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The HCo(CO)3-catalyzed hydroformylation of butadiene has been investigated at the B3LYP
density functional level of theory. It is found that butadiene hydroformylation favors the
formal 1,4-addition product in high regioselectivity. The enhanced stability of the syn-η3-
allyl complex ((η3-CH2CHCH(CH3))Co(CO)3) presents a distinctly thermodynamic preference
for the Markovnikov insertion, and the following CO addition favors forming the 1,4-addition
intermediate over the branched intermediate both kinetically and thermodynamically.
Neither linear nor branched 1,2-addition product is favored. These results agree perfectly
with the experimental findings. Furthermore, it is shown that methanol as solvent does not
change the mechanistic picture significantly.

Introduction

As an atom-efficient green route for producing â,γ-
unsaturated aldehyde and adipaldehyde (rising from the
1,4-addition and 1,2-addition, respectively), the hydro-
formylation of butadiene has greatly attracted industrial
interest. The optically active â,γ-unsaturated aldehydes
are useful chiral building blocks for the stereocontrolled
syntheses of natural products.1-4 Adipaldehyde would
be a valuable intermediate for producing ε-caprolactam
and adipic acid/hexamethylene-1,6-diamine (HMDA),
which are key monomers in nylon-6 and nylon-6,6
manufacture.5-8 Currently, HMDA is mainly obtained
from butadiene via hydrocyanide addition or electro-
chemical coupling reaction with acrylonitrile, followed
by adiponitrile hydrogenation.9,10 Therefore, developing
new routes to use economically and easily available raw
materials is a significant goal. The hydroformylation of
butadiene for obtaining the intermediate, adipaldehyde,

is an economical and environmentally friendly method.
Although the hydroformylation of olefins is well-
studied11-17 and has had industrial uses on a large scale
for many decades, the analogous reaction of butadiene
has received less academic attention until now.

As early as 1952, it was recognized that the hydro-
formylation of butadiene may lead to interesting prod-
ucts such as adipic aldehyde or pentenals.18 A two-step
process using a rhodium and a cobalt catalyst was
reported to yield adipic aldehyde (respectively alcohol)
with approximately 60% selectivity by BASF.19 In
addition, the systematic studies on the Rh-catalyzed
hydroformylation of butadiene were performed by Fell
and co-workers.20-22 It was found that the steric and
electronic factors of the phosphine ligands influence the
product distribution. Depending on the catalysts em-
ployed, various amounts of saturated monoaldehydes
and dialdehydes are formed. Secondary phosphines lead
to an almost complete 1,4-addition product in the
primary step of the hydroformylation of butadiene. In
1985, van Leeuwen and Roobeek23 successfully hydro-
formylated butadiene by a 1,2-bis(diphenylphosphino)-
ethane-Rh(I) complex to give pentanal in over 90%
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selectivity. It was suggested that the â,γ-unsaturated
aldehyde is formed as the initial product,24,25 which can
further isomerize to the thermodynamically more stable
R,â-unsaturated aldehyde.20 Since the intermediate R,â-
unsaturated aldehyde undergoes hydrogenation more
readily than hydroformylation,20,26 the saturated alde-
hyde is formed. In 1995, Bertozzi et al.27 reported that
the hydroformylation of butadiene promoted by rhodium-
mesitylene co-condensate has unusual high chemose-
lectivity and regioselectivity in the â,γ-unsaturated
aldehyde (96%). In 1997, Horiuchi et al.28 presented a
highly selective asymmetric hydroformylation catalyzed
by a (R,S)-BINAPHOS-Rh(I) complex under mild condi-
tions to give an optically active â,γ-unsaturated alde-
hyde (up to 95%). On the other hand, some attempts at
preparing adipaldehyde by butadiene hydroformylation
have been made, mainly in the patent literature.29 In
most cases, the selectivity to the desired adipaldehyde
is low. Recently, Ohgomori et al.8 developed a catalyst
composed of rhodium and DIOP, with a higher selectiv-
ity, about 37%, for the formation of adipaldehyde.
Furthermore, they deduced that the ratio of 1,2-addi-
tion to 1,4-addition may be determined by the equilib-
rium of {η4-(EE)-butadiene}{(AE)-diphospine}(H)Rh and
{η4-(AE)-butadiene}{(EE)-diphospine}(H)Rh.

Regarding the mechanistic aspects, very little basic
work has been done. Using online high-pressure IR
techniques, Mirbach30 explored the cobalt-carbonyl-
catalyzed hydroformylation of butadiene. The formation
of the intermediates, η3-C4H7Co(CO)3 and σ-C4H7Co-
(CO)4, was observed. In the recent IR and NMR study
on the pyridine-modified cobalt-catalyzed hydrometh-
oxycarbonylation of butadiene,31 the existence of the
above intermediates was verified, and C4H7Co(CO)4 was
further characterized as having the 1,4-addition struc-
ture (H3CHCdCHCH2)Co(CO)4. In addition, the deute-
rioformylation experiment27 also suggested that the
η3-butenyl complexes are likely to be the key intermedi-
ates. As an elementary step in much homogeneous
catalysis, the butadiene insertion into the Sm-H bond32

or Ni-phenyl bond33 was investigated at the DFT level.
In this paper, a detailed DFT study on the HCo(CO)3-

catalyzed hydroformylation of butadiene is performed.
A complete mechanistic picture is presented, and the
regioselectivity is emphasized and clarified. In addition,
the solvent effects of methanol are discussed.

Computational Details

All calculations were performed at the B3LYP/6-311+G(d)
density functional level of theory with the Gaussian 03
program.34 This method is found to be appropriate for cobalt
carbonyl chemistry, as indicated by the excellent agreement
in vibrational frequencies and bond dissociation energies
between theory and experiment.35 The geometries of each
species involved in the catalytic cycle were fully optimized
without any symmetry constraints. Furthermore, the fre-
quency analyses were carried out at the same level to confirm
the optimized structures to be ground states without imaginary
frequency (NImag ) 0) or transition states (TS) with one
imaginary frequency (NImag ) 1). Especially, the single
imaginary frequency of each transition state displayed the
desired displacement orientation. In addition, the enthalpies
and the Gibbs free energies36 were calculated at actual reaction
conditions of 403.15 K and 200 atm in the usual rigid rotor
approximation. Considering the entropy effects, the following
discussions are based on the free energies (∆G) of activation

and reaction, and the corresponding enthalpies (∆H) are given
in the Supporting Information. For evaluating the solvent
effects, the self-consistent reaction field (SCRF) single-point
energy calculations on the gas-phase-optimized structures in
methanol continuum (methanol as solvent) were carried out
by using the isodensity surface polarized continuum model
(IPCM)37 at the B3LYP/6-311+G(d) level. The solvation free
energy is the free energy difference between solution and gas
phase. Furthermore, the calculated total electronic energies,
ZPE, and thermal corrections to enthalpies and Gibbs free
energies are provided in the Supporting Information.

Results and Discussion

Since butadiene can be considered a substituted ole-
fin, one can conceive that the mechanism of butadiene
hydroformylation is similar to olefins38 to some extent.
However, butadiene hydroformylation has some special
characteristics due to the presence of an additional con-
jugated vinyl group. Based on the Heck-Breslow mech-
anism39 and on the high-pressure IR results of the reac-
tions of conjugated dienes with cobalt carbonyls under
hydroformylation conditions,30 three possible pathways
of butadiene hydroformylation for producing unsatur-
ated monoaldehydes are proposed and shown in Scheme
1. Path 1 is the anti-Markovnikov reaction with the for-
mation of linear aldehyde in 1,2-addition fashion (AM),
and paths 2 and 3 are the Markovnikov reaction with
the formation of linear aldehyde in 1,4-addition fashion
(ML) and branched aldehyde in 1,2-addition fashion
(MB), respectively. Following these reaction paths, the
HCo(CO)3-catalyzed butadiene hydroformylation is thor-
oughly investigated. The elementary steps, butadiene
insertion and CO addition, are emphasized to elucidate
the origin of the regioselectivity, while other steps are
briefly discussed. After that, the solvent effects are
addressed.

(1) Butadiene Coordination. It is well known that
butadiene exists in two minimum energy conformers,
trans and cis, and the former is more stable by 3.5
kcal/mol. Therefore, the following discussion mainly
focuses on the coordination modes of trans-butadiene.
Rising from the conjugated structure, butadiene can
coordinate to the cobalt carbonyl moiety in either mono-
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dentate or bidentate fashion. For the unmodified Co-
based catalytic system, the active catalyst species is the
planar C2v HCo(CO)3.35 This 16-electron species is then
trapped by butadiene via the monodentate mode, lead-
ing to the π complex HCo(CO)3(η2-CH2dCHCHdCH2).
For this η2-trans coordination mode, the potential ener-
gy surface of HCo(CO)3(η2-CH2dCHCHdCH2) is similar
to that of propene,38 as shown in Figure 1. The corre-
sponding structures are given in the Supporting Infor-
mation.

Trans-Butadiene coordination to HCo(CO)3 forms the
most stable π complex, HCo(CO)3(η2-CH2dCHCHdCH2)
(1a and 1b), with the coordinated CdC bond in the
equatorial plane. This process is predicted to be ender-
gonic by 2.2 and 2.1 kcal/mol, while exothermic by 11.4
and 11.5 kcal/mol, respectively. Furthermore, the low
rotation barriers of 2.4-5.7 kcal/mol indicate that 1a
and 1b can facilely convert to 1c and 1d, in which the
coordinated CdC bond is parallel to the Co-H bond.
This transformation facilitates the subsequent insertion
of η2-CH2dCHCHdCH2 into the Co-H bond.

To obtain further insight into the potential energy
surface of the η2-butadiene complex, the most stable
conformer of η2-cis-butadiene coordination has also been
located. As expected, the energy gap between trans and
cis forms of free butadiene is preserved in the related
complexes. It is found that the η2-trans-butadiene
complex is still energetically preferred by 2.8 kcal/mol.
Taking the solvent effect into account, the energy
difference increases to 3.5 kcal/mol. Therefore, the η2-
trans-butadiene complex should be more dominant over
the η2-cis-butadiene complex. This case is analogous to
the recent DFT results of Cp*2SmH(η2-butadiene) (Cp*
) η5-C5Me5)32 and NiII(η5-Cp)(η1-phenyl)(η2-butadiene).33

Apart from the η2-coordination mode, we also are
interested in the η4-coordination of butadiene. Butadi-
ene coordinates to the HCo(CO)2 moiety via the η4 mode,
leading to two trigonal bipyramid complexes with hy-
dride at the axial site, i.e., butadiene at the diequatorial
(ee) or the axial-equatorial (ae) positions. For analyzing
the thermodynamic competition of the two modes, one
can consider a dissociation/association equilibrium be-

Figure 1. Free energy profile (kcal/mol, in gas phase and in solution) with the Newman projection for η2-butadiene
coordination (relative to HCo(CO)3 + butadiene in gas phase).

Scheme 1. Proposed Mechanism of Butadiene Hydroformylation for Producing Unsaturated
Monoaldehydes

3636 Organometallics, Vol. 24, No. 15, 2005 Huo et al.



tween HCo(CO)3(η2-butadiene) and HCo(CO)2(η4-buta-
diene) as in eqs 1 and 2. The large endergonic values of
17.5 and 14.7 kcal/mol indicate that the η2-trans form
is more favorable thermodynamically.

(2) η2-Butadiene Insertion. Starting with 1c and
1d, η2-butadiene insertion into the Co-H bond forming
butenyl complexes can take place in anti-Markovnikov
and Markovnikov ways, respectively. The free energy
profile for this process is reported in Figure 2, and the
structures of stationary points are given in the Sup-
porting Information. Some key structures are shown in
Figure 3.

As shown in Figure 2, the η2-butadiene insertion
reaction proceeds in steps. First, the hydride transfers
to the carbon atoms of the coordinated CdC bond,
forming the butenyl group. This step goes via the
trigonal bipyramidal transition states, TS(1c/AM2a)
and TS(1d/M2a), leading to the Co‚‚‚H-C agostic

Figure 2. Free energy profiles (kcal/mol, in gas phase and in solution) for butadiene insertion (relative to HCo(CO)3 +
butadiene in gas phase).

Figure 3. Bond parameters (in Å) of the key stationary points involved in butadiene insertion and CO addition process.

HCo(CO)3(η
2-CH2dCHCHdCH2) (1a) )

HCo(CO)2(η
4-CH2dCHCHdCH2/ee) + CO

∆G ) 17.5 kcal/mol (1)

HCo(CO)3(η
2-CH2dCHCHdCH2) (1a) )

HCo(CO)2(η
4-CH2dCHCHdCH2/ae) + CO

∆G ) 14.7 kcal/mol (2)
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stabilized intermediates AM2a and M2a, respectively.
The free energy profiles in Figure 2 clearly show that
the hydride migration processes (1c f TS(1c/AM2a)
f AM2a and 1d f TS(1d/M2a) f M2a) are slightly
exergonic by 0.6 and 3.5 kcal/mol and need to overcome
the low free energy barriers of 5.4 and 3.9 kcal/mol. A
similar case has been found for propene.38 However, it
is noteworthy that the substituent of the vinyl group
has imposed an influence on the relative stability of the
anti-Markovnikov and Markovnikov species. The anti-
Markovnikov species TS(1c/AM2a) and AM2a are
predicted to be higher in free energy than the corre-
sponding Markovnikov species TS(1d/M2a) and M2a
by 1.7 and 3.1 kcal/mol. Therefore, the formation of M2a
is more favored both kinetically and thermodynamically.

The following step is the further isomerization of
AM2a or M2a to form the more stable conformation
AM2b or M2b, in which the CdC bond participates in
the coordination to Co(CO)3. As shown in Figure 3, the
anti-Markovnikov intermediate AM2b has a trigonal
bipyramidal geometry with the butenyl group at the
axial-equatorial site. In AM2b, the butenyl group
coordinates to the Co(CO)3 moiety in η3 mode, forming
a structure that consists of a four-membered ring and
a three-membered ring. In addition, we have considered
the possibility of forming the six-membered ring through
a Co‚‚‚H-C (H2Cd) agostic interaction. Taking this
conformation as the starting point, the optimization
leads to AM2b directly. Unlike the anti-Markovnikov
intermediate AM2b, the Markovnikov intermediate
M2b has a square pyramidal geometry with a η3-coor-
dination of the allylic CH2CHCHCH3 group to Co(CO)3.
Furthermore, two corresponding transition states for
the rotation of the butenyl group, TS(AM2a/2b) and
TS(M2a/2b), have been located. Both transition states
have butterfly geometries with the η1-coordinated
butenyl group at the axial site. From the free energy
profiles in Figure 2, we can find that the agostic anti-
Markovnikov intermediate AM2a and the η3-butenyl
complex AM2b are in a fast equilibrium, indicated by
the low free energy barrier of 3.3 kcal/mol and the
slightly exergonic property. In contrast, the transforma-
tion of the agostic Markovnikov intermediate M2a to
the syn-η3-allyl complex M2b is a highly exergonic
(-19.0 kcal/mol) and irreversible process, while it has
a moderate free energy barrier of 8.2 kcal/mol.

On the basis of the above discussions, we will address
the competition of the anti-Markovnikov and Markovni-
kov insertion of η2-trans-butadiene. The probability of
the alternative insertion pathways is entirely discrimi-
nated by the respective total barrier and the relative
stability of the insertion products. Summarizing the
data in Figures 1 and 2, we can map out the completed
energy surface for the butadiene insertion. It is distinct
that the anti-Markovnikov (1b to AM2b) and Mark-
ovnikov (1a to M2b) insertion have different thermo-
dynamic behavior. The anti-Markovnikov insertion (1b
to AM2b) is predicted to be a thermally neutral (-0.1
kcal/mol) and reversible process and can be accom-
plished by overcoming a total free energy barrier of 8.1
kcal/mol. However, the Markovnikov insertion (1a to
M2b) is a highly exergonic (-20.1 kcal/mol) and ir-
reversible process, with an insertion free energy barrier
of 6.3 kcal/mol. The difference of 1.8 kcal/mol for the

insertion energy barriers indicates that the Markovni-
kov insertion should be kinetically more favored than
the anti-Markovnikov insertion. Furthermore, the Mark-
ovnikov insertion product M2b is thermodynamically
more stable than the anti-Markovnikov insertion prod-
uct AM2b by 19.9 kcal/mol. This indicates that the
Markovnikov insertion is the only favored path leading
to the syn-η3-allyl complex M2b as the principal inter-
mediate, in agreement with the IR and NMR results.30,31

In addition, it is found that the anti-isomer of the
allylic complex M2b is higher in free energy than the
syn-isomer by 2.5 kcal/mol (3.2 kcal/mol in solvent). The
syn/anti isomerization of the allylic complex (M2b) is
computed to be a η3 f η1 f η3 transformation process,
as shown in the Supporting Information. The corre-
sponding transition state TS(M2b/M2b′) is a η1-species
having an agostic interaction between the central C-H
bond of the allyl group and the cobalt atom, similar to
the case of the allylpalladium complexes reported by
Solin et al.40 Due to the break of two Co-C bonds, this
isomerization process has a high free energy barrier of
26.7 kcal/mol (26.9 kcal/mol in solvent), which is higher
than that of the insertion process.

For complete comparison, we have also computed the
η2-cis-butadiene insertion reaction. The geometries and
energies for the corresponding transition states and
intermediates are provided in the Supporting Informa-
tion. As expected, the free energy barriers for η2-cis-
butadiene insertion in both anti-Markovnikov and
Markovnikov paths (7.8 and 5.9 kcal/mol) are very close
to those for η2-trans-butadiene insertion (8.1 and 6.3
kcal/mol), respectively. Combining the kinetic and ther-
modynamic effects discussed above, the butadiene hy-
droformylation occurs via the η2-trans-butadiene inser-
tion path.

(3) CO Addition and Insertion. Following the
butadiene insertion, the CO addition and insertion take
place. As shown in Scheme 1, CO addition to the η3-bu-
tenyl complex AM2b (anti-Markovnikov intermediate)
forms the 1,2-addition intermediate (H2CdCHCH2CH2)-
Co(CO)4, while CO addition to the syn-η3-allyl complex
M2b (Markovnikov intermediate) leads to the 1,4-
addition intermediate (H3CHCdCHCH2)Co(CO)4 and
the branched intermediate (H2CdCHCH(CH3))Co(CO)4,
respectively. The energy profiles associated with these
processes are depicted in Figure 4, while the structures
of several key stationary points involved in CO addition
are illustrated in Figure 3, and the others are given in
the Supporting Information.

On the basis of the conformation of the η3-butenyl
complex AM2b, the incoming CO would enter the cobalt
coordination sphere by attacking the CdC bond occupied
equatorial site (Figure 4, top). This leads to the trigonal
bipyramidal complex AM3a ((H2CdCHCH2CH2)Co-
(CO)4), in which the butenyl group stands at the axial
site in the η1-coordination mode. In the corresponding
transition state TS(AM2b/3a), the interaction between
cobalt and the CdC bond has broken, although the new
Co-C bond (3.214 Å) is still very weak (Figure 3). As
shown in the top free energy profile of Figure 4, this
CO addition process is exergonic by 2.3 kcal/mol and
has a moderate free energy barrier of 13.8 kcal/mol.
Interestingly, the butenyl tetracarbonyl complex AM3a

(40) Solin, N.; Szabó, K. J. Organometallics 2001, 20, 5464.
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can further convert to the more stable isomers AM3b
and AM3c by the rotation of the CH2-CH2CHCH2 bond
and the CH2CH2-CHCH2 bond, respectively. Compared
with AM3a, AM3b and AM3c are lower in free energy
by 3.0 and 4.7 kcal/mol. The rather small rotation
barriers of 1.3 and 1.8 kcal/mol indicate that these
transformations can proceed very facilely.

As mentioned above, CO addition to the Markovnikov
intermediate, syn-η3-allyl complex M2b, is more com-
plicated. According to the conformation of syn-η3-allyl
complex M2b, the incoming CO can attack M2b from
the front or the back side of the 1-methyl-allyl group
(η3-H2CCHCHCH3). Accompanying the CO approach,
the η3-coordination 1-methyl-allyl group should switch
to the η1-coordination mode. During this course, the
π electrons can locate in different C-C bonds, forming
the HCdCHCH3 and H2CdCH bond, respectively.
As illustrated in Figure 4 (bottom), CO attack from the

Co-CHCH3 side proceeds via the transition state
TS(M2b/ML3), leading to the 1,4-addition intermediate
ML3 ((H3CHCdCHCH2)Co(CO)4) (the attack from back
side via TS′(M2b/ML3) to ML3 is very close in energy),
while CO attack from the Co-CH2 side goes via the
transition state TS(M2b/MB3), giving the branched
intermediate MB3 ((H2CdCHCH(CH3))Co(CO)4). In all
cases, the transition states and the addition products
have the trigonal bipyramidal geometries with the
butenyl group at the axial site (Figure 3). The bottom
free energy profiles in Figure 4 clearly show that the
alternative paths (M2b f TS(M2b/ML3) f ML3 and
M2b f TS(M2b/MB3) f MB3) are endergonic by 7.0
and 13.6 kcal/mol and can be accomplished by over-
coming the high free energy barriers of 23.5 and 28.5
kcal/mol. This thermodynamic behavior strongly differs
from that of propene.38 It was found that CO addition
to the (C3H7)Co(CO)3 is a highly exergonic and irrevers-

Figure 4. Free energy profiles (kcal/mol, in gas phase and in solution) for CO addition and insertion (top for
anti-Markovnikov path and bottom for Markovnikov path, relative to HCo(CO)3 + butadiene + CO in gas phase).
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ible process. However, the endergonic behavior and high
energy barrier for CO addition in butadiene hydro-
formylation are supported by experiments. In the re-
lated high-pressure IR study,30 for example, not only
was the formation of the π-allyl complex η3-C4H7Co(CO)3
observed, but also the existence of σ-C4H7Co(CO)4 was
confirmed. In addition, they attributed the slow hydro-
formylation rates to the catalytic inertness of the π-allyl
complex η3-C4H7Co(CO)3, in line with our theoretical
results.

At this stage, analyzing the competition of two CO
addition paths (path ML and MB) is very interesting
and necessary. From the bottom free energy profiles
in Figure 4, it is evident that the 1,4-addtion species
TS(M2b/ML3) and ML3 are lower in free energy than
the corresponding branched species TS(M2b/MB3) and
MB3 by 5.0 and 6.6 kcal/mol. Therefore, the formation
of ML3 is more favored both kinetically and thermody-
namically. Furthermore, what is the driving force for
these energy differences? Comparing the bond param-
eters of the corresponding species in Figure 3, we can
find that the Co-Cbutenyl distances (2.060 and 2.143 Å)
in TS(M2b/ML3) and ML3 are shorter than those
(2.073 and 2.169 Å) in TS(M2b/MB3) and MB3, re-
spectively. This indicates that a stronger steric interac-
tion exists between the isobutenyl group and the
Co(CO)4 unit, and thus TS(M2b/MB3) and MB3 are
less favored energetically than TS(M2b/ML3) and
ML3. This is in line with the relative stability of propyl
and isopropyl cobalt tetracarbonyl complexes.38 The
above results suggest that the CO addition process is
another crucial factor for determining the observed
regioselectivity.

The subsequent CO insertion step proceeds along
three pathways, AM3c f AM4a f AM4b (path AM),
ML3 f ML4a f ML4b (path ML), and MB3 f MB4a
f MB4b (path MB), forming the acyl complexes. From
the right free energy profiles in Figure 4, we can see
that the CO insertion process for butadiene hydro-
formylation is similar to that for propene.38 It proceeds
via two Co(CO)3 pseudorotated transition states and a
Co‚‚‚H-C agostic stabilized intermediate leading to the
η2-OdC stabilized acyl complex. The whole insertion
process is predicted to be endergonic by 1.2, 4.4, and
1.7 kcal/mol, with the total free energy barriers of 14.3,
17.1, and 13.6 kcal/mol for path AM, ML, and MB,
respectively. It is noteworthy that the transition states
and intermediates of path ML are more stable than the
corresponding species of path MB.

(4) H2 Oxidative Addition and Unsaturated Al-
dehyde Reductive Elimination. The following steps
of the catalytic cycle are to produce the unsaturated
aldehydes as initial products. As expected, the H2
oxidative addition and aldehyde reductive elimination
processes for butadiene hydroformylation are similar to
those for propene.38 Therefore, we only discuss the
energetic changes based on the free energy profiles in
Figure 5, while the structural parameters are given in
the Supporting Information.

As depicted in Figure 5 (left), H2 coordination to the
η2-OdC acyl complex forming the hydrogen complex
(AM4b f AM5a, ML4b f ML5a, and MB4b f MB5a)
is predicted to be endergonic by 11.8, 11.3, and 12.0 kcal/
mol, respectively. The successive H2 oxidative addition

(AM5a f AM5b f AM6, ML5a f ML5b f ML6, and
MB5a f MB5b f MB6) proceeds by stepping via the
acyl group rotation and the H-H dissociation leading
to the dihydride complex, and the entire process is
computed to be endergonic by 4.1, 4.3, and 2.6 kcal/mol,
with the total free energy barriers of 5.7, 5.9, and 5.9
kcal/mol. The right free energy profiles in Figure 5
clearly show that the unsaturated aldehyde elimination
(AM6 f AM7, ML6 f ML7, and MB6 f MB7) is a
rapid and irreversible process, which goes through the
three-center transition state giving the unsaturated
aldehyde adduct. Interestingly, the energetic preference
for the species along path ML with respect to the
corresponding species along path MB is still preserved
in these processes.

(5) Regioselectivity. The hydroformylation of buta-
diene can give the 1,2-addition unsaturated aldehyde
H2CdCHCH2CH2CHO, the 1,4-addition unsaturated
aldehyde H3CHCdCHCH2CHO, and the branched un-
saturated aldehyde H2CdCHCH(CH3)CHO as initial
products (Scheme 1). For the HCo(CO)3-catalyzed hy-
droformylation of butadiene, the observed regioselec-
tivity is determined by η2-butadiene insertion into the
Co-H bond and CO addition steps.

Combining the results in Figures 1 and 2, we can find
that the thermodynamic behavior of the anti-Markovni-
kov insertion and the Markovnikov insertion is remark-
ably different. The anti-Markovnikov insertion (1b to
AM2b) is a reversible process, while the Markovnikov
insertion (1a to M2b) is an irreversible process. Al-
though the difference of the total insertion free energy
barriers for both paths is small (8.1 and 6.3 kcal/mol),
the rather high stability (19.9 kcal/mol) of the syn-η3-
allyl complex M2b with respect to AM2b presents a
distinctively thermodynamic preference for the Mark-
ovnikov insertion. This leads to the syn-η3-allyl complex
M2b as the exclusive intermediate of the butadiene
insertion, and thus the formation of 1,2-addition product
via the anti-Markovnikov intermediate AM2b is almost
suppressed.

The subsequent CO addition to the Markovnikov
intermediate, syn-η3-allyl complex M2b, can give ML3
((H3CHCdCHCH2)Co(CO)4) and MB3 ((H2CdCHCH-
(CH3))Co(CO)4). The former eventually leads to the 1,4-
addition product (path ML), while the latter eventually
yields the branched product (path MB). As shown in
Figure 4 (left of the bottom energy profiles), the 1,4-
addition species TS(M2b/ML3) and ML3 are lower in
free energy than the corresponding branched species
TS(M2b/MB3) and MB3 by 5.0 and 6.6 kcal/mol,
respectively. These energy differences favor the 1,4-
addition product over the branched product with a
percentage ratio of nearly 100% both kinetically and
thermodynamically.

As a consequence, the HCo(CO)3-catalyzed buta-
diene hydroformylation proceeds along path ML,
leading to the 1,4-addition unsaturated aldehyde
H3CHCdCHCH2CHO as the initial principal product,
in line with the experimental observations. The free
energy data of each elementary step involved in this
favored path are collected in Table 1. It is clearly shown
that syn-η3-allyl complex M2b is the resting state of the
catalyst. The CO addition has the largest free energy
barrier and should be the rate-determining step.
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(6) Comparison with Experiment. Recently, sev-
eral key intermediates of cobalt-catalyzed hydromethox-
ycarbonylation of butadiene have been characterized by
using high-pressure IR and NMR techniques.31 Four
facts are found for the catalytic cycle and the reaction
mechanism: (i) the allylic complex (η3-C4H7)Co(CO)3
(M2b) is quite stable at 100 °C, and no further reactions
could be detected after the formation for several hours
under 75 bar of CO at 100 °C in MeOH; (ii) but-2-enyl
complex (CH3CHdCHCH2)Co(CO)4 (ML3) is very un-
stable and can be readily converted to the corre-
sponding acyl complex (CH3CHdCHCH2CO)Co(CO)4
with CO (quantitative formation at -40 °C under 70
bar of CO); (iii) ML3 can be very easily converted to
M2b by losing CO by raising the reaction temperature
from -40 °C to room temperature; (iv) the acyl complex
(CH3CHdCHCH2CO)Co(CO)4 is stable at 0 °C under 70

bar of CO, but can be easily converted to M2b at higher
temperature (>40 °C) by decarbonylation reaction.

Although there are no quantitative kinetic and ther-
modynamic data available for direct comparison, these
experimental results agree qualitatively with our com-
putations. The changes of free energies and enthalpies
(note that these values are scaled at 130 °C) are shown
in Scheme 2. For example, ML3 by losing CO resulting
in M2b is thermally neutral (1.1 kcal/mol), but the large
entropy effect leads to a negative free energy change
(-7.0 kcal/mol). This is why ML3 to M2b can be
conducted by raising the temperature (-40 °C to room
temperature). The same explanation is also found for
the formal change from the acyl complex by losing two
CO molecules to M2b at even higher temperature
(140 °C), since this formal process is endothermic (9.3
kcal/mol), but exergonic (-7.9 kcal/mol) due to the large

Figure 5. Free energy profiles (kcal/mol, in gas phase and in solution) for H2 oxidative addition and aldehyde elimination
(top for anti-Markovnikov path and bottom for Markovnikov path, relative to HCo(CO)3 + butadiene + CO + H2 in gas
phase).
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entropy contribution. In addition, the exothermic prop-
erty (-8.2 kcal/mol) from ML3 to the acyl complex
explains the facial reaction at low temperature (-40 °C).

Furthermore, we have also compared the calculated
and detected CO stretching frequencies of these inter-
mediates. As given in Table 2, the calculated values
agree perfectly with the experimental data. The linear
relationship between the calculated and detected CO
frequencies in Scheme 3 is self-explaining on the quality
of the calculation and in turn confirms the experimental
findings.

(7) Solvent Effects. One of the most frequently
asked questions in general is the solvent effects in

computation, since most of the reactions take place in
solvents rather in ideal gas phase. Here we performed
a set of calculations to estimate the magnitudes of
solvation in hydroformylation of butadiene. In our model
calculation, we have used methanol as solvent due to
its polarity, forming a continuous medium on one hand,
and on the other hand, as reactant for hydromethoxy-
carbonylation. Comparison between gas phase and
medium calculations can provide insight into the effect
of solvent on the reaction potential energy surface and
the change of reaction mechanism.

First, the dielectric effect of methanol on all species
is estimated using the IPCM model. The data are given
in square brackets of the corresponding free energy
profiles in Figures 1, 2, 4, and 5. These results show
that the solvation free energy for the species involved
in butadiene coordination (Figure 1), butadiene inser-
tion (Figure 2), and CO addition (Figure 4) is in the
range 2.6-4.5 kcal/mol, while the species involved in
CO insertion (Figure 4), H2 oxidative addition, and
aldehyde elimination (Figure 5) have a slightly larger
solvation free energy of 5.5-7.5 kcal/mol. However, the
free energies of activation and reaction in methanol are
comparable with the data in the gas phase. Along the
reaction path ML for forming the 1,4-addition product
(Table 1), most changes are within 1.0 kcal/mol, but
some significant lowering of energy barriers is found in
the CO insertion and H2 oxidative addition steps, e.g.,
-2.1 kcal/mol for ML3 f ML4a and -4.1 kcal/mol for
ML5a f ML5b, respectively. However, no disorders of
the stationary points on the energy profiles due to
solvation can be found.

Since the CO addition step has the highest free energy
of activation and negligible solvent effects, these changes
in CO insertion and H2 oxidative addition do not affect
the rate-determining step. This indicates that a polar
solvent like methanol can stabilize species involved in
the catalytic cycle to some extent, but cannot change
their relative values in activation and reaction.

In addition, we have also considered the possibility
of methanol as ligand for changing the reaction mech-
anism or alternating the reaction rate. Three competing
reactions have been examined: (i) methanol and buta-
diene with the active catalyst, HCo(CO)3, (ii) methanol
and CO with the η3-allyl complex (M2b), and (iii)
methanol and H2 with the acyl complex (ML4b). It is
found that methanol coordination to HCo(CO)3, M2b,

Table 1. Free Energies of Activation and Reaction
(∆Gq and ∆G, kcal/mol) for the Most Favored

Path, ML
reaction ∆Gq [∆Gsol

q]a ∆G [∆Gsol]a

butadiene insertion
1a f 1d 2.4 [1.9] 2.4 [1.9]
1d f TS(1d/M2a) f M2a 3.9 [3.6] -3.5 [-3.3]
M2a f TS(M2a/2b) f M2b 8.2 [8.5] -19.0 [-19.1]
CO addition and insertion
M2b + CO f TS(M2b/ML3) f

ML3
23.5 [24.4] 7.0 [7.5]

ML3 f TS(ML3/4a) f ML4a 11.3 [9.2] 7.8 [4.4]
ML4a f TS(ML4a/4b) f ML4b 9.3 [10.1] -3.4 [-2.2]
H2 oxidative addition
ML4b + H2 f TS(ML4b/5a) f

ML5a
12.1 [12.4] 11.3 [11.2]

ML5a f TS(ML5a/5b) f ML5b 5.9 [1.8] 1.7 [0.0]
ML5b f TS(ML5b/6) f ML6 3.4 [4.6] 2.6 [3.5]
aldehyde elimination
ML6 f TS(ML6/7) f ML7 3.4 [2.5] -12.7 [-13.2]

a The corresponding data with methanol as solvent are given
in square brackets.

Scheme 2. Relative Free Energies (in kcal/mol,
enthalpies in square brackets): Relationship

among Various Key Intermediates

Table 2. Computeda and Detected CO Stretching
Frequencies (νCO, cm-1)

system νCO/calc νCO/exptb

M2b 1994 (vs), 1996 (vs),
2049 (s)

1988 (vs), 2057 (s)
[1993 (vs), 2060 (s)]c

ML3 2010 (s), 2016 (s),
2028 (m), 2084 (w)

2005 (s), 2011 (s),
2028 (m), 2099 (w)

acyl complex 2004 (s), 2021 (s),
2043 (m), 2094 (w),

1728 (w)

2007 (s), 2026 (s),
2047 (m), 2108 (w),

1710 (w)
ML4b 1983 (s), 2010 (m),

2071 (m), 1690 (w)
[1977, 2008, 2081,
1686]d

a At B3LYP/6-311+G(d), scaled by an empirical factor of 0.9667
deduced from the free CO frequency at the same level. b Reference
31. c Reference 30. d Reference 42 for (CH3CO)Co(CO)3.

Scheme 3. Correlation (R2 ) 0.992) between
Calculated and Detected CO Frequencies (νCO,

cm-1) for the Intermediates
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and ML4b is endergonic by 3.7, 29.0, and 12.0 kcal/mol
(the corresponding values in solvent are 4.8, 30.8, and
10.4 kcal/mol), respectively. These methanol coordina-
tion processes proceed without any additional barriers.
The geometry of the transition state TS(M2b/M2bS)
is similar to that for CO addition (Supporting Informa-
tion), while no corresponding transition states can be
located for the other methanol coordination processes.
Comparing these energy data with the free energy
barriers of competing reaction steps, we can find that
methanol coordination is not favored over butadiene
coordination (2.2 kcal/mol) and CO addition (23.5
kcal/mol), while is competitive to H2 coordination (12.1
kcal/mol) kinetically (the corresponding values in sol-
vent are -1.1, 24.4, and 12.4 kcal/mol, respectively). The
thermodynamic properties of these competing reactions
are described by the following equations (eqs 3-5).

The calculated reaction free energies in eq 3 indicate
that the butadiene complex (1a) is more stable than the
methanol complex by 1.5 kcal/mol in the gas phase or
2.4 kcal/mol in solution. Thus, 1a is more favored
thermodynamically than the methanol complex, and in
a possible equilibrium, 1a should be the major part,
while the methanol complex is the minor part. In eq 4,
the rather large positive free energies in both the gas
phase and solution show that methanol coordination is
absolutely not competitive with CO coordination, and
therefore, the rate-determining step will not be affected
by solvent.

In contrast to butadiene and CO coordination, the
negative free energies in eq 5 show that methanol has
a large effect on H2 addition in both the gas phase and
solution. This indicates that methanol will hinder the
H2 addition and also the subsequent formation of
aldehyde and result in the formation of ester from
methanol oxidative addition (hydromethoxycarbonyla-
tion). However, it is found that methanol oxidative
addition has a much higher activation free energy (ca.
49 kcal/mol41,42) than H2 oxidative addition (ca. 6

kcal/mol, Figure 5), and this indicates that direct
methanol oxidative addition is unlikely as compared to
H2 oxidative addition. On this basis, it is easily to
explain the accelerating effect of the hydromethoxycar-
bonylation of 1,3-butadiene by pyridine, since pyridine
as base deprotonates methanol to form pyridinium ion
and methoxide (CH3O-), and CH3O- will react with the
acyl complex to yield an ester via nucleophilic substitu-
tion, as proposed by Tuba et al.31 This will reduce the
rather high methanol oxidative addition barrier.

It is therefore summarized that methanol as solvent
can stabilize species of the catalytic cycle, but cannot
change the relative free energies on one hand, and on
the other hand, methanol as ligand does not compete
with CO addition to coordinatively unsaturated species
and change the rate-determining step.

Conclusion

At the B3LYP/6-311+G(d) density functional level of
theory, the entire catalytic cycle of the HCo(CO)3-
catalyzed hydroformylation of butadiene has been in-
vestigated. The origin of the observed regioselectivity
is clarified. The solvent effects including dielectric effect
and the solvation of coordinatively unsaturated species
are also elucidated.

Due to the presence of the conjugated structural unit,
some crucial reaction behaviors of butadiene hydro-
formylation strongly differ from those of olefins. The
hydroformylation of butadiene can give H2CdCHCH2-
CH2CHO (1,2-addition), H3CHCdCHCH2CHO (1,4-ad-
dition), and H2CdCHCH(CH3)CHO as initial products.
It is found that the anti-Markovnikov insertion is
reversible, while the Markovnikov insertion is irrevers-
ible. The enhanced stability of the syn-η3-allyl complex
presents a distinctly thermodynamic preference for the
Markovnikov insertion. Therefore, the formation of 1,2-
addition product via the anti-Markovnikov path is
almost suppressed. The CO addition to the syn-η3-allyl
complex favors forming the 1,4-addition intermediate
over the branched intermediate both kinetically and
thermodynamically. Accordingly, the 1,4-addition un-
saturated aldehyde H3CHCdCHCH2CHO should be the
principal product, in agreement with the experimental
findings. For the most favored path ML, the CO addition
is the rate-determining step. It is also noted that
methanol as solvent and ligand does not change the
potential energy surface compared to that found in the
gas phase.
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D.; Strübing, D. Hübner, S.; Hateley, M.; Weckbecker, K.; Huthmacher,
T.; Riermeier, C.; Beller. M. J. Organomet. Chem. 2004, 689, 3685. (42) Sweany, R. L. Organometallics 1989, 8, 175.

HCo(CO)3(η
2-H2CdCH-CHdCH2) (1a) + CH3OH )

HCo(CO)3(CH3OH) + H2CdCH-CHdCH2 (3)

∆G[∆Gsol] ) +1.5[+2.4] kcal/mol

(CH3-CHdCH-CH2-)Co(CO)4 (ML3) + CH3OH )
(CH3-CHdCH-CH2-)Co(CO)3(CH3OH) + CO (4)

∆G[∆Gsol] ) +16.3[+19.8] kcal/mol

(CH3-CHdCH-CH2-CO-)Co(CO)3(η
2-H2)

(ML5a) + CH3OH )
(CH3-CHdCH-CH2-CO-)Co(CO)3(CH3OH) + H2

(5)

∆G[∆Gsol] ) -8.3[-3.5] kcal/mol
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