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bstract

The kinetics of vinylation of 4′-bromoacetophenone (4′-BAP) with n-butyl acrylate (n-BA) has been studied using palladacycle catalyst precursor
, in the presence of sodium acetate (NaOAc) as a base and tetrabutylammonium bromide (TBAB) as a promoter in N-methyl-2-pyrrolidinone
NMP) solvent. The rate was found to be first order with respect to 4′-BAP, fractional order with the catalyst, and first order tending to zero

rder with NaOAc concentration. The rates passed through a maximum with variation of TBAB and n-butyl acrylate concentrations. The rate data
ave been analyzed to propose an empirical model, which is in good agreement with the mechanism already established for Heck reactions using
alladacycle catalysts.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The Mizoroki–Heck [1,2] reaction of aryl halides with olefins
as become an important tool in synthetic chemistry for C–C
ond formation with the olefinic structure retained. This reac-
ion has also gained importance due to its ability to tolerate a
ariety of functional groups, thus avoiding the need for protec-
ion and deprotection of functional groups during the synthesis.
umerous reports have been published on this reaction detailing

he use of improved catalysts in order to achieve higher turnover
umbers (TON) and the influence of various operating variables
uch as reactants [3], promoters [4], and catalysts [5,6] on the
eaction rates and selectivity towards the desired products. Since
he industrially important aryl chlorides react very slowly with
he presently available catalysts, most of the present research is
imed at synthesis of better catalysts for higher activity, stabil-
ty, and substrate tolerance. Palladacycles have turned out to be
he best catalysts employed for these reactions in terms of TON

nd turnover frequency (TOF), although these require higher
emperatures in order to be active [6]. The mechanism of this
eaction has also been established but doubts remain regarding

∗ Corresponding author. Tel.: +91 20 25902620; fax: +91 20 25902621.
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he actual catalytic species involved [7]. The reactions involv-
ng the use of acrylate as an olefin source are very important, as
he products are industrially useful cinnamates. The cinnamates
btained are used as UV absorbers, antioxidants, and as interme-
iates in perfumery, pharmaceutical, and dye industry. In spite
f extensive studies on Heck chemistry, not much work has been
ublished on the detailed kinetics of these reactions [8]. Zhao et
l. [8e] have studied the kinetics of the Heck reaction of iodoben-
ene with methyl acrylate with Pd(OAc)2/PPh3 as the catalyst
recursor system. The authors have reported a fractional order
ependence on the Pd(OAc)2 concentration, first order depen-
ence on iodobenzene concentration, and a first order tending to
ero order with methyl acrylate concentration. With respect to
ase (triethylamine) concentration they have observed that the
ates pass through a maximum with increasing base concentra-
ion. Blackmond and co-workers [8c] have studied the kinetics of
he Heck reaction of p-bromobenzaldehyde with n-butyl acrylate
ith N–C palladacycle. They have reported a fractional order
ependence of the rate on the catalyst concentration, first order
n olefin concentration and zero order on the halide concentra-
ion. Dupont and co-workers [8d] have studied the kinetics of

he Heck reaction of iodobenzene and n-butyl acrylate in the
resence of N–C palladacycle, wherein a first order dependence
f the rate with catalyst concentration, and saturation kinetics in
hI and n-BA is reported. However, this study is restricted only
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eters on the reaction rates, the reaction was carried out in various
solvents so as to ascertain the best solvent for investigation of the
kinetics. The results of this study are presented in Fig. 2. For the
preliminary screening of the solvents, 4′-bromoacetophenone
A. Sud et al. / Journal of Molecular C

o a temperature of 80 ◦C. In homogeneous catalytic systems, the
eactions are extremely sensitive to the temperature and hence
etailed kinetic studies at different temperatures are necessary.
herefore, the effect of concentration variation of catalyst, aryl
alide, olefin, base, and tetraalkyl ammonium salt was studied
n the vinylation of 4′-bromoacetophenone using palladacycle
atalyst 1 in a temperature range of 403–433 K. This study would
e useful in understanding of the rate behaviour as well as the
echanism of the reaction.

. Experimental

.1. Chemicals and apparatus

Palladium acetate and tri (o-tolyl) phosphine were purchased
rom Aldrich Chemical Co. 4′-Bromoacetophenone, sodium
cetate, n-butyl acrylate, tetrabutylammonium bromide, and
-methyl-2-pyrrolidinone (NMP) were purchased from com-
ercial sources and used as received. The reactions were carried

ut in a 50 ml two-necked stirred glass reactor fitted with a con-
enser immersed in an oil bath held at a desired temperature.
he stirring was by means of a magnetic stirrer. The analy-
is of the contents of the reaction mixture was done using an
gilent 6850A gas chromatograph, with an HP-I capillary col-
mn of 30 m length (methyl siloxane as stationary phase) and a
ame ionization detector. The analysis was carried out using a

emperature programme between 80 and 250 ◦C.

.2. Experimental procedure

In a typical experiment, 10 mmol of 4′-bromoacetophenone,
5 mmol n-butyl acrylate, 15 mmol sodium acetate, 2 mmol
etrabutylammonium bromide, and 2 �mol palladacycle [6a]
atalyst 1, shown in Scheme 1, were taken in NMP solvent
n 50 ml two-necked stirred glass reactor under nitrogen atmo-
phere. This was then immersed in an oil bath pre-heated to a
equired temperature. The reaction was then started by switch-
ng the stirrer on. Samples were withdrawn at regular intervals,
ltered and analyzed for conversion of 4′-bromoacetophenone
nd cinnamate formation. Some reactions were carried out to
omplete conversion, following which the reaction mixture was
ashed with 5% HCl (three washes with 25 ml each) extracted
ith CH2Cl2 (50 ml) and dried over MgSO4. The solvent was

emoved under vacuum and then the mixture was separated by

olumn chromatography to isolate the products.

For kinetic analysis the reactions were carried out for short
urations such that the conversion of the 4′-bromoacetophenone
as less than 20% to ensure differential conditions. The bulk

Scheme 1.
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atalyst solution was prepared in the solvent used, prior to
he reaction. From this catalyst solution, the required quantity
as added to the reaction mixture. It was observed that, when

he catalyst was added from the previously prepared solution
after warming the solution to 50 ◦C), no induction period was
bserved. The induction period is due to the time required for
he formation of the active catalytic species from the catalyst
recursor. In the case of pretreated catalyst, the active catalytic
pecies is already formed and hence the induction period is no
onger observed. The initial rates of the reaction were calculated
rom the plots of formation of butyl-3-(4-acetylphenyl)acrylate
roducts as a function of time, in a region where the conversion
f 4′-bromoacetophenone was less than 20%.

. Results and discussion

A few preliminary experiments were carried out on viny-
ation of 4′-bromoacetophenone with n-butyl acrylate, using
alladacycle 1 as the catalyst in the presence of TBAB pro-
oter, to ensure material balance of reactants/products and to

elect a suitable solvent and a base for the kinetic study. A typ-
cal concentration–time profile for the reaction is presented in
ig. 1. The consumption of 4′-BAP and n-butyl acrylate, and the
ormation of butyl-3-(4-acetylphenyl)acrylate was monitored
y GC. The consumption of 4′-BAP and n-butyl acrylate was
ound to be stoichiometrically consistent with the formation of
utyl-3-(4-acetylphenyl)acrylate according to Scheme 2 in all
he experiments.

.1. Effect of solvent on the reaction rates

In order to carry out the study on the effect of various param-
ig. 1. Concentration–time profile for the standard reaction. Reaction condi-
ions: 4′-BAP, 0.399 kmol/m3; n-BA, 0.602 kmol/m3; NaOAc, 0.6 kmol/m3;
BAB, 0.074 kmol/m3; catalyst 1, 8.51 × 10−5 kmol/m3; solvent, NMP; total
olume, 25 ml; temperature, 150 ◦C.
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as halide), n-butyl acrylate (as olefin), sodium acetate (as base),
nd tetrabutylammonium bromide (as promoter) were taken as
he standard reaction system components. Both polar solvents
uch as N-methylpyrrolidinone, N,N-dimethylformamide, and
thylene glycol, and non-polar solvents viz diethylene glycol
ibutyl ether, quinoline, and n-decane were screened for their
ctivity and selectivity in the Heck reactions.

The rates of reaction are faster in polar solvents than in non-
olar solvents. In the case of NMP, the reaction was complete
n 20 min. With DMF, it took 30 min to achieve the maximum
onversion. In non-polar solvent decane, the reaction rate was
ery slow and the reaction was not complete even after 2 h of
eaction due to the insolubility of NaOAc base in the solvent.
n the case of ethylene glycol, the substrates and products were
nly partially soluble in the solvent. Hence, each sample was
xtracted with toluene and then analyzed by GC. There was an
nduction period observed with all the solvents screened as the
atalyst precursor was added to the reaction mixture without any
retreatment. This induction period can be attributed to the for-
ation of active catalytic species from the palladacycle catalyst

recursor. The dimeric palladacycle forms a catalytically active
onomeric species in the reaction mixture [7d].
No product formation was observed when quinoline was used
s a solvent. Quinoline can act as a ligand to form a stable com-
lex with palladium, thus making it unavailable for the catalytic
eaction.

ig. 2. Effect of solvents on the rate of the reaction. Reaction conditions:
′-BAP, 0.399 kmol/m3; n-BA, 0.602 kmol/m3; NaOAc, 0.6 kmol/m3; TBAB,
.074 kmol/m3; catalyst 1, 8.51 × 10−5 kmol/m3; total volume, 25 ml; tem-
erature, 150 ◦C. DMF, N,N-dimethylformamide; DEGDBE, diethyleneglycol
ibutyl ether.
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These results are in conformity with the earlier reports on
eck reactions, where it was observed that the reaction pro-

eeds faster in polar solvents than in non-polar solvents [10].
his is attributed to the stabilization of the polar catalytic species

ormed by the addition of the olefin to the palladium centre when
chelating ligand is present [9]. Apart from this, the solubility
f sodium acetate is higher in polar solvents than in non-polar
olvents. As the liquid phase concentration of the base is higher
n polar solvents, the removal of H–X in catalytic cycle and con-
ersion of Pd(II) to active Pd(0) species is facilitated, resulting
n enhanced activity.

Out of all the solvents screened, NMP was the best solvent
n terms of the rate activity. Hence, for the further studies on
he kinetics of Heck reactions, NMP was the solvent of choice
NMP, DMF, and DMA (N,N-dimethylacetamide) are the most
ommonly used solvents for Heck reactions reported [6,8]}. The
eck reaction is generally favoured in polar non-protic solvents.

.2. Effect of base on the reaction rates

Various organic and inorganic bases were screened in NMP
olvent for their activity and selectivity for the Heck reaction
f 4′-BAP and n-BA to give butyl-3-(4-acetylphenyl)acrylate.
or this purpose, sodium acetate, sodium hydroxide, sodium
arbonate, sodium bicarbonate, potassium acetate, potassium
ydroxide, potassium carbonate, and n-tributyl amine were
creened. The results are shown in Table 1. The use of strong
ases like sodium hydroxide and potassium hydroxide gave <3%
roduct formation. Both these bases led to the decomposition

f the halide and the olefin. Acetophenone was formed as the
ecomposition product of the 4′BAP. Acrylic acid and 1-butanol
ere the decomposition products of the butyl acrylate. Sodium
icarbonate turned out to be a better base than sodium carbon-

able 1
ffect of different bases on the rate of the reaction

erial
umber

Base Time
(min)

Conversion
(4′-BAP) (%)

Selectivity
(%)

NaOAc 20 98.9 99.8
KOAc 20 99.5 99.1
KOH 200 75.4 2.5
NaOH 180 81.0 0.4
K2CO3 20 97.2 99.1
Na2CO3 50 92.0 98.9
nBu3N 30 91.8 99.4
NaHCO3 30 97.1 99.6

eaction conditions: 4′-BAP, 0.399 kmol/m3; n-BA, 0.602 kmol/m3; base,
.6 kmol/m3; TBAB, 0.74 kmol/m3; catalyst 1, 8.51 × 10−5 kmol/m3; solvent,
MP; total volume, 25 ml; temperature, 423 K.
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Table 2
Range of conditions investigated for kinetic study

Concentration of catalyst (kmol m−3) 4.26 × 10−5 to 2.55 × 10−4

Concentration of 4′-bromoacetophenone
(kmol m−3)

0.1–0.75

Concentration of n-butyl acrylate
(kmol m−3)

0.25–1.1

Concentration of base (kmol m−3) 0.1–1.1
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Fig. 3. Initial rate slopes for different initial concentrations of palladacycle cat-
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species in equilibrium (step 1, Scheme 3). This may also con-
tribute to the fractional order observed with respect to the catalyst
concentration.
oncentration of TBAB (kmol m−3) 0.03–0.2
emperature (K) 403–433

te, leading to 97% conversion of 4′-BAP in 30 min as compared
o 92% conversion with sodium carbonate in 50 min. Sodium
cetate was a better base than sodium bicarbonate, giving a
8.9% conversion in 20 min. Potassium bases gave better activ-
ty compared to their respective sodium counterparts. Potassium
cetate gave the best conversion amongst all the bases screened.
his may be attributed to better ionization of the potassium bases

n the organic solvents as compared to sodium bases, thus lead-
ng to better solubility of these bases in the solvent. Organic
ase (n-tributylamine) gave inferior conversions than acetate and
icarbonate bases.

Sodium and potassium acetate remain the most commonly
sed bases for the Heck reactions [6,8]. It may be noted that in
ur study, though potassium acetate gave the highest conversion
f 4′-BAP, it was not considered for the further kinetic studies
ue to its hygroscopic nature. Keeping all the factors in mind,
odium acetate was used as the base in further studies.

.3. Kinetic analysis

The kinetics of vinylation of 4′-bromoacetophenone with n-
utyl acrylate with the palladacycle 1 as the catalyst precursor
n the presence of sodium acetate base and tetrabutylammonium
romide promoter was studied. For this study, several exper-
ments were carried out in the range of conditions shown in
able 2. The initial rates were calculated from the observed data
n the consumption of 4′-bromoacetophenone as a function of
ime. The rate of reaction was calculated from the slope of prod-
ct formed versus time plot. A typical concentration versus time
lot for different initial concentrations of palladacycle catalyst
at 150 ◦C is shown in Fig. 3. The dependence of the rate on

he various parameters was investigated at four different tem-
eratures. The results showing the dependence of the rates on
ifferent parameters and kinetic modelling are discussed below.

.3.1. Effect of catalyst concentration on the rate of
eaction

The effect of the concentration of the catalyst precursor
palladacycle 1) on the rate was studied at constant 4′-BAP, n-
A, NaOAc, and TBAB concentrations of 0.399, 0.602, 0.6,
nd 0.074 kmol/m3, respectively, in a temperature range of
03–433 K. It was observed that the rate increased with an

ncrease in the catalyst concentration, in the range under inves-
igation. The rate showed a fractional order dependence on the
oncentration of the catalyst as shown in Fig. 4. This is in agree-
ent with the earlier reports on Pd catalyzed Heck reactions

F
4
0

lyst 1. Reaction conditions: 4 -BAP, 0.399 kmol/m ; n-BA, 0.602 kmol/m ;
aOAc, 0.6 kmol/m3; TBAB, 0.074 kmol/m3; catalyst, 1; solvent, NMP; total
olume, 25 ml; temperature, 150 ◦C.

8a,c,e]. This trend can be attributed to the formation of an inac-
ive dimeric species, C3 (step 7), shown in Scheme 3. As the
atalyst concentration is increased more of the dimeric species
s likely to form. Hence, the enhancement in the concentration
f the active catalyst species available for the reaction is not
roportional to the increase in the concentration of the cata-
yst precursor. Thus the increase in the observed reaction rates
s not first order as normally observed, but instead shows a
alf order dependence on the catalyst concentration as would
e expected from the equilibrium deactivation as shown in the
echanism (Scheme 3). It should also be noted that the cata-

yst precursor is a dimer, which will dissociate to a monomeric
ig. 4. Effect of catalyst concentration on the reaction rates. Reaction conditions:
′-BAP, 0.399 kmol/m3; n-BA, 0.602 kmol/m3; NaOAc, 0.6 kmol/m3; TBAB,
.074 kmol/m3; catalyst, 1; solvent, NMP; total volume, 25 ml.
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.3.2. Effect of p-bromoacetophenone concentration on the
ate of reaction

The effect of 4′-bromoacetophenone concentration varia-
ion on the activity was studied at constant n-BA, palladacycle
, NaOAc, and TBAB concentrations of 0.602, 8.511 × 10−5,
.6, and 0.074 kmol/m3, respectively, in a temperature range of
03–433 K. The results are shown in Fig. 5. The rate was found
o increase with increase in the concentration of 4′-BAP. This is

o be expected as the ArX moiety oxidatively adds to the catalytic
pecies in step 2 of the catalytic cycle as shown in Scheme 3.
his step is usually considered to be the rate-determining step

n the catalytic cycle [7e], and hence, any increase in the con-

ig. 5. Effect of 4′-bromoacetophenone (4′-BAP) concentration on the reaction
ates. Reaction conditions: n-BA, 0.602 kmol/m3; NaOAc, 0.6 kmol/m3; TBAB,
.074 kmol/m3; catalyst 1, 8.51 × 10−5 kmol/m3; solvent, NMP; total volume,
5 ml.
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entration of the 4′-BAP leads to enhancement in the rate of the
eaction. This observation is similar to the earlier report by Zhao
t al. [8e] for the kinetics of Heck reaction of iodobenzene with
ethyl acrylate with Pd(OAc)2/PPh3 as the catalyst precursor.
upont and co-workers [8d] report a saturation kinetics (first
rder at lower concentration and zero order at higher concen-
ration) for PhI concentration for the reaction of iodobenzene
ith n-BA. Blackmond and co-workers [8c] report a zero order
ependence on the halide concentration for the reaction of p-
romobenzaldehyde with n-BA: however, as is expected, any
ero order reaction essentially will be first order in the lower
oncentration range.

.3.3. Effect of n-butyl acrylate concentration on the rate of
eaction

The effect of n-butyl acrylate concentration was studied at
onstant 4′-BAP, catalyst 1, NaOAc, and TBAB concentrations
f 0.399, 8.511 × 10−5, 0.6, and 0.074 kmol/m3, respectively,
n the temperature range of 403–433 K. The rate of the reac-
ion showed a complex dependence and passed through a

aximum. Initially a first order dependence with the acrylate
oncentration was observed in the lower concentration range
0.6 kmol/m3) and then, after attaining a maximum, the rates
ecreased marginally with increasing concentration of the olefin.
his is the first time a negative order dependence of the rate on
oncentrations of n-BA is observed. In earlier studies Dupont
nd co-workers [8d] report a saturation kinetics with respect
o n-BA concentration for the reaction of iodobenzene with

-BA, whereas Blackmond and co-workers [8c] report a first
rder dependence on the olefin concentration for the reaction
f p-bromobenzaldehyde with n-BA using a N–C palladacy-
le catalyst. The olefin concentration range used in the present
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Fig. 6. Effect of n-butyl acrylate (n-BA) concentration on the reaction rates.
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Fig. 7. Effect of NaOAc concentration variation on the reaction rates.
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At higher concentrations of TBAB this can lead to more solubil-
ity of NaOAc in NMP, thus making it viscous (experimentally
observed), thereby reducing the rates. It can also act as a pro-
moter to increase the rate of oxidative addition step by increasing
eaction conditions: 4′-BAP, 0.399 kmol/m3; NaOAc, 0.6 kmol/m3; TBAB,
.074 kmol/m3; catalyst 1, 8.51 × 10−5 kmol/m3; solvent, NMP; total volume,
5 ml.

tudy is higher than that used in the earlier studies. This might
e one of the reasons why the decrease in the reaction rate
ith increase in olefin concentrations has not been observed

n these studies. Zhao et al. [8e] report a first order tending to
ero order dependence of rates on the olefin (methyl acrylate)
oncentration.

The olefin addition to the catalyst complex leads to the for-
ation of a � complex C4 (step 3, Scheme 3) in an equilibrium

eaction which then leads to the formation of � complex. It has
een reported that the presence of high concentrations of olefins
eads to the formation of species C1a (step 8, Scheme 3), which
s inactive for the reaction [11]. This leads to a decrease in the
ctive catalyst available for the reaction and hence a drop in
he rate at higher n-butyl acrylate concentration is observed as
hown in Fig. 6.

.3.4. Effect of NaOAc concentration on the rate of reaction
The effect of base concentration on the vinylation of 4′-

AP with n-BA was studied at constant 4′-BAP, n-BA, catalyst
, and TBAB concentrations of 0.399, 0.602, 8.511 × 10−5,
nd 0.074 kmol/m3, respectively, in a temperature range of
03–433 K. The rate shows a linear dependence on NaOAc
oncentration in the lower concentration range (<0.8 kmol/m3).
ith further increase in NaOAc concentrations the rate increases
arginally. The results are presented in Fig. 7. Earlier report

y Dupont and co-workers [8d] shows a zero order depen-
ence on the base concentration but the concentration ranges
sed were significantly lower. Zhao et al. [8e] report the rates
assing through a maximum as the concentration of the base
triethylamine) is increased.

The base is required for the regeneration of the active cat-
lytic species by abstraction of HBr from the species C6 (step
) as shown in Scheme 3. As the concentration of the base

ncreases, a faster regeneration of active catalytic species takes
lace leading to an increase in the rate as observed. Further
ncrease in the base concentration above a certain value does
ot lead to any additional enhancements in the rate. This could

F
d
c

eaction conditions: 4′-BAP, 0.399 kmol/m3; n-BA, 0.602 kmol/m3; TBAB,
.074 kmol/m3; catalyst 1, 8.51 × 10−5 kmol/m3; solvent, NMP; total volume,
5 ml.

e due to the solubility limitation of NaOAc in NMP at higher
oncentrations.

.3.5. Effect of TBAB concentration on the rate of reaction
The effect of tetrabutylammonium bromide concentration

n the rate of the reaction was studied at constant 4′-BAP,
-BA, catalyst 1, and NaOAc concentrations of 0.399, 0.602,
.511 × 10−5, and 0.6 kmol/m3, respectively, in a temperature
ange of 403–433 K. The rates passed through a maximum as the
oncentration of tetrabutylammonium bromide was increased.
he results are presented in Fig. 8. The TBAB is known to play
iverse roles in the reaction mechanism. It acts as a phase trans-
er agent in order to increase the solubility of NaOAc in NMP.
ig. 8. Effect of TBAB concentration variation on reaction rates. Reaction con-
itions: 4′-BAP, 0.399 kmol/m3; n-BA, 0.602 kmol/m3; NaOAc, 0.6 kmol/m3;
atalyst 1, 8.51 × 10−5 kmol/m3; solvent, NMP; total volume, 25 ml.
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he electron density on the palladium atom due to the formation
f more electron-rich anionic Pd(0) species [9]. It can also act
s a stabilizing additive to increase the lifetime of underligated
d(0) species. The bromide of the TBAB can enter the coordina-

ion sphere of the palladium and form a stable complex that can
revent collisions between the Pd(0) species and thus formation
f metal clusters [9]. However, at higher TBAB concentrations
his may reduce the reaction rates as vacant metal sites may not
e available for the oxidative addition step. The exact nature of
he influence of TBAB on the reaction rate cannot be restricted
o a single effect but rather is a superposition of all the effects

entioned earlier.

.3.6. Rate model
The kinetic data was used to develop a rate equation for the

eck reaction of 4′-bromoacetophenone and n-butyl acrylate.
ased on the observed trends, a variety of empirical models were
xamined, and the best model was selected based on the criterion
f the least average error between predicted and experimental
ates (Φmin) which is defined as:

n

min =
∑

i=1

(REXP − RPRE)2

here REXP is the observed rate of reaction and RPRE is the rate
redicted by the respective models.

R

l

able 3
alues of kinetic parameters at different temperatures

odel Temperature (K) k (m3/kmol)5 KB (m3/kmol)

I) 403 9.36 × 103 3.03
413 1.26 × 103 0.04
423 5.17 × 104 1.86
433 9.91 × 104 2.31

odel Temperature (K) k (m3/kmol)4.5 KB (m3/kmol

II) 403 1.09 × 102 1.90
413 4.11 × 102 2.01
423 8.06 × 102 2.08
433 1.37 × 103 2.28

odel Temperature (K) k (m3/kmol)4.5 KB (m3/kmo

III) 403 5.14 × 102 3.13
413 2.41 × 103 3.33
423 5.77 × 103 3.89
433 1.47 × 104 4.35

odel Temperature (K) k (m3/kmol)4.5 KB (m3/kmo

IV) 403 2.77 × 102 1.49
413 1.27 × 103 1.66
423 3.09 × 103 2.04
433 7.59 × 103 2.29

odel Temperature (K) k (m3/kmol)4.5

V) 403 25.56
413 97.55
423 187.69
433 358.79
sis A: Chemical 270 (2007) 144–152

.3.7. Estimation of kinetic parameters and model
iscrimination

The rate parameters k, KB, KC, and KD were evaluated at 403,
13, 423, and 433 K by fitting the experimental rate data with
qs. (I)–(V) using non-linear regression analysis and an optimi-
ation routine based on the Marquardt’s method [12]. The values
f the rate parameters at different temperatures are presented in
able 3.

The values of Φmin suggest the extent of fit of the kinetic
odels used (least value of the Φmin shows the best fit):

= k[A][B][C][D][Q]

(1 + KB[B]2)(1 + KC[C])(1 + KD[D]2)
(I)

= k[A][B][C][D][Q]0.5

(1 + KB[B]2)(1 + KC[C])(1 + KD[D]2)
(II)

= k[A][B][C][D][Q]0.5

(1 + KB[B])(1 + KC[C])(1 + KD[D])
(III)

= k[A][B][C][D][Q]0.5

(1 + KB[B]2)(1 + KC[C])(1 + KD[D])
(IV)

0.5
= k[A][B][C][D][Q]

(1 + KB[B]2)(1 + KD[D]2)
(V)

Model (I) was rejected as it gave negative values for the equi-
ibrium constants. Model (V) gave very high value for Φmin

2 KC (m3/kmol) KD (m3/kmol)2 Φmin (×104)

0.60 117.98 0.169
−0.47 −113.37 24.647

0.91 91.81 10.087
0.76 126.08 21.509

)2 KC (m3/kmol) KD (m3/kmol)2 Φmin (×104)

1.18 148.76 0.017
1.23 154.69 0.198
1.29 158.25 1.234
1.31 163.37 2.074

l) KC (m3/kmol) KD (m3/kmol) Φmin (×104)

1.05 59.19 0.059
1.35 75.63 0.561
1.22 86.71 2.421
1.31 128.26 2.336

l)2 KC (m3/kmol) KD (m3/kmol) Φmin (×104)

1.07 59.45 0.052
1.12 75.03 0.460
1.22 88.98 2.065
1.29 131.02 2.447

KB (m3/kmol)2 KD (m3/kmol)2 Φmin (×104)

1.17 148.32 0.330
1.37 154.57 4.693
1.73 163.33 18.008
2.34 173.66 31.084
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Fig. 9. Temperature dependence of rate constant (k) (Arrhenius plot).

nd hence was rejected. Models (III) and (IV) gave the Φmin
alue higher than model (II). In addition, on comparison of the
redicted values of the rates using these three models, it was
bserved that overall prediction using model (II) was closest to
he experimental values. Model (II) gave overall lowest values
or Φmin. This model thus turned out to be superior amongst
ll the models considered. Activation energies were calculated
sing Arrhenius plots (Table 3 and Fig. 9).

The following model was found to best fit the data at all the
emperatures studied:

= k[A][B][C][D][Q]0.5

(1 + KB[B]2)(1 + KC[C])(1 + KD[D]2)

here R is the rate of reaction, expressed in kmol/(m3 s), [A]
he concentration of p-bromoacetophenone (kmol/m3), [B] the
oncentration of n-butyl acrylate (kmol/m3), [C] the concen-

3
ration of NaOAc (kmol/m ), [D] the concentration of TBAB
kmol/m3), and [Q] is the concentration of the palladacycle cat-
lyst precursor 1 (kmol/m3). k is the rate constant, and KB, KC
nd KD are equilibrium constants.

ig. 10. Comparison of experimental rates and rates predicted using model (II).

w
d
m
e

R
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R

ig. 11. Temperature dependence of equilibrium constants KB, KC, and KD.

A comparison of the experimental rates with the predicted
ates using model (II) is shown in Fig. 10, which indicates a good
greement between experiments and predictions. The average
ercent error between the experimental and predicted data was
.95%. The activation energy for this model was estimated at
14.49 kJ/mol based on the Arrhenius plot (Fig. 9). The depen-
ence of KB, KC, and KD on temperature was also studied and
s shown in Fig. 11.

. Conclusions

The kinetics of vinylation of 4′-bromoacetophenone with n-
utyl acrylate with palladacycle catalyst 1 was studied in NMP
s solvent, NaOAc as base, and in the presence of TBAB pro-
oter. The effect of different parameters viz concentration of the

ubstrates, catalyst, base, and TBAB on the rate of the reaction
as investigated in a temperature range of 403–433 K. The rate
ata were fitted to various empirical rate models. The following
odel was found to predict the rates in good agreement with

xperimental values:

= k[A][B][C][D][Q]0.5

(1 + KB[B]2)(1 + KC[C])(1 + KD[D]2)
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