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Regioselectiveortho-C-cyclohexylation of phenols with cyclohexanol
in the presence of transition metal modified zeolite-H�
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Abstract

The cyclohexylation of various phenols with cyclohexanol as an alkylating agent in the presence of Ti4+, Sb3+, Fe3+, Sn4+, Al3+, and Zr4+

metal modified zeolite-H� catalysts was carried out. The best catalyst was Sn4+ exchanged H�, activated at 120◦C (H�-SnA120), which
displayed a selectivity of more than 95% towards 2-cyclohexylphenol. The reaction was found to proceed through the formation of cyclohexyl
phenyl ether. Cyclohexylation of different phenols has also been studied.
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. Introduction

Since its discovery in 1877[1–3], Friedel–Crafts alkyla-
ion has been recognized as one of the most important tools for
ntroducing an alkyl substituent into an aromatic ring[4,5].
arious transition metal halides (AlCl3, FeCl3, SnCl4, and
iCl4) are used as Lewis acids for the alkylation reaction. Use
f these conventional catalysts has various disadvantages,

ike tedious work-up procedure, non-reusability, formation
f hazardous side products, and mainly lack of selectivity.
hese disadvantages can be minimized by using solid acid
atalysts. Particularly, zeolites have proved to be versatile cat-
lysts in the petrochemical industry and in the manufacture of
ne chemicals and chemical intermediates, as highly shape-
elective catalysts[6–11]. Since the last decade, our group
as been working towards the development of environmen-

ally begin acidic catalysts for the Friedel–Crafts reaction
12–16].

Alkylated phenols and their derivatives are of great com-
ercial importance, having a variety of applications in

the surfactant, dyestuff and the pharmaceutical indus
[17]. 2-Cyclohexylphenol is an important intermediate
dyestuff preparation. It is also useful in the preparatio
2-phenylphenol, which is an important disinfectant as
as fungicide. There are reports of cyclohexylation of ph
using cyclohexene, many of which are vapour phase
tions[18–21]. When the alkylation of phenol by cyclohexe
is carried out at a low-temperature cyclohexyl phenyl e
is the predominant product[22]. However, not much wor
has been reported on the alkylation of phenol using cy
hexanol. Very few catalysts have been used for the alkyl
of phenol using cyclohexanol, such as cation-exchange
KU-2, H�-zeolite and other conventional Lewis and Brönsted
acids[23–25]. Also, the reported methods show a maxim
of 60% selectivity for 2-cyclohexylphenol. It is well know
that in the alkylation of phenol,C-alkylation requires strong
acid sites than those forO-alkylation [26,27]. In the cyclo-
hexylation of phenol, the crucial point is the regioselectiv
In the present work, we have modified H�-zeolite through
aqueous ion exchange with Ti4+, Sb3+, Fe3+, Sn4+, Al3+,
and Zr4+cations and used the resulting catalysts for thC-
∗ Corresponding author. Tel.: +91 2224145616; fax: +91 2224145614.
E-mail address:samantsd@yahoo.com (S.D. Samant).

cyclohexylation of phenols with cyclohexanol (Scheme 1).
The reaction is completed to form three products,3–5.
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Scheme 1. cyclohexylation of phenol by cyclohexanol using H�-SnA catalyst.

Table 1
Characterization of the ion-exchanged catalysts

Catalyst Metal content
(%)

Surface area
(m2/g)

Pore diameter
(Å)

Total pore
volume (cm3/g)

Ionic radius of
metal (pm)

Electonegativity of metal
cation on pauling scale (eV)

H�-120 – 510.5 17.5 0.217
H�-SnA120 6.7 454.6 33.5 0.380 83.0 1.96
H�-SbA120 9.4 332.6 47.7 0.397 74.0 2.05
H�-ZrA120 6.9 425.5 41.3 0.365 86.0 1.33
H�-AlA120 8.3 415.6 38.7 0.345 67.5 1.61
H�-TiA120 6.3 417.9 39.9 0.417 74.5 1.54
H�-FeA120 9.1 351.4 35.5 0.312 78.5 1.83

2. Experimental

2.1. Catalyst preparation

To an anhydrous metal chloride (15 g) dissolved in deion-
ized water, H�-zeolite (10 g) (Sud-chemie, SiO2/Al2O3 = 15)
was added over a period of 10 min. The slurry was stirred at
room temperature (30◦C) for 5 h. The resultant catalyst was
filtered, washed with deionized water till free from Cl− ions
and activated at 120◦C to obtain H�-MA120 (M = metal)
catalyst. Thus, a series of catalysts was prepared by exchang-
ing Ti4+, Sb3+, Fe3+, Sn4+, Al3+, and Zr4+ions with H�-
zeolite. The catalyst were preserved in a desiccator and used
after activation at 120◦C overnight in the reaction flask
itself.

2.2. Catalyst characterization

The metal-exchanged H�-zeolites were charaterised for
the properties surface area, pore volume, pore diameter (BET
analysis), amount of each metal exchanged (ICP analysis),
with the ionic radius and the electro-negativity of the respec-
tive cations (Table 1).

The most active catalyst H�-SnA120 was further charac-
terized by FT-IR, XRD,119Sn NMR techniques.

The FT-IR of H� and H�-SnA120 catalyst were recorded
using a Shimadzu 3800 FT-IR spectrophotometer. There is
no significant change in the spectra of H�-zeolite and that
of H�-SnA120 (Fig. 1). Hence, we may say that the metal
ion incorporated had not formed bonds with a metal (Al/Si)
present in the zeolite.

a) H� ca
Fig. 1. FT-IR spectra of: (
 talyst and (b) H�-SnA120.
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Fig. 2. XRD pattern of zeolite-H� (a) and H�-SnA120 (b).

Powder XRD patterns were recorded using a JEOL JDX-
8030 X-ray diffractometer, using Cu K� radiation. There was
no significant change in the XRD pattern of H�-SnA120 with
respect to parent H�-zeolite (Fig. 2), and the crystallanity of
the zeolite was maintained after modifying it with the metal
ions.

Solid state119Sn NMR was recorded using a Bruker
MSL-300 NMR spectrometer,119Sn Larmor frequency =
111.921 MHz, pulse length = 2�s, recycle delay = 4 s,num-
ber of scans = 2000 for SnO2 and 14,000 for zeolite, signal
chemical shift in the spectra were with respect to tetramethyl
tin [(CH3)4Sn]. The solid state NMR of Sn modified zeolite
and that of SnO2 were taken together to compare the oxi-
dation state and the environment in which Sn was present
(Fig. 3). 119Sn NMR showed an isotropic chemical shift at
δ =−604 ppm which indicated the presence of Sn in essen-
tially octahedral environment[28].

2.3. Cyclohexylation reaction

The reaction was carried out in a 50 cm3 round-bottomed
two-necked flask attached with a reflux condenser and a
CaCl2 guard tube. To the activated catalyst (0.2 g) in the flask,
phenol (10 cm3) and cyclohexanol (1.0 cm3) were added,
and the contents were stirred in an oil bath thermostated at
1 ◦ ng a

Table 2
The reaction of phenol with cyclohexanol in the presence of different
catalysts

Catalyst Time
(min)

C-Mono-alkylated
product (%)

Regio-selectivity (%)

ortho para

H�-120 180 93.4 53 47
H�-SnA120 60 87.5 95 5
H�-SbA120 240 88.4 93 7
H�-ZrA120 330 76.2 58 42
H�-AlA120 180 78.6 53 47
H�-TiA120 300 88.1 88 12
H�-FeA120 240 73.4 53 47

Reaction conditions: phenol = 10 mL, cyclohexanol = 10 mmol (1.0 mL),
catalyst = 0.2 g, temperature = 160◦C.

gas chromatograph (Chemito 2865) equipped with 10% OV-
17 column and FID.

3. Results and discussion

The reaction of phenol (1a) with cyclohexanol (2) was
studied with respect to different parameters. The reaction can
give cyclohexyl phenyl ether (5a), besides the regioisomers
(3a) and (4a). Dicyclohexylation was found to be negligible.

3.1. Effect of metal cations

To compare the activity of the metal cations, the reac-
tion was carried using the catalysts at 160◦C (Table 2). In
the conversion of cyclohexanol to theC-alkylated product
(3a+ 4a), cyclohexyl phenyl ether (5a) was also formed.5a
may eventually may converted to3a+ 4a by the acidic cata-
lyst. Hence, each reaction was monitered till complete con-
version of cyclohexanol as well as cyclohexyl phenyl ether.
Although H�-zeolite gave 93% monoalkylated product it dis-
played only 53% selectivity towards 2-cyclohexylphenol. On
the other hand, H�-SnA120 and H�-SbA120 gave 87–88%
monoalkylated product and also showed high selectivity of

(1aan
60 C. The progress of the reaction was monitored usi

Fig. 3. The static and MAS119Sn NMR of SnO2
 d1b) and H�-SnA120 (2aand2b), respectively.
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Table 3
The reaction of phenol with cyclohexanol in the presence of different
catalysts

Catalyst Time
(min)

C-Mono-alkylated
product (%)

Regio-selectivity (%)

ortho para

H�-SnA550 180 85.6 93 7
H�-SbA550 300 88.4 93 7
H�-ZrA550 300 60.8 61 39
H�-AlA550 300 71.1 67 33
H�-TiA550 300 69.5 62.4 37.6
H�-FeA550 300 65.2 54.1 45.9

Reaction conditions: phenol = 10 mL, cyclohexanol = 10 mmol (1.0 mL),
catalyst = 0.2 g, temperature = 160◦C.

95 and 93%, respectively, towards 2-cyclohexylphenol with
complete conversion of cyclohexanol. The other catalysts did
not show such a high selectivity. In the preparation of the Sb
catalyst, a large volume of HCl was required and Sb3+ cations
are toxic in nature. Hence, for further study we used H�-
SnA120 catalyst. Among the cations the electronegativity of
Sn is 1.93 eV (Pauling scale) which is higher than those of all
the other metals with the exception of Sb which has 2.05 eV.
This could be the reason of the highest activity and concomi-
tantly selectivity of H�-SnA120.

All these catalysts were also activated at 550◦C to deter-
mine the effect of activation temperature. However, the cat-
alysts activated at 550◦C were found to be less active as
compared to the catalysts activated at 120◦C (Table 3).

Cseri has reported that the alkylation using alcohols
requires Bronsted acidity. However, the Bronsted acidity
of the catalyst decreases with increase in activation tem-
perature[29]. Our observations are in agreement with this
report.

3.2. Effect of reaction temperature

The effect of temperature was observed in the range of
120–160◦C. The selectivity of the product (approximately
o:p::95:5) was not affected in the range of temperature used,
b the
t
p ction
w

F hex-
a

Fig. 5. Effect of catalyst quantity on the cyclohexylation of phenol by cyclo-
hexanol in the presence H�-SnA120 catalyst.

3.3. Effect of catalyst quantity

The effect of catalyst quantity is shown inFig. 5. As cata-
lyst (H�-SnA120) quantity increased the yield of the product
increased, beyond 0.2 g of the catalyst, the increase in the
yield was not significant.

3.4. Effect of support

In order to get an idea about the role of the support, dif-
ferent types of catalyst were prepared using K-10 and silica;
both of these are common supports for supported reagents.
The catalysts, K-10-SnA120 and silica-SnA120 were pre-
pared by same procedure as adopted for H�-SnA120. Some
of the basic properties of the supports are given in (Table 4).

The reaction of cyclohexanol with phenol was carried out
using K-10-SnA120, silica-SnA120 and that of H�-SnA120.
Fig. 6shows the variation of yield of3a+ 4awith time using
the three catalysts.

Table 4
Comparison of basic properties of supports

Property K-10 H�-zeolite Silica

Surface area (m2/g) 230 454.4 550
Surface of micropores (m2/g) 2.5 201.2 –
Micropore volume (cm3/g) 0.0011 0.1114
T
A
R

F sing
S

ut the rate of the reaction increased with increase in
emperature. InFig. 4, the combined yield of3a and4a is
lotted against time. Hence, further studies of the rea
ere carried out at 160◦C.

ig. 4. Effect of temperature on the cyclohexylation of phenol by cyclo
nol in the presence H�-SnA120 catalyst.
otal pore volume (cc/g) 0.320 0.38 0.8
varage pore size (̊A) 56 33.5 60
elative bronsted/Lewis acidity 2.23/1.91 2.51/1.82 –

ig. 6. Effect of support on cyclohexylation of phenol by cyclohexanol u
n4+ exchanged catalyst.
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Table 5
C-Cyclohexylation of phenols with cyclohexanol in the presence H�-SnA120 catalyst

Entry Substrate Product Time (min) C-Monoalkylated (%) o-Selectivity (%)

a 60 87.5 95

b 120 90 100

c 120 95 95

d 300 15 100

Reaction conditions: phenol = 10 mL, cyclohexanol = 10 mmol (1.0 mL), catalyst = 0.2 g, and temperature = 160◦C.

3.5. Leaching experiment

The percentage of Sn loaded on H�-zeolite was analyzed
by ICP analysis and found to be 6.77%. Leaching of the metal
ion and a possible contribution by the resulting homogeneous
catalysis was ruled out by the following experiment. The cat-
alyst was filtered at an early stage of the reaction (t= 15 min,
50% yield) and the reaction was allowed to proceed in the
filtrate. We observed that the reaction did not proceed further
and yield of reaction remained 50%. This proved that there
was not enough leaching of the Sn ions to make the reaction
homogeneous. Therefore, we concluded that the reaction was
truly heterogeneous in nature.

3.6. Formation of intermediate

The conspicuous observation in this reaction was the for-
mation and consequent consumption of cyclohexyl phenyl
ether (5a), the identity of which was proved by GC–MS.
In the case of active catalyst like H�-SnA120, it was not

F
1

revealed clearly. However, in the case of H�-AlA120 cata-
lyst this intermediate ether was noticed before attaining the
equilibrium; as the reaction was very slow. InFig. 7, the con-
centrations of different species in the reaction mixture with
respect to time are shown. As the reaction proceeded, the
concentration of5a increased along with that of3a and4a,
however, after some time it decreased.

The reaction being a Friedel–Crafts alkylation, may pro-
ceed through the generation of a potential carbocation from
cyclohexanol. The carbocation may produce cyclohexene
through H+ elimination or the carbocation may undergo
nucleophilic attack from the phenolic O end to give cyclo-
hexyl phenyl ether. The formation of this ether has been
suggested by Rao[23], but its presence has not been proved.
The ether, in turn, may rearrange toC-alkylated product.

3.7. Substrate study

Using the optimised parameters, few phenols were alky-
lated with cyclohexanol using H�-SnA120 catalyst (Table 5).

4-Chlorophenol and 4-methylphenol showed 100%ortho
selectivity. The low yield obtained in the case of 4-

Table 6
Recyclabilty study

C )

1
2
3
4
5

R mL),
c

ig. 7. Alkylation of phenol using cyclohexanol in the presence of H�AlA-
20.
ycle Time (min) C-Monoalkylated
product (%)

Regio-selectivity (%

ortho para

60 87.5 95 5
60 88 95 5
60 85 94 6
75 85 94 6
75 83 93 7

eaction conditions: phenol = 10 mL, cyclohexanol = 10 mmol (1.0
atalyst = 0.2 g, temperature = 160◦C.
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chlorophenol may be due to the deactivating influence of the
chloride substituent on the aromatic ring.

3.8. Recyclability study

The catalyst was found to be recyclable. After each cycle
the used catalyst was filtered and activated at 120◦C before
being used for the next cycle. The activity of the catalyst did
not decrease considerably even after five cycles (Table 6).

4. Conclusions

Ti4+, Sb3+, Fe3+, Sn4+, Al3+, and Zr4+ cation exchanged
H�-zeolites can function as catalysts for cyclohexylation
of phenols using cyclohexanol. Among these catalysts, H�-
SnA120 was found to be the best catalyst, and gave 87.5% of
the monoalkylated product with 95%orthoselectivity, which
is highest so for reported. The cyclohexylation of phenols was
found to be proceeds through cyclohexylphenyl ether which
may its rearrange too-cyclohexyl phenol.

We have developed a highly effective and regio-selective
catalyst, H�-SnA120 for the efficient cyclohexylation of
phenols with cyclohexanol. The catalyst is recyclable, envi-
ronmentally benign and thus an attractive alternative to the
conventional catalysts, with respect to handling and work-up.
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