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Kinetics on the Carbonylation of Cyclohexene in a Methanol Solution
Catalyzed by Palladium(II) Chloride-Triphenylphosphine
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Methyl cyclohexanecarboxylate was obtained in high yields by the carbonylation of cyclohexene in a methanol
solution using palladium(II) chloride-triphenylphosphine as the catalyst. The effects of variables, such as initial
concentration of palladium(II) chloride, pressure of carbon monoxide, and temperature, upon the rate of car-
bonylation were examined kinetically. A probable reactior. mechanism is proposed.

The synthesis of saturated esters from olefins, carbon
monoxide and alcohol according to Eq. 1, has been
described!~® using palladium complexes as catalysts.

RCH=CH, + CO + R'OH -

RCH(CO,R’)CH, + RCH,CH,CO,R’ (1)
If water is used in place of alcohol, carboxylic acids

are produced.” Tsuji et al.®® proposed the mechanism
shown in Scheme 1 for this reaction.

Pd 4 HCI

H-Pd-Cl co
} — RCH,CH,PdCIL, —

RCH=CH, -Co

RCH,CH,COPdCIL, —
RCH,CH,COCI + Pd

l R/OH L: Ligand

RCH,CH,CO,R’ + HCl
Scheme 1.

Fenton? considered the addition of alkoxycarbonyl
or carboxyl complexes to olefins. However, very
few kinetic studies have been reported on this reaction.

Methyl cyclohexanecarboxylate was obtained in
high yields from cyclohexene, carbon monoxide, and
methanol according to Eq. 2,

<:> + CO + CH,0H — <:>—0020H3 @)

using palladium(II) chloride-triphenylphosphine as
the catalyst. This paper gives the result and a discus-
sion on the mechanism of the reaction.

Results

Preliminary Investigation. Cyclohexene was chosen
as the olefin substrate since it gives no isomer. The
results of carbonylation of cyclohexene under various
conditions are given in Table 1. When methanol
was used as the solvent, methyl cyclohexanecarboxylate
was obtained in ca. 509, yield, a significant amount
of colloidal palladium metal being found in the resulting
solution. Since the palladium metal recovered was
inactive for the carbonylation of cyclohexene, the low
yield is attributable to the deactivation of the palladium
species. In the solution containing 209, (vol.) of
methanol in benzene the yield of ester increased up
to 96%, no palladium metal being found during the
course of reaction. Deactivation of the palladium
species was negligiable.

In addition to methyl cyclohexanecarboxylate, small
amounts of cyclohexyl chloride, methyl 2-chlorocyclo-
hexanecarboxylate, and a few unidentified compounds
were obtained under the conditions (Table 1). How-
ever, the sum of amounts of the remaining cyclohexene
and the ester produced accounted for over 989, of
the charged cyclohexene. Thus, the amounts of the
by-products were neglected.

The solubility of carbon monoxide in the reaction
solution was measured, the result being shown in
Fig. 1. Henry’s constants which were determined
from the slopes of linear plots in Fig. 1 are summarized
in Table 3.

The effect of stirring speed on the rate of carbonyla-
tion was examined to eliminate the effect of diffusion
of carbon monoxide into the reaction solution. The
yields of ester were independent of the stirring speeds

TasLe 1. CARBONYLATION OF CYCLOHEXENE
Charge?) Conditions Analysis
—— Yield® MBe)
CHED MeOH PhH P, Temp Time CHED MCCo (%) (%)
(mmol) (ml) (ml) (atm) (°Q) (min) (mmol) (mmol)
19.7 20 — 54— 38 100 300 — 9.21 46.7 —
24.4 20 — 176—146 100 320 — 14.3 58.7 —
9.86 1 20 44— 40 100 180 9.19 0.54 5.5 98.7
19.7 1 20 52— 47 120 300 16.3 3.19 16.2 98.7
19.7 5 20 49— 31 100 370 3.40 16.3 82.7 99.9
49.3 10 40 500 120 300 1.20 47.2 95.9 98.2

a) PdCl, (1.0 mmol) and PPh, (4.0 mmol) were also charged. b) Cyclohexene. c¢) Methyl cyclohexanecarboxylate.

d) Based on the amount of initial CHE.
(Initial CHE).

e) Material balance=100X (Remaining CHE +Produced MCC)/
f) The pressure was kept constant during the reaction.
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Fig. 1. Solubility of CO.
Cyclohexene 10ml, MeOH 20ml, PhH 80ml,

Mgsitylene 10ml.  Temp: O 120, (» 110, @ 100 °C.

between 600 and 1000 rpm. Thus, all the kinetic
experiments were carried out at about 750 rpm.

Kinetics. The following variables were examined
kinetically: initial concentrations of palladium(II)
chloride, cyclohexene, and methanol, pressure of carbon
monoxide, temperature, and molar ratio of triphenyl-
phosphine to palladium(II) chloride.

A typical time vs. yield curve is shown in Fig. 2.
The plot of time vs. X=In[(CHE),/{(CHE),—(MCQC)}],
where (CHE), and (MCC) represent the concentrations
of initial cyclohexene and ester produced, gives a straight
line after the induction period of 30—60 min as shown
in Fig. 3. Thus, except for the induction period of
30—60 min, the empirical formula X=X, (t—¢,) can be
used, where ¢ is reaction time and X, and ¢, are constants
characteristic of the observed straight line. All the
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Fig. 2. Time vs. yield curve.
PdCl,: O 1.66x10-2, @ 8.38x10%, @ 4.83x10-3
mol I-1, Other conditions were shown in Table 2.
Curves were calculated according to Eq. 19.
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Fig. 3. Time vs. X.
Conditions were the same as those in Fig. 2.

TasLE 2. KINETIC DATA

Empirical equation

Variables X=X.(t—1t,)
X.x10® t,
MeOH Concn® 4.12  (mol1-?) 7.01 28
2.07 7.02 28
PPh,/PdCL,» 3.01 (mol/mol) 7.11 28
4.04 7.01 28
7.84 6.93 27
CHE Concn®  0.822 (moll-1) 7.01 28
0.657 6.82 28
0.493 6.94 28
PdCl, Concn®  1.66x10-! (mol1-1) 7.0l 28
8.38x102 3.12 12
4.83x10°3 1.53 19
CO Press.® 44.5 (atm) 7.01 28
120°C 4 19.5 4.79 28
10.5 2.98 30
44.5 3.62 16
108°C 4 21.8 2.85 17
11.1 2.12 22
44.5 2.68 22
100°C 4 22.2 2.42 30
11.9 2.03 35

a) PdCl, 1.70x10-2mol 172, PPh; 6.70X 10-2 mol -1,
CHE 0.822moll-}, PhH 40—45ml, P,, 44.5atm,
120 °C, 750 rpm. b) PdCl, 1.70x10-2mol I-}, CHE
0.822mol I, MeOH 4.12mol1-1, PhH 40ml, P
44.5atom, 120°C, 750rpm. c¢) PdCl, 1.70x10-2
mol 171, PPh, 6.70X 10-2mol 1, MeOH 4.12mol I-1,
PhH 40—43ml, P,, 44.5 atm, 120°C, 750 rpm. d)
PPh; 6.70% 102mol I-};, CHE 0.822 mol 1"}, MeOH
4.12mol 171, PhH 40ml, P,, 44.5 atm, 120°C, 750
rpm. ¢) PdCl, 1.70x10-2mol1-1, PPh; 6.70x10-2
mol 171, CHE 0.822 mol 1-, MeOH 4.12 mol 1%, 750
rpm.

kinetic results given in terms of empirical formulas
are summarized in Table 2.

When the initial concentration of methanol was
reduced to half, both X, and ¢, remained unchanged,
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indicating that the rate is independent of the concentra-
tion of methanol. Variation of the molar ratio of
triphenylphosphine to palladium(II) chloride from
3 to 8 had no effect on either X or ¢, indicating that
the rate is also independent of the molar ratio. A
decrease in the initial concentration of cyclohexene
had no effect, indicating that the rate is of first order
with respect to the concentration of cyclohexene.
In contrast, X, increased as the initial concentration
of palladium(II) chloride increased, while ¢, changed
irregularly. An increase in the pressure of carbon
monoxide caused X, to increase, while it changed ¢,
irregularly at each temperature. The rise in tem-
perature caused an increase in X, but hardly any in ¢,

Discussion

Reaction Mechanism. Methyl 2-chlorocyclohexa-
necarboxylate obtained as a by-product was reported®
to be produced in the carbonylation of cyclohexene-
palladium(II) chloride complex, (cyclohexene-Pd-
Cly),, in a methanol solution, but the complex, pre-
pared by the method described by Kharasch et al.,'?
decomposed even at room temperature in the methanol-
benzene solution, giving the precipitate of palladium
metal. It thus appears to be absent under the present
reaction conditions. The rapid reaction from 3 to 5,
which affords methyl 2-chlorocyclohexanecarboxylate
and hydride-palladium intermediate 1, probably pro-
ceeds before the catalytic carbonylation proceeds.

al
i 7
< > CO + PdCI, — < >.0001 +Pd )
e e
< >-0001 + CH,OH — < >—0020H3 +HCl (4)
Pd + HCI + 2PPh, — HPACI(PPhy,), )
1

Reactions 3 and 4 have been reported” to proceed
smoothly even at room temperature. Reaction 5
is also known!? and complex 1 was prepared'® from
palladium(0) complex and hydrogen chloride. In-
sertion of the coordinated cyclohexene into the hydroger.-
palladium bond in intermediate 1 would give cyclo-
hexyl-palladium intermediate 2 (Reaction 6), which
is the converted into cyclohexylcarbonyl-palladium
intermediate 3 by the insertion of carbon monoxide
(Reaction 7).

HPACI(PPh,), + <:> > HPdCl<<:>>(PPh3)2 -

1 5
<:>—PdCl(PPh3)2 ®)
2
<:>—PdCl(PPh3)z +CO -
2

{-PdcI(CO)(PPh,); - {-ooraaaen,),
3 )
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Reactions 6 and 7 have the same mecchanisms as in
Scheme 1. The following three mechanisms (Schemes
2, 3, and 4) can be inferred as the final process
which affords methyl cyclohexanecarboxylate and
regenerates the catalyst from intermediate 3.

<—>-COPdCl(PPh3)2 = <*>-coc:1 + Pd(PPh,),
3

< >-coc:1 + CH,0H — <—>—002CH3 + HCI
Pd(PPh,), + HCI — HPdCI(PPh,),
1

Scheme 2.

<_—>~COPdCl(PPh3)2 + CH,0H —
N 3
<—>—coch3 + HPACI(PPh,),
- 1

Scheme 3.

<:>—COPdCl(PPh3)2 n <:> N
3
<:>—C0Pd01<<:>>(PPh3)2
4

<:>—COPdCl<<:>>(PPhS)2 + CH,0H —
1
<:>‘002CH3 -+ HPdCl<<:>>(pphu)2

5
HPdCl(<:>>(PPh3)2 R <:>—PdCl(PPh3)2
5 2

Scheme 4.

Scheme 2 is the mechanism shown in Scheme 1.
Scheme 3 is deduced from the fact!® that the alcoholy-
sis of an acyl-palladium complex affords ester and
regenerates a palladium(0) complex in the presence
of a base. Scheme 4 is analogous to the mechanism
of carbonylation of an allyl compound: the final
product was formed by the coordination of another
allyl compound.1#15) In these three mechanisms,
Scheme 4 seems to be the most probable mechanism
to explain the kinetic result in which the rate of car-
bonylation is proportional to the concentration of
cyclohexene.

Thus, the following mechanism is assumed on the
basis of the reaction path described above.

HPACI(PPh,), + <:> N <:>—PdCI(PPh3)2 ®)
1 2
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CO(Gas)
«
2 + CO(Lig.) —= <:>—COPdCI(PPh3)2 )
3
3 4 <:> el <:>—COPdCl<<:>>(PPh3)2 (10)
4
4 + CH,OH —, <:>—0020H3 +2 (11)

In this mechanism, £, and k3 are the rate constants
of Reactions 8 and 10 respectively, and K, and H the
equilibrium constant of Reaction 9 and Henry’s con-
stant of carbon monoxide respectively. The non-
catalyzed reaction from 3 to 5, which affords intermedi-
ate 1, is assumed to proceed rapidly. The rate of
Reaction 11 is also assumed to proceed rapidly, since
the rate of carbonylation was independent of the
concentration of methanol.

Rate Equation. The rate equation expressing
the production of methyl cyclohexanecarboxylate is
derived as follows.

The material balances for palladium species and
cyclohexene can be given by,

G+ G + G = (PdCL), (12)
(CHE) + (MCC) = (CHE), (13)

where C, is the concentration of intermediate n, and
(PdCl,)y and (CHE) are the concentrations of pal-
ladium(IT) chloride charged and remaining cyclo-
hexene, respectively. The equilibrium constant K,
can be given by,

G
C,HP

where P is the pressure of carbon monoxide. The
rate of decreasing concentration of intermediate 1
can be expressed from Reaction 8 as
dc,
ds

where (CHE) should be nearly equal to (CHE),
since Reaction 8 proceeds as an elementary process
of non-catalyzed reaction before the catalytic cycle
from Reaction 9 to Reaction 11 proceeds. Thus,
Eq. 15 can be written as

C, = (PdCly),e—"1(CHB) o2 (16)

By using Egs. 12, 14, and 16, the rate of producing
methyl cyclohexanecarboxylate is given as follows.

K, = (14)

= k,G,(CHE) (15)

dM
AdMCC) _ k;C,(CHE)
ds
_ kaKzHII’(j’;?Iljl);,(CHE) (1 —e-hionm a7

By substituting Eq. 13 into Eq. 17, the following equa-
tion is derived.
. (CHE),
(CHE),— (MCC)
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(18)

_ k,K,HP(PACL), {t ~ 1_e—k,<cxm>oz}

1+ K,HP %,(CHE),
Thus, the relationship between time and the con-
centration of methyl cyclohexanecarboxylate is given by

(MCQG) = (CHE)y(1 —e~%) (19)
where
7 k, K,HP(PdCl,), { _ l—e-kx(CHE)o‘}
14+ K,HP k,(CHE),

Analysis of Kinetic Data. Equation 18 is compared
with the kinetic results represented by the empirical
formula which gives the relationship between time and
X after 30—60 min. The following correlations are

obtained by comparison between Eq. 18 and the
empirical formula X=X_(t—t¢,).
k,K,HP(PACL,),
= 200 2
Xe 1+ K,HP 20)
1 — e~k1 (CHE) o¢
"= TR(CHE), e

X

c

actually the case (Table 2). X,

should be independent of (CHE), This is
should be of the

10

X, x 10° (min-1)

0 : s :
0 0.5 1.0 1.5 2.0
(PdCl,), X 102 (mol 1-7)

Fig. 4. Relation between (PdCl,), and X,.
Conditions were shown in Table 2.
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Fig. 5. Relation between 1/P and 1/X,.
Temp: O 120, & 108, @ 100 °C.
Other conditions were shown in Table 2.
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first order with respect to (PdCly),. The kinetic
result is in line with the correlation as shown in Fig. 4.
If Eq. 20 is written as Eq. 22, the reciprocal of X,
should increase linearly with increasing reciprocal of P.

1 1 1 1

P Tk,(pdcL),

X, © kKH(PACl), P 22)

The kinetic result is satisfied with the correlation of
Eq. 22 as shown in Fig. 5. On the other hand, the
observed values of ¢, is independent of (CHE),, changing
irregularly with the change in (PdCl,),, P and tem-
perature (Table 2). The irregularity of observed
value of ¢, is related to the assumption that ¢, is con-
stant in the empirical formula, since ¢, is in fact a
function containing time as seen in Eq. 21. How-
ever, I, can be regarded to be constant except for the
induction period of 30—60 min, since exp{—£,(CHE)}
in Eq. 21 approaches zero with the elapse of time.

Determination of Constants. The values of k; and
Ky,H can be determined from the linear plots in Fig.
5 by means of Eq. 22. If exp{—k,(CHE)y} is zero,
Eq. 21 can be written as

1
~ %,(CHE),

and the value of £; can be estimated from the observed
value of #,. The constants obtained are summarized
in Table 3. Their temperature coefficients determin-
ed from their Arrhenius plots were obtained as follows:
H=1.26, K,=—18, and k3=22kcal mol~*. The value of
k, was estimated only at 120 °C from the average of
ty in all the data at 120 °C. From the value of k;
obtained, exp{—#k,;(CHE),} is 0.165 at 60 min when
(CHE), is 0.822 moll-t. This indicates that ¢, can
be regarded to be constant at and after 60 min.

ty (23)

TaBLE 3. RATE AND EQUILIBRIUM CONSTANTS

ky k

H

Temp _ K, 2
o (mol 11 2 (mol-'1  (mol-11
(°C) atm—1) (mol 17%) min~1) min—1)
120 1.26x10-2 2.5 3.5x10-2 0.75
108 1.21x10-2® 6.3 0.28
100 1.14x10-2 12 0.18

a) At 110 °C.

Calculated Time-Yield Curve. Equation 18 is com-
pared with the observed values in Fig. 2. By using
the constants given in Table 3, theoretical time vs. yield
curve was calculated by means of Eq. 19. The cal-
culated curves (Fig. 2) are in line with the observed
values including the values within 30—60 min. Other
calculated curves were also consistent with the observed
values over the range of the kinetic experiments at
120 °C.

The proposed mechanism sufficiently satisfies the
kinetic results, but the mechanism by way of a methoxy-
carbonyl intermediate mentioned before does not
explain them.
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Experimental
Materials. Commercial palladium(II) chloride, tri-
phenylphosphine, methyl cyclohexanecarboxylate, methyl

2-chlorocyclohexanecarboxylate, and cyclohexyl chloride were
used without further purification. Cyclohexene, methanol,
benzene, and mesitylene were distilled by the usual methods.
Carbon monoxide was prepared by decomposing formic
acid in hot sulfuric acid, ca. 98%, purity.

Procedure. Reactions were carried out in a glass-tube
placed in a stainless-steel autoclave (ca. 200 cm?®) equipped
with a Teflon stirrer and a Teflon sampling line.

Palladium(II) chloride(0.2—1 mmol), triphenylphosphine-
(3—8 mmol), cyclohexene(l—5 ml), methanol(5—10 ml),
benzene(40—45 ml) and mesitylene(5 ml) were placed
in the autoclave, which was then purged with nitrogen three
or four times. The autoclave was heated up to 100—120 °C
within 60 min and then maintained over 20 min at the desired
temperature. Immediately after carbon monoxide had
been pressured to 11—45 atm, stirring (600—1000 rpm) was
started, this time being taken as zero time. Stirring was
stopped from time to time and a sample (¢a. 1 ml) was with-
drawn through the sampling line into a trap chilled in
an ice-bath within 30s. In order to keep the pressure
constant, carbon monoxide was supplied from a reservoir
from time to time.

The solubility of carbon monoxide in the reaction medium
was measured on the assumption that the solubility in the
reaction medium is equal to that in the reaction solution
without palladium(II) chloride and triphenylphosphine.

Analysis of Products. The products were identified by
comparison of their retention times in gas chromatography
with those of authentic samples. A PEG column (2 m,
3 mme) with a nitrogen carrier was used at 180 °C for the
determination of amounts of methyl cyclohexanecarboxylate
and cyclohexene with mesitylene as an internal standard.
References

1) K. Bittler, N. v. Kutepow, and H. Ries, Angew. Chem.
Int. Ed. Engl., 7, 329 (1968).

2) E. N. Frankel and F. L. Thomas, J. Am. Oil Chem.
Soc., 50, 31 (1973).

3) Y. Sugi, K. Bando, and S. Shin, Ckem. Ind., 1975, 397.

4) J. Tsuji, M. Morikawa, and J. Kiji, Tetrahedron Lett.,
1963, 1437.

5) J. Tsuji, M. Morikawa, and J. Kiji, J. 4Am. Chem.
Soc., 86, 4851 (1964).

6) J. Tsuji and K. Ohno, 4dv. Chem. Ser., 79, 155 (1968).

7) D. M. Fenton, J. Org. Chem., 38, 3129 (1973).

8) J. Tsuji, K. Ohno, and T. Kajimoto, Tetrahedron Lett.,
1965, 4565.

9) E. C. Taylor and H. Wynberg, “Advances in Organic
Chemistry Methods and Results,” Interscience, Vol. 6, New
York (1969), p. 160.

10) M. S. Kharasch, R. C. Seyler, and F. R. Mayo, J.
Am. Chem. Soc., 60, 882 (1938).
11)  J. Tsuji and K. Ohno, J. Am. Chem. Soc., 90, 94 (1968).

12) K. Kudo, M. Hidai, T. Murayama, and Y. Uchida,
Chem. Commun., 1970, 1701

13) J. K. Stille, L. F. Hines, R. W. Fries, P. K. Wong,
D. E. James, and K. Lau, Adv. Chem. Ser., 132, 90 (1974).

14) H. Yoshida, N. Sugita, K. Kudo, and Y. Takezaki,
Nippon Kagaku Kaishi, 1974, 1002.

15) S. Imamura and J. Tsuji, Tetrahkedron, 25, 4187 (1969).






