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Abstract

The reaction between 4,4′-biphenol (HO(Ph)2OH) and bromoethane (C2H5Br) was first carried out to synthesize 4,4′-dietha-
noxy biphenyl in an organic solvent/alkaline solution of NaOH two-phase medium under phase transfer catalytic condition.
Rational reaction mechanism and kinetic model were built up by considering the reactions from which two sites of nucle-
ophiles on a molecule attacked the organic phase reactant. The mass transfer and the phase equilibrium of the catalysts
between two phases were constructed by the two-film theory. In this system, two active catalysts (QO(Ph)2OQ produced from
the aqueous phase, and QO(Ph)2OR produced from the organic phase) were proposed to synthesize in using tetrabutylam-
monium bromide (TBAB or QBr) as the regenerated catalyst. The first active catalyst 4,4′-di-tetrabutylammonium biphe-
noxide ((C4H9)4N+–OC6H4C6H4O−2–N+(C4H9)4, QO(Ph)2OQ), could be identified, whereas the second active catalyst
p-(tetrabutylammonium phenoxy) alkanoxy benzene ((C4H9)4N+–OC6H4C6H4O−2–C2H5, QO(Ph)2OR) was not detected
during the reaction. The first apparent constant of the organic phase reaction was obtained via experimental data. Effect of
agitation, temperature, amount of water, organic solvents, catalysts, amount of TBAHS catalyst, amount of sodium hydroxide
and volume of alkaline solution on the reaction rate and the conversion were investigated in detail. The results were explained
satisfactorily by considering the interaction between the reactants and the environmental species.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many organic chemicals are synthesized from the
reaction of two immiscible reactants existing in dif-
ferent phases. However, the essential condition for
the occurrence of such a reaction is the collision of
molecules confined locally to the interface of the two
phases. The problem was not solved until Jarrouse[1]
found the two-phase reaction that was enhanced by
adding a small catalytic quantity of a quaternary am-
monium salt. Since then, the use of quaternary salt as
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a phase transfer catalyst in the two-phase reaction to
synthesize specialty chemicals was extensively stud-
ied[2–4]. Today, phase transfer catalysis (PTC) is con-
sidered to possess a great potential in industrial-scale
application because of the mild reaction temperature.

4,4′-Dialkanoxy biphenyl (RO(Ph)2OR), one of the
high additive-value ethers, is extensively applied to
various liquid-crystal chemicals[5]. The well-known
Williamson and alkoxymercuration–demercuration
methods are the conventional ways to synthesize such
ethers. These two methods cannot be used to synthe-
size 4,4-diethanoxy biphenyl (C2H5O(Ph)2OC2H5)
because the reactant (4,4′-biphenol, HO(Ph)2OH) is
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sparingly soluble in the organic solvent. Chemists also
used some other methods to synthesize 4,4′-diethanoxy
biphenyl. Among those methods, one is the homoge-
neous reaction in which the reactant and bromoalkane
are dissolved in benzene at high temperature and reflux
for a long time, whereas the other is the Suzuki reac-
tion which uses the palladium compound (Pd(PPh3)4)
to catalyzep-alkoxyl bromobenzene andp-alkoxyl
dihydroxiboryl benzene and reflux for several hours
[6–8]. Nevertheless, the desired product yield rate
is low due to the production of a large amount of
byproducts at reflux temperature. However, the PTC
can synthesize 4,4′-dialkanoxy biphenyl easily under
mild condition[9].

In this work, the reaction of 4,4′-biphenol and
bromoalkane in an alkaline solution of NaOH and
organic solvent two-phase medium to synthesize
4,4′-diethanoxy biphenyl was first carried out under
PTC condition. Two substitution steps of bromide
from bromoalkane are proceeded in the organic
solvent in which two sites of nucleophiles on a
molecule attack the organic phase reactant. Two
active catalysts, 4,4′-di-tetrabutylammonium biphe-
noxide ((C4H9)4N+–OC6H4C6H4O−2–N+(C4H9)4,
QO(Ph)2OQ) produced from aqueous phase, and
p-(tetrabutylammonium phenoxy) alkanoxy benzene
((C4H9)4N+–OC6H4C6H4O−–C2H5, QO(Ph)2OR)
produced from organic phase, were obtained using
tetrabutylammonium bromide (TBAB or QBr) as the
regenerated catalyst. Using bromoethane as the or-
ganic phase reactant, the conditions for a high yield
of 4,4′-diethanoxy biphenyl are obtained. For its high
reactivity, the second active catalyst was not detected
in the organic phase. Rational mechanism of the alky-
lation via PTC was proposed and the reaction kinetics
was obtained. The model of the reaction in which a
pseudo steady-state hypothesis (PSSH) is developed
from which the first apparent rate constantkapp,1 is
obtained from experiments and the second apparent
rate constantkapp,2 is not determined.

2. Experimental

2.1. Materials

All reagents, including bromoethane, 4,4′-biphenol,
toluene, chlorobenzene,p-xylene, dibutyl ether,
TBAB, tetrabutylammonium hydrogensulfate

(TBAHS), tetrabutylammonium iodide (TBAI), tetra-
butylammonium chloride (TBAC), tetraethylammo-
nium bromide (TEAB), benzyltriethylammonium
bromide (BTEAB), 4-(tributylammonium) propan-
sultan (a zwitterion, (C4H9)3N+(CH2)3SO3

−;
QSO3), sodium hydroxide, biphenyl, 4,4′-diethanoxy
biphenyl, and other reagents for synthesis were guar-
anteed grade (GR) chemicals.

2.2. Procedures

(A) Synthesis of 4,4′-diethanoxy biphenyl product
(H5C2OC6H4C6H4OC2H5, RO(Ph)2OR). Mea-
sured quantities of 4,4′-biphenol (3 g), bro-
moethane (10 ml), sodium hydroxide (15 g)
and TBAHS (0.1 g) were dissolved in 20 ml of
chlorobenzene and 30 ml of water at 65◦C. The
mixed solution was uniformly agitated to start the
reaction. After 1 h of reaction, the solution was
separated and the portion of the organic solution
was washed by an alkaline solution of NaOH
at least six times to remove TBAHS. The solu-
tion was concentrated by a vacuum evaporator.
4,4′-Diethanoxy biphenyl of 90% purity was ob-
tained. A bright white crystalline product of 99%
purity was obtained using the method of recrystal-
lization in ethanol.

(B) Synthesis of active catalyst (QO(Ph)2OQ). To syn-
thesize the active catalyst, measured quantities of
sodium hydroxide (10 g) and 4,4′-biphenol (3 g)
were dissolved in water (20 ml) at 50◦C. Then,
TBAB (5 g) was introduced to the reactor. The
solution mixture was rapidly agitated for 10 min
producing a white precipitate of the active cat-
alyst (QO(Ph)2OQ). The solid content was then
filtered and washed with the alkaline solution of
NaOH several times to remove TBAB catalyst.
The extracted solid was then dried in a vacuum
oven at 60◦C, and the white powder thus obtained
was identified as 4,4′-di-tetrabutylammonium
biphenoxide (QO(Ph)2OQ) by H-NMR (NMR
data (400 MHz, CDCl3): δ = 7.4–7.0 (d, 8H,
biphenyl group),δ = 3.31–3.40 (t, 16H, –CH2),
δ = 1.59–1.81 (m, 16H, –CH2), δ = 1.40–1.49
(m, 16H, –CH2), 0.97–1.04 (dd, 24H, –CH3)).

(C) Kinetics of the two-phase reaction. The reac-
tion was carried out in a 150 ml three-necked
Pyrex flask, serving the purposes of agitating
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the solution, inserting thermometer, taking sam-
ples, and feeding the feed. Known quantities of
4,4′-biphenol and sodium hydroxide were com-
pletely dissolved in water. The solution was put
into the reactor, which was submerged into a
well-controlled temperature water bath within

±0.1◦C. Then, measured quantities of TBAHS,
biphenyl (internal standard) and bromoethane were
added to the solution and agitated to start the re-
action. The sample (0.5 ml), which was withdrawn
from the reactor at each time interval, was put into
the test tubes containing 4 ml of water and 4 ml
of solvent at 4◦C. The samples were analyzed
from 4,4′-biphenol, 4,4′-diethanoxy biphenyl and
4,4′-di-tetrabutylammonium biphenoxide. The
product was identified by GC-mass for molecular
weight, IR and NMR (1H-NMR and13C-NMR) for
functional groups. The contents of 4,4′-diethanoxy
biphenyl and 4,4′-di-tetrabutylammonium biphe-
noxide were measured by HPLC (Shimadzu,
system controller SCL 10AVP, Detector SPD
M10AVP, Pump 10 ATVP). The elution concentra-
tion of acetonitrile changed with time at 1.3 ml/min
total flow rate.

3. Reaction mechanism and kinetic model

As stated, the reaction of bromoethane and
4,4′-biphenol was catalyzed by TBAB or QBr in an
alkaline solution of NaOH/organic solvent two-phase
medium. Only di-tetrabutylammonium-substituted

product, 4,4′-diethanoxy biphenyl, was detected in the
organic reaction. The mono-tetrabutylammonium-sub-
stituted product,p-(tetrabutylammonium phenoxy)
ethanoxy benzene or 4,4′-ethanoxy phenoxy phe-
nol (HOC6H4C6H4OC2H5) was not observed in the
HPLC analysis procedure. The reaction mechanism
is proposed as

The mechanism is formulated on the basis of
Starks’ extraction model. The first active catalyst
QO(Ph)2OQ, which is organic-soluble, was produced
from the aqueous solution by reacting the catalyst QBr
and 4,4′-di-sodium biphenoxide (NaO(Ph)2ONa).
Then, this organic-soluble active catalyst QO(Ph)2OQ,
which transfers to the organic phase, reacts with
the organic phase reactant bromoethane to pro-
duce the second active catalyst, QO(Ph)2OC2H5,
p-(tetrabutylammonium phenoxy) ethanoxy benzene
which is not detected in the HPLC analysis procedure
because of its high activity. QBr then transfers from
the organic phase and prepares for regeneration in the
aqueous phase.

Based on the experimental data, no byprod-
ucts were produced. Therefore, the total moles of
4,4′-diethanoxy biphenyl is two times of the consump-
tion of bromoethane reactant. Several independent
experiments were carried out to identify the reac-
tion mechanism. First, no reaction of bromoethane
and 4,4′-biphenol was observed in the absence of
tetrabutylammonium salt and NaOH. 4,4′-Biphenol
was hardly dissolved in pure water and in the or-
ganic solvent. The reaction was actually catalyzed
by adding quaternary ammonium salt in the presence
of NaOH solution. In the second run, the first active
catalyst (QO(Ph)2OQ) was synthesized by reacting
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4,4′-biphenol, tetrabutylammonium salt, NaOH solu-
tion and chlorobenzene. After separating the organic
phase from aqueous phase, the first active catalyst
was detected in the organic phase. Then, bromoethane
was added to the portion of organic phase solution.
4,4′-Diethanoxy biphenyl was produced after 30 min
of reaction. The experiments confirm that the reaction
is catalyzed by TBAB and the first active catalyst
produced from the aqueous phase exists in the organic
phase.

Based on the proposed mechanism and two-film
theory, the material balance of each species is written
as

d[QO(Ph)2OQ]o
dt

= KQO(Ph)2OQ

× A

(
[QO(Ph)2OQ]a − [QO(Ph)2OQ]a

MQO(Ph)2OQ

)

−k1[RBr]o[QO(Ph)2OQ]o (1)

d[QO(Ph)2OQ]a
dt

= ka,2[NaO(Ph)2ONa]a[QBr]2a − KQO(Ph)2OQAf

×
(

[QO(Ph)2OQ]a − [QO(Ph)2OQ]a
MQO(Ph)2OQ

)
(2)

where “f ” denotes the volume ratio of the organic
phase to the aqueous phase.MQO(Ph)2OQ andMQBr are
the distribution coefficients of QO(Ph)2OQ and QBr,
between two phases, respectively.

d[QBr]o
dt

= k1[RBr]o[QO(Ph)2OQ]o

+ k2[QO(Ph)2OR]o[RBr]o

−KQBrA([QBr]o − MQBr[QBr]a) (3)

d[QBr]a
dt

= KQBrA([QBr]o − MQBr[QBr]a)

− 2ka,2[NaO(Ph)2ONa]a[QBr]2a (4)

where KQO(Ph)2OQ andKQBr are the overall mass trans-
fer coefficients of QO(Ph)2OQ and QBr, respectively,
A is the interfacial area between two phases.

The rate of consuming the bromoethane reactant,
and the rate of producing the second active catalyst
and the product 4,4′-diethanoxy biphenyl are

d[RBr]o
dt

= −k1[RBr]o[QO(Ph)2OQ]o

− k2[RBr]o[QO(Ph)2OR]o (5)

d[QO(Ph)2OR]o
dt

= k1[RBr]o[QO(Ph)2OQ]o

− k2[RBr]o[QO(Ph)2OR]o (6)

d[RO(Ph)2OR]o
dt

= k2[RBr]o[QO(Ph)2OR]o (7)

The subscripts “a” and “o” represent the characteris-
tics of the species in the aqueous and organic phase,
respectively. The nomenclatures of the species are de-
fined as:

NaO(Ph)2ONa : Na+–OC6H4C6H4O−2–Na+

QO(Ph)2OQ :

(C4H9)4N+–OC6H4C6H4O−2–N+(C4H9)4

QBr : (C4H9)4N+Br−

QO(Ph)2OR : (C4H9)4N+–−OC6H4C6H4OC2H5

RBr : C2H5Br

RO(Ph)2OR : C2H5OC6H4C6H4OC2H5

The total initial amount of catalyst Q0 added is

Q0 = Vo(2[QO(Ph)2OQ]o + [QO(Ph)2OR]o

+ [QBr]o) + Va(2[QO(Ph)2OQ]a + [QBr]a)

(8)

The initial conditions of the species are

t = 0, [QBr]o,0 = [QO(Ph)2OQ]o,0

= [QO(Ph)2OQ]a,0 = [QO(Ph)2OR]o,0

= [NaO(Ph)2ONa]a,0 = 0, [QBr]a,0

= Q0, [RBr]o

= [RBr]o,0, [RO(Ph)2OR]o,0 = 0 (9)

The subscript “0” denotes the condition of species at
zero time. In this study [QBr]o and [QO(Ph)2OQ]o
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keep at constant values in using large excess amount
of 4,4′-biphenol. It is reasonable to assume that
[QO(Ph)2OQ]o keeps at a constant value because
the activity of QO(Ph)2OR is higher than that of
QO(Ph)2OQ. Thus, by considering C2H5Br as a lim-
iting component, the PSSH is applied, i.e.

d[QO(Ph)2OQ]a
dt

= d[QO(Ph)2OQ]o
dt

= d[QO(Ph)2OR]o
dt

= d[QBr]a
dt

= d[QBr]o
dt

= 0 (10)

CombiningEqs. (1)–(4) and (10), the concentration
of QBr in organic phase and aqueous phase, and the
concentration of the first active catalyst in the aqueous
phase are

[QBr]a =
{

f k1[RBr]o[QO(Ph)2OQ]o
ka,2[NaO(Ph)2ONa]a

}1/2

(11)

[QBr]o = MQBr

KQBrA

(
f k1[RBr]o[QO(Ph)2OQ]o

ka,2[NaO(Ph)2ONa]a

)1/2

+ 2k1[RBr]o[QO(Ph)2OQ]o
KQBrA

(12)

[QO(Ph)2OQ]a =
(

1

MQO(Ph)2OQ
+ k1[RBr]o

KQO(Ph)2OQA

)
× [QO(Ph)2OQ]o (13)

CombiningEqs. (8) and (11)–(13), the concentration
of QO(Ph)2OQ in organic phase is

Q0

Vo
= [QO(Ph)2OQ]o

(
2 + 2k1[RBr]o

KQBrA
+ 2

f MQO(Ph)2OQ
+ 2k1[RBr]o

f kQO(Ph)2OQA

)
+ [QO(Ph)2OR]o

+ [QO(Ph)2OQ]1/2
o

{
MQBr

KQBrA

(
f k1[RBr]o

ka,2[NaO(Ph)2ONa]a

)1/2

+
(

k1[RBr]o
f ka,2[NaO(Ph)2ONa]a

)1/2
}

(14)

In general, the rate of acid–base neutralization and the
rate of ion-exchange are all rapid. Thus, the aqueous
phase rate constantka,2 is larger than the organic phase
rate constantk1. Further, [QO(Ph)2OQ]o is found to
maintain at a constant value after 1 min of reaction.
Therefore, bothKQBrA and KQO(Ph)2OQA are larger
than k1[RBr]o. The concentration of QO(Ph)2OR is
very close to zero because the activity of QO(Ph)2OR

is much higher than that of QO(Ph)2OQ. For this,
Eq. (14)is simplified to

[QO(Ph)2OQ]o = Q0

2Vo

f MQO(Ph)2OQ

1 + f MQO(Ph)2OQ
(15)

CombiningEqs. (6) and (9), and applying PSSH ap-
proach,Eq. (5)can be written as

d[RBr]o
dt

= −kapp,1[RBr]o − k2[QO(Ph)2OR]o[RBr]o

= −2kapp,1[RBr]o (16)

k2[QO(Ph)2OR]o = k1[QO(Ph)2OQ]o = kapp,1 (17)

in which kapp,1 is the rate coefficient of pseudo
first-order reaction

kapp,1 = k1[QO(Ph)2OQ]o

= k1f MQO(Ph)2OQ

1 + f MQO(Ph)2OQ

Q0

2Vo
(18)

The conversion of bromoethane is defined asX,

X = 1 − [C2H5Br]o
[C2H5Br]o,0

(19)

where [C2H5Br]o,0 is the initial concentration of
C2H5Br (RBr). Then,Eq. (16)can be expressed as

ln(1 − X) = −2kapp,1t (20)

According to Eq. (18), the value ofkapp,1 is ob-
tained from the rate coefficient of the first reaction in
the organic phase and the distribution coefficient of
QO(Ph)2OQ between two phases. However,kapp,1 is

obtained experimentally from the slope of the straight
line by plotting ln(1 − X) vs. time.

4. Results and discussion

In this work, there are two SN2 reactions in
the organic phase, one is bromoethane attacked by



56 M.-L. Wang, Y.-H. Tseng / Journal of Molecular Catalysis A: Chemical 188 (2002) 51–61

QO(Ph)2OQ, and the other is bromoethane attacked by
QO(Ph)2OR. Only the first active catalyst QO(Ph)2OQ
and the final product RO(Ph)2OR were observed in
the organic phase. This result indicates that the ac-
tivity of QO(Ph)2OR, which is not detected in the
organic phase, is greater than that of QO(Ph)2OQ.
Unfortunately, the QO(Ph)2OR cannot be prepared
under this two-phase reaction, and the HO(Ph)2OR
is also unavailable to synthesize QO(Ph)2OR. The
reason for the different activities can be explained by
two factors and one similar reaction system. First,
there are two positive charges on the two ends of
Q+–O(Ph)2O−2–+Q molecule and only one posi-
tive charge on one end of Q+–O(Ph)2OR molecule.
Therefore, the electron-withdrawing capability of
QO(Ph)2OQ is stronger than that of QO(Ph)2OR.
Second, the stereo hindrance due to the molecule ra-
dius of QO(Ph)2OQ is much bigger than QO(Ph)2OR.
Wang and Chang[10] pointed out that reactivity of
ethanoxy butanol (C2H5OC2H4OH) is much higher
than 1-butanol (C4H9OH) in PTC alkylation system.
It obviously depicts that the active agent of ether al-
cohol, QOR–OR’, is more active than the active agent
of normal alcohol, QOR.

4.1. Effect of agitation speed

In the two-phase reaction, mass transfer resistance
is an important factor in affecting the reaction rate.
In general, either the organic or the aqueous solution
can be dispersed in smaller droplet size by agitating
the two-phase solution. Hence, the contact area of
interface between continuous and dispersion phase
increases with the increase in the agitation speed.
The mass transfer coefficient is also highly dependent
on the flow condition (e.g., agitation speed). Hence,
the mass transfer rate increases with the increase in
the agitation speed.Fig. 1 shows the dependence
of the apparent rate constant on the agitation speed.
For agitation speed less than 250 rpm, both mass
transfer and reaction resistance are important in de-
termining the reaction rate. In this work, the reaction
rate does not significantly change for agitation speed
larger than 250 rpm. The mass transfer resistances
of the active catalyst between the two phases are the
same for agitation speed between 250 and 1000 rpm.
Further increase the agitation speed, the conversion
is not affected by the agitation speed greater than

Fig. 1. Effect of the agitation speed on the apparent rate constant
in the organic phase; 10 g of sodium hydroxide, 10 ml of water,
5.37 mmol of 4,4′-biphenol, 0.59 mmol of TBAHS, 4 mmol of
bromoethane, 50 ml of chlorobenzene, 50◦C.

250 rpm. Therefore, the agitation speed was kept at
500 rpm in the following experiments to obtain the
kinetic data. Hence, it is obvious that the reaction in
organic phase is the rate-controlling step for agitation
speed larger than 250 rpm under this set of condi-
tions. However, this threshold value will be changed
with change in the reaction parameters. For example,
the surface tension of the two-phase is decreased by
increasing temperature and adding surfactants (ex:
dodecyltrimethylammonium bromide, cationic sur-
factant). The maximum two-phase mass transfer rate
will be reached under lower agitation speed.

4.2. Effect of temperature

Fig. 2 shows the effect of temperature on the re-
action. As predicted, the conversion is increased with
the increase in temperature. The reaction which fol-
lows pseudo first-order rate law, is a type of endother-
mic without occurring any other side-reaction. From
Eq. (20), the apparent rate constant is obtained from
the slope of the straight line by plotting−ln(1 −
X) vs. time. InFig. 3, the activated energy (Ea1 =
42.5 kcal mol−1) is obtained from the slope of the
Arrhenius plot of ln(kapp,1) vs. 1/T. The increase of
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Fig. 2. Effect of the temperature on the conversion of bro-
moethane; 15 g of sodium hydroxide, 30 ml of water, 5.37 mmol
of 4,4′-biphenol, 0.59 mmol of TBAHS, 4 mmol of bromoethane,
20 ml of chlorobenzene, 500 rpm.

Fig. 3. Arrhenius plot of the apparent rate constant in the organic
phase; 15 g of sodium hydroxide, 30 ml of water, 5.37 mmol of
4,4′-biphenol, 0.59 mmol of TBAHS, 4 mmol of bromoethane,
20 ml of chlorobenzene, 500 rpm.

temperature also enhances the solubility of aqueous
phase reactant 4,4′-biphenol in the aqueous phase.

4.3. Effect of organic solvent

In this work, bromoethane reacts with QO(Ph)2OQ
in the two sequential steps producing second active
catalyst and the desired product from the two sequen-
tial reactions in the organic phase. For this, the organic
solvents, such as: chlorobenzene, toluene,p-xylene
and dibutyl ether are employed to investigate their po-
larities on the synthesis of 4,4′-diethanoxy biphenyl.
A plot of the conversion vs. time in various organic
solvents is depicted inFig. 4. The result indicates that
the reaction follows a pseudo first-order law in using
these organic solvents. The correspondingkapp,1 val-
ues in various organic solvents are shown inTable 1.
The reaction rate constant is increased with the in-
crease in polarity of the organic solvent (or dielectric
constant). Bromoethane, which possesses a dipole mo-
ment, forms a dipole–dipole bond with organic solvent
in which the active catalyst QO(Ph)2OQ is also af-
fected. The higher the polarity of the organic solvent,
the easier the ability to depart for bromide and Q+
ion from ethyl and biphenoxide groups. Hence, it is

Fig. 4. Effect of the organic solvents on the conversion of bro-
moethane; 15 g of sodium hydroxide, 30 ml of water, 5.37 mmol
of 4,4′-biphenol, 0.59 mmol of TBAHS, 4 mmol of bromoethane,
20 ml of organic solvent, 500 rpm, 55◦C.
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Table 1
Effect of the organic solvents on the distribution coefficient of QO(Ph)2OQ between organic and aqueous phases, intrinsic rate constant,
percentage of active catalyst (Q, %), apparent rate constant; 15 g of sodium hydroxide, 30 ml of water, 5.37 mmol of 4,4′-biphenol,
0.59 mmol of TBAHS, 4 mmol of bromoethane, 30 ml of water, 20 ml of organic solvent, 500 rpm, 55◦C

Organic solvent Dielectric constant,ε kapp,1 × 10−3 (min−1) MQO(Ph)2OQ Q (%)∗ k1
′ (min−1) sk1

′′ (min−1)

Chlorobenzene 5.71 (20◦C) 4.95 32.33 95.7 0.367 0.351
Dibutyl ether 3.06 (25◦C) 1.75 30.14 95.0 0.131 0.125
Toluene 2.39 (20◦C) 1.42 27.88 95.5 0.106 0.101
p-Xylene 2.26 (20◦C) 1.11 24.15 94.3 0.085 0.080

∗ Q (%)=2× mole of QO(Ph)2OQ/mole of QO. QO= Initial amount of catalyst.

favorable for O(Ph)2O−2 and H5C2O(Ph)2O− to dis-
place bromide ion in an organic solvent of high polar-
ity (i.e. a low activated energy in the SN2 nucleophilic
substitution).

In principle, the concentration of the active cat-
alyst QO(Ph)2OQ can be measured by HPLC. It is
found that about 95% of the catalyst is in a form of
QO(Ph)2OQ. Most of QO(Ph)2OQ distributed in the
organic phase for all organic solvents. Therefore, the
intrinsic rate constant,k1

′ was calculated from
the measuredkapp,1 value and [QO(Ph)2OQ]o shown
in Eq. (18). In addition, the intrinsic rate constant
k1

′′ can also be calculated from the information of
f, MQO(Ph)2OQ, Q0 and Vo in Eq. (18). The results
are given inTable 1. Both k1

′ andk1
′′ obtained from

different approaches are very close. These results in-
dicate that the proposed model is sufficient to describe
the characteristics of the PTC reaction.

4.4. Effect of phase transfer catalysts

In general, there is no universal rule to guide in
selecting an appropriate phase transfer catalyst except
that determined from experiments. The reason is that
different reactions need various catalysts to enhance
the rate and to promote the yields. In this work,
seven chemicals, such as: TBAC, TBAB, TBAHS,
TBAI, tetraethtylammonium bromide (TEAB), ben-
zyltetrabutylammonium bromide (BTEAB), and
4-(tributylammonium) propansultan (a zwitterion,
(C4H9)3N+(CH2)3SO3

−; QSO3) were employed to
examine their reactivities.Table 2depicts the apparent
rate constants for these seven catalysts in which TBAI
exhibits the highest reactivity. Comparing the results
for TBAI, TBAB, TBAHS and TBAC, the order of the
reactivities of the anions is: I− > Br− > HSO4

− >

Cl−. The order of the reactivities of the cations is:
TBAB > TEAB. The result indicates that the reactiv-
ity of quaternary salt increases with the increase in
total carbon number in the alkyl group of the cation.
For this, the formation of active catalyst QO(Ph)2OQ
is more soluble in organic solvent to enhance the re-
action. TEAB, which is more soluble in water, does
not have high reactivity. TEAB is more reactive than
BTEAB although the total number of carbon in the
cation of BTEAB is larger than that of TEAB. The
reason is that the benzyl group appears in the unsym-
metric cation. The reaction system of the unsymmet-
ric cation easily forms the emulsion solution which is
a retardant state for the regeneration of catalysts and
unfavorable for the attack of the nucleophilic reagent
in the SN2 reaction. The catalyst in other form of
QSO3 is a zwitterion compound. It will be anionic
in base solution and cationic in acid solution, so the
concentration of quaternary ammonium cation (Q+)
is very low in the alkaline solution. Therefore, the
reaction rate of QSO3 and NaO(Ph)2ONa to produce
the active catalyst QO(Ph)2OQ is low.

Table 2
Effect of the catalyst on the apparent rate constant; 15 g of sodium
hydroxide, 30 ml of water, 5.37 mmol of 4,4′-biphenol, 0.59 mmol
of catalyst, 4 mmol of bromoethane, 30 ml of water, 20 ml of
organic solvent, 500 rpm, 55◦C

Catalyst kapp,1 × 10−3 (min−1)

TBAI 18.4
TBAB 5.59
TBAHS 4.95
TBAC 3.05
TEAB 2.10
BTEAB 0.95
QSO3 0.30
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Fig. 5. Effect of the amount of TBAHS on the apparent rate
constant in the organic phase; 15 g of sodium hydroxide, 30 ml of
water, 5.37 mmol of 4,4′-biphenol, 4 mmol of bromoethane, 20 ml
of chlorobenzene, 65◦C, 500 rpm.

4.5. Effect of the amount of TBAHS catalyst

Effect of the amount of TBAHS catalyst on the
apparent rate constant is shown inFig. 5. The reac-
tion follows a pseudo first-order law using C2H5Br
as a limiting component. In the absence of catalyst,
only 4.8% conversion of bromoethane is obtained
after 160 min of reaction. Nevertheless, the conver-
sion is increased to 98.5% after 160 min of reaction
when 0.4 g of TBAHS catalyst is added. As shown
in Fig. 5, the apparent rate constant increases lin-
early with the amount of TBAHS catalyst.Eq. (18)is
simplified as:kapp,1 = (k1/2Vo)Q0 for the partition
coefficientMQO(Ph)2OQ which is larger than 1 in high
pH value solution. This result indicates that the appar-
ent rate constant was only determined by the amount
of initial-addition of catalyst. The results were very
consistent withEq. (18).

4.6. Effect of the amount of water

In general, the concentration of NaOH, distribu-
tion of active catalyst between two phases and the
organic–aqueous interfacial area are all affected by

Fig. 6. Effect of the amount of water on the apparent rate constant
in the organic phase; 15 g of sodium hydroxide, 5.37 mmol of
4,4′-biphenol, 0.59 mmol of TBAHS, 4 mmol of bromoethane,
20 ml of chlorobenzene, 65◦C, 500 rpm.

the amount of water. As shown inFig. 6, the ap-
parent rate constant is increased with the increase in
the amount of water (0–10 ml) and then decreased
with the increase in the amount of water. This result
indicates that the largest value ofkapp,1 is obtained
using 10 ml of water. Four main points in affecting
the rate due to the change of the amount of water are
cited. First, the solvation of QO(Ph)2OQ with water
is increased by increasing the amount of water, which
is unfavorable for the reaction. Second, the activity
of QO(Ph)2OQ decreased by increasing the amount
of water, i.e., unfavorable to enhance the reaction.
For this, the partition coefficient of QO(Ph)2OQ
(MQO(Ph)2OQ = [QO(Ph)2OQ]o/[QO(Ph)2OQ]a) de-
creases with the increase in the amount of water.
Third, the interface area is increased by increasing
the amount of water. The reaction rate is increased
with the increase of mass transfer area which is
favorable for the reaction to proceed. Fourth, the sol-
ubility of 4,4′-disodium biphenoxide NaO(Ph)2ONa
is decreased by decreasing the amount of water.
NaO(Ph)2ONa, which is dissociated into Na+ and
O(Ph)2O−2, reacts with QBr to form the active cata-
lyst. The solubility-product constant of NaO(Ph)2ONa
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is 5.59 M3 at 25◦C. The concentration of O(Ph)2O−2,
which affects the concentration of QO(Ph)2OQ, is
increased with the decrease in the alkalinity of the so-
lution. Hence, the reaction is enhanced by increasing
the amount of water. Therefore, there is an optimum
value of the amount of water in this reaction.

4.7. Effect of the amount of sodium hydroxide

In principle, the concentration of NaOH affects
the distribution of the active catalyst between two
phases, and the solubility of 4,4′-biphenol in the
aqueous phase. The active catalyst QO(Ph)2OQ in
the aqueous phase is solvated to form the complex
compound (QO(Ph)2OQ)m(H2O)n. The hydration
number of QO(Ph)2OQ is decreased by increasing
the concentration of alkaline. Hence, the reaction
rate is increased by increasing the amount of NaOH.
Second, the solubility of 4,4′-biphenol in aqueous
phase is low in the absence of NaOH. But as stated in
4.6, disodium salt would salt out upon using a large
amount of NaOH. In this reaction condition, the ef-
fect of salting out due to the addition of disodium salt
is not significant in using over 10 ml of water. Third,
only active catalyst can be formed from the reaction
of alcohol and the phase transfer catalyst in the pres-
ence of NaOH. The reason is that the biphenoxide is
difficult to depart from the hydrogen by bromide ion
of quaternary ammonium salt, i.e., the covalent bond
of the biphenoxide and hydrogen is strong, not easy
to be dissociated. As shown inFig. 7, the conversion
is only 23% after 160 min when the 5 g of NaOH is
used and no reaction occurs in the absence of NaOH.
The apparent rate constant is sensitive to the amount
of NaOH (kapp,1 = 8.4×10−4 min−1 at 5 g of NaOH,
kapp,1 = 11.2×10−3 min−1 at 20 g of NaOH). There-
fore, the conversions are obviously affected by the
amount of sodium hydroxide.

4.8. Effect of the volume of 25 M alkaline solution

In this work, the effect of the volume of alkaline
solution (25 M) on the reaction is investigated. The
reaction rate is decreased with decrease in the vol-
ume of NaOH solution. In the 25 M NaOH aqueous
solution, disodium biphenoxide precipitate was ob-
served in the reaction system. Hence, the concentra-
tions of biphenoxide anion are the same in the NaOH

Fig. 7. Effect of the amount of NaOH on the conversion of bro-
moethane; 10 ml of water, 5.37 mmol of 4,4′-biphenol, 0.59 mmol
of TBAHS, 4 mmol of bromoethane, 40 ml of chlorobenzene,
50◦C, 500 rpm.

Fig. 8. Effect of the amount of NaOH solution (25 M) on the con-
version of bromoethane; 5.37 mmol of 4,4′-biphenol, 0.59 mmol of
TBAHS, 4 mmol of bromoethane, 40 ml of chlorobenzene, 50◦C,
500 rpm.
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solution. The interface contact area is increased by in-
creasing the amount of NaOH solution. The conver-
sion is increased with the increase of mass transfer
area. As shown inFig. 8, the conversion is only 30.2%
after 70 min at 5 ml of solution, and the conversion
is increased to 85.2% with the increase of 25 ml of
solution.

5. Conclusion

In this work, 4,4′-dialkanoxy biphenyl was success-
fully synthesized by the phase transfer catalytic re-
action which was carried out from the reaction of
4,4′-biphenol and bromoethane in an alkaline solution
of NaOH/organic solvent two-phase medium. The ki-
netic model was constructed to satisfactorily account
for the factors of the reaction. Two sequential reactions
of the active catalyst and bromoethane in the organic
phase for the SN2 substitution were indicated. How-
ever, only the final di-tetrabutylammonium-substituted
product was obtained. The second intrinsic rate con-
stant (k2) in the organic phase is much larger than the
first intrinsic rate constant (k1), so that the first SN2 re-
action is the rate determining step. The reaction is not
influenced by the agitation speed larger than 250 rpm.
Due to solvation effect, distribution of active catalyst,
interface area and the solubility of 4,4′-biphenol, 10 ml
of water is the optimum volume. A reasonable expla-
nation was used satisfactorily the peculiar phenomena.
In this work, the largest yield was obtained by us-
ing TBAI as the phase transfer catalyst. The reaction
rate is increased with the increase in the amount of
NaOH.
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