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Abstract

This work describes the etherification of 4hs(chloromethyl)-1,tbhiphenyl and 1-butanol catalyzed by a new multi-site phase-transfer
catalyst as carried out in an alkaline solution/organic solvent two-phase medium. The new multi-site phase-transfer catalysts were obtained
from the reaction of 4,4bis(chloromethyl)-1,tbiphenyl and tertiary amines. During or after completing the reaction, the mono-substituted
product (4,4 (butoxymethyl)-1,2biphenyl) and di-substituted product (4Ris(butoxymethyl)-1,tbiphenyl) are both produced. A rational
mechanism of the etherification was proposed based on the experimental observation and a kinetic model was developed. The two apparent
rate constants of the organic-phase reactions were obtained via experimental data. The reaction is greatly enhanced by adding a small
quantity of the new multi-site phase-transfer catalysts. This new novel phase-transfer catalyst exhibits higher reactivity than the "single-site
guaternary ammonium salts. Preliminary studies on the kinetics and the effect of various parameters such as agitation speed, amount of organic
solvent, multi-site catalysts, potassium hydroxide, water, organic solvents, inorganic salt and temperature were investigated in datail. Ration
explanations of the results are made.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the organic reactant. Quaternary ammonium and phospho-
nium salts with their unique capability to dissolve in both
The technology of phase-transfer catalysis (PTC) was aqueous and organic liquids are the catalysts of choice for
originally developed in the mid-1960s to enhance chemical most phase-transfer applicatioff§. The benefits of PTC
reactions catalyzed by quaternary ammonium salts in which lie in the elimination of organic solvents and dangerous or
the reactants are in two separate phgddésBy now, the expensive bases, together with simplicity of the procedure,
phase-transfer catalystis now considered to be one ofthe mostind its high yields and the purity of the products. This is
effective tools for organic synthesis from two or more im- particularly attractive due to the increasing number of envi-
miscible solution$2—4]. The methodology of phase-transfer ronmental laws since PTC processes always produce much
catalysis involves a reactant (organic-soluble compound) andless industrial waste and consume less energy than traditional
an anionic reactant (often an aqueous-soluble nucleophile).processes.
The organic-soluble reactant and the water-soluble anion are In general, ethers are one of the most high added-value
then brought together by a catalyst, which transports the an-chemicals extensively used in various industries as the addi-
ion into the organic phase where reaction takes place withtives for petroleum chemicals and extractdts8]. There-
fore, the potential value of the quaternary ammonium catalyst
for Williamson synthesis of ethers and its versatility in the
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established after the development of P[BCLO]. The appli- stirred continuously using a mechanical mixer at 600 rpm.
cation of phase-transfer catalysis to the Williamson synthesis The reaction was carried out at 70 for 24h and was

of ethers has been exploited widely and is far superior to any gently refluxed. Then, the crude product was evaporated in
classical method for the synthesis of aliphatic ethers. Potas-a vacuum evaporator to remove the solvent yielding a white
sium alkoxides tend to produce higher yields of the ethers solid of 4,4-bis(triethylmethylammonium)-1/biphenyl
than do the corresponding sodium derivatiliey. However, dichloride. The product (bis-quaternary ammonium salts)
it is frequently found that a relatively large amount of qua- was stored in CaGldesiccator.

ternary ammonium or phosphonium salt must be used as a Similarly, 4,4-bis(tripropylmethylammonium)-1/bi-
phase-transfer catalyst in the substitution reaction, in orderphenyl dichloride (4,4B(TPMA)-1,1-BP DC) and 4,4

for it to proceed rapidly enough to produce the ether products bis(tributylmethylammonium)-1,dbiphenyl dichloride

in an economically feasible time period. (4,4-B(TBMA)-1,1'-BP DC) were obtained from the reac-

It is of interest, therefore, to develop new phase-transfer tion of 4,4-bis(chloromethyl)-1,tbiphenyl with equi-molar
catalysts which can be used in smaller proportions. In or- tripropylamine and tributylamine, respectively. The products
der to satisfy these needs in a more pronounced mannerwere identified with an elemental analyzer.
novel “multi-site” PTCs are introduced in this wofk2].

Several soluble “multi-site” ammonium catalysts have pre- 2.2.2. Synthesis of 4;4butoxymethyl chloromethyl)-
viously been synthesizefd3-16] Catalysts such as these 1,1-biphenyl and 4,4bis(butoxymethyl)-1;ibiphenyl
have the advantage over single site catalysts in reactions in-and their purification
volving divalent anions that they generally need less of the  The reactor was exactly the same as that used in Sec-
salt to obtain a catalytic effect. In general, multi-site phase- tion 2.2.1 Measured quantities of 4:8#is(chloromethyl)-
transfer catalysts have a greater phase-transfer catalytic activd,1-biphenyl (20 mmol), 1-butanol (150 mmol), potassium
ity [15,16] However, the synthesis of “multi-site” PTCs have hydroxide (20g) and TBAB (0.5 mmol) were dissolved in
been less explored than the “single-site” PTC. The presenta mixture of 50 mL chlorobenzene and 20 mL of water at
work synthesizes a novel “multi-site” PTC based on quater- 45°C. The mixture was stirred continuously using a mechan-
nary ammonium salt in only one synthetic step. A principle ical mixer at 800 rpm. After 3 h of reaction, the two-phase
object of this work, therefore, is to provide novel and effi- solution was separated and the portion of organic solution
cient bis-quaternary ammonium salts and to investigate thewas washed five times with an alkaline solution to remove
kinetics of the reactions. The kinetics of synthesizing-4,4 the TBAB catalyst. The organic solvent was evaporated in
bis(butoxymethyl)-1,%biphenyl from the reaction of 44 a vacuum evaporator. Then, the mixture was separated by
bis(chloromethyl)-1,tbiphenyl and 1-butanol in an alkaline  pressurized column chromatography. The mono-substituted
solution/chlorobenzene two-phase medium were investigatedproduct and the di-substituted product were separated using
in detail. silicagel as adsorbent and dichloromethane as eluent. Finally,
the products were identified by mass spectrum for molecular
weight and NMR tH NMR and13C NMR) for functional

2. Experimental groups.
2.1. Materials 2.2.3. Kinetic study of the experimental runs
The reactor was a 150-mL three-necked round-bottomed
All reagents, 4,4bis(chloromethyl)-1,tbiphenyl, 1- Pyrex flask submerged in a constant-temperature water-bath

butanol, acetonitrile, aliquat 336 (tricaprylmethylammonium which was controlled to withint0.1°C. To start a kinetic
chloride), chlorobenzene, cuprous bromide, cuprous chlo-run, known measured quantities of 4bis(chloromethyl)-
ride, cyclohexane, dichloromethane, diethyl ether, tetrabuty- 1,1'-biphenyl, 1-butanol, water, organic solvent, potassium
lammonium bromide (TBAB), tetraoctylammonium bromide hydroxide, biphenyl (internal standard) and phase-transfer
(TOAB), toluene, tributylamine, triethylamine, tripropy- catalyst were introduced into the reactor. The reactor was set
lamine and tri-sodium phosphate were guaranteed gradeat the desired temperature and the solution was mixed at the

(G.R.) chemicals. desired agitation speed. An aliqguot sample was withdrawn
from the solution at a chosen time. The sample was immedi-
2.2. Procedures ately added to a cold methanol to retard the reaction and then
analyzed quantitatively by the high-performance liquid chro-
2.2.1. Synthesis of bis-quaternary ammonium salts matography (HPLC) using the method of internal standard
4,4 -bis(triethylmethylammonium)-2;biphenyl (biphenyl). An SPD-10AVP model with analyzed software
dichloride (4,4-B(TEMA)-1,1-BP DC) glass vp 5.0 and photodiode array detector (UV wavelength

A mixture of 12.56 g (0.05 mol) of 4,4is(chloromethyl)- 269 nm) from Shimadzu was used for HPLC analysis. The
1,2-biphenyl, 10.12 g (0.10 mol) of triethylamine and 70 mL  column used was Lichrosorb RP-18eu(®, Applied Merck
of acetonitrile were placed in a 150-mL three-necked Co.). The eluent were acetonitrile/deionized water with gra-
round-bottomed Pyrex flask. The mixture solution was dient concentration.
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3. Reaction mechanism and kinetics

A total reaction for the present system is

2C4H9OH + 2KOH + CIH2C(Ph)CH,CI

261

and the active catalyst (ROQ(BROR) in the bulk of
organic and agueous phases are:
d[ROQ(Ph}QOR],

dr

=K A
Cl=(Et)sN* HZC(P_m)ZCHzNﬂEt)acr ROQ(PMQOR

[ROQ(Ph}QORY],
HoC4OH,C(Ph)CH20C4Hg 4 2H0O + 2KCl -

x([RO‘Q+(Ph)2Q+OR‘]a T v——

— k[CIH2C(PhyCH,CI] [ROQ(Ph)QOR],

For that, a rational reaction mechanism is proposed as — k2[ROH,C(Ph)CH,CI] ,[ROQ(PhYQOR], (1)
follows:
kaq,l .
2 ROH + 2 KOH 2ROK"+2H,0
kaq.Z + + +
2 K'CI'+ RO (Et);N "H,C(Ph),CH,N " (Et);RO" 2ROK" + CI'(Et);N"HyC(Ph),CH,N (Et);CIT
I(RO(Et)3NH2C(Ph)zCH1N(Et)3RO (aqueous phase) KCI(Et)gNHzC(Ph)zCHlN(Et)gCl
l (organic phase)
kl
CIH,C(Ph),CH,Cl + RO(Et);NH,C(Ph),CH,N(Et);RO  — ROH,C(Ph),CH,Cl + RO(Et);NH,C(Ph),CH,N(Et);Cl
k2
ROH,C(Ph),CH,Cl + RO(Et);NH,C(Ph),CH,N(Et);RO  —»ROH,C(Ph),CH,0OR + RO(EL);NH,C(Ph),CH,N(Et);Cl
ks
CIH,C(Ph),CH,Cl + RO(Et);NH,C(Ph),CH,N(Et);C1 — ROH,C(Ph),CH,CI + CI(Et);NH,C(Ph),CH,N(Et);Cl
ky
ROH,C(Ph),CH,CI + RO(Et);NH,C(Ph),CH,N(Et);Cl ~ —ROH,C(Ph),CH,0R + CI(Et);NH,C(Ph),CH,N(Et);Cl —
The mechanism was formulated on the basis of Starks’
extraction mode[_2,3]. An organic-soluble active catalyst, d[RO~Q*(Ph)Q+TOR ],
ROQ(PhYQOR (i.e. RO(EfjNH2C(PhpCH2N(Et)30R), O
which is an organic-soluble compound, was produced from . . L
the aqueous solution by reacting the catalyst CIQ{RR) = kagARO™K™]J[CI"Q7(Ph)L,Q"CI"],
(i.e. CI(Et)sNH2C(Ph)CHaN(Et)sCl~) and potassium — KroQ(PhyQoRAf
alkoxides (ROK*). The concentration of ROQ(PIQ)OR ROQ(Ph)QOR
in the organic phase is kept at a constant value using a large X ([ROQ+(Ph)zQ+OR]a | 7 (Ph ]O>
excess of 1-butanol. Then, ROQ(PQR, which is trans- ROQ(PMQOR
ferred from aqueous phase into organic phase, reacts with
4,4 -bis(chloromethyl)-1,2biphenyl (CIHC(PhRCH.CI) d[CIQt(PhpQ*CI 1,
undergoing four sequential reactions in the organic phase dr
t(?] Iproduct:ﬁ l:;1 1m10k;1.o;]ethe|r cz)éngétérzg,h/):(gjt(ggmethﬁl = KcigrhyaclAf ([CIQ(PhLQCI],
chloromethyl)-1,%:bipheny 2 an _ - G
di-ether compounds, 4:&is(butoxymethyl)-1,%biphenyl MC'Q(Ph)ZQCLECI Q (Iih)ZQ Cl la)
(ROH,C(PhYCH,OR), respectively. Based on the ex- — kaq ARO™K™][CI~ Q7 (PhQ" CI7], 3)
perimental data, material balances for the reactant,
mono-substituted product and di-substituted product are d[CIQ(Ph)QCl],
satisfactorily made. It also indicates that no by-products were dr
produced_ in the solution. The ion (_a>'<ch§1nge_ in aqueous phase = k3[CIH2C(Ph)CH,CI],[ROQ(Ph}QCI],
is all rapid. Therefqre, the etherification in organic phase + ka[ROH2C(PhCH,CI] ,JROQ(PhYQCI,
is the rate-determining step for the whole reaction system.
Based on the proposed mechanism and two-film theory, — KeioehpaiAf (ICIQ(PhLQCH],
material balances for the regenerated catalyst CIQa) — MC|Q(ph)2QC|[CI‘Q+(Ph)ZQ+CI‘]a) 4)
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The total amount of cataly&y in the solution is: d[ROQ(Ph)QORY], 0 d[RO"Q*(Ph,Q"OR ], 0
Eo = Vo([IROQ(PhYQOR], + [ROQ(PhYQCI], d d
+ICIQPEQCI) + Ve(RO™Q* (PhpQ OR ], ARRPHROCh _ o AROQERTE ] _,
+[CI- QT (PhLQTCI™ 5
[CrQ (P 2 ®) d[CIfQ'F(Ph)zQ"'le]a d[CIQ(Ph)QCl],
wheref is the volume ratio of the organic solutiof) to the dr =0, - @  ~ 0 (8
aqueous solutiondy); O denotes the CH,N(Et); group; and . o
the subscripts, “0” and “a” denote the characteristics of the €OmPining Eqs(1)~(5) and(8), we obtain:
| (+ Forcaemeon)
ROQ(PhYQOR], = — {14+ ————
[ROQ(PNYQORL, Vo SMROQ(PhYQOR
kag ARO™K*]a+ f MéQ(Ph)ZQCJA — fMRoQ(PhyQORMcIQ(Ph,QCIAZ
+ | 1+ fMcigrenhyoct +
k3[CIH2C(Ph),CH,CI], + ka[ROH,C(Ph)CH,CI],
k [CIH2C(PhRCH,CI], + kZ[ROHzc(Ph)ZCHZCUO) . < 1 . 1 )
X
kag ARO™ K], KciophpoolA  fKROQ(PhYQORA
x (k1[CIH2C(PhRCH,Cll, + k2[ROH,C(PhCH,CIl,) } 9)

species in the bulk of organic and aqueous phases, respec- The following Damkohler numbers DacioPhyQc. 1,

tively. Furthermorek, ko, ks andks, are the intrinsic rate DaciqPhpact.2: DaroqPhyor1 and Daroq(PhyQoR2 are
constants of the four reactions in the organic phase, Wkile defined as:

andkag,2are the intrinsic rate constants of the two ionic reac-

tions in the aqueous phaseis the interfacial area between  Daciopnyoci1 = ka[CIH2C(PhBCHACll (10)

two phasesKroqrhyQor and Kcigrhyoc are the mass KciqPhpqciA

transfer coefficients of ROQ(PHQOR and CIQ(Ph)QCI be- k>[ROH2C(PhLCHCI],

tweenthe two phaseklroqrhyoorandMcigrhyqci are the DaciqPhpQcl,2 = e 1 (12)

distribution coefficients of ROQ(PSPR and CIQ(PHQCI CIQ(PhQCI

between two phases, respectively, i.e.: k1[CIH2C(PhyCH,CI],
Daroq(PhQor1 = — i (12)

MrooEhyQoR = [ROQ(PhQOR], ¢ ©) ROQ(Ph}QOR:

[RO™Q*(PhRQTOR ;¢ ko[ROH2C(Ph)CH,CI],,
DaroQ(PhyQOR2 = Fe—— (13)
[CIQ(PhLQCl], s
McigPhpqQct = (1)

[CI=Q"(PhRpQTClI ], R (i.e.R; andRy) are defined as the ratio of the organic-
phase reaction rate to the aqueous-phase reaction rate, i.e.:
On the basis of the experimental observation, the concen-

trations of ROQ(PBHQOR, ROQ(PHQCI and CIQ(PHQCI g, — Ka[CIH2C(PhECH,Cll, (14)
in organic and aqueous phases reaches constant values at kaq RO~ K*]q

the beginning of the reactidi 7,18] Therefore, a pseudo-

steady-state hypothesis (PSSH) is applied, i.e.: Ry = k2[ROHC(PhyCH,Cll, (15)

kag ARO™ K],

Combining Eqs(10)-(15) and(9), we have:

Qo 1
ROQ(PhyQOR], = — 11+ ————
[ROQ(Ph}QOR], Vo {( + fMRoQ(Ph)QOR>

kag ARO™K]a+ fM(2;|Q(Ph)ZQc|A — fMRroq(PhyQorRMcigPhyaciAZ
k3[CIH2C(Ph)CHoCl], + k4[ROH2C(Ph)CHoCI],

+ (1 + fMcigrhyqcl +

DarogPhyQoRr 1 + DaroQ(PhyQOR 2 -t
f

X (R1 + R2) + (Dacighyqcl,1 + Dacigrhpct2) + (
(16)
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Several experiments were carried out to measure the con-where [CIHC(Ph)CH,Cl],; denotes the initial concentra-
centration of ROQ(PRROR in the aqueous and organic tion of 4,4-bis(chloromethyl)-1,%biphenyl in the organic

phases. It was found that the concentration of ROQEROR

phase. Thus, the value kfpp 1 can be obtained from exper-

inthe organic phase maintained a constant value after 1 min ofimental data in conjunction with E§22). Then, Eq(19) is
reaction. This result indicates that the mass transfer rates ofrewritten as:

ROQ(Ph>QOR and CIQ(Ph)QCI between the two phases

are rapid compared to the organic-phase reaction. Further-

d[ROH,C(Ph)CHCI],
dr

more, the rates of aqueous ion-exchange are faster than those

of organic phase. Based on the experimental evidence, both

the Damkohler numbers as wellRsandR, are small. There-
fore, Eq.(16) can be simplified to:
JMroqPhyQor Qo
14+ fMrogPhyQoRr Vo
From Eq.(17), it is clear that [ROQ(PRRORY], is a con-

[ROQ(PhYQORY], = (17)

stant value. Moreover, material balances for the reactant and

the two products in the reaction solution are:

B d[CIH2C(Ph)CHCI],
dr
= k1[CIH2C(Ph)CH,CI] ,[ROQ(Ph}QOR],

+ ks[CIH2C(PhRCH,CI] [ROQ(PhYQCI],

(18)

d[ROH,C(Ph)CH,CI],
dr
= k1[CIH2C(Ph)CH,CI] ,[ROQ(PhYQORY},

+ k3[CIH2C(Ph)CH2CI] ,[ROQ(Ph)QCI],
— ko[ROH2C(Ph)CH,CIl,[ROQ(PhYQOR],
— ka[ROH2C(Ph)CH,CI [ROQ(PhQCI],

(19)

d[ROH,C(Ph)CH,0R],
dr
= k2[ROH2C(Ph)CH,CI] ,[ROQ(Ph}QOR],

+ ka[ROH2C(PhLCH,CI] [ROQ(Ph)QCI],

(20)

The amount of ROQ(PBROR in organic phase main-
tained a constant value, which indicates that [ROQ{Ph)
QCl], also maintained a constant value. Et) becomes:

d[CIH2C(Ph)CHCl],

dr

= kapp ICIH2C(Ph)CH,CI],
(21)
wherekapp 1= ky[ROQ(PhQORY], + ks[ROQ(PhYQCI].

— kapp, AROHC(Ph)CH,Cl],

wherekapp,2 = k2[ROQ(Ph}QORY, + k4[ROQ(Ph}QCI],
Substituting Eq(23) into Eq.(24), we obtain:

[ROH2C(PhLCHCI],

[CIH2C(Ph)CH:CI], o

(24)

k
WL [exp(—kapp¥) — eXP(—kapp2)]  (25)

kapp,2— kapp,1

Based on the experimental data for[R&E{Ph)
CHxCl],, the value ofkapp 2 can be obtained from E¢25)
with the previous knowledge ddpp 1 via the technique of
parameter estimation. The kinetic parameters of the equation
were obtained using a computer program (software Fortran
90). Combining Eqs(20) and(25), we obtain:

[ROH,C(Ph)CH,OR],
= [CIH2C(Ph)CH,Cl],,;

kapp,1

exp(—kapp 2
kapp.2— kapp 1 P(—kapp,2)

x[l—i—

kapp,z

exp(—kapp,lz)} (26)

kapp,2— kapp,1

The concentration of the di-substituted compound
ROH,C(Ph»CH,0R could be estimated from the previous
knowledge ofkapp,1 andkapp,2 The estimated value is con-
sistent with the experimental value which was obtained from
the HPLC analysis.

4. Results and discussion

The propose of this work is to study the etherifi-
cation of 4,4-bis(chloromethyl)-1,%biphenyl in order to

The data obtained from the kinetic runs were analyzed us- Synthesize a mono-substituted product {4ptitoxymethyl

ing the integral method of rate data analysis showing that the chloromethyl)-1,%-biphenyl) and a di-substituted product
reaction followed a pseudo-first-order rate law for all exper- (4.4-bis(butoxymethyl)-1,Ebiphenyl) in an alkaline solu-

imental runs. Integrating E@21) yields:

whereX is the conversion of CILC(PhRCH,CI, i.e.:
CIH2C(Ph)CH,CI
X =1 [ 2C(PhpCHClI], (23)

~ [CIH2C(Ph)CH,Cl],;

tion/chlorobenzene two-phase medium. The products were
successfully separated and purified from the reaction solu-
tion by pressurized column chromatography. No by-products
were observed during or after reaction. Material balances
for the reactant, mono-substituted product and di-substituted
product were satisfactorily made. The effects of the operating
conditions on the reaction rate are discussed in the following.
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4.1. Effect of the agitation speed 20

kapp, 1

—

In principle, the active catalyst, R@*(PhLQ*OR, is A, el
required to be physically transferred from the aqueous phase £
into the organic phase in a phase-transfer catalyst chemical=
environment. With agitation, a maximal interfacial area is
obtained. In order to ascertain that agitation would lead to an
increase in the interfacial area. The surface concentration of
the reactive species results in accelerating the mass transfe
rate. As the transfer rate of the active catalyst substantially
surpasses the intrinsic reaction rate of the organic phase, afte
which the rate of a phase-transfer catalytic reaction would
become independent of agitation speed. As shovkignl, 0 T
no improvement in the reaction rate is observed when the ° 2 Volu;oe of Chl;gbenzenzo(mu 10 12
agitation rate exceeds 600 rpm. This behavior is in contrast
to those reactions taking place at a water—organic phaserig. 2. Effect of the volume of chlorobenzene on the two apparent rate
boundary, where the reaction rate is directly proportional to constantskapp,1 andkapp,z 4 mmol of 4,4-bis(chlormethyl)-1,%biphenyl,
stirring rate[19]. Below 600 rpm, the reaction rate is highly 150 mmol of 1-butanol, 0.5 eq. mmol of 4B(TEMA)-1,1'-BP DC, 209
dependent on the agitation speed because mass transfer play¥Potassium hydroxide, 20 mL of water, 800 rpm,“45
an important role in affecting the reaction rate. Therefore,
the agitation rate was set at 800 rpm for studying the reaction4 2 - Effect of the volume of the organic solvent
behaviors from which the resistance of mass transfer is
kept at a minimum constant value or zero value. Thus, Some phase-transfer catalytic reactions were conducted
the apparent rate constants reach constant values for theinder“solvent-free” conditiorf20,21] Nevertheless, phase-
agitation speed 600-800 rpm. The value of the first apparenttransfer catalytic reactions are frequently carried out in the
rate constankapp,1is larger than that of the second apparent presence of an organic solvent or co-solvent, especially
rate constaritapp 2 Which indicates that the first substitution  if the organic reagent is in a solid form. In this exper-
reaction is faster than the second one in the organic phaseiment, the organic-phase reactant,’4i(chloroemthyl)-

The organic-phase reactant has two chlorine atoms to be1,7-biphenyl, is in solid form, so it is necessary to add ade-
substituted by alkoxides. Therefore, the probability of quate organic solvent to dissolve the organic-phase reactant.
collision alkoxides with any one of the two chlorine atoms In this case, chlorobenzene was chosen as the organic sol-
of the organic-phase reactant to produce mono-substitutedvent in this etherification reaction, and results are shown in
is greater than that of collision alkoxides with the single Fig. 2 In general, the concentration of the active catalyst and
chlorine atom of the mono-substituted product to produce the interfacial area between the organic phase and aqueous
di-substituted product. phase are highly affected by the volume of organic solvents.
The concentration of the active catalyst is decreased by in-
creasing the volume of the organic solvent, whereas, the in-
terfacial area is increased by increasing the volume of the
organic solvent. From the experimental results, it is clear that
the dilution effect substantially surpasses the interfacial area
effect. In another word, the effect of the concentration of the
active catalyst on the reaction rate is still greater than that of
the interfacial area on the reaction rate. It is easy to recog-
nize that the experimental condition was set at high agitation
speed, so the interfacial area effect would no longer dominate
the conversion.

app,2

Apparent rate constant x

4.3. Effect of the catalysts

Apparent rate constant x10® (min™)

o T T T T For promoting phase-transfer catalytic reaction, the
o 200 foo 800 80 1000 1200 development of a new phase-transfer catalyst often plays the
Agitation speed (rpm) most important role, together with the choice of the most
ropri hase-transfer lyst. For thi rnar
Fig. 1. Effectofthe agitation speed on the two apparent rate conskaits, approp .ate pltase tfa Ste ﬂcatayjtd CtJ t:1 .S’I quatet aé/
andkgpp,5 4 mmol of 4,4-bis(chloromethyl)-1,%biphenyl, 150 mmol of 1- ammomu_m 5_5? Sare _rEquen yuseddueto e'_r OV\{ CQS an
butanol, 50 mL of chlorobenzene, 0.5 eq. mmol of 84TEMA)-1,1-BP good availability. In this work, the newly synthesized'4ys
DC, 20g of potassium hydroxide, 20 mL of water, 4% (triethylmethylammonium)-1/dbiphenyl dichloride (4,4
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28[ m  4,4-B(TEMA)-1,1-BP DC Table 1 o _
L ® 44-B(TPMA)-1,1-BP DC Effect of the new multi-site catalyst and the conventional quaternary ammo-
24 A 44-B(TBMA)-1,1-BP DC nium salts on the two apparent rate constakas, 1 andkapp 2
s0 r v TBAB _ Phase-transfer catalysts Kapp1 Kapp2
T TOAB (x10® min—1) (x103 min—1)
H Aliquat 336
— 161 4,4-B(TEMA)-1,7-BP DC 816 4.05
i 4,4-B(TPMA)-1,7-BP DC 1046 5.23
‘S' 12| 4,4-B(TBMA)-1,1-BP DC 1167 5.79
' | TBAB 6.09 2.13
08l TOAB 6.67 2.35
| Aliquat 336 261 0.98
04 | Reaction conditions:4 mmol of 4,4-bis(chloromethyl)-1,tbiphenyl,
150 mmol of 1-butanol, 50 mL of chlorobenzene, 0.5 eq. mmol of catalyst,
00 H i " 1 1 1 " 1 A 1 n 1 1 H 1 o
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the apparent rate constankgpp,1 andkapp 2 for these new
Fig. 3. A plot of —In(1—X) of 4,4-bis(chloromethyl)-1,tbiphenyl multi-site catalysts, quaternary ammonium salts are given in
vs. time with different catalysts; 4 mmol of 4;8is(chloromethyl)-1,% Table 1

biphenyl, 150 mmol of 1-butanol, 50 mL of chlorobenzene, 0.5eq. mmol

of catalyst, 20 g of potassium hydroxide, 20 mL of water, 800 rpmiCGi5 -
y gorp Y P 4.4. Effect of the amount of multi-site catalysts

B(TEMA)-1,17-BP DC), 4,4-bis(tripropylmethylammo- The effect of amount of catalyst, 4;B(TEMA)-1,1'-
nium)-1,1-biphenyl dichloride (4,4B(TPMA)-1,7-BP BP DC, on the conversion was also studied. As shown in
DC) and 4,4bis(tributylmethylammonium)-1;ibiphenyl Fig. 4, the two apparent rate constants are plotted against
dichloride (4,4-B(TBMA)-1,1’-BP DC) were employed different amounts of the catalyst. The consumption of-4,4
as the phase-transfer catalysts, and their reactivities werebis(chloromethyl)-1,tbiphenyl is directly proportional to
compared with those of the conventional quaternary am- the concentration of catalyst added. Extrapolating the line
monium salts, such as TBAB, TOAB and Aliquat 336. of kapp 1 intersects the ordinate at a positive value, since
The results are given iRig. 3, indicating that the reaction the reaction could occur without any catalyst, although it
follows a pseudo-first-order rate law. The following order would be extremely slow. In the absence of B{TEMA)-
illustrates the relative catalytic activity of different catalysts 1,17-BP DC, only 8.6% conversion of 4/bis(chloromethyl)-

in the etherification reaction of 4;%is(chloromethyl)- 1,7-biphenyl is obtained after 180 min. Nevertheless, the
1,7-biphenyl with 1-butanol: Aliquat 336<TBAB< conversion is reached 77% after 180 min of reaction when
TOAB<4,4-B(TEMA)-1,1-BP DC <4,4-B(TPMA)-1,1- merely 0.5 eq. mmol of 4,8B(TEMA)-1,1-BP DC catalyst

BP DC<4,4-B(TBMA)-1,1-BP DC. Aliquat 336, which  was added. This shows that the catalytic activity of 4,4
is quite inexpensive, did not give satisfactory results in the B(TEMA)-1,1-BP DC is quite sufficient for the etherifica-
case of etherification. The catalytic effect of the symmetric
quaternary ammonium salts, TBAB and TOAB, show that 25
they are good catalysts. A higher total carbon number
in the alkyl groups gives a higher reaction rate since .~
the lipophilicity and extraction capability of quaternary
ammonium salts would be increased with the increase
in the number of carbon atoms. The more lipophilic the
quaternary ammonium cation, the greater is its effectiveness
in transferring nucleophilic anions into the organic phase.
The newly synthesized multi-site phase-transfer catalysts
had excellent catalytic effect with less expensive raw
material, 4,4bis(chlormethyl)-1,%tbiphenyl and tertiary
amine. It is noteworthy that the multi-site catalyst possesses
a higher reactivity than single-site catalyst, although the
total carbon number of 48(TEMA)-1,1-BP DC is
lower than that of TOAB. The phenomena can be ascribed Amount of 4,4'-B(TEMA)-1,1'-BP DC (mmol)
mainly to the molecular structure. The molecular structure
of bis-quaternary ammonium salts are analogic with the Fig-t:- EtffeCt of the tamcium of :":‘B(TEMA)';Y'BP '340 Catla'y?t

H H H on e w )
organic _reactant, __4dis(chloromethy)-1 oipheryl, T, e Mo sereent e conserns rd fond 4ol O
W!’]ICh \_NOUId m_a'(e the active cataly_tlc be more compatible chlorobenzene, 20g of potassium hydroxide, 20 mL of water, 800 rpm,
with this organic reactant. In applying Eq&3) and (26), 45°C.
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Fig. 5. Effect of the amount of potassium hydroxide on the two appar- Fig. 6. Effect of the volume of water on the two apparent rate constants,

ent rate constant&gpp,1 andkappz 4 mmol of 4,4-bis(chloromethyl)-1,% Kapp.1andKkapp 5 4 mmol of 4,4-bis(chloromethyl)-1,biphenyl, 150 mmol
biphenyl, 150 mmol of 1-butanol, 50 mL of chlorobenzene, 0.5 eq. mmol of of 1-putanol, 50 mL of chlorobenzene, 0.5 eq. mmol of BATEMA)-1,1-
4,4-B(TEMA)-1,1-BP DC, 20 mL of water, 800 rpm, 4%. BP DC, 20 g of potassium hydroxide, 800 rpm °45

tion reaction of 4,4bis(chloromethyl)-1,tbiphenyl with 1- (kapp,1@ndkapp 29 Would stay at constant at 0—10 mL until the

butanol. volume of water increased over 10 mL, when the two appar-
ent rate constants decreased with increased volume of water.
4.5, Effect of the amount of potassium hydroxide Two facts should be clarified. First, the quantity of 1-butanol

is larger than that of the organic reactant in our experimental

These procedures were also used to assess the effect afonditions. Therefore, the reaction rate is not affected by the
amount of potassium hydroxide on the process of etherifi- change of the concentration of 1-butanol with the increase of
cation reaction, with results as shownhig. 5. These re- the volume of water. Second, the interfacial area is increased
sults show that the etherification is highly dependent on the with the increase inthe volume of water. However, this change
amount of potassium hydroxide, and the reaction also follows in interfacial area would not affect the reaction rate since the
a pseudo-first-order rate law. The amount of alkoxides, the experiment was conducted entirely at high agitation speed. In
distribution of the active catalysts and the hydration hum- another words, the change of the reaction rate was not due to
ber of the active catalysts are all affected by the addition the increase of the contact of the interfacial area. In the range
of KOH. These three factors contribute to the enhancementof 0-10 mL of water, the active catalyst, ROQ(FQPDR, in
of the etherification reaction rate. First, it is obvious that the organic phase would form in a local saturated state. For
the amount of alkoxides would be increased when the morethis reason, the two apparent rate constants were maintained
amount of potassium hydroxide was added. Second, the con-at constant values. Nevertheless, the concentration of the ac-
centration of the active catalysts, ROQ(FBPDR, in the or- tive catalyst is decreased with the increase in the volume of
ganic phase is increased by increasing the concentration ofwater within the range of 20—60 mL, so the reaction is de-
potassium hydroxide in the aqueous phase. Third, the hydra-creased. Moreover, the concentration of alkali compound in
tion shell, specific for the active catalysts, reduces the rateaqueous solution is decreased with the increase in the vol-
of the chemical reaction in the organic phase. The extentume of water. This situation would dramatically reveal the
of anion hydration depends mainly on its polarizability and hydration effect of the active catalyst as the volume of water
electronegativity, with solvent and cation generally showing changed from 20 to 60 mL. The concentration of the alkali
anegligible effect. Hard anions such as O&hd F~ have the compound in aqueous solution would also affect the distri-
greatest hydration numbers, whereas the hydration number isbution of the active catalysts between two phases. Thus, less

low with soft anions such as'1[22]. More OH~ would de- active catalyst exists in the organic phase.

crease the hydration of the active catalysts, and thus it would

increase the reactivity of the active catalysts. 4.7. Effect of the organic solvents

4.6. Effect of the amount of water In this study, the Starks’ extraction mechanism was

employed to explain the reaction characteristics. For this,

In this work, the effect of the volume of water on the two chlorobenzene, cyclohexane, dibutyl ether and toluene were

apparent constants is investigated with results as shown inused as the organic solvents to investigate their influences
Fig. 6. It can be seen that the two apparent rate constantson the reactivity with results as shownhig. 7. The phase-
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Fig. 7. A plot of —In (1 — X) of 4,4-bis(chloromethyl)-1,%biphenyl vs.
time with different organic solvents; 4 mmol of 4dis(chloromethyl)-1,t
biphenyl, 150 mmol of 1-butanol, 50 mL of organic solvent, 0.5 eq. mmol of
4,4-B(TEMA)-1,1-BP DC, 20 g of potassium hydroxide, 20 mL of water,
800rpm, 45C.

transfer catalysts must have the ability to transfer the reactive
anion into the organic phase reacting with organic-phase re-
actant. In the phase-transfer catalytic etherification reaction,
the solvent indeed influences the reactive activity. The corre-
sponding pseudo-first-order constants are givenTiatde 2

The order of the relative activities of these organic solvents
is: cyclohexane > chlorobenzene > dibutyl ether > toluene. In

most applications, it appears that the chlorohydrocarbons are

more effective than those of the hydrocarbon solvents.

It is clear that a higher conversion is obtained using cy-
clohexane as the organic solvent. Since the phase-transfe
catalytic reaction is the intrinsic reaction rate limited, i.e.
the non-polar solvent promotes the rate-determining step in
the organic phase by reducing the extent of solvation (in-
cluding hydration) of reactant anion and by increasing the
concentration of quaternary ammonium cation in the organic
phasg23]. In other words, more polar organic solvents allow
smaller quaternary salts to be successfully partitioned into the
organic phase. As shown ifable 2 the activity is not sim-
ply proportional to the solvent parameter such as di-electric
constant £) or Reichardt’s solvatochromic parameteEiJT\’o
[24].

Table 2
Effect of the organic solvents on the two organic phase apparent rate
constants

EY

Organic solvent ¢ Kapp,1 Kapp,2

(x10® min—1) (x10¥ min—1)
Chlorobenzene 5.6 0.19 8.16 4.05
Cyclohexane 2.0 0.01 9.77 5.19
Dibutyl ether 2.8 0.07 7.97 3.83
Toluene 2.4 0.10 7.09 3.49

Reaction conditions:4mmol of 4,4-bis(chloromethyl)-1,tbiphenyl,
150 mmol of 1-butanol, 50 mL of organic solvent, 0.5eq. mmol of-4,4
B(TEMA)-1,7-BP DC, 20g of potassium hydroxide, 20mL of water,
800rpm, 45C.
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Fig. 8. A plot of —In (1 — X) of 4,4-bis(chloromethyl)-1,tbiphenyl vs.
time with different inorganic salts added; 4 mmol of’4bis(chloromethyl)-
1,7-biphenyl, 150 mmol of 1-butanol, 50 mL of chlorobenzene, 0.5eq.
mmol of 4,4-B(TEMA)-1,1'-BP DC, 20 g of potassium hydroxide, 20 mL
of water, 0.1 mol of inorganic salt, 800 rpm, 45.

4.8. Effect of the inorganic salt

In the etherification reaction, the inorganic salts extra
added sometimes influence the conversion. To investigate the
effect of the inorganic salts added on the etherification sys-
tem, cuprous bromide, cuprous chloride, sodium bromide,
sodium chloride, sodium sulfate and tri-sodium phosphate
were used as inorganic salts in this reaction system. The con-
version is plotted against time for different inorganic salts
\rNith results as shown iRig. 8 In general, the hydration lev-
els of all ions present in the system tend to decrease as the
salt concentration in the agueous phase increase, since the
added salt ties up water molecular and has a dehydrating ef-
fect on the ions present in the systf2b]. Nevertheless, the
extra addition of inorganic salt did notincrease the reactionin
this etherification system, indicating that the effect of adding
sodium bromide or sodium chloride is not significant. More-
over, the addition of sodium sulfate or tri-sodium phosphate
would be clearly decreasing the reaction rate or the conver-
sion. These results indicate that a larger sulfate anion group
or phosphate anion group has a greater salting-out effect.
However, small anions, such as the bromide ion or the chlo-
ride ion, do not have the capability to affect the reaction rate
or the conversion. The salting-out effect enables the use of
bis-quaternary ammonium salts which usually unfavorably
partitions in the organic phase in base-promoted reactions.
In addition, it has been reported that cuprous salts as a co-
catalyst together with ordinary phase-transfer catalysts can
often accelerate two-phase reactions in substitution reaction
under solid—liquid PTC conditiong6,27] However, it is
peculiar that the extra cuprous bromide or cuprous chloride
added would dramatically decrease the reaction rate in the
etherification system. This phenomenon could be ascribed
to the fact that the cuprous salts in the concentrated alkali
solution produce the insoluble basic cupric salt during the
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5. Conclusion

m 35°C

This work describes the catalysis of the etherifica-
tion of 4,4-bis(chloromethyl)-1,%biphenyl catalyzed by a
new synthesizing multi-site phase-transfer catalysts; 4,4
bis(triethylmethylammonium) dichloride were carried out
in an alkaline solution of KOH/organic solvent two-phase
medium. The catalytic activity of multi-site phase-transfer
catalysts was quite sufficient for the etherification reaction
of 4,4-bis(chloromethyl)-1,tbiphenyl with 1-butanol. The
kinetic model was constructed. The mass transfer of species
and the phase equilibrium of the catalysts between two phases
were also considered by the two-film theory. The multi-site
phase-transfer catalysts have a greater phase-transfer cat-
alytic activity than do the conventional quaternary ammo-
nium salts. It is also found that cyclohexane was the best
organic solvent to obtain a higher conversion among the sev-
eral organic solvents for this present system of etherifica-
tion reaction. The order of the relative activities of these
organic solvents is cyclohexane >chlorobenzene > dibutyl
ether >toluene. Larger anion groups decrease the reaction
reaction dramatically decreasing the concentration of alkali rate because of the salting-out effect. In addition, the addi-
in agueous solution. Hence, the reaction rate is dramatically tion of cuprous salts would dramatically decrease the reaction
decreased. rate. That was ascribed mainly to the produce of insoluble ba-
sic cupric saltduring the reaction. The two activation energies
Ea1 andEgo were 22.19 and 29.56 kcal/mol, respectively.

-Ln(1-X)

80 100 160

Time (min)

60

0 20 40 120 140 180

Fig.9. Aplotof—In(1— X) of 4,4-bis(chloromethyl)-1,%biphenyl vs. time
with various reaction temperatures; 4 mmol of’ 4 (chloromethyl)-1,%
biphenyl, 150 mmol of 1-butanol, 50 mL of chlorobenzene, 0.5 eg. mmol of
4,4-B(TEMA)-1,1-BP DC, 20 g of potassium hydroxide, 20 mL of water,
800 rpm.

4.9. Effect of the temperature

The present work investigates the reaction of’4,4
bis(chloromethyl)-1,tbiphenyl and 1-butanol catalyzed by
anew catalyst 4,4B(TEMA)-1,1'-BP DC in the presence of
alkaline solution under various reaction temperatures in the ~ The authors would like to thank the National Science
range of 35-55C. The results are given ifig. 9. As ex- Council for financial support under the grant no. NSC-90-
pected, the rates of most organic reactions increase with the2214-E-029-006.
increase in temperature from the transition-state theory. For
this reason, it is considered that increasing temperature is
likely to promote slow organic phase reactions in a phase- References
transfer catalyst system. Moreover, the reaction follows a
pseudo-first-order rate law. The first apparent rate constan
kapp,1and the second apparent rate conskapy > are listed
in Table 3 The two activation energiek4; and Egp) ob-
tained were 22.19 and 29.56 kcal/mol, by plottingKspf)
versus 1T from the Arrhenius equation. The activation en-
ergy shows that the etherification reaction is under kinetically
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