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a b s t r a c t

A new insoluble multi-site triphase catalyst viz., polymer-supported 1,3,4-tris(triethylammonium-
methylene chloride)-2-methylbenzene (PSTTACMB) containing three active sites was synthesized by sim-
plified procedure and its structure was characterized by FT-IR, solid 13C NMR, TGA, [chloride ion] and
vailable online 3 May 2009

eywords:
riphase catalysis
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SEM analyses. The catalytic efficiency of PSTTACMB was ascertained by comparing with insoluble single-
site PTC viz., polymer-supported benzyltriethylammonium chloride (PSBTEAC) through determination of
pseudo-first order rate constant for C-alkylation of dihydrocarvone with 1-bromobutane using 25% (w/w)
NaOH at 60 ◦C under identical experimental conditions. Further, the dependency of rate of C-alkylation of
dihydrocarvone on different kinetic variables was studied by varying the stirring speed, [substrate], [cat-
alyst], [NaOH] and temperature. Based on the observed kinetic results and activation energy, a suitable

d.
nterfacial mechanism mechanism was propose

. Introduction

Phase transfer catalysis has been emerged as an important syn-
hetic tool in organic chemistry to carry out the reactions between

water-soluble reactant and a water-insoluble reactant present
n biphasic medium [1–3]. The enhanced reaction rate, improved
electivities and high yield under very mild conditions are the main
dvantages of phase transfer catalyst (PTC) which makes it attrac-
ive as a challenging technique for industrial preparation of fine
hemicals and pharmaceuticals [4,5]. Most of the industrial PTC
eactions are carried out almost exclusively with homogeneous
oluble PTCs. However, the main problem in using soluble PTC is
heir recovery i.e. the separation of the catalyst from the product
s difficult and that may significantly affect the cost and purity of
he product. To overcome this problem, “Triphase Catalysis” a new
ype of heterogeneous catalysis introduced by Regen [6] in which
he catalyst was immobilized on an insoluble polymeric matrix i.e.
olymer-supported PTC (PS-PTC). These triphase catalysts can be
eadily separated from the products by simple filtration and be
egenerated to their original activity. They can be reused until they
ose their mechanical stability and thus be used in continuous reac-

ors and flow systems such as packed and fluidized bed reactors
7–9]. The copolymer of poly(styrene) cross-linked with 2% divinyl-
enzene is the most common known support used, which may be
oo gelatinous in swelling solvents for use in many large-scale flow
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systems and filtrations. The major drawback of triphase catalysts
is that their activity is often less than that of soluble PTCs due to
external and intraparticle mass transfer limitations. But there are
few reports available in literature in which the polymer-supported
PTCs have been shown to have higher reactivity than soluble PTCs
[10–13]. However, the industrial utilities of both of these soluble
and insoluble PTCs containing single active site are limited due to
their low activity in the reaction. It is also found that relatively
large amount of single-site PTC must be required to perform the
bench-mark scale reaction and also to proceed rapidly enough to
form the products in an economically feasible time period. Fur-
ther, the choice of PTC mainly depends on magnitude of economy,
higher efficiency and low energy requirements. Therefore, this con-
ventional soluble/insoluble single-site PTCs have not fulfilled these
requirements. As a result, the multi-site PTCs (MPTCs) containing
more than one active site have been developed as an alternative
and which can be used in smaller proportions to get enhanced
reactivity.

Idoux et al. [14] was the first who reported the multi-site phos-
phonium PTC containing three active sites as soluble and insoluble
polymer-supported catalysts and their catalytic activity in simple
SN2 and some weak nucleophile–electrophile SNAr reactions were
studied. Subsequently, soluble ammonium type PTCs containing
two and three active sites have been synthesized by Balakrish-

nan and Jayachandran [15] and applied for various alkylations and
carbene addition reactions. Benaglia et al. [16] had reported the
synthesis of PEG-supported ammonium tetra-site PTC and found
that an increase in the number and a proper spatial arrangement of
the catalytic sites thus providing more efficient catalyst. Wang et al.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:murugan_e68@yahoo.com
dx.doi.org/10.1016/j.molcata.2009.04.009
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ynthesized various MPTCs and their catalytic activity was studied
sing thioether synthesis, dichlorocyclopropanation and alkylation
eactions [17–20]. The total weight of MPTC required in these reac-
ions is largely less compared to related single-site PTCs and also
o doubt that the number of catalytic site can ultimately decide
he efficiency of reaction. Thus reflecting to control the economy
f the reaction process. In our laboratory, we also reported differ-
nt soluble MPTCs for alkylation reactions [21,22], dichlorocarbene
ddition [23,24] and asymmetric synthesis [25–28] and insolu-
le bead-shaped polymer-supported tri-site and six-site PTC for
-alkylation of pyrrole [29] and Darzen’s condensation [30] respec-

ively. Recently, Srivastava and Srivastava [31] reported insoluble
alix[4]arene based multi-site PTCs and their catalytic activity has
een investigated through Darzens condensation, O/N-alkylation
nd ethylbenzene oxidation reactions.

C-alkylation of ketones is one of the most widely studied PTC
eactions in fine chemical industries which provide pharmaceu-
ically valuable products or intermediates for the synthesis of
erfumes, fragrances and plant protection agents [32]. In the recent
ast, alkylation of terpenoids was immensely popular owing to

ts pharmaceutical applications [33–35]. Dihydrocarvone is one
f the important terpenes and its alkylated products are used
n aroma industries [36]. Further, there are no reports available
n the C-alkylation of dihydrocarvone using PS-MPTC. In view of
he above-mentioned discussions, in the present study, we have
ynthesized a novel polymer-supported multi-site PTC containing
hree active sites and its catalytic efficiency was studied through
-alkylation of dihydrocarvone with 1-bromobutane.

. Experimental

.1. Chemicals

Gelatin (Lancaster), boric acid (SRL), polyvinyl alcohol (Lan-
aster), styrene (Lancaster), divinylbenzene (Lancaster), vinylben-
ylchloride (Lancaster), AIBN (Lancaster), triethylamine (Merck),
riethyl methanetricarboxylate (Lancaster), lithium aluminium
ydride (Merck), phosphorus trichloride (Lancaster), dihydrocar-

one (alfa aesar), 1-bromobutane (SRL), sodium hydroxide (SRL),
otassium carbonate (Merck), dimethyl formamide (SRL), tetrahy-
rofuran (SRL), dichloromethane, acetonitrile (SRL), methanol
SRL), acetone (SRL), diethylether (SRL) were used as pro-
ided.

Scheme 1. Synthesis of insoluble bead-shaped tri-site PTC viz., polymer-supported 1,3
Catalysis A: Chemical 309 (2009) 12–20 13

2.2. Instrumentation

The FT-IR spectra were recorded on Bruker-Tensor 27 FT-
IR spectrophotometer. Solid 13C NMR spectrum was recorded
using AMX-400 MHz spectrometer and thermogravimetric anal-
yses (TGA) were carried out in a ZETZSCH-STA 409C thermal
analyzer. The surface-morphology study was performed using JEOL
JSM-6360 scanning electron microscope (SEM). The kinetic study
for C-alkylation of dihydrocarvone was performed by monitor-
ing the disappearance of dihydrocarvone quantitatively through
gas chromatograph (Varion-3700 interfaced with a Chromatograph
I/F module) analysis using flame ionization detector. The column
used for the product analysis was 5% SE-30, chrom WHP 80/100,
3 m × 1/8 in. stainless tube.

2.3. Synthesis of insoluble bead-shaped multi-site PTC (tri-site)
viz., polymer-supported 1,3,4-tris(triethylammoniummethylene
chloride)-2-methylbenzene (PSTTACMB) (Scheme 1)

The insoluble polymer-supported beads were prepared by fol-
lowing the procedure described in the early literature [37] i.e.
by conducting the polymerization reaction using vinylbenzylchlo-
ride (25%, 0.27 mol) as a functional monomer, divinylbenzene (2%,
0.04 mol) as a cross-linking monomer and styrene (73%, 1.13 mol) as
a supporting monomer via suspension polymerization technique.
The obtained cross-linked copolymer beads I were washed with
methanol repeatedly and then dried. Then the dried copolymer
beads were sieved into different mesh size using Testing Sieve
Shaker (RO-TAP, W.S. Tyler Company, Ohio). From the sieved beads,
2 g (+120–140 mesh size) were swelled in DMF (30 ml) for about
24 h in a 150 ml RB flask. To which 20 ml of triethyl methanetri-
carboxylate and K2CO3 (2 g) were added to the swelled beads and
the reaction mixture was stirred continuously for 72 h at 80 ◦C. The
resulting condensed form of polymer beads II were filtered, washed
with methanol (20 ml) followed by water (40 ml) and dried at 60 ◦C
for 18 h. The condensed polymer beads II were swelled in dry THF
(20 ml) for 12 h. Then 0.5 g of LiAlH4 was added and the mixture
was refluxed for 24 h, as a result, the ester groups were reduced
into primary alcoholic groups. After completion of reaction, 15 ml

of methanol was added and the resulting condensed polymer beads
III was filtered and washed with acetone (2 × 30 ml) and dried for
18 h at 60 ◦C.

The polymer-bound product III containing ester groups was
swelled in 30 ml of dichloromethane for overnight and then 15 ml of

,4-tris(triethylammoniummethylene chloride)-2-methylbenzene (PSTTACMB).
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hosphorus trichloride (PCl3) was added slowly (dropwise) at 0 ◦C.
fter the addition, the reaction mixture was stirred at room temper-
ture for 24 h, as a result, the hydroxyl groups of –CH2OH present
n III were converted into –CH2Cl. The obtained chlorinated beads
V were filtered and washed with diethylether (25 ml) and acetone
25 ml). Finally, the chlorinated beads IV were allowed to swell in
cetonitrile (50 ml) for overnight and the swelled beads were quat-
rnized by stirring with excess of triethylamine (40 ml) for about
0 h at 80 ◦C in an inert atmosphere (N2). The solvent and unre-
cted triethylamine present in the resulting mixture was removed
y filtration and washed with acetonitrile (2 × 25 ml), methanol
3 × 25 ml) and acetone (3 × 25 ml) and then dried in an oven at
0 ◦C for about 12 h and thus produced the insoluble tri-site PTC
iz., polymer-supported 1,3,4-tris(triethylammoniummethylene
hloride)-2-methylbenzene PSTTACMB V.

Yield—82%.

[Cl− :]2.79 mequiv. g−1 (Volhard’s method)
T-IR: 2931 (aliphatic C–H), 1173 (C–N)

.4. Preparation of sample for FT-IR and SEM analyses

FT-IR study was conducted (arbitrary or semi-quantitative) to
etermine the number of active sites available in both catalysts i.e.
ri-site PSTTACMB and single-site PSBTEAC by taking equal amount
f the respective catalyst along with KBr (1:1 ratio); the pellet
as carefully prepared by using the total weight of each sample
ith uniform thickness. The uniformity of the thickness of the

espective pellet was maintained through dial micrometer. Simi-
arly, the surface morphology of the bead-shaped tri-site PS-MPTC
iz., PSTTACMB and reported single-site PSBTEAC having mesh size
f +120 − 140 were analyzed through SEM. The non-conductive
olymeric materials are made into conductive by giving uniform
latinum coating. The respective catalyst samples were spread on
he surface of double sided adhesive tape, one side of which was
lready adhered to surface of a circular copper disc pivoted by a
od. JEOL JSM-6360 auto-fine-coating ion sputter was used for the
latinum coating under identical experimental conditions.

.5. Kinetic experiments

The kinetic experiments were performed in an ordinary 150 ml
hree-necked flask fitted with a flat-bladed stirring paddle and a
eflux condenser. The experiments for C-alkylation of dihydrocar-
one (Scheme 2) catalyzed by PSTTACMB and single-site PSBTEAC
n the presence of aqueous sodium hydroxide were carried out
y the reverse addition method i.e. delayed addition of alky-
ating agent viz., 1-bromobutane. The substrate dihydrocarvone
6.1 mmol), aqueous NaOH 25% (w/w) (25 ml), hexadecane (1 ml)
nd the respective catalysts single/tri-site containing 0.74 mequiv.
f [Cl−] were taken individually in the RB flask and then stirred
t 500 rpm for 5 min at 60 ◦C so as to stabilize the catalyst and

ubstrate. Then the stirring speed was increased to 600 rpm and
0 ml of 1-bromobutane (alkylating agent) was added to the reac-
ion mixture at zero time. Samples were collected from the organic
ayer of the mixture by stopping the stirring for 10–15 s in each
ime at regular intervals (every 5 min). The kinetics of the reaction

Scheme 2. C-alkylation of dihydr
Catalysis A: Chemical 309 (2009) 12–20

was followed by estimating the disappearance of dihydrocarvone
using gas chromatograph. The column (5% SE-30 chrom WIHP
80/100, 3 m × 1/8 in. stainless steel packed column) was maintained
at 200 ◦C. For every sample, 0.5 �l of reaction mixture was injected
to the column and the products were analyzed; the retention times
for each reactants/product were mentioned within the parenthesis:
dihydrocarvone (1.17 min), 1-bromobutane (0.70 min), mono and
dialkylated products (2.79 and 1.93 min, respectively). The pseudo-
first order rate constants were calculated from the plots of log(a − x)
versus time.

3. Results and discussion

3.1. Characterization of PSTTACMB

3.1.1. FT-IR and 13C NMR analyses
Initially, the styrene based cross-linked polymer-supported

beads I were prepared by following the existing procedure [37] and
then reacted with triethyl methanetricarboxylate II and K2CO3 in
DMF medium which in turn gives product III. The appearance of
characteristic C O stretching (ester) at 1735 cm−1 in FT-IR spectrum
(Fig. 1b) confirms the formation of product III. The ester groups
present in product III were allowed for reduction using LiAlH4 and
converted into alcohol groups to yield IV. The availability of O–H
stretching noticed at 3408 cm−1 in FT-IR spectrum (Fig. 1c) had con-
firmed the reduction of ester groups into alcohol. Further, CH2OH
groups present in the product IV were chlorinated using PCl3; the
resulting chlorinated product V was analyzed with FT-IR analysis
(Fig. 1d), in which a sharp peak was observed at 714 cm−1 and
this must be attributed to the C–Cl stretching and thus confirmed
the formation of product V. Finally, the chlorinated beads V were
quaternized using triethylamine and thus produced the tri-site
catalyst viz., PSTTACMB VI. The availability of active site (or) quat-
ernization reaction was established from the appearance of sharp
peak at 1173 cm−1 for C–N stretching in FT-IR spectrum (Fig. 1e).
A comparative quantitative FT-IR study was carried out arbitrar-
ily using both the tri-site PSTTACMB VI and single-site PSBTEAC
(obtained by direct quaternization of styrene based cross-linked
polymer-supported beads I). From the FT-IR results, the C–N peak
intensity of PSTTACMB noticed at 1173 cm−1 (Fig. 1e) was found to
be higher/broader than the peak intensity of single-site PSBTEAC
(Fig. 1a). In contrast, the C–Cl stretching noticed at 714 cm−1 shows
quite opposite observation to that of C–N peak intensity in the
respective catalyst. This trend of result in turn reveals that the
PSTTACMB catalyst should contain more than one active site than
PSBTEAC. Similarly in the 13C NMR spectra of newly synthesized
tri-site PSTTACMB (Fig. 2), the peaks observed at 10.4 and 42.3 ppm
are pertinent to methyl and methylene carbons present in the quat-
ernized ethyl groups and thus proves the formation of tri-sites in
the catalyst.

3.1.2. TGA and chloride ion analyses

Although the availability of tri-site in PSTTACMB was established

through the peak intensity of C–N stretching in FT-IR spectrum, the
extent of quaternization or presence of multi-active sites in PST-
TACMB catalyst was further established by determining the amount
of functional group i.e. triethylamine group –N(C2H5)3 present in

ocarvone using PSTTACMB.
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ig. 1. FT-IR spectrum of (a) single-site PSBTEAC, (b) polymer-supported beads after
fter chlorination, and (e) polymer-supported tri-site PSTTACMB.

he catalyst through thermogravimetric analysis (TGA) and it was
ompared with the single-site PSBTEAC. Wu and Lee [38] reported
hat the availability of triethylamine groups was normally ascer-
ained from the decomposition temperature at 160 to 200 ◦C. That
s, the amount of functional group [–N(C2H5)3] present in the cat-
lyst was quantitatively determined by measuring the weight loss
ccurred at 160 to 200 ◦C. Thus, the weight loss of –N(C2H5)3 groups
s the direct quantitative indication for the availability of number of
ctive sites present in the respective catalyst. In the present study,
or easy understanding, the comparative amount of active sites
Cl−] determined from the observed weight loss values of N(C2H5)3
roups in TGA for single-site PSBTEAC (Fig. 3a) and tri-site PST-

ACMB (Fig. 3b) is given in Table 1. The amount of [Cl−] available in
ri-site PSTTACMB catalyst was found to be more (2.88 mequiv. g−1)
han single-site PSBTEAC (1.24 mequiv. g−1) which in turn confirms
he presence of more than one active site in new PSTTACMB catalyst.
urther, the concentration of chloride ion [Cl−] present in both PST-
nsation, (c) polymer-supported beads after reduction, (d) polymer-supported beads

TACMB and PSBTEAC catalysts was also estimated through known
Volhard’s method and found to be 2.79 and 1.12 mequiv. g−1 respec-
tively (Table 1). The higher [Cl−] observed in PSTTACMB catalyst also
indicates that it contains more than one active site.

3.1.3. Surface-morphology study of PSTTACMB and PSBTEAC using
scanning electron microscope (SEM)

SEM analysis was carried out using tri-site PSTTACMB and
single-site PSBTEAC catalysts individually using representative
mesh size of +120 − 140. The magnified views of single-bead for
both the catalysts were shown in Fig. 4a and b. This comparative
microgram results reveal that the surface of single-site PSBTEAC

(Fig. 4a) shows a smooth homogeneous surface without tiny nod-
ules. Whereas, in the case of tri-site PSTTACMB, more number of tiny
nodules were noticed on the surface of the beads and thus exhibits
a heterogeneous surface (Fig. 4b). This kind of observation proves
the availability of more number of active sites (–N+Et3Cl−) in the
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Table 1
[Cl−] and kobs for PSBTEAC and PSTTACMB.

S. no. Name of PTCs [Cl−] mequiv. g−1 kobs × 10−3 min−1

Theoretical Volhard TGA
Fig. 2. 13C NMR spectrum of PSTTACMB.
STTACMB catalyst. Chou and Weng [39] reported similar type of
urface-morphology studies for the polymer-supported catalysts.
alakrishnan and Murugan [37] observed similar analogy results in
urface-enriched polymer-supported PTCs. Similarly, the presence

Fig. 3. TGA of (a) single-site PSBTEA

Fig. 4. SEM images of single-bead view (magnified) of (
1. Control – – – No reaction
2. PSBTEAC 1.35 1.12 1.24 3.59
3. PSTTACMB 3.05 2.79 2.88 9.38

of number of active sites was also determined from the appear-
ance of tiny nodules on the surface of insoluble six-site PS-MPTC
[30].

3.2. Kinetic study

3.2.1. Effect of stirring speed
The effect of stirring speed on the rate of C-alkylation of dihy-

drocarvone using 1-bromobutane was studied in the range of
100–800 rpm. The pseudo order rate constants were evaluated
from the plots of log(a − x) versus time. The observed reaction rate
increases with increase in the stirring speed (Fig. 5) i.e. to start with,
the observed rate constant gradually increased from 100 to 500 rpm

and then there is a sharp increase at 600 and reaches a maximum
at 700 rpm. Further increase of stirring speed (above 700 rpm) does
not increase the rate constant and remains constant. The reason for
observation of this kind of trend must attributed to the following
facts.

C and (b) tri-site PSTTACMB.

a) single-site PSBTEAC and (b) tri-site PSTTACMB.
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rate constant versus the concentrations of catalyst gave a straight
line having slope 0.9. Control experiments in the absence of catalyst
were also carried out and no product was detected even after 3 h of
the reaction.

Table 2
Effect of variation of [catalyst].

[Cl−] mequiv. kobs × 10−3, min−1 4 + log[Cl−] 3 + log kobs
Fig. 5. Effect of stirring speed.

(i) Increase of perfect collisions between the substrate and catalyst
from 100 to 500 rpm and then reaches the maximum collision
at 600 rpm.

(ii) Increase in the interfacial mass transfer area per unit volume
of dispersion.

iii) Effective mass transformation of Q+OH− ion-pair from 500 to
600 rpm.

iv) No higher effective mass transfer of Q+OH− occurs after
600 rpm.

The rate constant is dependent on the stirring speed up to
00 rpm and then maintains constancy beyond this limit. At stir-
ing speed of 600 rpm, the exchange equilibrium between the
nions in the aqueous phase and those associated with quater-
ary salt in the organic phase must be very fast on compared
ith the displacement reaction and thus the substrate consump-

ion rate becomes independent of stirring rate. Similar observation
as reported by Landini et al. [40] in the study of n-octylmethane

ulfonate catalyzed by quaternary salts Q+X− under PTC condi-
ions in a chlorobenzene–water two-phase system. In our case, at
elow 600 rpm, there is no effective mass transfer of the reacting
nion and hence the reaction must proceed via diffusion controlled
inetics. This behavior is in sharp contrast to reactions operative
hrough extraction mechanism, where the reaction rate is directly
roportional to the stirring speed. Similar trend was observed by
alakrishnan et al. [41] in the kinetic study for C-alkylation of
henylacetone using n-butylbromide catalyzed by aqueous NaOH
nd BTEAC. When the mass transfer is rate limiting, the reaction
ates are directly proportional to the catalytic surface area of the
olymeric catalyst and inversely proportional to the radius of spher-

cal catalysts particle [42]. Wang et al. [20] reported the similar
rend of observation in the etherification reaction in which the rate
f the reaction enhanced up to 600 rpm and at above 600 rpm the
ate constants reach constant values. Hence, the independence of
he reaction rate constants on the stirring speed above 600 rpm
bserved in the present study is indicative evidence that the reac-
ion has proceeded via interfacial mechanism. Therefore, 600 rpm
s fixed as an optimum stirring speed for further kinetic variations.

.2.2. Effect of [substrate]

The concentration of substrate was varied in the range of

.05–15.26 mmol, and keeping the other reagents such as 1-
romobutane and NaOH as constant. The observed rate constants
ere found to increase on increasing the concentration of dihy-
rocarvone (Fig. 6). This is because, the presence of more number
Fig. 6. Effect of substrate on kobs.

of active sites in PSTTACMB as well as high concentration of sub-
strate had co-operatively accelerate the reaction and thus increases
the probability of meeting the substrate with active sites of cat-
alyst which in turn reflected the observations of increased rate
constant. In other words, though the molar ratio of substrate with
respect to catalyst increases, at the same time, due to free availabil-
ity of multi-catalytic active sites at the interface, the rate constant is
found to increase as the substrate concentration increases. Balakr-
ishnan et al. [41] observed a similar dependency of rate constant
on the substrate concentration in C-alkylation of phenylacetone
with n-bromobutane. Jayachandran et al. [43] studied the kinetics
of Darzen’s condensation of chloroacetonitrile with cyclohexanone
using aqueous NaOH in the presence of MPTC and suggested that
the observed rate constants increase as the amount of substrate
increases.

3.2.3. Effect of [catalyst]
The effect of catalyst concentration on the overall reactivity

was studied by varying the catalyst amount ranging from 0.56 to
1.30 mequiv. of [Cl−] maintaining the other parameters as constant.
The rate constants were calculated from the plots of log(a − x) ver-
sus time (Table 2). The observed rate constants of the reaction
are found to proportional to the concentration of catalyst. These
data shows that there is linear relationship between the rate of
C-alkylation of dihydrocarvone and catalyst concentration. This is
quite obvious, because more amount of multi-active site catalyst
has increased the number of active sites linearly in the reaction
system and thus it maximizes the amount of aqueous phase anions
bound to the catalyst cations. A bi-logarithmic plot of the reaction
0.56 7.24 0.7455 0.8597
0.74 9.35 0.8104 0.9722
0.93 11.61 0.9673 1.0648
1.11 13.56 1.0531 1.1323
1.30 15.50 1.1134 1.1903
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Table 3
Effect of variation of [NaOH].

[NaOH] M kobs × 10−3, min−1 log[NaOH] 3 + log kobs

2.77 2.19 0.4425 0.3404
4.41 3.27 0.6444 0.5146
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6.25 6.66 0.7959 0.8235
8.33 9.36 0.9206 0.9722

10.71 12.79 1.0298 1.1069

Normally, the rate of the reaction catalyzed by insoluble
olymer-supported catalysts is limited by the following factors. (i)
ass transfer of the reactants from bulk organic phase to the exte-

ior surface of catalyst particles. (ii) Diffusion of the reactants from
he surface of the active catalytic site. (iii) The chemical reaction by
ntrinsic reactivity at the active site. (iv) Diffusion of products away
rom the active site to the catalyst particle surface. (v) Mass trans-
er of products from the catalyst surface into the bulk solution. In
he present study, since the rate constants are proportional to the
eight (moles) of the added catalyst, the rate-limiting step must
ave take place at active sites of the catalyst. Molinari et al. [44]
bserved a similar dependence of the pseudo-first order rate con-
tants on the amount of heterogenized phosphonium groups in the
r–I exchange reaction of 1-bromooctane. Regen [45] investigated
he kinetics of cyanide displacement reaction under triphase con-
itions and demonstrated that the rate of the reaction was linearly
ependent on the amount of catalyst added. A linear dependence of
ate constants on the catalyst amount was observed by Yang et al.
46] in the alkylation of ethyl 2-bromoisobutyrate with potassium
-benzyloxyphenoxide under solid–liquid PTC conditions.

.2.4. Effect of [NaOH]
In a phase-transfer catalytic reaction by quaternary ammonium

alt, the reaction rate is highly affected by the alkaline concentra-
ion. The dependence of the reaction rate on the concentration of
aOH in aqueous phase was studied over the range of 2.77–10.71 M.

t can be seen that the rate constants increased tremendously with
he rise of concentration of NaOH (Table 3). This observation shows
hat the C-alkylation is highly dependent on the amount of NaOH,
nd the reaction also follows a pseudo-first-order rate law. The
mount of alkoxides, the distribution of the active catalysts and
he hydration number of the active catalysts are all affected by the
ddition of NaOH. These three factors in turn contributed for the
nhancement of the C-alkylation reaction rate. The main reason is
hat on increasing the concentration of alkaline, the hydroxide ion
s less solvated by water molecules i.e. the hydration of OH− is min-
mized and as a result the activity of OH− is increased. Therefore,
t higher alkaline concentration the rate of C-alkylation is much
igher than that of low concentration of NaOH. Chiellini and co-
orkers [47] reported that the rate of ethylation of PAN with TBAB

ncreased at high concentration of hydroxide ion and have proposed
n interfacial mechanism. In the study of phenoxide allylation in
phase-transfer catalytic system, Wu and Lai [48] observed that

he extraction of phenol (using PTC) is more effective if the base
oncentration is higher. A bi-logarithmic plot of the reaction rate
gainst sodium hydroxide concentrations gives a straight line hav-
ng a slope of 1.4. In the study of C-alkylation of phenylacetone with
-butylbromide using MPTC [49], the kinetic order with respect to
queous NaOH concentration was found to be 2.0.

.2.5. Effect of temperature

The effect of varying the temperature on the rate of C-alkylation

f dihydrocarvone was studied in the temperature range 313–353 K.
he kinetic profile of the reaction is obtained by plotting log(a − x)
ersus time. From the plot, it is clear that the rate constants increase
ith increase in the temperature (Fig. 7). Molinari et al. [50], Tomoi
Fig. 7. Arrhenius plot: effect of temperature on the rate of reaction.

and Ford [51] and Lin and Yang [52] also observed analogous tem-
perature dependence in different alkylation reactions. The energy of
activation is calculated from the Arrhenius plot, Ea = 14.2 kcal mol−1.
The other thermodynamic parameters, entropy of activation (�S#),
enthalpy of activation (�H#) and free energy of activation (�G#)
were calculated from Eyring’s equation and the obtained values
are 13.5 kcal mol−1, −9.3 cal K−1 mol−1 and 17.3 kcal mol−1 respec-
tively.

A higher Ea value of 21.5 kcal mol−1 has been reported for the
polystyrene bound trimethylammonium ion catalyzed reaction,
which was controlled by strict intrinsic reactivity under triphase
conditions [33]. Tomoi and Ford [51] also reported the activation
energy for the heterogeneous ethylation of phenylacetonitrile as
20.0 kcal mol−1 and proposed an interfacial mechanism. The Ea

value for the alkylation of pyrrolidine-2-one under solid/liquid
PTC in presence of potassium carbonate was reported to be
12.4 kcal mol−1 and an interfacial mechanism was proposed [53].
In a comprehensive study of the synthesis of 4-bromophenyl allyl
ether [48], it has been observed that the conversion of allyl bromide
increases with increase of temperature and the Ea value was found
to be 12.5 kcal mol−1. Yadav and Bisht [54] reported an Ea value of
14.0 kcal mol−1 for the etherification reaction between �-naphthol
and benzyl chloride in the presence of NaOH and tetrabutylammo-
nium bromide (TBAB). In the present investigation, the continuous
increase in the rate constant values on stirring speed from 100 to
600 rpm and the higher activation energy value were indicative
of the interfacial mechanism operative under the specified experi-
mental conditions.

3.2.6. Mechanism (Scheme 3)
In the present investigation, the dependency of rate of C-

alkylation of dihydrocarvone on stirring speed, [catalyst], [NaOH],
temperature and the higher activation energy (Ea) has suggested
that the reaction proceeds through interfacial mechanism. The
interfacial mechanism for the reactions of carbanions with a vari-
ety of electrophiles was proposed by Makosza [55]. A crucial point
is the formation of the carbanion by proton abstraction from the

CH acid dissolved in a nonpolar solvent by the concentrate aque-
ous NaOH at the phase boundary. The generated carbanions, as
sodium derivatives, remain adsorbed at the surface of the aque-
ous phase. They cannot migrate into the organic phase because of
their low solubility or into the aqueous phase due to the strong
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Scheme 3. Mechanism of

alting-out effect. The catalyst, a lipophilic cation, exchanges anions
t the interface, and the new “fully lipophilic” ion-pair migrates
nto the organic phase where the reaction occurs. The free catalyst
an, again, undergo the ion exchange at the interface. Rabinovitz et
l. [56] reviewed the interfacial mechanism of hydroxide ion ini-
iated alkylation in presence of PTC. In view of the early results
nd observation, the mechanism for C-alkylation of dihydrocar-
one with 1-bromobutane under triphase conditions involves the
ollowing steps:

(i) The organic phase substrate dihydrocarvone is deprotonated
at the interface by the aqueous phase NaOH and forming an
ion-pair [Na+R−].

(ii) This ion-pair [Na+R−] at the interface reacts with the catalyst
PSTTACMB (Q+Cl−) to form [Q+R−] catalyst-anion pair.

iii) The paired anion [Q+R−] moved into the organic phase and then
reacts with the alkylating agent 1-bromobutane to form the
alkylated product methyl 2-((oxiran-2-yl)methoxy)benzoate
and the catalyst return to its original form of Q+Cl− (org).

.2.7. Reusability of the PSBTTEACHPE catalyst
The reusability of the insoluble tri-site PSTTACMB catalyst was

tudied by conducting the same C-alkylation of dihydrocarvone
eaction. The observed rate constant shows that there is no loss
n activity even after recycling the catalyst for 5 times. The qua-
ernary ammonium salts are normally got decomposed and side
eactions may occur particularly at high concentration of NaOH.
n the present study, the alkylation reaction was conducted using
ow concentration of NaOH (25%, w/w) and the catalytic activity
emains unchanged even after five cycles.
. Conclusion

A new efficient insoluble polymer-supported tri-site phase
ransfer catalyst has been successfully synthesized through sim-
lified procedure. The appearance of C–N stretching with high
lation of dihydrocarvone.

intensity in FT-IR, the peaks corresponding to methyl and methy-
lene carbons of triethylamine groups observed in 13C NMR, increase
in chloride ion concentration determined through Volhard method,
increase in the weight loss value of triethylamine group noticed
in TGA, availability of heterogeneous tiny nodules observed in
SEM images and the enhanced rate constant in the C-alkylation of
dihydrocarvone have all proved that the new insoluble MPTC viz.,
PSTTACMB should contain approximately three active sites as com-
pared with the single-site PSBTEAC. The rate constants observed
from the kinetic study of C-alkylation of dihydrocarvone using the
superior PSTTACMB are dependent on each variable such as stirring
speed, [substrate], [catalyst], [NaOH] and temperature. The acti-
vation energy Ea and thermodynamic parameters viz., �S#, �H#

and �G# values were calculated and reported as 14.2 kcal mol−1,
13.5 kcal mol−1, −9.3 cal K−1 mol−1 and 17.3 kcal mol−1 respec-
tively. An interfacial mechanism was suggested for the C-alkylation
of dihydrocarvone. The insoluble PSTTACMB catalyst can be reused
and there is no loss in activity was observed upto five cycles.
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