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SUMMARY 

The equilibrium and the rates of the reaction between Co,(CO), and H2 to 
HCo(CO), have been studied in n-heptane at several temperatures. The formation of 
HCo(CO), is first order in both Co,(CO)s and H2 and at low partial pressure of CO 
is inversely proportional to carbon monoxide concentration. The rate determining 
step is the reaction of &hydrogen with dicobalt heptacarbonyl, where the latter is 
formed in a fast pre-equilibrium. Numerical values have been estimated for the pre- 
equilibrium constant, for the velocity of the rate determining step and for the overall 
equilibrium constant. 

INTRODUCTION 

The mechanism of the activation of molecular hydrogen by transition metal 
complexes is, in a qualitative sense, a rather well known reaction- Practically no 
quantitative information is available, however, about the energetics of this important 
process. 

The reaction of dicobalt octacarbonyl with dihydrogen was studied in order 
to gain insight into some details of the splitting of the hydrogen molecule. Due to its 
considerable significance in connection with the industrial hydroformylation reaction, 
this reaction has been already repeatedly studied’*2, the quantitative information 
available is, however, rather scanty. 

EXPERIMENTAL 

Experiments were performed in a water- or oil-thermostatted 500 ml magnetic 
stroke-stirring autoclave tilled with oxygen-free n-heptane and solid CO,(CO)~- in a 
closed glass bulb. The autoclave was flushed three times and then pressured with the 
gas to be tested The reaction was started by breaking the Co2(CO)8 containing bulb 
with the magnetic stirrer. The formation of HCo(CO), was followed by determining 

* Most of the experimental work described & this paper was perforated by the author during a DEAD 
fellowship at the Institut fti Technische Chemie und Petrolchemie, Technische Hochschule Aachen (Ger- 
man Federal Repu@ic). 
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TABLE 1 

SOLUBn.tTY OF co IN Il-HEPTANE EXPRESSED IN OSWALD’S AFJSORPTION COEFFICIENT (A) 

Temp. 

eC) 

10 0.346 
25 0.386’ 
34 0.408 
44 0.434 
6-+ 0.486 

L1 r=u/(w-p); v=CO volume in ml at 1 atm and 0”; ~=weight of heptane in g; p=CO pressure in atm. 

the HCo(CO), content of the withdrawn liquid samples after various periods of time. 
The valve and coil for sample-withdrawal were cooled to 0”. Samples were cooled 
to - Sa-’ and stored under CO until titration with 0,OZ N NaOH to a phenolphthalein 
end-point3. All calculations were made with respect to the volume of gas and liquid 
in the autoclave, the compressibility of n-heptane4, vapour pressure and solubility 
bf HCo(CO),=, and the solubility of Hz7 and C08. The solubility of CO in n-heptane 
at various temperatures was measured by the gas saturating method described in 
the literature’. 

RESULTS 

The formation of HCo(CO), in n-heptane was found to be first order with 
respect to both Co&O)s and H,. Tables 2 and 3 show the initial rate of formation 
of HCo(CO), at various Coz(CO)s and Hz concentrations. 

The dependence on the CO concentration is much more complicated as in- 
dicated already by Iwanagai, who stated that the rate is inversely proportional to the 
logarithm of CO partial-pressure under constant pressure of H,, but that the rate 
curve at p(C0) 25 atm is different from that at 50 and 100 atm in toluene solution- 
We have now found, that at appropriately high p (CO) the rate of HCo(C0)4 formation 
is practically independent of carbon monoxide_ At low p(CO), however, the partial- 
pressure of CO has a strong inhibiting effect on the observed rate. We suggest therefore 
two competing reaction mechanisms A and B : 

A co2(c0)8 

fast Kg’ 

\ co,(co)7 + co (1) 

slow k, 

CO,(CO)~ + Hz m H,Co&O), (2) 
fast 

fasl 

H2Co,(CO), B HCO(CO)~ + HCo(CO), (3) slow kz 

fast 

HCO(CO)~+CO m 
%’ 

HCO(CO)~ 

slow 

B c”2(c0)8 +Hz - 2 HCo(CO), 
ki 

(5) 
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TABLE 2 

INITIAL RATE OF HCO(CO)~ FORMATION FROM co,(co), AND H, IN n-HEPTANE AT 64” 

ptomt= 160 atm, [Hz] =0.733 mole/l. [CO] =0.661 mole/l. 

[Co,(CO),] x 10’ 

(moW 

k&.X IO4 
(I*mole-z-sec-l) 

0.62 029 

1.42 0.27 
2.78 0.34 
2.80 0.32 
3.36 0.34 
5.50 0.34 

TABLE 3 

INITIAL RATE OF HCO(CO)~ FOKMATION FKOM CO,(CO)~ AND H, IN II-HEPTANE AT@ 

CW 
bole/l) 

[Co&20)*] x 102 
(moW0 

kotw. x lo4 
(I -mole- l- set- ‘) 

10 0.050 1.93 1.4 
19 0.096 2.42 1.92 
20 0.101 3.28 2.28 
30 0.149 1.52 2.28 

55 0291 1.43 1.98 
60 0.321 1.39 2.26 
80 0.433 0.88 224 
97 0.536 0.49 1.83 

100 0.554 0.94 2.16 

80 0.536 1.08 2.14 
100 0.554 1.84 2.0 
100 0.554 3.01 2.54 

100 0.554 5.24 2.50 
110 0.614 1.11 2.37 
110 0.614 1.16 1.93 
120 0.680 0.89 2.11 
137 0.786 1.00 2.40 
148 0.853 1.01 2.00 
160 0.945 0.91 2.33 
180 1.105 0.89 2.56 
200 1.218 0.89 2.6 

In case A the rate determining step (2) is the reaction of H2 with Co,(CO),, where 
the latter is formed in a fast -pre-equilibrium (1). This would explain the inhibiting 
effect of carbon monoxide. Mechanism B represents a direct interaction between di- 
cobalt octacarbonyl and hydrogen. 

The above schemes lead to the following kinetic relationships: 

A d [HCo(CO)&dt = kl X6”- [Co,(CO),] - [Hz] - [CO] - ’ 
B d[HCo(CO),]/dt = k; - [Co,(CO),] - [Hz-J 

The observed rate of HCo(CO), formation is thus expressed by 
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and (d CHWW&Wo,s. = (k, - Kg’* [CO] - I + k;) - [Co,(CO),] - [Hz] (8) 

k obs. = k,-Kg’-[CO]-‘+k; (9) 

k; is equal to kobs. if p(CO)-oo and was derived graphically from the experimental 
data. By abstracting k; from kobs. the CO dependent part of the observed rate constant 
could be separated: 

k ohs. --k; = k,-Kg’- [CO]-’ (10) 
and 

Webs. --k;) . [CO] = kl -Kg’ = const. (11) 

The validity of this relationship is illustrated by the experimental results in Table 4. 
In experiments initiated in the absence of CO e.g. in an atmosphere of Hz, a 

certain CO concentration must almost instantly appear due to the fast pre-equilibrium. 
From the initial rate obtained in these experiments and those measured at known 
p(CO), the CO concentration furnished by the pre-equilibrium can be calculated. 
This makes the estimation of the pre-equilibrium constant possible. Table 5 lists these 
constants derived from measurements at various temperatures. 

The data were used to calculate the thermodynamic and activation parameters 
of the reactions (l), (2) and (5). 

reaction (1) AH = 21 kcal/mole 
AS = 48 e-u. 

reaction (2) AH’ = 7 kcal/mole 
AS* = -49 e-u. 

reaction (5) AH* = 25 kcal/mole 
AS* =-6eu - . 

TABLE 4 

INITIAL RATE OF HCo(CO), FORMATION FROM c02(co)~ AND Hz IN II-HJZPTANE AT 64” AT VARIOUS [co] 

PGDUl cc01 I3321 [Co,(CO),] x lo2 k.+,_ x lo4 (k,,.--K,Yx104 (k,,. -kg - [CO] x lo6 
(atm) (mo!e/l) (mole/l) (mole/l) (I.mole-‘-se~-~) (l-mole-‘-see-‘) (set-‘) 

98 0.025 0.574 230 
100 0.051 0.580 2.84 
160 0.084 0.989 3.13 
120 0.109 0.687 1.65 
20 0.188 0.032 3.22 
60 0.238 0.245 2.70 

160 0.433 0.831 1.65 
160 0.661 O-733 280 
160 1.037 0.569 2.76 
160 1.465 0.325 3.35 
160 0.433 0.831 253 
80 0.210 0.377 2.50 
40 0.104 0.183 2.46 
20 0.051 0.091 250 

1.74 
1.01 
0.64 
0.55 
0.45 
0.44 
0.32 
0.32 
0.29 
rk?P V&U 

033 
0.39 
0.57 
0.89 

1.48 3.7 
O-75 3.8 
0.38 3-2 
0.29 3.2 

0.19 3.5 
0.18 4.2 
0.06 2.6 
0.06 3.9 
0.03 3.1 
0.02 2.9 

0.07 3.0 
0.13 23 
0.31 3.2 
0.63 3.3 

u Value of k’,=O26x 10-41-mole-1-sec-’ at 64’. 

.I. Orgnnometd Chern, 36 (1972) 



REACTION OF DICOBALT OCTACARBONYL AND HYDROGEN 367 

TABLE 5 

EQUrLIBRIUM CONSTANT K’,” OF REACTION (1) AND REACTION VELOCITY CONSTANTS k, OF REACI-ION (2) AND 

PI OF REACTION (5) AT D- l-J%PERATURES 

Temp. k,. Kg’x IO* 

ec> (set-‘) 

34 4.4 
44 20.7 
54 79.8 
64 314 

Kg’ x IO4 kI x lo4 

(moW (I-mole-‘-set-‘) 

0.39 11.4 
1.23 16.8 
3.25 24.5 

10.3 30.5 

k; x 106 
(I~mole-‘-set-‘) 

2.3 
8.0 

26.0 

To obtain more information about the rupture of the H-H bond, experiments were 
performed with D, at 34O and 20 atm total pressure of DZ. The ratio of the observed 
initial rate k(H,)/k(D,) varied between 2.0-2.6. 

The equilibrium of the overall reaction (12) was determined between 34O and 
159. 

Co,(CO), + H, 5 2 HCo(CO), (12) 

Time required to reach equilibrium varied with the experimental conditions from 2 
to 80 h. Calcuiation of K was based on the measured concentration of HCo(CO)+ in 
equilibrium and on the initial concentrations of Co,(CO), and HZ_ The plot of log K 
against the reciprocal of absolute temperature can be seen in Fig 1. The thermo- 
dynamic parameters for equilibrium (12) are: 

AH = 3.2 kcal/mole and AS = 4.4 e-u. 

4 
kfK 

a5 - 

1.0 - 

1.5 - 

zl? is Al ;1 
104-T-' 

Fig_ 1. log K - T- ’ for the equilibrium reaction Col(CO)s + H, & 2 HCO(CO)~ A measured in tolued ; 
0 measured in toluene’ ; + our results measured in n-heptane. 

J. Or~&nwtai. Cizern., 36 (1972) 
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In equilibrium 

-d [HCo(CO),]/dt = +d [HCo(CO),]/dt 

expressed with the kinetic equations valid for the low p(C0) region 

k, - Kg’- [HCo(CO),]* e [CO] - 1 = 2 - k, - Kg’ - [Co,(CO),] - [CO] - 1 
and 

(13) 

(14) 

CHWCOL12 2.k,+$.j) 
K = [Co2(CO),] - [Hz] = kZ-Kg) (1% 

Table 6 shows numerical values of the equilibrium constant K determined by the 
above static method compared with those derived from the kinetic data of the 
forward and reverse5 reaction. 

TABLE 6 

EQUILIBRIUM CONSTAhXS FOR REACTION (12) IN Il-HEFTAh% DERIVED BY THE STATIC AND KINFTIC METHODS 

Temp. 

FC) 

CJ=o(CG)~l’ 

K = [Co,(CO),] -[Hz] x lo* 
K = 2-k,-Kg’ 

kz.K’,2’ x lo2 

34 4.6 4.50 
44 5.5 5.74 
54 6.5 6.49 
I54 7.6 7.33 

a Values of k,- Kg’ used’ are extrapolated from 29. 

DISCUSSION 

The rate of r4C0 exchange for CO~(CO)~~~ supports our assumption that 
the pre-equilibrium (1) is a very fast reaction. Co,(CO), undergoes CO exchange by 
a dissociative process in which the rate determining step is the loss of CO. The reported 
“CO exchange rate is much greater than the reaction velocity observed with H,. 
The recombination reaction of the coordinatively unsaturated Co,(CO), and CO 
must also be very fast, since equilibrium (1) lies far on the side of Co,(CO),. 

The observed kinetic isotope effect indicates that the hydrogen-hydrogen 
.bond is markedly affected, perhaps completely broken, in the rate determing step. 

As estimated from pre-equilibrium (1) 21 kcal are needed for Co2(CO), to 
abstract one molecule of CO. For HCo(CO), however, a value of 13 kcal was reported5 
for the same process. The lower energy requirement in the latter molecule is probably 
due to the hydrogen atom present. 

The free energy changes during the whole reaction are illustrated in Fig. 2. 
The data allow some- conclusions about the energetics of the Co-H bond 

formation. In the reaction of Co,(CO), and H, the Co-Co and the H-H bonds are 
split and two new Co-H bonds are formed. The reaction is slightly endothermic: 
AH=3.2 k&/mole. The enthalpies of dissociation for Co,(CO)e” and H21? are 
known: 

Co,(CO), # 2 -Co(CQ), AEI = 14.5+2 kcal/mole: 

H27=r2=H. U = 104.2 kcal/mole 

J. Organohzerul. Chem, 36 (1972) 
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I, 
Free energy 

kcol - mole-’ 

CO,~CO~* Co&CO& H.&oJCO~ HCo(CO), HCoKO), 
- 

Reaction coordinate 

Fig. 2. Energy pathway for the reaction Co,(CO), + Hz s 2 HCo(CO),. The AC* [19 kcal -mole-’ for 

Coz(CO),] were calculated based on the work of Basolo et oL’~. 

If we summarize the known enthalpy changes, we obtain about 58 kcaf which is 
furnished by the formation of one molecule HCo(CO),. This energy is the sum of 
the Co-H bonding energy and the energy set free by rearranging the CO groups in 
HCo(CO), as. compared to their positions in the l Co(CO), radical_ Such rearrange- 
ments do not consume much energy as can lx seen from the enthalpy difference 
between the two forms of Co,(CO), as reported by Noack13: 

AH = 13 kcczI/molc 

The 58 kcal/mole can be therefore roughly considered as the energy of the CO-H 
bond in HCo(CO),_ 
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