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Abstract. A series of silica supported functionalized ionic liquid cata-
lysts have been prepared and tested in the hydroxylation of aromatics
to phenols with H,O, under solvent-free conditions. The properties of
the heterogeneous catalytic system were studied by tuning various re-
action parameters including selection of catalyst, amount of the cata-
lyst, influences of reaction time and temperature. Among the catalysts,
CuCl;-IL-Si0, exhibited the highest efficiency in the hydroxylation of
aromatics to phenols under the optimized condition along with good
recycle performance.

Keywords: Supported ionic liquid; silica gel; hydroxylation of aro-
matics; phenols; heterogeneous catalysis.

Resumen. Se prepar6 una serie de catalizadores del tipo liquido idnico
funcionalizado soportado en silice que se probaron en la hidroxilacién
con H,0, de compuestos aromaticos a fenoles bajo condiciones libres
de disolvente. Se estudiaron las propiedades del sistema catalitico he-
terogéneo modificando varios parametros de reaccion como tipo y
cantidad de catalizador, influencia en el tiempo de reaccion y tempera-
tura. Entre los catalizadores, CuCl;-IL-SiO,, presenta la mayor efi-
ciencia en la hidroxilacion de compuestos aromaticos a fenoles bajo
las condiciones optimizadas asi como un buen reciclado.

Palabras clave: Liquido ionico soportado; gel de silice; hidroxilacion
de compuestos aromaticos; fenoles; catalisis heterogénea.

Introduction

Phenols are important industrial intermediates and have been
widely used for the production of a variety of chemicals [1, 2].
Generally, phenols are mainly produced by the three-step cumene
method process [3]. However, this process suffers from some
problems such as complex operations, poor selectivity, high pro-
cess costs, and environmental hazards. Therefore, the direct hy-
droxylation of aromatics to phenols in a single-stage reaction has
attracted much attention in chemical industry in recent years,
both from economic and environmental standpoint [4]. Nowa-
days, the green processes for the hydroxylation of aromatics are
mostly focused on using clean oxidants like H,0,, N,O, O,, and
H,-O, system [4-8]. Among these oxidants, H,0, is a good
choice since it is an environmentally benign oxidant, quite inex-
pensive, ready-made, easily handled, and efficient with nontoxic
water as the sole by-product. A large number of catalysts, includ-
ing Nill(tepa) [9], mesostructured V/mp-C;N, [10], VPO@GO
[11], CuCr,0, spinel nanoparticles [12], AIPO,/ZnAlIPO, [13],
nanostructured CuFe [14], Vanadium-containing mesoporous
carbon [15], V-MimSalm-PMoV [16], nanostructured V,Os/
SnO, [17], PMO/VO(acac), [18], and other complexes [19-24],
have been developed for this catalytic conversion. Some of these
procedures, however, are often affected by a low conversion or
poor selectivity. Therefore, explore novel catalytic system with
improved conversion rates for the direct hydroxylation of aro-
matics to phenols remains an interesting research topic.

Ionic liquids (ILs) have been acclaimed as green reaction
media and catalysts as they are non-volatile, highly solvating,
excellent ionic conductivity, good electrochemical properties,
etc [25-30]. Examples of the applications of ILs in the hydrox-
ylation of aromatics to phenols were seldom studied [31, 32].
Although good catalytic activities of these ILs presented, they
have some disadvantages such as partially ILs wasted and diffi-
culties in the separation and recycle. A useful method to sur-
mount these shortages is the development of supported ILs
catalysts [33-39], which could transfer the catalytic reactions
from homogeneous catalysis to a type of heterogeneous cataly-
sis. In this case, attractive features such as gaining high catalyst
efficiency and stability, facilitating the catalyst recovery and
excellent reusability have been achieved [37-39]. In this work,
we designed and synthesized a type of supported ILs anion-IL-
SiO,, which exhibited good thermal and chemical stability, and
were utilized as a new heterogeneous solid catalyst in the hy-
droxylation of aromatics to phenols with hydrogen peroxide as
oxidant (Scheme 1). As well as this, the reusability of the silica
supported functionalized ILs was also studied.

Results and discussion
Characterization of the supported ILs was studied using FT-IR,

SEM, EDX, XRD and TG analysis. The FT-IR spectra of the
supported catalysts are presented in Fig. 1. All ionic liquid
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Scheme 1. Catalytic hydroxylation of aromatics to phenols.
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Fig. 1. FT-IR spectra of CI-IL-SiO, (a), BF,-IL-8i0, (b), PF,-IL-SiO, (c), FeCl,-IL-8i0, (d), and CuCl;-IL-SiO, (e).
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materials exhibit absorptions at about 1072 and 965 cm !,
which correspond to the stretching vibration of Si—-O-Si. Char-
acteristic peaks at the positions of about 1465, 1530, and
1650 cm ™!, correspond to C—H bending vibrations, C=C and
C=N stretching vibrations of the imidazolium ring, indicating
that imidazole group was successfully attached to the surface of
silica gel [40]. For b and ¢, absorptions in the B-F (1045 cm™")
and P-F (865 cm ') bands are observed, indicating the interac-
tion between heteropoly acid anions and the SiO,~IL support.
The characteristic peak at 798 cm™ was attributed to the C-CI
(Fig. 1a). Also, the peaks observed at 725 cm™' (Fig. 1d) and
570 cm™! (Fig. le) are related to vibrational modes of FeCl,
and CuCls, respectively.

The surface morphology and chemical composition of the
supported ionic liquid catalysts were studied by SEM (Fig. 2)
and EDX (Fig. 3). Fig. 2g is the SEM image of silica gel, Fig.
2a-e is the SEM images of the silica gel supported ILs, CI-IL-
SiO, (Fig. 2a), BF,-IL-SiO, (Fig. 2b), PF.-IL-SiO, (Fig. 2c),
FeCl,-IL-Si0, (Fig. 2d), CuCl;-IL-SiO, (Fig. 2e), it clearly ob-
served that all the IL particles were well-defined, and the

particle size of the IL is smaller to that of silica gel. It can be
seen that the supported ILs were made up of uniform nanome-
tre-sized particles. The chemical composition of the supported
ILs was investigated by EDX analysis (Fig. 3), which showed
the presence of the expected elements in its structure. XRD pat-
tern of the supported IL catalysts were studied in a domain of
5-90° (Fig. 4). As shown in Fig. 4, all the catalysts had charac-
teristic peak at 20 ~22.8°, which was the presence of the amor-
phous nature of SiO, support [41]. The absence of obvious
characteristic peaks of anions of ILs in the XRD patterns sug-
gests that these anions units are well-dispersed on the surface
and in the channels of the SiO,-IL supports.

The stability of the supported IL catalysts, BF,-IL-SiO,,
PF(-IL-SiO,, FeCl,-IL-SiO,, and CuCl;-IL-SiO,, were deter-
mined by thermogravimetric analysis, and the TG analysis re-
sults are shown in Fig. 5. In the TG curve, the observed organic
materials weight loss of the sample showed a mass weight loss
of ~21.8 (Fig. 5b), 22.7 (Fig. 5¢), ~47.4% (Fig. 5d), ~14.5%
(Fig. 5e) on heating to 800 °C, respectively. The small weight
loss before 260 °C is related to the desorption of adsorbed

Fig. 2. SEM images of CI-IL-SiO, (a), BF,-IL-SiO, (b), PF-IL-SiO, (c), FeCl,-IL-SiO, (d), CuCl;-IL-SiO, (e), four-times recycled CuCl;-IL-

Si0, (f), and silica gel (g).
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Element [Weight {%)/Atom (%)
OK 4595 61.07
SiK 46.23 35.00
CIK 4.97 2.98
Cul [285 095
Total  [100.00

Fig. 3. EDX images of CI-IL-SiO, (a), BF /-IL-SiO, (b), PF-IL-SiO, (c), FeCl,-IL-SiO, (d), and CuCl-IL-SiO, (e).

water, indicating a considerably thermal stability up to 260 °C.
The drastic weight loss between 260 and 580 °C is attributed to
the breakdown of the organic moieties. From the curve depict-
ed, it can be seen that the supported ionic liquid catalysts are
thermally stable below 260 °C.

In order to optimize the reaction conditions and test the
catalytic activity of supported ILs, we selected the hydroxyl-
ation of benzene with H,0, as a reaction model and the effect
of IL catalysts were examined for this reaction (Table 1). Simi-
lar to a non-catalyst system, the supported IL precursor CI-IL-
Si0, did not give any products (Table 1, entries 1 and 2). The
other supporting ILs, such as BF,-IL-SiO,, PF4-IL-SiO,, Fe-
Cl,-IL-Si0,, and CuCl;-IL-Si0O,, were tested as catalysts in the
hydroxylation (Table 1, entries 3-6), and CuCl;-IL-SiO,
demonstrated the highest efficiency in terms of selectivity and
yield (Table 1, entry 6). Over CuCl;-1L-Si0,, a yield of 59.4 %
was achieved (Table 1, entry 6), although FeCl,-IL-SiO,
showed to be more active in the hydroxylation of benzene, nev-
ertheless a much lower selectivity of 84.7 % was obtained (Ta-
ble 1, entry 5). The corresponding controlled experiments were
conducted with bare CuCl, and FeCl; (Table 1, entries 7 and 8).
The CuCl, exhibits 26.5% yield and 93.2% of selectivity, and

45.6% yield and 72.8% of selectivity are obtained over FeCl;.
Thus, based on the results obtained, the CuCl;-IL-SiO, catalyst
was chosen to undergo further investigation for the different
parameters in this reaction.

The effects of other parameters such as the amount of the
catalyst, mole ratio, reaction temperature, and reaction time
were also investigated, and the results are presented in Figs.
6-9. The effect of the catalyst amount on the hydroxylation is
shown in Fig. 6. The phenol yield and selectivity raised up as
the amount of catalyst increased to 1.5 g. However, further in-
creasing in the amount of catalyst had a reverse effect on the
hydroxylation. Therefore a catalyst loading of 1.5 g was con-
sidered to be suitable for the reaction. The effect of mole ratio
on benzene conversion was studied over CuCl;-IL-SiO, cata-
lyst varying amounts of H,0, to a fixed amount of benzene
from 0.5:1 to 1.5:1 ratios (H,O,: benzene) and the results are
shown in Fig. 7. The yield and selectivity increased as the mole
ratio increased from 0.5 to 0.9 and thereafter leveled off. The
decreasing in yield when the mole ratio increased from 0.9 to
1.5 was due to the over oxidation of phenol, which was detected
by GC analysis in all the cases. Thus, the mole ratio 0.9: 1
(H,0,: benzene) would be the optimum one. The activities of
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Table 1. Hydroxylation of benzene to phenol with H,0, over various catalysts.

Phenol selectivity Phenol yield

Entry Catalyst (%)* (%)°

1 None 0 0

2 CI-IL-SiO, 0 0

3 BF,-IL-SiO, 98.5 11.7

4 PF4-IL-SiO, 97.6 20.9

5 FeCl,-IL-SiO, 84.7 69.8

6 CuCl;-IL-SiO, 100 59.4

7 CuCl,/B-CD 93.2 26.5

8 FeCly/B-CD 72.8 45.6

The reactions were carried out with benzene (0.1 mol), 30% H,0O, (0.09 mol), catalyst (1.5 g) at 45 °C for 140 min.

 Isolated selectivity.
® Jsolated yield.

CuCl;-1L-Si0, at various temperatures on the hydroxylation of
benzene are plotted in Fig. 8. Results indicate that the phenol
yield initially increased with increasing reaction temperature.
The highest reaction activity was obtained at a temperature of
45 °C, the phenol yield and selectivity are 59.4 % and 100%,
respectively. As the temperature continued to increase, there
was a notable decreasing in the phenol yield, mostly because of
the spontaneous decomposition of H,O, at high temperatures
and then a trend to descend with the increase of reaction tem-
perature. These data indicated that a temperature of 45 °C was
the most favorable. The effects of reaction time are investigated
and shown in Fig. 9. The phenol yield increased with the in-
crease of the reaction time, and reached a maximum at 140 min.
Thus, 140 min may be considered as a moderate time.

The heterogeneous CuCl;-IL-SiO, catalyst can be easily
separated and recovered by filtration after the reaction. The

100 - . A\’\'

80 —=— Yield
7 —e— Selectivity

60+

R
40 -
204
0 T T T T T T T T T T

0.0 0.5 1.0 1.5 2.0 25
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Fig. 6. Influence of catalyst amount on hydroxylation of benzene with
H,0,. Reaction conditions: benzene (0.1 mol), 30% H,0, (0.09 mol),
catalyst CuCl;-IL-SiO,, 45 °C, 140 min.

hydroxylation results by recovered CuCl;-IL-SiO, after four
cycles are shown in Fig. 10. Results indicate that the phenol
selectivity in each run is above 95% with no notable decline in
catalytic efficiency during the consecutive four runs, suggest-
ing that the catalyst could be recovered and reused up to 4 runs
with no significant loss of activity. The recovered catalyst after
four runs had no obvious change in the morphology and size,
referring to the SEM image in comparison with fresh catalyst
(Fig. 2). To show the merit of CuCl;-IL-SiO, in comparison
with other reported catalysts, we compared the results of the
hydroxylation reactions of benzene with other reported in the
literature. As shown in Table 2, our catalyst showed milder re-
action conditions and good yield and selectivity compared to
the other catalysts.

According to the literatures [17, 18, 42] and the observa-
tions in our reactions, we propose a possible mechanism as

100 4 ,//./.\‘\‘

80 —=—Yield

—e— Selectivity

e

40+

%

20

T T T T T T T T T T 1
0.2 04 0.6 0.8 1.0 1.2 14 1.6

Mole ratio
Fig. 7. Effect of mole ratio (H,O,: benzene) on hydroxylation of ben-

zene. Reaction conditions: benzene, 30% H,0,, CuCl;-1L-SiO, (1.5 g),
45 °C, 140 min.
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Fig. 8. Influence of reaction temperature on hydroxylation of benzene.
Reaction conditions: benzene (0.1 mol), 30% H,0O, (0.09 mol), CuCl;-
IL-SiO, (1.5 g), 140 min.
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Bl Yied
[ Selectivity

100

80

60

%

40

20

Reaction run

Fig. 10. The repeating hydroxylation reactions of benzene (0.1 mol),
30% H,0, (0.09 mol) in the presence of the recycled CuCl;-IL-SiO,.

shown in Scheme 2. In the reaction, the catalyst CuCl;-1L-SiO,
provides a source of Cu (1), which reacts with H,0, to form Cu
(D) and Cu (I)-O-OH (3). Then, 3 reacts with benzene to form
transition state 4 and 5. Then, 5 very rapidly affords Cu (I) to
yield phenol. The monovalent copper ion is then re-oxidized
to Cu (I)-O-OH by H,0, in ionic liquid to complete the catalyt-
ic cycle.

To demonstrate generality and efficiency of CuCl;-1L-
Si0,, hydroxylation of other aromatics were tested (Table 3).
Various aromatics were hydroxylated to the corresponding phe-
nols in good to excellent yields, whereas benzenes with elec-
tron-withdrawing substituents were less reactive and more
drastic reaction conditions were needed (Table 3, entries 6-8).
To our delight, the hydroxylation of aromatics with electron-do-
nating substituents gave phenols in excellent yields with the
distribution of isomers of ortho-(o) and para-(p), and no me-
ta-(m) products (Table 3, entries 2-5).

Table 3

Table 2. Comparison of different catalysts for the hydroxylation of benzene to phenol with H,0,.

Temperature Time Phenol selectivity Phenol yield
Entry Catalyst (°C) (min) (%)? (%)® Reference
1 Nill(tepa) 60 300 99 21 [5]
2 mesostructured V/mp-C;N, 60 180 99.8 18 [6]
3 VPO@GO 60 480 100 33 [7]
4 nano-CuFe 70 180 91 40 [10]
5 Vanadium-containing mesoporous carbon 70 180 94.9 30.1 [11]
6 V-MimSalm-PMoV 50 300 100 19.6 [12]
7 PMO/VO(acac), 50 480 100 27.4 [14]
8 CuCl;-IL-Si0O, 45 140 100 59.4 This work

# Isolated selectivity.
b Isolated yield.
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Scheme 2. Proposed mechanism for the hydroxylation of benzene to phenol.

Conclusion

In conclusion, a series of silica supported functionalized ionic
liquid catalysts were prepared and tested in the direct hydroxyl-
ation of aromatics to phenols with H,0O, as the oxidant. Among
these catalysts, CuCl;-IL-SiO, is the most active catalyst in the
titled reaction. The catalyst leads to a liquid—solid heteroge-
neous catalysis system, showing high activity, easy recoverabil-
ity and steady reuse. Compared to the synthetic methods
reported in previous literatures, not only the yield and selectiv-
ity of the product were enhanced or greatly improved, but also
the operating units were easy workup.

Experimental

General

The reagents and solvents used in this work were of analyti-
cal grade. FT-IR spectra were conducted on a Nicolet Nexus
470 Fourier transform infrared spectrometer. Powder X-ray dif-
fraction (XRD) analysis was conducted on a Rigaku Ultima [V
diffractometer with high-intensity Cu Ka radiation. Energy dis-
persive X-ray analysis (EDX) was used to conduct the elemen-
tal analysis of the supported ILs. Scanning electron microscopy
(SEM) studies were investigated by a JSM-7500F Scanning
Electron Microscope. Thermogravimetric analysis (TGA) were
determined by a Netzsch Thermoanalyzer STA 449. GC analy-
ses were performed on a Shimadzu-14B gas chromatography.

Preparation of Supported ILs

The preparation processes were according to known process
[37-39] and shown in Scheme 3. (i) Preparation intermediate 1:
Imidazole (13.6 g, 0.2 mol), (3-chloropropyl) triethoxysilane
(48.2 g, 0.2 mol) and toluene (350 mL) were added intoa 1 L
round flask and the mixture was refluxed for 22 h. Then, tri-
ethylamine (20.2 g, 0.2 mol) was added dropwise and the re-
sulting mixture was refluxed for another 2 h. Then, the slurry
was filtrated and the filter cake was washed with toluene (3x20
mL). The solvent was removed to afford 1 as a viscous liquid.
(ii) Preparation intermediate 2: 1 (27.2 g, 0.1 mol), (3-chloro-
propyl) triethoxysilane (24.1 g, 0.1 mol) and toluene (80 mL)
were stirred under reflux conditions for 12 h. The solvent was
evaporated to give 2 as a viscous white liquid. (iii) Preparation
IL 3: 2 (25.8 g, 0.05 mol), activated silica (40 g) and toluene
(250 mL) were stirred under reflux conditions for 24 h. Then,
the mixture was filtrated and washed with dichloromethane
(3%x20 mL) and dried under vacuum at 60 °C to afford CI-IL-
SiO, 3 as a white powder. (iv) Preparation ILs 4 and 5: 9.0 g
CI-IL-Si0, was dispersed throughout 100 mL dichloromethane
and treated with 0.66 g NaBF, or 1.1 g KPF, then the mixture
was stirred under reflux conditions for 24 h. After cooled down
to room temperature, the solid was isolated by filtration and
washed with dichloromethane/distilled water (3%x20 mL). The
resulting material was dried under vacuum at 80 °C to give the
supporting ionic liquid BF,-IL-SiO, (4, gray powder) or PF-
IL-Si0, (5, yellow powder). (vi) Preparation ILs 6 and 7: 10.0
g CI-IL-SiO, was dispersed in 100 mL acetonitrile and stirred
vigorously with 3.0 g FeCl; or 2.0 g CuCl, for 24 h under reflux
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Time Selectivity Yield
Entry Substrate Product (min) (%)? (%)°
OH
1 © ©/ 140 100 59.4
2 ©/ |// 120 o/p=3/97 75.6
HO
H
OCH, B OCH,
3 ©/ J/ 120 o/p=2/98 72.3
H
OH
A
4 | _ 120 o/p=1/0/99 78.7
H(CH3)2 H(CHy),
OCH, OCH,
OH
5 120 100 71.9
CH; CH;
0 0
6 ©)J\CH3 | N CH, 280 o/m/p=7/82/11 57.5¢
=
HO/
CN N CN
7 ©/ (/|/ 280 o/m/p=12/75/13 58.5°¢
H
CF;
o/m/p=15/72/13 54.9°¢

CF, | N
8 ©/ J / 280
H

Unless otherwise noted, the reactions were carried out with aromatics (0.1 mol), 30% H,0, (0.09 mol), CuCl;-IL-SiO, (1.5 g) at 45 °C.

 Isolated selectivity.
b Isolated yield.
¢ The reactions was carried out at 90 °C.

conditions. Then the sample was filtrated and washed with di- Typical Procedure for the Catalytic Hydroxylation of

chloromethane (3x20 mL). The resulting material was dried  Aromatics to Phenols

under vacuum at 80 °C to afford the supporting ionic liquid  In a typical experiment, benzene (0.1 mol) and catalyst CuCl;-
FeCl,-IL-Si0, (6, yellow powder) or CuClL;-IL-Si0, (7, yel-  IL-SiO, (1.5 g) were added to a 100 mL flask reactor. Then,
low-green powder). aqueous 30% H,0, (0.09 mol) was added dropwise in 30 min.
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Scheme 3. Synthesis of supported ILs.
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Then, the mixture was stirred at 45 °C for 140 min. The reac-
tion progress was monitored by GC. In this catalytic system,
only phenol product was detected, and no other GC signals
were found, i.e. the phenol selectivity is 100%. The catalyst
was separated by filtration, washing with benzene (2x5 mL)
and dried under vacuum. Fresh benzene and H,0O, were then
recharged to the recovered catalyst and recycled. All products
were known and identified by comparing their GC data with
those of commercial materials.
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