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A New Eco-Friendly and Efficient Mesoporous
Solid Acid Catalyst for the Alkylation of

Phenols and Naphthols Under Microwave
Irradiation and Solvent-Free Conditions

F. Matloubi Moghaddam®*, M. Akhlaghi', L. Hojabri' and M.G. Dekamin®

Abstract.

The catalytic activity of a mizture of ZnCly: AlCls supported on silica gel was evaluated for

the alkylation of phenols with benzyl alcohol, tret-butyl alcohol and styreme under microwave irradiation
and solvent-free conditions. The catalyst preparation method, its characterization and reusability, were
reported. The effect of the phenol to benzyl alcohol ratio and the time of reaction on the phenol conversion
and distribution of products was investigated. A conversion percentage up to 97% was achieved when
hydroquinone was used. A selective ortho- directed alkylation for phenol, a-naphthol and B-naphthol was

observed.
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INTRODUCTION

Alkaylphenols are very valuable industrial chemicals
among which tert-butylated phenols find many appli-
cations. For instance, 2-tert-butylphenol is an inter-
mediate for pesticide, fragrances and other products,
whereas 4-tert-butylphenol is used to make phosphate
esters, fragrances and oil field chemicals. The alkyla-
tion of aromatic compounds has been studied exten-
sively in the past using various Lewis acid catalysts
(AlCl3, BF3, TiCly, FeCls, etc.) and protonic acid
(HySO4, HF, HNOgj, etc.) [1-3]. These reactions
are carried out industrially, using conventional ho-
mogeneous acid catalysts, such as anhydrous AlCl3,
which generates a high volume of waste material. So,
with the current drive towards “green chemistry”,
it is recognized that there is a need to replace the
conventional Lewis acid catalysts with reusable envi-
ronmentally friendly catalysts that generate minimal
waste by-products. Furthermore, the homogeneous
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acid catalysts are difficult to separate from the reaction
mixture. They require additional processing stages and
it is necessary to use a stochiometric amount of the
catalyst with respect to the alkylating agent. Finally,
disposal of spent catalysts, corrosion and high toxicity
are disadvantages of applying these catalysts in organic
reactions. In order to overcome the difficulties of the
homogeneous systems, the development and utilization
of a solid catalyst is important to replace homogenous
acid catalysts. Development of reusable heterogeneous
catalysts having high activity and selectivity with little
or no moisture sensitivity for the liquid phase Friedel-
Crafts type reactions is, therefore, of great practical
importance [4]. Hence, efforts have been made to
replace homogeneous catalysts by heterogeneous solid
acid catalysts [5-18]. Such catalysts are interesting
and efficient for organic synthesis, because the catalyst
is easily separated from the products. In this case,
the organic reactions occur in the uniform of the
solid catalyst and hence the reactivity and selectiv-
ity may be different from those in the homogeneous
solutions. However, the reported catalysts require
special handling conditions, safety, corrosion and waste
disposal. Therefore, there is a real need for a solid
acid that offers the safety, stability and recoverability
advantages of traditional Lewis acid catalysts. On
the other hand, the coupling of microwave irradiation
with the use of catalysts or mineral supported reagents
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under solvent-free conditions provides unique chemical
processes with special attributes, such as enhanced
reaction rates, higher yields, greater selectivity and
ease of manipulation. In this field, we have developed
a new and eco-friendly solid acid (ZnCly: AlCl3: SiOs)
which could catalyze many acid catalyzed organic reac-
tions, such as the Claisen rearrangement [19], the Fries
rearrangement [20], the hetero-Fries rearrangement [21]
and the dealkylation of aryl ethers.

EXPERIMENTAL
Materials and Instruments

All solvents, reagents and silica gel (Art. No. 1.07734,
0.063-0.2 mm), AlCl3 and ZnCl, were purchased from
Merck (pro analysis). The microwave-assisted reactions
were performed in a single-mode microwave cavity
(Ethos, MR, 2.45 GHz, maximum power 1000 W),
producing controlled irradiation. Reaction tempera-
tures were determined and controlled via the built-in,
on-line sensor. The microwave synthesis reactor was
equipped with a water-cooled condenser. The analysis
of products and catalyst was carried out by H-NMR
(Bruker DRX - 500), FT-IR (ABB Bomem MB-100),
GC-Mass (Hewlett-pakard 5973 MSD) and IR DRIFT
(Bruker 55 FT IR). The surface area and porosity were
determined by micrometrics ASAP 2010.

Preparation of Heterogeneous Catalyst

The catalyst was prepared by a well established proce-
dure in this laboratory. It was prepared by impregnat-

75000
50000

25000 4

-25000

-750004

Transmittance
=)
1 . .
o}
=
i
gw
[}
=

F. Matloubi Moghaddam et al.

ing silica gel (500 g) with a mixture of ZnCly (100 g)
and AlCl3 (300 g) in aqueous solution. Activation of
the catalyst was carried out in two steps: Activation at
120°C for 24 h and then activation at 320°C for 6 h in
a vacuum oven. The catalyst was stored in desiccators
until use. The weight ratio of silica: AlCl3: ZnCly was
5:3:1.

Catalyst Characterization

Pyridine is a useful probe molecule for the determina-
tion of Lewis and Bronsted acid sites by FTIR spec-
troscopy [22]. Using this methodology, the activated
catalyst exhibited Bronsted (IR DRIFT peaks at 1632,
1530, 1480 cm !, a characteristic of pyridinum ion),
as well as Lewis acidity (peaks at 1601, 1450 cm 1!,
a characteristic of coordinated pyridine to the Lewis
acid sites) (Figure 1). The prepared catalyst possesses
a high surface area (N 276.36 m? g—!) determined by
the BET method and a narrow pore size distribution
(73.06 A°) in the mesoporous range. The 27Al MAS-
NMR spectrum (Figure 2a) of the activated catalyst
sample exhibits three peaks; peaks at 50 ppm and 34
ppm are characteristic of trivalent aluminum in the
tetrahedral framework with two or one chlorine atom
coordinated, respectively [23].

The third signal at 0 ppm, however, appears to
be due to octahedral aluminum, which may probably
be generated during activation. The 2°Si MAS-NMR
spectrum (Figure 2b) shows two peaks at -100 and -110
ppm, characteristic of the tetrahedral framework for
silicon with one hydroxyl group and without a hydroxyl
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Figure 1. IR DRIFT spectrum of AlCl3 and ZnCl, supported on SiOs.
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Figure 2. a) " Al NMR spectrum of catalyst; b) 2Si

NMR soectrum of catalyst.

group, respectively. The 27Al MAS-NMR spectrum
indicates the Lewis acid sites, while the 2°Si MAS-NMR
spectrum confirms Bronsted acid sites of the support.
These results are in good agreement with the data
obtained by IR DRIFT spectroscopy.

The proposed surface structure is illustrated in
Scheme 1.

Products Characterization

H-NMR, FT-IR and GC-Mass were used to character-
ize products. The compounds that were synthesized
in this research are all known and the achieved spec-
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tral data was compared with data from the Merck
index [24], The Atlas of spectral data and physical
constants for organic compounds [25], The SDBS
integrated spectral database system for organic com-
pounds [26], The Aldrich library of NMR spectra [27]
and the Sigma-Aldrich on-line product catalog [28].

General Procedure for Benzylation of Phenols

A phenolic compound (4.8 mmol) and benzyl alcohol
(4.8 mmol) were dissolved in 10 ml acetone. The solu-
tion was added to a catalyst (2.5 g) and then acetone
was evaporated in a vacuum rotary pump at 20°C.
Microwave irradiation was carried out using a tempera-
ture controlled program; raising the temperature up to
120°C in 3 min and remaining constant for 7 min, then
cooling the reaction vessel for 3 min. Separation of the
products from the catalyst was carried out by washing
the catalyst with a polar solvent, such as acetone and
methanol. Purification of products was carried out
using solid- liquid chromatography, when silica gel was
employed as the solid phase of chromatography.

General Procedure for tert-Butylation of
Phenols

A phenolic compound (9 mmol) was dissolved in 10
ml acetone. The solution was added to a catalyst
(5 g), then the acetone was evaporated in vacuum
rotary pump at 20°C. Tert-butyl alcohol (90 mmol)
was added in three portions to the reaction vessel
during irradiation (time = 0, 3, 6 min). Microwave
irradiation was carried out at a temperature controlled
program in three steps; raising temperature up to
120°C in 3 min and remaining constant for 7 min, then
cooling the reaction vessel for 3 minutes. Separation of
products from the catalyst was carried out by washing
the catalyst with a polar solvent, such as acetone and
methanol. Purification of products was carried out
using solid-liquid chromatography and silica gel as the
solid phase of chromatography.
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Scheme 1. Proposed structure of AICI3 and ZnCl, supported on SiOs.
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Table 1. Conversion percentage of phenols and distribution of products.

OH OH
AN SiO2, AICI3, ZnCly Ph
+ Ph Ol NIW. 120°C, 10 min
R
R
a Conversion of A .
Entry Phenols b Products and Its Distribution (%)
Phenols® (%)
OH
@ @P"
1 7 (39), P (34),
di and tri benzyl phenols (27%)
OH
2 85 (81), /\qjﬂ
QOH OH OH
\
P
Y
3 70 Cl Cl
OH OH
© Ph Ph/\@ml
t-C4Hyg t-C4Ho t-C4Hg
1 75 (73), 27)
OH OH
5 87 (71), other alkylated products (29)
Ph
oo o
6 82 (67), other benzylated products (33)
OH
OH OH
Ph Ph
Ph
OH OH
7 90 OH (94), (6)

a: Reaction conditions: Benzyl alcohol (4.8 mmol), catalyst (2.5 g), phenol (4.8 mmol), 120°C, 10 min.

b. GC conversion of phenols.

General Procedure for Alkylation of Phenols
with Styrene

Styrene (5 mmol) and solid support (1.04 g) were
added into a solution of phenol (5 mmol) in dry
dichloromethane (15 ml). Then, solvent was removed
under reduced pressure and the residue was exposed
to microwave irradiation under temperature program-
ming; raising temperature up to 150°C in 5 minutes

and remaining constant for 5 minutes. The reaction
mixture was washed by acetone and the products were
separated by column chromatography.

RESULT AND DISCUSSION

The present work was undertaken to find the efficiency
of the prepared mesoporous solid acid catalyst for
the alkylation of phenols and naphthols with tert-
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Table 2. Tert-butylation of phenols.

85

OH OH
+ OH  SiOs, AICl3, ZnCl,
>( MW, 120°C, 10 min
R R
o Conversion of — .
Entry Phenols b Products and Its Distribution (%)
Phenols® (%)
OH
OH OH
@ o,
= [/ CaHo
1 64 > (42), (37)
Di and Tri tert- butyl phenols (2
X CaHo CaHo C4Hg
| Q ﬁ?
2 62
I o C4H, I CyH
3 cl 70 Cl (73), “l (27)
OH OH
4 81 (62), other alkylated products (38)
C.Ho
5 78 (57), other alkylated products (43)
OH OH OH ‘
T/ L g Y
OH
6 oH 84 OH (96), (4)

a: Reaction conditions: tert-butyl alcohol (90 mmol), catalyst (5 g), phenol (9 mmol), 120°C, 10 min.

b. GC conversion of phenols.

butanol and benzyl alcohol, as well as styrene as
alkylating reagents under solvent free conditions and
under microwave irradiation. The phenolic compounds,
such as phenol, p-cresol, p-chlorophenol, p-tert butyl
phenol, a-naphthol, S-naphthol, hydroquinone and p-
nitrophenol were used for the benzylation reaction.

The conversion percentage of benzyl alcohol was
100% for all phenolic compounds. Table 1 presents
the conversion percentage of phenolic compounds along
with the distribution of products.

Hydroquinone has the highest conversion with
94% yield for the mono benzylated compound (entry 7).
P-nitrophenol did not participate in the benzylation
reaction. The catalyst showed selective activity for
mono-benzylation of para substituted phenols and ben-

zylation at the ortho position for phenol, a-naphthol
and f-naphthol. The results of the tret-butylation of
phenolic compounds along with the conversion per-
centage of phenolic compounds and the distribution of
products are listed in Table 2.

Hydroquinone has the highest conversion (en-
try 6), while this process failed when p-nitro phenol was
used (entry 7). The catalyst showed selective activity
for mono tert-butylation of para-substituted phenols
and also tert-butylation in the ortho position of the
hydroxyl group of phenol, a-naphthol and G-naphthol
(entries 1, 4 and 5).

The reaction of phenols with styrene progressed
with the electron-donating group. The rate of reaction
was accelerated in the presence of the electron-donating



86

F. Matloubi Moghaddam et al.

— 4-benzyl phenol

—e— Phenol conversion —e—Benzyl alcohol conversion —— 2,6-dibenzyl phenol
—+—2,4-dibenzyl phenol

—— 2-benzyl phenol _—— 2.4 6-tribenzyl phenol

100 ] R

904 /

and products selectivity

Phenol and benzyl alcohol conversion

0 2 4 6 8 10
Irradiation time (min)

(2)

and products selectivity

Phenol and benzyl alcohol conversion

T T T

0 2 4 6 8 10
Irradiation time (min)

(c)

100 ) .
9] _—
80
70]
60
50]]
40
30]
20]
10

and products selectivity

Phenol and benzyl alcohol conversion

T T T T T

C
0 2 4 6 8 10

Irradiation time (min)

(b)

1004
904
80
70
60 -
50
40
30
20
104

and products selectivity

Phenol and benzyl alcohol conversion

T T T T T

0 2 4 6 8 10
Irradiation time (min)

(d)

Figure 3. Phenol and benzyl alcohol conversion and products distribution vs. irradiation time.

group on the phenyl ring (Table 3). A better conversion
percentage was obtained in the case of para methoxy
phenol in comparison with para toloul (entries 1 and
2). The best reactivity is related to hydroquinone
(entry 4). The reaction was quite slow in the presence
of electrons with drawing groups, such as chloro, bromo
and cetoxy on the phenol substrates. There was no
product in the presence of para-nitro phenol.

The effects of the phenol to benzyl alcohol ratio
and reaction time on the conversion of phenol and
benzyl alcohol, as well as the distribution of products,
have been investigated (Figure 3). The Phenol to
benzyl alcohol molar ratios were 1, 2, 4 and 6. The
interval time for sampling was 1, 3, 5 and 10 minute.
The results are shown in Figure 4. Results show that
the selectivity of 2-benzyl phenol increases when the
molar ratio of phenol to benzyl alcohol is increased.

To demonstrate the efficiency of the catalyst, it
was reused three times for the benzylation of phe-
nol. After each use, the catalyst was treated with
dichloromethane to remove unreacted phenol and then
dried in a vacuum oven at 150°C for 3 h. It was
found that the catalytic activity was only decreased
a few percent up to three runs (Figure 5). Reusing
the catalyst showed that the selectivity of 2-benzyl

80 —@— Phenol conversion
T —&— 2-benzyl phenol
9 —X=4-benzyl phenol

704

504
404

304

204

Phenol conversion and products selectivity

10

T v T T T v T v T v
1 2 3 4 5 6

Phenol/benzyl alcohol ratio

Figure 4. Conversion of phenol and distribution of
products vs. phenol to benzyl alcohol ratio.

phenol and 2, 6-dibenzyl phenol are decreased, while
the selectivity of 4-benzyl phenol and 2, 4-dibenzyl
phenol are increased.

To investigate the effect of microwave irradiation
on the rate of reaction, the benzylation reaction of
phenol was carried out in an oil bath at 120°C. After 3
hours, only a small fraction of phenol has participated
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Table 3. Alkylation of phenols with styrene.

OH

SiO2, AICl3, ZnCl,

OH

Ph

+ Ph MW, 120°C, 10 min
R R
Entry® Phenols Conversll)on of Products and Its Distribution (%)
Phenols® (%)
OH oH OH
[?] [?j)\ml PHJ\[?jJ\HI
1 77 (73), (27)
OH OH OH
[ij [ij/LPh meIi:rLPh
OM /
9 e 84 OMe (79)7 OMe (21)
OH OH OH
[ij [ij/LPh PHlW[ij)\Ph
t-C4 H t-C4 H t-C4H
3 4119 75 4119 (68)7 4119 (32)
OH OH OH
[i] [i:(Lﬁh PﬁijiijJ\Ph
4 o 97 OH  (94), o (6)
OH oOH
oy
5 67 (84), other alkylated products(16)
OH OH
[;TOH PKLT:;TOH
6 85 (96), other alkylated products (4)

@: Reaction conditions: styrene (5 mmol), catalyst (1.04 g), phenol (5 mmol), 150°C, 10 min.

k. GC conversion of phenols.
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Figure 5. Reusability of catalyst.

in the benzylation reaction. Clearly, the reaction time
is reduced drastically and the conversion percentage
is much higher by controlled microwave heating than
conventional heating (7 min./77% versus 180 min./<

10%).

CONCLUSION

In summary, we have developed a new and eco-
friendly mesoporous solid acid catalyst for solvent-free
alkylation of phenols and naphthols under microwave
irradiation. The catalyst is selective for ortho-directed
products for some substrates. This method is fast and
has advantages, such as having solvent-free conditions,
being a readily available medium; having ease of work-
up and the reusability of the catalyst for several runs.
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