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ABSTRACT: The use of mechanical ball milling to facilitate the
synthesis of organic compounds has attracted intense interest from

Green Synthesis

organic chemists. Herein, we report a new process for the . and Catalysis
preparation of xanthene and pyrimidinone compounds by a one-
pot method using polymeric aluminum chloride (PAC), silica gel, 758! ﬂk By
and reaction raw materials under mechanical grinding conditions. ‘I Ai’ »
During the grinding process, polymeric aluminum chloride and cHo o e VY,
Ao g 5 g g g o o S %
silica gel were refonstltuted in situ to obtain a new composite @ 4 ;::)4 et S Leny:
catalyst (PAC—silica gel). This catalyst has good stability (six e o >
cycles) and wide applicability (22 substrates). The Al-O—Si active o deon o T el w2

LA e SRS ] a1
center formed by in situ grinding recombination was revealed to be P St

PAC Silica gel PAC-Silica gel

the key to the effective catalytic performance of the PAC—silica gel
composites by the comprehensive analysis of the catalytic materials
before and after use. In addition, the mechanism of action of the catalyst was verified using density functional theory, and the
synthetic pathway of the xanthene compound was reasonably speculated with the experimental data. Mechanical ball milling serves
two purposes in this process: not only to induce the self-assembly of silica and PAC into new composites but also to act as a driving
force for the catalytic reaction to take place. From a practical point of view, this “one-pot” catalytic method eliminates the need for a
complex preparation process for catalytic materials. This is a successful example of the application of mechanochemistry in materials
and organic synthesis, offering unlimited possibilities for the application of inorganic polymer materials in green synthesis and
catalysis promoted by mechanochemistry.

1. INTRODUCTION the process is still like a “black box” full of uncertainties. For
this reason, it is important to investigate the reaction process in
detail and to reveal the reaction mechanism.'*™'°
Poly(aluminum chloride) (PAC), as an inorganic high
molecular polymer with a unique polynuclear Al-O structure
and distinctive electrical properties, is frequently utilized in the
flocculation process of water treatment.’” > PAC materials
can be produced from ore materials or chemical waste and
have the advantages of being simple to prepare, widely
available, and inexpensive. Because of its rich metal cation
structure (sites of Lewis acid), poly(aluminum chloride) has
been shown to be a reliable and ecologically acceptable catalyst

In the 21st century, chemistry has brought unlimited
possibilities to human life, but the pollution produced by
chemical manufacturing processes is also very difficult to
solve." The greening of chemical production processes is
attracting wider attention from scientists.” Among them, the
reaction process and the product purification process are the
most serious pollution stages because they require the use of
large amounts of solvents. Many research groups have
contributed to the greening of both processes and achieved
good results.”™* The mechanochemical synthesis of organic
molecules offers the advantages of a simple operating
technique, low energy consumption, decreased waste treat-
ment, and ease of large-scale manufacturing.”™® Because Received:  July 2, 2022
mechanochemistry does not require the use of solvents in Accepted: August 19, 2022
the reaction process, it has been hailed as one of the most Published: August 30, 2022
promising technologies for green synthesis and catalysis.”” "

While mechanochemistry often brings unexpected surprises to

researchers in terms of results, the mechanism of catalysis in
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Scheme 1. One-Step Synthesis of Xanthene Compounds Assisted by Mechanical Ball Milling
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for the production of bis-indolemethane and pyrimidinone
molecules.””> However, there are still issues with metal loss
and solvent recovery challenges. The clever combination of
PAC materials with mechanochemistry has the potential to
tackle the challenges mentioned above while also bringing
fresh ideas for its application in catalysis.

In recent years, researchers have been working on a variety
of novel catalysts for synthesis and catalysis.”*~>°> However,
most research just reported on its catalytic phenomena and did
not go into detail on its catalytic mechanism, whether from the
standpoint of the reaction or catalyst. This severely limits the
application of these materials because of their unclear
mechanism of action. The development of density functional
theory (DFT) has opened up new possibilities for the
advancement of conventional chemistry, particularly catalytic
chemistry.”*~** Using the data simulation method, the reaction
paths of different catalysts can be calculated so that the
mechanism of action of the catalysts can be more clearly shown
to the researchers.”” The combination of density functional
theory and experimental data may expose the catalyst’s
mechanism in the synthesis and catalysis processes in great
detail, as well as give theoretical advice for the future
development of this type of catalyst.

Here, we provide a novel approach for synthesizing xanthene
and pyrimidine fused ring compounds by combining the
reaction raw materials, PAC, and silica gel in a mechanical
grinder at room temperature (Scheme 1). The catalytic process
has the advantages of being a green process and having
convenient operation, quick separation and purification of
products, and easy large-scale production. Due to the
uncertainty of the catalytic mechanism during mechanical
ball milling, the materials were characterized using scanning
electron microscopy (SEM), high-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spec-
troscopy (XPS), and Fourier transform infrared (FTIR)
spectra tests to explore the catalytic active sites. The catalytic
mechanism of PAC and silica gel in the “one-step” synthesis of
xanthene compounds was also elucidated by combining step-
by-step reaction control and density functional theory
simulations. This research work will lay a theoretical
foundation for the broader development of inorganic polymer
materials represented by PAC in the field of green synthesis
and catalysis.

2. EXPERIMENTAL SECTION

2.1. General Methods. All reagents are more than 98%
pure and the solvent is A.R. 'H and '*C NMR were recorded
by a Bruker 400 MHz spectrometer. Scanning electron
microscopy (Zeiss Sigma 300), high-resolution transmission
electron microscopy (FEI Tecnai G2 F20), X-ray photo-
electron spectroscopy (Thermo Scientific K-Alpha), density
functional theory simulations (supported by Shiyanjia Lab
(www.shiyanjia.com) using Vienna Ab initio Simulation
Package (VASP) software) were used in the paper.

2.2. Typical Procedure for the Synthesis of 1,8-Dioxa-
octahydroanthracene Compounds. 4-Nitrobenzaldehyde
(1.0 mmol), S,5-dimethyl-1,3-cyclohexanedione (2.0 mmol),
silica gel (0.4 g), and PAC (0.05 g) were added to a grinder
and ground at 50 Hz for a certain period of time, and thin-layer
chromatography (TLC) was used to monitor the reaction.
After the reaction, the reaction mixture was dissolved in ethyl
acetate (3 X S mL) and filtered. The filtrate was concentrated
and purified by recrystallization from ethanol to obtain the
product. The filtered solid mixture was dried and then used for
the next reaction.

3. RESULTS AND DISCUSSION

3.1. Catalytic Tests. 1,8-Dioxa-octahydroanthracene com-
pounds have extremely high pharmacological activity and use
value in the fields of dyes and photosensitive materials and are
antibacterial and anti-inflammatory, so they are considered to
be the most practical type of heterocyclic compounds.® In
recent years, many catalysts utilized to catalyze the formation
of heteroanthracene molecules have been widely reported.”' —**
However, need toxic solvents, metal loss pollutes water, harsh
reaction conditions, the amount of catalyst used is enormous
and cannot be recovered, and the low product yield
persists.”>*7*7%7 In this work, affordable and industrially
manufactured poly(aluminum chloride) and silica gel were
utilized as catalysts, and heteroanthracene compounds were
prepared using a one-pot process under mechanical grinding.
The catalytic activity of different catalysts is shown in Figure 1.
First, simple mechanical grinding does not promote the
reaction, which indicates that a catalyst is necessary. The
conversion rate of raw materials is 10% when PAC is employed
alone as a catalyst, but no target product is generated. Silica gel
can convert 80% of the raw materials, but there is still no final
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Figure 1. Catalytic activity of different catalysts in the synthesis of
xanthene compounds: 4-nitrobenzaldehyde (1.0 mmol), 5,5-dimethyl-
1,3-cyclohexanedione (2.0 mmol), silica gel (0.4 g), and PAC (0.05

g).

product. This indicates that silica gel serves as a cocatalyst in
addition to dispersing in the grinding process, and it can
promote the conversion of raw materials. The conversion rate
of the raw materials was 97% when PAC and silica gel were
added to the reaction and milled for 24 min, and the yield of
the target compound was 93%. This encouraging finding
indicates that PAC and silica gel have a synergistic catalytic
effect and that they may form new catalytic active centers
during grinding. Furthermore, instead of PAC components,
aluminum chloride and aluminum hydroxide are employed,
and their catalytic reaction activity is lower than PAC’s. This
indicates that the special polynuclear Al-O cation structure of
the PAC material plays a key role in the catalytic process (the
detailed screening results of reaction conditions are shown in
Table S1).

The use of a combination of mechanical grinding and
chemical reaction overcomes the problem of reaction kinetics,
and the process does not need the use of solvents, which
effectively avoids the corrosion of equipment caused by
organic solvents in traditional reactions. The catalytic activity
of the gram-scale reaction was investigated when it was ramped
up to 10 mmol (Figure 2). The desired compound was
achieved with a 93% vyield after 30 min of grinding. The
catalyst can be recovered following simple filtering using ethyl
acetate-dissolved products. After six times of usage, the PAC—
silica gel catalyst still exhibits strong catalytic activity (yield =
93%). The grinding time required to complete the reaction
increased slightly during the recycling process, but it was still
completed in under an hour (Table S2). Furthermore, it is very
worth mentioning that the product can be created by ethanol
recrystallization, and the ethanol used in the recrystallization
process can be recovered and reused. This finding provides the

approach for preparing xanthene compounds.

The synthesis of other substituent groups and three other
pyrimidinone ring compounds was undertaken to further
validate the universality of the PAC—silica gel catalyst, and
satisfactory results were obtained (Scheme 2). The PAC—silica
gel catalyst has shown excellent catalytic activity in four types
of reactions (synthesis of 20 different substrates, Table S3).
This is due to the special combination of PAC and silica gel in
the mechanical grinding process. PAC and silica gel form new
catalytic active centers in situ under the action of mechanical

Scheme 2. Synthesis of Heteranthrene Compounds by the
PAC-Silica Gel Catalyst under Mechanical Grinding
Conditions
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Figure 4. Structural information of the PAC—silica gel catalyst: (a) IR and (b) XRD. (c, d) The XPS spectra of O 1s and Si 2p.

force. This catalytic center is the essential factor for the high
catalytic activity of the PAC—silica gel composite system.
3.2. In Situ Conversion Mechanism of the PAC—Silica
Gel Catalyst during the Mechanical Grinding Process.
Generally, the essence of the catalytic reaction is related to the
active sites in the catalyst. The catalysts are characterized at
various phases in the usage process to expose the mechanism

32580

of the catalyst in the PAC—silica gel mechanical grinding
system. The SEM and HRTEM images of the fresh PAC
material are shown in Figure 3a,—a,. It can be seen that the
fresh PAC material is a sphere with a diameter of 20—50 pm,
which is caused by the spray drying process used in the
preparation process. There are a variety of lattice fringes with
unequal spacing in the fresh PAC material, indicating that the
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surface of the PAC material exposes many Al—O active sites,
which are densely cross-linked.*® Figure 3b;b, shows the
images of the sample after simple mechanical mixing of PAC
and silica gel. It can be found that grinding changes the
morphology of the PAC material, destroying the original
spherical structure and transforming it into a granular block
when combined with silica gel. At this point, mechanical
grinding is simply used to ensure uniform mixing; therefore,
numerous lattice fringes with irregular spacing may still be
visible in the HRTEM. An electronic picture of the catalyst
after it has been employed once in the process is shown in
Figure 3¢c;,c,. When the catalyst participates in the reaction, the
catalyst particle size decreases and becomes more uniform, and
the formerly brilliant lattice fringes vanish (Figure 3c,),
transforming the state into a cross-linked state. Therefore,
PAC and silica gel have changed during the reaction process.
Because a very small amount of water can be produced during
the reaction, a small amount of water and PAC and silica gel
undergo chemical modifications under the action of mechan-
ical grinding, establishing a new chemical bond (Al—O-Si
bond). The same result is more obvious in the catalyst after six
uses (Figure 3d;,d,). At this time, PAC and silica gel
continuously react during multiple grinding and use, and the
newly formed active sites are more and more uniformly
dispersed in the entire catalyst system. PAC and silica gel are
mixed to create a PAC—silica gel composite material at this
moment. This is further validated by an energy spectrum scan
of the PAC—silica gel substance. The three elements Al, O, and
Si are uniformly distributed on the material’s surface (Figure
3e—g).

To more accurately analyze the changes that occur during
the reaction between PAC and silica gel, infrared, X-ray
diffraction (XRD), and XPS were utilized to investigate the
valence bond structure of the catalyst. Figure 4a displays the
catalyst’s infrared spectra in the 400—2000 cm™" region before
and after usage. The O—H bending vibration absorption peak
at 1629 cm™ in the infrared image indicates that the surface of
the PAC—silica gel material has a substantial amount of
hydroxyl groups.” This type of hydroxyl group is mainly
derived from the AI-OH structure in the PAC material.
During repeated usage, the peak at this location diminished,
showing that the AI-OH structure was partially transformed.
The peak at 1404 cm™ is considered to be the absorption peak
of Ca—O tensile vibration, and a very small amount of Ca is
introduced when adjusting the basicity during the preparation
of PAC materials.*” This result is likewise validated across the
entire XPS element spectrum (Figure S1). After six times of
use, the Ca—O absorption peak of the PAC—silica gel material
diminishes or vanishes. This is because the PAC of the PAC—
silica gel material changes during the grinding and use process,
and the coordination effect of a small amount of Ca in the
original structure is weakened. The peak at 1103 cm™’ is
attributed to the asymmetric tensile vibration absorption peaks
of Si—O—Si and Al—O-Si bonds. Obviously, when PAC and
silica gel are mixed and ground, the peak area of 1103 cm™" is
larger than the area before grinding. This is because after
adding PAC, mechanical stress causes PAC and silica gel to
form new Al—O—Si bonds and the superposition of Al-O—Si
and Si—O-Si bonds increases the peak area. In addition, the
peaks at 968, 800, and 469 cm™' are all attributed to the
characteristic absorption peaks of the Si—O bond. As the
catalyst is used multiple times, the strength of the Si—O bond
gradually weakens. This is because AI** ions have an

isomorphous substitution of Si*" in silica gel, and part of the
Si—O—Si bonds are transformed to form Al-O-Si bonds. In
addition, the recent research results show that with high yields,
intramolecular reactions are important for gels.”' The silicone
material reported in this work can be considered as a special
kind of gel with silicon as the main element. The Si—O-Si
bonds within the silica molecule and the AI-O—Al bonds in
the PAC material undergo intramolecular reactions mentioned
in the above literature under the action of mechanical forces,
which continuously recombine and reorganize to finally form
Al—O-Si bonds. Figure 4b is the XRD pattern of the material.
Both PAC and silica gel show amorphous broad peaks.*” The
new composite material obtained after grinding mainly shows
the amorphous broad peaks of silica gel. It can be found that
the score center of the peak at 22° is slightly shifted from 22.1
to 22.5°. This once again confirmed that PAC and silica gel
combined to form a new Al-O—Si bond during the grinding
process.

The formation and transformation process of the PAC—
silica gel composite catalyst was elucidated from the micro-
scopic electronic structure by XPS test analysis. The energy
spectrum of O 1s in the material was fitted to the split peaks
using a Gaussian function, and the results are shown in Figure
4c. The O element in PAC can be fitted to three coordination
structures with peak centers at 531.9, 532.5, and 533.4 eV,
representing Ca-containing Al(OH);, Al-O—Al, and Al-OH,
respectively.*”** When PAC and silica gel were ground
together, the peaks of O 1s were shifted to the high binding
energy direction as a whole, which was caused by the
enhancement of the peaks of Si—O—Si bonds in the catalytic
system with the addition of silica gel.** It can also be found
that the peak area of the original AI-O—Al bond in the
material increases significantly after mixing and grinding. This
is due to the formation of a new Al-O—Si bond between PAC
and silica gel at 532.4 eV during the grinding process, and the
presence of both Al-O—Si and AlI-O—Al bonds enhances the
peak area here. The overall shift of the O 1s peak toward lower
binding energy after putting the composite into the reaction
for one use is due to the adsorption of AI** cations by Si during
grinding and use, which increases the electron cloud density
around the O atom and shields the O atom.** A further
enhancement of the peak area at 532.4 eV can also be found,
which is due to the fact that two molecules of water are shed
during the reaction when involved, and the presence of water
promotes the formation of Al— O—Si bonds between PAC and
silica gel. The amount of Al-O-Si bonds formed by trace
water in the environment alone during grinding was less than
that generated directly during the reaction compared to the
material before the reaction is engaged. In addition, a gradual
weakening of the peak of the AI-OH bond can be found
during multiple applications, which again verifies the shift from
the initial hydroxyl coordination to Si coordination around Al
An increase in the peak area at 531.9 eV was found in the
material used six times repeatedly, and this peak was attributed
to the peak of AI(OH), generated during the grinding process.
This indicates that a portion of Al is converted to AI(OH),
during this recycling process. Because of the low catalytic
activity of AI(OH);, the PAC—silica composite catalyst takes a
longer time to complete the reaction during recycling. Figure
4d shows the spectrum of Si 2p of the material before and after
grinding, and it can be found that the peak center of Si shifts
toward the lower binding energy after grinding."” This is due
to the introduction of the metal cation Al, which promotes the
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bonding of Al and Si in the form of an oxygen bridge by
mechanical forces, and the newly formed Al-O—Si bond shifts
the peak center of Si.

The process of PAC and silica gel in the formation of new
catalytic activity during the grinding process is shown in Figure
S. The Al elements in PAC materials are connected together by
Al—O bridges, which undergo changes as shown in Figure Sa
when mechanically ground, exhibiting L acid centers, which is
one of the reasons why PAC materials can be used as L acids
to catalyze organic synthesis reactions.”” When PAC is
mechanically ground together with silica gel, PAC will adsorb
water from the environment to form hydrated hydroxy
aluminum, which condenses with the hydroxyl groups on the
surface of silica gel particles to form silica gel-PAC complexes
(Figure 5b).* Because the amount of silica gel is much larger
than the amount of aluminum elements in PAC and the
reaction property of silica gel is stronger, this local reaction
occurs continuously and many times under the grinding action.
The structure of Al-O—Si will be more than the structure of
Al—O—Al in the material after a long time of grinding, and
finally, the aluminum atoms will form the structure, as shown
in Figure Sc. The formation of AI-O—Si bonds is the essential
reason for the higher catalytic activity of the PAC—silica
composite catalyst. On the surface of the silica gel-PAC
complex, each aluminum ion is surrounded by three silicon
atoms (via oxygen bridging), but one coordination silicon
toward the outer surface direction is missing (Figure Sc). This
asymmetric distribution of silicon atoms leads to an extremely
strong electrophile property of the aluminum ion. When the
environment or the water produced by the reaction is close to
this aluminum ion, the negatively charged hydroxyl group of
the water molecule is attracted to the aluminum ion, separating
a proton to form a B acid, and the original triple-liganded
aluminum acts as an L acid. In other words, it is the
homocrystalline substitution of AI** ions for Si** ions in the
silica gel skeleton that causes an excess negative charge at the
substitution site, so H' that plays a role in leveling the
electrical properties becomes a B acid center.”® If the acidic
hydroxyl group is removed by heat in the form of water to

form triple-liganded aluminum, it is transformed into an L acid
center. The B acid and L acid centers can be interconverted
during the catalytic reaction, exhibiting synergistic catalysis.
In addition, PAC, silica gel, and PAC—silica gel materials
were tested using NH;-TPD, and the results are shown in
Figure 6. The PAC material alone has poor thermal stability,

—Silica gel

Intensity (a.u)

102°C — PAC-Silica gel

480 °C

10

200

300 400
Temperature (°C)

700

600 800

Figure 6. NH;-TPD of PAC, silica gel, and PAC—silica gel materials.

and the material melts and decomposes above 600°. The
complete NH;-TPD curve was not obtained because of the
variation in its structural properties. The silica gel material
shows two absorption peaks at 85 and 396 °C, with the
absorption peak at the lower temperature being sharper and of
high relative intensity, indicating that the silica gel material is
less acidic. This acidic site probably originates from the Si—
OH structure on the surface of silica gel. The PAC—silica gel
composite shows absorption peaks at 50—300 and 400—550
°C, indicating that the PAC—silica gel material has two acidic

32582 https://doi.org/10.1021/acsomega.2c04159

ACS Omega 2022, 7, 32577-32587


https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04159?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

adsorption sites of different intensities. Compared to the PAC
material alone, the composite has enhanced thermal stability
and remains stable in the high-temperature region. The
absorption peaks of PAC—silica gel composites appear at
higher temperatures than silica alone. Usually, the higher the
temperature at which the adsorption peak of the acidic
adsorption site appears, the more acidic the material is. This
change in performance in the NH;-TPD test after the reaction
of PAC with silica gel grinding may be due to mechanical ball
milling inducing the formation of new Al—O-Si bonds by
combining PAC with silica gel.

3.3. Investigation of the Mechanism of the PAC-—
Silica Gel Catalyst-Catalyzed Xanthene Reaction. The
role of PAC and silica gel in the catalytic process was analyzed
in detail using the synthesis of xanthene compounds as a
typical case (Scheme 3). The step-by-step control of the

Scheme 3. Role of PAC, Silica Gel, and PAC—Silica Gel in
Catalyzing the Synthesis of 1,8-Dioxa-octahydroanthracene
Compounds”

((a)
Silica gel
Ball-milling ‘ . Ball-milling
OH OH
\ C (Trace amount) D (yield=93%) J
~N
Silica gel
Ball-i m|ll|ng l . Ball -milling
OH OH
LA C (yield=78%) D(V'e'd =93%) )
~
(@
D(No product) J
N
o o PAC-Silica gel
‘ ‘ BaII -milling
OH OH
D (yleld 50%)

“(a) Adding PAC first; (b) adding silica gel first; (c) catalyzed with
PAC; and (d) catalyzed with PAC—silica gel.

reaction process was achieved by changing the catalyst addition
method to gradually add PAC and silica gel in batches. It was
found that intermediate compound C is produced during the
reaction, and PAC basically does not prompt the reaction
(Scheme 3a), but silica alone gives compound C in 78% yield.
End product D is not produced unless the PAC material is
continued to be added to the process (Scheme 3b). This
indicates that silica gel plays a critical role in facilitating the
first stage of the catalytic process. PAC alone cannot complete
the second stage of the reaction (Scheme 3c), and it is
necessary to grind PAC together with silica gel for the reaction
to work. In other words, the Al-O—Si active species produced
by the compounding of PAC with silica gel is the real catalytic
center of the second stage. Because of the lack of water

promotion, PAC and silica gel do not immediately form Al—
O—Si active species, so only 50% of the products are generated
during the transition from C to D molecules (Scheme 3d).

The development of density functional theory has provided
more options for the interpretation of mechanisms in
chemistry, especially in organic chemistry. This is the first
time we report the use of silica—PAC composite catalysts for
the catalytic synthesis of xanthene. By calculating the energy
required in the reaction path for different catalyst cases, the
phenomenon in Scheme 3 can be revealed more clearly.
Although the polymeric aluminum chloride materials are
complex inorganic polymers with multiple structures of AI-O
cationic nuclei, their dominant unit structure is the AI-O—Al
structure. Therefore, Al;O, with a similar structure is used in
modeling to represent complex polymeric aluminum chlor-
ide.”" The calculated results of the catalytic path are shown in
Figure 7. Figure 7a shows the simulation results when the Al—
O—Al structure is the catalytic active site, and the process of
slab-d generation from slab-c is its limiting link, which requires
a critical energy barrier of 5.97 eV. Figure 7b shows the
simulation results with silica gel (Si—O—Si) as the active site.
The process of slab-b generation from slab-a is the limiting link
of Si—O—Si catalysis, and the energy required to complete the
reaction is 6.24 eV. However, when polymeric aluminum
chloride and silica gel are ground together, they are
compounded by mechanical forces to reconstitute the new
catalytically active center, the Al-O—Si bond. At this point,
the formation of slab-b from slab-a is the limiting link catalyzed
by AlI-O—Si, and the energy required to complete the reaction
is 4.38 eV (Figure 7c). It is clear that the PAC—silica
composite catalyst (Al-O—Si, 4.38 eV) requires much less
energy than the PAC material (Al-O—Al, 6.24 eV) and also
much lower than the silica material (Si—O—Si, 5.97 eV). This
proves that the new catalytic active site (Al-O—Si) constituted
by mechanical grinding is the real reason for the rapid
occurrence of the reaction. Observing the bonding state of
molecules in the key reaction step of Al-O—Si active sites
during catalysis (Figure 7d), it can be found that the reacting
molecules will first interact with Al sites in the composite and
then gradually transform to interact with both Al and Si sites.
This change process also reflects the important role of the Al—
O-Si bond formed by mechanical grinding in the catalytic
reaction process.

Based on the above findings, we proposed a possible
mechanism for the PAC—silica gel system in catalyzing the
reaction of aldehydes with cyclohexanedione (Figure 8). First,
one molecule of dimethylcyclohexanedione is activated by the
hydroxyl group on the surface of silica gel to produce
compound (2). A molecule of aldehyde, also activated by the
hydroxyl group on the silica surface, was added to compound
(2) by the Knoeveragel reaction to produce compound (3).
Compound (3) loses one molecule of water in the presence of
grinding and heat to form compound (4). At this point,
another molecule of activated dimethyl ketone is reacted with
compound (4) to produce compound (5) by the Michael
addition reaction. Compound (S) undergoes reciprocal
isomerization to form intermediate compound (6). Compound
(6) formed the target product by in-ring dehydration through
coordination with the active center Al—O—Si produced by in
situ mechanical grinding in the PAC—silica gel system. During
the whole reaction process, silica gel is used as a cocatalyst to
assist in the completion of the previous stage of the reaction,
and the Al-O-Si produced in situ by PAC and silica gel
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Figure 8. Possible mechanism for the synthesis of 1,8-dioxa-octahydroanthracene compounds by PAC—silica gel catalysts.

during the mechanical grinding process is the key to the
completion of the reaction. In addition, by comparing the
PAC—silica composite catalyst system with other literature of
the same type (Table 1), it can be found that the PAC—silica
composite catalyst has the advantages of being green and
inexpensive and having high stability. The in situ trans-
formation of active sites under mechanical grinding conditions
provides unlimited possibilities for its wider application in

green synthesis and catalysis.

4. CONCLUSIONS

In summary, we report a new method for the synthesis of
xanthene and pyrimidinone compounds using mechanical ball
milling assistance. In this process, the compounds and catalytic
materials (aluminum chloride and silica gel) are added directly
by the “one-pot” method. Mechanical ball milling serves two

32584

purposes: first, it allows silica gel and PAC to be assembled
into a composite material, and second, it acts as a driving force
for the catalytic reaction to take place. From a practical
application point of view, this one-pot method of catalysis
eliminates the complex preparation process of catalyst
materials. The PAC—silica gel catalyst has high stability and
wide applicability, and the material is widely available and
inexpensive. Taking the synthesis of 1,8-dioxa-octahydroan-
thracene compounds as an example, the mechanism of action
of in situ complexation of polymeric aluminum chloride with
silica gel was revealed through the characterization analysis of
the catalyst before and after use. The results show that
polymerized aluminum chloride and silica gel were com-
pounded and reconstituted under the action of mechanical
grinding to generate the PAC—silica gel composite catalytic
system (Al—O—Si active center) in situ. The silica gel plays the
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Table 1. Different Types of Catalysts for the Synthesis of
2,2"-Aryl-methylenebis(3-hydroxy-2-cyclohexene-1-one)
Derivatives

reuse

entry reaction condition (times) refs

1 PANI-PTSI, 25 wt %, water reflux, 6 h, 84% 6 52

2 PPA-SiO,, 10 mol %, solvent-free, 140 °C, 37
0.5 h, 71%

3 glycerol, 2.0 g, solvent-free, 90 °C, 2.5 h, 94% 36

SbCl,;/Si0O,, 10 mmol %, solvent-free, 120 °C, 3 53

45 min, 94%

S Al(DS);, 20 mol %, solvent-free, 80 °C, 10 min, S 54
80%

6 SD—O0S;H, 0.0061 mmol, EtOH reflux, 35 min, 3 32
90%

7 FeNp@SBA-15, 0.5 mol %, solvent-free, 80 °C, 12 31
20 min, 99%

8 ZNPS, 10 mol %, deionized water, 60—70 °C, 34
90 min, 60%

9 BAILS, 10 mol %, solvent-free, 100 °C, 45 min, S 33
95%

10 ZrOCl,-8H,0, 2 mol %, solvent-free, 85 °C, 30
30 min, 87%

11 PAC-silica gel, 0.018 mol %, solvent-free, ball 6 this
milling, 24 min, 92% work

role of a cocatalyst. Finally, the energy barriers that need to be
crossed by different catalysts in the reaction were calculated
using density flooding theory, and the PAC—silica composite
system requires the lowest energy, so the composite system
(PAC—silica) is the real catalytic activity center. The research
in this paper is a successful example of the application of
mechanochemistry in materials and organic synthesis, offering
unlimited possibilities for the application of inorganic polymer
materials in green synthesis and catalysis promoted by
mechanochemistry.
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