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The kinetics of the activation of molecular hydrogen by the coordinatively unsaturated mixed-metal 
carbonyl CoRh(CO)., (1) were studied at temperatures between 276 and 294 K, hydrogen pressures between 
0.05 and 0.20 MPa, and carbon monoxide pressures between 0.20 and 0.80 MPa in n-hexane as solvent. 
The reactions were run under isothermal and isobaric conditions, and the extent of the reaction was followed 
by high-pressure in situ infrared spectroscopy. The immediately observable products of the activation 
of molecular hydrogen were HCo(CO), (2) and Rh4(C0Il2 (41, but eventually the dinuclear carbonyl CO~(CO)~ 
(5) began to form via recombination of cobalt carbonyl hydrides. Under these conditions, the reaction 
was found to be first order in 1, first order in hydrogen, and zero order in carbon monoxide. The ex- 
perimentally determined parameters of activation are E, = 23 f 2 kJfmol (5.6 f 0.5 kcalfmol), AS* = 
-169 f 13 J/(mol K) (-40 f 3 cal/(mol K)), and LW = 21 f 2 kJfmol(5.0 f 0.5 kcalfmol). It is concluded 
on the basis of the orders of reaction that activation occurred through the bimolecular reaction of molecular 
hydrogen with CoRh(CO), without the prior dissociation of a carbonyl ligand. Further, the magnitude 
of the activation parameters, particularly the low enthalpy of activation, suggests that this activation occurred 
via oxidative addition at a single metal site, in all probability at the rhodium, generating a transient rhodium 
dihydride species ((CO),COR~H~(CO)~J, followed by elimination of HCo(CO), (2). The observed Rh4(CO)12 
(4) then arises via the rapid recombination of the rhodium carbonyl species (HRh(CO),} (3). 

Introduction 
The activation of molecular hydrogen2 by soluble mo- 

nonuclear metal complexes, via the oxidative addition a t  
a single metal  enter,^ has been the subject of intensive 
study., An important characteristic of hydrogen activa- 
tion, evident in many cases, is the prior dissociation of a 
coordinated ligand. The dissociation of a ligand is nec- 
essary to generate a coordinatively unsaturated metal 
center (often in extremely low concentrations) a t  which 
the oxidative addition of hydrogen can occur. Repre- 
sentative examples of the prior dissociation of a ligand 
before addition of hydrogen include R U ( C O ) ~ ( P P ~ ~ ) ~ , ~ ~  
IrC1(CO)(PMe2Ph)3,5b and O S ( C O ) ~ ( P P ~ ~ ) ~ . ~  The gener- 
ation of a coordinately unsaturated complex is a general 
phenomenon and central to many organometallic reaction 
schemes? 

ML, + ML,-l + L (1) 

Of course, the activation of molecular hydrogen is not 
restricted to mononuclear metal complexes alone. Higher 
nuclearity complexes, in particular homometallic dinuclear 
 carbonyl^,^ homometallic dinuclear complexes? and het- 
erobimetallic dinuclear complexes9 but also clusters,1° have 
been shown to readily dissociate molecular hydrogen. In 
the slightly more well-defined case of activation by dinu- 

(1) (a) Present address: Central Research Laboratories, Ciba-Geigy 
AG, 4002 Basel, Switzerland. (b) Deceased 9 July 1989. 

(2) (a) Khan, M. M. T.; Martell, A. E. Homogeneous Catalysis by 
Metal Complexes; Academic; New York, 1974. (b) Kochi, J. K. Or- 
ganometallic Mechanisms and Catalysis; Academic: New York, 1978. 

(3) Vaska, L. Acc. Chem. Res. 1968, 1 ,  335. 
(4) (a) James, B. R. Homogeneous Hydrogenution; Wiley: New York, 

1982; pp 204-248. (b) James, B. R. In Comprehensive Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: 
Oxford, 1982. 

(5) (a) Porta, F.; Cenini, S.; Giordano, S.; Pizzotti, M. J .  Organomet. 
Chem. 1978, 150, 261. (b) Chen, J .  Y.; Halpern. J .  J. Am. Chem. SOC. 
1971,93, 4939. (c)  L'Eplattenier, F.; Calderazzo, F. Inorg. Chem. 1968, 
7, 1290. 

(6) (a) Muetterties, E. L.; Burch, R. R.; Stolzenberg, A. M. Ann. Reu. 
Phys. Chem. 1982,33,89. (b) Collman, J. P. Acc. Chem. Res. 1968,1,136. 
(c) Hoffmann, R. Angew. Chem., Zntl. Ed.  Engl. 1982,21,711. (d) Tol- 
man, C. A. Chem. SOC. Reu. 1972, l ,  337. 
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clear complexes, the activation has been formally classified 
as an oxidative addition to a dinuclear center.4b A relevant 
example, in the context of the present problem with 
CoRh(CO), (I), would be hydrogen activation by CO~(CO)~.  
Once again, a prerequisite for such activation is the dis- 
sociation of a ligand (eq 2). In the case of activation by 

M1M2Ln M1M2Ln_1 + L (2) 

Co2(C0)*, the formation of a transient species (Co2(C0),j 
has been proposed primarily on the basis of kinetic argu- 
m e n t ~ . ~ ~  Evidence for the formation of ( C O ~ ( C O ) ~ ~  is also 
available from argon matrix studies.7e 

For activation of hydrogen in the presence of coordi- 
natively saturated complexes, the implications of the 
formation of a coordinatively unsaturated species such as 

(7) (a) Weil, T. A.; Metlin, S.; Wender, I. J. Organornet. Chem. 1973, 
49,227. (b) Hieber, W.; Wagner, G. 2. Naturforsch. 1958,136,339. ( 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. 

(8) (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.; Galy, J.; Poilblanc, R. 
J .  Am. Chem. SOC. 1979, 101, 5940. (d) Kubiak, C. P.; Woodcock, C.; 
Eisenberg, R. Znorg. 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. 

(9) (a) Roberta, D. A.; Steinmetz, G. R.; Breen, M. J.; Shulman, P. M.; 
Morrison, E. D.; Duttera, M. R.; Debrose, 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.; Roberta, D. A.; Shulman, P. M.; Steinmetz, G. R. 
Organometallics 1982, 1, 1080. (e) Chaudret, B.; Dahan, F.; Sabo, S. 
Organometallics 1985, 4, 1490. 

(10) (a) Humphries, H. P.; Kaesz, H. D. Prog. Inorg. Chem. 1979,25, 
146. (b) Adams, R. D.; Wang, S. Organometallics 1986, 5, 1272. (c) 
Farrugia, L. J.; Green, M.; Hankey, D. R.; Orpen, A. G.; Stone, F. G. A. 
J. Chem. SOC., Chem. Commun. 1983,310. (d) Adams, R. D.; Wang, S. 
Inorg. Chem. 1986,25, 2534. (e) Arif, A. M.; Bright, T. A.; Jones, R. A.; 
Nunn, C. M. J. Am. Chem. SOC. 1988, 110,6894. (f') Bruce, M. I.; Wil- 
liams, M. L.; Skelton, B. W.; White, A. H. J. Organomet. Chem. 1989,369, 
393. (g) Bavaro, L. M.; Montangero, P.; Keister, J. B. J. Am. Chem. SOC. 
1983, 105, 4977. (h) Bavaro, L. M.; Keister, J. B. J. Organomet. Chem. 
1985,287, 357. 
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shown in eqs  1 and 2 cannot be over emphasized. If t h e  
activation of molecular hydrogen proceeds through an in- 
termediate in equilibrium with t h e  starting coordinatively 
sa tura ted  species, which of ten is t h e  case, t h e n  i t  can be  
shown" t h a t  t h e  experimentally measured apparent  ac- 
tivation energies Eapp are larger than the t r u e  activation 
energies E, ieq 3 )  by a t e r m  AJo where t h e  la t ter  is the 
enthalpk of reaction for  t h e  formation of t h e  (usually) 
unobserved coordinately unsa tura ted  complex. 

Garland a n d  Pino 

Eapp = E, + AJo ( 3 )  

The coordinately unsaturated heterometallic dinuclear 
carbonyl CoRh(C0)7  (1) has previously been shown t o  
activate molecular hydrogen under mild conditions, Le., 
293 K, 0.2 MPa hydrogen, and 0.2 MPa carbon monoxide 
in n-hexane as solvent.12 The reaction was tentatively 
believed t o  produce HCo(CO), (3) as the immedia te  
products  (eq 4). Then, af ter  t h e  initial activation of 

CoRh(CO)7 + H2 -e+ HCo(CO), + {HRh(CO)J 
I 2 3 

(4) 

CoRh(C0)T + j/2H2 HCo(C0)4 + j/4Rh4(CO)l2 (5) 
1 2 4 

molecular hydrogen, the species { HRh(CO),J (3) was as- 
sumed to rapidly undergo recombination to form the  initial 
observable products  2 and 4 according to the reaction 
shown in eq 5. T h i s  reaction is reversible as has been 
shown by  mixing 2 and 4.14 

Depending on  both the concentrations of hydrogen a n d  
carbon monoxide present in t h e  system, Co2(CO), is readily 
formed from HCo(CO),, and the kinetics of th i s  reaction 
have been well d 0 ~ u m e n t e d . l ~  Furthermore, the reaction 
shown in eq 6 represents a readily attained and measurable 
equilibrium system. 

2HCo(CO), + C O ~ ( C O ) ~  + H2 
2 5 

D u e  to the coordinative unsaturat ion of t h e  complex 1, 
the activation of molecular hydrogen was tentatively be- 
lieved t o  proceed without  the prior dissociation of a car- 
bonyl ligand. T o  test th i s  hypothesis and to s t rengthen 
the arguments for the existence of {HRh(CO),j, appropriate 
well-defined kinetic experiments  were performed. T h i s  
paper  examines t h e  1, hydrogen, carbon monoxide, a n d  
tempera ture  dependencies  of the forward ra te  of the hy- 
drogen reaction shown in e q  5 .  

Experimental Section 
General Information. All solution preparations and transfers 

were carried out under a nitrogen (99.995%, Pan Gas, Luzern) 
or argon (99.998%, Pan Gas, Luzern) atmosphere using standard 
schlenk techniques.16 Co2Rhz(CO),z (6) was prepared from 
NaCo(CO1, and [Rh(CO),CI], in n-hexane.'? Elemental analysis 

(11) If we substitute [ML,-J = [ML,]K,/[L] for the equilibrium 
concentration of the unsaturated species into the bimolecular rate ex- 
pression for hydrogen activation, rate = k[ML,_,](H,], and take the 
partial derivative (a In k,b/a(l/T)), eq 3 results. 

(12) Horvith, I. T.; Garland, M.; Bor, G.; Pino, P. J. Organomet. 
Chem. 1988, 358, C17. 

(13) The coordinatively unsaturated species {HRh(C0j3J is an often 
postulated intermediate in rhodium-catalyzed reactions; see Dickson, R. 
S. Homogeneous Catalysis with Compounds of Rhodium and Iridium; 
Reidel: Dordrecht, 1986. 

(14) (a) Horvith, I. T., unpublished results, ETH-Zurich. (b) Garland, 
M.; Fachinetti, G.;  unpublished results, ETH-Zurich. 

(15) (a) Ungviry, F.; Markb, L. J .  Organomet. Chem. 1969, 20, 205. 
(b) Brown, T. L.; Wegman, R. W. J .  Am. Chem. SOC. 1980, 102, 2494. 

of recrystallized 6 gave 21.7% carbon and 31.1% rhodium 
(courtesy Ciba-Geigy AG, Basel). The calculated values are 21.8% 
carbon and 31.2% rhodium. CoRh(CO), (1) was prepared from 
6 in n-hexane under a t  least 0.2 MPa carbon monoxide." Puriss 
quality n-hexane (Fluka AG, Buchs) was refluxed from sodium 
potassium alloy under nitrogen. Reactions were carried out with 
carbon monoxide produced at the ETH-Z (and stored in aluminum 
cylinders) and 99.999% hydrogen (Pan Gas, Luzern). 

Kinetic studies were performed in a 1.5-L stainless steel (SS316) 
autoclave (Buchi-Uster, Switzerland) that was connected to a 
high-pressure infrared cell. The autoclave (to 22.5 MPa) was 
equipped with a packed magnetic stirrer with six-bladed turbines 
in both the gas and liquid phases (Autoclave Engineer, Erie) and 
was constructed with a heating/cooling mantel. A high-pressure 
membrane pump (Model DMK30, Orlita AG, BRD) 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 1/8-in. 
(SS316) high-pressure tubing (Autoclave Engineers, Erie). The 
entire system (autoclave, transfer lines, and infrared cell) was 
cooled by using a Lauda RX20 (Austria) cryostat and could be 
maintained isothermal (AT i~ 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 con- 
nections to vacuum and gases were made with l /& (SS316) high 
pressure tubing (Autoclave Engineers), and both 0.3000-MPa 
(accuracy to 0.1%) and 1.000-MPa piezocrystals were used for 
pressure measurements (Keller AG, Wintertur). The entire system 
was gastight under vacuum as well as at  20.0 MPa, the maximum 
operating pressure. 

The high-pressure infrared cell was constructed a t  the ETH-Z 
of SS316 steel and could be heated or cooled. The NaCl (Korth, 
BRD), KBr (Korth, BRD), and silicon (ETH-Z) windows used 
had dimensions of 40-mm diameter by 15-mm thickness. Two 
sets of viton and silicone gaskets provided sealing, and Teflon 
spacers were used between the windows. The construction of the 
flow-through cell1& is a variation on a design due to NoacklSb and 
differs in some respects from other high-pressure infrared cells 
described in the literature (for a review see Whyman'%). The 
high-pressure cell was situated in a Perkin-Elmer PE983 infrared 
spectrophotometer equipped with a Model 3600G data station. 
Spectra were recorded with a 0.22-mm slit width. Details of the 
equipment and IR cell can be found e1se~here . l~  

The tetranuclear carbonyl 6 has absorbances at  2074,2064,2059, 
2038,2030,1910,1885,1871, and 1858 cm-' in the infrared region," 
and the dinuclear carbonyl 1 has absorbances1' at 2134,2064,2058, 
2049, 2006, 1977, and 1955 cm-'. The determined extinction 
coefficient a t  1955 cm-I for 1 is ~(1955) = 2950 l/mol cm with use 
of a slit width of 0.22 mm. The extinction coefficient of n-hexane 
a t  1138 cm-I is ((1138) = 2.353 L/mol cm, also at  a slit width of 
0.22 mm. With the Lambert-Beer law, the in situ concentration 
of 1 in units of mole fractions were directly measured in the 
low-pressure kinetic experiments with a high degree of accuracy 
(eq 7 ) ,  where A is the absorbance. When eq 7 was applied, the 
mole fractions of dissolved gases were understood to approach 
zero.2* 

(16) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air-Sen- 
sitiue Compounds; Wiley: New York, 1986. 

(17) Horvith, I. T.; Bor, G.; Garland, M.; Pino, P. Organometallics 
1986, 5, 1441. 

(18) (a) Dietler, U. K. Diss 5428, ETH-Zurich, 1974. (b) Noack, K. 
Spectrochim. Acta 1968,24A, 1917. (e) 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. Bunsenges. Phys. Chem. 1988, 92, 850. (f) 
Suppes, G. J.; McHugh, M. A. Rev. 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. I., Eds.; Wiley: New 
York, 1987; Chapter 12. 

(19) Garland, M. Diss 8585, ETH-Zurich, 1988. 
(20) Martineneo, S.: Chini. P.: Albano, V. G.: Cariati, F. J. Orpanornet. 

Chem. 1973,59,879. 
(21) (a) In general, concentrations in moles/liter are not directlS 

measurable quantities in most high-pressure IR cells due to cell expansion 
and since the volumetric properties of most hydrocarbon solvents under 
finite dissolved gas concentrations are rarely known. (b) Further, we 
recognize that the use of mole fractions in kinetics studies is absolutely 
acceptable, and is in fact that norm in high-pressure solution kinetics. 
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In terms of short-term transient effects, (a) approximately 15 
s was required to achieve the pressure jump AP (AP = Pi) in the 
stirred autoclave, (b) approximately 30 s was required before the 
solution was essentially saturated with dissolved gas, and (c) a 
30-40-s delay existed between the time a t  which events in the 
stirred autoclave occurred and the time at which the corresponding 
event could be measured a t  the spectrophotometer. The ex- 
perimentally measured overall mass-transfer coefficient, &,a, for 
hydrogen into n-hexane in the present apparatus a t  200 rpm was 
KLa = O.l/s. This was determined by using the method of 
Deimling.27 The effect of the transient effects on the quality of 
the kinetic data obtained for pseudo-first-order reactions with 
half-lives T 2 4 min was considered negligible. This question of 
transient effects as well as the residence time distributions in the 
stirred autoclave with a recycle loop have been considered in detail 
e l~ewhere. '~  

x(CoRh(CO)7) = A(1955) ~(1138)/A(1138) e(1955) (7) 

Kinetic Studies. General Procedures. C O ~ R ~ ~ ( C O ) ~ ~  (6, 
33 mg) was dissolved in 200 mL of n-hexane (0.25 mM or 3.25 
x mol fraction) in a Schlenk tube under a nitrogen atmo- 
sphere, and the solution was transferred via a '/s-in. inlet line 
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. During stirring (200 rpm), a partial 
pressure (PCo = 0.20 MPa) of carbon monoxide was added to the 
system, and the reaction of 6 with carbon monoxide to C O R ~ ( C O ) ~  
(1, eq 8) was allowed to go to completion (297%) over the next 

C02Rh2(CO)12 + 2CO F= 2CoRh(CO), (8) 
6 1 

30-60 min.22,23 During this time, the high-pressure membrane 
pump continuously circulated the n-hexane solution from the 
autoclave to the high-pressure infrared cell and back to the au- 
toclave. Full in situ infrared spectra were taken from 2200 to 1800 
cm-' and from 1300 to 1100 cm-' a t  the end of reaction. Little 
to no additional noise could be identified in the in situ spectra 
as the solution was pumped (10 cm/s) through the high-pressure 
infrared cell. 

Kinetics. Variation of CO. Experiments with four different 
carbon monoxide partial pressures, Pco, were made to determine 
the effect of CO on the kinetics of the forward reaction (eq 5). 
These partial pressures were PCO = 0.20,0.40,0.60, and 0.80 MPa. 
A t  a time t = 0, with the membrane pump running and with a 
CO partial pressure above the C~Rh(CO)~/n-hexane solution, 
hydrogen to a partial pressure PH2 = 0.20 MPa was added to the 
system. The in situ measured absorbance at  1955 cm-' was then 
measured every 10 s for 60 min. At the end of the 60 min, full 
in situ spectra were recorded from 2200 to 1800 cm-' and from 
1300 to 1100 cm-*. The temperature of the system in each ex- 
periment was 276.0 K. 

Kinetics. Variation in Hydrogen. Experiments a t  four 
different hydrogen partial pressures, PH1, were performed to 
determine the reaction order of dissolved hydrogen in the kinetics 
of reaction (eq 5). The partial pressure of carbon monoxide in 
each experiment was the same; Pco = 0.20 MPa. At a time t = 
0, with the membrane pump running and with a partial pressure 
Pco = 0.20 MPa in the system, hydrogen to a pressure PH2 = 0.05, 
0.10, 0.15 or 0.20 MPa was added. The in situ measured ab- 
sorbance at  1955 cm-' was then measured every 10 s for 60 min. 
At the end of the 60 rnin, full in situ spectra were recorded from 
2200 to 1800 cm-' and from 1300 to 1100 cm-'. The temperature 
of the system in each experiment was 276.0 K. Literature data24 
for the solubility of hydrogen in n-hexane were analyzed for the 
temperature dependence according to Jonah.25 The necessary 
physical properties of n-hexane, including the saturated vapor 
pressure of n-hexane, can be found in the literature.26 The final 
form of the temperature dependent Henry constant is eq 9, where 
H is the Henry constant at  low pressures, and PMt is the saturated 
vapor pressure of n-hexane. 

In (HIP,,) = -4.96 + 4050/T (9) 

Kinetics. Variation of Temperature. To determine the 
activation energy E, for reaction (eq 5), experiments were con- 
ducted a t  four different temperatures. These temperatures were 
T = 293.8, 289.6, 282.1, and 276.0 K. At the beginning of each 
experiment, the carbon monoxide partial pressure was PCO = 0.20 
MPa above the C O R ~ ( C O ) ~  (l)/n-hexane solution. At a time t 
= 0, with the solution circulating through the high pressure in- 
frared cell, PH2 = 0.20 MPa was added to the system. The in situ 
measured absorbance at  1955 cm-' was then measured every 10 
s for 60 min. At the end of the 60 min, full in situ spectra were 
recorded from 2200 to 1800 cm-' and from 1300 to 1100 cm-'. 

(22) The kinetics of the forward reaction have been s t ~ d i e d . ' ~  
(23) The thermodynamics of this reaction have also been studied: 

Garland, M.; Horvith, I. T.; Bor G.; Pino P. Manuscript in preparation. 
(24) Nichols, W. B.; Reamer, H. H.; Sage, B. H. MChE J. 1957,3,262. 
(25) Jonah, D. A. Fluid Phase Equilib. 1983, 15, 173. 
(26) Gallant, R. W. Physical Properties of Hydrocarbons; Gulf 

Houston, 1968. 

Results 

Effect of Carbon Monoxide. The concentration of 
CoRh(CO), (1) as a function of the part ia l  pressure of 
carbon monoxide in t h e  system and as a function of t ime 
for the first  8 rnin of reaction is shown in  Figure 1. 

During these first  8 min,  40-5070 conversion of 1 has 
occurred in  all experiments.  The variation in  carbon 
monoxide partial  pressure used, 0.20-0.80 MPa, had little 
or no  measurable effect on the initial rate of disappearance 
of 1, certainly no t  i n  t h e  first  4 min  of reaction. Hence, 
dissolved carbon monoxide was no t  involved in a pre- 
equilibrium with 1 before hydrogen activation a n d  there- 
fore a zero-order carbon monoxide dependence can be 
deduced  (eq 10). 

d[CoRh(CO), ] /d t  a [CO]O (10) 

At  longer reaction t imes a measurable inverse carbon 
monoxide rate  dependence for the disappearance of 1 ar- 
ises. Higher carbon monoxide partial  pressures lower the 
n e t  disappearance of 1. Also, at these longer reaction 
times, the slow formation of C O ~ ( C O ) ~  ( 5 )  can be identified 
in  the in  situ spectra.  T h e  higher partial  pressures of 
carbon monoxide decrease the ra t e  of formation of 5. 

These results can be explained in  t e rms  of product  in- 
hibition. If the slow formation of C O ~ ( C O ) ~  did no t  occur 
(Le., if a higher hydrogen pressure were used), then a stable 
a n d  measurable equilibrium between the carbonyl species 
in eq 5 should develop. Indeed, in these carbon monoxide 
experiments at a fixed 0.2 MPa of hydrogen, only 55-70% 
conversion had occurred after 60 min. As already men- 
t ioned the reaction is r e ~ e r s i b 1 e . l ~  Therefore,  at  high 
conversions of 1, t h e  measured net rate of disappearance 
of 1 becomes controlled b y  t h e  successful recombination 
rate of H C O ( C O ) ~  (2) t o  form 5,  which is carbon monoxide 
d e ~ e n d e n t . ' ~  

Effect of Hydrogen. T h e  concentrations of 1 as a 
function of the part ia l  pressure of hydrogen a n d  as a 
function of time for the first  8 min  of reaction are shown 
in Figure 2. During these first  8 min,  unde r  0.2 MPa of 
carbon monoxide and at 276 K, 23-5070 conversion of 1 
has occurred. The variation in hydrogen partial  pressure 
used, from 0.05 t o  0.20 MPa, has a pronounced effect o n  
t h e  r a t e  of disappearance of C O R ~ ( C O ) ~ .  It should be 
noted t h a t  43, 52, 55, and 55% conversion has occurred 
in  these experiments  at 0.05,0.10, 0.15, and 0.20 MPa of 
hydrogen, respectively, af ter  60 rnin of reaction. 

The data presented in  Figure 2 for the overall reaction 
(eq 5) were analyzed by assuming that the measured rate  
of hydrogen activation is f irst  order  in t h e  concentration 

(27) Deimling, A.; Karandikar, B. M.; Shah, Y. T.; Carr, N. L. Chern. 
Eng. J. 1984, 29, 127. 
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Figure 1. Effect of carbon monoxide on the conversion of 
C O R ~ ( C O ) ~  at 276.0 K with 0.20 MPa of hydrogen: ., 0.20 MPa 
of co; A, 0.40 MPa of CO; A, 0.60 MPa of CO; 0 0.80 MPa of 
co. 

Figure 3. Effect of hydrogen on the rate constant kob  for the 
reaction of hydrogen with COR~(CO)~ at 276.0 K with 0.20 MPa 
of carbon monoxide: ., 0.05 MPa of H,; A, 0.10 MPa of H,; A, 
0.15 MPa of H,; 0,0.20 MPa of H,. 

A 

2 4 M l N t T E S  6 

Figure 2. Effect of hydrogen on the conversion of CoRh(CO), 
at 276.0 K with 0.20 MPa of carbon monoxide: N, 0.05 MPa of 
H,; A, 0.10 MPa of H2; A, 0.15 MPa of H,; 0, 0.20 MPa of HP. 

of the coordinatively unsaturated complex 1, and nth order 
in the concentration of hydrogen. The concentration of 
carbon monoxide need not be included in any overall rate 
expression since the reaction order nco was shown to be 
zero in the previous section. Further, total pressure effects 
can be neglected.** With the above conditions, rate ex- 
pressions can be written where the concentration of dis- 
solved hydrogen remains a constant for the duration of 
each reaction: 

d[CoRh(CO)7] /dt  = -k[CoRh(CO)7] [H,]" (1 1) 

In ([COR~(CO)~],/[COR~(CO)~],J = -k[H,]"t (12) 

(13) 
Transforming the data presented in Figure 2 according 

to eq 12 results in the data presented in Figure 3. The 
transformed data, specifically the linear slopes shown in 
Figure 3, confirm that the overall reaction (eq 4) is indeed 
first order in the concentration of the dinuclear carbonyl 
1 .29 The experimentally determined rate constants hobs 
for the overall reaction are (5.9 f 0.4) X lo4, (1.08 f 0.07) 
X (1.67 f 0.11) X and (1.87 f 0.16) X s-l 

In ( k o b 8 ( T ) )  = In k ( V  + n In [H21 

(28) Two parameters, the mole fraction dissolved hydrogen X H  and the 
total system pressure PT are being varied simultaneously in these ex- 
periments. However, the term JAV* dP will be justifiably neglected in 
these experiments over the very limited pressure range P = 0-1.0 MPa. 
It should be recognized that a large activation volume A V  = -20 mL/mol 
for the oxidative addition of molecular hydrogen in solution to trans- 
IrC1(CO)(PPh3), has been measured Schmidt, R.; Geis, M.; Kelm, H. Z. 
Phys. Chern. (Munich) 1974,92, 223. 

0 5  1.0 15 29 
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Figure 4. Observed rate constant kob as a function of the hy- 
drogen concentration at 276.0 K under 0.20 MPa of carbon 
monoxide. 

at 0.05,0.10,0.15, and 0.20 MPa of hydrogen, respectively. 
The mole fractions of dissolved hydrogen at  0.05,0.10, 

0.15, and 0.20 MPa are 4.25 X lo4, 8.49 X lo4, 1.27 X 
and 1.74 X respectively. A plot of the observed rate 
constant hobs versus the liquid-phase concentration of 
dissolved hydrogen is presented in Figure 4. It is im- 
portant to observe that to rather good accuracy, the ex- 
trapolated data proceed through the origin. The rate 
constant is k(276.0K) = 1.11 f 0.09 s-l mole fraction-'. 
The experimentally determined order in hydrogen taken 
from the four data sets is nH = 0.87. 

Effect of Temperature. $he measured concentration 
of 1 as a function of the reaction temperature and as a 
function of time for the first 4 min of reaction is shown 
in Figure 5. During these first 4 min, under 0.2 MPa of 
carbon monoxide and 0.2 MPa of hydrogen, approximately 
40-509" conversion of CoRh(CO)7 occurred. The variation 
in the reaction temperature, 276.0-293.8 K, has only a 
small effect on the rate of disappearance of 1, indicating 
a low activation energy. Under these reaction conditions, 
specifically under a hydrogen partial pressure of 0.20 MPa, 
quantitative reaction of CoRh(CO)7 was not observed in 
any of these reactions at the end of 60 min. 

Again, the rate data (i.e., Figure 5) for the overall re- 
action can be analyzed according to eq 12. The trans- 

(29) A first-order rate dependence due to homolysis of the Co-Rh 
bond as the initial step in these rapid hydrogen activation experiments 
can be discounted. Indeed hours, or even days and not minutes are 
required before spectroscopically significant quantitites of the thermo- 
dynamically favored homometallic species CO,(CO)~ and Rh,(C0)12 rise 
in solutions of CoRh(CO), and CO alone a t  T 5 293 K. 
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Figure 5. Effect of temperature on the conversion of CoRh(CO)7 
under 0.20 MF'a of carbon monoxide and 0.20 MPa hydrogen: m, 
276 K; A, 282.1 K; A, 289.6 K; 0, 293.8 K. 
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Figure 7. Arrhenius plot and activation energy for the reaction 
of hydrogen with COR~(CO)~ under 0.20 MPa of carbon monoxide. 

1 2 MINUTES 3 i 

Figure 6. Effect of temperature on the rate constant kob for the 
reaction of hydrogen with COR~(CO)~ under 0.20 MPa of carbon 
monoxide: ., 276 K; A, 282.1 K; A, 289.6 K; 0, 293.8 K. 

formed rate data are presented in Figure 6. The resulting 
numerical values of the rate constants kob are (3.77 f 0.25) 
x (3.10 f 0.21) X (2.49 f 0.15) X and (1.87 
f 0.16) X s-' at 293.8, 289.6, 282.1, and 276.0 K, re- 
spectively. In Figure 6 the delay time of 40 s between 
events in the reactor and the time at which this event 
arrives a t  the spectrophotometer is clearly seen. No at- 
tempt has been made to compensate for this effect. 

The solubility of hydrogen in n-hexane in these exper- 
iments was 1.86 x 1.82 x 1.78 X and 1.74 
X mole fraction a t  293.8, 289.6, 282.1, and 276.0 K. 
The resulting numerical values of the rate constants k are 
2.03,1.70, 1.40, and 1.07 s-' mole fraction-'. Figure 7 shows 
the natural logarithm of the rate constants iZ versus re- 
ciprocal temperature, i.e., an Arrhenius plot. The apparent 
activation energy is Eapp = 23 f 2 kJ/mol. The determined 
enthalpy of activation and entropy of activation were AH* 
= 2 1  f 2 kJ/mol and AS* = -169 f 13 J/(mol K), re- 
spectively. 

Spectra. A typical in situ spectrum of the reaction 
solution, containing the starting complex 1 (2134, 2064, 
2058, 2049,2006,1977, 1955 cm-I) as well as the products 
2 (2116, 2070, 2053, 2030, 1996, 1957, 1934 cm-130) and 
Rh4(C0)', (4; 2074, 2068, 2043, 1885 cm-' 31) is shown in 
Figure 8. This spectrum was taken after approximately 
15 min of reaction under 0.20 MPa of carbon monoxide 
and 0.20 MPa of hydrogen. 

(30) Noack, K. Helu. Chim. Acta 1964,47, 1555. 
(31) Beck, W.; Lottes, K. Chern. Ber. 1961, 94, 2578. 
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Figure 8. In situ infrared spectrum of reaction products after 
15 min of reaction: A, CoRh(CO),; B, HCo(CO),; C, Rh4(C0)1F 

Discussion 
Experimentally, during the initial phase of the reaction 

(eq 5), the overall rate of disappearance of CoRh(CO)7 (1) 
was found to be first order in the concentration of 1, first 
order in the concentration H,, and zero order in the dis- 
solved concentration of carbon monoxide. These orders 
of reaction are consistent with the bimolecular reaction of 
molecular hydrogen with 1 without the prior dissociation 
of a carbonyl ligand. Hence, the measured activation en- 
ergy probably represents the true E,, for hydrogen acti- 
vation and is not an activation energy masked by a pree- 
q u i l i b r i ~ m . ~ ~  

Concerning the experimentally determined entropy and 
enthalpy of activation, it is first meaningful to consider 

(32) It  is not clear if an activated process involving the semibridged 
carbonyls might be required if hydrogen activation occurs on the 
square-planar rhodium, Le., semibridge carbonyl to terminal carbonyl. If 
such a process were required, it would not be rate limiting since the 
NMR shows only one signal and thus total fluxionality above -80 O C .  

The other possibility is an effect on the measured activation energy 
through a contribution from AHo (semibridge -. terminal); however, this 
difference is probably negligible. Indeed, for the bridged and terminal 
forms of CO~(CO)~, a free energy difference of less than 0.3 kcal/mol was 
found. (a) Noack, K.; Spectrochim. Acta 1963, 19, 1925. (b) Bor, G. 
Spectrochirn. Acta 1963, 19, 2065. 

13$ 
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the two realistic mechanisms for hydrogen activation that 
could arise with CoRh(CO).,. These mechanisms are (a) 
the oxidative addition of hydrogen to the square-planar 
rhodium, generating a rhodium dihydride intermediate 
((CO),CoRhH,(CO),J, followed by reductive elimination of 
HCo(CO),, and (b) a concerted four-center addition at both 
rhodium and cobalt. Indeed, in principle more than one 
mechanism exists for addition to a dinuclear complex.33 
It  can be shown that both of these models (a and b) are 
consistent with the experimentally determined reaction 
orders.34 

The entropy of activation AS* = -169 J/(mol K) (-150 
J/(mol K) if molar units are used instead of mole fractions) 
is as large as those values experimentally determined for 
the oxidative addition of hydrogen to some mononuclear 
rhodium and iridium complexes having bulky bidentate 
phosphine ligands.35 An example is hydrogen activation 
on [ I r (d ipho~)~]+,  where an entropy of activation of AS*  
= -155 J/(mol K) (molar units) has been observed.35b The 
magnitude of the entropy of activation in the present case 
suggests severe translational and rotational restrictions in 
the transition state. Indeed, calculations support an upper 
limit of AS*  = -125 J/(mol K) for bimolecular reactions 
in which all translational and rotational degrees of freedom 
have been lost for the incoming ligand36 and for which 
there are no other secondary effects such as solvent effects. 
In the present case, the large entropy of activation could 
be due to the stearic interference of the two semibridging 
carbonyls" if mechanism (a) is valid or due to the intrinsic 
requirements of a four-center mechanism (b). 

However, the measured enthalpy of activation AH* = 
21 kJjmol is typical for hydrogen addition at  a single 
coordinatively unsaturated mononuclear metal center 
where values of 10-45 kJjmol can be ant i~ipated.~;  In 
contrast, enthalpies of activation between 50 and 70 k J j  
mol are observed for 2M or M2 transition states where a 
concerted four-center mechanism is often suggested.38 

Garland and Pino 

One would expect a higher enthalpy of activation for a 
concerted four-center dinuclear transition state since a 
large number of bonds are being formed and broken si- 
multaneously.3Q 

Therefore, on the basis of the above activation param- 
eter arguments, we tentatively assign the present case of 
hydrogen activation to mechanism (a), Le., the oxidative 
addition of hydrogen to rhodium thus generating a tran- 
sient rhodium dihydride { (C0),CoRhHz(C0),J, followed by 
elimination of HCo(CO),. A further relevant nonkinetic 
argument in favor of mechanism (a) concerns the known 
heterosite reactivity of mixed cobalt-rhodium carbonyls 
in general and CoRh(CO), in specific. Indeed, Horv6th40 
has shown that numerous nucleophiles react preferentially 
at the rhodium site. Heterosite reactivity has been shown 
in numerous other higher nuclearity metal c ~ m p l e x e s . ~ ~  

It is instructive to compare the present case of hydrogen 
activation by CoRh(CO), and the formation of ((CO)4Co- 
RhH2(CO),1, with hydrogen activation by the iridium 
complexes Ir(CO)(PPh3)2X (X = GeR3, SiRJ where the 
iridium dihydride intermediates IrH,(CO)(PPh,),X have 
been observed. In the latter, the oxidative addition of 
hydrogen has been shown to occur on the coordinatively 
unsaturated iridium atom followed by cleavage of the 
metal-metalloid bond, yielding the corresponding germa- 
nium and silicon hydrides.42 

This kinetic study provides further convincing argu- 
ments in favor of the transient species {HRh(CO),J. Since 
the rhodium site in C O R ~ ( C O ) ~  is coordinately unsaturated 
and since the reaction has simple bimolecular kinetics, the 
generation of {HRh(CO),J by elimination of HCo(CO), 
appears certain (the generation of HRh(CO), by the elim- 
ination of {HCo(CO),J seems highly improbable). The 
observed product Rh4(C0),2 is then the result of the re- 
combination of transient metal carbonyl species, particu- 
larly the recombination of hydrido species. The kinetics 
and chemistry of the recombination of metal hydride 
species have received rather continued e ~ a m i n a t i o n . ~ ~  
Finally, the facile generation of {HRh(CO),) from CoRh- 
(CO), in the presence of alkenes explains to a large degree 
the formation of the observed species RCORh(C0)444 and 
the reasons low-temperature and low-pressure hydro- 
formylation can be initiated starting with C O R ~ ( C O ) . , . ~ ~  

The present experimental results have broader impli- 
cations for hydrogen activation in cobalt-rhodium systems 
under very high carbon monoxide partial pressures a t  
ambient temperatures. Since C O R ~ ( C O ) ~  (1) is the pre- 
dominant cobalt-rhodium mixed-metal species in the 
system of Co2Rh2(CO),z (6), 1, and C O R ~ ( C O ) ~  (7) plus 
carbon monoxide in n-hexane a t  293 K and up to 10 MPa 
of carbon monoxide2* (eq 14), hydrogen can be readily 
dissociated under equally high carbon monoxide partial 
pressures in this mixed-metal system. 

K K 
CozRhz(CO),2 2 ~ C O R ~ ( C O ) ~  & ~ C O R ~ ( C O ) ~  

6 1 7 
(14) 

(33) Balch, A. L. In Homogeneous Catalysis with Metal Phosphine 
Complexes; Pignolet, L. H., Ed.; Plenum: New York, 1983. 

(34) In mechanism (a), two consecutive transition states must be 
successfully crossed. First, the oxidative addition of molecular hydrogen 
occurs a t  the square-planar rhodium, and then this is followed by re- 
ductive elimination. These two seperate elementary steps can be repre- 
sented 

(CO),CoRh(CO), t H, &k I(CO),CoRhH,(CO),J & 

where ((CO),CoRhHz(CO)sJ is a distinct intermediate, the product of the 
oxidative addition a t  rhodium, and is not a transition state. If k,[H,]- 
[CoRh(CO),] << ~Z[~(CO) ,COR~H~(CO), )~ ,  then 

rate = k,[H2][CoRh(CO),] 

rate = kzK,[H21[CoRh(CO)7] 

In both cases there is a first-order dependence on hydrogen and CoRh- 
(CO)?. In mechanism (b), the concerted dinuclear activation of molecular 
hydrogen can be represented 

CoRh(CO), + Hz 

HCo(CO), + IHRh(CO),J 

or if k,[Hz][CoRh(CO),] >> kz[l(CO),CoRhHz(CO)&, then 

HCo(CO), t (HRh(CO)3} 

where only one transition state (a four-center transition state) is en- 
countered in the transformation. The rate expression is 

rate = k,[H,][CoRh(CO),] 

(35) (a) Chan, A. S. C.; Pluth, J. J.; Halpern, J. J. Am. Chem. SOC. 
1980,5952. (b) Vaska, L. Inorg. Chim. Acta 1971,5, 295. 

(36) (a) Page, M. I.; Jencks, W. P. h o c .  Natl. Acad. Sci. U S A .  1971, 
68, 1678. (b) Illuminati, G.; Mandolini, L. Acc. Chem. Res. 1981,14,95. 

(37) Hui, B. C.; James, B. R. Can. J. Chem. 1974,52, 3760. 
(38) (a) Calvin, M. J .  Am. Chem. SOC. 1939, 61, 2230. (b) Wilmarth 

W. K.; Barsh, M. K. J. Am. Chem. SOC. 1953, 75, 2237. (c) Weller, S.; 
Mills, G. A. J.  Am. Chem. SOC. 1953,75,769. (d) Wilmarth, W. K., Barsh, 
M. K. J .  Am. Chem. SOC. 1956, 78, 1305. (e) Webster, A. H.; Halpern, 
d. J .  Phys. Chem. 1956, 60, 280. 

(39) Moore, J. W.; Pearson, R. G. Kinetics and Mechanisms; Wiley: 
New York, 1981. 

(40) (a) Horvlth, I. T. Organometallics 1986,5, 2333. (b) Horvlth, I. 
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(41) (a) Adams, R. D.; Horvith, I. T. Bog. Inorg. Chem. 1985,33,127. 
(b) Gladfelter, W. L.; Geoffroy, G. L. Adu. Organomet. Chem. 1980, 18, 
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In the experiments performed in the present paper, the 
possibility that the rapid activation of molecular hydrogen 
occurs via the small quantity of 6 in the system (which is 
in equilibrium with 1) can be discounted. It is known19 
that 6 reacts with hydrogen in the absence of dissolved 
carbon monoxide; however, the rate per mole of complex 
under otherwise identical conditions is more than 1 order 
of magnitude slower. Further, it has been shown that, in 
the presence of carbon monoxide, 6 transforms to 1 before 
H2 activation in the system O C C U ~ S . ~ ~ J ~  

A truly elegant, but technically difficult experiment, for 
the reaction of hydrogen in the 6, 1, and 7 system remains 
to be performed, e.g., the determination of the apparent 
activation energy Eapp for the activation of molecular hy- 
drogen in the presence of 7. Given a sufficiently high 
partial pressure of carbon monoxide (i.e., Pco L 20 MPa) 
and a low enough reaction temperature (i.e., T 5 258 K), 

nearly quantitative conversion of 1 to 7 (>97%) will occur. 
Reaction of hydrogen under these conditions could be 
anticipated to give a measured apparent activation energy 
Ea,, equal to approximately 50 kJ/mol, that is, the en- 
thaypy of reaction for the formation of 1 from 7 (24 kJ/ 
mol) plus the actual activation energy E, for hydrogen 
dissociation on 1. 

Acknowledgment. This work was supported by the 
Schweizerischer Nationalfonds zur Forderung der wissen- 
schaftlichen Forchung. The starting material Co2Rh2(C- 
0)12 used in this study was synthesized by Dr. I. T.  
Horvith. Discussions with Professors L. Venanzi and G. 
Consiglio are greatly appreciated. 

Registry No. CoRh(CO),, 78714-10-0; Hz, 1333-74-0; CO, 
630-08-0. 

Conversion of Metallacyclic Zirconoxycarbene Complexes 
Yielding Conventional Fischer-Type Carbene Complexes or 

Metal-Free Organic Products 

Gerhard Erker" and Friedrich Soma 

Institut fur Organische Chemie der Universitat Wurzburg, Am Hubland, 0-8700 Wurzburg, FRG 

Received December 5, 1989 

Reaction of (butadiene)zirconocene with hexacarbonyltungsten yields the metallacyclic (*-allyl)- 
zirconoxycarbene complex Cp2ZrOC[=W(CO)5]C4H6 (2). Subsequent coupling with pinacolone gives the 
nine-membered metallacycle ~~~~S-C~~Z~OC[=W(CO)~]CH~CH=CHCH~CM~(CM~~)O (3). Both com- 
pounds 2 and 3 show a very low Fischer carbene complex reactivity. Hydrolytic removal of the zirconocene 
moiety transforms the rather unreactive zirconoxycarbene complexes into conventional heteroatom-stabilized 
transition-metal carbene complexes. Thus, treatment of 3 with water in tetrahydrofuran generates a 
hydroxycarbene tungsten complex in situ, which is efficiently trapped by added excess diazomethane to 
yield the enol ether H2C=C(OCH3)CH,CH=CHCH2CMe(CMe3)OH as the major reaction product. 
Similarly, controlled hydrolysis of 3 in the presence of pyridine N-oxide gives HOOCCH&H= 
CHCH2CMe(CMe3)0H. The reaction of 3 with tetra-n-butylammonium fluoride trihydrate in tetra- 
hydrofuran cleaves the metallacycle to give a zirconium-free acylmetallate anion (Bu4N+ counterion) which 
is readily 0-alkylated by using Meerwein's reagent to produce H5CZOC[=W(C0)5]CH2CH= 
CHCH2CMe(CMe3)0H (1 1, ca. 70% overall yield). Similarly, the zirconoxycarbene complex 2 yields 
HBC20C[=W(C0)5]CH2CH=CHCH3 upon treatment with B u ~ N F ( H ~ O ) ~  followed by alkylation with 
(H&2)30BF4. 

I 

I i 

Introduction 
Many metal carbonyl complexes can readily be con- 

verted to heteroatom-stabilized carbene complexes by re- 
acting them with a variety of (o1efin)group 4 metallocene 
type reagents.' This essentially nonnucleophilic alter- 
native to the conventional Fischer synthesis2 often gives 
high yields of the corresponding metallacyclic titano-, 
hafnio-, or zirconoxycarbene complexes. The reaction of 
the (s-cis/s-trans-~4-butadiene)zirconocene system with 
hexacarbonyltungsten is a typical example, cleanly giving 
the carbene complex Z3 (Scheme I). Subsequent addition 

(1) (a) Erker, G. Carbene Complex Synthesis with Group 4 Metalloc- 
ene Reagenta. In de Meijere, A., Tom Dieck, H., Eds. Organometallics 
in Organic Synthesis; Springer Verlag: Berlin, 1988. (b) Erker, G. 
Angew. Chem. 1989,101,411; Angew. Chem., Int. Ed.  Engl. 1989,28,397. 

( 2 )  Fischer, E. 0.; Maasbal, A. Angew. Chem. 1964, 76, 645; Angew. 
Chem., Int. Ed.  Engl. 1964,3, 580. 
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Scheme I 

2 3 - 1 

of an organic carbonyl compound (here pinacolone) to the 
(n-ally1)zirconocene unit selectively converts 2 to the 
nine-membered metallacyclic zirconoxycarbene complex 

(3) Erker, G.; Dorf, U.; Benn, R.; Reinhardt, R. D.; Peterson, J. L. J.  
Am. Chem. SOC. 1984, 106, 7649. 
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