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The complex [Ru”(EDTA-H)(CO)l (EDTA = ethylenediamine- 
tetraacetic acid) catalyses the carbonylation of cyclohexene in alcohol:water 
(80:20) mixture to give cyclohexene-1-carboxaldehyde, cyclohexene-8 
carboxaldehyde and cyclohexane-carboxaldehyde. The optimum condi- 
tions of the reaction are 120 “C and 20 atm CO partial pressure. The effect 
of catalyst, CO pressure and cyclohexene concentration on the initial 
rates of carbonylation was investigated. The rate of carbonylation ex- 
hibits first-order dependence with respect to catalyst, CO pressure and 
substrate concentration. The effect of temperature on the rate of cyclohexene 
carbonylation was studied and the activation energy, E,, evaluated at 
16 f 1 Kcal mol-‘. 

Carbonylations of l-methyl-, 3-methyl- and 4-methylcyclohexenes con- 
ducted at 160°C and 20atm CO partial pressure gave the corresponding 
alcohols. 

Introduction 

The importance of C1 chemistry and its source (natural gas/syn gas) 
has considerably increased in recent years 11 I. This is mainly due to the 
reactivity of platinum group metal ions as catalysts designed to activate 
small molecules such as CO, Ha, olefins, O2 and NO under milder conditions. 
The industrially important organic reactions such as carboxylation, hydrofor- 
mylation and oxidation of olefins and other organic substrates have made a 
large 111 impact recently. 

Though there are numerous studies involving the activation of olefins 
by metal complexes under hydroformylation conditions to give the cor- 
responding aldehydes [2-51, most of the reactions are associated with some 
unresolved problems of isomerisation of the substrate, inhibitory effects of 
a;@unsaturated aldehydes formed as intermediates or products during the 
reaction, and thermal unstability of the catalyst. There are reports II61 in 
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which these problems have been greatly reduced, however the yields are 
poor. Further, all these reactions reported have yielded saturated aldehydes, 
i.e. carbonylation is always associated with the hydrogenation of the double 
bond. 

In this paper we report the kinetics of the carbonylation of cyclohexene in 
alcohol:water (8020) mixture catalysed by [Ru”(EDTA-H>(CO)] at 120°C 
and 20 atm CO partial pressure to give vinylic aldehyde-cyclohexene-l- 
carboxaldehyde (20%), allylic cyclohexene-3-carboxaldehyde (20%) and satu- 
rated aldehyde-cyclohexane carboxaldehyde (60%). We also report the 
carbonylation of 1-methylcyclohexene, 3-methylcyclohexene and 4- 
methylcyclohexene at 160°C and 20 atm CO partial pressure to give 
l-(2-methylcyclohexene)methanol, l-(dmethylcyclohexene)methanol and l- 
(5methylcyclohexene)methanol as major carbonylated products. In the case 
of l-methylcyclohexene, formation of small amounts of 2-(1- 
cyclohexene)ethanol was also seen. 

Experimental 

Materials 
Cyclohexene used was prepared according to the procedure described in 

the literature [ 71. 1-Methylcyclohexene, 3-methylcyclohexene and 4- 
methylcyclohexene were obtained from Aldrich Chemicals and were used 
without further purification. The complex K[Ru”‘(EDTA-H)Cll.2HzU 
(EDTA = ethylenediaminetetraadetic acid) was prepared by the known 
procedure 181. High purity carbon monoxide (99.6%) was obtained from 
B.O.C., U.K. 

Apparatus and procedure 
The carbonylation experiments were conducted in a 300 ml stainless 

steel pressure reactor procured from Parr Instrument Co. The analysis of 
liquid samples withdrawn at tied time intervals was carried out on a 
Shimadzu GC-9A gas chromatograph with an S.S. column of 10% Carbowax 
20M on SO/l00 mesh Anakrom-SD. The other conditions of GLC analysis 
were: carrier gas Nz, flow rate 25 ml min-l, column temperature programmed 
between 60-15O”C, injection temperature 200 “C and F.I.D. detector. The 
products were characterised by 13C NMR spectroscopic studies (Jeol FX-100 
FT-NMR). 

In a typical experiment, the carbonylation of cyclohexene using complex 
1 was carried out under optimised conditions in different alcohols:water 
(80:20) mixtures to give cyclohexene-l-carboxaldehyde (20%), cyclohexene-3- 
carboxaldehyde (20%) and cyclohexane carboxaldehyde (60%) as carbon- 
ylation products. The products and their percentage distribution were found 
to be nearly the same in all the alcohol:water systems studied, although the 
percentage conversion of cyclohexene in each case was found to differ with 
the alcohol used, e.g. methanol (6.6%), ethanol (6.8%), propanol (4.9%) and 
isopropanol (4%). 
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13C NMR spectra of cyclohexene in alcohohwater mixture were recorded 
before and after the carbonylation reaction and were compared. The spec- 
trum of the sample withdrawn at a fixed time interval showed the peaks 
corresponding to cyclohexene-1-carboxaldehyde (6 = 205 ppm for C=G, 156 
and 130ppm for alkene carbons and 25-30ppm for -CH2 carbons), 
cyclohexene-3-carboxaldehyde (6 = 200 ppm for C=G; 124 and 122 ppm for 
alkene carbons and 25-30 ppm for alkane carbons) and cyclohexane car- 
boxaldehyde (6 = 200.2 ppm for C=O, 20-40 ppm for CH2 carbons). 

Runs were also carried out under identical conditions without 
cyclohexene to study the participation of alcohols in this reaction. The 
13C NMR and GC analysis of the reaction mixture did not show any peaks 
corresponding to the carbonylated products of alcohol such as carboxylic 
acids/esters, thereby eliminating the possibility of carbonylation of the 
solvent. This fact was also established in our earlier work on the car- 
bonylation of ethanol [91. 

Carbonylation of substituted cyclohexenes such as 1-methylcyclohexene, 
3-methylcyclohexene and 4-methylcyclohexene conducted under identical 
conditions showed neither carbonylated product nor olefin isomerisation 
product. However, on increasing the temperature to 160 “C, l- 
methylcyclohexene, 3-methylcyclohexene and 4-methylcyclohexene gave l-( 2- 
methylcyclohexene)methanol (13C NMR, 6 = 97 ppm for -CH,OH, 137 and 
121 ppm for olefinic carbons and 20-30 ppm for methylene carbons), l-(4- 
methylcyclohexene)methanol (13C NMR, S = 95 ppm for -CH,OH, 133 and 
127ppm for olefmic carbons and 20-30ppm for methylene carbons) and 
l-( 5-methylcyclohexenelmethanol (6 = 95 ppm for -CH,OH, 131 and 
127 ppm for olefinic carbons and 20-30 ppm for methylene carbons). In the 
case of 1-methylcyclohexene formation, a small amount of 2-(l- 
cyclohexene)ethanol (6 = 49 ppm for -CH20H of the ethanolic group, 129 
and 127 ppm for olefinic carbons and 20-30 ppm for methylene carbons) was 
also found. The formation of the corresponding alcohols as the final products 
in carbonylation of olefins at higher temperatures is reported in the 
literature [lo, 111. 

Results and discussion 

The effect of catalyst concentration, cyclohexene concentration, dis- 
solved CO concentration and temperature on the initial rates of carbon- 
ylation of cyclohexene was investigated. For each variable, the initial rates 
were calculated from the plots of cyclohexene consumed us. time. 

The CO solubility data required under the reaction conditions were 
independently determined [ 12 1. 

Effect of catalyst concentration 
The effect of catalyst concentration (varied in the range 0.5-2.0 mM) on 

the reaction rate was studied at 120 “C, 0.987 M cyclohexene concentration 



and 0.45M dissolved CO concentration. The results are shown in Fig. 1, 
which indicates that the reaction is first order with respect to catalyst 
concentration. 

Effect of dissolved CO concentration 
The effect of dissolved CO concentration (CO partial pressure varied 

between 13-20 atm) was studied at 0.987 M cyclohexene concentration, 
2 mM catalyst and at 120 “C. A plot of rate of carbonylation vs. dissolved CO 
concentration is presented in Fig. 2, which indicates a first-order dependence 
of the reaction with respect to dissolved CO concentration. 

Effect of cyclohexene concentration 
The reaction was studied at 120 “C as a function of cyclohexene 

concentration (varied from 0.5-0.987 M) at a catalyst concentration of 2 mM 
and dissolved CO concentration of 0.45 M. Figure 3 shows a plot of rate of 
carbonylation vs. cyclohexene concentration, which indicates first-order 
dependence with respect to cyclohexene concentration. 

Effect of temperature 
The effect of temperature on the rate of carbonylation of cyclohexene 

was studied in the temperature range loo-140 “C at constant conditions of 
catalyst concentration 2 mM, cyclohexene concentration of 0.987M and 
dissolved CO concentration of 0.45 M. From the plot of -In rate vs. l/T (Fig. 
41, the activation energy, E,, is evaluated at 16 f 1 kcal mol-l. 

Mechanism 
Based on the products formed and kinetics of cyclohexene carbonylation 

catalysed by complex 2, the mechanism shown in Scheme 1 is proposed. 

CATALYST CONCENTRATION (mM 1 CONCENTRATION OF OISSOLVEO CO”lOM 

Fig. 1. Effect of catalyst concentration on the rate of carbmylation of cyclohexene. 

Fig. 2. Effect of CO concentration on the rate of carbonylation of cyclohexene. 
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Fig. 3. Effect of cyclohexene concentration on the rate of carbonylation of cyclohexene. 

Fig. 4. Effect of temperature on the rate of carbonylation of cyclohexene. 
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In the proposed mechanism, the active catalytic species [Ru”(EDTA- 
H)(CO)l 2 is formed in situ by the reduction of [Ru”‘(EDTA-H)(H20)1 to 
[Ru”(EDTA-H)(H,O)I 1 by CO. [Ru”‘(EDTA-H)(H20)] is formed in 
solution by rapid aquation [131 of the starting material K[Ru”‘(EDTA- 
H)(C1)].2H,O. Species 1 reacts with CO in a pre-equilibrium step K, to form 
the active catalytic species 2 by the displacement of a water molecule. In the 
second pre-equilibrium step K2, the substrate cyclohexene reacts with 
complex 2 to form the mixed ligand q2-olefin complex 3. The rate- 
determining step is considered to be the insertion of Ru catalyst in the allylic 
C-H bond to form an allylic intermediate 4. The next step, CO insertion (or 
alkyl migration), which is a well-known step in homogeneous catalysis, 
affords an acyl species 5 which, on reductive elimination and simultaneous 
double bond migration, gives cyclohexene-1-carboxaldehyde and cyclohexene- 
3-carboxaldehyde, regenerating species 2 by reaction with CO. Cyclohexane 
carboxaldehyde is formed via the hydrogenation of cyclohexene-l- 
carboxaldehyde and cyclohexene-3-carboxaldehyde by hydrogen gas released 
from the water-gas-shift reaction. The occurrence of the water-gas shift 
reaction under the reaction conditions has been established in our earlier 
studies [141. 

The products observed in the case of carbonylation of substituted 
cyclohexenes can also be accounted for in terms of the mechanism shown in 
Scheme 1. However, the product analysis suggests that at higher tempera- 
tures only vinylic products are favoured. 

Rate law for cyclohexene carbonylation 
Based on the kinetic observations for the carbonylation of cyclohexene, 

the rate law can be written as: 

kK,K,[CATl,[COl [Sl 
rate = 1 + K,[COl + K,K,[COl [Sl 

(1) 

where [CAT]r = total K[Ru”‘(EDTA-H)Cll~2H20 concentration, [CO] = 
dissolved CO concentration, [Sl = cyclohexene concentration, K1 and K2 are 
equilibrium constants and k is the rate constant. 

For the purpose of evaluating the kinetic constants, the above eqn. (1) 
can be rearranged into slope and intercept form as: 

[CAT], 1 1 1 1 -=- 
rate [Sl kK,K,[CO] +& +i > 

From the slope and intercept obtained by plotting a graph of [CAT],/rate us. 
l/IS], the values of K2 and k, calculated respectively from the known value of 
K1 1151, are as follows: 

K, = 4.9M-l 

K2 = 1.9 M-’ 

k = 1.43 min-l 
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The activation parameters calculated for the carbonylation of 
cyclohexene at 120 “C and 20 atm CO partial pressure are: E, = 
16.0 Kcal mol-‘, AH* = 15.0 Kcal mol-‘, AS = +35 e.u. 

The positive enthalpy value observed in this case (AH+= 
15.0 Kcal mol-‘) indicates that the reaction is exothermic in nature, which 
may be due to the energy needed for the insertion of the CO molecule into the 
allylic C-H bond of cyclohexene to form the allylic intermediate 3. The more 
positive value of AS* (AS* = +35 e.u.> supports the associative mechanism 
wherein intramolecular insertion of CO takes place in species 4. 

References 

1 M. T. GiIIies, Cl-based Chemicals from Hydmgen and Carbon Morwxide, Noyes Data 
Corporation, Park Ridge, NJ, 1982. 

2 I. Wender, S. Metlin, S. Ergun, H. W. Sternburg and H. GreenfIeld, J. Am. Ckem. SC., 78 
(1956) 5401. 

3 B. HeiI and L. Marko, C&m. Ber., 102 (1969) 2238. 
4 M. M. Taqui Khan and A. E. MarteII, Homogeneous Catalysis by Metal Complexes, Vol. 2, 

Academic Press, New York, 1974. 
5 C. Botteghi, R. Ganzerla, M. Lena& and G. Moretti, J. Mol. Catal., 40 (1987) 129. 
6 M. Matsumoto and M. Tamura, J. Mol. Catal., 16 (1982) 209. 
7 A. I. Vogel, Textbook of Practical Organic Chemistry, 4th edn., Elbs, Longman., New York, 

1978, p. 332. 
8 M. M. Taqui Khan, A. Kumar and Z. Shirin, J. Ckem. Res., 5 (1986) 130. 
9 M. M. Taqui Khan, S. B. HaIligudi and Sumita ShukIa, J. Mol. Catal., 49 (1989) 69. 

10 C. W. Bird, Ckem. Rev., 62 (1962) 283. 
11 I. Ikatchenko, in G. Wilkinson, F. G. A. Stone and E. W. Abel (eds.), Comprekensive 

Orgarwmetallic Chemistry, Vol. 8, Pergamon Press, Oxford, 1982, p. 101 and references 
therein. 

12 M. M. Taqui Khan, S. B. HaIligudi and Sumita ShukIa, J. Ckem. Eng. Data, 34 (1989) 353. 
13 A. A. Diamuntis and J. V. Dubmwski, Znorg. C&m., 20 (1981) 1142. 
14 M. M. Taqui Khan, S. B. HaIligudi and Sumita ShukIa, Angew. Chem. Znt. Ed. Eng., 27 

(1988) 1735. 
15 M. M. Taqui Khan, S. B. HaIligudi and S. H. R. Abdi, J. Mol. Catal., 48 (1988) 313. 


