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Abstract

Phase transfer catalysis (PTC) is a very mature discipline now. However, there are hardly any studies on the theoretical and experimental
analysis of the effect of nature and number of phases on enhancement of rates and selectivities. PTC reactions can be carried out in liquid—liquid
(L-L), solid—liquid (S-L), and liquid—liquid—liquid (L-L—L) and solid—liquid—liquid (S—L—L) conditions bringing into picture dominance of
mass transfer effects. The current work addresses these issues in the alkylation reg:tiaplothol with benzyl chloride with the C- and
O-alkylation being the competing reactions. The role of various phases in enhancing the selectivity towards benzyl-2-naphthyl ether has been
extensively investigated. The L-L—-L PTC process has been found to be the most effective and economical route giving only the desired ether
within a short reaction times and high catalyst reusability, unlike the L-L PTC process. A mathematical model is developed to establish the
rate constant.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Selectivity engineering; Phase transfer catalysis (PTC); Multiphase reacfieNsiphthol; Benzyl chloride; Benzyl-2-naphthyl ether;
Liquid—liquid—liquid PTC.

1. Introduction liquid—liquid—liquid (L-L-L) PTC have been used to pre-
pare phenolic ethers from- and p-chloronitrobenzene us-
Phase transfer catalysis (PTC) is now a commercially ma- ing methanol, ethanol andbutanol in our laborator{4—6].
tured discipline with over 600 applications covering a wide The role of omega phase in C-alkylation S—L PTC has been
spectrum of industries such as pharmaceuticals, agrochemiillustrated from fundamental view points by {i&-9]. The
cals, perfumes, flavors, dyes, speciality polymers, pollution L-L—-L PTC gives 100% selectivity towards the formation of
control, etc[1-3]. Alkylation reactions (C, O, N and S) are  O-alkylated product and avoids the formation of competing
one of the most widely studied reactions under PTC and someC-alkylation reactionj4,5,11,13] A variety of ethers can be
of these may be competing reactions depending on the subprepared advantageously by using any of the technid4égs
strate[4—13]. Aromatic ethers and their substituents are used  Benzyl naphthyl ethers are versatile compounds. The alky-
in a variety of industries and are produced by PTC routes. lation of B-naphthol with benzyl chloride can lead to both
The selective preparation of O-alkylated aromatic prod- C- and O-alkylated3-naphthol and both these compounds
ucts from substituted phenol and naphthols is chal- are used as precursors in several industries. The O-alkylated
lenging. Liquid-liquid (L-L), solid—liqguid (S-L) and product, benzyl-2-naphthyl ether (2-benzyloxynaphthalene)
is used in preparation of thermographic recording materials
mspondmg author. Tel.: +91 22 2410 2121 fax: +91 22 2414 5614, &S additive, as an aromatic sensitizer in heat-sensitive record-

E-mail addresseggdyadav@yahoo.com, gdyadav@udct.org ing material for excellent coloring and printed image stability.
(G.D. Yadav). Thus, preparation of benzyl-2-naphyl ether was considered
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Nomenclature

Cno feed concentration of benzyl chloride in the
organic phase (mol/ct

Ca-org concentration of benzyl chloride in the organic
phase (mol/crf)

Ca-thira concentration of benzyl chloride in the thirg
phase (mol/cr)

Ka distribution coefficient of benzyl chloride be
tween the organic phase and the third phase
(dimensionless)

kinter ~ rate of reaction at the interface between the
organic and aqueous phases $mml of cata-
lyst)

Kobs observed first-order reaction rate constant
(cm?/mol of catalyst)

Korg rate of reaction in the organic phase &mol
of catalyst)

knira  rate of reaction in the third phase (éfmol of
catalyst)

Nao feed mole of benzyl chloride (mol)

Na-org  mole of benzyl chloride in the organic phasg
(mol)

Na-thirg mMole of benzyl chloride inthe third phase (mol

Nao feed mole of catalyst (mol)

Ng-aq mole of catalyst in the agueous phase (mol)

Ng-org mole of catalyst in the organic phase (mol)

No-thira Mole of catalyst in the third phase (mol)

t time of reaction (min)

Vinirg  VOlume of third phase per feed mol of catalyst
(cm?/mol of catalyst)

Vinird  Volume of the third phase (cth

Vorg volume of organic phase (ch

1) concentration of catalyst based on the organic
phase (mol/crhof organic)

Yaq mole fraction of catalyst in the aqueous phase
to the feed of catalyst (dimensionless)

Yorg  Mole fraction of catalyst in the organic phase
to the feed of catalyst (dimensionless)

Yihird  Mole fraction of catalyst in the third phase tp
the feed of catalyst (dimensionless)

under this study. The L-L—-L PTC reaction is far superior to
L-L PTC reaction as has been brought out by us in several
publications.

The advantages of L-L-L PTC over L-L PTC are:

(a) increased rate of reaction;

(b) easier catalyst recovery and reuse; and

(c) the catalyst need not be bound to solid support as is re-
quired for L-L-S PTC.

The L-L-L PTC however suffers from following disad-
vantages:
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(&) More amount of catalyst (PTC) is required, which is ex-
pensive.

(b) The method is not applicable for the system where a very
high temperature is required to carry out the reaction. As
the temperature increases, the stability of the third liquid
phase decreases. However, if the catalyst is stable then at
the end of the reaction it could be easily separated into a
third phase at lower temperature for recovery and reuse.

It was therefore thought worth while to study the effect of
etherification of3-naphthol with benzyl chloride in L-L-L
PTC.

B-Naphthoxide is an ambident anion capable of cova-
lency formation at oxygen or at thecarbon. Gomberg and
Buchler[15] were the first to observe the carbon alkylation.
Zagorevsky[16] investigated the alkylation of the solutions
of B-naphthoxide salts using a variety of solvents. Kornblum
and Laurig17] studied the importance of solvation in the syn-
thesis of 2-benzyloxynaphthalene; reaction of sodium with
benzyl bromide employing DMF solvent resulted in 97%
yield of benzyl 2-naphthyl ether while with trifluoroethanol
resulted in 85% yield of 1-benzyl-2-naphthol. McKillop et al.
[18] developed a simple and efficient process for the synthe-
sis of ethers of both simple and hindered phenols, using PTC,
which involves alkylation of the phenoxide ion with an alkyl
halide or sulphate esters using quarternary ammonium salts
in a methylene chloride—water system at room temperature.
Yadav and Bishf19] developed a simple but general math-
ematical model for analysing the rate data for displacement
type L-L PTC reactions in laboratory reactors under conven-
tional thermal heating and microwave irradiation. Yafz0]
has given an analysis of effect of nature and number of phases
in influencing selectivities in PTC alkylation reactions.

This paper discusses the theoretical and experimental in-
vestigation of the selective O-alkylation ptnaphthol with
benzyl chloride.

2. Experimental
2.1. Materials

Benzyl chloride,B-naphthol, toluene, sodium chloride,
and sodium hydroxide, all of AR grade were obtained from
M/s s.d. Fine Chemicals Pvt. Ltd., Mumbai, India. Tetrabuty-
lammonium bromide (TBAB) was obtained as a gift sam-
ple from M/s Dishman Pharmaceuticals and Chemicals Ltd.,
Ahmedabad, India.

2.2. Procedure

The reactions were studied in a 5.0 cm (i.d.) fully baffled
mechanically agitated contactor of 100%notal capacity,
which was equipped with a 6-blade-turbine impeller. The re-
actor was kept in a constant temperature water bath. Typ-
ical runs were conducted by taking 0.01 ndinaphthol,
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Table 1 Table 3
Characteristics of third phase Distribution of catalyst
Phase Volume (ml), Volume (ml), Total catalyst added = 0.0062 mol; third phase = 0.000806 mol

before reaction after reaction Aqueous phase = 0.005394 mol
Organic phase 28 240 Ynird = Mole fraction of catalyst in third phase with reference to original
Aqueous phase 0 220 amount = 0.090806/0.0062 = 0.13 ' . .
Third phase D 20 Yaq = mole fraction of catalyst in organic phase with reference to original

amount = 0.005394/0.00602 = 0.87
Amount of benzyl chloride taken = 0.01 mol
Amount of benzyl chloride in third phase = 0.0001 mol
0.012mol of NaOH and 0.051 mol of NaCl in water and Amount of benzyl chloride in organic phase = 0.0099 mol
made upto 25ml. To this 6.% 10-3mol of TBAB cata- Kn = J o s = 0.1263
lyst was added. The organic phase comprised of 0.01 mol of
benzyl chloride made upto 25 ml with toluene. All the typ-
ical reactions were carried out at 70 and 1000 rpm. This 3. Results and discussion
composition of the reaction mixture created three distinct and
stable phases at the operating conditions. B-naphthol reacts with benzyl chloride in presence of the
phase transfer catalyst to give selectively benzyl-2-napthyl
) ether in three liquid PTC system whereas it drops down to
2.3. Method of analysis 70% in two liquid phase PTCScheme 1

Samples were withdrawn periodically and GC analyses
were performed (Chemito Model 8610) by using a stainless 3:1. Kinetics of reaction
steel column (3.25 mnx 4 m) packed with a liquid station-
ary phase of 10% OV-17. The conversion was based on the For the three-phase system, the organic reactant benzyl
disappearance of benzyl chloride in the organic phase. Thechloride (A) is distributed between an organic phase and a
melting point of isolated benzyl-2-naphthyl ether (99.0% pu- third phase but is not in an aqueous phase because of insol-
rity) was found to be 95-98C (literature value 99—100C) ubility, Fig. 1 Therefore, the reaction can be classified into

[8]. The products were confirmed by GC-MS. three types as proposed by Yadav and Redflynamely: (a)
Type I: the reaction in the organic phase (L-L PTC); (b) Type

o _ - II: the reaction at the interphase between an organic phase and
2.4. Determination of third phase composition an aqueous phase or in the bulk aqueous phase (L-L inverse

PTC); and (c) Type lll: the reaction in the third phase. The
The composition of the third phase was analyzed on mole balance for A is:

gas chromatography using thermal conductivity detector

(Chemito Model 8510) by using a stainless steel column Nag = Na.org + NA-third Q)
(3.25mmx 4 m) packed with a liquid stationary phase of

10% OV-17. The third phase at the end of reaction was found

to contain 13.0% toluene, 13.0% TBAB, 3.0%naphthol, @
1.0% benzyl chloride, 1.5% benzyl-2-naphthyl ether and ;
68.5% water by weight. The amount of the water present in Organic phase B
the third phase was analyzed by Karl-Fisher apparatus. The Sl
appropriate details are given Table 1 Composition of the CH,Cl

catalyst phase before the reaction and after the completion of {Sbenzyl2naphitol

the reaction is given iffable 2 The distribution of catalyst
at the end of the reaction is givenTable 3

Q'X in aq. phase

OH
@CH:

6-Benzyl-2-naphthol

Table 2
Composition of third phase Aq. phase ! PTC rich middle ; Organic phase
! reaction phase |}
Components Before reaction After reaction 3 foRE; i
(wt.%) (w.%) | A M@
LS !
Water 680 685 o= — © —_
TBAB 215 130 E EEW':> Benzyl-2-naphthyl ether
Toluene 0 130 Na —er i L-L-LPTC ) )
B-Naphthol 105 30 ' | Srodmen e
Benzyl chloride 0 0 '
Benzyl-2-napthyl ether 0 R: o )
Density 08254 08048 Scheme 1. Effect of number of phases on selectivity in alkylatiof-of

naphthol with benzyl chloride.
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Aqueous
Type I1I

<
Type |

Mechanism
iigstgon in QOR + RX ROR * Q*X~ organicPhase
Organic 1 |y
Phase P _
Q &

(L-L PTC) L OH OH™ + QX

Q +O R— ROH + Q +OH' Aqueous phase
Type 11 Organic phase R’X ROR’
Reaction l T
at L-L ' . )
interface | MR e R’X +Q'OR weeeeee — 3w ROR’ + QX wererrrrreen
L-L PTC T l

Aqueous phase X + Q+OR_ ¢ OR™ + Q+X-

Type 111 "X R'OR Organic phase
Third F?| 1|
(Middle Firstntertace
Catalyst . L n
Rich) Q'OR + R'X ROR + Q'y~ [Thiidde
Phase 4| ﬂ o
(L-L-L w interface
PTC) ‘L Q*OH" OH + Q*X-

Q'OR ROH + Q*OH" Aqueous phase

Fig. 1. Mechanism for the O-alkylation @fnaphthol under L-L and L-L-L PTC conditions.

whereNp, is the total moles of A, which is distributed be- Since the reaction rate is assumed to be proportional to

tween the organida-org) and the third phaséNa-third). the concentration of the A and the amount of catalyst, the
When the distribution of A between an organic phase and overall reaction rate can be expressed by the summation of

a third phase is at equilibrium conditions, the distribution respective rates for the three types: I, 11, lI.

coefficient of A is defined as follows:

dNa
-, = korgNQ-orgCA-org + kinterNQ-anA-org
Ca-third  Na-third Vorg dr
Kp = = (2) ) , o )
CA—org NA—org Vihird + kthlrdNQ-thlrdCAthwd = (korgyorg + klnter)’aq
whereC, stands for concentration of A (benzyl chloride); +kinirdKa ¥thira) NQoCavorg )

Vorg @ndVinirg are the volumes of the organic an third phases, \yhere s are mole fractions of catalyst present in the re-

respectively. _ _ spective phases, based on the mole of catdlyst added
The following equation can be obtained from Egs. (1) and jptjally.

(2): WhenEq. (4)is integratedEq. (5)is obtained:
Vihird ) NA-org Vorg
Npo = Na. 1+ Ka x . 3 1—Xa = = exp(—k t 5
20 = Naorg ( o ®) pm e e epkan)  (6)
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whereNao are the moles of A originally taken add = (Naoy
— Na)/Nao, is the fractional conversion of A,

kobs = L(korgworg + kinter‘/faq
Vorg + KA Vihird
+ kthird KA Vthird) (6)
and
=X ™
Vorg

WhenKa Vinirg is negligibly small compared tdqrg, Eq. (6)
can be approximated as follows:

kobs = (korgWorg + kinterwaq + kthird Ka Wthird)' (8)
Taking logarithm ofEq. (5)leads toEqg. (9)
—In(1 — Xa) = kopgot. 9

For a given concentration of catalysaindkypsis constant,
therefore,

—In(1 — Xa) = kat, (10)

where k1 = kopgo. (11)
For respective types of mechanisms, the following equa-
tions are obvious:

kobs = korgfor Type 1 ¢/org = 1.0); (12)

itis normal L—L PTC with organic phase as the locale of the
main reaction

itis inverse L—L PTC with aqueous phase as the locale of the
main reaction

kobs = kthirdKa for Type 3@/ thira = 1.0); (14)

it is L-L—L PTC with the middle catalyst rich phase as the
locale of the main reaction.

The kinetic parametelgg, kag andkird; andKa can be
determined from experiments.

3.2. Effect of speed of agitation

To ascertain the influence of mass transfer resistance of
the reactants to the reaction phase, the speed of agitation wa
varied in the range of 600—1200 rpm under otherwise similar
conditions in the presence of TBAB catalyst. The conversion
is plotted as a function of time iRig. 2 The conversion was
found to be practically the same at 1000 and 1200 rpm. Fur-
ther increase in the speed of agitation had practically no effect
onthe conversion. Thus, further experiments were carried out
at 1000 rpm.
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0 600rpm o 800rpm a4 1000 rpm x 1200 rpm

Fig. 2. Effect of speed of agitatiof-Naphthol 0.01 mol, NaOH 0.012 mol,
benzyl chloride 0.01 mol, TBAB 0.0062 mol, toluene 25%mater 25 crf,
and temperature 7.

3.3. Effect of catalyst concentration

The concentration of the TBAB catalyst was varied from
0.062 x 1073 to 0.312x 10-3mol/cc. The conversion is
plotted against time for different catalyst concentration under
otherwise similar reaction conditionsig. 3shows that with
the increase in the concentration of the catalyst there is an in-
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80

60

Conversion, %

40

20

50 100 150 200

Time, min

+ 0.062 o0.124 A 0.188 X (.248 * 0,312

Fig. 3. Effect of catalyst concentrationx {03 mol/cc). B-Naphthol
0.01 mol, NaOH 0.012 mol, benzyl chloride 0.01 mol, toluene 28, evater
25 cn?, temperature 70C, RPM 1000.
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crease in the conversion, which is the characteristic ofa PTC 120
reaction. At catalyst concentration of 0.06210~3 mol/cc

the selectivity of the benzyl-2-naphthyl ether was 70%. The
L-L PTC conditions exist at this catalyst loading. With in-
crease in the catalyst concentration to 0.2240-3 mol/cc

the third catalyst rich liquid phase appeared and the 100% i
selectivity of benzyl-2-naphthyl ether was obtained. For all = % x
the reactions 0.24& 10-3 mol/cc of the catalyst was used
as the conversion obtained at this catalyst loading was foundz o | #
to be optimum. z

100

on, %
o

Con
*

40 +
3.4. Effect of NaOH concentration

O e X

Sodium hydroxide concentration was varied from @.4 20 4
10-3 to 0.8 x 10~3mol/cc under otherwise similar reaction .
conditions Fig. 4). In these experiments, NaOH concentra-
tion was kept at 0.4, 0.48, 0.6 and 0:810~% mol/cc. The 0
conversion was low at low concentrations of NaOH because
the formation of ion-pair between thgnaphthol and cat-
alyst does not proceed unless the HCI is neutralized and
the equilibrium is distributed. The best conversion was ob- Fig 5. Efect of mole ratio of benzyl chloride Rrnaphthol on conversion
tained with 0.48x 10~*mol/cc of NaOH. Further increase  of limiting reactant.3-Naphthol:NaOH 1:1.2, TBAB 0.0062 mol, toluene
in the NaOH concentration did not have any effect on the 25cn?, water 25 cr, temperature 76C, RPM 1000.
conversion and selectivity pattern. The mechanism of the
reaction shows that so long as NaOH is taken in excess3-5. Effect of mole ratio
over the stoichiometric amount, all catalyst is in the form
Q+OR™ (aq) which is transferred across the interface forthe ~ Effect of change in mole ratio of reactants benzyl
reaction to take place in the middle phase wittk RThus  chlorideB-naphthol was studied by varying it in the range of
Fig. 4 shows that the conversions are independent of NaOH 0.5:1-1.5:1. The conversion remained practically the same

0 50 100 150 200
Time, min

+ 0.5:1 o (.75:1 al:l % 1.5:1

concentration. with increase in the benzyl chloride concentration, except
120
120
100 +
) ! :
100 x <
X 3 ¢ i x
o 80 + o
o X
80 | : o 3
S <
: . 2
g ° £ o0 .
Z 60t g ) "
E A o %
&) o .
& 401 T8 4
40 + z
8 oe
A & ?
20
20 3 . ox
x A%
0 : B
0 50 100 150 200 0 50 100 150 200
Time, min Time, mia
+ fresh run o first reuse a second reuse
0 0.4 o (0.48 4 0.6 x 0.8 % third reuse x fourth reuse e fifth reuse
Fig. 4. Effect of NaOH concentration x(L0~3mol/cc). B-Naphthol Fig. 6. Reusability of catalystB-Naphthol 0.01mol, benzyl chloride
0.01 mol, Benzyl chloride 0.01 mol, TBAB 0.0062 mol, toluene 25 pwa- 0.01mol, TBAB 0.0062 mol, toluene 25 émwater 25 cm, temperature

ter 25 cnd, temperature 76C, RPM 1000. 70°C, RPM 1000.
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Fig. 7. Effect of temperatur@-Naphthol 0.01 mol, NaOH 0.012 mol, ben-

zyl chloride 0.01 mol, TBAB 0.0062 mol, toluene 25%nwater 25 crA,
RPM 1000.

for the 1.5:1 mole ratio, as shownfig. 5. This could be at-

¥ =00587x
R =09648

y =00184x
R =09752

-In(1-XA)

y =00355x
R® =09857

Ay =00104x
R =09248

y =0.0033x

. R’ = 08539
0 T " ! . X )
0 20 40 60 80 100 120 140
Time, min
*40C = 50C A60C x 70 C x 80 C

Fig. 8. Pseudo-first order kinetic plot for effect of temperat@rdlaphthol
0.01 mol, NaOH 0.012 mol, benzyl chloride 0.01 mol, TBAB 0.0062 mol,
toluene 25 cr, water 25 crd, temperature 70C, RPM 1000.

3.6. Reusability of catalyst

After completion of the kinetic run the phases reappeared.
When the phases were clearly separated, the organic phase
containing the product was removed. The reusability studies

tributed to the fact that as the concentration of benzyl chloride can be done in two ways, either by using the catalyst rich
increased, the triphase disappeared, leading to the decreasghase alone or by using the catalyst rich and the agueous

in conversion of the reaction.

4 A

-5

phase together. It was observed that when only the catalyst

y =-7104.1x + 17.083
R”=0.9414

—6 T T T T

T T T T 1

2.80E-03 2.85E-03 2.90E-03 2.95E-03 3.00E-03 3.05E-03 3.10E-03 3.15E-03 3.20E-03 3.25E-03

T, K

Fig. 9. Arrhenius plot.
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rich phase was used, the third phase disappeared leading thhas been added to the reaction mixture. It has been found that
lower conversion even for the first reuse. This is becausethe formation of the third phase increases the reaction rate
the catalyst gets dissolved in the aqueous phase. Thus, theharply. The catalyst-rich phase was separated and reused
second method was adopted wherein the aqueous phase arfil/e times to check the utility of the L-L-L PTC to the indus-
the catalyst phase were reused five times and the organidrial applications. The detailed mechanism for the reaction
phase along with the agueous reactants was replenished everlyas been suggested and a kinetic model accounting for the
time (Fig. 6). The reusability was found to be good up to four observed rates has been proposed and validated.

uses and there was a loss in conversion during the fifth time

since the amount of third phase was less in comparison with

the previous runs. The formation of the sodium salBef  Acknowledgement

naphthol was incomplete in the absence of enough quantity

of the third phase. GDY acknowledges support from Darbari Seth Endow-
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3.7. Effect of temperature which PMB received a JRF.
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