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Abstract: The catalytic activity and cyclic catalysis of different methyl benzoates were studied by
using a series of Lewis solid acid catalysts. The iron-supported zirconium/titanium solid acid
catalysts were characterized using FTIR, SEM, XRD, and BET. The details of catalytic activity and
cyclic catalysis verified that the catalyst catalyzed the reactions of 31 benzoic acids with different
substituents and methanol. In addition, the mechanism was revealed according to the microstructure,
acid strength, and specific surface area of the catalysts, and the yields of methyl benzoates by the
GC-MS. Zr ions had significant effects on the catalytic activity of the catalyst. A certain proportion of
Fe and Ti ions additionally enhanced the catalytic activity of the catalyst, with the catalyst-specific
composition of Fe:Zr:Ti = 2:1:1 showing optimal catalytic activity. A variety of substituents in the
benzene ring, such as the electron-withdrawing group, the electron-donating group, large steric
hindrance, and the position of the group on the benzene ring, had regular effects on the catalytic
activity of the methyl benzoates. An increase in the catalyst activity occurred owing to the increases
in the catalyst surface and the number of acid sites after the Fe ion was added. The catalytic activity
remained unchanged after the facile recycling method was performed.

Keywords: zirconium/titanium solid acid; iron-supported; methyl benzoate compounds

1. Introduction

Methyl benzoates are intermediate compounds in the chemical industry that are di-
rectly used as spices, additives in daily chemical products, and preservatives [1-3]. Two
types of catalysts are used for the synthesis of methyl benzoate compounds: homoge-
neous and heterogeneous. Classical catalysts primarily involve sulfuric, phosphoric, and
p-toluene sulfonic acids, which have poor selectivity, produce oxidized byproducts, are
difficult to recycle, and cause waste-acid pollution [4-8]. Therefore, there is an urgent need
to develop environmentally friendly and economical catalysts for the preparation of methyl
benzoates. Heterogeneous catalysts for the synthesis of methyl benzoate compounds have
been extensively reported, including heteropoly acid catalysts, strong acid cationic resins,
molecular sieves, and solid superacids [9,10]. In recent years, solid acid catalysts have re-
placed chemical acid catalysts because of their convenience, nontoxicity, non-corrosiveness,
environmental protection, low price, easy mass production, and easy recycling [11-14]. This
has attracted attention as an attractive topic for the catalytic synthesis of methyl benzoate.

Solid acid [11,15,16] catalysts were silica—aluminum gels used to crack hydrocarbons
in the early chemical industry. Further series of catalysts, such as SO4*~ /MOy solid acid
catalysts, have shown obvious advantages for ester synthesis. However, in a previous study,
these catalysts exhibited sensitivity to water or were unstable after sulfate leaching [17-19].
The number of active sites and specific surface area of a solid catalyst directly affect its
catalytic activity. The combination of catalytic activity and cycling stability is a significant
challenge in the design and fabrication of solid acid catalysts.
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Titanium and zirconium phosphate catalysts are widely used in organic synthesis.
However, most of them are individual Ti or Zr catalysts, and there are few reports on
composite catalysts. The ternary phase catalyst used to synthesize methyl benzoates has
not been reported on. There are few reports on the catalytic efficiency of three-way catalytic
materials.

Although solid acid catalysts have been widely used in various ester syntheses and
photocatalyses, mounts of solid acid catalysts still need carrier materials, such as carbon or
inorganic porous materials [1,20]. Moreover, the preparation and catalytic activity of the
catalyst is considered based on the specific surface area of the carrier and chemical activity.
Significant restrictions in recycling catalysts are the complex recovery processes and the
reduction in catalytic activity.

The current study aims to synthesize a series of solid acid catalysts in which the
catalytic activity and selectivity of the catalysts are revealed for the synthesis of methyl ben-
zoate compounds. A carrier-free solid acid catalyst was developed, which still maintained
high catalytic efficiency in facile recycling.

2. Results and Discussion
2.1. Characteristics of the Catalyst

The synthesized catalysts which have different contains of Ti, Fe, and Zr (as listed
in Table 1) were characterized using XRD, FI-IR, and SEM. The XRD results showed a
weak diffraction intensity for all the catalysts owing to the large amount of amorphous
phase in the catalyst, as shown in Figure 1. Fe;(5O4)3, Tiz(SO4)3, Ti(SO4),, and Zr(SO4),
were then separated. However, amorphous phases, such as Fe;(SO4)3, Tiz(SO4)3, Ti(SO4)2,
and Zr(504);, were the primary phases in the catalytic process. Compared with all the
catalyst curves, only small amounts of the crystal phases of Fey(SO4)3, Tip(SO4)3, Ti(SO4)2,
and Zr(SOy); are shown in ZFT01, ZFT04, ZF07, and ZT08 (Table 1), respectively. This
implies that the amorphous phase of the sulfate was primary in the catalyst. The ordered
microstructure of Sg is shown in the ZFT05 (Table 1) catalyst, which has a high peak in
26 =23.005. A plausible explanation is that the tetrahedron (SO4)?>~ exhibited the ordered
arrangement.

Table 1. The effect of iron/zirconium/titanium catalyst type on the esterification of p-methylbenzoate
and methyl p-chlorobenzoate 2.

Zirconiun} Oxychloride: Ferric Yield of Methyl Yield of Methyl
Chloride Hexahydrate: p-Methylbenzoate _Chlorobenzate (%) ®
Tetrabutyl Titanate (Molar Ratio) (%) P
ZFT01 1:1:1 49.0 45.3
ZFT02 1:1:0.5 251 221
ZFT03 1:1:2 23.6 20.2
ZFT04 1:2:1 60.9 57.2
ZFT05 1:0.5:1 45.8 40.3
FT06 0:1:1 19.6 17.3
ZF07 1:1:0 56.0 52.8
ZT08 1:0:1 50.4 50.4

@ Reaction conditions: acid (0.5 g), CH3OH (10 mL), cat. (0.05 g), oil bath (120 °C), 6 h. b Isolated yields.

A small amount of the oxide products is shown in ZFT04, ZFTO05, and FT06 (Figure 1).
The diffraction peaks of the oxides and Rosickyite (S8, PDF:53-1109) appear in ZFT03,
ZFT04, ZFTO05, FT06, and ZF07. Maghemite-Q (Fe,O3, PDF: 25-1402) showed weak peaks
in all curves except ZT08. The diffraction intensity gradually increased with the increase in
iron content. That is, excessive iron in the catalyst was converted into Fe,O3 rather than
iron sulfate. The weak peaks of titanium oxide (TiO,, PDF:46-1238) and zirconium oxide
(ZrO,, PDF:42-1164) revealed that a higher temperature was perhaps needed to form ZrO,
and TiO,.



Catalysts 2023, 13,971

30f13

e-FeO, w0,  «ZtO,  +ZTiO, V-S,
0-Fe,(S0), +-Ti(SO,), V-Zr(SO,), 9-Ti(S0,),
OO
Y ovorR Y N o4y Y

+
(Z108)

-~

= (ZF07
«
Dy 4
£ ‘ (FT06),
w T ),

= | H

< H ZFT05
- W‘WWWW

p (ZFT03
A U O 7
|

i ZFTO1)
s r h

30 40 50 60
2-Theta(®)

Figure 1. XRD curves of the catalysts.

The iron addition promoted crystal formation in the heating process, which increased
the split phase and increased the number of acidic sites, namely the active center. The
surface area increased due to the grains growing out of the catalyst’s matrix. It is an
important cause that the addition of iron increases the catalytic activity of the catalyst.

The FT-IR showed the main bond in the catalysts (Figure 2). The infrared multiple
absorption peak at 1040-1180 cm~! (Figure 2) was attributed to the S=O double bond.
It was revealed that the [SO4] was bonded to the catalyst. The peak at 1400 cm ! was
attributed to the vibrational absorption of the covalent S=O double bond, which is the
characteristic absorption of a solid superacid. This finding indicates the successful synthesis

of the solid superacid. The other absorption peaks belonging to the solid catalysts are
not detailed.
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Figure 2. FT-IT curves of the catalysts.

SEM images clearly showed a porous structural microstructure in all the catalysts, as
shown in Figure 3. The size of the near-spherical pores in ZFT06 was in the range of 300-600 nm
(Figure 3a,b). The uniformity of the micron-size pores is shown in ZT06 (Figure 3c,d). That
is, Fe addition has a great influence on the pore structure of the synthesized catalyst. The
addition of the Fe ion reduced the size of the pore structure and further regulated the pore
to be spherical through surface tension, which increased the specific surface area of the
catalyst and improved the catalytic activity of the catalyst. It improved the contact area
between the catalyst and the raws, and increased the catalytic activity.
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Figure 3. SEM images of the catalysts. (a-d) are microstructure images of FI06 and ZFT04, respectively.

In addition, a small number of the nanograins, which are the active catalytic particles
formed in the heating process of the catalyst synthesis via in situ growth, were dispersed in
the amorphous matrix and pores. These nanograins had a regular edge and their size was
in the range of 100-300 nm. The grains increased the specific surface area of the catalyst
and provided more catalytic active sites for the catalytic reaction.

2.2. Catalyst Activity in Esterification

The synthesis of methyl benzoate was catalyzed by a series of synthesized iron/zirconium/
titanium catalysts. The activities of the catalysts were determined by the product yield
after 6 h. The yields of methyl p-methylbenzoate and methyl p-chlorobenzoate are listed in
Table 1.

Both methyl p-methylbenzoate and methyl p-chlorobenzoate showed optimal yields
upon adding catalyst ZFT04, which had Zr and the highest ferric ratio. Zr has primary
catalytic effects in the catalytic process, as shown in the comparison of the yields of FTO06,
ZF07, and ZT08. Lower or higher titanium additions can inhibit the catalytic effects. An
increase in the iron content can promote the catalytic effects of the catalyst, owing to the
firmness of the sulfate. Based on the XRD results, the iron in the catalyst assisted in the
formation of a catalytically active center through combination with the sulfate, further
enhancing the catalytic effects. The precipitation of the fine grains produced active reaction
sites, which promoted the catalytic reaction.

2.3. Reaction of Benzoic Acid Derivatives

A series of catalytic activities of different esters were studied using the preferred
catalyst ZFT04. In addition, the catalytic mechanism of the catalyst was revealed. The
groups in the benzene ring that affected the ester yield were identified by the esterification
reactions of different starting materials. The results are shown in Table 2. The yields were
in the following order: 93.5% (p-CHj) > 85.1% (m-CHs) > 82.3% (0-CHj3), 90.0% (p-Cl) >
84.3% (m-Cl) > 82.2% (0-Cl), 80.4% (p-Br) > 77.8% (m-Br) > 63.5% (0-Br), 85.1% (p-Br) > 83.0%
(m-Br) > 80.1% (0-Br), and 97.5% (p-Br) > 92.1% (m-Br) > 87.7% (0-Br). The steric effect was
found to exert a stronger effect in catalytic reactions in which the materials have ortho-para
substituents on the benzene ring. The substituents at the proximal position exhibited
the lowest catalytic activity. With an electron-withdrawing group in the meta-position of
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the benzene ring, the catalyst had weak catalytic activity due to the electronic effect; the
yields were in the following order: 65.3% (p-CF3) > 45.3% (0-CF3) > 35.2% (m-CF3), 70.8%
(p-NO,) > 65.3% (0-NO3) > 50.1% (m-NOy), and 90.8% (p-OCH3z) > 85.1% (0-OCH3z) > 80.2%
(m-OCHj3). Benzoic acid, which has double carboxyl groups, showed lower reactivity upon
catalyst addition due to the strong electron-withdrawing group of carboxylic acid and
strong steric hindrance. The para-position groups in the benzene ring had little effect on
the catalytic activity, even if they exhibited a large steric hindrance, as shown by the yields:
88.7% (t-Bu) and 86.8% (CN). The catalyst exhibited decent activity, regardless of whether

the benzene ring had an electron-withdrawing or electron-donating group.

Table 2. Synthesis of methyl benzoate derivatives by epidicatalysis.

Entry Ester Time (h) Yield (%) 2 Entry Ester Time (h) Yield (%) 2
0
Q COCH
1 @&OCH3 24 90.2 17 * 24 85.1
OCH
0 HaCO
COCHj 0
2 Q 24 82.3 18 G& OCH, 24 80.2
o e
3 Loch, 24 85.1 19 HacoOCOCH3 24 90.8
o Q
1
4 —@coem 24 93.5 20 COCH, 24 80.1
|
0
1 o
5 QCOCH3 24 82.2 21 |OEOCH3 24 85.2
cl
cl |
6 9 24 84.3 22 2 24 83.0
COCH; : COCH;, :
7 i 24 90.0 23 - 9 24 35.2
Br
? 24 77.8 2 ~ >_9 24 65.3
8 COCH; : FsC CoCH, .
0
O 1
T COCH3
9 Br«j%cow3 24 80.4 25 Q 24 453
CF,
(o]
1} o
10 QCOCH3 24 63.5 26 %@&OCW 24 88.7

Br
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Table 2. Cont.
Entry Time (h) Yield (%) @ Entry Ester Time (h) Yield (%) @
Q Q
11 FOCOCH3 24 97.5 27 NCOCOCH3 24 86.8
o)
2 OCH
3
12 QCOCH3 24 87.8 28 24 53.5
OCH;
F
o)
= o
13 2 24 92.1 29 Octs 24 60.2
COCHg3 ’ H3CO .
(o]
? 24 452 i i
1} .
14 OZNOCOCHS 48 708 30 H3COJK©/LOCH3 24 56.1
(0] HsCO
1 0
COCHs 24 35.2 hco Loch
15 Q P 53 31 3 5 24 68.7
NO, H;CO
24 343 b i
16 COCH, 48 50.1 32 OCOCHs 24 928

2 Isolated yields; b recovered catalyst.

Because the esterification reaction is heterogeneous, the catalyst and reactants can be
directly separated by solid-liquid separation after the initial reaction. After the reaction
liquid was filtered and discarded, new reactants were added. The activity of the second
reaction was similar to that of the first. The activity of the secondary recycled catalyst was
almost unchanged. Typically, the yields were 93.5% (entry 4) and 92.8% (entry 32) with
the use of the recycled catalyst, and the fifth recycled catalyst showed high stable catalytic
activity, with the yields having decreased to 93.0% and 92.0%, respectively.

The reactions and mechanism of the 31 benzoic acids with different substituents and
methanol are shown in Figure 4. According to the Thomas law, the addition of iron ions
has a lower valence state than zirconium and titanium ions, which form acidic centers
with zirconium and titanium, respectively, in the system, improving catalytic activity. The
Lewis acid sites easily formed 7t bond complexes with aromatics. The acid strength of the
synthesized catalyst was lower than —11.93, which caused the hydrogenation of the bond
complex. That is, the acid sites provided by the hydrogen ion activated the carbonyl group,
which promoted the esterification reaction.

Ester

Grains
Pores (active site)

\ Catalyst

Figure 4. The reactions and mechanism of methyl benzoate derivatives.
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2.4. Properties and Activity of the Preferred Catalyst

The acid strengths of ZFT04 were determined using a Hammett indicator (Hp). The solid
superacid could significantly change the color of 2,4-dinitrotoluene (Hy = —13.75) and 2,4-
dinitrofluorobenzene (Hy = —14.52), but that of 1,3,5-trinitrobenzene (Hy = —16.02) did not
change. This catalyst was a superacid and the acid strength range was —16.02 < Hy < —14.52.
This indicated that the solid acid was a solid superacid.

The pore structures of ZFT04 were analyzed using N, adsorption/desorption tests
(Figure 5). The type IV H1 hysteresis loop of IUPAC classification was shown in the
ZFT04 and regenerated ZFT04 N, adsorption/desorption curves. The adsorption amount
increased gently in the low-pressure section, and N, molecules were adsorbed on the
inner surface of the mesoporous material from a single layer to multiple layers. When
P/Py = 0.5-0.8, the adsorption capacity increased sharply. This section revealed that the
pore size of the sample showed ion accumulation, with an ordered or gradient mesoporous
range in the pore structure. In addition, its width was relatively narrow, indicating that the
pore size distribution was uniform.

R
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—8— Regenerated ZFT04 ~1ﬁw
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U
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Figure 5. The N, adsorption/desorption isotherms and pore size distribution of ZFT04 and generated
ZFT04.

The surface area of the catalyst was 322 cm?/g (Table 3), which was larger than those
of the reported porous Fe;O3, TiO,, and ZrO;. This indicates that the synthesis of the
catalyst did not destroy the pore structure and retained the original pore structure of the
carrier. The N; adsorption/desorption curves showed that the recovered catalyst had the
same pore structure and specific surface area as the original catalyst (Figure 5).

Table 3. Surface properties of the different ZFT04 samples.

Samples Surface Area (cm?/g) s Pore Diameter (nm)
ZFT04 322 0.246 2.75
Regenerated ZFT04 318 0.244 2.74

These newly synthesized solid acid catalysts have comparable activity in the synthesis
of benzoate compared with the use of sulfuric acid. The catalytic reaction is heterogeneous
and the catalyst can simply be recycled and reused. In industry, these solid acids can
completely replace sulfuric acid. The next research plan of our research group is to fill solid
acid catalysts in the column. The liquid reaction is carried out in a continuous flow reaction

in the column.
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3. Materials and Methods
3.1. Synthesis of Solid Acid Catalysts

Dichlorooxyzirconium, iron (III) chloride hexahydrate, tetrabutyl titanate, and methanol
were purchased from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. Benzoic acid
and other benzene compounds were purchased from Aladdin Reagent Co. Ltd., Shanghai,
China. Deionized water (18.2 M()-cm) was used in the catalyst synthesis. All materials
were used as received.

A 50% dichlorooxozirconium solution and 30% iron (III) chloride were prepared and
mixed after weighing according to the molar ratios listed in Table 1. Tetrabutyl titanate was
added to the mixture solution under rapid stirring. Thereafter, the mixture was put in the
oven at 100 °C and held for more than 12 h, until a constant weight was attained. Next, the
dry powder was dipped in sulfuric acid (2 mol/L) for 24 h and was put into the oven at
120 °C for 24 h to dry. Finally, the dried powder was put into a Mulffle furnace and heated
at 550 °C for 12 h.

3.2. General Catalytic Process

Total amounts of 0.50 g benzoic acid, 10.00 mL methanol, and 0.05 g catalyst ZFT04
were placed in flasks. The mixture was stirred in an oil bath at 120 °C, and the progress of
the reaction was monitored using TLC. In an oil bath at 120°C, the mixture was strongly
refluxed. If there was too little methanol during reflux, a small amount could be added.
After the predetermined reflux time, the catalyst was filtered out from the liquid phase,
the methanol was spin-dried, and the product was dissolved in ethyl acetate. The mobile
phase was petroleum ether: ethyl acetate (5:1).

3.3. Recovery Catalyst Catalytic Process

After the catalyst was recovered, it was baked at 100 °C until a constant weight was
reached. The catalysis procedure was the same as that for a general catalytic process.

3.4. Characterization of Methyl Benzoates

Methyl benzoate (1) [21]: Clear liquid; 'H NMR (400 MHz, CDCl3): & = 8.01 (d,
J = 8.0 Hz, 2H), 7.50 (t, ] = 8.0 Hz, 1H), 7.48 (t, ] = 8.0 Hz, 2H), 3.84 (s, 3H); 3*C NMR
(100 MHz, CDCl3): & = 166.69, 132.71, 130.11, 129.42, 128.20, 51.73; HRMS (ESI-TOF) m /z:
caled for CgH7INaO?*: 159.0419 (M + Na)*, found: 159.0417 (Figure S1: 'H and *C NMR
of Methyl benzoate).

Methyl 2-methylbenzoate (2) [21]: Yellow liquid; 'H NMR (400 MHz, CDCl3): 5 =7.82 — 7.80
(m, 2H), 7.28 — 7.22 (m, 2H), 3.82 (s, 3H), 2.31 (m, 3H); 3C NMR (100 MHz, CDCl5):
5 =166.80, 137.86, 133.43, 130.01, 129.94, 128.06, 126.56, 51.61, 20.91; HRMS (ESI-TOF) m/z:
caled for CoHyoNaO?*: 172.1745 (M + Na)*, found: 172.1811 (Figure S2: 'H and '3C NMR
of Methyl 2-methylbenzoate).

Methyl 3-methylbenzoate (3) [21]: Clear liquid; '"H NMR (400 MHz, CDCl3): & = 7.88
(dd,J=82,1.6 Hz, 1H),7.33 (td, ] = 8.2, 1.6 Hz, 1H), 7.29 — 7.18 (m, 2H), 3.81 (s, 3H), 2.57 (s,
3H); 13C NMR (100 MHz, CDCl3): 5 = 167.69, 140.12, 131.84, 131.59, 130.54, 129.45, 125.59,
51.49, 21.59; HRMS (ESI-TOF) m/z: calcd for CoHigNaO?*: 172.1745 (M + Na)*, found:
172.1521 (Figure S3; 'H and 13C NMR of Methyl 3-methylbenzoate).

Methyl 4-methylbenzoate (4) [21,22]: White solid; mp 33-35 °C; I'H NMR (400 MHz,
CDCl3): 6 =7.92 (d, ] = 8.0Hz, 2H), 7.20 (d, ] = 8.0 Hz, 2H), 3.87 (s, 3H), 2.37 (s, 3H); 13C
NMR (100 MHz, CDCl3): 6 = 167.04, 143.46, 129.56, 129.02, 127.43, 51.80, 21.52; HRMS
(ESI-TOF) m/z: 150.1745 caled for CoH;gNaO?*: 172.1745 (M + Na)*, found: 172.1701
(Figure S4; 'H and '3C NMR of Methyl 4-methylbenzoate).

Methyl 2-chlorobenzoate (5) [23]: Clear liquid; 'H NMR (400 MHz, CDCl3): & = 7.80
(dd, J = 8.0, 1.0 Hz, 1H), 7.48 — 7.39 (m, 2H), 7.35 (td, | = 8.0 Hz, 1.2 Hz, 1H), 3.90 (s,
3H); 13C NMR (100 MHz, CDCl3): & = 165.85, 133.46, 132.48, 131.29, 130.90, 129.92, 126.51,
52.21; HRMS (ESI-TOF) m/z: caled for CgH;CINaO?*: 193.0028 (M + Na)*, found: 193.0027
(Figure S5; 'H and '3C NMR of Methyl 2-chlorobenzoate).
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Methyl 3-chlorobenzoate (6) [21,23]: Clear liquid; 'H NMR(400 MHz, CDCl3): § = 7.98
(m, 1H), 7.88 (m, 1H), 7.49 (m, 1H), 7.36 (t, | = 8.0 Hz, 1H), 3.90 (s, 3H); 13C NMR (100 MHz,
CDCl3): 6 =168.17,134.39, 132.80, 131.79, 129.60, 129.52, 127.60, 52.05; HRMS (ESI-TOF)
m/z: caled for CgH;CINaO?*:193.0026 (M + Na)*, found: 193.0015 (Figure S6: 'H and 13C
NMR of Methyl 3-chlorobenzoate).

Methyl 4-chlorobenzoate (7) [21,23]: Clear liquid; H NMR (400 MHz, CDCl3): 5 = 7.92
(d,] =8.0Hz, 2H), 7.20 (d, ] = 8.0 Hz, 2H), 3.87 (s, 3H); 13C NMR (100 MHz, CDCl3): = 167.04,
143.46, 129.56, 129.02, 127.44, 51.80; HRMS (ESI-TOF) 111/ z: caled for CsH;CINaO**: 193.0026
(M + Na)*, found: 193.0019 (Figure S7: H and 13C NMR of Methyl 4-chlorobenzoate).

Methyl 3-bromobenzoate (8) [21,23]: White solid; mp 31-33 °C; 'H NMR (400 MHz,
CDCl3): & =8.15 (m, 1H), 7.92 (m, 1H), 7.64(m, 1H), 7.29(t, ] = 8.0 Hz,1H), 3.90 (s, 3H); 13C
NMR (100 MHz, CDCl3): 6 = 165.52, 135.75, 132.48, 131.99, 129.88, 128.07, 122.38, 52.31;
HRMS (ESI-TOF) m/z: calcd for CgH;BrNaO?**: 236.9526 (M + Na)*, found: 236.9517
(Figure S8: 'H and 3C NMR of Methyl 3-bromobenzoate).

Methyl 4-bromobenzoate (9) [21,23]: White solid; mp 77-80 °C; H NMR (400 MHz,
CDCls): 6 = 7.88(m, 2H), 7.56(m, 2H), 3.90 (s, 3H); 13C NMR (100 MHz, CDCl3): = 166.23,
131.66, 131.08, 129.01, 127.99, 52.24; HRMS (ESITOF) 11/z: caled for CgH;BrNaO?*: 236.9526
(M + Na)*, found: 236.9515 (Figure S9: H and C NMR of Methyl 4-bromobenzoate).

Methyl 2-bromobenzoate (10) [23]: Clear liquid; 'H NMR (400 MHz, CDCl3): 6 =7.78
(dd, J=7.8,1.0 Hz, 1H), 7.63 (dd, ] = 7.5, 1.0 Hz, 1H), 7.33 — 7.27 (m, 2H), 3.91 (s, 3H); 13C
NMR (100 MHz, CDCl3): 6 = 166.44, 134.25, 132.55, 132.06, 131.25, 127.14, 121.55, 52.39;
HRMS (ESI-TOF) m/z: calcd for CsH7BrNaO?*: 236.9526 (M + Na)*, found: 236.9514
(Figure S10: 'H and 3C NMR of Methyl 2-bromobenzoate).

Methyl 4-fluorobenzoate (11) [21,23]: Clear liquid; 1H NMR (400 MHz, CDCl3): & = 8.03
(dd, J = 8.4, 5.6 Hz, 2H), 7.08 (t, ] = 8.5 Hz, 2H),3.89 (s, 3H); *C NMR (100 MHz, CDCl3):
6 =166.84, 165.76 (d, Jc_g = 253 Hz), 131.98 (d, Jc_r = 9.0 Hz), 115.36 (d, Jc_r = 3.0 Hz),
115.14 (d, Jc_r = 21.9 Hz), 51.82; ’F NMR (376 MHz, CDCl3): § = 106.14; HRMS (ESI-TOF)
m/z: caled for CsH;FNaO?**: 177.0325 (M + Na)™, found: 177.0320 (Figure S11: 'H, *C and
19F NMR of Methyl 4-fluorobenzoate).

Methyl 2-fluorobenzoate (12) [21,23]: Clear liquid; "H NMR (400 MHz, CDCl3): & = 7.92
(td,]=7.9,1.64 Hz,1H), 7.47 (m, 1H),7.19 (t, ] = 8.2 Hz,1H), 7.12 (dd, ] =10.5,9.0 Hz, 1H), 3.92
(s, 3H); 13C NMR (100 MHz, CDCI3): 5 = 164.74 (d, Jc_r = 3.8 Hz), 160.54 (d, Jc_r = 260 Hz),
134.47 (d, Jc_g = 9.2 Hz), 132.04, 123.86 (d, Jc_r = 4.0 Hz), 118.60 (d, Jc_r = 10 Hz), 116.97 (d,
Je_r = 22.3 Hz), 52.13; ’F NMR(376 MHz, CDCl3): 5 = 109.68; HRMS (ESI-TOF) 11/z: calcd
for CgH;FNaO?*: 177.0321 (M + Na)*, found: 177.0324 (Figure S12: 'H, *C and F NMR
of Methyl 2-fluorobenzoate).

Methyl 3-fluorobenzoate (13) [23]: Clear liquid; 'H NMR (400 MHz, CDCl3): & = 7.69
(d,]=7.7Hz,1H),7.39 (d, ] =9.3 Hz, 1H), 7.25 — 7.23 (m, 1H), 7.22 (m, 1H), 3.91 (s, 3H);
13C NMR (100 MHz, CDCl3): § =165.81 (d, Jc_r = 3.2 Hz), 163.67 (d, Jc_r = 245.0 Hz), 132.25
(d, Je.g =7.2Hz),129.96 (d, Jc_g = 7.5 Hz), 125.23 (d, Jc_r = 3.0 Hz), 119.72 (d, Jc_r = 21 Hz),
116.40 (d, Jc_r = 25 Hz), 52.41; 1YF NMR (376 MHz, CDCl3): = 112.56; HRMS (ESI-TOF)
m/z: caled for CgH;FNaO?*: 177.0324 (M + Na)*, found: 177.0317 (Figure S13: 'H, 13C and
19F NMR of Methyl 3-fluorobenzoate).

Methyl 4-nitrobenzoate (14) [22,23]: Yellow solid; mp 94-97 °C; H NMR (400 MHz,
CDClg): 8 =8.29 (d, ] = 8.0 Hz, 2H), 8.21 (d, ] = 8.5 Hz, 2H), 3.99 (s, 3H); '*C NMR (100 MHz,
CDCl3): & =165.11, 150.48, 135.45, 130.66, 123.49, 52.79; HRMS (ESI-TOF) m/z: calcd for
CgH;NNaO**: 204.0277 (M + Na)*, found: 204.0267 (Figure S14: 'H and 3C NMR of
Methyl 4-nitrobenzoate).

Methyl 2-nitrobenzoate (15) [22,23]: Yellow liquid; 'H NMR (400 MHz, CDCl3):
5 =788 (dd, ] =78, 0.9 Hz, 1H), 7.70 — 7.62 (m, 3H), 3.91 (s, 3H);'3C NMR (100 MHz,
CDCl3): 6 = 165.52, 148.09, 132.94, 131.96,129.70, 126.97, 123.71, 52.91; HRMS (ESI-TOF)
m/z: caled for CgH;NNaO**: 204.0268 (M + Na)*, found: 204.0271 (Figure S15: 'H and '3C
NMR of Methyl 2-nitrobenzoate).
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Methyl 3-nitrobenzoate (16) [22,23]: Yellow solid; mp 76-80 °C; 1'H NMR (400 MHz,
CDCl3): 6 =8.86 (s, 1H), 8.42 (dd, | = 8.0, 1.0 Hz, 1H), 8.37 (d, ] = 8.0 Hz, 1H), 7.68 (t,
J = 8.0 Hz, 1H), 4.00 (s, 3H); '3C NMR (100 MHz, CDCl3): 5 = 164.88, 148.20, 135.22, 131.81,
129.66, 127.33, 124.47, 52.75; HRMS (ESI-TOF) m/z: calcd for CgH;NNaO**: 204.0269
(M + Na)*, found: 204.0257 (Figure S16: 'H and '*C NMR of Methyl 3-nitrobenzoate).

Methyl 2-methoxybenzoate (17) [23]: Clear liquid; 'H NMR (400 MHz, CDCl3): 6 =7.76
(dd, J =8.0,1.6 Hz, 1H), 7.39 (td, ] = 8.2, 1.3Hz, 1H), 6.94 — 6.90 (m, 2H), 3.82 (s, 6H); 13C
NMR (100 MHz, CDCl3): & = 166.25, 158.75, 133.18, 131.19, 119.92, 119.76, 111.79, 55.41,
51.43; HRMS (ESI-TOF) m/z: caled for CoHjoNaO?*: 189.0524 (M + Na)*, found: 189.0527
(Figure S17: 'H and 3C NMR of Methyl 2-methoxybenzoate).

Methyl 3-methoxybenzoate (18) [21,23]: Clear liquid; 'H NMR (400 MHz, CDCl3):
6=7.60(d,]=79Hz 1H),7.53 (s, 1H), 7.28 (t, ] = 8.2 Hz, 1H), 7.04 (dd, ] = 7.6, 1.9 Hz, 1H),
3.86 (s, 3H), 3.76 (s, 3H); 13C NMR (100 MHz, CDCl3): § = 166.52, 159.43, 131.31, 129.16,
121.68, 119.00, 113.93, 54.95, 51.74; HRMS (ESI-TOF) 1/ z: caled for CoHjgNaO3*: 189.0524
(M + Na)*, found: 189.0521 (Figure S18: 'H and '3C NMR of Methyl 3-methoxybenzoate).

Methyl 4-methoxybenzoate (19) [21-23]: White solid; mp 47-51 °C; IH NMR (400 MHz,
CDCl3): 6 =8.0 (d, ] = 8.2 Hz, 2H), 6.89 (d, ] = 8.2 Hz, 2H), 3.85 (s, 3H), 3.81 (s, 3H);!3C NMR
(100 MHz, CDCl3): & = 166.75, 163.3, 131.52, 122.54, 113.55, 55.30, 51.74; HRMS (ESI-TOF)
m/z: caled for CoHigNaO3*:189.0525 (M + Na)*, found: 189.0521 (Figure S19: 'H and 13C
NMR of Methyl 4-methoxybenzoate).

Methyl 2-iodobenzoate (20) [23]: Yellow liquid; I'H NMR (400 MHz, CDCl3): & = 7.96
(d,J=8.0Hz, 1H),7.77 (dd, ] =8.0, 1.0 Hz, 1H), 7.34 (t, ] = 7.6 Hz, 1H), 7.12 (td, ] = 7.8, 1.5 Hz,
1H), 3.90 (s, 3H); *C NMR (100 MHz, CDCl): & = 166.73, 141.23, 134.97, 132.68, 130.92,
127.92, 94.16, 52.50; HRMS (ESI-TOF) m/z: calcd for CgH;INaO?**: 284.9385 (M + Na)*,
found: 284.9377 (Figure S20: 'H and '3C NMR of Methyl 2-iodobenzoate).

Methyl 4-iodobenzoate (21) [23]: White solid; mp 113-116 °C; 'H NMR (400 MHz,
CDCls): ="7.78 (d, ] = 8.0 Hz, 2H), 7.72 (d, ] = 8.0 Hz, 2H), 3.90 (s, 3H);'3C NMR (100 MHz,
CDCIl3): & = 166.46, 137.69, 131.02, 129.57,100.80, 52.30; HRMS (ESI-TOF) m/z: calcd for
C8H7INaO?*: 284.9386 (M + Na)*, found: 284.9378 (Figure S21: 'H and 13C NMR of Methyl
4-iodobenzoate).

Methyl 3-iodobenzoate (22) [23]: White solid; mp 112-115 °C; 'H NMR (400 MHz,
CDCly): & = 8.36(m, 1H), 7.87 (d, | = 7.8 Hz, 1H), 7.85 (d, ] =7.8 Hz, 1H), 7.17 (t, ] = 8.0 Hz,
1H), 3.91 (s, 1H); 3C NMR (100 MHz, CDCl): & = 165.51, 141.72, 138.44, 131.98, 130.06,
128.73, 93.87, 52.42; HRMS (ESI-TOF) m/z: calcd for CgH;INaO?**: 284.9381 (M + Na)*,
found: 284.9371 (Figure S22: 'H and '3C NMR of Methyl 3-iodobenzoate).

Methyl 3-trifluoromethylbenzoate (23) [21,23]: Clear liquid; 'H NMR (400 MHz,
CDCl3): 6 =8.28 (s, 1H),8.18 (d,] =8.0 Hz, 1H), 7.77 (d, ] = 8.0 Hz, 1H), 7.53 (t, ] = 8.0 Hz, 1H),
3.94 (s, 3H); 1*C NMR (100 MHz, CDCl3): & = 165.26, 132.50, 131.21 (q, Jc_r = 31 Hz), 130.87,
130.55 (q, Jc—r = 3.8 Hz), 129.07,128.78 (q, Jc_r = 4.0 Hz), 122.22 (q, Jc—F = 270.5 Hz), 51.90;
I9F NMR (376 MHz, CDCl3): 6 = 63.41; HRMS (ESI-TOF) m/z: calcd for CoH;F3NaO?*:
227.0291 (M + Na) *, found: 227.0286 (Figure S23: 'H, 13C and F NMR of Methyl 3-
trifluoromethylbenzoate).

Methyl 4-trifluoromethylbenzoate (24) [21,23]: Clear liquid; 'H NMR (400 MHz,
CDClg): 8 =8.11(d, ] = 8.0 Hz, 2H), 7.67 (d, ] = 8.0 Hz, 2H), 3.94 (s, 3H); 1*C NMR (100 MHz,
CDCl3): § = 165.51, 134.33 (q, Jc_ = 32.5 Hz), 133.27, 129.76, 125.18 (q, Jc_f = 4.0 Hz), 124.92
(q, Jc_r = 272.5 Hz), 52.07; F NMR (376 MHz, CDCl3): & = 63.60; HRMS (ESITOF) m/z:
caled for CoH7F3NaO?*: 227.0291 (M + Na)*, found: 227.0294 (Figure S24: 'H, *C and °F
NMR of Methyl 4-trifluoromethylbenzoate).

Methyl 2-trifluoromethylbenzoate (25) [22,23]: Clear liquid; 'H NMR (400 MHz,
CDCl3): § =7.78 — 7.71 (m, 2H), 7.59 — 7.57 (m, 2H), 3.92(s, 3H); 13C NMR (100 MHz,
CDCls): b =167.11,131.67,131.10, 130.99, 128.70 (q, Jc-r =31.3 Hz), 126.59 (q, Jc-r = 5.3 Hz),
126.43, 124.74, 52.51; ’F NMR (376 MHz, CDCl3): § = 59.87; HRMS (ESI-TOF) m/z: calcd
for CoH7F3NaO?*: 227.0292 (M + Na) *, found: 227.0284 (Figure S25: 'H, 13C and °F NMR
of Methyl 2-trifluoromethylbenzoate).
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Methyl 4-tert-butylbenzoate (26) [22,23]: Clear liquid; 'H NMR(400 MHz, CDCl3):
§ =798 (d, ] = 8.1 Hz, 2H), 7.42 (d, ] = 8.1 Hz, 2H), 3.90 (s, 3H), 1.32 (s, 9H); 13C NMR
(100 MHz, CDCl3) 6 = 166.73, 156.26, 129.44, 127.42, 125.19, 51.63, 34.87, 30.97; HRMS
(ESI-TOF) m/z: calcd for C1oHy70, 193.3 (M+H)*, found: 193.1 (Figure S26: 'H and 3C
NMR of Methyl 4-tert-butylbenzoate).

Methyl 4-cyanobenzoate (27) [22]: White solid; mp 58-61 °C; H NMR (400 MHz,
CDCl3): & = 8.34-8.26(m, 2H), 7.84 (dt, J= 8.0, 1.0 Hz, 1H), 7.60 (dt, ] = 8.0, 1.2 Hz, 1H),
3.97 (s, 3H); 13C NMR (100 MHz, CDCl3): & = 165.04, 135.97, 133.63, 133.21, 131.39, 129.47,
117.85, 112.91,52.69; HRMS (ESITOF) m/z: caled for CoH;NNaO?%**: 184.0366 (M + Na)*,
found: 184.0368 (Figure S27: 'H and '*C NMR of Methyl 4-cyanobenzoate).

o0-Dimethyl phthalate (28) [23]: Clear liquid; H NMR (400 MHz, CDCl3): 5 = 7.69 (dd,
] = 6.5,4.0 Hz, 2H), 7.50 (dd, ] = 6.5, 4.0 Hz, 2H), 3.88 (s, 6H); *C NMR (100 MHz, CDCl5):
& = 167.70, 131.80, 130.97, 128.64, 52.29; HRMS (ESI-TOF) m/z: calcd for C1oHjgNaO**:
217.0472 (M + Na)*, found: 217.0476(Figure S28: 'H and '3C NMR of o-Dimethyl phthalate).

p-Dimethyl terephthalate (29) [23]: White solid; mp 141-143 °C; 1H NMR (400 MHz,
CDCly): & = 8.09 (s, 4H), 3.94 (s, 6H); 13C NMR (100 MHz, CDCls): 5 = 166.09, 133.81, 129.44,
52.30; HRMS (ESI-TOF) m/z: caled for C1oH1gNaO**: 217.0472 (M + Na)*, found: 217.0468
(Figure S29: 'H and '3C NMR of p-Dimethyl terephthalate).

m-Dimethyl terephthalate (30) [23]: White solid; mp 65-68 °C; 'H NMR (400 MHz,
CDCl): 5 = 8.68 (s, 1H), 8.21 (d, ] = 8.5 Hz, 2H), 7.53 (t, | = 8.5 Hz, 1H), 3.95 (s, 6H); 13C
NMR (100 MHz, CDCl3): 6 = 166.04, 133.66, 130.58, 128.53, 52.23; HRMS (ESI-TOF) m/ z:
caled for C1oHygNaO**: 217.0472 (M + Na)*, found: 217.0488 (Figure S30: 'H and '*C NMR
of m-Dimethyl terephthalate).

Methyl 3,4,5-trimethoxybenzoate (31) [22]: White solid; mp 81-83 °C; 'HNMR (400 MHz,
CDCl3): 5 = 7.30 (s,2H),3.91(s,12H); 3C NMR (100 MHz, CDCl3): 5 = 166.50, 152.82, 142.05,
125.04, 106.67, 60.72, 56.07, 52.05; HRMS (ESI-TOF) m/z: calcd for C11H1505 227.3 (M+H)*,
found: 227.1 (Figure S31: 'H and '3C NMR of Methyl 3,4,5-trimethoxybenzoate).

4. Conclusions

A series of iron-supported zirconium/titanium catalysts were synthesized for methyl
benzoate synthesis. Catalyst composites with an iron/zirconium/titanium molar ratio of
2:1:1 demonstrated optimal catalytic effects on the synthesis of methyl benzoate compounds.
A series of methyl benzoate compounds were synthesized using these catalysts to elucidate
the catalytic mechanism. This catalyst effectively catalyzed the synthesis of various benzoic
acids and methanol. The benzene ring of benzoic acid has a strong electron-withdrawing
group (-NOy, —-CFj3) that can affect the ester yield. The catalyst can be easily separated from
the reaction mixture after reaction completion and reused because it is a heterogeneous
reaction system. Fe increased the catalyst activity owing to the increases in the catalyst
surface and the number of acid sites.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ catal13060971/s1, Figure S1: 'H and 3C NMR of Methyl benzoate;
Figure S2: 'H and '*C NMR of Methyl 2-Methylbenzoate; Figure S3; 'H and '*C NMR of Methyl
3-Methylbenzoate; Figure S4; 'H and '3C NMR of Methyl 4-methylbenzoate; Figure S5; 'H and
13C NMR of Methyl 2-chlorobenzoate; Figure Sé: IH and 13C NMR of Methyl 3-chlorobenzoate;
Figure S7: 'H and '3C NMR of Methyl 4-chlorobenzoate; Figure S8: 'H and '3C NMR of Methyl
3-bromobenzoate; Figure S9: 'H and '*C NMR of Methyl 4-bromobenzoate; Figure $10: 'H and '>C
NMR of Methyl 2-bromobenzoate; Figure S11: IH, 13C and °F NMR of Methyl 4-fluorobenzoate;
Figure S12: 1H, 13C and °F NMR of Methyl 2-fluorobenzoate; Figure S13: 1H, 13C and °F NMR of
Methyl 3-fluorobenzoate; Figure S14: 'H and '3C NMR of Methyl 4-nitrobenzoate; Figure S15: 'H
and 3C NMR of Methyl 2-nitrobenzoate; Figure S16: 'H and *C NMR of Methyl 3-nitrobenzoate;
Figure S17: 'H and '*C NMR of Methyl 2-methoxybenzoate; Figure S18: 'H and '3C NMR of Methyl
3-methoxybenzoate; Figure 519: 1H and 13C NMR of Methyl 4-methoxybenzoate; Figure 520: IH
and 13C NMR of Methyl 2-iodobenzoate; Figure S21: 1H and 3C NMR of Methyl 4-iodobenzoate;
Figure S22: 'H and '3C NMR of Methyl 3-iodobenzoate; Figure S23: 'H, 13C and F NMR of Methyl
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3-trifluoromethylbenzoate; Figure S24: 'H, 13C and '°F NMR of Methyl 4-trifluoromethylbenzoate;
Figure S25: 'H, 13C and 'F NMR of Methyl 2-trifluoromethylbenzoate; Figure S26: 'H and '*C NMR
of Methyl 4-tert-butylbenzoate; Figure S527: 1H and 13C NMR of Methyl 4-cyanobenzoate; Figure 528:
'H and '3C NMR of o-Dimethyl phthalate; Figure S29: 'H and 3C NMR of p-Dimethyl terephthalate;
Figure S30: TH and 13C NMR of m-Dimethyl terephthalate; Figure S31: TH and 13C NMR of Methyl
3,4,5-trimethoxybenzoate.
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