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Abstract: Density functional theory, coupled-cluster theory,
and transition state theory are used to build a computational
model of the kinetics of phosphine-free cobalt-catalyzed
hydroformylation and hydrogenation of alkenes. The model
provides very good agreement with experiment, and enables
the factors that determine the selectivity and rate of catalysis to
be determined. The turnover rate is mainly determined by the
alkene coordination step.

Cobalt-catalyzed hydroformylation, which was discovered
75 years ago based on earlier work at the Max Planck
Institute for Coal Research, is the first reported metal-
complex-catalyzed industrial process.[1] Though rhodium
catalysts have largely superseded cobalt systems because of
greater efficiency, cobalt catalysts are cheaper, less toxic, and
more thermally stable, and continue to be used.[2,3] Thus there
continues to be much interest in the development of modified
cobalt catalysts with increased activity, longevity, regioselec-
tivity, and chemoselectivity especially with respect to avoiding
wasteful alkene substrate hydrogenation. For each of these
aspects of catalyst improvement, a detailed understanding of
the hydroformylation mechanism is pivotal.

Based on the mechanistic work of Heck and Breslow[4]

and subsequent studies,[5] the hydroformylation mechanism
with both rhodium and cobalt systems is quite well under-
stood. Intermediates such as cobalt acyl tetracarbonyls
[RCOCo(CO)4] or phosphine derivatives thereof [RCOCo(-
CO)3L] (where L = PR3) have been detected under catalytic
conditions,[4, 6] and their reactivity studied.[7] The reactivity of
the corresponding unsaturated intermediate [RCOCo(-
CO)2L] obtained by flash photolysis has also been carefully
examined.[8] Kinetics are available, in particular a systematic
study[9] of the rate of hydroformylation of propene by
[HCo(CO)4], which gave the following empirical rate law:

�d CO½ �
dt

¼ k
H2½ �0:6 CO½ � Cat½ �0:8 Alkene½ �

1þK CO½ �ð Þ2
ð1Þ

The non-integer orders with respect to total initial concen-
tration of catalyst [Cat] and to concentration of hydrogen
indicate a complex underlying mechanism that was not
resolved in this kinetic study. Indeed, despite the extensive
work, there is no consensus concerning the nature of the
turnover limiting step.

The hydroformylation reaction with cobalt[10] and rho-
dium[11] catalysts has also been the subject of many computa-
tional studies, which have addressed aspects such as the
structure of intermediates, the detailed mechanism of each
elementary step, and the effect of phosphine ligands on
reactivity. While these studies have confirmed the mechanis-
tic picture emerging from the experimental studies, an
unequivocal identification of the turnover-limiting step in
the cobalt-catalyzed reaction remains elusive. This is partly
due to the fact that most of the previous work has used density
functional theory (DFT), which is a relatively low accuracy
method. Also, previous computational work has not included
an exploration of the competing alkene hydrogenation.

In other fields such as combustion chemistry, it has been
shown that computational kinetics models—based on accu-
rate electronic structure theory and transition state theory
(TST)—can greatly enhance the understanding of complex
reacting systems.[12] In this study, we use a similar method-
ology to study phosphine-free cobalt-catalyzed hydroformy-
lation and hydrogenation of propene. Our calculations use
DFT and explicitly correlated coupled-cluster[13] electronic
structure methods together with TST.[14]

The mechanism as obtained in our study is shown in
Scheme 1, with calculated energies given in Table 1. In this
first study, we have focused on the pathway leading to the
major linear product. Many of the species in Scheme 1 have
been described before,[10] so we will only provide a brief
discussion of energies and structures, then emphasize the
predicted kinetics at 150 8C, a typical temperature used for
catalysis.

Hydroformylation is initiated from [HCo(CO)4] 1 by loss
of CO to yield the 16-electron species 2, followed by addition
of alkene 3, to yield 4. The unsaturated species 2 lies much
higher in potential energy than 1 or 4, and we could not find
any barrier to the addition of CO or alkene, so that the
corresponding transition states (TSs) are purely entropic in
origin. Previous studies have assumed that substitution
leading from 1 to 4 occurs through this dissociative mecha-
nism. However, associative ligand substitution mechanisms
can be favoured over dissociative mechanisms in other
organometallic reactions.[15] Accordingly, we searched for
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TSs corresponding to such mechanisms, but could not locate
any that would be competitive with the dissociative route.[16]

The next steps in the mechanism are insertion of the
alkene into the Co�H bond of 4 through TS5 to yield the 16-
electron ethyl complex 6, which can add carbon monoxide
(without a potential energy barrier) to form the correspond-
ing tetracarbonyl species 7. This can in turn undergo CO
insertion into the cobalt–alkyl bond through TS8 to yield an
unsaturated acyl species 9. Addition of carbon monoxide to 9
involves a small potential energy barrier, TS10, because of the
need to “displace” the acyl oxygen atom that interacts with
the formally vacant site at the metal. This process yields the
saturated acylcobalt tetracarbonyl species 11, the intermedi-
ate with the lowest potential energy in the whole catalytic
cycle (though it lies higher in standard free energy at 150 8C
than 7). From this stable species, the first step towards the
hydroformylation product is the reverse of the last process—
loss of carbon monoxide to yield 9, followed by addition of
molecular hydrogen (over the low barrier TS12) leading to
the dihydrogen complex 13. Dihydrogen activation can then
occur to yield the dihydride 15, followed by reductive

elimination to form a weakly
bonded complex 17 between the
product and [HCo(CO)3]. Finally,
to complete the formal catalytic
cycle, this species can release the
product and add carbon monoxide.

While the above cycle is de-
scribed as starting from monomeric
1, this species is known to be in
(fairly rapid) equilibrium with
[Co2(CO)8] 23 under catalytic con-
ditions. For this species CCSD(T)
calculations are not possible
(because of computational expense
and multireference behavior) so
our computed energy is based on
DFT. The calculated free energy
change of 30.6 kJmol�1 for forming
two equivalents of 1 from 23 and
hydrogen is in good agreement
with the experimental value mea-
sured in heptane (22.6 kJmol�1).[17]

Alkene hydrogenation is
a wasteful side reaction in some
applications of hydroformylation,
but has not been considered in
previous studies of the cobalt-cata-
lyzed reaction.[10] We propose that
it occurs from intermediate 6, by
addition of H2 instead of CO, to
yield the dihydrogen complex 20,
over a low barrier TS19. In contrast
to the case of the related complex
13, which yields product 18 through
oxidative addition/reductive elimi-
nation, release of propane 22 is
found to occur through a one-step
s-bond metathesis over TS21. This

transition state has a structure somewhat similar to that of the
reductive elimination TS16 in the hydroformylation mecha-
nism. The putative TS for oxidative addition of H2 to 20 has
apparently disappeared. It is noteworthy that the correspond-
ing TS14 lies lower in potential energy than the CoIII

dihydride species 15, perhaps because this species is a mini-
mum at the B3LYP level of theory used for optimization, but
not at the CCSD(T) level. Note that hydrogenation of the
aldehyde product to form an alcohol also often occurs during
hydroformylation (especially with phosphine-modified cata-
lysts).[3] Exploring the mechanism and relative rate of this
reaction would be valuable but goes beyond the scope of this
study.

Based on our experience,[18] our CCSD(T)-F12 protocol
should yield accurate energies for transition metal com-
pounds, with an error of approximately 10 kJ mol�1. The
experimental room temperature enthalpy change for the
hydrogenation and hydroformylation of propene are �123.9
and �109.9 kJmol�1 respectively,[19] compared to calculated
values of �122.9 and �108.4 kJmol�1.

Scheme 1. Modeled catalytic cycle for alkene hydroformylation and hydrogenation.
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We now consider the predicted kinetic behavior. Tradi-
tionally such considerations have been a minor part of
computational studies of catalysis, but there has been a grow-
ing realization that deducing a mechanism solely from relative
free energies is not always straightforward. Hence protocols
for interpreting free-energy profiles have been suggested,[20]

and the value of kinetic simulations for understanding
mechanisms is becoming increasingly recognized.[21] We use
TST to predict rate constants based on the calculated
activation free energies. Differences in free energy between
stable species, also computed from the ab initio data (except
for the equilibrium with 23 where we do not have CCSD(T)
values and base our calculations on experiment[17] rather than
the less accurate DFT value), are used to compute equilib-
rium constants.

For reactions proceeding without a barrier on the
potential energy surface, the rate constants are estimated, as
in previous work.[16c] They are assumed to be diffusion-
controlled, with rate constants in solution given by the
approximate expression k = 8kBT/3h, where kB is Boltz-
mann�s constant, T is temperature, and h is the solvent
viscosity.[22] For toluene at 150 8C and 100 bar, h is 2.09 �
10�4 Pas,[23] yielding a diffusion-controlled rate constant of
4.49 � 1010

m
�1 s�1 at 150 8C.

The modeled mechanism of Scheme 1 contains many
elementary steps. For the kinetic analysis, we have assumed
that some processes with low barriers are in quasi-equilibrium
throughout. This enabled us to combine their equilibrium
constants with rate constants for other steps, in the spirit of
the Curtin–Hammett principle. We also assumed that the
reductive elimination steps leading to aldehyde or alkane are

irreversible under catalytic conditions—hence we only
included the forward rate constants kh and kp. Upon using
this simplification, we obtained the reduced mechanism
shown in Scheme 2. The steady-state approximation was
then applied to the concentrations of each of the cobalt-
containing species. The concentrations or partial pressures of
all other species (alkene, hydrogen, solvent, and carbon
monoxide) were assumed not to change. The set of steady-
state kinetic equations was solved to yield an expression for
the rate of catalysis R (or rate of production of 18) as
a function of the concentrations of 1 and alkene, and the
partial pressures of hydrogen pH2 and carbon monoxide pCO :

R ¼ kpK1k2k3 Alkene½ �pH2

k�2k�3 þ pH2
k3kppCO þ k�2kp þ khk�3 þ khkppH2

� � 1½ � ð2Þ

where kp, k2, k3, k�2, k�3, and kh are rate constants as shown in
Scheme 2, and KD and K1 (= k1/k�1) are equilibrium constants.
The concentration [1] is related to the total concentration of
cobalt [Co], which is twice the nominal value of [23]:

1½ � ¼ 1
4 kD

�pH2
F þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2

H2
F2 þ 8 pH2

KD Co½ �
qn o

ð3Þ

where 1/F is the fraction of monomeric cobalt species that are
present as 1, typically close to 100% for the conditions
considered here. This is obtained from a complicated expres-
sion shown in the Supporting Information.

By using Equation (2), the rate for catalysis can be
computed for the various sets of concentrations where rates
have been measured.[9] Comparison of theoretical and
experimental rates is shown in Figure 1 and the Supporting
Information. Given that no fitting to experiment has been
carried out, and the exponential dependence of rates on

Table 1: Computed relative energies and free energies at 150 8C for
propene hydroformylation and hydrogenation [kJmol�1] .

DErel(CCSD(T)) DGrel(CCSD(T))

1/2 23 + 3 + 3/2H2 + CO �23.0[a] �15.3[a]

1 + 3 + H2 + CO 0.0 0.0
2 + 3 + H2 + 2CO 148.0 84.7
4 +H2 + 2CO 35.1 33.2
TS5 + H2 + 2CO 62.3 59.3
6 +H2 + 2CO 39.5 35.8
7 +H2 + CO �46.0 8.0
TS8 + H2 + CO 12.2 65.8
9 +H2 + CO �0.9 48.3
TS10 + H2 2.5 103.1
11 + H2 �88.6 21.1
TS12 + CO 19.3 108.6
13 + CO �6.2 89.9
TS14 + CO 9.9 102.6
15 + CO 13.1 110.1
TS16 + CO 24.7 123.0
17 + CO �14.2 73.2
2 + 18 + CO 49.8 88.9
1 + 18 �98.2 4.2
TS19 + 2CO 74.3 103.6
20 + 2CO 41.7 80.0
TS21 + 2CO 86.4 123.8
1 + 22 + CO �116.4 �70.0

[a] Value for Co2(CO)8 obtained at the B3LYP-D3 level.

Scheme 2. Reduced mechanism for hydroformylation.
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relative free energies, it would be surprising if a perfect match
to experiment was obtained—and in fact the calculated rates
differ from the experimental values by roughly a factor of two.
However, the agreement between experiment and theory is
very good for the shape of the curves of R as a function of pCO,
pH2

, [Co], and [Alkene], implying that the overall order of
reaction is well-described. Also, a factor of two is perhaps
even better than can be expected for such theory–experiment
comparisons, since it implies that the key relative free
energies at 150 8C are accurate to better than 3 kJmol�1.
This degree of agreement must be in part fortuitous. As
shown in the Supporting Information, a slight adjustment
(6 kJ mol�1 or less) to just three of the relative free energies in
Table 1 leads to an improved theoretical model that repro-
duces experimental rates quantitatively. It has been found in
other computational kinetics studies[12] that such adjustments
(by less than the error of the computational method) can lead
to useful predictive models.

The relation between the empirical rate law of Equa-
tion (1) and the theoretical expression of Equation (2) is not
immediately obvious, though clearly they give similar behav-
ior, as shown in Figure 1. It is possible to derive a simplified
form of Equation (2) upon neglecting some smaller terms,
and this helps to understand the link to Equation (1) and also
to identify the elementary step that is closest to being
turnover-limiting. As shown in Table S2 in the Supporting
Information, F is typically close to 1, and for low pH2 and high
[Co], Equation (3) can be simplified to:

1½ � �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pH2

Co½ �
2 KD

s

ð4Þ

Also, the first term within parentheses in the denominator of
Equation (2) is the largest for typical conditions. If one
considers only this term, and uses the simplified Equation (4),

then Equation (2) reduces to:

R � K1k2

2 KDð Þ1=2 �
p1=2

H2
Co½ �1=2 Alkene½ �

pCO
ð5Þ

This is much more similar to Equation (1), especially consid-
ering that the second term in the denominator of Equation (1)
is much larger than the first term except at very low pCO

values, when low turnover is found experimentally because of
catalyst decomposition, which is not modeled in our mech-
anism of Scheme 1. Equation (5) provides insight into the
turnover-limiting step. For low pH2 values, most of the cobalt is
predicted to be present as unreactive dimer 23, with the
concentration of 1 rising only with the square root of the total
[Co] and pH2 values, because of the equilibrium between these
species.[24] The unsaturated 2 is present in minute amounts, in
equilibrium with 1, and its concentration is suppressed as pCO

increases. Despite its large rate constant, the turnover-limit-
ing step is the addition of alkene to 2, because of the very low
concentration of this very active species. This description
accounts for the form of Equation (5) and for the qualitative
behavior of the rate as a function of pCO, pH2

, [Alkene], and
[Co]. The detailed Equation (2) is however needed to make
quantitative predictions.

The model also provides an expression for the rate of
alkene hydrogenation, as shown in the Supporting Informa-
tion. As shown in Table 1, TS16 (leading to hydroformylation)
and TS21 (leading to hydrogenation) are very close in
standard free energy at 150 8C, so one might expect hydro-
genation to compete very effectively with hydroformylation.
However, starting from species 6, the rate for hydroformyla-
tion increases with pCO, whereas that for hydrogenation does
not, so that under catalytic conditions with large pCO,
hydroformylation is predicted by the present model to
predominate, with a selectivity of around 98 % (consistent
with a yield of alkane of 2% mentioned in Ref. [3]). For low
pCO values, though, hydrogenation becomes increasingly
competitive—for example, for pCO = 10 bar in Figure 1 the
calculations suggest that the selectivity is only of 92%
towards hydroformylation.

In summary, our computational kinetics approach pro-
vides a detailed bottom-up model of alkene hydroformylation
using phosphine-free cobalt catalysis. While many important
aspects are not yet included (e.g., ligand effects, aldehyde
hydrogenation, and regioselectivity), very good agreement is
obtained between the experimentally observed and the
theoretically predicted rates, considering the high sensitivity
of calculated rates to relative electronic energies. This is no
doubt due to both the high accuracy of the explicitly
correlated CCSD(T)-F12 method as well as to some error
cancellation. In the spirit of computational kinetics, slight
adjustments to the underlying ab initio parameters provide
a quantitatively predictive model. Our calculations suggest
that turnover is mainly limited by the step in which alkene
adds to the coordinatively unsaturated [HCo(CO)3] species 2,
despite the fact that this step does not have a potential energy
barrier. Also, we study here the competing hydrogenation
process, and show that it is competitive with hydroformylation
at low pCO values.

Figure 1. Rates of hydroformylation of propene at 150 8C. Experimental
(dots); values from the fit to experiment of Equation (1) (dashed line);
values computed according to Equation (2) (solid line). [Co] is
1.46 � 10�2 moldm�3, [propene] is 1.19 moldm�3. a) Rate as a function
of pCO , with pH2

= 25 bar; b) rate as a function of pH2
, with pCO = 25 bar.
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