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Two different chitosan supported palladium based catalysts were prepared, wherein dispersed palladium
nanoparticles were obtained via chemical reduction supported on chitosan (Pd/CTS) and amine
functionalized modified chitosan (Pd/AFCTS). The catalytic activity of the Pd-based catalysts, Pd/CTS
and Pd/AFCTS, were assessed in the hydrogenation of styrene oxide to 2-phenyl ethanol. Both Pd-based
catalysts enhanced the formation of the desired 2-phenyl ethanol in contrast to a conventional Pd/C
catalyst without the assistance of inorganic or organic base. A considerable influence on the conversion
and selectivity was observed in the case of Pd/AFCTS, consisting of palladium nanoparticles stabilized
and dispersed on amine-functionalized chitosan matrix, affording complete conversion of styrene oxide
with 98% selectivity to 2-phenyl ethanol. The catalyst Pd/AFCTS has also been recycled without
significant loss of activity and selectivity.

Introduction

2-Phenylethanol (2-PEA), a colorless liquid having a mild but
lasting odor of rose petals with bacteriostatic and antifungicidal
properties is a valuable fragrance chemical. Due to its pleasing
smell, 2-PEA is extensively used in perfumes, deodorants, cos-
metics, soaps, detergents and as a food additive.1,2 Besides its
direct application 2-PEA is also used as an intermediate in the
synthesis of industrially important compounds.3,4 However, the
selective synthesis of 2-PEA by conventional industrial pro-
cesses such as (i) Friedel–Crafts alkylation of benzene using
ethylene oxide with AlCl3 as catalyst,

2,3 (ii) using Grignard-type
reactant and ethylene oxide followed by decomposition of sul-
phuric acid4 and (iii) the ring opening of the epoxide using
various hydrogenating agents5–13 are limited due to the gener-
ation of large amounts of inorganic salts, multi-step syntheses,
need of special reagents and operation complexity by use of
either corrosive, toxic or cumbersome reagents. Therefore, a
process that produces a high purity of 2-PEA in a more environ-
ment friendly manner is highly desirable. A two-step catalytic
process has been proposed wherein in the first step, styrene was
catalytically oxidized to styrene oxide,14,15 followed by its
hydrogenation to 2-PEA by molecular hydrogen using a hetero-
geneous catalyst.

The catalytic hydrogenation of styrene oxide to 2-PEA drew a
lot of interest in academia and industry and is considered as an

effective, cleaner and more economical alternative to produce 2-
PEA.16–30 The hydrogenation of styrene oxide is usually
accompanied with the formation of several side products such as
phenyl acetaldehyde, benzaldehyde, 1-phenyl ethanol, styrene
and ethyl benzene (Scheme 1). The presence of these by-pro-
ducts may destroy the aroma of the 2-PEA, making it unsuitable
for perfumery formulations. Thus, various attempts have made
to increase the selectivity for PEA.23–30 Several publications
described the use of Pd/C or RANEY® nickel as the hydrogen-
ation catalyst in the presence or absence of a base promoter for
the selective preparation of 2-PEA from styrene oxide.24–26 The
high conversion was obtained with a supported Pd based cata-
lyst; and when alkali is used as a basic promoter, a high selectiv-
ity to 2-PEA is achieved. Consequently, a variety of supported
palladium catalysts has been developed by immobilizing Pd on
various supports. These supported catalysts are mainly based on
inorganic oxides like zeolites, alumina and MgO.27–30

In recent years biopolymers have gained a great research atten-
tion for their use as a support in catalysis.31–36 Chitosan, the
second most abundant natural polymer after cellulose, is a
natural biopolymer produced by the alkaline N-deacetylation of

Scheme 1 The catalytic hydrogenation of styrene oxide to produce 2-
phenylethanol.
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chitin. Chitin, the naturally occurring polysaccharide, is extracted
from the shells of crustacea, such as crabs, lobsters, prawns, and
shrimps and the amount of its production is estimated to be
several billion tons per year.37 Chitosan, a reactive functional
polymer, has a wide range of applications in biomedicine,
pharmacology and agriculture.38

Chitosan is characterized as a heteropolymer consisting of
D-glucosamine units and N-acetyl D-glucosamine. The insolubility
of chitosan in the majority of common solvents and good
chemo-physical and biological properties (hydrophilic, biode-
gradable, non-toxic and biocompatible) make chitosan an excel-
lent candidate as a support for liquid phase catalysis.39,40

Moreover, the presence of amine functional groups (Scheme 2)
in chitosan leads to interesting chelating properties for metal
cations31 as well as efficient base catalysts.41,42 The use of such
a basic support can provide a process having advantages of easy
handling of the catalyst, easy separation of the products and
avoiding the use of alkali or organic bases.

The present paper describes the use of chitosan supported Pd
catalysts for the selective synthesis 2-PEA. The two different Pd
catalysts were prepared with chitosan and modified chitosan. The
modified chitosan supported Pd catalyst is found to be an
efficient catalyst for the hydrogenation of styrene oxide; the
selectivity for the desired product is high and is consistent over
many catalyst-reuse experiments.

Experimental

Materials

Methanol, ethanol, toluene, tetrahydrofuran (THF), 1,4-dioxane
and hexane were purchased from Sigma-Aldrich as anhydrous
grade material and used as received. PdCl2, styrene oxide (99%),
catalyst 5% Pd/C, Aminopropyltrimethoxysilane (97%), salicyl-
aldehyde and chitosan (low-molecular weight) were purchased
from M/s Sigma-Aldrich Chemicals, USA and used as received.
The hydrogen gas (99.9%) used was from Hydro Gas India Pvt.
Ltd., India.

Instrumentation

All the hydrogenation reactions were performed in a 100 mL
stainless steel autoclave reactor (Autoclave Engineers, EZE–Seal
Reactor, USA). 1H NMR spectra of compounds were measured
in CDCl3 solvent and using TMS as an internal reference, on a
Bruker Avance 500 MHz FT-NMR. Infrared (IR) spectra were
recorded using KBr pellet on a Perkin-Elmer spectrum GX
FT-IR system in the range 400–4000 cm−1 with a resolution of
4 cm−1. The C, H and N elemental analysis has been done on a
Perkin-Elmer, 2400 CHNS/O analyzer. Surface area measure-
ments were carried out using a Micromeritics ASAP 2010 instru-
ment, USA. The samples were activated at 100 °C for 4 h under
vacuum (5 × 10−2 mmHg) prior to N2 adsorption measurements.
The specific surface areas, pore diameters, and pore volumes of
the samples were determined from nitrogen adsorption isotherms
measured at −196 °C as per Brunauer, Emmett, Teller (BET)
method. The metal contents in the catalysts were determined by
inductively coupled plasma emission spectrometry (ICPES;
Perkin-Elmer, OES, Optical 2000 DV) under standard conditions
by digesting the sample in a minimum amount of concentrated
HNO3.

Scanning electron microscopy images of the support and cata-
lyst were measured on a microscope (Leo Series VP1430,
Germany). The samples were coated with gold using sputter
coating to avoid charging. Analyses were carried out at an accel-
erating voltage of 18 kVand a probe current of 102 AMP.

Thermogravimetric analysis (TGA) were carried out using a
Mettler TGA/SDTA 851e equipment in flowing N2 (flow rate =
50 mL min−1), at a heating rate of 10 °C min−1 and data were
processed using Stare software.

Transmission electron microscopy (TEM) images were
obtained with a JEOL JEM-2100 microscope with an accelera-
tion voltage of 200 kV using carbon coated 200 mesh copper
grids. The samples were ultrasonically dispersed in ethanol for
5 min and deposited onto carbon film using capillary and dried
in air for 30 min.

Products were analyzed with Shimadzu GC-17A gas chro-
matograph (GC) using flame ionization detector (FID) having
5% diphenyl- and 95% dimethyl siloxane capillary column
(60 m length, 0.25 mm diameter). The column temperature was
initially kept at 50 °C for 5 min and then raised to 200 °C at
10 °C min−1. Nitrogen was used as a carrier gas (1.2 mL min−1).
Furthermore, the reaction mixture was analyzed by GC–MS
(Shimadzu, GC-MS QP 2010, Japan) to confirm the products via
mass fragmentation patterns.

Synthesis of modified chitosan

Generally chitosan is treated with HCl and then the chitosan
beads are prepared by adding it into an NaOH solution. Chitosan
(CTS) can be used as such as a catalyst support. However, it is
better to functionalize the chitosan avoiding the use of acids and
alkalis to obtain an active base catalyst. Therefore, the chitosan
was modified. Amino functionalization of the chitosan
(Scheme 2) was done by treating chitosan with aminopropyltri-
methoxysilane (APTMS). In a typical procedure, 1.5 g of chito-
san and 1 g of APTMS were taken in 25 mL toluene in a 50 mL
round bottom flask (RBF). The RBF was connected with a water

Scheme 2 A schematic approach for the synthesis of chitosan sup-
ported Pd nanoparticles.
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condenser and an inert atmosphere was created by nitrogen. The
RBF was placed in an oil bath at 110 °C. The refluxing was con-
tinued for 24 h with stirring at 450 rpm. After 24 h, the flask
was cooled to room temperature. The catalyst was filtered, dried
at 100 °C and powdered to get the amino functionalized chitosan
(AFCTS).

Synthesis of chitosan supported Pd catalyst

The chitosan supported Pd catalysts were synthesized in two
steps; adsorption of Pd salt followed by reduction with NaBH4

with the modification of reported procedures.31,32 Mainly, the
two different Pd catalysts were prepared with raw chitosan (CTS)
and amino functionalized chitosan (AFCTS). To immobilize Pd
on CTS or on AFCTS, 66.4 mg of PdCl2 salt (2% Pd metal by
weight) was placed together with 50 mL ethanol and 2.0 g CTS/
AFCTS support in a 2-necked 100 mL round bottom flask
equipped with a mechanical stirrer and a reflux condenser con-
nected to a nitrogen inlet. The resulting mixture was stirred at
reflux temperature under an N2 atmosphere32 for a period of
12 h. The prepared Pd/CTS or AFCTS complex was reduced
with excess NaBH4 with constant stirring for 3 h at room temp-
erature. Finally, the catalyst was separated by filtration, washed
with ethanol and dried to give dark grey catalyst CTS-2Pd or
AFCTS-2Pd (Scheme 2). The catalyst AFCTS-Pd with different
Pd content (such as AFCTS-0.5Pd, AFCTS-1Pd, and
AFCTS-3Pd) were also prepared with the method described
above by varying the Pd salt amount.

Catalytic hydrogenation reaction

In typical hydrogenation experiment, the required amount of cat-
alyst (CTS-Pd or AFCTS-Pd), substrate styrene oxide and
solvent were charged into a stainless steel autoclave 100 mL
reactor. The reactor was flushed with H2 three times at room
temperature after which the reactor was brought to the desired
reaction temperature and pressurized with H2 at the desired
pressure. The reaction was initiated by stirring (900 rpm); the
reaction started immediately as was evidenced by a pressure drop
and accompanied by a slight increase of the temperature. The
constant pressure of the reactor was maintained by supplying the
hydrogen during the reaction. To check conversion, samples
were withdrawn via sampling valve from the reactor at different
time intervals during the course of the reaction and analysed by
gas chromatography. Furthermore, the reaction mixture was ana-
lyzed by GC–MS (Shimadzu, GC-MS QP 2010, Japan) to
confirm the products via mass fragmentation patterns. After the
desired reaction time, the stirring was stopped and the reactor
was cooled down to room temperature, depressurized, flushed
with N2, opened and decanted the reaction mixture from the cata-
lyst to collect the final sample for a GC analysis. Finally, the
solvent was distilled from the reaction mixture to obtain the final
product. To ensure the reproducibility of the results, repeated
experiments were carried out under identical reaction conditions
and data were found to be reproducible within ±2% variation.

Results and discussion

Characterization of catalysts

The catalysts were characterized thoroughly by various instru-
mental techniques. The FT-IR spectra of the raw chitosan,
AFCTS and catalysts (chitosan supported Pd: CTS-Pd,
AFCTS-Pd and recycled AFCTS-Pd-R) in the 4000–400 cm−1

region matched well (Fig. 1) with the reported spectra.43 The
FT-IR spectra of raw chitosan and AFCTS gave a band at
1596 cm−1 indicating the presence of the –NH2 group. The
slightly higher intensity of the band at 1596 cm−1 in AFCTS
than in raw chitosan confirms the functionalization of APTMS in
raw chitosan. The absorption bands at 1150 cm−1 (anti-sym-
metric stretching of the C–O–C Bridge), 1081 and 1032 cm−1

(skeletal vibration involving the C–O stretching) are character-
istic of saccharide structure. The absorption bands at 3440 and
2921 cm−1 are attributed to the O–H and methylene (-CH2)
group, respectively. The broad peak at 3440 also indicated that
the hydroxyl groups are hydrogen-bonded. The FT-IR spectra of
the catalysts, CTS-Pd and AFCTS-Pd were identical to the corre-
sponding chitosan support. However, the intensity of the IR
band at 1596 cm−1 decreased indicating the stabilization of the
palladium nanoparticles in the chitosan matrix through the amine
groups. It may also be noted that the reused catalyst
(AFCTS-2Pd-R) showed a negligible change in FT-IR pattern
(Fig. 1), which is consistent with the catalyst re-use experiments.

The thermal behavior of raw chitosan, AFCTS, CTS-Pd and
AFCTS-Pd are shown in Fig. 2. Raw chitosan has two main
weight losses with one starting at 60 °C and another starting at
around 260 °C. The first weight loss of ∼9% was attributed to
the removal of adsorbed water molecules. The second stage
weight loss of 57% is due to the decomposition of the polysac-
charide chain. The AFCTS, CTS-Pd and AFCTS-Pd displayed
similar thermal behavior with a two step weight loss. The first
weight loss was ∼2.5–3.0% in the range of 50–120 °C due to
the physically adsorbed water molecule and the second step
weight loss was of ∼54% for the decomposition the polysacchar-
ide framework. The catalysts are thermally stable up to 250 °C.

The surface morphology of the support (AFCTS) and catalyst
(AFCTS-Pd) by SEM images (Fig. 3) clearly depict the layered

Fig. 1 FT-IR spectra of the support and catalysts.
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structure of the support. The catalyst surface has a lower surface
area, which is confirmed by the N2 sorption studies.

The BET surface area of the support and catalyst were found
to be ∼1.04 m2 g−1 with a pore diameter of 128 Å. C, H, and N
analysis of CTS and AFCTS were recorded and found to be:
CTS (C 39.32, H 6.55, N 8.37); AFCTS (C 41.04, H 6.71, N
10.96). From these results it is clear that the chitosan was func-
tionalized by APTMS.

The percentage of palladium content in the catalysts, CTS-Pd
and AFCTS-Pd was determined by chemical analysis using
Inductive Coupled Plasma (ICP). No significant difference was
observed in the ICP analysis of the catalysts related to the theor-
etical Pd content and was in accordance with the calculated
compositions.

The TEM images of catalyst AFCTS-2Pd (Fig. 4) displayed
the well dispersed nature of the Pd nanoparticles with diameters
in the range of 8–25 nm situated on the external surface of the
support.

The number of accessible amino groups on the catalyst
(AFCTS-Pd) was determined by reacting the catalyst with salicyl-
aldehyde.10 The catalyst (50 mg) was mixed with 3 mL of 0.16
M solution of salicylaldehyde in ethanol with nitrobenzene as
GC internal standard. The salicylaldehyde forms salicylidimine
Schiff base with the accessible amino group present on the cata-
lyst. The residual salicylaldehyde concentration was determined
by GC analysis, from which the accessible amino groups were
calculated. The percentage amount of accessible amine groups
was ∼32%. In the modified chitosan, the grafted APTMS will
have most of the amino groups exposed on the surface whereas
the amino groups of the raw chitosan itself being in bulk will not
have that much exposure.

However, the functionalized APTMS and –NH2 group in chit-
osan itself are responsible to contribute for the observed 32% of
accessible amino groups in the catalyst AFCTS-Pd. The sali-
cylaldehyde adsorption onto –NH2 groups is carried out in the
presence of a protic solvent such as ethanol, which leads to the
swelling of polysaccharide framework of chitosan19,20 and
allows salicylaldehyde to enter into the polymer chain to have
access to the bulk amino groups. This resulted in the higher
accessible basic sites although the catalyst has a lower surface
area.

Catalytic activity

The complete conversion of styrene oxide and selective prep-
aration of 2-phenyl ethanol by hydrogenation of styrene oxide is
a complex process. Therefore, the studies have been mainly
focused on selectivity issues and product distribution using
different catalyst systems. The catalytic performances of chitosan
supported Pd catalysts are summarized in Table 1. The catalytic
results indicated that the chitosan supported Pd catalysts selec-
tively gave 2-phenylethanol at 40 °C and 2.0 MPa hydrogen
pressure. The main side products were phenyl acetaldehyde and
ethyl benzene. No formation of 1-phenyl ethanol was observed.
Under the same reaction conditions, the CTS-2Pd gave 2-PEA
selectivity of 90% with 57% conversion of styrene oxide in 1 h

Fig. 2 TGA profile of the support and catalyst.

Fig. 3 SEM images of (a) the support AFCTS and (b) the catalyst AFCTS-Pd.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2910–2917 | 2913
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whereas AFCTS-2Pd gave 71% conversion with 97% selectivity
to 2-PEA, indicating that AFCTS-2Pd was more active (Table 1,
entry 5). This reveals the crucial role played by the surface
amino functional groups in the amino functionalized chitosan
and higher activity of AFCTS-Pd compared to the non functio-
nalized chitosan. To ascertain the role of palladium present in
the chitosan supported Pd catalysts, one hydrogenation exper-
iment was carried out using bare chitosan (without Pd) as a cata-
lyst at 40 °C and 2.0 MPa partial pressure of hydrogen. No
hydrogenation of styrene oxide was observed even after 3 h reac-
tion time (Table 1, entry 1), which indicated that the Pd present
in the chitosan supported Pd catalysts is only the active metal
centre (or active sites) for hydrogenation of styrene oxide.

In order to check the influence of Pd loading, the palladium
content was varied from 0.5 to 3% in the AFCTS-Pd catalyst. As
expected, the conversion of styrene oxide hydrogenation was
found to increase with an increase in Pd content indicating linear
dependency with respect to the palladium content (Table 1).
Similar results have been reported for Pd catalyzed hydrogen-
ation of styrene oxide by Chaudhari et al.26 The conversion and
2-PEA selectivity were low at low palladium content (0.5%) and
improved with an increase in palladium content (3%). These
results further corroborate that Pd is the active metal centre as the

conversion and selectivity varied with Pd content. It is of interest
to compare the catalytic performance of the AFCTS-3Pd with
Pd5-C (5% Pd supported on carbon), the experiment was carried
out with catalyst Pd5-C under similar reaction conditions
(temp. 40 °C, 2 MPa hydrogen pressure). For the Pd5-C, high
conversion (93%) of styrene oxide was obtained as compared to
the AFCTS-3Pd catalyst (85%) due to the high surface area and
organophilic character of the carbon support. Although, selectiv-
ity for 2-PEAwas considerably lower for Pd5-C (84%) than that
observed for the AFCTS-3Pd catalyst (97%). The AFCTS-3Pd
catalyst even at lower Pd loading than Pd5-C displayed compar-
able catalytic activity and high selectivity of 2-PEA (Table 1,
entries 6 and 7). The effect of reaction parameters like tempera-
ture, catalyst amount, pressure of hydrogen, solvent and stirring
rate on conversion and selectivity of 2-PEA in the hydrogenation
experiments using AFCTS-2Pd catalyst were investigated in
detail.

Effect of temperature

In order to elucidate the influence of the reaction temperature in
the hydrogenation of styrene oxide, the temperature was varied

Fig. 4 TEM images of AFCTS-Pd.

Table 1 Chitosan supported Pd catalyzed hydrogenation of styrene oxidea

Selectivity (%)

Entry Catalyst Pd (%) Conv.b (%) 2-PEAc 1-PEAd PADe ETBf

1 CTS — 0 — — — —
2 CTS-2Pd 2 57 90 — 8 2
3 AFCTS-0.5Pd 0.5 38 91 — 9 —
4 AFCTS-1Pd 1 53 94 — 6 —
5 AFCTS- 2Pd 2 71 97 — 3 —
6 AFCTS-3Pd 3 85 97 — 3 —
7 Pd5-C 5 93 84 2 14 —

aReaction conditions: styrene oxide = 25 mmol, catalyst. = 60 mg, temp. = 40 °C, hydrogen pressure = 2.0 MPa, solvent (methanol) = 30 mL,
reaction time = 60 min. bConversion of styrene oxide, c Selectivity to 2-phenyl ethanol, d Selectivity to 1-phenyl ethanol, e Selectivity to phenyl
acetaldehyde (PAD), f Selectivity to ethyl benzene

2914 | Dalton Trans., 2012, 41, 2910–2917 This journal is © The Royal Society of Chemistry 2012
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from 30 to 80 °C at constant hydrogen pressure (2.0 MPa). The
initial rate (calculated at 30–40% conversion level) for hydro-
genation of styrene oxide catalyzed by AFCTS-2Pd increased
almost linearly on increasing the reaction temperature (Fig. 5).
However, on increasing the temperature from 30 to 80 °C, there
was slight decrease in the selectivity (from 97 to 92%) for 2-
PEA. Interestingly, 1-phenylethanol was not formed in the
studied temperature range. The low reaction temperature (30 °C)
resulted in higher selectivity to 2-PEA (97%) but the initial rate
of styrene hydrogenation was rather low [21.61 mol/(molPd.
min)]. While at 80 °C, the initial rate of reaction increased to
44.32 mol/(molPd.min) with 2-PEA selectivity decreased to
92%. The decrease in 2-PEA selectivity at high temperature is
mainly due to the formation of phenyl acetaldehyde (Scheme 2).
The optimum reaction temperature was selected as 40 °C for
further study.

Effect of catalyst amount

In hydrogenation, the amount of catalyst can alter the distri-
bution of product and influence the selectivity. The effect of cat-
alyst amount on conversion and selectivity in hydrogenation of
styrene oxide was studied at 40 °C and 2.0 MPa hydrogen
pressure by varying the amount of catalyst from 30 to 120 mg

(styrene oxide/catalyst ratio 25 to 100). The results are summar-
ized in Fig. 6. The reaction was very slow at a low amount of
catalyst and the conversion as well as selectivity to 2-PEA
increased with an increase in the catalyst amount. The 30 mg
AFCTS-2Pd catalyst resulted in 29% conversion of styrene
oxide with 90% 2-PEA selectivity. The conversion and selectiv-
ity to 2-PEA increased to 92% and 98% respectively at 120 mg
of catalyst under the employed experimental conditions. The
high conversion and selectivity at higher catalyst amount can be
attributed to the higher number of active sites present on the
surface of the catalyst.

Effect of hydrogen pressure

In the hydrogenation reaction, a minimum pressure of hydrogen
is required to dissolve a sufficient amount of hydrogen in the
reaction solvent. The hydrogenation of styrene oxide catalyzed
by AFCTS-2Pd was studied at 40 °C under different hydrogen
pressures (1.0–4.0 MPa). The results of the effect of the hydro-
gen pressure on conversion and selectivity of styrene oxide
hydrogenation are given in Fig. 7.

The conversion of styrene oxide increased on increasing the
partial pressure of hydrogen. The hydrogenation of styrene oxide
proceeds slowly at low hydrogen pressure due to low concen-
tration of dissolved hydrogen. At 1.0 MPa hydrogen pressure,
conversion was found to be 59%. The conversion increased con-
siderably with an increase of hydrogen pressure. For example, on
the increase of H2 pressure from 1.0–4.0 MPa, the conversion
was increased from 59 to 90%. In all instances, a high selectivity
to 2-PEAwas obtained. The higher hydrogen pressure favors the
lower equilibrium concentrations of substrate, which results into
higher conversion of styrene oxide.

The effect of agitation speed on the conversion and selectivity
of styrene oxide hydrogenation was also studied by varying the
stirring rates at 500, 750, 950, 1150 and 1350 rpm, respectively,
in order to confirm the impact of gas liquid mass transfer resist-
ance. The other reaction parameters were kept the same. At low

Fig. 5 Effect of temperature on (a) initial rate and (b) selectivity to 2-
PEA using AFCTS-2Pd as a catalyst. Reaction conditions: styrene oxide
= 25 mmol, substrate/Pd = 2216, hydrogen partial pressure = 2.0 MPa,
solvent (methanol) = 30 mL.

Fig. 6 Effect of catalyst amount on the AFCTS-2Pd catalyzed hydro-
genation of styrene oxide. Reaction conditions: styrene oxide =
25 mmol, Temp. = 40 °C, hydrogen pressure = 2.0 MPa, solvent (metha-
nol) = 30 mL, reaction time = 60 min.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2910–2917 | 2915
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stirring rate (500 rpm), the reaction proceeds slowly and is diffu-
sion-limited. Whereas an increase in stirring rate from 500 to
950 rpm substantially enhanced both the conversion and 2-PEA
selectivity. With the further increase in stirring rate from 950 to
1350 rpm, no significant change in conversion and selectivity
were observed. Therefore, in all the experiments the stirring rate
was maintained at 950 rpm.

Effect of solvent

The choice of solvent was found to be critical for the reaction as
the side product formation was affected by solvent used. Differ-
ent solvents were studied to find the effect of solvent on
AFCTS-2Pd catalyzed hydrogenation of styrene oxide (Fig. 8).
The hydrogenation of styrene oxide proceeds well with high

activity and selectivity in MeOH and EtOH, while in THF, 1,4-
dioxane and n-hexane, low conversion was observed. The
highest conversion was observed with MeOH as the solvent. A
similar observation had been reported by Chaudhari et al.26 The
use of protic solvents such as methanol and ethanol indicates the
presence of weak, or the absence of, metal Pd-epoxide inter-
action, which increases the conversion and selectivity.

Recyclability of the catalyst

The kinetic profile for conversion of styrene oxide and formation
of 2-phenyl ethanol with respect to time is shown in Fig. 9. In
30 min, 41% conversion of styrene oxide was observed, which
increased to 71% in 60 min of reaction time. The complete con-
version of styrene oxide was obtained at 105 min. The catalytic
hydrogenation of styrene oxide yielded mainly 2-phenyl ethanol.
However, a small amount of phenyl acetaldehyde was observed
at the initial stage of the reaction. As the reaction proceeded, the
formation of phenyl acetaldehyde increased up to 3%.

In order to determine Pd leaching from the catalyst, the hydro-
genation of styrene oxide (with 41% conversion) was stopped
after 30 min, the catalyst was removed by filtration and the reac-
tion was allowed to proceed at 40 °C and 2.0 MPa hydrogen
pressure for a further 6 h without catalyst. No further increase in
the conversion of styrene oxide into 2-phenyl ethanol was
observed. Moreover, Pd in the reaction mixture after the reaction
could not be detected by the ICP-OES (detection limit of
ICP–OES instrument is ∼0.2 ppm). This indicates that leaching
of Pd, if any, is very low. Catalyst recycling tests were also con-
ducted. For reusability experiments, the catalyst was filtered
from the reaction mixture, washed with methanol and dried
before reuse. The regenerated catalyst was used for the hydro-
genation of styrene oxide under similar reaction conditions as
used for the fresh catalyst. No significant change in TONs (see
ESI†) as well as in selectivity to 2-PEAwere observed up to five
cycles suggesting that the catalyst is reusable under the

Fig. 7 Effect of partial pressure of hydrogen on the AFCTS-2Pd cata-
lyzed hydrogenation of styrene oxide. Reaction conditions: styrene oxide
= 25 mmol, catalyst (AFCTS-2Pd) = 60 mg, temp. = 40 °C, methanol =
30 mL, reaction time = 60 min.

Fig. 8 Effect of solvent on AFCTS-2Pd catalyzed hydrogenation of
styrene oxide. Reaction conditions: styrene oxide = 25 mmol, catalyst
(AFCTS-2Pd) = 60 mg, temp. = 40 °C, hydrogen pressure = 2.0 MPa,
solvent = 30 mL, reaction time = 60 min.

Fig. 9 Progress of hydrogenation of styrene oxide with respect to time
using the AFCTS-2Pd catalyst. Reaction conditions: styrene oxide =
25 mmol, substrate/Pd = 2216, temp. = 40 °C, hydrogen pressure =
2.0 MPa, methanol = 30 mL.
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employed reaction conditions. The ICP analysis of spent catalyst
after the fourth cycle showed ∼1.92 wt.% of Pd in the catalyst
further confirming that Pd leaching into the organic phase is neg-
ligible. Moreover, the recycled catalyst was checked for elemen-
tal analysis to study the leaching of the APTMS, if any. The
obtained results were %C: 43.78, %H: 6.82, %N: 10.59. This
confirms the stable functionalization of APTMS in the AFCTS
and the increase in %C can be attributed to the adsorption of
substrate or/and products. In order to check any loss of APTMS
from the AFCTS-2Pd, the fresh catalyst was taken in toluene and
the supernatant solution was separated. In the separated super-
natant solution salicylaldehyde was added and the solution was
checked by UV-vis spectroscopy for a characteristic imine peak.
No characteristic imine peak was observed, indicating that there
is no loss of APTMS from the AFCTS-2Pd catalyst.

Conclusions

The catalytic hydrogenation of styrene oxide to 2-phenyl ethanol
by Pd supported on a chitosan catalyst was investigated. Chito-
san has been modified using APTMS avoiding the use of acid or
alkali. The Pd supported on modified chitosan was found to be
an efficient catalyst compared to the Pd supported on non func-
tionalized chitosan for the selective preparation of 2-PEA. The
more basic site in AFCTS with respect to the non-functionalized
counterpart provided better selectivity thus leading to high 2-
phenyl ethanol selectivity (97–98%) at total conversion of
styrene oxide under optimized conditions. The catalyst was sep-
arated and effectively used up to five cycles without significant
loss in its activity and selectivity.
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