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In [1–4], it was shown that studying the effect of
temperature on the rate of the hydrocarbalkoxylation
reaction opens the possibility of determining the acti�
vation parameters of apparent constants of rate equa�
tions and these data in conjunction with the results of
direct kinetic experiments on the chemical behavior of
certain suggested intermediates make it possible to
compile a database of rate constants for the elemen�
tary steps of carbonylation reactions and their enthal�
pies and activation energies. The earlier studies of the
effect of temperature on the dependence of the rate of
the cyclohexene hydrocarbalkoxylation reaction with
cyclohexanol upon the concentration of the reactants
and catalyst components (Pd(PPh3)2Cl2 and triphe�
nylphosphine) enabled us to determine the apparent
activation energy for some of the kinetic parameters
and to estimate on their basis the enthalpies of the for�
mation of the Pd complexes Pd(PPh3)2(C6H11OH)2,
Pd(PPh3)2(CO)2, and Pd(PPh3)4 from
Pd(PPh3)2(C6H5CH3)2 [4]. In continuation of these
studies, we investigated the influence of temperature
on the dependence of the rate of the cyclohexene
hydrocarbomethoxylation reaction upon the concen�
trations of Pd(PPh3)2Cl2 and free triphenylphosphine,
determined the apparent activation energies of the rel�

evant parameters of the rate equation, and estimated
the enthalpies of the formation of the [Pd(PPh3)4] and

 complexes from
Pd(PPh3)2Cl2 [5]. In this paper, we present the results
on the effect of temperature on the apparent rate con�
stants for cyclohexene hydrocarbomethoxylation

in the presence of the Pd(PPh3)2Cl2–PPh3–p�toluene�
sulfonic acid (TsOH) catalyst system that reflect the
contribution of carbon monoxide and methanol to the
rate of this reaction.

EXPERIMENTAL

The cyclohexene hydrocarbomethoxylation reac�
tion was studied in the batch reactor described in [6].
All experiments were carried out in toluene. The reac�
tion mass was analyzed by GLC using o�xylene as an
internal standard; the analytical procedure is detailed
in [5]. The details of the kinetic experiments are given
in [7]. The accuracy of determining the reactant and
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product concentrations was ±3%. Confidence inter�
vals for the kinetic parameters determined are given in
the text.

RESULTS AND DISCUSSION

To reveal the effect of temperature on the depen�
dence of the cyclohexene hydrocarbomethoxylation
rate upon the CO pressure, five sets of experiments in
the temperature range of 368–388 K were performed
with varying the CO pressure in each set from 0 to
6.1 MPa. Figure 1 presents the data obtained in these
experiments as plots of the initial reaction rate versus
рСО for different temperatures. These curves are non�
monotonic in character for all of the temperatures.

Similar experiments were conducted on the effect
of methanol concentration on the rate of hydrocar�
bomethoxylation at different temperatures (Fig. 2).

The curves for the dependence of reaction rate r0 upon
[CH3OH] are also nonmonotonic, having a maximum
at 0.15 to 0.20 mol/L CH3OH.

Based on the data of previous experiments on the
effect of the reactants and the components of the cat�
alytic system (Pd(PPh3)2Cl2–PPh3–TsOH) on this
reaction at a fixed temperature, we found that the
reaction is first order in cyclohexene and TsOH, chlo�
ride anions inhibit the reaction, the reaction is insen�
sitive to tosylate anions, and the methanol concentra�
tion and CO pressure dependences of the reaction rate
are nonmonotonic [7]. These data were interpreted in
terms of a mechanism that involves as catalytic cycle
intermediates ion pairs of cationic hydride, alkyl, and
acyl palladium complexes with tosylate anions
(Scheme 1):

The nonmonotonic character of the reaction rate
dependence on the triphenylphosphine [5] and meth�

anol concentrations and the CO pressure can be inter�
preted in terms of the ligand exchange equilibriums:
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where Sol stands for solvent (toluene) molecules.
Scheme 1.
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However, we believe that the observed decline in
the specific catalytic activity of the precursor with
an increase in its concentration is due to the forma�

tion of the inactive complex X12 from X1 by the
action of HCl produced from Pd(PPh3)2Cl2 in reac�
tion (1) [5]:

(14)HCl Pd PPh3( )2Sol2+               HSol Pd PPh3( )2 Cl( )Sol[ ]  .
(X12)(X1)

k13

k–13

��

The inactivity of Х12 is caused by the anionic char�
acter of its Pd�containing moiety. On the other hand,
the factor responsible for the formation of Х12 type
complexes is a higher ability of the chloride ion to
coordinate to the central palladium atom compared
with the acetate or tosylate anion [8–10].

In [9, 11] it was shown that the rate�determining
step of the catalytic cycle is the nucleophilic attack of

the alcohol molecule at the acyl carbon atom in the Х6

complex. The arguments in favor of this point of view
are presented in [9–13]. In this context, all the pre�
ceding reversible steps can be considered quasi�equi�
librium. Then the reaction rate can be expressed by the
equation:
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Fig. 1. Effect of CO pressure on the initial rate of the cyclo�
hexene hydrocarbomethoxylation reaction at tempera�
tures of (1) 368, (2) 373, (3) 378, (4) 383, and (5) 388 K.
Concentrations, mol/L: [C6H10] = 0.1, [CH3OH] = 0.45,

[Pd(PPh3)2Cl2] = 2.0 × 10–3, [PPh3] = 8.0 × 10⎯3,

[TsOH] = 2.4 × 10–2.
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Fig. 2. Effect of methanol concentration on the initial rate
of the cyclohexene hydrocarbomethoxylation reaction at
РСО = 2.1 × 106 Pa and temperatures of (1) 358, (2) 363,
(3) 368, (4) 373, and (5) 378 K; concentrations, mol/L:
[C6H10] = 0.1, [Pd(PPh3)2Cl2] = 2.0 × 10–3, [PPh3] =

8.0 × 10–3, [TsOH] = 2.4 × 10–2.
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In the case of formation of the complex Х12, the
amount of bound and free HCl can be comparable.
Then the expression of К13 takes the following form:

where [HCl]0 is the amount of hydrogen chloride
released during the decomposition of Pd(PPh3)2Cl2
via reaction (1).

Consequently,

 (16)

An analysis of Eq. (16) shows that the second term
in its denominator can be neglected. Apparently, reac�
tion (14) should be characterized by slight exother�
micity and a decrease in entropy; thus, the value of K13

must be less than 1. At the same time, [Х1] cannot be
greater than the initial catalyst concentration, which
was 1 × 10–3 to 1.5 × 10–2 mol/L. Owing to these con�
ditions, the inequality 1  K13[X1] holds and Eq. (16)
takes the compact form [X12] = K13[X1][HCl]0. With
allowance for the relation [HCl]0 = 2CM, the equation
in this form appears as [X12] = 2K13[X1]CM.

The kinetic analysis of the data reported in [5]
showed that the contribution of complexes Х8 and Х9
to the overall balance of catalytic forms is negligible.
The application of the quasi�steady�state approxima�
tion to the given mechanism with allowance for this
fact and the above speculations about the concentra�
tion of the intermediate Х12 result in the following rate
equation:

(17)

where СМ is the total concentration of all forms of the
catalyst, CM = X0 + X1 + X2 + X3 +… + X12, which is
equal to the initial concentration of Pd(PPh3)2Cl2; [ol]

is the concentration of cyclohexene; a =  b =

 e =  f =  K = 

and k = k7K.

The linearization of reaction rate equation (17) in
the single�factor experiment for Pd(PPh3)2Cl2 and
PPh3 in [5] led to the following expressions for the
parameters of the linearized forms:
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where kapp.1 =  kapp.2 =

 and НСО is

Henry’s constant for CO solubility in toluene.
Rate equation (17) allows for quantitative substan�

tiation of the observed dependences of the reaction
rate on the CO pressure and the methanol concentra�
tion. Thus, in a single�factor experiment on РСО this
equation reduces to

 (18)

where A3 = 1 + a[CH3OH]2 + e[PPh3]
2 + fCМ,

kapp.3 = kCМ[ol][TsOH][CH3OH], and HСО is Henry’s
constant for CO.

Further transformation of Eq. (18) leads to the fol�
lowing expression:

 (19)

Representation of these relationships between r0
and РСО (Fig. 1) in the coordinates of Eq. (19) leads to
linear relations (Fig. 3). Their least squares treatment
led to the values for the parameters of the equation as
shown in the table.

In turn, the temperature dependence of the term

 is characterized by spread of data, indicating a

large uncertainty of determination of this parameter
by extrapolation. At the same time, the data on

 are satisfactorily described by the Arrhenius

equation:

In a single�factor experiment on the effect of meth�
anol concentration on the reaction rate, rate equation
(17) reduces to:
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where A4 =  and kapp.4 =

Further transformation of Eq. (20) leads to the fol�
lowing expression:

 (21)

The least squares processing of the data for Eq. (21)

has shown that the parameter  is statistically insig�

nificant. Then this equation appears as

 (22)

The plots of  versus [CH3OH]2 in Fig. 4

show good agreement between the calculated (solid
line) and experimental (symbols) data. The statistical

insignificance of the parameter  is supported by

the fact that these curves pass through the origin. The

 data are satisfactorily described by the Arrhenius

law:

 (23)

Note that we verified earlier the adequacy of this
kinetic model for a temperature of 378 K [14].

Analysis of the apparent activation energies allows
the ratios between enthalpies of ligand�exchange reac�
tions (9), (12), and (13) responsible for the removal of
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the active forms of the catalyst from the catalytic cycle
to be estimated. So, from Eqs. (16), (17), and (19), it
follows that

 (24)

and (25)

As ΔHH = ⎯6 kJ/mol [15], then
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Fig. 3. Fitting of the experimental data to Eq. (19). Con�
centrations, mol/L: [C6H10] = 0.1, [CH3OH] = 0.45,
[Pd(PPh3)2Cl2] = 2.0 × 10–3, [PPh3] = 8.0 × 10–3,
[TsOH] = 2.4 × 10–2. Temperatures, K (1) 368, (2) 373, (3)
378, (4) 383, and (5) 388.
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Similarly, using the previously calculated [5] values
for the apparent activation energy of the parameters

 =   and

=  , we get 
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Correspondingly,
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These data can be converted using as a standard
one of the compounds involved in the ligand
exchange, for example, Pd(PPh3)2(CH3OH)2:
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where ΔH1 = ΔH12 – ΔH11 = –83 kJ in accordance
with Eq. (26);
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which differs from the one obtained on the basis of
data on hydrocarbalkoxylation of cyclohexene with
cyclohexanol [4]:

regarding the inversion of the formation enthalpies of
the complexes Pd(PPh3)4 and Pd(PPh3)2(CO)2. In this
context, it should be recognized that the enhancement
of the donor–acceptor properties of the ligands in the
order C6H11OH < CH3OH < Cl < PPh3 is not the only
factor responsible for the stability of palladium com�
plexes in solution. Apparently, the solvation factor
should make additional contribution to the stabiliza�
tion of these complexes. Then the stabilization of the
Pd(PPh3)2(CO)2 complex can be enhanced on passing
from cyclohexanol to methanol owing to stronger spe�

>

>

3 4 3 2 2

3 2 6 11 2

Pd(PPh ) Pd(PPh ) (CO)

Pd(PPh ) (C H OH)

cific solvation of the coordinated carbonyl groups by
methanol [16]. Thus, the higher stability of the
Pd(PPh3)2(CO)2 complex in the presence of methanol
must inevitably lead to a reduction in its enthalpy of
formation in comparison with the Pd(PPh3)4 com�
plex, which does not contain carbonyl ligands.
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