized
by ωCu = 1 × 10−4 wt %; there was slightly more residual copper during the solid phase
formation in the absence of alkali (11 × 10−4 wt %). Thus, we can speak about the complete
precursor salt conversion into a heterogeneous phase under the selected reaction conditions.

Table 2. The residual copper content in the supernatant solutions measured by XRF. Conditions:
T = 220 ◦C, p(H2) = 3.0 MPa, Gly/Cu = 50 mol, Gly/H2O = 4.1 vol, precursor salt = Cu(OAc)2.

Reaction Conditions
ωCu2+ at the Beginning of the

Reaction, %
∑Cu after Hydrogenolysis,

10−4%

τ = 5 h, Without alkali
2.93

11
τ = 5 h, nKOH/nCu = 5.8 1
τ = 1 h, nKOH/nCu = 5.8 7

According to the X-ray diffraction pattern obtained, the phase composition of the
formed catalyst was a crystalline metallic copper Cu0 with a typical face-centered cubic
crystal lattice (Figure 7). The observed diffraction maximum at 2θ = 43◦ corresponded to a
set of Cu (1 1 1) copper planes (PDF 04-0836). Traces of phases other than metallic copper
were represented by weak peaks of copper hemioxide (PDF 65-3288); the most intense peak
was observed at 2θ = 37◦, corresponding to Cu2O (1 1 1), the presence of which may be due
to partial oxidation of the surface of solid particles during their preparation for analysis.
The phase composition was the same for samples obtained in the absence of alkali and
at KOH/Cu = 5.8; no differences in the phase composition were found between samples
obtained after 1, 5 and 15 h of the reaction.

In view of there being no significant differences between the XRD patterns of Cu
samples, XPS patterns were obtained solely for Cu-5 and Cu-5 * with a reaction of time 5 h
(Figure 8). A study of the near-surface layer of in situ-formed, dispersed catalyst using the
XPS method revealed the presence of Cu0, as evidenced by the 2p1/2–2p3/2 spin–orbit dou-
blet, and did not identify the CuO oxide phase. As a result of the obtained XPS spectrum
deconvolution, Cu0 peaks were identified with Cu 2p3/2 binding energies and Cu 2p1/2

equal to 932.1 eV and 951.7 eV, which is consistent with the literature data [38]. Due to the
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proximity of binding energies at the 2p level of Cu2O and Cu, which leads to the superpo-
sition of peaks, it is only possible to determine the content of copper hemioxide from the
Cu2O satellite peak (Ebin = 945 eV). Thus, the surface layer of Cu-5 and Cu-5 * samples was
represented by pure Cu0 copper with an insignificant content of copper hemioxide in the
Cu-5 sample, the formation of which could be caused by sample preparation for analysis.

Figure 7. The XRD patterns of copper catalysts (Cu-1, Cu-5 *, Cu-5, Cu-15) generated in situ in the
reaction medium during hydrogenolysis of glycerol.

Figure 8. The XPS patterns of copper catalysts (Cu-5 *, Cu-5) generated in situ in the reaction medium
during hydrogenolysis of glycerol. Blue color: the measured XPS spectrum; pink color: Cu 2p1/2

region; yellow color: Cu 2p3/2 region.

Figure 9 shows the SEM images of the catalysts Cu-1, Cu-5 and Cu-15 synthesized
in situ for 1, 5 and 15 h, respectively, with KOH/Cu = 5.8 mol and Cu-5 * generated for
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5 h. The morphology of all of the samples presents aggregates of various-shaped particles.
According to SEM images of the catalysts Cu-1, Cu-5 and Cu-15, the particle shape changed
depending on the sample formation time in situ. The average size of aggregates was
50–750 μm and the size of smaller particles was less than 5 μm (Figure S3A,B). The SEM
microphotographs allowed us to make a suggestion about the evolution of the catalyst and
the changes in the morphology of both the aggregates as a whole and the morphology of
individual particles that made up the aggregates. For a reaction time of more than 1 h,
gradual recrystallization of the copper phase resulted in the formation of agglomerates
that were 50–750 μm in size, and the morphology of individual particles changed from
framework- to monolith-like, probably as a result of the internal space of the framework
being filled with new copper atoms (sample Cu-5, Figures 9 and S3C). Some areas of the
catalyst sample Cu-15 became a monolithic surface, increasing the reaction time to 15 h
(sample Cu-15, Figure 9). The fact that agglomeration of the catalysts took place during
this time is also confirmed by the values of the total specific surface area obtained using the
BET method. For 1 h of sample Cu-1, the value was 2.75 m2/g; for a 15 h catalyst Cu-15,
the value was more than two-times lower—0.74 m2/g. The process of sintering continued,
and after 60 h, the catalyst had the form of a monolithic sphere (Figure S4).

Figure 9. The SEM microphotographs of the copper catalysts (Cu-1, Cu-5 *, Cu-5, Cu-15) generated
in situ in the reaction medium during hydrogenolysis of glycerol.

The absence of an alkali addition to the reaction system should be noted, and, accord-
ingly, forming the catalyst does not lead to a significant change in morphology (sample
Cu-5 *, Figure 9). Hence, sintering of the catalyst occurs during the course of the reaction
time, and the active surface of the catalyst and its catalytic activity decreases, leading to
a decrease in the rate of the glycerol hydrogenolysis reaction (Figures 5 and 6). Catalyst
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microstructure analysis using the TEM method (Figure 10) indicates the formation of cubic-
shaped particle clusters. Taking into account the particle size, distribution from the HRTEM
method is not evident, and one can estimate that agglomerates consist of cubic particles of
approximately 50–70 nm in size.

 

Figure 10. The HRTEM microphotographs of the copper catalysts (Cu-1, Cu-5 *) generated in situ in
the reaction medium during hydrogenolysis of glycerol.

The conclusions drawn regarding the catalyst evolution from the SEM results were
confirmed by the calculations of the average crystallite size from the XPA data (Table 3).
The sizes of Cu crystallites were estimated by the width of the patterns, appropriate to the
(111), (200), (220), (311), (222) planes in Cu according to the Hall–Williamson method. Thus,
the catalyst obtained after 1, 5 and 15 h is characterized by an average crystallite size of
35 nm, 44 nm, and 49 nm, respectively.

Table 3. Phase composition and average crystallite size of in situ-generated catalysts estimated by XRD.

Catalyst Phase Composition Average Crystallite Size, nm

Cu-1

Cu

35
Cu-5 * 42
Cu-5 44

Cu-15 49

2.3. The Discussion Regarding the Reaction Routes and the Specific Activity

Upon glycerol hydrogenolysis of in situ-generated dispersed copper particles, four
products were formed. The main reaction products were PG and LA; by-products were
represented by EG and glyceric acid. The data obtained as a result of catalytic experiments
in combination with published data allow us to make assumptions regarding the routes of
formation of glycerol conversion products.

The glycerol conversion reaction rate increased sharply during the transition from a
neutral medium to an alkaline one (Figure 2). With that, the copper catalyst activity in a
weak-acid medium was several times lower compared with the specific activity of the pro-
moted Cu/Cr2O3 catalyst, which confirms the previous conclusions by Nikolaev et al. [7].
This allows us to conclude that the reaction mechanism changes during the transition to an
alkaline medium. It is known that in a neutral and acidic medium, the dominant conversion
mechanism involves the primary glycerol dehydration with the acetol formation, which is
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converted to PG during hydrogenation [6,7,22,25]. During the reaction by this mechanism,
intermediate acetol is always detected among the by-products. In an alkaline medium,
the mechanism of glycerol conversion includes primary dehydration dehydrogenation
with the formation of glyceraldehyde, followed by its dehydration into methylglyoxal
(pyruvaldehyde). The latter could be either hydrogenated into PG or transformed into LA
by hydration rearrangement [22,39]. Under the conditions we have chosen in an alkaline
medium, the glycerol conversion proceeds according to the second mechanism through
the glyceraldehyde formation; this is confirmed both by the presence of PG and LA as the
main products, and by the complete acetol absence in the reaction mixtures (Figure S2A).
In addition, in the presence of a Cu/Cr2O3 catalyst, the LA yield was insignificant in a
neutral medium and sharply increased with KOH addition (Table 1, entry 29), which also
indicates a change in the reaction mechanism with alkali addition.

The secondary ethylene glycol formation (Scheme 1, reaction 2) during the glyc-
eraldehyde mechanism implementation proceeded through the retro-aldol reaction of
glyceraldehyde [22,39] This mechanism is characterized by a significantly higher selectivity
for EG compared with the reaction occurring through acetol formation. For example, dur-
ing hydrogenolysis on a Cu/Al2O3 catalyst (T = 200 ◦C, p(H2) = 5 MPa), the selectivity for
ethylene glycol was 1.2% at XGly = 85%. Glycerol hydrogenolysis on Pt/C and Ru/C in the
presence of CaO base (T = 200 ◦C, p(H2) = 4 MPa) proceeded with EG selectivity from 9%
to 16% [22]. During glycerol hydrogenolysis in the presence of copper DPs, ethylene glycol
selectivity did not depend much on pressure and the KOH/Cu molar ratio, and in all cases,
was approximately 4%, practically unchanged depending on the glycerol conversion.

 

Scheme 1. The reaction routes in the catalytic hydrogenolysis of glycerol over the in situ-
generated CuDPs.

Glyceric acid, detected among the reaction products in all mixtures obtained by
catalysis by copper DPs, is a glycerol oxidation product (Scheme 1, reaction 1). The reaction
medium was reducing; therefore, the only oxidizing agent in it could be a copper salt.
Since there were no other oxidizing agents in the reaction medium, GA was formed during
the copper reduction from the precursor salt at the initial stage of the reaction. As the
reaction continued (Figures 4 and 5), the GA yield decreased slowly, which may indicate its
hydrogenation with the glycerol formation in the presence of CuDPs (Scheme 1, reaction 1).
Although glyceric acid could theoretically be generated by the Cannizzaro reaction of the
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intermediate glyceraldehyde, the main source of glyceric acid formation was considered
the oxidation of glycerol by the Cu2+.

Since glyceric acid can be hydrogenated under reaction conditions to form glycerol, it
is possible to assume that the lactic acid hydrogenation with the PG formation can proceed
in a similar way (Scheme 1, reaction 5). A decrease in the CuDPs activity did not allow high
glycerol conversions to be achieved where, theoretically, a secondary reaction of LA hydro-
genation into PG could be observed. Nevertheless, indirect confirmation of the occurrence
of this reaction was provided by data on the effect of hydrogen pressure on the product
yields (Figure 2); with an increase in p(H2) from 1.0 to 4.0 MPa, LA selectivity decreased
from 45.8 to 28.5 mol % (T = 220 ◦C, Gly/Cu = 50 mol, τ = 5.0 h, precursor salt= Cu(OAc)2).

The issue of comparing the activity of CuDPs and the industrial Cu/Cr2O3 catalyst
deserves special consideration. According to Dasari et al. [17], the specific productivity
for unpromoted copper heterogeneous catalysts for copper hydrogenolysis (for example,
skeleton copper) is 1.5–2 times lower than for the copper chromite catalyst.

It can be assumed that the degradation rate of the catalyst, during which a decrease in
dispersion and activity loss occur, is directly proportional to the concentration of copper
particles in the reaction medium and temperature; as a result of which, higher relative
activities of CuDPs should be observed at lower temperatures. The data obtained during
the reaction at T = 200 ◦C show that the specific activity of the CuDPs in glycerol conversion
(SPGly = 17.3–23.6 mmol g−1 h−1) was significantly higher than the activity of the Cu/Cr2O3

catalyst (SPGly = 6.5 mmol g−1 h−1) by 2.7–3.6 times (Table 4). Since 40–55% of glycerol was
converted into lactic acid in the presence of the catalytic system CuDPs + KOH, the activity
of dispersed particles in propylene glycol was significantly lower. For instance, for the
Cu(OAc)2-derived DPs, the SPPG amounted to 9.4 mmol g−1 h−1, which is still 1.8 times
greater than the activity of the industrial catalyst (SPPG = 5.3 mmol g−1 h−1). With that, it
is necessary to understand that in this case, KOH acts as a co-catalyst, the mass of which
is ignored when calculating SP. The activity of the Cu/Cr2O3 catalyst was measured in a
catalytic run without KOH addition.

Table 4. The SP values for the various copper catalysts in the glycerol hydrogenolysis. T = 200 ◦C,
p(H2) = 3.0 MPa, KOH/Cu = 5.8 mol, Gly/Cu = 50 mol, τ = 5 h.

Precursor Salt SPGly, mmol Gly gcatalyst
−1 h−1 SPPG, mmol PG gcatalyst

−1 h−1

CuSO4·5H2O 23.6 10.7
Cu(OAc)2·H2O 18.6 9.4

Cu-Cr2O3
1 6.5 5.3

CuCl2 17.3 9.1
1 The copper chromite catalyst was used without KOH addition.

The activities of CuDPs and the Cu/Cr2O3 catalyst were also compared in exper-
iments without free KOH at T = 220 ◦C (Table 5). The activity of the copper chromite
catalyst almost tripled when the temperature increased from 200 to 220 ◦C (SPGly = 6.5 and
16.7 mmol g−1 h−1, respectively), while the activity of CuDPs was 26–36% higher than this
value. With that, both catalysts showed similar values of propylene glycol activity SPPG.

Table 5. The SP values for the CuDPs and the Cu/Cr2O3 catalyst in the glycerol hydrogenoly-
sis. T = 220 ◦C, p(H2) = 3.0 MPa, KOH/Cu = 2.3 mol (for copper acetate) and 0 (for Cu/Cr2O3),
Gly/Cu = 50 mol.

Precursor Salt τ, h SPGly, mmol Gly gcatalyst
−1 h−1 SPPG, mmol PG gcatalyst

−1 h−1

Cu-Cr2O3 5 16.7 15.2

Cu(OAc)2

1 22.8 15.0
2.5 25.2 19.2
5 21.1 15.7
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The addition of alkali (5.8 eq) led to an increase in the activity of the Cu/Cr2O3 catalyst:
the SPGly/SPPG increased from 16.7/15.2 to 30.4/20.8 mmol gcatalyst

−1 h−1, respectively
(Table 6). The SP values for the CuDPs derived both from CuSO4 and Cu(OAc)2 were
somewhat lower. However, as was shown earlier (Figure 4), for the catalytic system
[Cu(OAc)2 + 5.8 KOH], a sharp decrease in activity was observed during the reaction,
which is associated with the catalyst degradation. Obtained SP values for the reaction time
of 1 and 2.5 h confirm this hypothesis; thus, according to the results after 1 h of the reaction,
the SPGly and SPPG for CuDPs were 3.26 and 2.61 times higher than those for the Cu/Cr2O3,
respectively. It should be pointed out that the SP values are close for different copper salts
(acetate, sulfate, chloride) under the same reaction conditions; thus, from the point of view
of catalytic activity, the type of salt to be used in the hydrogenolysis of glycerol is not
significant. However, it is possible that the choice of anion can have a long-term impact on
reactor performance.

Table 6. The SP values for the various copper catalysts in the glycerol hydrogenolysis. T = 220 ◦C,
p(H2) = 3.0 MPa, KOH/Cu = 5.8, Gly/Cu = 50 mol.

Precursor Salt τ, h SPGly, mmol Gly gcatalyst
−1 h−1 SPPG, mmol PG gcatalyst

−1 h−1

CuSO4·5H2O 5 26.1 16.4
Cu-Cr2O3 5 30.4 20.8

Cu(OAc)2·H2O
1 99.2 54.3

2.5 45.4 23.6
5 26.6 13.2

It can be concluded that, for the successful application of the in situ-generated CuDPs,
it is necessary to solve the problem of catalyst degradation. Obviously, the polyol medium
cannot restrain processes of copper coagulation and recrystallization under the selected
conditions, which are associated with both a high reaction temperature and a relatively
high concentration of dispersed particles. Possible solutions may include the use of active
particle dispersion stabilizers or the formation of non-monometallic particles stabilized by
the second component (e.g., metal oxide).

3. Materials and Methods

3.1. Materials

Copper (II) acetate monohydrate (98%, Komponent-Reaktiv, Moscow, Russia), Cop-
per (II) sulfate pentahydrate (98%, Ruskhim, Moscow, Russia) and Copper (II) chloride
dihydrate (98%, Komponent-Reaktiv, Moscow, Russia) were used as precursors for ul-
trafine copper particle formation without any further purification. Potassium hydroxide
(98%, Chimmed, Moscow, Russia), glycerol (≥99.3%, Komponent-Reaktiv, Moscow, Russia)
and distilled water were used as reaction feeds. In addition, 1,2-Butanediol (98%, abcr,
Karlsruhe, Germany) was used as the inner standard, and 1,2-propanediol (>99%, Carl
Roth, Karlsruhe, Germany), ethylene glycol (≥99.5%, Komponent-Reaktiv, Moscow, Rus-
sia), DL-lactic acid in aqueous solution (80%, Komponent-Reaktiv, Moscow, Russia) and
hydroxyacetol (technical, Acros organics, Austria) were used for the GC quantification
method. Trimethylsilylating reagent TMS-HT (hexamethyldisilazane + trimethylchlorosi-
lane in anhydrous pyridine; abcr, Karlsruhe, Germany) was used for derivatization. For all
hydrogenation processes, hydrogen gas (grade A in accordance with GOST 3022-80, MGPZ,
Moscow, Russia) was used. For comparison purposes, a commercial copper chromite
catalyst, VNH-103 (Vniineftekhim-103), that contained approximately 56% copper was
used. The catalyst was reduced in hydrogen flow (10 vol % H2/Ar, 6 h at 300 ◦C) before use.

3.2. Catalytic Test

The liquid phase catalytic tests were performed in a stainless-steel batch reactor (50 cm3

internal volume) equipped with a polytetrafluoroethylene (PTFE) liner, pressure gauge, a
thermocouple and a magnetic stirrer. The reactor was loaded with aliquots of glycerol and
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water, and either a charge of copper chromite catalyst or a precursor composition consisting
of a copper salt and KOH in specified quantities. After the loading of the reactor with the
feed, the precursor salt/solid catalyst, the alkali and the stirrer, the reactor was purged
twice with 3 MPa of hydrogen and then filled with an operating pressure of hydrogen.

The closed autoclave was placed in an electric oven and stirring was turned on; this
moment was taken as the beginning of the reaction. The set temperature (200 or 220 ◦C)
inside the reactor was reached, on average, within 30–40 min. The ratios of the glycerol
volume over the water volume (0.4–4.1 vol), mass of potassium hydroxide, reaction time
(1–60 h) and hydrogen pressure (1–4 MPa) were varied at the constant total volume of the
reaction mixture and at the molar ratio glycerol over copper, mainly 50 or 100 mol. The
complete datasets can be found in the Supplementary Materials (Tables S1–S3).

The stirrer was set to 1000 rpm (the absence of diffusion limitations at this stirring
speed was proven by separate tests). At the end of the test, the reactor was taken out of
the electric furnace and promptly chilled with cold water. The pressure was then gently
released, and the catalyst was separated from the reaction mixture by centrifugation,
washed twice with distilled water and subsequently twice with isopropyl alcohol, dried
under room temperature in dry Ar flow and stored under an inert Ar atmosphere prior to
the characterization analyses.

In order to check the quantity of the reaction gaseous products, the reactors were
weighed twice: before the catalytic test and after the end of the test, as the reactors were
cooled and the pressure was released. The carbon balance in all of the experiments was
greater than 100 ± 5%. The gaseous product yield was found to be negligible and therefore
did was not included in further calculations.

3.3. Analysis of Products

The GC-FID analysis of the reaction products was carried out using a Krystallux 4000M
chromatograph equipped with a flame ionization detector, the capillary column Optima-1
(25 m × 0.32 mm, film thickness 0.35 μm) and helium as the carrier gas. The temperature
programming mode was as follows: 70 ◦C—holding for 1 min; from 70 to 100 ◦C; with
a temperature rise rate of 3 deg min–1; 100 ◦C—holding for 1 min; from 100 to 230 ◦C
with a temperature rise rate of 30 deg min–1; and 230 ◦C—holding for 1 min. Calibration
for quantitative analysis by the internal standard method was conducted using standard
samples of the compounds and 1,2-butanediol as the internal standard (Figure S1).

The feedstock and product compositions were studied using the GC–MS technique
on a ThermoFocus DSQ II instrument (Figure S2) with the capillary column Varian VF-5
ms (30 m × 0.25 mm; film thickness 0.25 μm) and helium as the carrier gas. The operating
mode was as follows: the injector temperature was 270 ◦C, the starting temperature of
the chromatograph oven was 40 ◦C, heating was at a rate of 15 ◦C/min to 300 ◦C and
isothermal holding was for 10 min. The mass spectrometer operating mode was as follows:
ionization energy was 70 eV, source temperature was 230 ◦C and scanning was in the range
of 10–800 Da at a speed of 2 scans/s, with unit resolution over the entire mass range. For
the GC–MS analysis, 10 μL of the initial mixture was diluted with 1 mL of methylene
chloride (analytical grade, Himmed). The GC-MS analysis did not reveal the formation of
1,3-propanediol.

Glycerol conversion (X) and product yields (Y) were calculated using the following equations:

X(%) =
mole of consumed substrate

initial mole of substrate
·100%

Y(%) =
mole of formed products
initial mole of substrate

·100%

3.4. Silylation Protocol

To obtain more volatile derivatives, the reaction mixture with 1,2-butanediol as an
internal standard was derivatized with the commercially available trimethylsilylating
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reagent TMS-HT and analyzed by GC-FID on a non-polar column. Before GC analysis, all
carboxyl-, hydroxyl groups of the obtained products during glycerol hydrogenolysis, as
well as anions of lactate and glycerate, were derivatized into TMS esters. For derivatization,
5 μL of the initial mixture was mixed with 350 μL of the derivatizing agent.

3.5. Characterization of Copper Catalysts

To identify the phase composition of catalysts synthesized, X-ray diffraction (XRD)
was used. The XRD spectra were obtained with a Rigaku D/Max-RC diffractometer
using Cu Kα radiation. The elemental composition of the catalyst surface was studied by
XPS with a PHI 5500 ESCA X-ray photoelectron spectrometer from Physical Electronics.
Nonmonochromatic AlKa radiation (hn = 1486.6 eV) with a power of 300 W was used for the
excitation of photoemission. Powders were pressed into an indium plate. The diameter of
an analysis zone was 1.1 mm. The photoelectron peaks were calibrated based on the C1s line
of carbon with a binding energy of 284.9 eV. The deconvolution of spectra was performed
by a nonlinear least squares method with the use of Gaussian and Lorentzian functions.

The structure and morphology of the catalyst samples were studied using high-
resolution transmission electron microscopy (HRTEM) with a JEM 2100 electron microscope
from JEOL at an accelerating voltage of 200 kV.

Electron microscopic images of the samples were obtained on a Hitachi TM3030
scanning electron microscope (SEM).

The surface area measurements of the samples were carried out using a Belsorp mini
X device from MICROTRAC MRB. To perform the analysis, a weighed sample of ~0.2 g
was placed in a preliminarily weighed glass cuvette. The stage of preliminary preparation
of the samples included thermal vacuum at temperature 200 ◦C under pressure at 10 Pa for
8 h. The total specific surface of the samples was determined in accordance with the BET
method in the range of relative pressures p/p0 = 0.05–0.35.

To estimate the reduction completeness from the copper precursor after the reaction,
the copper content in the supernatant was measured by X-ray fluorescence (XRF, Thermo
ARL 4460).

In situ-generated catalysts Cu-1, Cu-5 and Cu-15 from the Cu(OAc)2 precursor salt
were generated under p(H2) = 3 MPa at 220 ◦C, KOH/Cu = 5.8 mol and Gly/H2O = 4.1 vol
and reaction times of 1, 5, and 15 h, respectively, and catalyst Cu-5 * was generated under
the same conditions as catalyst Cu-5, except the addition of alkali. Cu-1, Cu-5, Cu-5 * and
Cu-15 were characterized by XRD, HRTEM, and SEM.

In order to compare the rates of hydrogenolysis of glycerol between in situ-generated
catalysts in a water–glycerol media and a commercially available Cu-Cr2O3 catalyst, the
values of the specific productivity (SP) were calculated using the following Equation:

SP =
nPG

mcat·h
, mmol g−1 h−1

(mmol of PG formed per gram of the catalyst per hour).

4. Conclusions

In this paper, the reaction of glycerol hydrogenolysis in the presence of in situ-
generated Cu dispersed particles (CuDPs) was studied. It was found that during the
decomposition of precursor salts (CuSO4, CuCl2, Cu(OAc)2) in glycerol under the condi-
tions of a hydrogenolysis reaction (T = 200–220 ◦C, p(H2) = 1.0–4.0 MPa), copper dispersed
particles (CuDPs) were formed and catalyzed the hydrogenolysis of glycerol to give propy-
lene glycol and lactic acid. By-products of the conversion were ethylene glycol and glyceric
acid, and the latter was formed during the copper reduction from precursor salts and
was hydrogenated into glycerol as the reaction continued. The effect of reaction condi-
tions was described (T, p(H2), KOH/Gly and Gly/H2O ratios) for glycerol conversion and
product yields. It was shown that an increase in the pressure and glycerol concentration
increased the PG yield with practically no effect on the LA yield. The CuDPs activity at
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KOH/Cu < 2 ratios was very low (YPG = 0.8–1.1%, YLA = 0.6–1.1%, T = 220 ◦C), increasing
abruptly during the transition to a slightly alkaline medium (KOH/Cu = 2.3, YPG = 10.0%).
Consequently, the lactic acid yield remained relatively low (YLA = 0.6–1.1%). A further
increase in the alkali amount to KOH/Cu = 5.8 mol was accompanied by a significant
increase in the selectivity for lactic acid (YLA = 6.8%) without an increase in PG yield
(YPG = 8.5%). The alkalinity of the reaction media therefore allows the reaction mechanism
to be tuned.

Samples of CuDPs were further characterized by XRD, XPS, SEM and HRTEM. The
catalysts were found to consist of pure metallic copper with a tiny admixture of Cu2O.
According to the results of the analysis of morphology by electron microscopy, the catalyst
consisted of agglomerates of an irregular shape with a mean size of 50–750 μm. Agglom-
erates consisted of cubic units measuring approximately 50–70 nm in size. During the
reaction, the catalyst evolved, consisting of the sintering and recrystallization of copper
particles, which resulted in a decrease in dispersion and activity loss. Significant activity
loss had already been observed by the 5th hour of the existence of CuDPs.

Based on the results obtained, the formation methods of the main products (PG, LA)
and by-products (EG, GA) were discussed. Under the selected conditions, the main reaction
mechanism is presumably a glyceraldehyde-based mechanism, allowing both PG and LA to
be formed. The activity of the obtained samples of CuDPs was compared with the activity
of an industrial Cu/Cr2O3 catalyst. It was demonstrated that both in the presence of alkali
and in a neutral medium, the specific activity of dispersed particles was higher or equal to
the activity of an industrial catalyst. The highest activity for the [CuPDs + KOH] catalytic
system was recorded at reaction time τ = 1 h (SPGly = 99.2, SPPG = 54.3 mmol g−1 h−1);
under the same conditions, at τ = 5 h, the activity of the Cu/Cr2O3 catalyst was substantially
lower (SPGly = 30.4, SPPG = 20.8 mmol g−1 h−1).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27248778/s1, Tables S1–S3: The average values of con-
version of glycerol (XGly), yields of products (Y) under different reaction conditions during glycerol
hydrogenolysis. Figure S1: Calibration plots of response ratio (Sst/S) versus mass ratio (mst/m) for
internal standardization by GC-FID for A: TMS-Gly derivative; B: TMS-PG derivative; C: TMS-EG
derivative; D: TMS-LA derivative. Figure S2: A: The mass spectrum of a silylated liquid sample
after glycerol hydrogenolysis reaction; B: The mass spectrum of TMS-Gly; C: The mass spectrum of
TMS-EG; D: The mass spectrum of TMS-PG; E: The mass spectrum of TMS-LA; F: The mass spectrum
of TMS-BD; G: The mass spectrum of TMS-GA. Figure S3: The SEM microphotographs of the copper
catalysts generated in situ in the reaction medium during hydrogenolysis of glycerol. A, B: Cu-5;
C: Cu-15. Figure S4: The appearance of the catalyst after 60 h of glycerol hydrogenolysis. Figure S5:
Cu(OAc)2 in a water–glycerol solution prior to adding potassium hydroxide.
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TiO2 Catalyzed Dihydroxyacetone (DHA) Conversion in Water:
Evidence That This Model Reaction Probes Basicity in Addition
to Acidity
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Abstract: In this paper, evidence is provided that the model reaction of aqueous dihydroxyacetone
(DHA) conversion is as sensitive to the TiO2 catalysts’ basicity as to their acidity. Two parallel
pathways transformed DHA: while the pathway catalyzed by Lewis acid sites gave pyruvaldehyde
(PA) and lactic acid (LA), the base-catalyzed route afforded fructose. This is demonstrated on a
series of six commercial TiO2 samples and further confirmed by using two reference catalysts: niobic
acid (NbOH), an acid catalyst, and a hydrotalcite (MgAlO), a basic catalyst. The original acid-base
properties of the six commercial TiO2 with variable structure and texture were investigated first by
conventional methods in gas phase (FTIR or microcalorimetry of pyridine, NH3 and CO2 adsorption).
A linear relationship between the initial rates of DHA condensation into hexoses and the total basic
sites densities is highlighted accounting for the water tolerance of the TiO2 basic sites whatever their
strength. Rutile TiO2 samples were the most basic ones. Besides, only the strongest TiO2 Lewis acid
sites were shown to be water tolerant and efficient for PA and LA formation.

Keywords: titanium dioxide; dihydroxyacetone; CO2 and NH3 microcalorimetry; FTIR of pyridine
adsorption; acidity; basicity

1. Introduction

The replacement of petroleum products by biomass-derived ones has been attract-
ing growing attention in recent years. In this regard, the valorization of biomass and
its derivatives into value-added products has been largely studied by means of different
processes, especially hydrothermal ones. For these processes, homogeneous and heteroge-
neous acid-base catalysts were used to catalyze specific reactions steps such as hydrolysis,
retro-aldolization, dehydration, etc. However, in hydrothermal conditions, solid acids and
bases may be inhibited by water.

Different physicochemical methods are now well established to characterize the orig-
inal acid-base properties of heterogeneous catalysts. Most of them are performed in the
gas phase such as temperature-programmed desorption (TPD) of probe molecules [1–4];
adsorption of probe molecules monitored by microcalorimetry [1,3–5] or infrared spec-
troscopy (FTIR) [3,4,6], etc. Nevertheless, these techniques characterize heterogeneous
catalysts in gas phase, conditions completely different from the hydrothermal medium
where acid or basic sites are very often inhibited by water [7,8].

Besides, the use of model reactions is an effective method since they are conducted
under conditions as similar as possible to the reactional ones. Model reactions, whose
mechanisms are well known, were largely applied in the gas phase such as light alkanes or
alkenes isomerization or alcohol dehydration or dehydrogenation [9–12]. Each pathway
is specifically catalyzed by acid and/or basic sites. The reactions rates, the products
distribution and the mechanism involved may give insight on the nature of the active sites
and/or on their density or strength. In the liquid phase, the use of model reactions is less
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common, but it is increasing for the characterization of acid/base properties, in particular
in the presence of water [13–18]. For instance, cyclohexanol dehydration was previously
applied to investigate the efficiency of various solid acids [17,18], and acetone aldolization
in the presence of increasing water amounts was applied to characterize the water tolerance
of hydrotalcites’ basic sites [8].

Recently, the production of lactic acid (LA) from dihydroxyacetone (DHA) or its
derivative, pyrulvaldehyde (PA), has been extensively investigated to evaluate the Lewis
acid sites water tolerance of various solid acid catalysts and was also seen to be efficient to
determine their acid sites types (Lewis vs. Brønsted) [16,19–24]. It is generally accepted that
the reaction proceeds in two steps. The first step, where the DHA undergoes dehydration
to produce PA, is either an acid catalyzed step (Brønsted and/or Lewis) at low temperature
< 100 ◦C or thermally induced at higher temperature [16,23]. The second step that converts
PA into LA is known to be catalyzed by Lewis acid sites only (Scheme 1) [16,19,21,23].

Scheme 1. Widely accepted route for DHA conversion into lactic acid via pyruvaldehyde formation.

Many homogenous [16] or heterogeneous catalysts such as Nb2O5 [20,22,24], ze-
olites [18,19,25,26], phosphates [23], ZrO2 [21] or doped silica [27] have been studied.
Several earlier studies investigated the acid properties of TiO2 samples using this model
reaction [22,24,28] and one can note some disagreement. Anatase TiO2, prepared by sol–gel
synthesis, was shown to be a very active solid acid to produce lactic acid from pyruvalde-
hyde due to its high amount of Lewis acid sites, which, unlike Nb2O5, would not be
inhibited by water adsorption [24]. Besides, Nb2O5 was described elsewhere to be more
efficient than a commercial anatase/rutile TiO2 [22].

It can also be noted that, despite the very broad applications of TiO2, especially as
support and in photocatalysis, there is no established agreement on the original acid base
properties of a reference TiO2 material such as TiO2 P25 in term of nature, number of sites
and strength, investigated with the usual technics in gas phase. For instance, Brønsted acid
sites were not detected by FTIR of pyridine adsorption over P25 [29] or on pure anatase TiO2
prepared by sol–gel synthesis [24,28,30,31] whereas few others mentioned the presence of
Brønsted acidity over P25 or other commercial TiO2 anatase by NH3 adsorption monitored
by FTIR [32,33]. On the other hand, the basicity of TiO2 has been scarcely studied. One can
mention the earlier ones of Watanabe et al. that revealed its bifunctionality, the presence of
acid and basic sites over an anatase TiO2, by gas phase TPD experiments [34].

More generally, there is a lack of literature on the original acid-base properties of TiO2
as a function of its crystalline structure and/or morphology for exploring possible correla-
tions with their (photo)catalytic activities. Therefore, probing the acid-base properties of
TiO2 samples with different crystalline structures and/or morphologies, in water, to high-
light correlations with their photocatalytic behaviour, would represent a real breakthrough.

In this work, with the objective of understanding the catalytic behaviour of different
TiO2’s crystalline structure (anatase/rutile) with variable specific surface areas, we studied
their catalytic performances in the model reaction of DHA conversion in water. In parallel,
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we measured the original acidity and basicity of six selected commercial TiO2 samples
using well-established gas phase methods: namely, pyridine, NH3 and CO2 adsorption
monitored by FTIR and microcalorimetry to get reliable data on the nature, density and
strength of the original acidity and basicity of each TiO2 samples in the absence of moisture.

In this work, we use the model reaction of DHA conversion in the aqueous phase to
probe the catalyst’s Bronsted/Lewis acidity, while demonstrating that this reaction can also
probe the basic properties leading to DHA condensation into hexoses. This conclusion was
supported by the studies of different commercial TiO2 samples with variable acid-base
properties as established by the usual gas phase methods and by the study of reference
acid and base catalysts, i.e., NbOH and MgAlO

2. Results and Discussion

2.1. Catalysts Characterization

The XRD patterns of the six commercial TiO2 catalysts are shown in Figure 1. It is
confirmed that P25 and P90 are mixtures of anatase and rutile crystalline phases, UV100
and HPX-200/v2 are pure anatase and Rut160 and HPX-400C are pure rutile. From XRD
measurements, the average size of TiO2 crystallites was found to be around 8 nm for UV100
and Rut160, ~12 nm for P90 and HPX-200/v2, 16 nm for HPX-400C and around 20 nm
for P25 (Table 1). The crystallite size of UV100 and P25 were in agreement with those
determined by Arana et al. [32].

Figure 1. Diffractogram of commercial TiO2 samples.

Table 1. Textural features and particle sizes of commercial TiO2 samples.

Catalysts
SBET

1

(m2.g−1)
Mesopores Size 2 S Micropore 3

(m2.g−1)
Crystallites Size 4

(nm)

P25 (80% anatase/20% rutile) 55 >4 nm - 18.1
P90 (92% anatase/8% rutile) 115 >5 nm - 11.6
UV100 300 >3 nm 194 7.5
HPX-200/v2 96 >4 nm - 13.1
Rut160 175 >4 nm 82 8.5
HPX-400C 85 >5 nm - 16.4

1 Pretreatment: 2 h at 300 ◦C under vacuum (heating rate: 5 ◦C.mn−1), 2 BJH, 3 t-plot, 4 from XRD patterns.

The BET surface areas are roughly related to the size of the TiO2 crystallites, which
indicates that they are mainly developed by the external surfaces of the particles.
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The isotherms shown in Figure 2 present the same feature, the presence of a hysteresis
loop at high relative pressure, linked with the presence of large mesopores, above 3–5 nm.
UV100 and Rut160 present also micropores as indicated by the significant N2 adsorption
at very low relative pressure. As shown in Table 1, the highest BET surface areas were
observed for UV100 (300 m2.g−1) and Rut160 (175 m2.g−1), probably due to their smallest
crystallites and the presence of micropores. The P25 showed the lowest surface area
(55 m2.g−1), whereas the rest of the samples, i.e., P90 (mixture of anatase and rutile),
HPX-200/v2 (anatase) and HPX-400C (rutile), exhibited almost similar surface areas close
to 100 m2.g−1.

Figure 2. N2 adsorption/desorption isotherm of the commercial TiO2 samples. Catalyst pretreatment:
300 ◦C for 2 h under vacuum (heating rate: 5 ◦C.mn−1).

2.2. Catalysts’ Acidity

The catalysts’ acidity was first studied by pyridine adsorption followed by FTIR
to identify the nature of the acid sites, Lewis vs. Brønsted. The different FTIR spectra
obtained after pyridine adsorption on TiO2 dehydrated at 150 ◦C, then vacuum treated
at ambient temperature and 150 ◦C, are shown in Figure 3. All the catalysts exhibited
bands at 1445 and 1610 cm−1 that correspond to the vibrations characteristic of pyridine
coordinated to the catalysts’ Lewis acid sites. The spectra also show a band at 1490 cm−1

common to a vibration mode of pyridine coordinated to the catalysts’ Lewis acid sites and
to pyridinium ions. The band observed at 1575 cm−1 was previously ascribed to a vibration
of pyridine linked by hydrogen bonds to the catalysts’ surface [35]. However, no significant
peak at 1545 cm−1 nor at 1640 cm−1, corresponding to the vibrations characteristic of the
pyridinium ions, formed in the presence of Brønsted acid sites, are clearly observed. Over
Rut160 and P25, if present, this vibration is hardly detected from the baseline. Thus, from
our FTIR study of pyridine adsorption on the TiO2 samples dehydrated at 150 ◦C, one
can conclude that all the six TiO2 samples have only Lewis acid sites in agreement with
previous investigations [24,29]. Our study does not demonstrate the presence of Brønsted
acidity on these anatase and/or rutile TiO2 samples, in contrast to others [32].
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Figure 3. Infrared spectra of pyridine adsorption on P25, P90, UV100, HPX-200/v2, Rut160 and
HPX-400C: (A) spectra of catalysts saturated with pyridine vapor at ambient temperature, then
desorption of pyridine for 1 h at ambient temperature; (B) spectra after pyridine desorption at 150 ◦C
for 1 h (L: characteristic vibration of Lewis acid sites, B: characteristic vibration of Brønsted acid
sites, L + B: vibration common to Lewis and Brønsted acid sites, H: vibration of pyridine linked by
hydrogen bonds). Conditions: Prior to pyridine adsorption, TiO2 self-supported pellets were vacuum
treated for 1 h at 150 ◦C (reference spectra), normalized spectra to 100 mg.

The study of the catalysts’ acidity was then completed by NH3 adsorption monitored
by microcalorimetry coupled to the NH3 isotherm measurements: a precise and reliable
technique to determine the total number of acid sites and their acid strength distribution.
As determined by the adsorption of pyridine followed by FTIR, all the catalysts have only
Lewis acid sites; thus, the adsorption of NH3 monitored by microcalorimetry measures the
amount and the density of the Lewis acid sites.

The isotherms of NH3 adsorption on all the samples dehydrated at 150 ◦C are com-
pared in Figure 4a and the corresponding calorimetric curves are displayed in Figure 4b. The
pure anatase TiO2, UV100, which also exhibits the highest BET surface area of 300 m2.g−1,
has more than twice the acid sites (~900 μmol.g−1) in comparison to other materials. On
the other hand, the P25, which is made of a mixture of anatase and rutile phases with the
lowest BET surface area, has the lowest amount of the acid sites, ~200 μmol.g−1. Total acid
sites amounting to between 240 and 410 μmol.g−1 are measured on all other TiO2 samples
which also present intermediate BET surface areas. Since the samples have quite different
specific surface areas, the calorimetric curves are compared as a function of the acid site
density, expressed in μmol NH3 per square meter (Figure 4b). The calorimetric curves of all
the catalysts except Rut160 and HPX-400C show quite an equivalent pseudo plateau which
indicated the presence of many acid sites of homogeneous acid strength with heat of NH3
adsorption between 120 kJ.mol−1 and 140 kJ.mol−1 for P25, P90, HPX-200/v2 and UV100.
HPX-400C presents a calorimetric curve well above the previous ones, with the presence of
stronger acid sites, of homogeneous strength, characterized by a longer pseudo-plateau
between 155 and 125 kJ.mol−1. In contrast, the calorimetric curve of Rut160 shows a con-
tinuous decrease of the heat of ammonia adsorption with the ammonia coverage which
indicates the presence of a more heterogenous surface in terms of strength with significant
lower acid strength.
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Figure 4. Ammonia adsorption on the TiO2 samples: (a) isotherms and (b) calorimetric curves.
Conditions: TiO2 samples pre-treated at 150 ◦C under secondary vacuum for 5 h, NH3 adsorption
performed at 80 ◦C.

Except Rut160, all the TiO2 samples present few strong acid sites with heat of ammonia
adsorption higher than 150 kJ.mol−1. Thus, to tentatively understand the effect of catalysts’
crystalline phase and/or the crystallites’ size on the TiO2 acidity, the acid sites densities
(acid sites amount divided by the catalyst’s surface area) are compared in Table 2. As
shown in Table 2, catalysts containing only anatase (UV100 and HPX-200/v2) or mainly
anatase phase (80% for P25 and 92% for P90) have acid sites densities around 3 μmol.m−2

with close acid strength distribution. This would indicate that the Lewis acidity of anatase
TiO2 would not be sensitive to the structure (crystallite size). On the contrary, one can
observe quite different acid site density on pure rutile TiO2: around 1.4 μmol.m−2 and
5 μmol.m−2 for Rut160 and HPX-400C, respectively. Since HPX-400C with crystallites’ size
around 16 nm is more acidic than Rut160 with smaller particles (8.5 nm), one could suggest
that the acidity of rutile TiO2 would be structure sensitive and the Ti4+ exposed on the faces
of the larger crystallites of the rutile TiO2 HPX-400C would make it more acidic than the
rutile TiO2 Rut160.

Table 2. Catalysts’ acid/basic sites amounts and densities.

Catalyst
Acid Sites
Amount

(μmol.g−1)

Acid Sites
Density

(μmol.m−2)

Basic Sites
Amount

(μmol.g−1)

Basic Sites
Density

(μmol.m−2)

Acid/Base
Sites Ratio

P25 200 3.6 10 0.18 20
P90 400 3.5 15 0.13 27

UV100 900 3 120 0.4 7.5
HPX-200/v2 275 2.9 20 0.2 13.7

Rut160 240 1.4 40 0.23 6
HPX-400C 410 4.8 85 1 4.8

Conditions: TiO2 samples pretreated at 150 ◦C under secondary vacuum for 5 h, NH3 adsorption performed at
80 ◦C, CO2 adsorption performed at 30 ◦C.

2.3. Catalysts Basicity

The catalysts’ basicity was studied in the gas phase by carbon dioxide adsorption
monitored by microcalorimetry. The CO2 adsorption isotherms (Figure 5a) show that
anatase UV100, which has the highest BET surface area (300 m2.g−1), has the highest
amount of basic sites (120 μmol.g−1), then the rutile catalysts (HPX-400C and Rut160) have
an intermediate basicity (85 and 40 μmol.g−1, respectively) not correlated with their surface
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areas (85 vs. 175 m2.g−1). Anatase HPX-200/v2 and anatase/rutile catalysts (P25 and
P90) had the lowest basic sites amounts, <25 μmol.g−1. Since the different TiO2 samples
have different surface areas, the calorimetric curves are also displayed as a function of the
basic sites’ densities (basic sites amount divided by the catalyst’s surface area). HPX-400C
(rutile) and UV100 (anatase) showed by far the highest basic sites density with a significant
proportion of very weak basic sites in the case of HPX-400C, with QdiffCO2 between 40
and 80 kJ.mol−1. As shown in Table 2, the other catalysts had lower basic sites densities,
<0.23 μmol.m−2.

Figure 5. Carbon dioxide adsorption on TiO2 (a) isotherms and (b) calorimetric curves. Conditions:
TiO2 samples pre-treated at 150 ◦C under secondary vacuum for 5 h, CO2 adsorption at 30 ◦C.

The calorimetric curves of the six catalysts (Figure 5b) showed a progressive decrease
of CO2 adsorption’s heat with the CO2 coverage which indicates the presence of basic sites
with different strength, i.e., quite heterogeneous surfaces in terms of basic strength.

From these values, one can conclude that there is no correlation between either the
basic properties and the TiO2 structure or the crystallites sizes and specific surface areas.

However, the superficial acid/base balance, reported in Table 2, seems to differentiate
the anatase from the rutile phase: the rutile TiO2 surfaces appear to exhibit the lowest
acid/base balance with a ratio close to 5; while the highest acid/base ratio, between 7.5 and
27, is measured for the pure anatase or the anatase/rutile mixture. In agreement with these
remarks, P25, which contains 20% of the rutile phase, presents a lower acid/base balance
than P90, which contains only 8% of the rutile phase.

Note that the surface acid/base balance does not seem to depend on the morphology
of the TiO2 samples nor to the presence of impurities such as S or Cl traces (Table S1).

2.4. DHA Conversion in Water

As discussed above, the model reaction of DHA conversion in water was investigated
in the presence of the six TiO2 samples with different original acid base properties as
characterized above in the gas phase. Our initial goal was to determine, a priori, their
Lewis acid sites water tolerance since it is largely accepted that DHA conversion would
proceed via an acid catalyzed cascade transformation producing first pyrulvaldehyde and
then lactic acid in the presence of water-tolerant Lewis acid catalysts. Scheme 1 represents
the largely accepted mechanism of DHA transformation.

Figure 6 shows the DHA conversion as a function of time in the presence of the six
TiO2 catalysts. Among the most active TiO2 samples, pure rutile HPX-400C and Rut160
led to DHA conversions around 90% and 80%, respectively, after 400 min of reaction, and
UV100 (pure anatase) converted also ~80% of DHA during the same reaction time. The
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anatase/rutile mixture, P25, appears as the less active TiO2, leading to the DHA conversion
of ~40% at the reaction end. The other anatase/rutile mixture (P90) is slightly more active,
with ~60% DHA conversion after 400 min, similar to HPX-200/v2 (pure anatase TiO2).

Figure 6. DHA conversion with the time course of the reaction in the presence of the six TiO2.
Conditions: T = 90 ◦C, Pair = 1 atm, Vwater = 200 mL, (DHA) = 0.1 mol.L−1, (TiO2) = 10 g.L−1.

From the TiO2 activity ranking demonstrated in Figure 6 and the acid-base properties
summarized in Table 2, the correlation with the basicity is highlighted: the TiO2 samples
with the lowest acid/basic sites balance, i.e., HPX-400C, Rut160 and UV100, are the most
active. Moreover, one can conclude for the absence of any correlation with acidity. Indeed,
we searched possible correlations between the initial rate of DHA conversion and the total
amount of acid sites (μmol.g−1) or the total acid sites densities (μmol.m−2) in order to take
into account the variability of the samples’ surfaces, but no link was observed between the
initial rate of DHA conversion and the original acidity of the samples determined in the
gas phase (Figures S1 and S2).

We think that these results are of peculiar significance. Indeed, the absence of a
correlation between the DHA conversion and the original acidity of the TiO2 samples
determined in the gas phase might be explained by the variability of the acid sites water
tolerance as a function of the TiO2 crystallinity or morphologies.

The evolutions of the products’ yields with time or with the DHA conversion are
presented in Figure 7 and Figure S3, respectively.

In the presence of the most active catalysts, HPX-400C, Rut160 and UV100, the forma-
tion of fructose appears as a main initial pathway in the transformation of DHA in addition
to PA formation. However, whereas fructose is the main primary product in the presence
of Rut160, fructose and PA are two primary products formed in equivalent amount in the
presence of HPX-400C, and the formation of PA is initially slightly favoured with respect
to fructose in the presence of UV100. In the presence of all the other TiO2 (HPX-200/v2,
P25 and P90), the initial formation of PA and its further conversion into LA is the main
pathway. With the reaction progress over the first three catalysts, the fructose yield declines
and we can observe a parallel increase of the glucose formation, explained by the base
catalyzed fructose–glucose isomerization. The initial formation of fructose well agreed
with the observed link between the TiO2 samples’ activity and the basicity of their surface.
Indeed, fructose, which is C6 sugar, can be formed by aldolic condensation of the trioses
DHA and glyceraldehyde, easily formed by DHA isomerization. Note that glyceraldehyde
is detected as minor product. Both reactions, aldolic condensation and the aldo-ketose
isomerization, responsible for fructose–glucose and DHA–glyceraldehyde isomerization,
are base catalyzed steps [36,37]. Accordingly, a linear increase of initial rates of hexoses
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formation with the basic sites densities can be drawn (Figure 8). Apparently, the presence
of micropores in Rut160 does not interfere with the trioses condensation reaction.

Figure 7. Products’ yield time course in the presence of the six TiO2s. Conditions: T = 90 ◦C,
Pair = 1 atm, Vwater = 200 mL, (DHA) = 0.1 mol.L−1, (TiO2) =10 g.L−1.

Figure 8. Increase of initial rate of hexoses formation as a function of TiO2
′s basic sites density.

Besides, the less active materials (P25, P90 and HPX-200/v2) presented activities
consistent with the previous art: the initial formation of PA from DHA dehydration, which
slows down with the reaction progress while the LA yield continuously increased (Figure 7).
This fits well with the generally accepted mechanism which involves, first, an acid catalyzed
(Brønsted or Lewis) DHA dehydration, and then, its rehydration into LA in the presence of
water-tolerant Lewis acids sites [16,19]. However, it is interesting to note that LA is rapidly
formed. At a DHA conversion lower than 10%, the amount of LA is already practically
equivalent to that of PA. Such a kinetic profile was already reported over a solely water-
tolerant Lewis acid catalyst such as Sc(OTf)3 (OTf = triflate) [38]. Most likely, the two steps,
DHA dehydration into PA and its further rehydration into LA, occur solely on the Lewis
acid sites of TiO2 that have kept efficiency in water. Presumably, this would suggest that
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the successive transformation of PA into LA would not be the rate-limiting step when only
Lewis acids sites are involved. LA achieved a maximum yield of ~40% over P90 after 6 h
corresponding to a selectivity of about 60% at a DHA conversion of 60% against less than
5% for pure rutile. Note that fructose, glucose, and glyceraldehyde were detected over
all TiO2 samples but in low proportions over the less active catalysts. The aldo-ketose
isomerization was reported to be catalyzed as well by basic or Lewis acid sites [36,37,39].

Again, we tried to highlight an expected relationship between the initial rates of PA
and LA formation and the catalyst acidity. Figure S4 evidences the absence of correlation be-
tween the initial rate of PA and LA formation with the total amount of acid sites determined
in gas phase expressed per g of catalyst. The initial formation of PA and LA matches more
with the total acid site density determined in gas phase and expressed in μmol per m2:
Figure 9 shows a progressive increase of the initial rates of PA and LA formation with the
rise of the total acid sites densities.

Figure 9. Increase of initial rates of pyruvaldehyde and lactic acid formation with TiO2
′s total acid

sites density.

This could have various explanations:
(1) A surface with enhanced proximity between the acid sites could be less inhibited

by water adsorption if the DHA adsorption would require several adsorption sites. In other
words, a surface with a higher density of Lewis acid sites would favor the competitive
adsorption of triose sugars as regards to water, i.e., this type of surface would be more
water tolerant when a triose sugar conversion is concerned. This observation is consistent
with our previous observation of the improved adsorption of glucose on TiO2 samples,
which have a high density of original Lewis acid sites (determined in the gas phase) [40].

(2) Disagreeing with most of the previous literature, this could also indicate that
DHA dehydration–isomerization into pyruvaldehyde and lactic acid could proceed via
a bimolecular mechanism with the intermediate formation of dimeric intermediates as
suggested in a recent paper [23].

It is also worth noticing that the dashed linear line, which is simply a guide for eyes
to highlight the progressive increase of initial PA and LA rates formation, does not pass
through the origin point but crosses the X-axis at a value ~1.5 μmol.m−2. Presumably,
this could be consistent with the assumption that the water tolerance of the TiO2 surface
as regards to triose sugar adsorption, and then its conversion would require a minimum
density of Lewis acid sites or acid strength. In fact, when we plot the initial rate of
PA and LA formation against the acid sites’ density of the strongest original acid sites,
characterized by a heat of ammonia adsorption higher than 130 kJ.mol−1 as determined by
microcalorimetry, the dashed line goes through the origin (Figure 10).
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Figure 10. Linear increase of the initial rates of pyruvaldehyde and lactic acid formation with TiO2
′s

original strong acid sites density (sites with heat of ammonia adsorption > 130 kJ.mol−1 as determined
by calorimetry of ammonia adsorption).

This better correlation would suggest that an additional parameter would intervene
for a more efficient adsorption/conversion of triose sugar in water. The higher the strength
of the original Lewis acid sites, the more efficient would be the coordination of triose sugar
as regards to neutral water. Below these limits, an acid sites density of ~1.5 μmol.m−2

and an acid strength of 130 kJ.mol−1, the water/triose competitive adsorption would be
favorable to water adsorption and the TiO2 surface would appears as less water tolerant.

At last, LA yields as a function of DHA conversion are illustrated in Figure 11. It may
be seen that, at a given DHA conversion, LA yield was the highest for P25, intermediate for
the other anatase TiO2 catalysts (pure or mixtures) and almost nil for rutile TiO2 (Rut160
and HPX-400C).

Figure 11. Evolution of lactic acid (LA) yield with DHA conversion in the presence of the six TiO2.
Conditions: T = 90 ◦C, Pair = 1 atm, Vwater = 200 mL, (DHA) = 0.1 mol.L−1, (TiO2) = 10 g.L−1.

To confirm the observed acidity/basicity effect on DHA transformation in the presence
of the TiO2 catalysts, a well-known water-tolerant solid acid (Lewis and Brønsted acid
sites), NbOH [38,41] and a basic heterogeneous catalyst, MgLaO [42,43], were used to
convert DHA.

NbOH (Figure 12) exhibited an activity close to the most acid TiO2 sample (Figure 7)
in water, where PA was initially formed from DHA dehydration and then its formation
slowed down with the reaction progress while the LA yield increased continuously. NbOH
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produced more PA (maximum yield of 55 C%) (Figure 12) than the most acid TiO2 catalyst
(maximum yield around 15 C%) (Figure 7).

Figure 12. Evolution of the Products’ yields with the reaction time in the presence of (a) NbOH
and (b) MgLaO. Conditions: T = 90 ◦C, Pair = 1 atm, Vwater = 200 mL, (DHA) = 0.1 mol.L−1,
(catalyst) = 10 g.L−1.

On the contrary, MgLaO exhibited an activity similar to the most basic TiO2 (Figure 12)
where the main products of DHA conversion were the condensation products: fructose and
glucose. PA and LA were formed with very low yields.

Finally, we plotted hexoses selectivities and the sum of PA and LA selectivities at an
equivalent DHA conversion level (40%) in Figure 13. The progressive increase of hexoses
selectivities against the progressive decrease of PA + LA selectivities is observed. This
opposite behavior appears to be roughly linked to the original acid/base balance measured
on the TiO2 samples. The rutile TiO2, characterized by the lowest acid/base balance
(Table 2), was the most selective for hexoses formation among the TiO2 samples with a
behavior close to that of the reference basic catalyst MgLaO. On the other hand, P25 with
the highest acid/base balance was the most selective for PA and LA formation close to the
selectivity observed over NbOH, the reference acid catalyst.

Figure 13. Evolutions of hexoses selectivity and Pyruvaldehyde/lactic acid (PA + LA) selectivities at
40% DHA conversion as a function of the TiO2

′s acid/base balance. Comparison with the reference
solid acid, NbOH, and the reference solid base, MgLaO.

So, these results show that DHA conversion can be converted into LA and PA by the
catalysts’ acid sites and/or to condensation products (fructose, glucose) by the catalysts’
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basic sites. This reaction appears as a suitable model reaction to characterize any catalysts’
acid and basic sites in water.

To rationalize all the above reported correlations between the original acid or base
properties of the TiO2 samples and their activities/selectivities for DHA conversion in water,
a mechanism is proposed (Scheme 2). This mechanism involves two parallel pathways:
one catalyzed by the catalysts’ basic sites leading to fructose and glucose and the other one
promoted by the strongest Lewis acid sites leading to DHA isomerization into LA. The
equilibrium between these two pathways depends on the superficial acid/base balance of
the catalyst.

Scheme 2. Proposed mechanism which would prevail on bifunctional acid-base catalysts.

3. Materials and Methods

3.1. Commercial Titanium Dioxide (TiO2)

Six commercial TiO2 with different crystalline phases and different specific surface
areas were tested: P25 and P90, which are mixture of anatase and rutile, provided by
Evonik, two pure anatase: UV100 from Hombikat and HPX-200/v2 from Cristal and two
pure rutile: Rut160 from Nanostructured and Amorphous Materials Incorporation and
HPX-400C from Cristal. Rut160 was calcined in a muffle oven at 400 ◦C during 20 h to
eliminate organic pollution from its surface. All the other catalysts were used without any
treatment. The main impurities of the TiO2 samples were summarized in the Table S1.

3.2. X-ray Diffraction (XRD)

The catalysts’ crystalline structures and the sizes of their crystallites were analyzed
by XRD using a Bruker D8 Advance diffractometer A25 equipped with a copper anode.
Powdered samples were analyzed within a 2θ range of 4–80◦ at 0.02◦ per step and with an
acquisition time of 96 s per step. The IRCELYON’s XRD Service collected the diffractograms.

3.3. Brunauer–Emmett–Teller Surface Area (SBET) Analysis and Pores’ Size Distribution

The catalysts’ texture was characterized using nitrogen adsorption/desorption isotherm
at −196 ◦C in a Micromeritics ASAP 2020 device. Before the analysis, the catalysts were
degassed at 300 ◦C (heating rate 5 ◦C.min−1) during 2 h.
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3.4. Pyridine Adsorption Monitored by Fourier Transform Infrared Spectroscopy (FTIR)

The acid site types present on the catalysts (Lewis and/or Brønsted) were identified
by the adsorption of pyridine monitored by FTIR. FTIR spectra were recorded with a
Brucker Vector 22 spectrometer in absorption mode with a resolution of 2 cm−1. Catalysts
powders were pressed into self-supported pellets. The pellets were placed in an IR pyrex
cell equipped with CaF2 windows and connected to a first vacuum line allowing thermal
pretreatment in the absence of pyridine pollution, then the cell was connected to a second
piece of vacuum pyrex equipment to perform pyridine adsorption and desorption. All the
samples were treated under flowing synthetic air (2 L.h−1) for one hour at 150 ◦C, then
under the secondary vacuum while cooling for one hour. Then, pyridine was adsorbed
under saturation vapor pressure at ambient temperature. The pyridine was desorbed for
one hour, firstly at ambient temperature, then at 150 ◦C for 1 h (to remove the physisorbed
pyridine species on the catalyst). FTIR of pyridine adsorption was only used to discriminate
between Lewis and Brønsted acid sites: the 19b vibration mode allows one to discriminate
pyridine coordinated to Lewis acid sites (1450 cm−1) from the pyridinium ion (1550 cm−1).
In the presence of physisorbed pyridine molecule, this vibration mode is observed at
1438 cm−1 [35].

3.5. NH3 Adsorption Monitored by Microcalorimetry

The number and strength of acid sites of the catalysts were measured by ammonia
adsorption at 80 ◦C, monitored by microcalorimetry using a Tian–Calvet calorimeter (MS80
Setaram) coupled with a volumetric equipment for isotherms measurement. This technique
allows one to measure the differential heats of adsorption evolved for small and known
amounts of ammonia molecules adsorbed on the catalyst surface. This energy depends
on the strength of acid sites present on the catalyst surface. The total amount of acid
sites is deduced from the isotherms (intersection of the tangent to the Y-axis). Thirty
mg of each catalyst were placed in a glass cell and pretreated at 150 ◦C for 5 h under a
secondary vacuum (heating rate of 2 ◦C.min−1). The cell was then placed in the Tian–Calvet
calorimeter stabilized at 80 ◦C for a night and coupled with a volumetric equipment. Finally,
successive doses of ammonia were brought into contact with the catalyst while the heats of
adsorption were recorded.

3.6. CO2 Adsorption Monitored by Microcalorimetry

The number and strength of the basic sites of the catalysts were measured by the same
calorimetric technique but using carbon dioxide as a probe, and the adsorption was done
at 30 ◦C. The catalysts (50 mg) were treated exactly as for the acid sites quantification,
following the same pretreatment procedure.

The total amount of basic sites is deduced from the isotherms (intersection of the
tangent to the Y-axis).

3.7. Dihydroxyacetone (DHA) Conversion in Water

The reactions were conducted in a three-neck round bottom flask (250 mL) equipped
with a water condenser, a temperature sensor and a rubber septum. At first, water and
catalyst (10 g.L−1) were placed in the flask (total volume of 200 mL) and heated at 90 ◦C
in a controlled temperature oil bath and agitated by a magnetic stirrer. When the tem-
perature stabilizes, DHA powder (1,3-dihydroxyacetone dimer, >97%, purchased from
Sigma-Aldrich) was added (t = 0) and the reactions were conducted during 400 min. The
DHA initial concentration was 0.1 mol.L−1. Samples were taken with a 1 mL syringe
through the septum and analyzed by high-performance liquid chromatography (HPLC):
a Shimadzu Prominence system equipped with a refractive index detector (RID) and a
COREGEL 107H column maintained at 40 ◦C to quantify the products and the residual
substrate (DHA) (Figure S5). The mobile phase was acidified water (H2SO4 1.7 mM) with a
flow of 0.6 mL.min−1.
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Two other non TiO2 catalysts were tested as references for this reaction: a commercial
Nobium hydroxide (NbOH) from CBMM, Brazil, and a home-made MgLaO [42].

4. Conclusions

Contrary to all expectations, the most active TiO2 catalyst for DHA conversion has
the most basic surface, as established by calorimetry in the gas phase. The formations
of hexoses from DHA on these samples indicates the occurrence of a parallel pathway
catalyzed by basic sites. In agreement with the previous literature, lactic acid formation is
thought to be linked to the sample’s original Lewis acidity.

This was observed on various TiO2 samples with a variable superficial acid/base
balance, and that was confirmed over two reference catalysts: an acid one NbOH and a
basic one MgAlO.

Moreover, based on the original acid-base properties of the TiO2 samples determined
in the gas phase and the results obtained studying this model reaction in water, our results
suggest that:

- The water tolerance of TiO2 superficial acidity as regards to triose conversion would require
a minimum Lewis acid sites density with enough acid strength (QdiffNH3 > 130 kJ.mol−1).

- The TiO2 basic sites would be water tolerant whatever their original basic strength.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238172/s1, Table S1: TiO2 samples’ impurities quan-
tified by X Fluorescence analysis (wt%); Figure S1: Initial rate of DHA conversion as a function of
TiO2’s acid sites amount determined in the gas phase; Figure S2: Initial rate of DHA conversion as
a function of TiO2’s acid sites density determined in the gas phase; Figure S3: Evolution of prod-
ucts’ yields with DHA conversion in the presence of the six TiO2s, NbOH and MgLaO; Figure S4:
Initial rate of pyruvaldehyde (PA) and lactic acid (LA) formation as a function of TiO2’s acid sites
amount determined in the gas phase; Figure S5: HPLC Chromatograph of products after reaction for
400 min catalyzed by P25 (1 glucose, 2: fructose, 3: glyceraldehyde, 4: pyruvaldehyde, 5: lactic acid,
6: dihydroxyacetone).
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Abstract: Supported ionic liquid phases offer several advantages related with catalysis. Immobi-
lization of ionic liquid on the solid support provides catalytic activity or efficient matrix for active
phases, as enzymes or metal compounds. Ionic liquid can be physically adsorbed on the carrier (sup-
ported ionic liquid phase) or chemically grafted to the material surface (supported ionic liquid-like
phase). The use of supported ionic liquid phases improves mass transport, reduces ionic amount in
the process and, most importantly, enables effortless catalyst separation and recycling. Moreover,
chemical modification of the surface material with ionic liquid prevents its leaching, enhancing length
of catalyst life. Silica-based materials have become an effective and powerful matrix for supported
ionic liquid-like phase due to its cost-efficiency, presence of hydroxyl groups on the surface enabling
its functionalization, and specific material properties, such as the size and shapes of the pores. For
these reasons, supported ionic liquid-like phase silica-based materials are successfully used in the
organic catalysis.

Keywords: ionic liquids; acidic ionic liquids; supported ionic liquid phase; heterogeneous catalysis;
silica; immobilization

1. Introduction

In recent years, responsible production and consumption has been one of the main
topics of interest in both academia and industry. The chemical industry generates large
amounts of hazardous waste, along with high energy consumption, use of volatile organic
solvents, expensive equipment, and often harsh work conditions [1,2]. Subsequent restric-
tive regulations concerning health, climate, and environmental protection have forced the
chemical industry to improve its existing technologies. The 2030 Agenda for Sustainable
Development, adopted by all United Nations Member States in 2015, provides 17 Sustain-
able Development Goals. New rules for green chemistry can be a useful tool to increase the
use of green technologies and achieve sustainable development in the chemical industry [3].
Green catalysis is focused on the minimization or preferably the elimination of waste,
relying on the atom economy concept and the search for new effective catalysts while
avoiding toxic substances. The newly developed catalysts should be characterized by high
activity, selectivity, and stability under the specific process conditions [4]. Meaningful
alternatives for conventional hazardous and usually expensive catalysts are enzymes and
ionic liquids [5,6].

Ionic liquids (ILs), also known as low-temperature molten salts, are compounds con-
sisting of an organic cation and an organic or inorganic anion. A major advantage of ILs
is the possibility of designing their structure by selecting the proper cation and anion
while projecting specific properties, meaning they have many applications in the chem-
ical industry [7,8]. Firstly, ILs are significant alternatives for the conventional volatile
organic solvents [8]. For example, in the Bayer–Villiger oxidation of ketones in the
presence of ILs, lactones and esters are obtained in short reaction times (2–20 h) and

Molecules 2022, 27, 5900. https://doi.org/10.3390/molecules27185900 https://www.mdpi.com/journal/molecules213



Molecules 2022, 27, 5900

in high yields (up to 95%) [9]. ILs can also stabilize enzymes in an active conforma-
tion and enhance biocatalytic processes [10]. For example, 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([bmim][NTf2]) was used as solvent in the chemo-enzymatic
oxidation of cyclobutanones and cyclohexanones to lactones with high yields (79–95%)
in the presence of 30% hydrogen peroxide. In this case, the IL improved the stability
of the enzyme under harsh reaction conditions [11]. The ionic nature of ILs also makes
them useful as electrolytes for lithium-ion batteries and supercapacitors [12]. Furthermore,
ILs are known as extractive solvents for the isolation of high-added value compounds
from biomass [13], extractive solvents for analytical chemistry [14], and absorbents for gas
capture, e.g., carbon dioxide [15]. ILs can also be employed as catalysts or solvent and
catalyst at the same time in many reactions, e.g., Diels–Alder cycloaddition, alkylation,
and acylation, as well as various types of condensations, oxidation, esterification, and
transesterification reactions [16,17].

One significant group of ILs that are used as catalysts are acidic ionic liquids (AILs).
AILs can be classified according to the nature of the acidic site on the Brønsted and Lewis
acid types. It is possible to introduce more than one acidic function to the structure of
AILs and design ILs by the combination of Brønsted and Lewis acidic types. Brønsted
acidity can be introduced to ionic liquids (BAILs) as either: an acidic hydrogen in the
cation (A), an anion (B) or both (C), an acidic hydrogen located in the functional group
(D) or an acidic hydrogen located in the functional group and in cation/anion (E). Lewis
acidic ionic liquids (LAILs) are mainly based on halometallate anions (F) and boric atom in
the cation (G) (Figure 1). The formation of dual Brønsted–Lewis AILs is also presented in
Figure 1 (H) [18–20].

 

A B C D E

F G H

Figure 1. Examples of the structures of some acidic ionic liquids.

The most common group of BAILs are ILs with an acidic hydrogen located at the
cation (A), which are also called protic acidic ionic liquids. Cations widely used for the
synthesis of this type of BAIL are: 1-alkylimidazolium, 1-alkyl-2-alkylimidazolium,
primary/secondary/tertiary ammonium, pyridinium, pyrolidonium, and 1,1,3,3-
tetramethylguanidininium [19]. A functional group with an acidic hydrogen (e.g., -SO3H,
-CO2H) can also be attached to the cation to obtain a BAIL [20]. An acidic site in the BAIL’s
anion is formed using polybasic acids such as H2SO4, h3PO4, maleic, and fumaric acids
creating dialkylimidazolium, hydrogensulfate, or dihydrogenphosphate ILs [20–22]. A
growing interest in green chemistry has also led to the discovery of bio-BAILs based on
amino acids introduced into the structure of the cation or anion, e.g., alanine, glycine,
serine, proline, and valine [23]. BAILs have been implemented in many organic reactions.
For example, imidazolium-based ionic liquids functionalized with a sulfonic group were
successfully employed for the hydration of alkynes under mild conditions to give ketones
in high yields [24]. Some dicationic ionic liquids based on a diammonium cation and hy-
drogensulfate anion as environmentally benign BAILs were used for biodiesel synthesis,
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which was obtained with high yields and reused without significant loss of activity [25].
Imidazolium based hydrogensulfate ILs were also determined to be very efficient catalysts
in the synthesis of cyclic carbonates from carbon dioxide and epoxides. high yields of cyclic
carbonates (69–99%) were achieved using these ILs, which can be recycled without any
loss of activity [21]. In another example for the dehydration of glycerol to acrolein using
the BAIL 1-butyl-3-metylimidazolium dihydrogen phosphate, which was conducted in the
liquid phase, full conversion of glycerol was achieved [22].

For the Lewis AILs, metals such as Al, Ga, Zn, Fe, In, and Sn in the form of chloride
or triflate salts are used to create LAILs via complexation of the neutral IL and the metal
salt in various molar ratios [18,26]. Lewis acidic cations can be formed in two ways: via
a tricoordinate borenium center as a cation, or via solvation of metal cation, e.g., Li+ as
[Li(glyme)][NTf2]/[OTf] [18]. LAILs, as well as BAILs, are readily used in organic synthesis.
Water tolerant trifloaluminate ILs, synthesized from 1-alkyl-3-methylimidazolium triflates,
were employed as catalysts in the cycloaddition of 2,4-dimethylphenol and isoprene to
obtain a chromane. Use of the catalysts provided full conversion and high selectivity
(80%) under mild reaction conditions [26]. In another example, chlorogallate(III) ILs were
applied in a Bayer–Villiger oxidation of cyclic ketones to lactones. high yields (99%) in
short reaction times under mild reaction conditions were also achieved [27]. Borenium
LAILs used in a Diels–Alder reaction ensured good yields (90–94%) and selectivities of
various dienes and dienophiles [28]. All such AILs have many applications as homoge-
neous catalysts [18,19], however, reducing costs and waste led to the use of heterogeneous
catalysis.

Immobilization of ILs on a solid insoluble support can be performed via physical
adsorption, known as supported ionic liquid phase (SILP), or via chemical bonding into the
matrix, known as supported ionic liquid-like phase (SILLP) [29]. A visual representation
of each can be seen in Figure 2. The IL creates a thin layer of liquid on the carrier, which
decreases the amount of IL compared to the reaction in the bulk. This improves mass
transfer to the catalytic centers on the fluid-fluid phase boundary and facilitates separation
of the catalyst from the reaction mixture. Moreover, a heterogeneous SILP or SILLP catalyst
can be successfully employed in both batch and flow processes, including fixed-bed or
fluidized-bed reactors. Such applications are described later in this paper.

+ -

+ -
+ -

+ -+ -
+ -

SILLP

+ -

+ -
+ -+ -

+ -
+ -

+ -

+ -

SILP

+ - Ionic liquid moieties

Matrix

Chemical bond

Figure 2. Supported ionic liquid phase (SILP) and supported ionic liquid-like phase (SILLP).

In this paper, achievements on the SILLP silica-based materials and their use in the
organic synthesis are described. Previously, Mehnert [30] outlined the first contribution of
SILPs in catalysis. Then, Sokolova et al. [31] reviewed flow processes based on catalysts im-
mobilized on monolithic SILLPs. Next, Skoda-Földes [32] summarized the use of supported
AILs in the organic synthesis, and hartmann et al. [33] characterized inorganic materials for
SILLP synthesis and briefly described their input to catalysis. After that, Amarasekara [20]
characterized AILs and described applications of acidic ionic liquids as SILP/SILLP, and
Gruttadauria et al. described covalently-supported ionic liquid phases (SILLP) as matrices
and catalysts [34], while Alinezhad et al. pointed out BAILs as SILLP in organic cataly-
sis [35]. Then, Swadźba-Kwaśny et al. [18] briefly mentioned the applications of Lewis ILs
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immobilized into a solid matrix, and Leitner et al. [36] described SILP and SILLP based
on nanoparticles and their applications in organic catalysis. Additionally, Vekariya [16]
mentioned SILPs in the review of ILs in organic transformations. Haumann et al. [37] then
presented 15 years of using SILP/SILLP catalysts in hydroformylation reactions, both in
the liquid and gas phase, and Freire et al. [38] described the immobilization of ionic liquids,
types of materials, and their applications. Maciejewski et al. described participation of ILs
in heterogeneous catalysis, including supported IL phase catalysts (SILPC), solid catalysts
with ILs (SCILL), and supported ionic liquid catalysis (SILC) techniques, as well as porous
ionic liquids [39]. Moreover, Lozano et al. [40] presented applications of SILP and SILLP as
supports for enzyme immobilization in organic synthesis, and Chrobok et al. [41] described
SILP/SILLP biocatalysts based on nanoparticles and their applications for biocatalysis. The
aim of this work is to complete the time gap and collect silica-based SILLP applications in
catalysis to improve selection of the best systems for organic synthesis.

2. Immobilization of Ionic Liquids on Silica-Based Materials

The immobilization of ILs on the solid supports enables the issues related with the
bulk IL systems to be overcome, such as high viscosity, mass transfer problems, IL high-cost
separation, purification, regeneration, and recycling. A reduced amount of immobilized IL
creates a thin layer on the matrix which, in turn, reduces costs. The possibility of creating
numerous structures of ILs caused various SILPs to be designed, generating wide applica-
tion potentials. Different types of materials such as silica, alumina, zeolites, polymers (e.g.,
polystyrene-based materials), and carbon materials (e.g., single-walled carbon nanotubes
(SWCNTs), multi-walled carbon nanotubes (MWCNTs), and activated carbon) were used
for such SILPs [37,41]. The most commonly used matrices are silica-based materials (e.g.,
silica gel, SBA-15, MCM-41 types), which are characterized by their low cost, large surface
area, ordered porosity, well-defined pore geometry, and mechanical and thermal stability
(except for MCM-41 type). Moreover, magnetic properties can be incorporated by coating
Fe3O4 nanoparticles with silica, obtaining a hybrid that is even easier to separate from
the reaction mixture using a magnetic field. The most important feature of silica-based
materials is the presence of silanol groups (-Si-OH) on the surface, which determines the
method of IL immobilization, particularly via covalent bonding (SILLP).

Physisorption is a simple method for IL immobilization that can be performed through
the impregnation and adsorption from IL solution and the sol-gel procedure. The impreg-
nation method relies on mixing the IL solution and support together before removing the
solvent under vacuum conditions. The adsorption from the IL solution is accomplished by
filtration, washing (to remove any excess IL), and drying under vacuum conditions. The
sol-gel procedure consists of hydrolysis and polycondensation reactions of tetraethoxy-
orthosilicate (TEOS) in the presence of the IL, which can be described by the entrapment of
the IL in the silica pores (Figure 3). The main strength of the sol-gel technique is that there
is control of the molecule’s growth [42]. The interactions between the IL and the silanol
groups on the silica surface are based on hydrogen bonding. however, van der Waals and
electrostatic interactions, as well as π-π-stacking (in the case of aromatic cation) between the
IL moieties also occurs, increasing the stabilization of the SILP structure [43]. The h-bonds
between -Si-OH and the IL can be confirmed via FTIR analysis, where the intensity of the
characteristic peak at 952 cm−1 (assigned to -Si-OH) decreases if IL is present on the silica
surface [44].
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Figure 3. Ionic liquids moieties entrapped in the silica pores.

SILPs are commonly used for both chemical and biochemical processes. Entrapped
triethylammonium propanesulfonate bis(trifluoromethanesulfonyl)imide [TEAPS][NTf2]
in the silica structure has been used for dehydration of rac-1-phenyl ethanol with high
selectivity to styrene and recyclability (for at least 6 runs) [45]. Another BAILs, 1-methyl
imidazolium hydrogen sulphate ([HMIM]HSO4) and 1-methyl benzimidazolium hydrogen
sulphate ([HMBIM]HSO4), immobilized on silica, was applied in the isomerization of
n-heptane and n-octane. The acidic SILPs showed good thermal stability high isomer-
ization yields, were easy recyclable and environmentally friendly [46]. Then, 1-butyl-3-
methylimidazolium acidic ILs with Rh-complex were immobilized on partly dehydroxy-
lated silica surface, which created a highly active Rh/SILP catalyst dedicated for contin-
uous hydroformylation of propene. high thermal stability, selectivity to n-butanal (over
95%), and TOF (turnover frequency) were observed using syn-gas and syn-gas with CO2
addition [47]. For the hydrosilylation reaction, rhodium complexes immobilized in four
various phosphonium based ILs anchored on silica support were applied. The amount
of catalyst was reduced compared to biphasic reactions by a factor of 1000, the reaction
times were shortened, and easy recycling of the Rh complexes were demonstrated [48].
The advantage of SILP catalysts in biocatalysis has also been shown. Lipase B from Can-
dida antarctica (CALB) was immobilized on a SILP based on an imidazolium cation and
a bis(trifluoromethanesulfonyl)imide anion used for a continuous kinetic resolution of
1-phenylethanol under supercritical CO2 conditions. high enzyme activity, enantioselec-
tivity (>99.9%), and stability (16 cycles) was achieved [49]. SILP catalysts have many
advantages, such as easy and cost-efficient synthesis, where an IL multilayer on the support
maintains the IL bulk properties, as well as the possibility to tailor the structure of the ILs
that can be immobilized. It is worth noting that the main disadvantage is the detachment
or leaching of the IL from the matrix, which is related to weak interactions between the IL
and the carrier.

Covalent bonding of the IL on the surface of the support prevents its leaching and
detachment. ILs immobilized as SILLPs usually create a monolayer, thus the bulk properties
are lost. Methods for the preparation of SILLP silica-based materials include chemical
reactions between an IL or IL precursor and hydroxyl groups present on the silica surface,
or the sol-gel technique. ILs can be attached to -Si-OH group via the cation or the anion
(Figure 4). Anchoring the IL into support can be obtained by direct immobilization of IL
(Figure 4A) or by building the IL structure on the support (Figure 4B).

217



Molecules 2022, 27, 5900

 

Figure 4. Covalent immobilization of ionic liquid on the silica surface via cation and via anion.
Anchoring the IL into support can be obtained by direct immobilization of IL (A) or by building the
IL structure on the support (B).

Typical immobilization of the IL via the cation is performed using the siliceous pre-
cursor 3-(chloropropyl)triethoxysilane, however, other precursors can also be used, e.g.,
3-mercaptopropyl-trimethoxysilane [32]. As mentioned before, prepared in advance, an IL
modified with ethoxysilane groups can be directly grafted to hydroxyl groups or precursors,
and can be firstly anchored and be the subject of subsequent quaternization. Immobilization
of IL via the cation to the siliceous surface can be confirmed by 29Si MAS NMR. Peaks at
−91 ppm and −101 ppm assigned to (SiO)2Si-(OH)2 and (SiO)3Si-OH groups, respectively,
disappear, thus exposing the (SiO)4Si signal. Signals at −54 ppm and −66 ppm assigned to
-Si-O-SiR-(OEt)2 and (Si-O)2-SiR-OEt, respectively, are in turn revealed [29]. If necessary, an
anion exchange can be performed after the IL immobilization. Immobilization of the IL via
the anion is usually observed mainly for chlorometallate ILs during the wet impregnation
method where -Si-O-M bonds are obtained. For example, 27Al MAS NMR spectra shows
signals at 102 ppm attributed to [Al2Cl7]− and allows the control of the presence of AlCl3
on the silica surface (1.2 ppm), which can be removed though the Soxhlet extraction [29,32].
The sol-gel method is also often used for SILLP preparation. This technique consists of
polycondensation of alkoxysilane-functionalized ILs with tetralkoxysilanes, e.g., TEOS
(Figure 5), and allows the control of material mesoporous character from the proper silica
source/IL ratio. Besides MAS NMR spectroscopy, chemical immobilization of IL to the
silica surface can be proved using FT-IR, XRD, and TEM methods.

 

Figure 5. Covalently immobilized ionic liquid via the sol-gel method.
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3. Silica-Based Supported Ionic Liquid-like Phases in Organic Catalysis

3.1. Lewis Type SILLPs

Lewis type SILLPs based on silica materials are normally synthesized via the cation
method using 3-(chloropropyl)triethoxysilane, 3-(chloropropyl)trimethoxysilane, or
3-mercaptopropyltrimethoxysilane precursors, where the structures shown in Figure 6 are
obtained. As can be seen in Figure 6, the material can be characterised by Lewis acidity
with the Lewis center located on the alkyl chain modified with -SO2Cl or -SO2OH groups,
or the Lewis acidity can be found in the metal halide based anion created in the complexa-
tion reaction. Table 1 presents applications of Lewis type silica based SILLP materials as
catalysts in organic synthesis.

The first report on Lewis type SILLPs appeared in 2000. The presented investigations
included two different immobilization methods of chloroaluminate imidazolium ILs on
amorphous silica and MCM-41 supports. One of the possible SILLP synthesis routes was im-
mobilization via the anion (Figure 4), with the second one being via the cation (1, Figure 6),
where aluminium chloride was introduced to the IL structure in the complexation reaction.
If the molar ratio of the metal halide component in the IL is more than 0.5, oligonuclear
([Al2Cl7]−) anions are formed. The obtained heterogeneous catalysts were tested on the
Friedel–Crafts alkylation, which resulted in high conversion (>90%) and selectivity (>90%)
of the main product using catalyst 1 in Figure 6. In comparison, the reaction catalysed by
immobilised AlCl3 on the silica surface yielded only 15.7% of the main product. The better
activity shown by the MCM-41 based SILLP is due to higher surface area and IL loading.
Furthermore, leaching of the active phase occurred for the SILLP catalyst prepared by anion
immobilization, partly due to unbonded IL moieties on the silica surface [29]. In the next
report, chloroaluminate SILLP catalysts prepared via anion, cation, and sol-gel methods
were used in the Friedel–Crafts alkylation of benzene with different olefins, as well as in
acylation reaction. Again, leaching of the IL occurred in the SILLP prepared via anion
complexation. The best activity was shown by the SILLP catalyst, where IL was grafted
via the cation—almost full conversion and very high selectivity of the monoalkylated
product were achieved, even at 20 ◦C. The lower activity of other SILLPs was most likely
the result of only partly bonded acidic anions on the silica surface, which was confirmed
via 29Si MAS NMR analysis [50]. A tetrapropylammonium based chlorostannate (IV) IL
was grafted to the silica surface via the cation (2, Figure 6), and used in the condensa-
tion of isobutene and formaldehyde to 3-methylbut-3-en-1-ol. Comparison of silica and
MCM-41 materials resulted in better activity of the MCM-41 based SILLP catalyst in the
tested reaction (α = 76%, S = 94%, Y = 71.4%, TON = 2.63·10−3 s−1). Well-ordered and
regular hexagonal pores in the MCM-41 material created micro-reactors that enhanced the
SILLP catalyst activity. It is worth mentioning that the obtained heterogeneous catalyst
was recyclable, and that the active phase can be used as a catalyst in the homogeneous
phase as well [51]. The next report described applications of triflate Lewis type SILLP
materials (3, Figure 6) in the synthesis of bis(indolyl)methanes [52] (Scheme 1, Figure 7),
esterification of acetic or decanoic acid with various alcohols [53], nitration of aromatic
compounds [53], and the addition of indole to vinyl ketones [54] (Scheme 2, Figure 7).
Covalent bonding between the IL and hydroxyl groups on the silica surface was created
in a radical chain transfer reaction of a 1-allylimidazolium based IL on silica gel modified
with 3- mercaptopropyltrimethoxysilane. The obtained materials exhibited excellent yields,
conversions, and reusability in all presented reactions. It should be pointed out that the
replacement of chloroaluminate anion to triflate, and creation of Lewis centre in the cation,
makes SILLP materials more resistant to water.
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Table 1. Lewis type silica-based SILLP in organic catalysis.

Catalyst Reaction Type Reaction Conditions Reaction Parameters Lit.

SiO2
[tespmim][Cl-AlCl3] a

Friedel–Crafts alkylation of
benzene with dodecene

6% wt. cat., benzene:dodecene
(10:1; n/n), 80 ◦C, 1 h A b > 90%, S c > 90% [29]

SiO2
[pmim][Cl-AlCl3] d

Friedel–Crafts alkylation of
benzene with olefins

1% wt. cat., benzene:olefin
(10:1; n/n), 20 ◦C, 2 h

C6: α = 45.3%, S = 73.8%
C8: α = 44.9%, S = 96.5%
C10: α = 34.1%, S = 89.6%
C12: α = 35.2%, S = 80.3%
(for 6% wt. cat., 80 ◦C, 1 h;
α = 99.4%, S = 99.7%)

[50]

SiO2
[tms(p)4N][Cl-SnCl4] e

Condensation of isobutene and
formaldehyde

4% mol of SnCl4,
isobutene:formaldehyde (1:0.1; n/n),
chloroform 26 mL, 60 ◦C, 2 h

α = 76%, S = 94%, Y f = 71.4%,
TON g = 2.63·10−3 s−1 [51]

SiO2
[p(p-SO2Cl)im][OTf] h Synthesis of bis(indolyl)methanes

143 mg cat., aldehyde 0.3 mmol,
indole 0.5 mmol, MeCN 3 mL, rt,
1.5–9 h

Yields for: bezaldehyde 97%,
p-nitrobenzaldehyde 97%,
p-chlorobenzaldehyde 90%,
p-acetoxybenzaldehyde 64%,
p-methoxybenzaldehyde
97%, hydrocinnamaldehyde 98%

[52]

SiO2
[p(p-SO2Cl)im][OTf]

Esterification of acetic or decanoic
acid with alcohols

Mole ratio of carboxylic
acid to ionic liquid: 350, alcohol
20 mmol, carboxylic acid, 10 mmol,
100 ◦C, 8 h

Yields for various alcohols:

(a) acetic acid: C8H17 94.6%,
C10H21 95.1%

(b) decanoic acid: C2H5 86.3%,
C10H21 90.4%

[53]

SiO2
[p(p-SO2OH)im][OTf] i Nitration of aromatic compounds

Mole ratio of aromatic
compound:ionic liquid: 20, mole
ratio of aromatic compound:nitric
acid: 1:3, 80 ◦C, 4 h

Conversions for R-groups in
aromatic ring: H 61.6%, Me 85.8%,
Cl 10.4%, Br 22.2%

[53]

SiO2
[p(p-SO2Cl)im][OTf]

Addition of indole to
vinyl ketones

171 mg cat., vinyl ketone 0.6 mmol,
indole 0.3 mmol, Et2O 0.2 mL, rt,
1.5–9 h

Yields for various ketones:
1-penten-3-one 92%, 2
2-cyclopentenone 88%,
3-penten-2-one 90%,
benzalacetone 72%,
dibenzylideneacetone 93%

[54]

SiO2
[tespmim][Cl-AlCl3] Production of alkylated gasoline 0.5 g cat., iC4/C4 = 20, 80 ◦C, 90 min α = 97%, SC8 = 59.7% [55]

SiO2
[tespmim][Cl-AlCl3] Trimerization of isobutene

30% wt. cat.,
isobutane:isobutene molar ratio 10:1,
25 ◦C, 600 h−1

α = 91.4%, SC12 = 79.4% [56]

SiO2
[tespmim][Cl-FeCl3] j

Friedel–Crafts reaction between
benzene and benzyl chloride

0.05 g cat., benzene:benzyl
chloride molar ratio
10:1, benzyl chloride
0.32 g, 80 ◦C, 45 min

α = 100%, S = 100%, 10 cycles [57]

SiO2
[(tesp)2im][Cl-InCl3] k

Friedel–Crafts reaction between
benzene and benzyl chloride

0.05 g cat., benzene:benzyl
chloride molar ratio
10:1, benzyl chloride
0.32 g, 80 ◦C, 15 min

α = 100%, S = 100%, 6 cycles [58]

SiO2
[tespmim][Cl-GaCl3] l

Diels–Alder cycloaddition of
cyclopentadiene to various

dienophiles

5% mol of GaCl3,
cyclopentadiene:dienophile
(12:8; n/n), 25 ◦C, 5–30 min

Methyl acrylate: α = 99%,
endo:exo ratio: 95:5, 4 cycle; ethyl
acrylate: α = 99%, endo:exo ratio:
93:7; diethyl maleate: α = 99%,
endo:exo ratio: 93:7; methacrolein:
α = 100%, endo:exo ratio: 80:20;
benzoquinone: α = 83%; maleic
anhydride: α = 89%

[59]

SiO2
[tespmim][Cl] m

Cycloaddition of CO2 to
styrene oxide

0.5% mol cat., 0.1% mol ZnBr2,
styrene oxide 0.13 mol, 100 ◦C,
PCO2 = 1 MPa, 6 h, 700 rpm

α = 83%, Y = 72% [60]

SiO2-Zn
[tespmim][Cl]

Cycloaddition of CO2 to
propylene oxide

S/C = 200 (PO mol per cat. mol),
VPO = 8 mL, PCO2 = 1.25 MPa,
100 ◦C, 8 h

MCM-41: α = 33%, S = 98%
MSN: α = 76%, S = 97%
BMMs: α = 77%, S = 98%

[61]

a 1-methyl-3-(triethoxysilylpropyl)imidazolium chloride—chloroaluminate (III), b conversion,
c selectivity, d 1-propyl-3-methylimidazolium chloroaluminate (III) immobilized via anion,
e 3-trimethoxypropyltripropylammonium chloride—chlorostannate (IV), f yield, g turnover number,
h 1-(3-chlorosulfonylpropyl)-3-(3-trimethoxysilylmerkaptopropyl)imidazolium trifluoromethanesul-
fonate (triflate), i 1-(3-hydroxysulfonylpropyl)-3-(3-trimethoxysilylmerkaptopropyl)imidazolium triflate,
j 1-methyl-3-(triethoxysilylpropyl)imidazolium chloride—chloroferrate (III), k 1-(triethoxysilylpropyl)-3-
(triethoxysilylpropyl)imidazolium chloride—chloroindate (III), l 1-methyl-3-(triethoxysilylpropyl)imidazolium
chloride—chlorogallate (III), m 1-methyl-3-(triethoxysilylpropyl)imidazolium chloride.
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Figure 6. Structures of Lewis type silica-based SILLP materials.

 

3

3

Figure 7. Applications of Lewis type SILLP material 3 in the synthesis of bis(indolyl)methanes
(Scheme 1) and addition of indole to vinyl ketones (Scheme 2).

Further reports have presented a chloroaluminate imidazolium-based IL grafted to
MCM-41 (1, Figure 6). High conversion (97%) and selectivity to isooctane (59.7%) in gaso-
line production were obtained, and the SILLP catalyst showed better activity than the IL
immobilized via the anion, zeolite H-Beta, and Nafion/Silica Composite SAC 13 [55]. The
same IL was immobilized on silica, MCM-41, SBA-15, active carbon, and glass materials,
and the activity of the prepared SILLP was examined in the continuous gas phase trimeriza-
tion of isobutene using a fixed-bed reactor under atmospheric pressure. Only silica-based
SILLP catalysts enabled the trimerization reaction to occur due to synergic interactions
between the IL anion and the silanol groups. In other cases, the alkylation reaction was ob-
served. For the trimerization reaction, the MCM-41 based SILLP (α = 91.4%, SC12 = 79.4%)
turned out to be the most active, owing to its regular hexagonal array channels that behave
similar to micro-reactors, increasing the catalytic activity [56]. Apart from Al (III) and
Sn (IV), other metals such as Fe, In, and Ga were used for silica-based SILLP synthesis.
Chloroferrate (III) imidazolium-based IL moieties were grafted for the siliceous support
of MCM-41 after complexation with FeCl3 (1, Figure 6). The SILLP catalyst showed high
efficiency and long reusability (10 cycles) in the Friedel–Crafts reaction between benzene
and benzyl chloride [57]. The chloroindate (III) imidazolium-based IL was anchored to
SBA-15 silica material (1, Figure 6), which exhibits ordered hexagonal structure, however
less so than MCM-41 material. The obtained SILLP catalyst was used in the Friedel–Crafts
reaction between benzene and benzyl chloride, gaining 100% conversion and 100% selec-
tivity over 6 reaction cycles. Introducing the IL to the catalyst structure prevents InCl3
from leaching [58]. A chlorogallate (III) imidazolium-based IL was covalently tethered to a
multimodal silica porous silica support (1, Figure 6) and applied to Diels–Alder cycloaddi-
tion reactions for the synthesis of intermediates for pharmacologically active ingredients,
agrochemicals, flavors, and fragrances (Scheme 1, Figure 8). The synthesized materials
demonstrated a hierarchical pore structure and contained micro-, meso-, and macropores,
which results in easy mass transport to and from active sites. The SILLP chlorogallate
(III) catalyst showed great conversions and endo/exo selectivities in short reaction times,
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which is superior to other results presented in the literature. Moreover, the catalyst could
be recycled five times without significant loss of activity [59].

 

1

Figure 8. Diels–Alder cycloaddition (Scheme 1) and CO2 cycloaddition for cyclic carbonates synthesis
(Scheme 2) with SILP catalysts.

Other reports concern the application of ILs as co-catalysts for CO2 cycloaddition for
cyclic carbonates synthesis in the presence of a Zn Lewis centre (Scheme 2, Figure 8). It
is postulated that the Zn Lewis site coordinates with the oxygen atom of epoxides, and a
nucleophilic attack of the halide anion on the less sterically anion carbon atom of epoxide
occurs. The first approach includes [tespmim][Cl] anchored to various silica materials such
as macro/mesoporous silica, MCM-41, MSU-F (cellular foam), and MSU-H (large pore
2D hexagonal). The better results in the reaction of CO2 with styrene oxide in the presence of
ZnBr2 were achieved for the silica SILLP, and the worst occurred for the MCM-41 SILLP. In
this case, catalytical activity depends on pore size and not on surface area. The synthesised
catalyst could be recycled four times without any loss of activity [60]. In other reports, Zn
atoms and [tespmim][Cl] were grafted to the silica surface. Various materials such as MCM-
41 (regular, long, hexagonal channels), MSN (nanosphere morphology, order mesopores,
mainly inside pores), and BMMs (mesoporous structure, a large number accumulated
inside and outside of the pores) were applied. The catalytic activity of the SILLP catalyst
was examined in reaction of CO2 with propylene oxide, where the best performance was
exhibited by SILLPs with shorter and regular pore channels [61].

3.2. Brønsted-Type SILLPs

Brønsted-type SILLPS based on silica materials are synthesized via the cation
method. Brønsted IL moieties are grafted to the silica surface through precursors such
as 3-(chloropropyl)triethoxysilane, 3-(chloropropyl)trimethoxysilane, 3-
mercaptopropyltrimethoxysilane, or (3-aminopropyl)-trimethoxysilane, creating the struc-
tures presented in Figure 9. The Brønsted acidic center located in the anion that is most
often used is [HSO4], whereas the cation Brønsted site can be found in the alkyl chain mod-
ified with an -SO3H group through the reaction between, for example, 1,3-propanesultone
and vinylimidazole. Some applications of Brønsted-type silica-based SILLP materials as
catalysts in organic synthesis are presented in Table 2.
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Table 2. Brønsted-type silica-based SILLP in organic catalysis.

Catalyst Reaction Type Reaction Conditions Reaction Parameters Lit.

SiO2
[p(b-SO3H)im][OTf] a

Estrification of oleic acid and
methanol

0.2 mmol IL in cat., oleic acid
17.7 mmol, methanol
531.05 mmol, 100 ◦C, 4 h

α = 84%, 3 cycles [62]

SiO2
[p(b-SO3H)im][OTf]

Transestrification of glicerol
trioleate and methanol

0.2 mmol IL in cat., glicerol
trioleate 17.7 mmol, methanol
531.05 mmol, 100 ◦C, 4 h

α = 30%, Smethyl oleate = 36% [62]

SiO2
[tesp(b-SO3H)im][Cl] b hydrolysis of cellulose

0.02 mmol h+ in cat., cellulose
0.185 mmol, 2 mL H2O,
190 ◦C 3 h

YTRS = 48.1%, Yglucose = 21.9%, 4 cycles [63]

SiO2
[p(p-SO3H)im][OTf] c Dehydration of fructose

0.175 mmol IL in cat., fructose
0.35 mmol, DMSO
2.0 g, MW: 200 W, 4 min

α = 100%, Y = 70.1%
(5-hydroxymethylfurfural) [64]

SiO2
[tmsp(p-SO3H)im][I] d Biginelli reaction

0.8% mol cat., aldehyde 1 mmol,
ethyl/methyl-acetoacetate
1 mmol, urea
1.5 mmol, 75 ◦C, 50–90 min

Yields for aldehydes with Ar groups:

(a) ethylacetoacetate: Ph 96%,
4-OMeC6H4 97%, 2-OMeC6H4
86%, 4-MeC6H4 96%, 4-ClC6H4
90%, 3-BrC6H4 96%

(b) methylacetoacetate: Ph 96%,
4-OMeC6H4 96%, 2-OMeC6H4
89%, 4-MeC6H4 95%, 4-ClC6H4
92%, 3-BrC6H4 95%

[65]

SiO2
[tmsp(p-SO3H)im][I]

Esterification of acetic acid
with various alcohols

5% mol cat., alcohol 2 mmol,
acetic acid 4 mmol, 60–70 ◦C,
12–24 h

Yields for alcohols: PhCH2OH 95%,
PhCH(OH)CH3 86%,
PhCH(OH)CH2CH3 85%,
PhCH2CH2OH 88%, CH3CH2OH 93%,
C8H17OH 93%, C9H19OH 92%,
C10H21OH 92%

[66]

SiO2
[tesp(p-SO3H)im][OTf] e Self-condensation of pentanal 10% wt. cat, 120 ◦C, 6 h α = 77.4%, Y = 69.4%, S = 89.6%,

TON = 230.5 [67]

SiO2
[tesp(p-SO3H)bim][Cl] f

Synthesis of fatty acid methyl
esters

3% wt. cat.,
castor/jatropha/neem
oil:methanol 1:12 molar ratio,
70 ◦C, 6–7 h

Castor oil Y = 94.9%
Jatropha oil Y = 95.7%
Neem oil Y = 94.4%

[68]

SiO2
[tesp(p-SO3H)bim][Cl]

Synthesis of 1-amidoalkyl
naphthols

80 mg cat., aldehyde 20 mmol,
2-naphthol 20 mmol, acetamide
24 mmol, 100 ◦C, 7–10 h

Yields for benzaldehydes with R group:
H 90%, 3-NO2 95%, 4-OH 87%, 4-OMe
89%, 2-Cl 92%, 4-Cl 93%, 4-NO2 89%

[69]

SiO2
[tespmim][HSO4] g

Bayer–Villiger oxidation of
cyclic ketones

0.4 g cat., ketone 1 mmol, 68%
H2O2(aq.) 3 mmol,
dichloromethane 4 mL, 50 ◦C,
5–15 h

cyclobutanone: α = 100%, Y = 96%;
cyclopentanone: α = 98%, Y = 75%;
cyclohexanone: α = 86%, Y = 64%;
2-adamantanone: α = 95%, Y = 89%;
1-indanone: α = 81%, Y = 78%;
1-tetralone: α = 78%, Y = 77%

[70]

SiO2
[tespmim][HSO4]

Esterification of acetic acid
and butanol

4% wt. cat., 96°C, butanol
0.12 mol, acetic acid 0.10 mol,
cyclohexane 6 mL, 3 h

α = 99.4%, 6 cycles [71]

SiO2
[tespmim][HSO4]

Synthesis of
1-(benzothiazolylamino)

phenylmethyl-2-naphthols

150 mg cat., aldehyde 1 mmol,
2-aminobenzothiazole 1 mmol,
2-naphthol 1 mmol, 110 ◦C,
3–5 h

Yields for various aryl aldehydes with
R-groups: H 93%, 2-Cl 89%, 4-Cl 92%,
3-Br 93%, 4-Br 91%, 3-Me 93%, 2-OMe
90%, 3-OMe 92%, 4-OMe 93%, 2-NO2
90%, 3-NO2, 92%, 4-NO2 91%

[72]

SiO2
[tespmim][HSO4] Formylation of amines

0.8% mol cat., amine 1 mmol,
formic acid 2 mmol, 60 ◦C,
1–15 h

Yields and TOF for amines: aniline
94%, 1428 h−1; 4-methoxy aniline 97%,
7275 h−1; benzyl amine 93%, 465 h−1

[73]

SiO2
[tespmim][HSO4]

Knoevenagel–Michael
cyclization for

polyhydroquinolines
synthesis

2% mol cat., aldehyde 1 mmol,
dimedone 1 mmol, enaminone
1.2 mmol, NH4OAc 1.5 mmol,
H2O 3 mL, 45 ◦C, 2–3 h

Yields for enaminone-COOMe with
aldehydes with Ar-group: C6H5 90%,
4-C6H5 93%, 2-C6H5 92%, 4-OMeC6H5
88%, 2-MeC6H5 90%

[74]

SiO2
[tespmim][HSO4]

Synthesis of
3,4-dihydropyrano[c]

chromenes

0.15 g cat., 4-hydroxycoumarin
1 mmol, malononitrile 1 mmol,
Ar-aldehyde 1 mmol, 100 ◦ C,
30 min

Yields for aldehydes with Ar-groups:
C6H5 94%,
4-ClC6H4 95%, 3-ClC6H4 93%,
4-BrC6H4 94%, 2,4-(Cl)2C6H3 90%,
3-O2NC6H4 93%, 4-O2NC6H4 90%,
2-O2NC6H4 89%, 4-MeC6H4 94%,
3,4,5-(CH3O)3C6H2 89%,
4-HO-C6H4 93%

[75]
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Table 2. Cont.

Catalyst Reaction Type Reaction Conditions Reaction Parameters Lit.

SiO2
[tespmim][HSO4]

Synthesis of
pyrano[3,2-b]indole

derivatives

10% mol cat., 3-hydroxypyrrole
1 mol, benzaldehyde, 1 mol,
malononitrile 1 mol,
acetonitrille 8 mL, 80 ◦C, 6–8 h

Yields for aldehydes with Ar groups:
4-CH3OC6H4 84%, C6H5 90%,
4-CH3C6H4 85%, 4-BrC6H4 90%,
2-BrC6H4 86%, 4-ClC6H4 90%,
2-ClC6H4 86%, 4-CNC6H4 90%,
4-NO2C6H4 85%, 2-NO2C6H4 88%

[76]

SiO2
[tespmim][HSO4]

Synthesis of
pyrano[2,3-b]pyrrole

derivatives

10% mol cat., 2-hydroxypyrrole
1 mol,
benzaldehyde 1 mol,
malonoitrile 1 mol, acetonitrille
4 mL, 60 ◦C, 2–8 h

Yields for aldehydes with Ar groups:
4-CH3OC6H4 76%, C6H5 90%,
4-CH3C6H4 82%, 4-BrC6H4 90%,
2-BrC6H4 88%, 4-ClC6H4 90%,
2-ClC6H4 86%, 4-CNC6H4 73%,
2-CNC6H4 70%, 4-NO2C6H4 64%,
2-NO2C6H4 62%

[77]

SiO2
[tespmim][HSO4]

Synthesis of
benzo[f]chromene

compounds

15% mol cat., 2-naphthol 1 mol,
benzaldehyde 1 mol, triethyl
orthobenzoate 1 mol,
acetonitrille 4 mL, 65 ◦C, 4–8 h

Yields for benzaldehydes with 4-group:
H 85%,Br 85%, Cl 88%, NO2 80%, Me
88%, OMe 90%, OH 84%

[78]

SiO2
[tespmim][HSO4]

Synthesis of
2,9-dihydro-9-methyl-2-oxo-4-

aryl-1H-pyrido[2,
3-b]indole-3-carbonitrile

compounds

15% mol cat.,
1-methyl-1H-indol-2-ol 1 mol,
(triethoxymethyl)arene 1 mol,
cyanoacetamide 1 mol, DMF
6 mL, 100 ◦C, 2–7 h

Yields for (triethoxymethyl)arene with
groups: 4-OMe 73%, h 65%, 4-Me 65%,
4-Br 61%, 2-Br 56%, 4-Cl 61%, 2-Cl 55%,
4-F 53%

[79]

SiO2
[tespmim][HSO4]

Synthesis of
acenaphtho[1,2b]pyrroles.

10% mol cat., silyl enol of
acenaphthylen-1(2H)-one 1 mol,
2,4-dimethoxybenzaldehyde
1 mol, isocyanocyclohexane
1 mol, DMF 50 mL, reflux, 10 h

Y = 97% [80]

SiO2
[tespmim][HSO4]

Synthesis of
5-Amino-7-aryl-6-cyano-4H-

pyrano[3,2-b]pyrroles

10% mol cat., 3-hydroxypyrrole
1 mol, aldehyde 1 mol,
malononitrile 1 mol,
acetonitrille 4 mL, 50 ◦C, 1–8 h

Yields for aldehydes with Ar groups:
4-CH3OC6H4 62%, C6H5 89%,
4-CH3C6H4 80%, 4-BrC6H4 91%,
2-BrC6H4 89%, 4-ClC6H4 88%,
2-ClC6H4 88%, 4-CNC6H4 70%,
2-CNC6H4 67%, 4-NO2C6H4 61%,
2-NO2C6H4 69%

[81]

SiO2
[tespmim][H2PW12O40] h

Oxidation of
dibenzothiophene

0.01 g cat., O/S molar ratio: 3:1
(H2O2 0.8 mmol), 60 ◦C, 40 min α = 100%, 4 cycles [82]

SiO2
[p(p-SO3H)im][HSO4] i

Esterification of acetate acid
and n-butanol

6% wt. cat., n-butanol:acetic
acid (2:1, n/n), 94 ◦C, 3 h Y = 99.5% [83]

SiO2
[tesp(b-SO3H)im][HSO4] j

Synthesis of amidoalkyl
naphtols

80 mg cat.,
aldehyde:2-naphtol:acetamide
(2:2:2.4; n/n/n), 85 ◦C, 5–15 min

Yields and TOF for different aldehydes
with R-groups: Ph 90%, 6.43 min−1;
4-Cl–C6H4 89%, 3.18 min−1;
2,4-Cl2–C6H3 86%, 3.84 min−1;
4-Br–C6H4 88%, 3.15 min−1;
3-NO2–C6H4 92%, 6.59 min−1;
4-NO2–C6H4 93%, 6.65 min−1;
3-MeO–C6H4 86%, 3.07 min−1;
4-MeO–C6H4 80%, 1.91 min−1;
4-Me–C6H4 87%, 3.11 min−1

[84]

SiO2
[tesp(b-SO3H)im][HSO4]

Thioacetalization of carbonyl
compounds

5% mol cat., 4–
methoxybenzaldehyde with
thiophenol, rt, 5 h

Y = 96%, 6 cycles [85]

SiO2
[tesp(b-SO3H)im][HSO4]

Acetalization of
benzaldehyde or furfural

with diols

4% wt. cat., benzaldehyde
70 mmol, ethanediol 126 mmol,
cyclohexane 8 mL, reflux,
1.5–3 h

Yields:

(a) benzaldehyde: ethanediol 95.2%,
1,2-propanediol 93%,
1,4-Butanediol 87.1%

(b) furfural: ethanediol 85%,
1,2-propanediol 95.9%

[86]

SiO2
[tesp(p-SO3H)im][HSO4]

Synthesis of 2H-indazolo[1,2-
b]phthalazine-triones

30 mg cat., benzaldehyde
1 mmol, dimedone 1 mmol,
phthalhydrazide 1 mmol,
80 ◦C, 10 min

Y = 94%, 8 cycles [87]

SiO2
[tesp(b-SO3H)im][HSO4]

Synthesis of
polyoxymethylene dimethyl

ethers

4% wt. cat., molar ratio of
methylal to trioxane 3,
105 ◦C, 1 h

α = 92%, S = 52%, 6 cycles [88]

SiO2
[tesp(p-SO3H)im][HSO4] k Lignin depolymerization

0.5 g cat., dealkaline lignin 2%
wt., 30 mL H2O:C2H5OH
(1:5, v/v), 200 ◦C, 1 h

Yields for THF soluble products 90%, [89]

SiO2
[p(p-SO3H)im][HSO4]

Esterification of acetic acid
and n-butanol

8% wt. cat., acetic acid 4.8 g,
n-butanol 7.12 g, cyclohexane
8 mL, 89 ◦C, 3 h

Y = 99.2%, S = 100%, 7 cycles; yields for
other alcohols: C6H13 99.4%, C2H5
84.1%, C6H5CH2 98.5%

[90]
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Table 2. Cont.

Catalyst Reaction Type Reaction Conditions Reaction Parameters Lit.

SiO2
[tesp(p-SO3H)a][HSO4] l Biodiesel synthesis 0.05 g cat., rapeseed oil 5 g,

methanol 2.33 g, 70 ◦C, 9 h Y = 99%, 6 cycles [91]

SiO2
[tesp(p-SO3H)a][HSO4]

Acetalization of
benzaldehyde and

1,2-ethanediol

0.05 g cat., benzaldehyde
0.1 mol, 1,2-ethanediol 0.15 mol,
25 ◦C, 12 h

Y = 98% [91]

SiO2
[tespim][H2PW12O40] m Oxidations of alkenes

0.05 g cat., alkene 5 mmol,
hydrogen peroxide (30%)
5 mmol, acetonitrile 4.5 mL,
60 ◦C, 4 h

Conversion, selectivity and TOF for
alkenes: cyclooctene 90%, 99%, 162 h−1;
1-octene 34%, 99%, 61 h−1; norbornene
85%, 99%, 153 h−1; limonene 76%,
29%, 137 h−1

[92]

SiO2
[p(p-SO3H)im]
[H2PW12O40] n

Esterification of palmitic acid 15% wt. cat., methanol:palmitic
acid molar ratio 9, 65 ◦C, 8 h Y = 88.1%, 5 cycles [93]

a 3-(4-sulfobutyl)-1-(3-trimethoxysilylmerkaptopropyl)imidazolium triflate, b 3-(4-sulfobutyl)-1-(3-
propyltriethoxysilane)imidazolium chloride, c 3-(3-sulfopropyl)-1-(3-propyltriethoxysilane)imidazolium
triflate, d 3-(3-sulfopropyl)-1-(3-propyltrimethoxysilane)imidazolium iodide, e 3-(3-
sulfopropyl)-1-(3-propyltrimethoxysilane)imidazolium triflate, f 3-(3-sulfopropyl)-1-(3-
propyltriethoxysilane)benzimidazolium chloride, g 1-methyl-3-(3-propyltriethoxysilane)imidazolium hy-
drogensulfate, h 1-methyl-3-(3-propyltriethoxysilane)imidazolium dihydrogenphospho-
tungstate, i 3-(3-sulfopropyl)-1-(3-trimethoxysilylmerkaptopropyl)imidazolium hydrogen-
sulfate, j 3-(4-sulfobutyl)-1-(3-propyltriethoxysilane)imidazolium hydrogensulfate, k 3-(3-
sulfopropyl)-1-(3-propyltriethoxysilane)imidazolium hydrogensulfate, l N-(3-sulfopropyl)-N-(3-
propyltriethoxysilane)ammonium hydrogensulfate, m 1-(3-propyltriethoxysilane)imidazolium dihydro-
genphosphotungstate, n 3-(3-sulfopropyl)-1-(3-trimethoxysilylmerkaptopropyl)imidazolium dihydrogenphospho-
tungstate.

Figure 9. Structures of Brønsted-type silica-based SILLP materials.

Brønsted acidic vinylimidazolium-based IL moieties modified with -SO3H groups
were grafted to a sulfhydryl group-modified silica surface through free radical addition
obtaining SILLP catalyst 1 (Figure 9). The prepared material was used in the esterification
of oleic acid with methanol and the transesterification of glycerol trioleate with methanol.
It was reported that the loading density of the IL influenced both reactions. Increasing
the loading of the IL on the support induced the conversion of oleic acid.However, for
the conversion of glycerol trioleate, the opposite effect is observed. This is due to the
size of glycerol trioleate molecules and the decreasing pore size of the SILLP. The SILLP
catalyst could be used in the esterification for three cycles, after which the catalytic activity
dropped and the hydrolysis or alcoholysis of the -Si-O-Si- bonds occurred [62]. In the
following report, the structure of a Brønsted imidazolium IL modified with -SO3H groups
was produced in three stages: first, 3-(chloropropyl)trimethoxysilane was anchored to
the silica surface. Next, imidazole moieties were introduced to the structure before 1,4-
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butanesultone was used to modify the imidazole ring with a -C4H9SO3H group (2, Figure 9).
The catalytic activity of the obtained SILLP material was tested in a cellulose hydrolysis
and yielded a 48.1% reduction of sugar and 21.9% of glucose. In this case, the catalyst
maintained activity for three cycles. Due to the use of the SILLP catalyst, the total yields in
the reduction of sugar and glucose were higher than using SO3HC3H7-SiO2 or SO3H-SiO2,
keeping the same -SO3H group loading. This effect results from the interaction between the
imidazolium IL and the hydroxyl groups in cellulose [63]. The SILLP catalyst 1 (Figure 9)
was also used in the dehydration of fructose to 5-hydroxymethylfurfural (HMF) with 100%
conversion and 70.1% yield of the main product (Scheme 1, Figure 10). In this reaction, the
catalyst was reused without significant loss of activity for 7 cycles. Simultaneously, the
same SILLP material with a Lewis -SO2Cl center was tested for this reaction. However, the
catalyst exhibited inferior efficiency compared with the Brønsted-type SILLP [64]. The next
report described the functionalization of bifunctional periodic mesoporous organosilica
with IL and -SO3H groups, as well as its application in a Biginelli condensation reaction
for the synthesis of pharmacological and biological activities compounds. The novel
material assured high yields of various products (Table 2) and could be recycled over
10 times without any decrease in efficiency [65]. The same catalyst was also used in
the esterification of acetic acid with various alcohols and, again, high yields of the main
products were reached and the SILLP material could be reused several times [66]. Another
report mentioned a triflate imidazolium-based IL with a -SO3H group anchored to the
silica, MCM-41, and SBA-15 materials (2, Figure 9). Activity tests were performed for
the self-condensation of pentanal to 2-propyl-2-heptenal, where the best results were
achieved for the silica based SILLP (69.4% yield, 89.6% selectivity), which was due to
the highest IL loading on the surface [67]. A benzimidazolium IL with a -SO3H group in
alkyl chain was grafted to silica surface (3, Figure 9) in stages (which were described above).
The SILLP catalyst was employed in the transesterification of non-edible oils with high
free fatty acids, as well as for the synthesis of 1-amidoalkyl naphthols from 2-naphthol,
amides, and aldehydes (Scheme 2, Figure 10). This eco-friendly and efficient catalyst for
transesterification provided 95% yield of fatty acid methyl esters and catalytic stability
over 5 runs [68]. Moreover, the SILLP material in the synthesis of 1-amidoalkyl naphthols
exhibited high yield of the obtained products (Table 2), high product quality, short reaction
times, and reusability for five reaction cycles, which makes the catalyst very useful for
industrial practices [69].

 

3

1

Figure 10. Brønsted-type SILLP based on silica material in the dehydration of fructose (Scheme 1)
and synthesis of 1-amidoalkyl naphthols (Scheme 2).

Further reports concern the application of covalently immobilized imidazolium-based
ILs with a hydrogensulfate anion on silica materials (4, Figure 9). The Bayer–Villiger
oxidation of cyclic ketones to lactones (Figure 11) is one example of numerous reactions
catalyzed by SILLP 4 (Figure 9). For that purpose, a silica material with the extensive
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system of meso- and macropores was used. Here, the catalyst showed great activity, which
resulted in high conversions of ketones and yields of lactones (60–91%), short reaction
times, and good reusability (three cycles) [70]. The same SILLP catalyst was used in the
esterification of acetic acid with butanol with a 99.4% conversion, and a reusability of six
catalytic cycles with a slight decrease of conversion were observed [71]. The synthesis of
1-(benzothiazolylamino)phenylmethyl-2-naphthols catalyzed by SILLP 4 (Figure 9) was
also reported. In this case, IL was anchored to rice husk ash, which is a natural source of
amorphous silica. High yields for various aldehydes (90–93%) and high TOF (92 h−1) were
achieved (Table 2) in very short reaction times. Furthermore, the catalyst could be reused six
times without activity loss [72]. The same catalytic system was examined for the formylation
of amines. Again, the catalyst proved to be simple, stable, and efficient, since high yields
(93–97%), TOF (465–7275 h−1) and reusability over 10 cycles were reached [73]. In another
report, an IL containing a hydrogensulfate anion was immobilized on nanoporous silica
SBA-15 and used in the synthesis of hexahydroquinolines via the Knoevenagel–Michael cy-
clization as an alternative to conventional catalysts. Excellent yields (90–93%), short reaction
times, aqueous conditions, and reusability (seven runs) made the process more environmen-
tally friendly [74]. The synthesis of 3,4-dihydropyrano[c]chromenes (Scheme 1, Figure 12)
and pyrano[2,3-c]pyrazoles were also proceeded in the presence of SILLP 4 (Figure 9).
Various ILs with anions, such as [HSO4]−, [H2PO4]−, [Br]−, and [OTf]− were tested, with
the best results gained for the hydrogensulfate anion. The catalyst exhibited very good
yields (89–95%) and reusability (five cycles) [75]. The use of SILLP 4 (Figure 9) was also
successful for the synthesis of pyrano[3,2-b]indoles (Scheme 2, Figure 12) [76], pyrano[2,3-
b]pyrroles (Scheme 3, Figure 12) [77], benzo[f]chromenes [78], 2,9-dihydro-9-methyl-2-
oxo-4-aryl-1H-pyrido[2, 3-b]indole-3-carbonitriles [79], acenaphtho[1,2b]pyrroles [80], and
5-amino-7-aryl-6-cyano-4H-pyrano[3,2-b]pyrroles [81]. As shown in Table 2, satisfying
yields for different aldehydes, arenes, and components were achieved, which indicates
the versatility of SILLP 4 (Figure 9) catalyst, as well as the developed methods. More-
over, the catalyst could be reused several times [76–81]. The dihydrogenphosphotungstate
anion ([H2PW12O40]−) was reported in an SBA-15 based SILLP, exhibiting well-ordered,
mesoporous specific high surface area. This novel catalyst found application in the oxi-
dation of dibenzothiophene, 4,6-dimethylbenzothiophene, and benzothiophene for fuel
desulfurization. This SILLP showed excellent efficiency, with 100% conversion of diben-
zothiophene and 4,6-dimethylbenzothiophene, which means the total ability of removal of
toxic compounds from the fuel. Furthermore, the catalyst could be successfully reused four
times [82].

 

4

Figure 11. Brønsted-type SILLP based on silica material in Bayer–Villiger oxidation.
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Figure 12. Brønsted-type SILLP based on silica material in the synthesis of 3,4 -
dihydropyrano[c]chromenes (Scheme 1), pyrano[3,2-b]indoles (Scheme 2), and pyrano[2,3-b]pyrroles
(Scheme 3).

Dual Brønsted acidic ILs immobilized on silica materials are another group of Brønsted-
type SILLPs. In this case, the Brønsted centers are located both in the cation and anion,
like the -SO3H groups grafted to the alkyl chain in the cation and like the [HSO4]− in the
anion (5, 6, Figure 9). This kind of catalyst is quite often used according to the literature.
One use is the esterification of acetic acid and n-butanol. SILLP 5 (Figure 9) material
caused 99.5% yield of n-butyl acetate, where it could be recycled eight times with only a
slight decrease in conversion to 90.1% [83]. The next report presents 3-sulfopropyl-1-(3-
propyltrimethoxysilane)imidazolium hydrogensulfate IL anchored to silica gel forming
SILLP 6 (Figure 9) in the synthesis of amidoalkyl naphthols by the multicomponent con-
densation. high yields and TOFs (Table 2) were obtained, and the catalyst kept activity for
seven cycles without significant loss [84]. SILLP 6 (Figure 9) was also used as a catalyst in
the thioacetalization of carbonyl compounds, providing high yields (85–96%). The reaction
between 4-methoxybenzaldehyde with thiophenol (Scheme 1, Figure 13) was characterized
by 96% yield, mild reaction conditions, and short reaction times, with the catalyst efficiently
being recycled six times [85]. Furthermore, the same catalyst was employed in acetalization
of benzaldehyde or furfural with various diols. High catalytic activity (yields 85–96%) for
10 reaction runs was reached for the synthesis of benzaldehyde ethanediol acetal [86]. Again,
SILLP 6 (Figure 9) was used as a catalyst in the synthesis of 2H-indazolo[1,2-b]phthalazine-
triones (Scheme 2, Figure 13) [87] and polyoxymethylene dimethyl ethers [88]. In the
first case, nano-silica formed a matrix for IL immobilization. The synthesized material
showed high catalytic activity, gaining 81–96% yield of indazolophthalazine-triones and
bisindazolophthalazine-triones, while maintaining activity over seven reaction cycles [87].
Various types of such silica gels used in SILLP synthesis are described widely throughout
the literature. In order to reduce the ratio of the catalyst in the reactants, the SILLP with
the highest surface area and IL loading was selected as the catalyst. This resulted in a
52% trioxane conversion and 92% polyoxymethylene dimethyl ethers selectivity [88]. Next,
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SILLP 6 (Figure 9) was also employed in a lignin depolymerization. This highly thermally
stable catalyst allowed a 90% yield of tetrahydrofuran soluble products to be obtained in
1 h at 200 ◦C [89]. It was also found that SILLP 5 (Figure 9) catalyzed the esterification
of acetic acid and n-butanol. The catalyst provided a 99.2% yield and 100% selectivity
and was active for seven cycles. Moreover, high yields for reactions with various alcohols
were achieved (Table 2) [90]. The novel silica-based SILLP 7 (Figure 9) material was also
synthesized from the (3-aminopropyl)-trimethoxysilane precursor. The prepared catalyst
was used in the acetalization of benzaldehyde with 1,2-ethanedioland and biodiesel syn-
thesis. In both cases, the SILLP exhibited high catalytic activity, assuring 99% yields of the
main product and reusability over six cycles. In comparison with conventional biodiesel
synthesis, SILLP catalysts are a very promising alternative [91]. SILLP 8 (Figure 9) with
Brønsted acidic sites introduced with an imidazolium cation and dihydrogenphospho-
tungstate anion was tested in the oxidation of alkenes. The catalyst proved to be efficient in
this reaction, providing high selectivities, conversions, and TOF (Table 2) [92]. The dihydro-
genphosphotungstate anion was involved in the synthesis of SILLP 5 (Figure 9) instead
of the hydrogensulfate anion. The SBA-15 SILLP catalyst was applied in the biodiesel
synthesis from palmitic acid. In comparison to other anions such as hydrogensulfate and
triflate, the dihydrogenphosphotungstate anion performed the highest IL loading and
catalytic activity, giving an 88.1% yield and reusability of over five times [93].

 

6

6

Figure 13. Brønsted-type SILLP based on silica material in the synthesis of thioacetalization of
(Scheme 1)), 2H-indazolo[1,2-b]phthalazine-triones (Scheme 2).

3.3. Fe3O4-Silica hybrid Based SILLPs

Immobilization of an ionic liquid on a solid matrix provides easy catalyst separation
from the reaction mixture, as well as its recycling. Doping silica materials with Fe3O4 offers
new features, such as magnetic properties, for example. A silica-Fe3O4 hybrid could be even
faster and more easily separated from the reaction mixture using an external magnetic field,
making it an attractive support. Table 3 shows applications of silica-Fe3O4-based SILLP in
organic catalysis, and Figure 14 presents chosen structures of silica-Fe3O4-based SILLPs.
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Table 3. Silica-Fe3O4-based SILLPs in organic catalysis.

Catalyst Reaction Type Reaction Conditions Technological Parameters Lit.

SiO2·Fe3O4
[tmspmim][Cl-AlCl3] a

Synthesis of β-keto
enol ethers

0.27 g cat.,
5,5-dimethylcyclohexane-1,3-
dione 1 mmol, alcohol 3 mL, rt,
50–95 min

Yields for alcohols: methanol
94%, ethanol 93%, n-butanol
89%, n-pentanol 87%,
2-propanol 88%,
cyclohexanol 86%

[94]

SiO2·Fe3O4
[tmspmim][Cl-ZnCl2] b

Synthesis of
benzoxanthenes

15 mg cat., benzaldehyde
1 mmol, 2-naphthol 1 mmol,
dimedone 1 mmol, sonication,
80 ◦C, 30 min

Yields for benzaldehydes with
R-groups: H 96%, 4-Me 84%,
2-OH 81%, 4-F 81%, 4-Cl 72%,
4-Br 76%, 2-F 70%, 2-Cl 75%,
2-Br 79%, 2-NO2 90%

[95]

SiO2·Fe3O4
[tmspmim][Cl-ZnCl2] Synthesis of pyrroles

15 mg cat., aniline 1 mmol,
acetonylacetone 1.2 mmol,
sonication, 30–90 min

Yields for anilines with
R-groups: H 91%, 4-I 98%,
4-OH 95%, 2-OH, 5-Me 78%,
3,5-Cl 77%

[95]

SiO2·Fe3O4
[tmspmim][HSO4] c

Synthesis of 1,8-
dioxodecahydro-acridines

cyclic diketones:
amines:aldehydes: catalyst
(2:1:1:0.01), 80 ◦C, 10–30 min

Yields 87–97% [96]

SiO2·Fe3O4
[tmspim][HSO4] d

Synthesis of
3-thiocyanato-1H-indole

5 mg cat.,
indole:H2O2:KSCN
(1:3:3; n/n), water:ethanol
(1:4; v/v), rt

Y = 95%; for various substrates
88–98% [97]

SiO2·Fe3O4
[tmsptetrazole-SO3H][Cl] e Synthesis of

0.2 g cat., arylcyanamide
1 mmol,
NaOCN 1 mmol, H2O
10 mL, reflux

Yields for arylcyanamide with
R-groups: 3-Br 90%, 4-Cl 89%,
4-Me 92%, 4-OMe 93%

[98]

SiO2·Fe3O4
[tmspim][HSO4]

1-carbamoyl-1-
phenylureas

50 mg cat., benzaldehyde
1 mmol, acetic anhydride
5 mmol, rt, 10–120 min

Yields for benzaldehydes with
R-groups: H 91%, 4-Cl 95%,
4-Me 93%, 4-OH 91%, 2-OH
97%, 4-MeO 90%, 2-MeO 87%,
4-COOH 90%, 4-CN 88%,
4-NO2 98%

[99]

SiO2·Fe3O4
[tmspdabco(SO3H)] [OTf]2

f
Acetylation of aldehydes

with acetic anhydride

50 mg cat., isatin 0.5 mmol,
indole 1 mmol, H2O 2 mL,
90 ◦C, 2 h

Y = 85–96%, 8 cycles [100]

SiO2·Fe3O4
[tespmim][H2PW12O40] g

Synthesis of 3,3-
di(indolyl)indolin-2-ones

0.1 mg cat., hydrazine hydrate
2 mmol, ethyl acetoacetate
2 mmol, aryl aldehydes
1 mmol, ammonium acetate
3 mmol, water 15 mL,
rt, 30 min.

Yields for different
Ar-aldehydes: H 96%, Cl 95%,
F 97%, NO2 98%, OMe 92%,
Me 93%, OH 90%, CN 95%

[101]

SiO2·Fe3O4
[tesp(b-SO3H)im][HSO4] h

Synthesis of
tetrahydrodipyrazolo-

pyridines

55 mg cat., aldehyde 2 mmol,
2-naphthol 2 mmol, dimedone
2.4 mmol, 90 ◦C,
35–65 min

Yields for aldehydes with Ar
groups: C5H6 89%, 4-MeC6H4
86%, 4-OMeC6H4 84%,
4-ClC6H4 91%, 3-ClC6H4 84%,
4-BrC6H4 90%, 3-BrC6H4 88%,
4-NO2C6H4 93%, 3-NO2C6H4
90%, 2-NO2C6H4 85%

[102]

SiO2·Fe3O4
[tesp(b-SO3H)im][HSO4]

Synthesis of
benzoxanthenes

50 mg cat., isatin 1 mmol,
1,3-dimethyl-2-amino uracil
1 mmol, barbituric acid
1 mmol, H2O, 1 mL, rt, 4–8 h

Y = 81–90%, 5 cycles [103]

SiO2·Fe3O4
[tmsp(p-SO3H)im][HSO4] i

Synthesis of
spirooxindoles

0.2 g cat., oleic acid 10 mmol,
alcohol 60 mmol, 373K, 4 h

Methanol: Y = 89.6%
Ethanol: Y = 93.5%
n-propanol: Y = 92%
n-butanol: Y = 91.5%

[104]

SiO2·Fe3O4
[tesp(p-SO3H)im][HSO4]

Biodiesel production from
oleic acid

10.8% wt. cat., methanol:oleic
acid molar ratio 6, 110 ◦C, 4 h α = 92.9%, 8 cycles [105]

SiO2·Fe3O4
[tesp(Ph-SO3H)3P][Cl] j

Biodiesel production from
oleic acid

0.06 g cat., benzaldehyde
30 mmol, ethylene glycol
90 mmol, cyclohexane
185 mmol, reflux, 2 h

Yields for: benzaldehyde 97%
(5 cycles), propionaldehyde
96%, butanone 95%,
cyclohexanone 94%

[106]
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Table 3. Cont.

Catalyst Reaction Type Reaction Conditions Technological Parameters Lit.

SiO2·Fe3O4
[Cl][diammonium]

[HSO4] k

Acetalization of aldehyde
or ketone with
ethylene glycol

0.048 cat., dimedone 1 mmol,
benzaldehyde 1 mmol,
6-amino-1,3-dimethyluracil
1 mmol, 120 ◦C, 15–30 min

Yields for various
benzaldehydes with R-group:
H 94%, 3-Br 92%, 4-Br 90%,
2-Cl 88%, 4-Cl 96%, 4-Me 93%,
4-OMe 94%, 4-OH 81%

[107]

SiO2·Fe3O4
[tesp2pyr][HSO4] l

Synthesis of pyrimido[4,5-
b]quinolines.

200 mg cat., aromatic amine
1 mmol, NaNO2 2.5 mmol, NaI
2.5 mmol, rt, 12–15 min

Yields for aromatic amines:
C6H5NH2 73%,
4-H2NC6H4COOH 95%,
4-NO2C6H4NH2 83%,
4-BrC6H4NH2 78%,
4-ClC6H4NH2 82%,
4-MeC6H4NH2 62%

[108]

SiO2·CoFe2O4
[p(b-SO3H)im]

[OTf] m

Diazotization–iodination
of the aromatic amines

1:30 equimolar amount of oleic
acid and the catalyst, alcohol
17.02 g, 100 ◦C, 4 h

CH3: α = 75%, C4H9: α = 40%,
C6H13:α = 20%,
C8H17:α = 16%

[109]

SiO2·Fe3O4
[tmsptetrazole-
SO3H][HSO4] n

Esterification of oleic acid
with straight-chain

alcohols

20 mg cat., benzaldehyde
1 mmol, 2-thiobarbituric acid
2 mmol, acetate
ammonium 1 mmol, H2O
5 mL, rt, 35–60 min

Yields for benzaldehydes with
R-groups: H 89%, 4-Cl 91%,
4-NO2 95%, 4-Me 87%, 4-OMe
84%, 2-NO2 93%, 2-OH 82%,
2-OMe 85%, 2–80%,
3-OMe 90%

[110]

SiO2·Fe3O4
[OH-etNH3][b-SO3] o

Synthesis of pyrimidine
derivatives

Aldehyde:malononitrile:
thiophenol:catalyst
(1/2/1/0.012; n/n/n/n),
50 ◦C, 5–20 min

Y = 81–91%; 5 cycles
(benzaldehyde, malononitrile
and thiophenol)

[111]

SiO2·Fe3O4
[tmspdabco][Cl] p

Synthesis of 2-amino-3,5-
dicarbonitrile-6-thio-

pyridines

Aldehyde, ethyl cyanoacetate,
H2O-polyethylene glycol 8 cycles, high yields [112]

SiO2·Fe3O4
[tespmim][Cl] r

Knoevenagel
condensation

0.0007 g cat., aromatic
aldehyde 1 mmol, anilines
1 mmol, thioglycolic acid
1 mmol, 70 ◦C, 55–70 min

(a) aniline + aromatic
aldehydes

Yields for R-groups in
aldehydes: H 94% (10 cycles),
4-Me 88%, 4-Cl 95%, 4-NO2
92%, 3-NO2 89%

(b) p-methylaniline +
aromatic aldehydes

Yields for R-groups in
aldehydes: H 90%,
Me 93%, 90%

[113]

SiO2·Fe3O4
[tespmim][Cl]

Synthesis of
1,3-thiazolidin-4-ones

20% mol cat.,
6-amino-N,N-dimethyuracil
1 mmol, 3-(2-
methyl-1H-indol-3-yl)-3-
oxopropanenitrile 1 mmol,
arylaldehydes 1 mmol, DMF
10 mL, 120 ◦C, 55–120 min

Yields for aldehydes with
Ar-groups: 4-FC6H4 90%
(3 cycles), 4-ClC6H4 90%,
4-BrC6H4 85%, 4-CNC6H4
90%, 4-CF3C6H4 90%, C6H5
80%, 3-ClC6H4 90%,
3-OMeC6H4 75%

[114]

SiO2·Fe3O4
[tespmim][Cl]

Synthesis of
indole-substituted

pyrido[2,3-d]pyrimidines

1% mol cat., epoxide 10 mmol,
PCO2 = 1 Mpa, 140 ◦C, 4–12 h

Styrene oxide Y = 93%
(11 cycles), propylene
oxide Y = 99%,
epichlorohydrin Y= 99%

[115]

SiO2·Fe3O4
[tespmim][Cl]

Cycloaddition of CO2 to
epoxides

0.05 g cat., aromatic aldehyde
2 mmol, ethyl acetoacetate
2 mmol, urea/thiourea
3 mmol, 100 ◦C, 25–40min

Yields for aldehydes:

(a) urea: Ph 95%, 3-ClC6H4
97%, 3-NO2C6H4 97%,
2-tiophen 98%, 3-FC6H4
92%

(b) thiourea: Ph 96%,
4-OMeC6H4 90%,
2-tiophen 95%

[116]
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Table 3. Cont.

Catalyst Reaction Type Reaction Conditions Technological Parameters Lit.

SiO2·Fe3O4
[tespmim][Cl]

Synthesis of
3,4-dihydropyrimidin-

2(1H)-ones/thiones

7 mg cat., aniline 1 mmol),
formic acid 3 mmol, rt,
5–10 min

Yields for anilines with
R-groups: H 99% (5 cycles),
4-Me 98%, 4-OMe 98%,
4-Cl-90%, 4-NO2 98%

[117]

SiO2·Fe3O4
[tesptriazinium][Cl] s N-formylation

0.02 g cat., aromatic aldehyde
1 mmol, malononitrile 1 mmol,
5-hydroxy-2-hydroxymethyl-
4H-pyran-4-one
(kojic acid) 1 mmol H2O 5 mL,
reflux, 30–45 min

Yields for benzaldehydes with
R-groups: H 94%, 2,3-Cl2 94%,
2,6-Cl2 97%, 4-NO2 98%,
3-NO2 97%, 4-OH 85%

[118]

SiO2·Fe3O4
[tesampmim][Cl] t of amines

10 mg cat., benzylalcohol
1 mmol, anhydride 2 mmol, rt,
20–60 min

Yields for various
benzylalcoholes with
R-groups: 4-Br 96% (9 cycles),
4-OMe 94%, 4-F 94%,
i-C3H7 93%

[119]

SiO2·Fe3O4
[tmsp(alanine)im][Cl] u

Synthesis of
4H-dihydropyrano

0.001 g cat., arylaldehyde
2.5 mol, arylamine 2.5 mol
cyclohexanon 3 mol, EtOH
20 mL, sonication (70 W)

Yields and selectivity (anti:syn)
for anilinę+ benzaldehydes
with R-groups: H 92%, 99:1;
2-Cl 91%, 97:3; 4-Me 88%, 99:1;
4-Cl 92%, 99:1; 4-Br 92%, 99:1;
4-OMe 89%, 99:1; 2-OMe
86%, 99:1

[120]

SiO2·Fe3O4
[tespdeaim][PF6] w

[3,2-b]pyran-
3-carbonitrile

25 mg cat., aldehyde or ketone
2 mmol, malonitrile 2 mmol,
water 10 mL, 30 ◦C, 1 h

α for aldehydes/ketones:
cyclohexanone >99%, furfural
>99%, benzaldehyde >99%,
4-nitrobenzaldehyde 91.6%, 4-
hydroxybenzaldehyde 89.4%,
2-hydroxybenzaldehyde
80.3%, 2-methylpropanal 92%

[121]

Fe3-xTixO4-SiO2
[TrpEt3][I] x Derivatives

0.12 g cat., anilines 1 mmol,
dialkyl
acetylenedicarboxylates
1 mmol, terminal alkynes
or acetophenones 1.2 mmol,
100 ◦C, 15–18 h

Methyl 4-propylquinoline2-
carboxylate: Y = 75% ethyl
6-hydroxy4-propylquinoline-
2-carboxylate:
Y = 92%

[122]

Fe3-xTixO4-SiO2
[TrpEt3][I] Acetylation of alcohols

0.12 g cat., anilines 1 mmol,
dialkyl
acetylenedicarboxylates
2.2 mmol, 100 ◦C, 10–22 h

Ethyl 4-(4-bromophenyl)benzo
quinoline-2-carboxylate:
Y = 77%
dimethyl 8-nitroquinoline2,4-
dicarboxylate:
Y = 82%

[122]

a 1-methyl-3-(trimethoxysilylpropyl)imidazolium chloride—chloroaluminate (III),
b N-(trimethoxysilylpropyl)imidazolium chloride—chlorozincate (II), c 1-methyl-3-
(trimethoxysilylpropyl)imidazolium hydrogensulfate, d 1-methyl-3-(trimethoxysilylpropyl)imidazolium hy-
drogensulfate, 5N-(trimethoxysilylpropyl)-5-phenyl-1H-tetrazolium-SO3H chloride, e N-(3-sulfopropyl)-N-(3-
propyltrimethoxysilane)triethylenediammonium ditriflate, f 1-methyl-3-(trimethoxysilylpropyl)imidazolium
dihydrogenphosphotungstate, g 3-(4-sulfobutyl)-1-(3-propyltriethoxysilane)imidazolium hydrogensulfate,
h 3-(3-sulfopropyl)-1-(3-propyltriethoxysilane)imidazolium hydrogensulfate, i P-(trimethoxysilylpropyl)-
P,P,P-tri(4-sulfophenyl)phosphonium chloride, j N-(trimethoxysilylpropyl)-N,N-dimethyl-N-
(dimethylammonium)ammonium chloride hydrosulfate, k N-(propyl-triethoxysilane)-2-pyrrolidinium hydrogen-
sulfate, l 3-(4-sulfobutyl)-1-(3-trimethoxysilylmerkaptopropyl)imidazolium triflate, m N-(trimethoxysilylpropyl)-
5-phenyl-1H-tetrazolium-sulfobutyl hydrogensulfate, n 2-hydroxyethylammonium butylsulphonate,
o N-(3-propyltrimethoxysilane)triethylenediammonium chloride, p 1-methyl-3-(triethoxysilylpropyl)imidazolium
chloride, r N-(triethoxysilylpropyl)triazinium chloride, s 3-((3-(trisilyloxy)propyl)propionamide)-1-
methylimidazolium chloride, t 3-(trimethoxysilylpropyl)-1-(2-aminopropanoate)imidazolium trimethylethanolam-
monium chloride, u imidazolium alanine based IL, w 3-(trimethoxysilylpropyl)-1-(triethylamine)imidazolium hex-
afluorophosphate, x triethyltryptophanium iodide.
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Figure 14. Structures of silica-Fe3O4-based SILLPs.

A Lewis chloroaluminate IL was grafted to a SiO2·Fe3O4 nanomaterial, and the cat-
alytic activity of obtained SILLP 1 (Figure 14) was tested in the synthesis of β-keto enol
ethers. The magnetic catalyst showed proper efficiency and provided high yields under
mild reaction conditions. Moreover, the SILLP maintained activity for six reaction cycles,
and its recovery through external magnetic field was very effective [94]. The next report
examined Lewis magnetic SILLP 1 (Figure 14) based on the chlorozincate (II) anion in the
synthesis of benzoxanthenes (Scheme 1, Figure 15) and pyrroles (Scheme 2, Figure 15). In
both reactions, the SILLP presented excellent activity, reusability for 5 runs, and achieved
76–96% yields of benzoxanthenes and pyrroles. In comparison with the described catalysts,
the magnetic SILLP is a promising alternative due to its versatility [95]. Brønsted hydro-
gensulfate IL was anchored to magnetic silica-based material, where SILLP 2 (Figure 14)
exhibited excellent activity and achieved 87–97% yields in the condensation reaction of
cyclic diketones with aromatic aldehydes and ammonium acetate or primary amines. The
catalyst could be reused nine times, which additionally proves the wide applicability of this
nanomaterial [96]. In another report, SILLP 2 (Figure 14) found application as a catalyst
for the thiocyanation of aromatic and heteroaromatic compounds. High yields of 88–98%,
regioselectivity, short reaction times, and reusability (seven runs) were achieved [97]. The
next report described the magnetic SILLP 3 (Figure 14) based on the phenyltetrazole cation.
The SILLP nanocatalyst examined its efficiency in the synthesis of antibacterially active
1-carbamoyl-1-phenylureas in water. The magnetic nanomaterial gave 89–93% yields
of the main products and kept good catalytic activity during five reaction cycles [98].
Hydrogensulfate poly(ionic liquid) was grafted to silica magnetic nanoparticles via the
polymerization of vinylimidazolium moieties. The catalytic activity of the prepared het-
erogeneous catalyst was checked in the acetylation of aldehydes with acetic anhydride,
which resulted in 90–98% yields and 10 reaction cycles without activity loss. Moreover, the
SILLP also showed good efficiency in the deprotection reaction of acyl [99]. The Brønsted
triethylenediammonium ditriflate based magnetic SILLP 4 (Figure 14) was found to be a
great catalyst in the synthesis of 3,3-di(indolyl)indolin-2-ones. A yield of 85–96% of various
indolines compounds with medical properties and eight efficient catalytic cycles were
achieved with SILLP 4 [100]. In other work, Fe3O4 nanoparticles coated with silica SILLP
2 (Figure 14) based on the dihydrogenphosphotungstate anion catalyzed the synthesis of
tetrahydrodipyrazolo-pyridines. This catalytic system could be reused several times using
magnetic external forces and high loadings of the IL, providing excellent yields (90–98%) un-
der mild conditions [101]. Further reports present Dual Brønsted acidic ILs immobilized on
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silica coated magnetic nanoparticles. SILLP 5 (Figure 14) found applications as a catalyst in
the synthesis of benzoxanthenes [102], spirooxindoles [103], and biodiesel production from
oleic acid [104,105]. This novel catalyst demonstrated great versatility and activity in all
mentioned processes, achieving high yields for benzoxanthenes (84–91%), spirooxindoles
(81–90%), biodiesel (90–94%) synthesis, as well as short reaction times, high products qual-
ity, easy catalyst recovery via magnetic field, and great reusability, which makes SILLP 5

very attractive for industrial use [102–105]. In other work, a phosphonium-SO3H based
IL was anchored to the magnetic silica nanomaterial, creating the Brønsted-type SILLP 6

(Figure 14) catalyst. Its activity was tested in the acetalization of aldehyde or ketone with
ethylene glycol, which resulted in high product yields of 94–97% with various substrates,
and the possibility of SILLP catalyst recycling five times without significant loss of activ-
ity [106]. Interestingly, the dicationic IL grafted to magnetic nanoparticles (7, Figure 14)
found application in the synthesis of pyrimido[4,5-b]quinolines (Scheme 3, Figure 15). The
novel SILLP 7 hydrogensulfate anion provides one acidic hydrogen and one weakly basic
(negative oxygen) site, and was successfully used in the synthesis that requires an acidic
and a basic catalyst. This magnetic catalytic system performed well, with yields of 81–96%,
short reaction times, and recovery for four reaction cycles, with only a slight decrease in
activity [107].

 

1

1

7

Scheme 3

Figure 15. Silica-ferrite hybrid-based SILLP as the catalyst in synthesis of benzoxanthenes (Scheme 1),
pyrroles (Scheme 2), pyrimido[4,5-b]quinolines (Scheme 3).

A follow-up report described N-(propyl-triethoxysilane)-2-pyrrolidinium hydro-
gensulfate immobilized on Fe3O4 silica nanoparticles (8, Figure 14) as an efficient
catalyst for the one-pot diazotization–halogenation of the aromatic amines. Utiliza-
tion of SILLP 8 as a green catalyst turned out to provide satisfying yields and short
reaction times [108]. Silica coated cobalt ferrite nanoparticles were modified with a
3-(4-sulfobutyl)-1-(3-trimethoxysilylmerkaptopropyl)imidazolium triflate IL, and were
used in the esterification of oleic acid with straight-chain alcohols. higher SH-group load-
ing on the silica surface resulted in a decreasing pore diameter and surface area. On
the other hand, however, less IL moieties could be immobilized on the surface of the
nanomaterial. Increasing the alkyl chain in the alcohol caused mass transfer resistance,
which resulted in a decreased conversion. This kind of SILLP could find application
in shape-selective catalysis [109]. Other work described a sulfo-tetrazolium hydrogen-
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sulfate based IL anchored to magnetic nanoparticles. Its activity was tested in the one-
pot synthesis of pyrimidine derivatives under mild conditions. The catalyst provided
80–95% yields, an easy separation method using magnetic forces, and could be recycled
for six reaction cycles without any activity loss. Moreover, in comparison with another
catalyst described in literature, this SILLP is an outstanding green alternative [110]. 2-
hydroxyethylammonium sulphonate IL was immobilized via the anion on a magnetic
silica-based material. The catalyst possesses basic sites such as hydroxyl groups and acidic
sites such as ammonium moieties, and was therefore successfully used in the one-pot
three-component synthesis of 2-amino-3,5-dicarbonitrile-6-thio-pyridines. Satisfying yields
of 81–91% of various pyridines were achieved, as well as a reusability of five reaction
cycles in the reaction between benzaldehyde, malononitrile, and thiophenol character-
ized this catalyst as very efficient [111]. More recent work was also carried out on a 1,4-
diazabicyclo[2.2.2]octane-based basic IL immobilized on silica coated ferrite nanomolecules
for a Knoevenagel condensation. The SILLP showed excellent catalytic performance, high
yields, short reaction times, and could be reused for eight times. Specific activity could be
explained with synergistic action of the tertiary amine, IL, and nanoparticles [112]. Further
reports concern the applications of Fe3O4-silica nanoparticles modified with 1-methyl-
3-(triethoxysilylpropyl)imidazolium chloride. SILLP 9 (Figure 14) catalytic activity was
investigated in the synthesis of 1,3-thiazolidin-4-ones [113], indole-substituted pyrido[2,3-
d]pyrimidines [114], 3,4-dihydropyrimidin-2(1H)-ones/thiones [116], cycloaddition of CO2
to epoxides [115], and N-formylation of amines [117]. As shown in Table 3, high reac-
tion yields, easy catalyst recovery, and the possibility of recycling make SILLP 9 not only
versatile, but also very efficient. The same catalyst type, but with a triazinium cation,
was tested for the synthesis of 4H-dihydropyrano[3,2-b]pyran-3-carbonitrile derivatives.
High yields of 85–98% were achieved for various benzaldehydes (Table 3), and newly
synthesized compounds indicate potential antioxidant and antifungal properties. Further-
more, this catalyst could be reused four times without any loss of activity [118]. Next,
a 3-((3-(trisilyloxy)propyl)propionamide)-1-methylimidazolium chloride IL anchored to
silica magnetic nanoparticles was used in the acetylation of alcohols with acetic anhydride
under mild conditions. Good yields (93–96%), simple separation by magnetic decantation,
and reusability for nine cycles without activity loss were reported for this SILLP [119].
The SILLP magnetic nanoparticles formed from imidazolium-aniline based IL were ap-
plied in the Mannich reaction between arylaldehydes, anilines, and cyclohexanone under
ultrasound irradiation. The catalyst provided high yields of the main product, high diastere-
oselectivity (anti:syn), short reaction times, and could be easy reused six times without
activity loss, which makes it competitive to previous achievements in this field [120]. In
another report, a basic 1-triethylamineimidazolium based IL immobilized on silica coated
magnetic nanoparticles was tested for Knoevenagel condensation between various alde-
hydes and malonitrile. As shown in Table 3, high yields and five reaction cycles with this
magnetic SILLP were achieved. In comparison, the IL was immobilized on polystyrene-
divinylbenzene resin, but the magnetic silica-based SILLP showed better activity than the
polymeric one, presumably due to a more basic character of the silica-ferrite matrix [121].
Studies on immobilized triethyltryptophanium iodide IL on titanomagnetite silica matrix
as the catalyst in the synthesis of 6-substituted quinolinedialkyl-2,4-dicarboxylates showed
that the library of compounds achieved good yields, the possibility of convenient cata-
lyst recovery, and reusability for three reaction runs were reached in the presence of the
SILLP [122].

3.4. SILLP as Matrix for Metals, Organocatalysts, and Enzymes

The catalytic features of the developed SILLPs applications as a matrix or co-catalyst
are known, and there are many reports of the use of an SILLP as a matrix/co-catalyst
for metal particles, organocatalysts, or enzymes. In Table 4, only examples of silica-
based SILLP applications as a matrix are shown due to existing accurate reviews on this
topic [34,39–41,123].
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Table 4. Examples of silica-based SILLP as a matrix or co-catalyst in organic catalysis.

Catalyst Reaction Type Reaction Conditions Reaction Parameters Lit.

SiO2/Rh
[tespbim][BF4] a/(tppti) b

Hydroformylation of
1-hexene

CO/H2(1:1; v/v), Rh/P
(1:10, n/n), 100 ◦C, 5 h

α = 33%, S = 2.4 (n/i-heptanal
ratio), TOF = 65 min−1 [124–126]

SiO2/Ni
[tesp(p-SO3H)im][OTf] c

Hydrogenation of
n-valeraldehyde

4.5 g cat., n-valeraldehyde
30 mL, PH2 = 3 MPa, 200 ◦C 8 h α = 100%, S = 98.6% [127]

SiO2/PbS
[tespmim][Cl] d

Dehydrogenation of
formic acid

0.0007 g cat.,
HCOOH/HCOONa 9.00 mmol,
8:1; n/n, H2O 2.5 mL,
40 ◦C, 750 rpm

Y = 97% (formic acid
decomposition), SH2 = 78%,
TOF = 604 h−1

[128]

SiO2/Pd
[bvim][Br] e Suzuki coupling

1% mol. cat. phenylboronic
acid:aryl halide (1.1:1; n/n),
H2O/EtOH (1.2 mL; 1:1; v/v),
K2CO3 (0.6 mol), 50 ◦C, 19 h

Yields for aryl bromides with
R-groups: 4-CHO 81%, 4-OMe
89%, 3-OMe 85%, 4-NO2 80%,
2-CHO 95%, 4-COCH3 88%,
3-COCH3 70%, 4-COOH 88%,
2-CH3 86%, 2-CN 88%,
3,5-(CF3)2 89%, H 78%,
1-naphthyl 85%)

[129]

SiO2/POSS f/Pd
[tesppim][Cl] g/[tespmim][Cl]

Suzuki coupling

0.07% mol. cat. phenylboronic
acid:aryl halide (1.1:1; n/n),
H2O/EtOH (1.2 mL; 1:1; v/v),
K2CO3 (0.6 mol), 50 ◦C, 19 h

Yields and TOF for aryl
bromides with R-groups: 4-CHO
99%, 1429 h−1;4-OMe 95%,
1327 h−1; 3-OMe 75%, 1071 h−1;
4-NO2 99%, 1429 h−1; 4-COCH3
99%, 1429 h−1; 3-COCH3
99%,1429 h−1; 3-CH3 99%,
1414 h−1; 4-CH3 93%, 1329 h−1;
4-CN 99%, 1429 h−1

[130]

SiO2/POSS/Pd
[tesppim][Cl]/[tespmim][Cl] Heck reaction

0.07% mol. cat. aryl halide,
0.5 mmol, methyl acrylate
0.75 mmol, triethylamine
1 mmol, DMF 1 mL, 120 ◦C, 3 h

Yields and TOF for aryl iodides
with R-groups: H >99%, 476 h−1;
4-CH3 >99%, 476 h−1; 4-COCH3
99%, 471 h−1; 4-OCH3 99%,
471 h−1; 3-OCH3 99%, 471 h−1;
4-NO2 >99%, 476 h−1; 2-C4H3S
91%, 433 h−1;
4-CHO >99%, 286 h−1

[130]

SiO2/Pd
[bvim][Br] Suzuki coupling

0.1% mol. cat. phenylboronic
acid:aryl halide
(45.2:40; n/n mmol), 0.33 M
EtOH (121.2 mL), K2CO3
(48 mmol), 50 ◦C,
1.5 mLmin−1, 36 h

Yields for different aryl bromides
(H 96%, CH3 96%, CHO 98%)
TON = 3800

[131]

SiO2/Proline
[bvim][NTf2] h Asymmetric aldol reaction

5% mol cat., aldehyde 1 mmol,
cyclohexanone 5 mmol,
1.2 mmol H2O, rt, 2.5 h

Yields and enantiomeric excess
(ee) for aldehydes:
4-NO2Ph Y = 99%, ee = 98%;
4-ClPh Y = 92%, ee = 99%;
4-BrPh Y = 95%, ee = 97%,
4-CNPh Y = 99%, ee = 92%

[132]

SiO2/CALB i

[tespmim][BF4] j Diacylglycerol production
5% wt. cat., corn oil 4.4 g,
glycerol 0.23 g, tert-pentanol
17 mL, 50 ◦C, 12 h

α = 70.94%, 5 cycles [133]

SiO2/PPL k

[tmspmim][BF4] l Triacetin hydrolysis 6.83 g of glyceryl triacetate,
pH = 7, 45 ◦C, 10 min 5 cycles [134]

SiO2·Fe3O4/CRL m

[tespmim][Cl]
Production of trans-free

plastic fats
Palm stearin or liquid rice bran
oil, 45 ◦C, 48 h 4 cycles [135]

a 1-butyl-3-(triethoxysilylpropyl)imidazolium tetrafluoroborate, b tri(m-sulfonyl)triphenyl phosphine tris(1-
butyl-3-methyl-imidazolium) salt as a ligand, c 3-(3-sulfopropyl)-1-(3-propyltriethoxysilane)imidazolium triflate,
d 1-methyl-3-(triethoxysilylpropyl)imidazolium chloride, e 1,4-bis(3-vinylimidazolium-1-yl) bromide, f polyhedral
oligomeric silsesquioxanes, g 1propyl-3-(triethoxysilylpropyl)imidazolium chloride, h 1,4-bis(3-vinylimidazolium-
1-yl) bis(trifluoromethane)sulfonimide, i Candida antarctica lipase B, j 1-methyl-3-(triethoxysilylpropyl)imidazolium
tetrafluoroborate, k Porcine pancreas lipase, l 1-methyl-3-(trimethoxysilylpropyl)imidazolium tetrafluoroborate,
m Candida rugosa lipase.
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The hydroformylation reaction is one of the firsts reports on the application of silica
based-SILLP as a matrix for metal-based catalysts. Rh particles were introduced to the SILLP
with a ligand (to prevent any leaching of Rh) and used for n,i-heptanal production with
TOF = 65 min−1, which, compared to the typical biphasic IL approach (TOF = 23 min−1),
was a major accomplishment. The catalyst owes its higher activity to a higher concen-
tration of Rh particles on the surface, as well as a larger surface area. Further studies on
this topic included physical adsorption of ILs on solid supports (SILP) as Rh particles
matrix and continuous-flow processes, which is more accurately described by haumann
in the review [37,124–126]. Next, research shows a novel bifunctional Ni-IL/SiO2 in 2-
propylheptanol synthesis through a one-pot, self-condensation and hydrogenation from
n-valeraldehyde. Ils possess a Brønsted -SO3H group and act like both a matrix and a
co-catalyst. With the Ni-SILLP catalytic system, 100% conversion, 75.4% selectivity of the
main product, and 98.6% production of 2-propylheptanol and pentanol were achieved [127].
Other reports present SILLP as effective matrices for PbS nanoparticles. A high surface area
and IL presence enabled high loading of PdS molecules without aggregation. Additionally,
synergistic effects between metal-based particles and Ils provided great catalytic activity
in the dehydrogenation of formic acid, with 100% degradation of the acid, 78% selectiv-
ity to hydrogen, and TOF = 604 h−1 [128]. Further studies present immobilization and
stabilization of Pd particles via SBA-15-based SILLP. New versatile and efficient catalytic
systems were tested in the Suzuki coupling and heck reactions. As shown in Table 4, the
library of compounds was synthesized with high yields, and a catalyst could be recycled
several times. Applications of SBA-15 with hexagonal pores as a matrix, which behaved
as nanoreactors, assured excellent catalytic activity [129–131]. Moreover, transition from a
batch to a continuous process provided conversion of 27 g of substrate to the main product
using only 42 mg of the Pd-SILLP catalyst as well as reducing waste, which significantly
reduced the E-factor [131]. The next report shows a silica-based SILLP as a carrier for
the cis-ion-tagged proline. Proline moieties dissolved in covalently immobilized multi-
layered IL film performed with excellent activity in an asymmetric aldol reaction. The
catalyst provided high yields and enantioselectivity of the main products (Table 4) and
could also be recycled up to 15 times [132]. SILLPs can also be used for enzyme immobi-
lization. Moreover, many reports confirmed an IL stabilizing effect on three-dimensional
structures of enzymes, increasing protein activity. For example, the catalytic activity of
lipase from Candida antarctica (CALB) adsorbed on an imidazolium silica-based SILLP
was examined in corn oil glycerolysis to diacylglycerol production. The presence of the
IL resulted in increasing the catalytic activity from 1855 to 5044 U/g and selectivity from
3.72 to 11.99 (ratio of diacylglycerols/monoacylglycerols). Additionally, the biocatalyst
could be recycled for five reaction cycles, and even retained its activity at 50 ◦C [133].
Another lipase from Porcine pancreas immobilized on the same SILLP matrix was used
in triacetin hydrolysis. Immobilized enzyme exhibited extremely high thermal stability,
where even at 65 ◦C activity loss did not occur [134]. Lipase from Candida rugosa (CRL) was
adsorbed on magnetic silica nanoparticles and used in the production of trans-free plastic
fats. CRL-SILLP bionanomaterial catalyzed interesterifications of solid palm stearin and
liquid rice bran oil for product possesses desirable physicochemical properties. In this case,
convenient separation of the biocatalyst enabled its recycling up to four times [135].

4. Conclusions

In summary, achievements in the use of silica-based supported ionic liquid-like
phases in heterogeneous organic catalysis were presented. Many Lewis and Brønsted
acidic ionic liquids were found to be extremely active as heterogeneous catalysts. For
the synthesis of Lewis type silica-based SILLP, chloroaluminate (III), chlorogallate (III),
chloroferrate (III), chloroindate (III), chlorostannate (II), chlorozincate (II) anions or hy-
droxysulfonyl/chlorosulfonyl groups in the cation alkyl chain were used. In case of the
forming of Brønsted-type silica-based SILLP, hydrogensulfate, dihydrogenphosphate, di-
hydrogenphosphotungstate anions, and/or sulfoalkyl group on the cation were found.
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Replacement of the halogen anions should be further investigated to prevent hydrolysis
and the formation of hazardous acids as hCl. This would result in the reduction of costs,
toxic waste, specific equipment, and apparatus corrosion. The anion of the ionic liquid has
a crucial influence on the SILLP properties—the synthesized catalyst could be more or
less acidic depending on the specific requirements, therefore application of SILLP as a
catalyst is very convenient. For the SILLP synthesis, various cations such as imidazolium,
alkylammonium, phosphonium, pyrrolidinium, tetrazolium, diammonium, triazinium,
and tryptophanium were used, though their selection depended mainly on the substrate or
nature of the reaction. It was mainly acidic ILs that were anchored to the silica surface that
exhibited great catalytic activity and reusability, and from this the heterogeneous catalyst
recovery was very easy. By cross-referencing the presence of the homogeneous and hetero-
geneous catalysis in the ionic liquids, it can be concluded that IL immobilization increases
its catalytic activity due to enhanced mass transfer and availability of active sites. The
selection of the silica material also brings many options in terms of size, shape, and density
of pores, and hydroxyl groups on the surface. Silica materials such as SBA-15 and MCM-41,
with their well-ordered, regular, and hexagonal array of pores, form microreactors that
enhance the process efficiency. Obviously, the most important feature is the simplicity of
the chemical modification of the surface via trimethoxysilyl/triethoxysilyl groups present
as IL precursors, e.g., (3-(chloropropyl)triethoxysilane, 3-(chloropropyl)trimethoxysilane,
3-mercaptopropyltrimethoxysilane, or (3-aminopropyl)-trimethoxysilane). Moreover, the
silica can be doped with ferrate nanoparticles, giving the surface magnetic properties.
These magnetic-silica nano-catalysts can be removed and recycled by applying external
magnetic forces, which is a very convenient approach. Additionally, the magnetic sep-
aration also increases the product purity and quality. It should be noted, however, that
few examples of the continuous processes with silica-based SILLP have been developed.
Flow catalysis offers many advantages compared to batch processes, for example: waste
reduction, optimization of pure product synthesis and isolation, reduction of the amount
of solvent required, and optimization of the catalyst recovery and recycling. Continuous
catalysis simply means an efficient process, as well as green and environmentally friendly
production, which is very attractive to the chemical industry. Silica-based SILLPs are versa-
tile, stable catalysts, easy to synthesize, and reusable, with big potential for continuous-flow
processes. SILLPs are also potential candidates for the development of sustainable and
green chemical processes.
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11. Drożdż, A.; Erfurt, K.; Bielas, R.; Chrobok, A. Chemo-enzymatic Baeyer–Villiger oxidation in the presence of Candida antarctica

lipase B and ionic liquids. New J. Chem. 2015, 39, 1315–1321. [CrossRef]
12. Karuppasamy, K.; Theerthagiri, J.; Vikraman, D.; Yim, C.-J.; Hussain, S.; Sharma, R.; Kim, H.S. Ionic Liquid-Based Electrolytes for

Energy Storage Devices: A Brief Review on Their Limits and Applications. Polymers 2020, 12, 918. [CrossRef]
13. Passos, H.; Freire, M.G.; Coutinho, J.A.P. Ionic liquid solutions as extractive solvents for value-added compounds from biomass.

Green Chem. 2014, 16, 4786–4815. [CrossRef]
14. Bajkacz, S.; Rusin, K.; Wolny, A.; Adamek, J.; Erfurt, K.; Chrobok, A. Highly efficient extraction procedures based on natural

deep eutectic solvents or ionic liquids for determination of 20-Hydroxyecdysone in Spinach. Molecules 2020, 25, 4736. [CrossRef]
[PubMed]

15. Shukla, S.K.; Khokarale, S.G.; Bui, T.Q.; Mikkola, J.-P.T. Ionic Liquids: Potential Materials for Carbon Dioxide Capture and
Utilization. Front. Mater. 2019, 6, 42. [CrossRef]

16. Vekariya, R.L. A review of ionic liquids: Applications towards catalytic organic transformations. J. Mol. Liq. 2017, 227, 44–60.
[CrossRef]

17. Welton, T. Ionic liquids in catalysis. Coord. Chem. Rev. 2004, 248, 2459–2477. [CrossRef]
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