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The homogeneous catalytic hydroformylation of cyclohexene was performed, starting with 
Rh4(C0)12 as catalyst precursor in n-hexane as solvent under the reaction conditions T = 283- 
303 K, P H ~  = 1.0-4.0 MPa, PCO = 4.0-8.0 MPa, [Rh4(CO)1210 = (5-21) X 10-6 mole fraction, and 
[C6Hlo]o = 0.05-0.18 mole fraction. The time-dependent concentrations of the precursor 
Rh4(C0)12, the intermediate C,&11CORh(CO)4, and the organic product C&llCHO were measured 
under isobaric and isothermal conditions using in situ high-pressure infrared spectroscopy. 
The metal carbonyl Rh2(CO)s was also detected during the hydroformylation experiments. 
Complete conversion of the precursor Rl14(C0)~2 to  the intermediate C&CORh(C0)4 was not 
observed during the 18-h experiments. After approximately 30 min of reaction, an apparent 
pseudo steady state was achieved between the precursor Rh4(C0)12 and the intermediate C6H11- 
CORh(C0)4. Regression of the experimental concentration data gave the relationship [C6Hll' 
CORh(C0)43,, = ( ~ ~ k 2 / k l a b , ) [ R h 4 ( ~ ~ ) 1 2 1 ~ ~ [ C ~ l  "1[H~]-0'3[C,H,~]0'9, with the apparent tem- 
perature dependence = -4.7 f 0.3 kJ/mol (-1.1 f 0.1 kcal/mol) and A&?, = -27.6 f 0.7 
J/(mol K) (-6.6 f 0.2 cal/(mol K)). The results are consistent with (I) an equilibrium between 
the precursor Rh4(C0)12, H2, and an unobservable intermediate {HRh(CO)s} and (11) the existence 
of a pseudo steady state between {HRh(CO)3j and the observed intermediate C&111CORh(C0)4. 
The present catalytic system represents a case of equilibrium-controlled precursor conversion. 
The rate of hydroformylation was found to be proportional to  the pseudo-steadystate 
concentrations of CsH11CORh(C0)4 in each experiment. Regression of the experimental rate 
data provided the expression d[C6H11CHOl/dt = k l o b s ~ ~ 6 ~ 1 1 ~ ~ ~ h ( ~ ~ ) 4 ] ~ s [ ~ ~ ] ~ 1 ~ 1 [ ~ 2 ] 1  
[C6HI0]'.', with the apparent activation parameters ASHs = 84.6 f 5.0 kJ/mol(20.3 f 1.2 kcall 
mol) and A*& = -8.7 f 17 J/(mol K) (2.1 f 4.1 cal/(mol K)). The reaction orders and activation 
parameters are consistent with (I) an equilibrium between the intermediate C6H11CORh(C0)4, 
CO, and a coordinatively unsaturated species { C ~ H I ~ C O R ~ ( C ~ ) ~ )  and (11) a rate-limiting step 
involving the oxidative addition of molecular hydrogen to (C6H11CORh(CO)3} to  yield C6H11- 
CHO and the highly reactive metal carbonyl hydride {HRh(C0)3}. 

Introduction 

In ita unmodified forms, i.e. starting with Rh4(C0)12 or 
Rh&O)16 as catalyst precursors,' rhodium effects the 
selective hydroformylation of a wide variety of alkenes.2 
The reactivity pattern for unfunctionalized alkenes follows 
the order styrene > linear a > linear internal > branched 
> cyclic.3 Many cyclic alkenes, including cyclohexene, 
show exceptionally low reaction rates. However, the 
hydroformylation of cyclohexene results in just one 
aldehyde, namely cyclohexanecarboxaldehyde,4 with neg- 
ligible hydrogenation to cyclohexane (eq 1). Thus, cy- 

+ Systems Engineering Group. 
(1) (a) Theterm catalyst precursor, orsimplyprecursor, willbeadopted 

to describe a metal complex which under reaction conditions gives rise 
to a closed sequence(s) of organometallic intermediates and thereby 
effects the catalyzed transformation of reagents to products. (b) This 
usage is consistent with that found in: Muetterties, E. L.; Krause, M. J. 
Angew. Chem., Int. Ed. Eng. 1983,22, 135. 

(2) (a) Pino, P.; Piacenti, F.; Bianchi, M. In Organic Synthesis via 
Metal Carbonyls; Wender, I., Pino, P., Eds.; Wiley: New York, 1977; Val. 
2. (b) Dickson, R. S. Homogeneous Catalysis with Compounds of 
Rhodium and Iridium; Reidel: Dordrecht, The Netherlands, 1986. (c) 
Cornils B. In New Syntheses with Carbon Monoxide; Falbe, J., Ed.; 
Springer: Berlin, 1980. 

(3) (a) Mark6, L. In Aspects of Homogeneous Catalysis; Ugo, R., Ed.; 
Reidel: Dordrecht, 1974; Vol. 1. (b) Heil, B.; Mark6, L. Chem. Ber. 1969, 
102, 2238. (c) Heil, B.; Mark6, L. Chem. Ber. 1968, 101, 2209. 

(4) Pino, P.; Botteghi, C. Org. Synth. 1977, 57, 11. 

0276-733319312312-1753$04.00/0 

clohexene has been the alkene of choice in numerous 
mechanistic ~ tud ie s .~  

(1) C6Hlo + H, + CO - C6HllCH0 

Mark6 et al. have studied the reactivity of a number of 
unfunctionalized alkenes? including cyclohexene.6 With 
most alkenes, the rate of hydroformylation is known to be 
proportional to the product [Rh4(CO)121~[COl-1[H21' 
[alkene]'. However, the hydroformylation of cyclohex- 
ene at 348 K, and starting with Rh4(C0)12 as catalyst 
precursor, results in an entirely different rate expression 
(eq 2). This led these authors to suggest that an equi- 
librium exists between the catalyst precursor and a 
coordinatively unsaturated species (HRh(C0)3J. Further 
support for this assertion comes from the hydroformylation 

(5) Concerning the hydroformylation of cyclohexene starting with 
unmodified rhodium carbonyls, see: (a) Gankin, V. Yu.; Genender, L. S.; 
Rudkovskii, D. M. J. Appl. Chem. USSR (Engl. Transl.) 1967,40,1948. 
(b) Imyanitov, N. S.; Rudkovskii, D. M. J. Appl. Chem. USSR (Engl. 
Transl.) 1967,40,1956. Concerning the hydroformylationof cyclohexene 
starting with phosphine-modified rhodium carbonyls, see: (c) Evans, D.; 
Osborn, J. A.; Wilkinson, G. J. Chem. SOC. A 1968,3133. Conceming the 
hydroformylation of cyclohexene starting with unmodified cobalt car- 
bonyls see: (d) Wender, I.; Stemberg, H. W.; Orchin, M. J. Am. Chem. 
SOC. 1953, 75, 3041. (e) Natta, G.; Ercoli, R.; Castellano, S. Chim. Ind. 
(Milan) 1955, 37, 6. 

(6) Csontos, G.; Heil, B.; Mark4 L. Ann. N.Y. Acad. Sci. 1974,239,47. 
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d[C,HllCHOl/dt = 

k ~ R h 4 ~ C O ~ 1 2 1 ~ 2 5 ~ ~ O l o ~ H ~ 1 0 ~ 5 ~ ~ ~ ~ ~ ~ l '  (2) 

of cyclohexene starting with Rh&O)16 as catalyst pre- 
C U ~ S O ~ . ~  Unusually long induction periods have sometimas 
been observed when using cyclohexene. 

In a later investigation carried out at 398 K, yet another 
rate expression was obtained for the hydroformylation of 
cyclohexene (eq 3).8 This result led to the suggestion that 
the transformation of cyclohexene to cyclohexanecarbox- 

d[C,H,,CHOl/dt = 

k ~ R h 4 ~ C 0 ~ l ~ l ~ ~ ~ 0 1 1 ~ ~ ~ 1 1 ~ ~ ~ ~ l ~ 1 1  (3) 

aldehyde occurs on a unicyclic sequence of tetranuclear 
rhodium intermediates, specifically the four-cycle 
{Rh4(C0)12 -. H2Rh4(C0)12 - C6Hii(H)Rh4(C0)12 - 
CsH11CO(H)Rh&0)12), where the critical step is the 
activation of molecular hydrogen and the formation of 
the intermediate H2Rh4(CO)12. In other words, it was 
concluded that fragmentation of Rh4(CO)12 to lower 
nuclearity species does not occur and that the hydro- 
formylation of cyclohexene is due to "cluster catalysi~".~ 

In situ spectroscopic methods have been successfully 
applied to unmodified rhodium catalyzed hydroformy- 
lation reactions on several occasions. For example, the 
intermediate (CH3)3CCH&H&ORh(C0)4 was identified 
using in situ high-pressure IR, as the only observable 
intermediate during the hydroformylation of 3,3-dime- 
thylbut-l-ene starting with both CoRh(C0)7 and Rh4(C0)12 
as catalyst precursors.lOJ1 (CH&CCH2CH2CORh(C0)4 
was subsequently observed during hydroformylations 
starting with Rhs(CO)le, Rhz(C0)4C12, RhC4.2H20, and 
Co2Rhz(CO)l~ as Other acylrhodium tetracarbo- 
nyls RCORh(C0)4 have now been spectroscopically iden- 
tified starting with ethylene, l-hexene, l-octene, cyclo- 
pentene, cycloheptene, cyclooctene, methylenecyclo- 
pentane, methylenecyclohexane, and bicyclo[2.2.11 hept- 
2-ene.12blc 

Concerning the kinetics of such reactions, the complex 
time dependence of 3,3-dimethylbut-l-ene hydroformy- 
lation starting with Rb(C0)  12 has been successfully 
treated.13 In that study, quantitative conversion of 
Rh4(C0)12 to RCORh(C0)4 was observed by in situ IR, 
and the rate expressions for both the induction period 
and the turnover frequency of the catalytic cycle were 
obtained. It was concluded that the classic mechanistic 
picture of the hydroformylation reaction is indeed valid, 
namely that the rate-limiting step involves the hydro- 
genolysis of RCORh(C0)d (eqs 4 and 5). 

Fyhr and Garland 

(7) In the case of Rh&O)lfi as precursor, the kinetics of the hydro- 
formylation of cyclohexene gives d[CsHlol/dt = [RhdCO)l&l/fi. (a) 
Reference 6. (b) Toros, S. Magy. Kem. Lapja 1974,29,543; Chem. Abstr. 
1975,83,177 870. 

(8) Rosa, N.; Marquez, C.; Hernandez, H.; Gomez, R. J. Mol. Catal. 
1988,48,59. 
(9) (a) Cluster catalysis can be defined to be the catalytic transfor- 

mation of reagents to products uia a closed unicyclic sequence of 
organometallic intermediates, all having one and the same nuclearity 
(m 2 2). (b) For general discussions of "cluster catalysis" see: (c) Lewis, 
J.; Johnson, B. F. G. Pure Appl. Chem. 1975,44,43. (d) Muetterties, E. 
L. Bull. SOC. Chim. Belg. 1975,84,969. (e) Ugo, R. Catal. Reu. 1975,11, 
225. (f) Muetterities, E. L. Bull. SOC. Chim. Belg. 1976, 85, 451. 

(10) (a) Garland, M. Dissertation, ETH-Ziirich, 1988; No. 8585. (b) 
Garland, M.; Horvhth, I. T.; Bor, G.; Pino, P. hoc .  Herbstuersammlung 
Schweiz. Chem. Ges. 1987, 108. 
(11) Garland, M.; Bor, G. Znorg. Chem. 1989,2E, 410. 
(12) (a) Garland, M. Organometallics 1993,12,535. (b) Garland, M., 

Unpublished results, ETH-Ztirich, 1990. (c) With C2H4, new bands are 
also observed at  q-0 = 2089, 2039, and 2017 cm-l. 

(13) Garland, M.; Pino, P. Organometallics 1991,10, 1693. 

RCORh(CO), * CO + (RCORh(CO),J (4) 

{RCORh(CO),J + H, - RCHO + {HRh(CO),j (5 )  

Given the anomalous reactivity of cyclohexene compared 
to other unfunctionalized alkenes and given the difficulty 
in obtaining consistent experimental results as shown in 
previous studies, the hydroformylation of cyclohexene 
starting with Rhd(C0)12 was reinvestigated using a com- 
bined spectroscopic and numerical approach. , In the 
following, in situ spectroscopic measurements as well as 
turnover frequencies and reaction orders are reported. 

Experimental Section 
General Information. Allsolution preparationsand transfers 

were carried out under a nitrogen (99.995%, Pan Gas, Luzern, 
Switzerland) or argon (99.998%, Pan Gas) atmosphere using 
standard Schlenk te~hnique5.l~ Rh&0)12 was purchased from 
Strem Chemicals (Bischheim, France) and was used as obtained. 
Puriss quality n-hexane (Fluka AG, Buchs, Switzerland) was 
refluxed from sodium potassium alloy under nitrogen. Puriss 
quality 1 ,&cyclohexadiene (Fluka AG) and cyclohexane carbox- 
aldehyde (Merck, Darmstadt, Germany) were used as obtained. 
Reactions were carried out with carbon monoxide 99.997% 
(Messer Griesheim GmbH, Duisburg, Germany) and hydrogen 
99.999% (Pan Gas). 

The Puriss quality cyclohexene obtained for this study (Fluka 
AG) contained 0.2 5% cyclohexane and 0.2 % 1,3-cyclohexadiene 
as impurities, as determined by GC using a 10-m capillary column 
with 23% SP1700 packing (Supelco SA, Gland, Switzerland). 
The cyclohexene was refluxed with 2 equiv of maleic anhydride 
until no 1,3-cyclohexadiene could be detected by gas chroma- 
tography.15 The resulting cyclohexene was washed repeatedly 
with distilled water, passed over 4-A molecular sieves, distilled 
from CaH2, and stored under nitrogen at  273 K. Trace impurities 
of 1,3-cyclohexadiene led to irreproducible and/or intractable 
kinetic results. In addition to YCO bands belonging to C C H ~ ~ -  
CORh(CO),, new bands appeared in the in situ infrared spectra 
taken during the active hydroformylation experiments involving 
trace quantities of 1,3-cyclohexadiene. 

Equipment. Kinetic studies were performed in a 1.5-L 
stainless steel (SS316) autoclave (Buchi-Uster, Switzerland) 
which was connected to a high-pressure infrared cell. The 
autoclave (Pmu = 22.5 MPa) was equipped with a packed magnetic 
stirrer with six-bladed turbines in both the gas and liquid phases 
(Autoclave Engineers, Erie, PA) and was constructed with a 
heating/cooling mantle. A high-pressure membrane pump 
(Model DMK30, Orlita AG, Giessen, Germany) with a maximum 
rating of 32.5 MPa and 3-L/h flow rate was used to circulate the 
n-hexane solutions from the autoclave to the high-pressure IR 
cell and back to the autoclave via jacketed '/8-in. (SS316) high- 
pressure tubing (Autoclave Engineers). The entire system, 
autoclave, transfer lines, and infrared cell, was cooled using a 
Lauda RX20 (Konigshofen, Germany) cryostat, and could be 
maintained isothermally ( A T  = 0.5 "C) in the range -20 to +40 
"C. Temperature measurements were made at  the cryostat, 
autoclave, and IR cell with PT-100 thermoresistors. The 
necessary connections to vacuum and gases were made with I/,- 
in. (SS316) high-pressure tubing (Autoclave Engineers), and 5.00-, 
10.00-, and 20.00-MPa piezocrystals were used for pressure 
measurements (Keller AG, Winterthur, Switzerland). The 
piezocrystals were periodically calibrated on a Haenni PDG 022 
calibration bench (Stuttgart, Germany). The entire system was 
gastight under vacuum as well as at 20.0 MPa, the maximum 
operating pressure. 

(14) Shriver,D.F.;Drezdzon,M. A. The ManipulationofAir-Sensitiue 
Compounds; Wiley: New York, 1986. 
(15) The Diels-Alder reaction between l,&cyclohexadiene and maleic 

anhydride is quantitative, yielding endo-bicyclo[2.2.2]-5-octene-1,2- 
dicarboxylic anhydride. (a) Kloetzel, M. C. Org. React. 1948, 4, 1. (b) 
Grieger, R. A,; Eckert, C. A. J. Am. Chem. SOC. 1970,92,7149. 
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Equilibrium-Controlled Precursor Conversion 

The high-pressure infrared cell was constructed at  the ETH- 
ZOrich of SS316 steel and could be heated or cooled. The CaF2 
single crystal windows (Korth Monokristalle, Kiel, Germany) 
had dimensions of 40-mm diameter by 15-mm thickness. Two 
sets of Viton and silicone gaskets provided sealing, and the Teflon 
spacers were used between the windows. The construction of 
the flow through ce1P is a variation on a design due to NoackIGb 
and differs in some respects from other high-pressure infrared 
cells described in the literature (for a review, see Whyman16g). 
The high-pressure cell was situated in a Perkin-Elmer PE983 
infrared spectrophotometer equipped with a Model 3600G data 
station. Details of the equipment and IR cell can be found 
elsewhere.*0a 

Spectroscopic Aspects. The infrared absorbance spectrum 
ofthesolvent n - h e ~ a n e , ~ ~ ~ , ~  the reagent CsHl~,~~~.~andtheproduct 
C6H11CH017C are all well documented. The absorptivity at  293 
K for n-hexane, for the maximum centered at 2373 cm-l, with 
minima at 2400 and 2318 cm-l, is eane = 0.248 L/(mol cm). The 
absorptivity at  293 K for cyclohexene at  2373 cm-l, with minima 
at  2400 and 2318 cm-l, is eerie = 0.212 L/(mol cm). The arithmetic 
mean absorptivity for mixtures containing nane moles of n-hexane 
and nene moles of cyclohexene was calculated from eq 6. 

Organometallics, Vol. 12, No. 5, 1993 1755 

€2373 = ('enenen, + %nenane)/(nene + %e) 

The organic product C&llCHO has a prominent absorbance 
maximum at 1734 cm-1 due to the C=O stretching mode.'& The 
absorptivity, as determined in the limit of infinite dilution in 
n-hexane, was 61734 = 372 L/(mol cm). 

The tetranuclear carbonyl Rh4(C0)12 has absorbance maxima 
at  2074,2068,2061,2043, and 1885 cm-I in the infrared.lga,b The 
determined absorptivity of Rb(C0)12 at  infinite dilution in pure 
n-hexane at 1885 cm-l (bridging CO) was 61885 = 9800 L/(mol 
cm).13 

The intermediate RCORh(C0)d has absorbance maxima at 
2111,2065,2039,2020, and 1698 cm-l in n-hexane.lOJ1 Given the 
low conversions of Rh4(C0)12 to C&11CORh(C0)4 observed in 
the present study, calibrations for the absorptivity at  2020 cm-l 
were not performed. Instead, the absorptivity of (CH3)3- 
CCH&H2CORh(C0)4 in n-hexane was taken: ~ 2 0 %  = 4150L/(mol 
cm).12a With the aforementioned absorptivities, excellent rhod- 
ium mass balances were obtained for the duration of all 
experiments conducted at  T I 298 K (less than 6% variation 
from the nominal value). The experiment at  303 K showed a 
12% variation. It is known that the absorptivities eco of metal 
carbonyls R-R'-M(CO), are only marginally affected by changes 
in substituents R.20 

The concentrations of Rb(C0)12, C ~ H I ~ C O R ~ ( C O ) ~ ,  and 
C&IllCHO were calculated during the hydroformylation exper- 
iments from measurements of in situ absorbance using the 
dimensionless Lambert-Beer law presented in eq 7.21 The term 

(16) (a) Dietler, U. K. Dissertation, ETH-Ziirich, 1974; No. 5428. (b) 
Noack, K. Spectrochim. Acta 1968,24A, 1917. (c) Whyman, R.; Hunt, 
K. A,; Page, R. W.; Rigby, S. J. Phys. E 1984, 17, 559. (d) Oltay, E.; 
Penninger, J. M. L.; Alemdaroglu, N.; Alberigs, J. M. Anal. Chem. 1973, 
45,802. (e) Bohn, M. A.; Franck, E. U. Ber. Bunsen-Ges. Phys. Chem. 
1988,92,850. (0 Suppes, G. J.; McHugh, M. A. Reu. Sci. Instrum. 1989, 
60, 666. (9) Whyman, R. In Laboratory Methods in Vibrational 
Spectroscopy, 3rd ed.; Willis, H. A., van der Maas, J. H., Miller, R. G. 
J., Eds.; Wiley: New York, 1987; Chapter 12. 

(17) Pouchert, C. L. The Aldrich Library of Infrared Spectra; 
Aldrich Milwaukee, WI, 1981; (a) p 3, (b) p 30, (c) p 280. The Sprouse 
Collection oflnfrared Spectra; Hansen, D., Ed.; Paoli, PA, 1990; Vol. 4, 
(d) P 2, (e) P 40. 

(18) (a)Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectroscopic 
Identification of Organic Compounds, 4th ed.: Wilev: New York, 1981: 
(b) p 107, (c) p'l19,-(d) p 108,-(e) p 117. 

(19) (a) Beck, W.; Lottes, K. Chem. Ber. 1961,94,2578. (b) Bor, G.; 
Sbrignadello, G.; Noack, K. Helu. Chim. Acta 1975,58, 815. 

(20) In the series R-CsH4COOCH3Cr(C0),j (R = m-COOCH8, p- 

the experimentally measured absorptiwties were ( A I  = 6800-8000 L/(mol 
cm) and = 3250-4100 L/(mol cm). Klopman, G.; Noack, K. Inorg. 
Chem. 1968, 7, 579. 

(21) McClure, G. L. In Laboratory Methods in Vibrational Spec- 
troscopy, 3rd ed.; Willis, H. A,, van der Maas, J. H., Miller, R. G. J., Eds.; 
Wiley: New York, 1987; Chapter 7. 

COOCH), o-C~,  m-Cl, pC1, H, O-CH? p;CHo, p-CHa, o-CH~, o-OCH~), 

(7) 

3cc6 is the sum total of the mole fractions of both hydrocarbons, 
namely n-hexane and cyclohexene, at  the initial reaction con- 
ditions (eq 8). Less than 4.1 % conversion of C&o to CsHllCHO 
occurred in any experiment. 

Kinetic Studies. Rb(CO)lp was dissolved in 200 mL of 
n-hexane (1.51 mol) in a Schlenk tube under a nitrogen 
atmosphere, cyclohexene was added, and the solution was 
transferred into the evacuated and thermostated autoclave. 
Depending on the system temperature, the total pressure in the 
autoclave was PT = 0.01-0.03 MPa, the vapor pressure of n-hexane 
plus a low partial pressure of nitrogen. With stirring (200 rpm), 
carbon monoxide (4.0-8.0 MPa) was added to the system. The 
high-pressure membrane pump continuously circulated the 
n-hexane solution from the autoclave to the high-pressure infrared 
cell and back to the autoclave. At a time t = 0, a program was 
executed to record spectra every 15 or 30 min. Initial in situ 
infrared spectra were then taken from 2500 to 1600 cm-l. The 
initial spectra show that the reagents Rb(CO)l~, dissolved CO 
(2300-2000 cm-'), and C6H10 (1654 cm-')'" can be clearly 
identified. Little, if any additional noise could be identified in 
the in situ spectra as the solution was pumped (10 cm/s) through 
the high-pressure infrared cell. After the initial spectra were 
recorded, hydrogen (1.0-4.0 MPa) was added to the system. After 
18 h, the experiments were stopped and the spectra were analyzed 
off-line. 

Five sets of experiments were performed. In each set, one 
experimental parameter was systematically varied while the 
remaining variables were held essentially constant. In this 
manner, variations in the concentrations of initial Rh&0)12 and 
initial cyclohexene, dissolved hydrogen, and dissolved carbon 
monoxide and variations in temperature were studied. The initial 
reaction conditions of the "reference" experiment were 17.2 X 
10-6 mole fraction of Rh4(C0)12, 30 mL of cyclohexene (0.144 
mole fraction), 2.0 MPa of hydrogen (0.018 mole fraction), and 
6.0 MPa of carbon monoxide (0.095 mole fraction) in n-hexane 
at  293 K. The reproducibility of experiments conducted at the 
reference reaction conditions was excellent. Blank experiments, 
conducted at the reference reaction conditions, but in the absence 
of Rb(C0)12showeda negligible 4% residualactivityas compared 
with the reference experiment. 

The present hydroformylation reactions were performed under 
negligible gas-liquid mass transfer resistance. The experimen- 
tally measured overall mass transfer coefficientsKLa for hydrogen 
and carbon monoxide into n-hexane at 200 rpm were approxi- 
mately 0.1 and 0.06 s-l, respectively, as determined using the 
method of Deimling.22a Since the maximum observed rate of 
hydroformylation in this study was 9 X 1W mols-1, all  experiments 
belong to the category of infinitely slow reaction with respect to 
gas-liquid mass transfer (the kinetic regime, Hatta category H).22b 
The liquid phase of each experiment became essentially saturated 
with dissolved CO and H2 in the first 60 8. Mass transfer effects 
are known to severely complicate the interpretation of kinetic 
data from hydroformylation reactions.22c 

In any single 18-h kinetic experiment, less than 0.012-mol 
conversion of C&Ilo to C,&CHO occurred. The partial preaaures 
of hydrogen and carbon monoxide in the closed-batch autoclave 
changed less than 1-2 % during the 18-h experiments. This partial 
pressure change was considered negligible, and therefore, the 

(22) (a) Deimling,A.; Karandikar, B. M.; Shah, Y. T.; Carr, N. L. Chem. 
Eng. J .  1984,29,127. (b) Levenspiel, 0. ChemicalReaction Engineering; 
Wiley: New York, 1972, p 418. (c) Bhattacharya, A.;Chaudari, R. V. Znd. 
Eng. Chem. Res. 1987,26, 1168. 
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liquid phase concentrations of the two gaseous components were 
treated as constants for the duration of each experiment. 

The rates of reaction, for the transformation of cyclohexene 
to cyclohexanecarboxaldehyde were calculated using the finite 
difference eq 9. This expression provides a numerical value for 

Fyhr and Garland 

the rate of hydroformylation at a time t, based on the measured 
in situ concentrations of C6HllCHO at times t - 1 and t + 1. The 
time interval between t and t - 1 or t + 1 was 15 min for t I 90 
min and 30 min thereafter. This central difference expression 
was chosen since it provides an accurate approximation of 
derivatives from sets of smooth monotonically increasing or 
decreasing experimental dahz3 

Solubilities. Solubility data for hydrogen24a and carbon 
monoxidez4b in n-hexane are available from the literature. The 
Henry constants were calculated using eqs 10 and 11, respectively, 

HHz(P,T) = Psat expF4.96 + 4050/T) X 

where the temperature T is in Kelvin and where Psar is the 
saturated vapor pressure of the n-hexaneaZ5 The derivation of 
the temperature-dependent form used can be found in the 
literature.26 These equations are strictly valid only for pure 
hexane. The Krichevsky-Kasarnovsky correction for total 
pressure effects on the Henry constants has been included, where 
PO is the standard reference pressure 0.1 MPa.27 The partial 
molar volumes of Hz and CO in aliphatic hydrocarbons including 
n-hexane are U H ~  = 43 mL/mol,28and uco = 52 mL/m01.~~ Finally, 
both dissolved hydrogen and dissolved carbon monoxide were 
considered to be ideal solutes. No mixing rules were invoked in 
order to compensate for nonideality in the two-phase system, 
and the Krichevsky-Ilinskaya correction was not employed.30 

Kinetic Results 

Precursor Concentration. The initial concentration 
of the precursor Rh4(C0)12 was systematically varied in 
four hydroformylation experiments performed at  293 K, 
0.144 mole fraction of cyclohexene, 2.0 MPa of hydrogen 
(0.018 mole fraction), and 6.0 MPa of carbon monoxide 
(0.095 mole fraction). The initial concentrations of 
Rh4(C0)12, based on in situ IR spectroscopic measure- 
ments, were [Rh&O)1210 = 5.3 X lo4, 9.7 X lo4, 17.2 x 
10-6, and 20.7 X 10-6 mole fraction. 

In situ infrared spectra of the solution, under 6.0 MPa 
of CO and before the addition of hydrogen, clearly showed 
the characteristic absorbance of the precursor Rh4(C0)12, 
the alkene C6H10, and dissolved CO, in addition to the 
solvent n-hexane. The cluster Rhs(CO)ls, a common 
impurity in Rh4(C0)12, was apparently absent from 
solution, as indicated by the lack of absorbance maxima 

(23) Davies, M. E. Numerical Methods and Modelling for Chemical 
Engineers; Wiley: New York, 1984. 

(24) (a) Nichols, W. B.; Reamer, H. H.; Sage, B. H. AIChE J. 1957,3, 
262. (b) Koelliker, R.; Thies, H. J.  Chem. Eng. Data, in press. 

(25) Gallant, R. W. Physical Properties of Hydrocarbons; Gulf; 
Houston, 1968. 

(26) Jonah, D. A. Fluid Phase Equilib. 1983, 15, 173. 
(27) (a) Krichevsky, I. R.; Kasarnovsky, T. S. J. Am. Chem. SOC. 1935, 

57,2168. (b) Dodge, B. F.; Newton, R. H. Ind. Eng. Chem. 1937,29,718. 
(28) Connolly, J. F.; Kandalic, G. A. J.  Chem. Thermodyn. 1984, 16, 

1129. (b) Walkley, J.; Jenkins, W. I. Trans Faraday SOC. 1968, 64, 19. 
(29) Handa, Y. P.; Benson, G. C. Fluid Phase Equilib. 1982, 8, 161. 
(30) Krichevsky, I. R.; Ilinskaya, A. A. Zh. Fiz. Khim. USSR 1945,19, 

621. 

D h  I 
I /  1 

I I 
2200 2000 1800 CM' 1800 

Figure 1. In situ high-pressure infrared spectrum of a 
hydroformylationsolution after 480 min of reaction (n-hexane, 
cyclohexene, and CO subtraction). Conditions: [Rh(CO)lzlo 
= 17.3 X lo4 mole fraction, [C6H1010 = 0.144 mole fraction, 
0.095 mole fraction of CO (6.0 MPa), 0.018 mole fraction of 
H2 (2.0 MPa), in n-hexane at 293 K. Key: (A) Rh(C0)12 
(14.2 X 10-6 mole fraction), (B) C ~ H ~ I C O R ~ ( C O ) ~  (13.7 X 1W 
mole fraction), (C) Rhz(CO)s, (D) cyclohexanecarboxaldehyde 
(9.1 X lO-'mole fraction), (E) noise in the dissolved CO region, 
(F) noise in the cyclohexene (vc+ 1654 cm-l) region. The 
cell width is approximately 0.5 mm. 

at  YCO = 2105,2070 (s), 2047,2040,2022,2020,1833, and 
1793 (8) ~ 1 3 3 - l . ~ ~  However, the presence of Rhz(CO)a was 
clearly indicated by the characteristic absorbances at  vco 
= 2086, 2061, 1860, and 1845 cm-1.32 The dinuclear 
carbonyl is known to undergo rapid equilibration with 
Rh4(C0)12 in n-hexane solution (eq 12) in the presence of 

Rh4(CO),, + 4CO + 2Rh,(CO), (12) 

high Pco and at  temperatures as low as 253 K.33a Though 
detectable, the extent of cluster fragmentation and con- 
version to Rhn(CO)a was always less than 2-3 % in these 
and in all subsequent kinetic experiments. 

Upon addition of hydrogen, absorbance maxima due to 
the intermediate CeH11CORh(C0)4 at  vco = 2111,2065, 
2040, 2020, and 1695 cm-l, and the organic product 
CsH11CHO at 1734 cm-l slowly appeared. Total conversion 
of the precursor Rh(C0)12 never occurred in the 18-h 
experiments, and Rh2(CO)a continued to exist in solution 
at  observable concentrations. No new and additional vco 
absorbance maxima appeared. A typical in situ infrared 
difference spectrum, obtained by n-hexanelcyclohexenel 
CO subtraction and taken under 8.0-MPa total pressure 
is shown in Figure 1. In this spectrum, as well as all other 
spectra taken during kinetic runs with n-hexane as solvent, 
good baselines and low noise levels absorbance 
units) were observed in the important metal-carbonyl 
region of the IR spectra from 2075 to 1800 cm-l. 

The concentration of the intermediate CsH11CORh(C0)4 
as a function of time and as a function of the initial 
concentration of Rh4(C0)12 for the four experiments is 
shown in Figure 2. After a relatively short 30-min period, 
the concentrations of the intermediate CsH11CORh(C0)4 
become essentially time-independent for the remaining 
1000 min of each experiment. This time-independent 
period corresponds to a pseudo steady state between the 

(31) IRmaxima in Nujol. (a) Chini, P. J. Chem. SOC., Chem. Commun. 
1967, 440. (b) 2075 (a), 2025 (m), 1800 (E), cm-l. James, B. R.; Remple, 
G. L.; Teo, W. K. Inorg. Synth. 1976, 16, 49. 

(32) (a) Whyman, R. J. Chem. SOC., Dalton Trans. 1972, 1375. (b) 
Vidal, J. L.; Walker, W. E. Inorg. Chem. 1981, 20, 249. 

(33) Oldani, F.; Bor, G. J. Organomet. Chem. 1983, 246, 309. 
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Equilibrium-Controlled Precursor Conversion 
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Figure 2. Effect of the initial Rh4(C0)12 concentration on 
the formation of C&I~ICOR~(CO)~ as a function of time. 
Conditions: [C6HJo = 0.144 mole fraction, 0.095 mole 
fraction of CO (6.0 m a ) ,  0.018 mole fraction of Hz (2.0 MPa), 
in n-hexane at 293 K. Key: (m) [R~~(CO)IZIO = 5.3 X 10-6, 

( 0 )  [Rh&0)1&, = 20.7 X 10-6 mole fraction. 
(0) [Rh4(C0)1210 = 9.7 X 10-6, (+) [Rh4(CO)lzlo 17.2 X 10-6, 

precursor Rh4(C0)12 and the intermediate C6H11- 
CORh(CO)4. Increased initial concentrations of Rh(C0)12 
lead to increased pseudo-steadystate concentrations of 
C,&CORh(C0)4, but these two quantities are not pro- 
portional. 

Figure 2 suggests that the absolute error associated with 
the measurements of these pseudo-steady-state concen- 
trations is very low, i.e., on the order of 1 X 10-6 mole 
fraction. Indeed, regressions of [ C ~ H I ~ C O R ~ ( C ~ ) ~ ] ,  after 
the 30-min induction period gave [C&I11CORh(C0)41, = 
(8.5 f 0.6) X lw, (11.5 f 0.5) X 10-6, (13.9 f 0.7) X 10-6, 
and (14.4 f 0.06) X 10-6 in the experiments starting with 
[Rh(C0)12]0 = 5.3 X 10-6,9.7 X 10-6, 17.2 X 10-6, and 20.7 
X 10-6 mole fracti0n.3~ Further, independent measure- 
ments of [Rh(C0)12], gave (3.2 f 0.2) X 10-6, (7.4 & 0.2) 
x 10-6, (14.0 f 0.3) X 10-6, and (17.6 f 0.3) X 10-6 
respectively. Therefore, excellent mass balances over 
rhodium were obtained. Only 40.1,24.0,18.6, and 15.2% 
conversion of Rh(C0)12 have occurred during the hy- 
droformylation e~pe r imen ta .~~  

Since (I) CeH11CORh(C0)4 is the only observable 
intermediate, (11) the spectroscopic measurements are of 
high accuracy and good quality, and (111) excellent mass 
balances on rhodium are obtained, then the remaining 
pseudo-steady-state intermediate concentrations in the 
system can be assumed to be very low. This suggests the 
validity of the following approximation (eq 131, where the 

(34) All pseudo-steady-state concentrations are reported as means and 

(35) Precursor conversion, precursor selectivity to intermediates, and 
standard deviations. 

yields of intermediates have been defined previously.lZa 
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Figure 3. Effect of the initial Rh&O)l~ concentration on 
the formation of C~HI~CHO as a function of time. Condi- 
tions: [C6H1010 = 0.144 mole fraction, 0.096 mole fraction of 
CO (6.0 MPa), 0.018mole fraction of Hz (2.0 MPa), in n-hexane 
at 293 K. Key: (m) [Rh41CO)lzl0 = 5.3 X 10-6, (13 [R~~CO)IZIO 
= 9.7 X 10-6, (+) [Rh4(CO)izlo= 17.2 X 10-6, ( 0 )  [Rh4(CO)izlo 
= 20.7 X 10-6 mole fraction. 

summation extends over all organometallic intermediates 
Ni in solution. 

Equation 14 was used to correlate the pseudo-steady 
state concentrations of the precursor Rh4(C0)12 and the 
intermediate C&1CORh(C0)4 (see Discussion). The 
exponent for the precursor Rh(C0)12 was q, = 0.32 f 
0.02 as determined by regression of the mean concentra- 
tions.36 

[C6HllCORh(C0)4~s, = @[Rh4(CO),,1~:nx,P' (14) 

The time-dependent concentrations of the organic 
product C6HllCHO for the four experiments, are shown 
in Figure 3. After the first 30 min, the concentrations of 
C6HllCH0 become linear functions of time. There is very 
little scatter in the in situ measured concentration data. 

The final conversions of C6H10 after 18 h were 0.92, 
1.17,1.38, and 1.44% a t  [Rh&0)1210 = 5.3 X 10-6,9.7 X 
10-6,17.2 X lo4, and 20.7 X 10-6 mole fraction, respectively. 
Since very low conversions have occurred, it is convenient 
to consider the turnover frequency to be a constant in the 
vicinity of the initial reaction conditions. The turnover 
frequencies calculated using eqs 15 and 16, were 0.151 f 
0.025,0.140f0.024,0.135f0.026,and0.144f0.030min-1, 
respectively. Since the turnover frequencies have essen- 
tially the same numerical value, the reaction order aaey1 = 

(36) The exponents ai and reaction orders ai are reported aa means 
and standard deviations. 
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1758 Organometallics, Vol. 12, No. 5, 1993 Fyhr and Garland 

d[ C6HllCHO]/dt =z TOF*[ C,H,,CORh( CO),] 88 (16) 

1.0 in C6H11CORh(C0)4 is confirmed. For the purpose of 
all subsequent analysis, it  will be convenient to consider 
a power-law approximation for the turnover frequency 
(eq 17), where the components Xi represent the reagents 
CsHlo, CO, and Hz. 

TOF = klobsnxqi 

Cyclohexene Concentration. The initial concentra- 
tion of C6Hlo was systematically varied in four hydro- 
formylation experiments performed at 293 K, 2.0 MPa of 
hydrogen (0.018 mole fraction), and 6.0 MPa of carbon 
monoxide (0.095 mole fraction). The initial concentrations 
of cyclohexene in mole fractions were [C~HIOIO = 0.054, 
0.101, 0.144, and 0.182. The corresponding initial con- 
centrations of Rh,&0)1~, based on in situ IR measure- 
ments, were [Rhr(CO)l2]0 = 1.99 X lC5, 1.86 X le5, 1.72 
X 10-5, and 1.56 X 10-5 mole fraction. 

Again, the in situ infrared spectra of the solutions, under 
6.0 MPa of CO and before the addition of hydrogen, clearly 
showed the characteristic absorbance of the precursor 
Rh4(C0)12, the alkene C6H10, and dissolved CO, in addition 
to the solvent n-hexane. The cluster Rb(CO)16 was 
apparently absent from solution but Rhz(C0)~ was de- 
tected. 

The concentration of the intermediate C&1CORh(C0)4 
as a function of time for the four experiments is shown in 
Figure 4. Again, after a relatively short period of 30 min, 
the concentrations of the intermediate C ~ H I I C O R ~ ( C ~ ) ~  
became time-independent for the remaining lo00 min of 
each experiment. Increased [C6Hlolo clearly gives rise to 
higher pseudo-steady-state concentrations of C6H11- 
CORh(CO)4. The maximum conversions of Rh4(C0)12 
were cmax = 11.1,14.0,18.6, and 23.1 % in the experiments 
startingwith [C&o]o = 0.054,0.101,0.144,and0.182mole 
fraction. The exponent in C6Hlo for the pseudo steady 
state between Rh4(C0)12 and RCORh(C0)4 as obtained 
from eq 14 was aerie = 0.94 f 0.10. 

The time-dependent concentrations of the organic 
product C ~ H I ~ C H O  as a function of [C~HIOIO for the four 
experiments are shown in Figure 5. After the induction 
period of approximately 30 min, the concentrations of 
CeHllCHO are linear functions of time. Increased [C~HIOIO 
gives rise to higher hydroformylation rates, but this effect 
is due to the higher yields of intermediates and not due 
to any intrinsic change in the velocity of the catalytic cycle. 
The calculated turnover frequencies were 0.138 f 0.027, 
0.147 f 0.018, 0.135 f 0.026, and 0.136 f 0.027 min-' at 
[C~HIOIO * 0.054, 0.101, 0.144, and 0.182 mole fraction. 
The apparent reaction order is aerie = -0.02 f 0.05. 
Therefore, cyclohexene is not involved in the rate-limiting 
step of the catalytic transformation Of C13Hlob C6HllCHO 
under the present reaction conditions. The final conver- 
sions were 1.63, 1.42, 1.38, and 1.3875, respectively. 

Carbon Monoxide Concentration. The concentration 
of carbon monoxide was systematically varied in four 
hydroformylation experiments performed at 293 K, 0.139- 
0.149 mole fraction of [C~HIOIO, and 2.0 MPa of hydrogen 
(0.018 mole fraction). The initial concentrations of CO in 
mole fractions were [COI = 0.067,0.082,0.096, and 0.122 
at 4.0, 5.0, 6.0, and 8.0 MPa, respectively. The corre- 
sponding initial concentrations of Rb(C0)12, based on in 
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Figure 4. Effect of the initial C6Hlo concentration on the 
formation of CGHI~COR~(CO)~  as a function of time. 
Conditions: [Rh4(C0)121~ = (15.6-19.9) X 10-6 mole fraction, 
0.095 mole fraction of CO (6.0 m a ) ,  0.018 mole fraction of 
Hz (2.0 m a ) ,  in n-hexane at 293 K. Key: [C&O]O = 
0.054, (n) [CeHiolo' 0.101, (+) [C6Hio]o = 0.144, ( 0 )  [CeHiolo 
= 0.182 mole fraction. 

situ IR measurements, were [Rh4(C0)1210 = 1.70 X 10-5, 
1.58 X 10-5,1.72 X le5, and 1.69 X 10-5 mole fraction. The 
in situ spectra were consistent with the previous kinetic 
experiments, and the intensity of the infrared bands 
corresponding to Rhe(C0)~ increased as a function of 
increasing CO pressure (eq 11). 

The concentration of the intermediate C&11CORh(C0)4 
as a function of time and as a function of [COI for the four 
experiments is shown in Figure 6. After the first 30 min, 
the concentrations of the intermediate CeH11CORh(C0)4 
become essentially time-independent for the remaining 
lo00 min of each experiment. Higher liquid phase mole 
fractions of CO have a positive influence on the pseudo- 
steady-state concentration of C6H11CORh(C0)4. Only 
11.8,17.1,18.6, and 24.2% conversions of Rh4(C0)12 have 
occurred in the experiments starting with [COI = 0.067, 
0.082, 0.096, and 0.122 mole fraction. The exponent in 
CO obtained by regression of the pseudo-steady-state 
concentration data was (YCO = 1.089 f 0.097. 

The time-dependent concentrations of the organic 
product C~HIICHO, as a function of [COI for the four 
experiments are shown in Figure 7. After the induction 
period, the concentrations of C&lCHO are h e a r  func- 
tions of time. Changes in [COI seem to have no net effect 
on the rate of formation of C&1CHO, as all curves 
coincide. However, the calculated turnover frequencies 
based on [C&1CORh(C0)4] were 0.211 f 0.036,0.188 f 
0.019,0.135 f 0.026, and 0.108 * 0.021 min-l at [COI = 
0.067,0.082,0.096, and 0.122 mole fraction. This leads to 
the apparent reaction order aco = -1.17 f 0.17. The final 
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Equilibrium-Controlled Precursor Conversion 
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Figure 5. Effect of the initial C6H10 concentration on the 
formation of CGHIICHO as a function of time. Conditions: 
[Rh4(CO)lzlo = (15.6-19.9) X 10-6 mole fraction, 0.095 mole 
fraction of CO (6.0 MPa), 0.018mole fraction of Hz (2.0 m a ) ,  
in n-hexaneat 293 K. Key: (HI [C&o]o = 0.054, (0) [C6Hlo]o 
= 0.101, (6) [CsHlolo = 0.144, ( 0 )  [C~HIOIO = 0.182 mole 
fraction. 

conversions of C6H10 to C6HllCH0 after 18 h were 1.38, 
1.35, 1.38, and 1.35% respectively. 

In the above set of kinetic experiments, two state 
variables, namely the liquid phase mole fraction of CO 
and total pressure were varied simultaneously. Therefore, 
the exponent arc0 and the reaction order aco both contain 
a small contribution from this variation in total pressure. 
Though the first correction term associated with (a In @/a 
In XCO)T is difficult to evaluate, the second term associated 
with (e ln(hkl,b,/kT)/~ In XCO)T is approximately 
-X#j(ArVm,l + A'Vmx,l)/RT (see Appendix I). The 
numerical value of the correction term is 0.07 and the 
corrected reaction order is aco = -1.10. 

Hydrogen Concentration. The concentration of dis- 
solved hydrogen was systematically varied in four hydro- 
formylation experiments performed a t  293 K, 0.142-0.145 
mole fraction of [C&010, and 6.0 MPa of carbon monoxide 
(0.095 mole fraction). The initial concentrations of 
hydrogen in mole fractions were [H23 = 0.009,0.018,0.026, 
and0.034 at  1.0,2.0,3.0, and 4.0 MPa. The corresponding 
initial concentrations of Rh4(C0)1z1 based on in situ IR 
measurements, were [Rhr(CO)1210 = 1.59 X le5, 1.72 X 
le5, 1.55 X 10-5, and 1.60 X 10-5 mole fraction. 

The concentration of the intermediate C6H11CORh(C0)4 
as a function of time and as a function of the dissolved 
concentration of hydrogen for the four experiments is 
shown in Figure 8. In the experiment with only 0.009 
mole fraction of hydrogen, an unusually long period of 
300-400 min was required to reach the pseudo steady state. 
Increased liquid phase mole fractions of hydrogen clearly 
lead to lower pseudo-steady-state concentrations of the 

Organometallics, Vol. 12, No. 5, 1993 
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Figure 6. Effect of the carbon monoxide concentration on 
the formation of CsH11CORh(C0)4 as a function of time. 
Conditions: [Rh4(CO)l& = (15.8-17.4) X 10-6 mole fraction, 
[C&olo = 0.144 mole fraction, 0.018 mole fraction of Hz (2.0 
MPa), in n-hexane at 293 K. Key: (m) [COI = 0.067, (0) 
IC01 = 0.082, (6) [COI = 0.096, ( 0 )  [COI = 0.122 mole 
fraction. 

intermediate C&1CORh(C0)4. The exponent in H2 for 
the pseudo steady state between Rh4(C0)12 and 
RCORh(C0)4 and obtained by regression of the mean 
concentration data was (YH? = -0.330 f 0.103. 

The time-dependent concentrations of the organic 
product C6HllCH0 as a function of [Hzl for the four 
experiments are shown in Figure 9. After the induction 
periods of approximately 30-300 min, the concentrations 
of C G H ~ ~ C H O  were linear functions of time. Higher liquid 
phase concentrations of hydrogen lead to higher rates of 
hydroformylation. After accounting for [C6Hll- 
CORh(C0)41 in each spectrum, the calculated turnover 
frequencies were 0.074 f 0.011, 0.135 f 0.026, 0.205 f 
0.030, and 0.292 f 0.051 min-l a t  [H21= 0.009,0.018,0.026, 
and 0.034 mole fraction. The apparent reaction order in 
hydrogen is U H ~  = 1.02 f 0.06. The correction for total 
pressure effects gives aH2 = 1.04 (see Appendix I). The 
find conversions of C6H10 to C6HllCHO after 18 h were 
0.76, 1.38, 1.68, and 1.87%, respectively. 

Effect of Temperature. The temperature of the 
system was systematically vmied in four hydroformylation 
experiments performed at  approximately 0.144 mole 
fraction of [CsHloIo, 2.0 MPa of hydrogen (0.018 mole 
fraction), and 6.0 MPa of carbon monoxide (0.095 mole 
fraction). The temperatures were 283,293,298, and 303 
K. The corresponding initial concentrations of Rh4(C0)12 
in these experiments, based on in situ IR measurements, 
were [Rh.&O)lzlo = 1.40 X le5, 1.72 X 10-5,1.49 X 10" 
and 1.27 X mole fraction. 

The concentration of the intermediate Cd-I11CORh(CO)4 
as a function of time and as a function of the system 
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Figure 1. Effect of the carbon monoxide concentration on 
the formation of C&IllCHO as a function of time. Conditions; 
[Rb(CO)l& = (15.8-17.4) X 10-6 mole fraction, [C6Hlo]o = 
0.144 mole fraction, 0.018 mole fraction of Hz (2.0 MPa), in 
n-hexane at 293 K. Key: (w) [COI = 0.067, (0) [COI = 0.082, 
(+) [CO] = 0.096, ( 0 )  [CO] = 0.122 mole fraction. 

temperature for the four experimenta is shown in Figure 
10. After the initial period of 30 min (293,298,303 K) or 
400-500 min (283 K), the concentrations of the interme- 
diate C6Hl1CORh(C0)4 become time-independent for the 
remaining 1000 min of each experiment. Higher tem- 
peratures lead to lower conversions of Rh4(C0)12 to 
C6H11CORh(C0)4. The constant CP was 0.1214, 0.1241, 
0.1031, and 0.0996 at  283,293,298, and 303 K, respectively. 
The resulting apparent enthalpy and entropy of this 
pseudo steady state are A s a x  = -4.7 f 0.3 kJ/mol (-1.1 
f 0.1 kcal/mol) and A& = -27.6 f 0.7 J/(mol K) (-6.6 
f 0.2 cal/(mol K)) (see Appendix I). 

The time-dependent concentrations of the organic 
product C&&HO, as a function of temperature for the 
four experiments are shown in Figure 11. After the 
induction period, the concentration of CsHllCHO is a linear 
function of time. Increased system temperature leads to 
an increased rate of hydroformylation. The final con- 
versions of CsHlo to C6H11CHO were 0.37,1.38,2.48, and 
4.02 5%. The calculated turnover frequencies based on 
[C&I11CORh(C0)41 were 0.043 f 0.019,0.135 f 0.026,0.303 
f 0.052, and 0.514 f 0.072 min-l at T = 283,293,298, and 
303 K. Assuming that the turnover frequency takes the 
limiting form TOF = kl,b,[COl-1[H~11[C6Hl~lo, then the 
activation parameters calculated using the Eyring equation 
are A*H, = 84.6 f 5.0 kJ/mol (20.3 f 1.2 kcal/mol) and 
A*Sx = -8.7 f 17 J/mol (-2.1 f 4.1 cal/mol). 

Other Spectroscopic Results 

Reactions in Neat Cyclohexene. The hydroformy- 
lation of C6H10 to C6H11CHO was also carried out in neat 
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0 400 800 1200 
TIME (MINUTES) 

Figure 8. Effect of the hydrogen concentration on the 
formation of C6HllCORh(C0)4 as a function of time. 
Conditions: [Rh&O)lzlo = (15.5-17.2) X 10-6 mole fraction, 
[C6H10]0 = 0.144 mole fraction, 0.095 mole fraction of CO (6.0 
MPa), in n-hexane at 293 K. Key: (mi [Hd = 0.009, (0) [Hzl 
= 0.018, (+) [Hzl = 0.026, ( 0 )  [H21 = 0.034 mole fraction. 

cyclohexene at  293 K. These experiments involved the 
use of (a) Puriss cyclohexene after distillation from CaH2, 
(b) Puriss cyclohexene after treatment with maleic an- 
hydride to remove l,&cyclohexadiene and distillation from 
CaH2, and (c) cyclohexene “b” with the deliberate addition 
of 2.5 mol % l,&cyclohexadiene. In contrast to dilute 
C6Hldn-C6H14 solutions, the tetranuclear rhodium com- 
plex was only sparingly soluble in neat cyclohexene. 

In situ spectra taken during hydroformylation exper- 
iments using cyclohexene “a”, and under the reaction 
conditions Pco = 0.5-10.0 MPa, P H ~  = 0.5 MPa, and 293 
K, showed incomplete precursor conversion and numerous 
metal carbonyl bands in addition to those arising from 
Rh4(C0)12 and C6H11CORh(C0)4. The principal new 
absorbance maxima in the metal carbonyl region were 
observed at  VCO = 2084,2063,2024,2005, and 1986 cm-l. 
Further, two “organic” C=O vibrations at  1732 and 1692 
cm-l were observed. These can be assigned to the aldehyde 
CeHllCHO and to a ketone(s) respectively.’& The in situ 
spectra contain considerable noise, i.e., of the order of 
(2-3) X absorbance units. 

Under the reaction conditions Pco = 1.0-10.0 MPa, P H ~  
= 0.1-1.0 MPa, and 293 K, unconverted RL(C0)12 could 
clearly be identified in the in situ spectra taken during 
hydroformylations starting with cyclohexene “b”. Char- 
acteristic bands for Rh4(C0)12 appear at 2072,2067,2040, 
and 1882 cm-l. The intermediate C6H11CORh(C0)4 could 
also be clearly identified by ita absorbance maxima at  2108, 
2063,2036,2016, and 1700 cm-l. The wavenumbers for 
both sets of bands show strong ahifta due to solvent effects. 
The precursor and intermediate rapidly achieve a pseudo 
steady state. Even in neat cyclohexene, only about 70 5% 
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h 

0 400 800 1200 
TIME (MINUTES) 

Figure 9. Effect of the hydrogen concentration on the 
formation of CsHllCHO as a function of time. Conditions: 
[Rh4(CO)lzlo = (15.5-17.2) X 10-6 mole fraction, [C6H1010 = 
0.144 mole fraction, 0.095 mole fraction of CO (6.0 MPa), in 
n-hexane at 293 K. Key: (W [Hzl = 0.009, (m) [HzI = 0.018, 
(+) [HzI = 0.026, ( 0 )  [Hzl = 0.034 mole fraction. 

conversion of Rh(C0)12 occurs at the reaction conditions 
of 6.0 MPa of CO and 0.5 MPa of Hz. There is one intense 
band in the organic CO region, namely that a t  1732 cm-l 
for the formation of the aldehyde C6H11CHO. 

Under the reaction conditions Pco = 1.0-10.0 MPa, P H ~  
= 0.1-1.0 MPa, and 293 K, no Rh4(CO)12 nor C6H11- 
CHORh(C0)d could be identified in the in situ spectra 
during hydroformylatione starting with cyclohexene “c”. 
As was the case with cyclohexene “a”, numerous new metal 
carbonyl bands arise. These new absorbance maximaoccur 
a t  vco = 2086,2062,2046,2024,2006, and 1986 cm-l. The 
two organic C=O vibrations at  1732 and 1692 cm-l 
belonging to C6H11CHO and a ketone@) are present. The 
in situ spectra contain considerable noise (Figure 12). 

Discussion 

Equilibrium-Controlled Precursor Conversion. Af- 
ter only a limited extent of precursor conversion, a pseudo 
steady state was established between Rh4(C0)12 and the 
intermediate C G H ~ ~ C O R ~ ( C O ) ~  in all the hydroformylation 
experiments. The experimentally determined expression 
relating the pseudo-steady-state concentrations of the two 
metal carbonyl complexes appears in eqs 18 and 19. 

[C&1CORh(CO)41ss = 
@[Rh4(C0)12]~’[CO] ’” [Hz]-o‘3[C6Hlo]o’g (18) 

@ = exp(4700/RT - 28/R) (19) 

The pseudo-steady-state expression for [C6H11- 
CORh(C0)41,, arises from the equilibrium-controlled 

0 1  
0 400 800 1200 

TIME (MINUTES) 
Figure 10. Effect of temperature on the formation of 
C6H11CORh(C0)4 as a function of time. Conditions: [Rh- 
( C O ) l ~ l ~  = (12.7-17.2) X lo$ mole fraction, [CsHlolo = 0.144 
mole fraction, 0.095 mole fraction of CO (6.0 MPa), 0.018 
mole fraction of HZ (2.0 MPa) in n-hexane at 293 K. Key: 
(m) 283, (m) 293, (6) 298, ( 0 )  303 K. 

conversion of Rh4(CO)12. First, consider the equilibration 
of the precursor Rh4(C0)12 with the mononuclear carbonyl 
hydride species {HRh(C0)3]. This equilibrium Rh4(C0)12 
+ 2H2 + 4{HRh(CO)3] can be written 

(20) 
Next, consider a pseudo-steady-state hypothesis (PSSH) 

for the concentration of the intermediate {HRh(C0)3). The 
rate of formation of {HRh(C0)3} is identically equal to the 
rate of hydroformylation, Le., klob,[CsH11CORh(C0)41- 
[CO]-l[Hzl (vide infra). Further, the rate of reaction 
between {HRh(C0)3) and cyclohexene is simply kz[HRh- 
(C0)31 [C6Hlo]. The combined PSSH for (HRh(C0)3} is 

d[HRh(CO),l/dt = 

2 0.25 [HRh(CO)31eq = (~,,[Rh4(CO)i2I,,[H~l ) 

, ~ ~ o ~ , [ ~ ~ ~ ~ ~ ~ ~ ~ h ( ~ ~ ) 4 1 , [ C 0 3 - 1 [ ~ ~ l  - 
k2[HRh(C0)31 [ C ~ H ~ O ]  (21) 

d[HRh(CO),]/dt = 0 (22) 
The unknown concentration of {HRh(C0)3) can be 

eliminated. This results in a relationship (eq 23) between 
the two observable metal carbonyls CsH11CORh(C0)4 and 

[C6H11CORh(C0)Js, = 
@[Rh4(C0)121:’[C01 1[H21-o’5[C6Hl,11 (23) 

Rh4(C0)12 where 9 = (~~kZ/k1,bs) .  The experimentally 
determined exponents are in excellent agreement. With 
the exception of a,,, the exponents obtained from the 
derivation lie within f 2  standard deviations of the 
experimental results. 
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0 400 800 1200 
TIME (MINUTES) 

Figure 11. Effect of temperature on the formation of 
C6H11CH0 as a function of time. Conditions: [Rh4(C0)1210 
= (12.7-17.2) x 10-6 mole fraction, [C6Hlolo = 0.144 mole 
fraction, 0.095 mole fraction of CO (6.0 MPa), 0.018 mole 
fraction of Hz (2.0 MPa) in n-hexane at 293 K. Key: (m) 283, 
(n), 293, (+) 298, ( 0 )  303 K. 

Hydrogenolysis of CsH11CORh(CO)a. As shown in 
the series of experiments involving variations in [Rh4- 
(C0)1210, the rate of product formation was proportional 
to the concentration of [C6H11CORh(C0)41,,. The ex- 
perimentally determined rate expression for product 
formation in terms of the observable tC6H11CORh(C0)41,, 
appears in eqs 24 and 25. 

d[CGHllCHOl/dt = 

~ l o ~ , [ C ~ ~ ~ ~ ~ ~ ~ h ( ~ ~ ) ~ ~ ~ s ~ ~ ~ l - l ~ l ~ ~ ~ ~ l [ ~ ~ ~ ~ ~ ~ O ~ l  (24) 

klobs = (kT/h) exp(-84600/RT - 9/R) (25) 

The above rate expression indicates that the hydro- 
genolysis of C6H11CORh(C0)4 is the rate-limiting step in 
the hydroformylation of cyclohexene. Specifically, the 
term [COl-l[Hzl is consistent with (I) the existence of an 
equilibrium between C&11CORh(C0)4, CO and 
{C&11CORh(CO)3] and (11) the oxidative addition of HZ 
to ( C ~ H I ~ C O R ~ ( C ~ ) ~ )  to give the product C6HllCHO and 
the intermediate (HRh(C0)3]. This result supports the 
classic mechanistic picture of the hydroformylation 
reaction.2b In this respect the hydroformylation of cy- 
clohexene is mechanistically similar to most other alk- 
e n e ~ . ~ ~  

Fyhr and Garland 

A I 

2200 2000 1600 CM" 1600 

Figure 12. In situ high-pressure infrared spectrum of a 
hydroformylation performed in neat cyclohexene with del- 
iberate 2.5% 1,3-cyclohexadiene impurity (cyclohexene, 1,3- 
cyclohexadiene, and CO subtraction). Conditions: [Rh4- 
(CO)12]~ = 20 X le5 mole fraction, 4.6 MPa of CO, 0.4 MPa 
of Hz, at 293 K. Key: (A) cyclohexanecarboxaldehyde, (B) 
ketone. 

Overall Rates of Hydroformylation. The expressions 
for the pseudo steady state and the rate of product 
formation can be combined.38 The resulting overall rate 
expression for product formation in terms of [Rh&0)121w 
is given in eq 28. In the limit of very low precursor 

d[C6HllCHO]/dt a 
[Rh4(CO) 121 f:5 [col [&I 0'5 [C6Hlol ' (28) 

I conversion, in other words, as [RhdC0)1~1,~ approached 
[Rh4(CO)lzlo, eq 28 coincides with the experimental results 
previously obtained by Mark6 et 

Activation of Hydrogen. It was shown that under 
pseudo-steady-state conditions, the multinuclear precursor 
Rh4(C0)12 exists in equilibrium exchange with both 
Rhz(C0)s and {HRh(C0)3). This observation suggests the 
continuous formation of {HRh(C0)3) from Rhz(CO)a in 
these experiments according to the elementary steps shown 
in eqs 29 and 30.39 Numerous examples of the bimolecular 

Rh,(CO), CO + {Rh,(CO),) (29) 

{Rh,(CO),) + H, + (HRh(CO),) + HRh(CO), (30) 

reaction of Hz with dinuclear metal complexes are 
and coordinative unsaturation is a common 

prerequisite for such activation. 
During the induction period starting with 3,3-dimeth- 

ylbut-1-ene as alkene, the loss of Rh4(C0)12 was shown to 

(37) A low enthalpy of activation A'H, = 49 kJ/mol has been measured 
for the hydroformylation of 3,3-dimethylbut-l-ene.' 

(38) In power-law form, the expression d productlldt = TOF.C[N,],, 
can be expanded as d[C6HlICHO]/dt = k , , . ~ . l f x ^ ~ . f ( K , k ) . ~ ~ ~ ~ ~ . ~ ~ r ~ ~ s o r ~ ~ ~ ~ ~ .  

(39) It has been previously suggested that the formation of HRh(C0)4 
may occur via the activation of molecular hydrogen on dinuclear rhodium 
carbonylspecies. Vidal, J. L.; Schaning,R. C.; Walker, W. E. ACSSymp. 
Ser. 1980, 155, 61. 

(40) (a) Weil, T.  A.; Metlin, S.; Wender, I. J .  Organomet. Chem. 1973, 
49,227. (b) Hieber, W.; Wagner, G. Z. Naturforsch. 1958,138,339. (c) 
Alemdaroglu, N. H.; Penninger, J. M. L.; Oltay, E. Monatsh. Chem. 1976, 
107,1043. (d) Ungvary,F.J. Organomet. Chem. 1972,36,363. (e) Sweany, 
R. L.; Brown, T. Inorg. Chem. 1977,16,421. 

(41) (a) Malatesta, L.; Angoletta, M.; Conti, F. J .  Organomet. Chem. 
1971.33, C43. (b) Bennett. M. A.: Patmore, D. J. Inorg. Chem. 1971.11. 
2387. (c) Bonnet, J. J.; Thorez, A.; Maisonnat, A.; Gal;, J.; Poilblanc, R: 
J. Am. Chem. SOC. 1979, 101, 5940. (d) Kubiak, C. P.; Woodcock, C.; 
Eisenberg, R. Inorg. Chem. 1980,19,2733. (e) Malatesta, L.; Angoletta, 
M. J. Organomet. Chem. 1974, 73, 265. (0 Fisher, E. 0.; Hafner, W.; 
Stahl, H. 0. Z. Anorg. Allg. Chem. 1955,47,282. 
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Equilibrium-Controlled Precursor Conversion 

be proportional to [Rh4(C0)123 [C012[H~l.13 Therefore, 
at least three modes of hydrogen activation appear toexist 
in alkene hydroformylations starting with Rh4(CO)12 as 
catalyst precursor. These are (I) the bimolecular reaction 
of Hz with a reactive cluster (Rh(CO)14), (11) the reaction 
of HZ with (Rhz(CO),), and (111) the hydrogenolysis of 

Binuclear Elimination. The kinetic results exclude 
a significant contribution to the overall hydroformylation 
rate from a catalytic binuclear elimination reacti0n,4”~~ at 
least under the present reaction conditions and at the very 
low nominal metal loadings used in these experiments. 
Indeed, for the experiments performed with variations in 
[Rh&O)l& and hencevariations in [Cd11CORh(C0)41,, 
the calculated turnover frequencies were the same. The 
rate of hydroformylation is simply a linear function of 
[C6H11CORh(C0)41,, there are no higher order terms. 
These results do not exclude the existence per se of a 
binuclear elimination reaction between mononuclear 
rhodium species (eq 31). Such a mechanism is analogous 
to the stoichiometric Heck-Breslow reaction between acyl 
cobalt carbonyls and cobalt carbonyl hydrides.45 

(RCORh(C0)3). 

Organometallics, Vol. 12, No. 5, 1993 1763 

Accordingly, a plausible reaction scheme for the formation 
of free ketone is presented in eqs 32-35. The formation 
of ketones starting with conjugated dienes under hydro- 
formylation conditions has been noted in the literature.47 

RCORh(CO), + HRh(CO), - 
RCHO + Rh2(CO),+, (31) 

Neat Cyclohexene and the Presence of 1,s-Cyclo- 
hexadiene. Neat cyclohexene, free from the impurity 
l,&cyclohexadiene, was not chosen for use in the kinetic 
studiessince (I) the precursor Rh(C0)12 was onlysparingly 
soluble, (11) solubility data for CO and HZ in cyclohexene 
are not available and (111) an exceptionally low signal to 
noise level was obtained in the resulting difference spectra. 
The latter probably indicates the formation of other 
rhodium complexes in solution, at concentrations suffi- 
ciently high as to adversely affect the quality of the in situ 
spectra. 

Concerning impurities, it seems reasonable that allyl- 
rhodium carbonyl complexes and possibly alkylrhodium 
carbonyl complexes are formed in observable quantities 
in the experiments containing trace 1,3-cyclohexadiene. 
This would explain both the new uco absorbance as well 
as the ketone group at 1692 cm-l. Indeed, the reaction of 
conjugated dienes with acylcobalt carbonyls, leading to 
insertion into the acyl-cobalt bond and to the generation 
of allyl intermediates has been conclusively shown.46 

(42) (a)Roberts,D.A.;Steinmetz,G.R.;Breen,M.J.;Shulman,P.M.; 
Morrison, E. D.; Duttera, M. R.; Debrosse, C. W.; Whittle, R. R.; Geoffroy, 
G. L. Organometallics 1983,2, 846. (b) Mercer, W. C.; Whittle, R. R.; 
Burkhardt,E. W.; Geoffroy, G .  L. Organometallics 1985,4,68. (c) Breen, 
M. J.; Shulman, P. M.; Geoffroy, G. L.; Rheingold, A. L.; Fultz, W. C. 
Organometallics 1984,3,782. (d) Breen, M. J.; Duttera, M. R.; Geoffroy, 
G. L.; Novotnak, G. C.; Roberts, D. A.; Shulman, P. M.; Steinmetz, G. R. 
Organometallics 1982, I, 1080. (e) Chaudret, B.; Dahan, F.; Sabo, S. 
Organometallics 1985, 4, 1490. 

(43) (a) The stoichiometric binuclear elimination reaction between two 
mononuclear organometallic complexes can be written RML, + R*M*L, - RR* + MM*L,+,,. (b) Jones, W. D.; Bergman, R. G. J.  Am. Chem. 
SOC. 1979, 101, 5447. 

(44) Examples of chemical transformations which are believed to 
proceed via a catalytic binuclear elimination reaction can be found in: 
(a) Beletakaya, I. P.; Madomedov, G. K. I.; Voekoboinikov, A. Z. J.  
Organomet. Chem. 1990,385,289. (b) Jenner, G .  J. Organomet. Chem. 
1988,346, 237. 

(45) (a) Breslow, D. S.; Heck, R. F. Chem. Ind. (London) 1960,467. (b) 
Heck, R. F.; Breslow, D. S. J. Am. Chem. Soc. 1961,83,4023. (c) Heck, 
R. F. Organotramition Metal Chemistry; Academic: New York, 1974. 
(d) Ungvary, F.; Markb, L. Organometallics 1982, I, 1120. (e) Azran, J.; 
Orchin, M. Organometallics 1984, 3, 197. (0 Kovacs, I.; Ungvary, F.; 
Mark& L. Organometallics 1986.5. 209. 

There appear to be two primaryreasons for the problems 
previously encountered during kinetic studies of the 
hydroformylation of cyclohexene starting with unmodified 
rhodium complexes. The first involves the presence of 
l,&cyc€ohexadiene as a common, almost omnipresent, 
impurity in cyclohexene. The presence of trace quantities 
of l,&cyclohexadiene gives rise to significant quantities 
of other rhodium complexes. These complexes most likely 
include, but are not restricted to, allylrhodium interme- 
diates. 

Secondly, the overall rates of cyclohexene hydroformy- 
lation are difficult to interpret, even in the absence of 
l,&cyclohexadiene, due to equilibrium-controlled con- 
version of Rh4(C0)12. This phenomenon of equilibrium- 
controlled precursor conversion gives rise to very complex 
overall kinetic expressions for product formation at  the 
pseudo steady state. In the present study, the use of in 
situ spectroscopic measurements has allowed the sepa- 
ration of the overall and observable hydroformylation rate 
into terms representing the equilibrium-controlled con- 
version of precursor and the turnover frequency. 
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Appendix I 

Pressure and Temperature Dependencies. A chem- 
ical equilibrium constant Keq(P~ ,T)  can be written in 
expanded form in terms of a standard enthalpy of reaction 
A,,.Ho evaluated at  some reference pressurePo, the standard 
entropy of reaction ArSo, and the volume of reaction ArVm 
at infinite dilution.@ It is implicit that the present 
standard state consists of the reactants (solutes) at infinite 
dilution in n-hexane and at some reference pressure, i.e., 

(47) (a) Adkins, H.; Williams, J. L. R. J.  Org. Chem. 1952,17,980. (b) 

(48) Guggenheim, E. A. Trans. Faraday SOC. 1936,33,607. 
Dokiya, M.; Bando, K. Bull. Chem. SOC. Jpn. 1968,41, 1741. (46)(a) Heck, R. F. J. Am. Chem. SOC. 1963.85. 3381. (b) Heck. R. 

F. J. Am. Chem. SOC. 1963,85, 3383. 
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PO = 0.1 MPa. 

Keq(PT,T) = exp[(-AJYP,) + 
ArSoT-ArV"(PT-PJ)/RT] (Al) 

From transition state theory, rate constants ki(PT,T) 
can be written in terms of the Planck constant h, the 
Boltzmann constant tz, and an expansion containing the 
standard enthalpy of activation A'HO, the standard 
entropy of activation A'So, and the volume of activation 
A*V" (Eyring equation).49 Again, the standard state 
consists of the reactants (solutes) at infinite dilution in 
n-hexane and at some reference pressure, Le., PO = 0.1 
MPa. 

ki(PT,T) = (kT/h) exp[(-A'H"(PO) + 
ASSOT - A'V"(PT - Po))/RT] (A2) 

The hydrogenolysis of the intermediate C&I&ORh- 
(CO)4 is a nonelementary transformation consisting of a 
preequilibrium involving (C&1CORh(C0)3) followed by 
the oxidative addition of hydrogen. Therefore, the ob- 
served rate constant 'lob is actually the product of an 
equilibrium constant K1 and a rate constant kl 

Fyhr and Garland 

activation volume for the oxidative addition of molecular 
hydrogen to a single metal center, Le., trans-IrCl(CO)(P- 
Ph&, has been determined as A*VmX,1 = -20 mL/mol.S1 
These observations suggest that the apparent activation 
volume A*Vmx,lobs = (A,Vmx,l + A*VmX,1) may be on the 
order of 25 mL/mol. 

In an analogous manner, the term CP = (~'$5h2/h10b) for 
the pseudo-steadystate Concentration of CsH&ORh(CO)4 
can be analyzed. The expression R P ( d  In @ / d T ) p  defines 
the apparent enthalpy A d ,  of the pseudo steady state 
(eq A6) and provides a relationship for the apparent 
enthalpy as a combination of enthalpies of reaction and 
enthalpies of activation (eq A7). 

'lobs = Klkl 

Let Xj  represent the liquid phase concentration of either 
carbon monoxide or hydrogen. Then, the partial derivative 
(dln(hlzl,~kT)/dInxj)Trepresents the difference between 
the apparent and real reaction orders (eqs A4 and A51. It 
is convenient to evaluate both Hj and xj at the mean 
experimental value ~ j .  

The volume of reaction ArVmX,1 is positive, and a realistic 
upper bound is obtained from the partial molar volume 
of carbon monoxide, i.e, uco = 52 mL/mol. Indeed, studies 
of the equilibrium CoRh(C0)s F= CO + CoRh(CO), have 
given a value of ArV"x = 45 mL/m01.~~ Further, the 

(49) (a) Eyring, H. J. Chem. Phys. 1935, 3, 107. (b) Laidler, K. L.; 

(50) Garland, M.; HorvBth, I. T.; Bor, G.; Pino, P. Organometallics 
King, M. C. J. Phys. Chem. 1983,87, 2657. 

1991, 10, 559. 

A$, = 0.25*A.1,,, - - ASH,,, + A'H, (A7) 

The expression (dRT In @/dT)p defines the apparent 
entropy &Sx of the pseudo steady state (eq A8) and 
provides a relationship for the apparent entropy as a 
combination of equilibrium and activation parameters (eq 
A9). 

(dRT In @/dT),  = A,,S, (A8) 

Again, let xj represent the liquid phase concentration 
of either carbon monoxide or hydrogen. Then, evaluation 
of the partial derivative (d In @/a In xj)T, leads to an 
expression relating the apparent and real exponents aj 
(eqs A10 and All) .  Unfortunately, no reliable experi- 
mental data presently exist in order to evaluate the 
magnitude of ArVmx,eq, and A* Vmx,z. 

(a In @/a In x ~ ) ~  F;: -x,.Hj[O.25*4V",,,, - A,V",,, - 
A*V"x,l + ASV"x,21/RT (All)  

OM9206901 
~~ ~ ~ 

(51) Schmidt, R.; Geis, M.; Kelm, H. Z .  Phys. Chem. (Munich) 1974, 
92, 223. 
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