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Summary: The rate of hydroformylation of cyclohexene
to cyclohexanecarboxaldehyde in the presence of octa-
carbonyldicobalt is strongly reduced by the presence of
an additional gas, such as dinitrogen or argon, under
very high pressure, other conditions being kept constant.
Competition of these gases with dihydrogen and/or the
olefin within the coordination sphere of the catalytically
active cobalt carbonyl species is suggested to be respon-
sible for the observed behavior.

Dinitrogen1 and dihydrogen2 complexes are well-
established in the literature, and also C-H σ-complexes
have been detected spectroscopically.3 Moreover, ago-
stic M‚‚‚H-C interactions4 have been suggested to play
an important role in the catalytic processes, especially
in polymerization reactions.5 Preliminary data on
xenon metal complexes have also been reported.6

The rate of hydroformylation of cyclohexene catalyzed
by cobalt carbonyls decreases by increasing the partial

pressure of carbon monoxide above a threshold value.7
This behavior, once hydro-, alkyl-, and acylcobalt car-
bonyls became accepted intermediates of this reaction,
has been interpreted as being due to the competition
between CO and alkene and/or dihydrogen for the
coordinatively unsaturated species, thus affecting the
reaction rate. In this connection, it is worth mentioning
that even a small carbon monoxide pressure (as low as
a 0.02 mol fraction) has a retarding effect8a on the
formation of tetracarbonylcobalt hydride from octacar-
bonyldicobalt and dihydrogen.

The elementary steps normally accepted to be in-
volved in the hydroformylation reaction may be sum-

† Università di Firenze.
‡ Università di Pisa.
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Co2(CO)8 + H2 h 2HCo(CO)4

RCo(CO)4 h RCo(CO)3 + CO

R ) Co(CO)4; H; alkyl, acyl
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marized as follows: (a) conversion of octacarbonyldico-
balt to the corresponding hydrido species, (b) olefin
addition to the hydride to form the alkyl derivative, (c)
carbonyl insertion to give the corresponding acyls, and
(d) hydrogenolysis of the acyls to the products.
In view of the new findings on nonclassical molecular

complexes and the possibility that dihydrogen complexes
might be involved in the preliminary steps of the
process, it was believed to be worthwhile to re-examine
the rate of the hydroformylation reaction in the presence
of gases which, although not able to interfere with the
thermodynamics of the process, could potentially modify
its kinetics due to their competing activity in the
equilibria presumably involved in some of the primary
steps. In this connection, it is relevant to recall that
dinitrogen and dihydrogen compete with each other for
the coordination sphere of cobalt(I) in the CoH3(PR3)3/
Co(N2)H(PR3)3 system, as established by Sacco and
Rossi.1a The rearrangement from the starting CoH3-
(PR3)3 to the final Co(N2)H(PR3)3 involves an equilibri-
um reaction presumably characterized by a small
entropy change. Moreover, the dihydrogen complex Co-
(H2)H(CO)3 has been detected9 among the products
formed by photolysis of H-Co(CO)4 in a H2/Ar matrix.
If this were true under hydroformylation conditions

and the key intermediate for the activation of dihydro-
gen (and/or the olefin) could be intercepted by an
additional component of the system like dinitrogen, a
sufficient concentration of this gas, or any other gas with
analogous properties, might affect the reaction rate to
a detectable extent.
We have, therefore, investigated the influence of

dinitrogen and argon on the rate of hydroformylation
of cyclohexene10 by performing experiments11 in which
dinitrogen12 or argon were introduced, after the usual
carbon monoxide and dihydrogen mixture, to cause an
additional pressure increase in the range between 500
and 1000 bar.
We have in fact determined the olefin conversion to

aldehyde in isochronous (3 h) and isothermal (373 K)
hydroformylation experiments in which, other condi-
tions being maintained constant, an elevated pressure
of an additional gas is introduced, see Table 1. The
olefin conversion is strongly reduced by the presence of
relevant amounts of dinitrogen in solution. The gas
solubility and the corresponding volume increase due
to the additional gas (at 373 K under a pressure of 1000
bar, dissolved dinitrogen increases the volume of the
solvent by about 15%) were considered as a possible
explanation for the lower yields: such a dilution of
reagents and catalyst, mimicked by the addition of an

equivalent amount of solvent, in fact, caused a yield
decrease from 30 to 29%, thus confirming that a specific
effect of dinitrogen must be operating on a molecular
basis in our experiments. The solubilities of argon and
dinitrogen in toluene,13 expressed as a mole fraction at
298 K, are 10.86 × 10-4 and 5.74 × 10-4, respectively;
thus, the solubility of argon should be expected to be at
least twice that of dinitrogen. Due to the different
compressibilities, the results obtained with the two
gases are not directly comparable. However, there is
no doubt that argon causes a similar effect as dinitrogen
does under similar experimental conditions. We believe
that at the moment the most plausible explanation of
the observed experimental facts is a competition effect
by dinitrogen or argon for the coordination site within
the catalytically active species.
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Table 1. Hydroformylation of Cyclohexene in the
Presence of Dinitrogen or Argon. Conversion (%)

to Cyclohexanecarboxaldehydea

pressure of additional gas (bar)additional
gas used 0 500 800 1000

N2 30 22 (581) 17 (757) 12 (1039)
Ar 30 19 (530) 10 (802) 9 (1015)

a The manometric pressure reading of the additional gas is
reported in parentheses. Experimental conditions: toluene, 7 mL;
Co2(CO)8, 51 mg (0.149 mmol); cyclohexene, 500 mg (6.15 mmol);
pCO, 70 ( 1 bar at 373 K; pH2, 85 ( 2 bar at 373 K; reaction time,
3 h; temperature, 373 K.
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