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Ab initio quantum chemical computations have been done to determine the ener-
getics and reaction pathways of hydroformylation of higher alkenes using a rhodium
complex homogeneous catalyst. Calculation of fragments of the potential energy surfa-
ces of the HRh(CO)(PPh3)3-catalyzed hydroformylation of 1-decene, 1-dodecene, and
styrene were performed by the restricted Hartree-Fock method at the second-order
MØller-Plesset (MP2) level of perturbation theory and basis set of 6-31þþG(d,p).
Geometrically optimized structures of the intermediates and transition states were
identified. Three generalized rate models were developed on the basis of above
reaction path analysis as well as experimental findings reported in the literature. The
kinetic and equilibrium parameters of the models were estimated by nonlinear least
square regression of available literature data. The model based on H2-oxidative addi-
tion fitted the data best; it predicts the conversion of all the alkenes quite satisfactorily
with an average deviation of 7.6% and a maximum deviation of 13%. VVC 2009 American
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Introduction

Molecular modeling based on quantum mechanical com-
putations is emerging as a useful and reliable strategy of pre-
dicting energetics and kinetics of chemical reactions.1,2 The
strategy has three major ramifications, the ab initio electronic
structure and molecular orbital (MO) calculations, semi-
empirical methods, and molecular mechanics. Of the three,
ab initio molecular orbital methods are the most accurate
and consistent because they provide the best mathematical
approximation to the actual system.3 The term ab initio
implies that the computations are based on the laws of quan-

tum mechanics, the masses and charges of the electrons and
atomic nuclei, and the values of fundamental physical con-
stants. Virtually, no conceptual approximations are
involved.4 Molecular orbital methods deal with solution of
the Schrodinger’s equation for a chemical system using a
‘‘basis set’’ of functions that satisfy a series of rigorous
mathematical approximations. Ab initio molecular orbital
calculations are specified by a ‘‘model chemistry.’’4 The
accuracy and computational time depend upon the choice of
the method and the basis set, the general structure and elec-
tronic state of the molecular system under study (e.g., charge
and spin states), and the treatment of electron spin. Reasona-
ble accuracy in moderate computer time may be achieved
for larger molecules (n � 10–30 atoms) only by using the
basic theory with minimal basis sets (i.e., H-F or Hartree-
Fock approximation), whereas calculations on chemical reac-
tions between simple diatomic molecules can be performed
with the state-of-the-art model chemistries. For very large
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systems (n � 50 atoms or more), an excessive computational
time may be avoided with less sophisticated models, like
semi-empirical methods and molecular mechanics.5

In course of our work on kinetic studies of hydroformyla-
tion of higher alkenes in a thermomorphic solvent system,6

we came across only few recent publications on ab initio
calculation of energetics of hydroformylation of lower
alkenes with a view to identifying the reaction pathways, the
transition states, and eventually to develop a useful rate
equation. On the other hand, a pretty large number of papers
appeared during the last 3 decades on macroscopic and
empirical kinetic modeling of the rate of hydroformylation
of both lower and higher alkenes (a brief account of these
work will be given later). This prompted us to explore the
application of the ab initio computational technique to the
commercially important hydroformylation reaction of higher
alkenes and to compare the results with macroscopic experi-
mental data already available in the literature.

Hydroformylation is the reaction process of an olefin with
syngas (H2/CO) in the presence of cobalt, rhodium, or plati-
num catalyst to produce an aldehyde that may have a wide
range of applications in plasticizers, detergents, perfumes,
fragrances, surfactants, etc.7–9 Although the actual steps of
the homogeneous catalytic gas–liquid reaction are complex,
the overall reaction can be represented by Eq. 1.

(1)

The most widely used ligand in a homogeneous hydro-
formylation process is triphenylphosphine (PPh3). In the rho-
dium-PPh3 catalyzed hydroformylation, it has been estab-
lished that hydridocarbonyl-tris(triphenylphosphine)rhodium
(I) (HRh(CO)(PPh3)3) is a direct catalyst precursor. The mech-
anism of the previous generation cobalt-catalyzed hydroformy-
lation as postulated by Heck and Breslow8 has been found to
explain the action of phosphine-modified rhodium carbonyl as
well.10,11 In spite of the commercial importance of the rho-
dium-PPh3 catalyst, only limited data have been published on
the kinetics of the hydroformylation reaction under the indus-
trial operating conditions (T ¼ 343–393 K, CO partial pressure
¼ 5–25 bar, H2 partial pressure ¼ 5–25 bar, Rh loading �1
mM and alkene concentration ¼ 0.1–2 M). Here we have
applied the ab initio technique of quantum chemical computa-
tion to obtain the energetics and to identify the reaction path-
ways of Rh-catalyzed hydroformylation of higher alkenes (1-
octene, 1-decene, 1-dodecene, and styrene) using low concen-
trations of phosphine ligand. Because the available computa-
tional tools did not allow prediction of the kinetic parameters
of the systems under study, we have developed generalized
macroscopic reaction rate equations based on the mechanism
and pathways given by the ab initio calculation. The kinetic
constants were evaluated by fitting experimental hydroformyla-
tion data at different process conditions. The resulting activa-
tion energies matched remarkably well with that predicted by
the quantum chemical method thereby validating its applicabil-
ity to this class of homogeneous catalytic reactions.

The ab initio molecular orbital calculation

The quantum mechanical description of chemical bonds is
given by a space and time dependent probability distribution:
the molecular wavefunction, Wmol(t), defined by the Schrö-
dinger equation

H
_

molWmolðtÞ ¼ i�h
@WmolðtÞ

@t
(2)

where H
_

is the Hamiltonian operator representing the sum of
kinetic and potential energies, �h is Planck’s constant, i is the
imaginary unit, and t is time. For systems of more than two
interacting particles, the Schrödinger equation cannot be
solved exactly. Therefore, all ab initio calculations for
molecules involve some level of approximation and indeed,
some level of empirical parameterization. The standard MO
treatment for most closed-shell molecules involves a spin-
restricted Hartree-Fock self-consistent field (HF-SCF) calcula-
tion. HF-SCF calculations generally yield accurate molecular
structures but are less successful in predicting molecular
energies. The main source of error in HF calculations is
neglect of electron correlation, which results in systematic
overestimates of molecular energies. Different tools of varying
complexities have been developed to enhance the accuracy of
computation.12,13

Ab initio MO studies require a basis set of mathematical
functions to solve the wave equation. Standard ab initio soft-
ware packages provide a choice of basis sets that vary both
in size and in their description of the electrons in different
orbitals. Quantitative accuracy improves with the size of
basis sets, because larger basis sets contain more adjustable
parameters and thus offer better approximations of the true
molecular wave functions. In general, ab initio MO studies
on complex systems should begin with calculations using
small basis sets, to obtain a qualitative assessment of molec-
ular properties. For general use, the smallest standard basis
set is recommended in the Gaussian 98 is 6-31G(d) package.
A number of quantities such as molecular orbital energies,
total energy from electronic and nuclear repulsion, heat of
formation, and dipole moment are obtainable from molecular
orbital calculations.

It will be pertinent at this point to refer to the reported
applications of the methodology to the study of energetics
and kinetics of noncatalytic and catalytic reactions, both
homogeneous and heterogeneous. Saeys et al.1 developed
a Langmuir-Hinshelwood-Hougen-Watson (LHHW) kinetic
model for the hydrogenation of toluene over Pt catalyst
based on the first-principles density functional theory calcu-
lations. The LHHW model is able to capture the main trends
in the reaction pathways and rates. Rocha et al.14 performed
a theoretical study on the homogeneous catalysis of isomeri-
zation of b-pinene, a hydroformylation perecursor. The isom-
erization was investigated at three different levels of
theory—HF, MP2, and MP4(SDQ)—using four different
sizes of basis set, namely, 6-31G, 6-31G(d), 6-31þG(d), and
6-311þþG(d,p), provided in the computational package. It
was reported that the use of different basis set and the inclu-
sion of the electron correlation effects had little influence on
the relative stability of the b-pinene isomers but the effect
on the energy barrier for the isomerization reaction was
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significant. Another theoretical study on the mechanism of
the isomerization of 1-butene catalyzed by Rh-complex has
been reported by Luo et al.15 The quantum mechanical cal-
culations were carried out in the density functional theory
framework to evaluate the potential energy profile and the
reaction mechanisms involved. Rocha16 studied the reaction
mechanisms involved in the last step of the catalytic cycle
of the hydroformylation of an alkene promoted by Pt-Sn
catalyst, which is a hydrogenolysis process. Very recently,
Cavallotti et al.2 reported ab initio computational studies on
cyclohexane oxidation leading to kinetic parameters of
primary reactions. These results together with available
experimental data were used to formulate and test a detailed
kinetic model.

The quantum chemical calculation of the potential energy
of intermediates and transition states requires a reaction
scheme to begin the process. In this way, the outline of a
kinetic model with a sound theoretical basis is built which
can be used to predict the macroscopic parameters of the
process and to compare directly with experiment (a kind of
benchmarking). In some cases, it may be possible to predict
the outcome of new chemical processes.

Computational strategy

A tentative mechanism of the reaction pathways is a prereq-
uisite of the ab initio computation.17 The quantum-chemical
calculations were performed with the GAMESS Pro 11.0 pro-
gram package and ChemBio3D 11.0 as a front end graphical
user interface (GUI). Geometries of all the transition states as
well as of the intermediates were optimized at the restricted
Hartree-Fock (RHF)/6-31G(d,p) level. For the energetics, the
electron correlation calculations were performed with the
frozen-core second-order Møller-Plesset (MP2) perturbation
method, using basis sets 6-31þþG(d,p).15 We used two basis
sets, basis set I for the RHF geometrical optimization and
basis set II for the MP2 energy calculation and higher
level calculations. The vibrational analysis and internal
reaction calculations (IRC) were also performed to verify the
transition states. Vibrational frequencies were calculated at
the RHF/6-31G(d,p) level. A scaling factor of 0.937 was
used.18 In addition, zero point energy (ZPE), which a quantum
system possesses at 0 K in contrast to a classical system,
was also calculated. The contribution of the ZPE that arises
out of the residual vibration, to the reaction enthalpy and
Gibbs free energy may sometimes be significant. Because ab
initio ZPE calculations yield slightly higher values than
actual, a scaling factor of 0.89 was used.19 The contribution
of ZPE to the PE was within 5% for most of the species
involved in this study.

To check the accuracy of our computational strategy and
methodology, we performed test calculations of an interme-
diate (Coutinho et al.20 called it l-acyl complex) identified
in the process of hydroformylation of phosphino-butene with
a hetero-bimetallic complex catalyst.20 We have confirmed
that the structure of the complex calculated at MP-2/6-
31G(d,p) level is in good agreement with that experimentally
determined by Coutinho et al. using X-ray crystallography
and theoretically calculated latter on by Tang et al.21 The
transition state structures of the species in the present study
were located on the potential energy surface using the quad-

ratic synchronous approach of Schlegel and Yarkony,17 start-
ing with a low level computed Hessian matrix for a suitable
guess of transition state structure. Calculation of the har-
monic vibrational frequencies for the transition state (TS)
species revealed that each contained the single imaginary
frequency required to classify it as a true TS. Activation
energies were calculated for the five transition structures of
Rh-catalyzed hydroformylation of ethylene identified by
Matsubara et al.22 (alkene insertion, H-insertion onto alkene
ligand, CO insertion, H2 oxidative addition, and aldehyde
reductive elimination). However, only three transition states
with the three highest energy barrier (alkene insertion, CO
insertion, and H2 oxidative addition) were selected for
detailed study in our work. Structure of PH3 is chosen to
mimic the organic phosphorus ligand PPh3, to avoid exces-
sive computational time without any appreciable loss of
accuracy.15,23

The reaction pathways

The tentative reaction pathways for ab initio computation
is shown in Figure 1 (computations are confined to the reac-
tions within the dotted box). The pathways and the species
involved in various stages are discussed in Table 1. Qualita-
tive reasoning and some available experimental observations
form the basis of the scheme. According to van Leeuwen
et al.,10 hydroformylation reactions are quite sensitive to
experimental conditions such as the concentrations of the
catalyst, carbon monoxide, hydrogen, the olefin, and
the added ligand. At low Rh concentration, using
HRh(PPh3)3CO as the catalyst precursor without addition of
excess PPh3 ligands, substantial dissociation can occur with
the formation of mono-phosphine or phosphine-free cata-
lysts. Therefore, it is anticipated that at a high CO pressure
of 20–40 bar and low PPh3 concentration, the PPh3 ligand of
the complex HRh(PPh3)3CO (which is the catalyst precursor,
A) can exchange with carbon monoxide to form B and
C(Figure 1). The 31P NMR magnetization transfer experi-
ments described by Brown and Kent24 also indicated that
PPh3 dissociation from the RhL2 [the complex B; L ¼
ligand] complex could occur at a significantly slower rate
than the corresponding PPh3 dissociation from tris-triphenyl-
phosphine complex, A. In addition, spectroscopic experi-
ments have revealed that under hydroformylation conditions,
rhodium tri(o-tert-butylphenyl)phosphite complex is coordi-
nated by only one phosphite, HRh[P(OAr)3](CO)3.

25 van der
Veen et al.26 claimed that the rate of hydroformylation is
two orders of magnitude slower than the rate of carbon mon-
oxide exchange of isomers of type B. The relative concentra-
tions of these intermediates are controlled by the PPh3 and
CO concentrations. Thus, we may conclude that the initiation
of the catalytic cycle by dissociation of CO and PPh3 should
not be rate determining because it has been found to be fast
on the time-scale of hydroformylation.

Wilkinson suggested that species C, formed at a low con-
centration of PPh3, leads to a lower selectivity for linear
aldehyde (linear:branched ¼ 4:1) when compared with
hydroformylation reaction with additional amount of PPh3.

27

The overall steric hindrance at the rhodium metal of species
B is low because two relatively small carbonyl ligands are
coordinated next to two bulky triphenylphosphine, PPh3. The
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rhodium center containing two weak phosphine donors and
strongly electron withdrawing carbonyl ligands is predictably
electron deficient. As a result, the carbonyl ligands are
strongly bound and the fast dissociation of phosphine
(structure C) and subsequent olefin addition results in high
reaction rates. Hydride migration in a latter step results in
the formation of the linear or branched rhodium alkyl
complex, F and G (Figure 1).

The isomerization reaction is often ignored in developing
the rate equation. Under the reaction condition, the rhodium
alkyl complexes F and G can undergo either migratory

insertion forming the rhodium acyl complex or b-hydride
elimination. As for the primary rhodium alkyl F, the
b-hydride elimination will lead to the initial substrate.
However the secondary rhodium alkyl complex, G can lead
to the 1-alkene and a by-product, internal 2-alkenes, by
b-hydride elimination. Because b-hydride elimination is
faster for the secondary rhodium alkyl than for the primary
rhodium alkyl complex, high isomerization rates will reduce
the formation of the branched rhodium acyl to a larger
extent than the linear rhodium acyl. Another possible side
reaction is the formation of the inactive tricarbonyl rhodium

Figure 1. Plausible steps for rhodium catalyzed hydroformylation in the presence of low concentration of
phosphine ligand.
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species M, from the addition of CO to the unsaturated rho-
dium acyl complex, J.23,28 Further details of the reaction
pathways are given in Table 1.

Results and Discussion

Quantum chemical calculation

As stated before, quantum chemical calculations are con-
fined to the reactions within the dashed box in Figure 1. The
main reaction mechanism involves nine elementary steps
(besides other secondary steps leading to the iso-product),
three of which pass through transition states (TS): (i) alkene
insertion (step 5), (ii) formation of acyl complex (step 10),
(iii) H2 oxidative addition (step 13). These three reactions
will be examined individually, and at the end the overall
potential energy profile will be analyzed. Figures 2a–c show
the optimized structures of the three transition states. The
computed potential energies of the various species appearing
in the proposed reaction pathways (Figure 1) are shown in
Figures 3a–c against the reaction coordinate. The reaction
coordinate represents the progress along the reaction path-
ways. It is expedient to mention here that two intermediate
species, which are called N and P, appear between J and the
product aldehyde during the potential energy calculation.
These are a dihydride acyl species and an aldehyde coordi-
nated intermediate, respectively. However, because the tran-
sition state involving aldehyde reductive elimination was not
selected for detailed study in this work, the species N and P

are not included in the catalytic cycle in Figure 1.

Alkene insertion

An alkene ligand attaches to the catalyst molecule in this
step. This is followed by insertion or integration of the
alkene into the Rh-H bond to generate a saturated Rh-alkyl
complex F (or G). The HF optimized geometry of the

alkene insertion transition state TS1 originating from H2-
alkene adduct E1 is displayed in Figure 2a. In proceeding
from the H2-alkene adduct to the insertion transition state,

Table 1. Description of the Catalytic Cycle in Figure 1

Step Description

1 For PPh3 as the ligand (L), the starting complex is HRh(CO)(PPh3)3 (complex A), which in the presence of carbon
monoxide forms diphosphine intermediate, containing the phosphine ligands in equatorial positions (ee) or one in
an apical position and the other ligand in an equatorial position (ae). Brown and Kent20 found a preference for
the ‘‘ee’’ isomer (i.e., complex B). The other possible isomer (ae) of the complex is not shown.

2 At low Rh concentration, using HRh(CO)(PPh3)3 as the precursor without addition of PPh3 ligand, substantial
dissociation will occur to form monophosphine catalyst, complex C.10 In addition, according to Jongsma et al.,21

complex B may undergoes exchange of ligand to form single coordinated PPh3 ligand, C, at high CO pressure.
3 and 4 Revesible addition/elimination of either L or CO from B or C leads to the square-planar intermediate D.
5 Complex D associate with olefin to give complex E which eventually gives rise to the product aldehyde (n- or iso-)

through a number of stpes that follow.
6 and 7 Complex E undergoes a migratory insertion step to give square planar alkyl complexes F or G. Complex E can

undergo b-hydride elimination, thus leading to isomerization especially when higher alkenes are used (step 7).
Wilkinson10 suggested that formation of species F, lead to higher linear aldehyde selectivity (n:iso ¼ 20:1), and
that species G, containing only one phosphine, lead to a lower selectivity for linear aldehyde (n:iso ¼ 4:1).

8 and 9 Complex F (and also G) react further with CO to form trigonal bypiramidal complexes H (and also K).
10 and 11 Complex H (and also K) undergoes the second migratory insertion of the alkyl ligand to form acyl complexes J

(and also Q).
12 Complex J can react further with CO to give the saturated acyl intermediate M, which have been observed

spectroscopically.20

13 and 14 Complex J (and Q) reacts with H2 to give the aldehyde product and gives back the unsaturated intermediate D. The
reaction with H2 involves presumably oxidative addition and reductive elimination.

Figure 2. (a) Selected geometrical parameters of
optimized structures (Å) of the transition
state TS-1 (E1/F1) for the 1-dodecene inser-
tion at RHF level; (b) Optimized bond lengths
(Å) of transition state TS-2 (H1/J1) for the CO
insertion at the RHF level (1-octene); (c)
Optimized structures (Å) of the transition
state TS-3 (J1/N1) for the H2 oxidative addi-
tion at the RHF level (1-dodecene).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3. (a) The potential energy profile of 1-decene hydroformylation reaction (the ‘‘ee’’ isomer is denoted by ‘‘1’’ and the
‘‘ae’’ isomer by ‘‘2’’); (b) The potential energy profile of 1-dodecene hydroformylation reaction; (c) The potential
energy profile of styrene hydroformylation reaction.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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the alkene ligand must rotate out of the equatorial plane
and shift upward in order to facilitate its alkene group to
align with the axial hydride. As it can be seen in Figure 2a,
the alkene ligand in the transition state oriented itself inter-
mediary between a perpendicular and a parallel alignment.
Simultaneously, the axial hydride bends toward the incom-
ing alkene ligand. In fact, two alkene insertion transition
states TS1(E1/F1) and TS1(E2/F2) were identified at the
MP2 level: the former was due to the ‘‘ee’’ H2-alkene
adduct, whereas the latter originated from ‘‘ae’’ H2-alkene
adduct. Harmonic vibrational frequency calculations con-
firmed that both the species are indeed transition states con-
taining a single imaginary frequency. The structures of
TS1(E1/F1) and TS1(E2/F2) could be further confirmed
by calculation of the IRC, TS1(E1/F1) generated the trans-
Rh-alkyl insertion product (F1), while TS1(E2/F2) led to
the cis-Rh-alkyl insertion product (F2). The activation
energy barrier varies from 39 to 57.4 kJ mol�1 for the three
alkenes at the MP2 level, depending upon the size of
the alkene molecule. This activation energy is required for
the deformation of trigonal-bypiramidal structure as well as
to meet the energy demand for bond exchange in olefin
insertion.

Formation of acyl complex

Along the reaction coordinate, the axial alkyl ligand is
bent toward the equatorial CO ligand before the three-mem-
ber ringed, trigonal bypyramidal-like transition structure was
formed (Figure 2b). This distortion was coupled with a bend-
ing of the oxygen atom of the CO ligand away from the
incoming alkyl group in order to reduce the steric and elec-
tronic repulsion. The bond angle RhACAO changes from
178� in H2 to 163� in TS2(H2/J2) which indicated that the
CO ligand also bent slightly to align with the incoming alkyl
ligand. The product of CO insertion had two isomers, J1 and
J2. Obviously, J2 is a more stable isomer by a preferred
energy in the range of 6.7–7.5 kJ mol�1 of J1. All these
were confirmed by IRC calculations.

H2 oxidative addition

The third transition state (Figure 2c) considered in this
work was oxidative addition of H2 to the unsaturated four-
coordinated complexes J to give rise to a dihydride acyl
species N (Figure 3). Calculated at the MP2 level, the H2

addition step for all three substrates was predicted to be
endothermic to the extent of 21.0–37.5 kJ mol�1. We can
visualize two alternative ways of attack by a reacting hydro-
gen molecule: (i) the H2 molecule collides with the central
Rh parallel to LARhAC(CO) in the species J forming tran-
sition state TS3(J1/N1), and (ii) it does so along the
C(CO)ARhAC(CO) line and moves up to rhodium yielding
TS3(J2/N2). The transition states give rise to oxidative addi-
tion products N1 and N2, respectively. Calculated at MP2
level of theory, the energy barrier for TS 3(J2/N2) was a lit-
tle lower than the alternative pathway through TS3(J1/N1).
Thus the reaction with H2 attack along C(CO)ARhAC(CO)
can be regarded as the more feasible one of the two alterna-
tive paths. Calculation using 1-octene, 1-dodecene, and sty-

rene as substrate, the energy barrier for the two paths was in
the range of 52.9–66.2 kJ mol�1.

The activation energies for the above three reaction
steps of the alkenes were obtained from the potential
energy values calculated by considering higher electron
spin number (triplet). It may be mentioned that use of this
higher spin number yielded more consistent values of the
potential energy when compared with those obtained by
using the spin number 1 in our initial calculations. The
tabulated values (Table 2) show that if both the coordinat-
ing groups (L, CO) are in equatorial positions (ee), the
activation energy is generally less than that for the case
of one ligand in apical and the other in equatorial (ae)
positions. The variations in the activation energies for the
transition states of the three alkenes can be explained in
terms of steric hindrance or steric crowding of the alkyl
ligands.29 Styrene, which has a bulky phenyl group, has
the highest activation energy among the three olefins for
all the transition states. The activation energy of the reac-
tions of 1-dodecene is higher than the corresponding value
of 1-decene and can be explained on the same basis. X-Y-
Z structures of the species at stationary points as well as
the vibrational frequencies are provided in the Supporting
Information File.

The potential energy profile

The potential energy profile of the hydroformylation of
1-decene, 1-dodecene, and styrene are presented in Figures
3a–c respectively. The active catalyst, which mediates the
catalytic cycle, is considered to be HRh(CO)2(PPh3)2 [B in
Figure 1]. The transition state of the insertion of alkene into
Rh-complex (TS-1), formation of acyl complex (TS-2), and
oxidative addition of H2 (TS-3) were optimized by the ab
initio MO method to determine the potential energy surface
of the intermediates. The H2 oxidative addition (TS-3) was
found to be endothermic, and the alkene insertion (TS-1)
and CO insertion reaction (TS-2) are exothermic. Similar
results were reported for the hydroformylation of ethene by
Musaev et al.23 The largest barrier is the H2 oxidative addi-
tion step, in agreement with the experimental proposal that
the H2 oxidative addition is rate determining.

The potential energy diagrams Figures 3a–c deserve fur-
ther explanation in relation to the species considered in the
reaction pathways (Figure 1). The transition state TS2 (H1/

Table 2. Activation Energy (kJ mol21) for the Transition
States Calculated at MP2 Level of Theory

Substrate

Activation Energy (kJ mol�1)

Alkene
Insertion

Acyl Complex
Formation

H2 Oxidative
Addition

ee (1) ae (2) ee (1) ae (2) ee (1) ae (2)

1-Decene 39.0 41.4 39.4 40.3 52.9 59.6
1-Dodecene 41.6 42.5 43.5 41.0 57.7 62.3
Styrene 56.4 57.4 48.3 46.8 63.2 66.2

ee, both ligands in equatorial positions (alternative notation used in Fig. 3:
‘‘1’’); ae, one ligand in apical and the other in equatorial position (alternative
notation used in Fig. 3: ‘‘2’’).
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J1) for the ‘‘ee’’ isomer and H2/J2 for the ‘‘ae’’ for the acyl
complex formation were obtained by Intrinsic Reaction
Coordinate (IRC) calculation at MP2 level. It was found that
TS2 (H1/J1) originated from the H1(ee) and generated the
trans-Rh-acyl insertion product (J1). Similarly, the cis-Rh-
acyl insertion product (J2) resulted from the H2 (ae) species.
Possible formation of isomers was taken into account in
potential energy calculations. The equilibrium geometries of
each species were first determined by optimizing the struc-
tures by ab initio RHF method using a 6-31G(d,p) basis set.
A conformational analysis was carried out on the optimized
geometries (ae or ee geometric isomers) by rotating the tor-
sional angles of the ligands in steps of 30�. The resulting
conformers (a total of about 100) were further optimized by
energy minimization. A conformer was retained if its energy
varied by less than 2 kJ mol�1 from that of the most stable
conformer. Thus, only the most stable conformers with low-
est energy was selected.

The macroscopic rate equation

Kinetics of industrially important hydroformylation of
higher alkenes have been reported by several workers. In par-
ticular, the kinetics of homogeneous hydroformylation of
higher alkenes using Rh-based catalyst have been studied by
Palo and Erkey,30 Bhanage et al.,31 Divekar et al.,32 and
Deshpande and Chaudari.33 However, the rate equations pro-
posed were essentially empirical. Palo and Erkey30 studied
the kinetics of hydroformylation of 1-octene in supercritical
carbon dioxide (scCO2) with HRh(CO)[P(p-CF3C6H4)3]3 at
50�C and 273 bar. The observed kinetic behavior differs from
the conventional systems using HRh(CO)(PPh3)3 in organic
solvents. The most significant observations reported by Palo
and Erkey30 are the 0.5 order rate dependence on [H2], the
lack of substrate inhibition, and the absence of a critical cata-
lyst concentration. This may be due to several factors: scCO2

solvent effects, the modified phosphine ligands, and the
increased H2 and CO concentrations relative to conventional
systems. Chaudari and coworkers31–33 developed kinetic rate
expressions using several different substrates (1-hexene, 1-
decene, and 1-dodecene in organic solvents) and calculated
the rate parameters and activation energy for each system. A
mechanistic model was also proposed for the hydroformyla-
tion of styrene by Nair et al.28 but was not used to develop a
general kinetic equation for the hydroformylation of olefins.
Summarizing the observations reported in the literature, it can
be stated that the rate of hydroformylation has been found to
be influenced positively by increasing the concentration of
catalyst and hydrogen, whereas increased carbon monoxide
exhibited a negative effect. The apparent activation energy
required for aldehyde formation has been found to be in the
range of 30–100 kJ mol�1.

We have developed mechanistic, macroscopic rate equa-
tions (we call it ‘‘macroscopic’’ in order to differentiate it
from the quantum chemical approach) for higher alkenes
based on the reaction pathways depicted in Figure 1 using
the conventional quasi-steady state formalism. It is assumed
that (i) all but one of the reaction steps are in equilibrium,
(ii) the starting intermediate species at the reaction interface
is the complex HRh(CO)2(L)2, and (iii) the total rhodium
concentration remains constant. Three rate equations have
been developed corresponding to the three transition states
identified by quantum chemical calculations. The following
reaction steps (Figure 1) are considered.

Bþ CO , C (3i)

C , Dþ CO (3ii)

B , D (3iii)

Dþ RCH¼¼CH2 , Fþ CO (3iv)

Dþ RCH¼¼CH2 , G (3v)

Fþ CO , J (3vi)

Jþ H2 ! RCH2CH2CHOþ D (3vii)

Jþ CO , M (3viii)

Also, the following expressions for the concentrations of
the different intermediates can be written in terms of the
equilibrium constants of the reactions.

B½ � ¼ J½ �
K1K2K4K6 alkene½ � ; C½ � ¼ J½ � CO½ �

K2K4K6 alkene½ � ;

D½ � ¼ J½ �
K4K6 alkene½ � ; F½ � ¼ J½ �

K6 CO½ � ;

G½ � ¼ K5 J½ �
K4K6

; K½ � ¼ K8 J½ � CO½ �

If the H2 oxidative addition is rate-controlling, the rate of
reaction is given by [see Eq. 3(vii)]

Rate ¼ k J½ � H2½ �: ðwhere k is the rate constantÞ (4)

An expression for the concentration of the species [J]
can be obtained from a total catalyst balance at steady
state.

Catalyst½ � ¼ B½ � þ C½ � þ D½ � þ F½ � þ G½ � þ J½ � þ M½ � (5)

And the rate equation can be written as Model M1:

Rate ¼ k catalyst½ � CO½ � alkene½ � H2½ �
1þ K�

1 CO½ � þ K�
2 CO½ �2þK�

3 alkene½ � þ K�
4 CO½ � alkene½ � þ K�

5 CO½ �2 alkene½ � (6)

where K�
1–K

�
5 are constants derived from the equilibrium

constants of the individual reactions. This equation is similar
in form to the empirical model proposed by Bhanage et al.,31

Divekar et al.,32 and Deshpande and Chaudari.33

The second kinetic model (M2) was proposed considering
the migration insertion of the alkene into the RhAH bond,
and the rate limiting step is Eq. 3(iv). The corresponding
rate equation can be derived in the form (Model M2),
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Rate ¼ k catalyst½ � CO½ � alkene½ �
1þþK�

1 CO½ � þ K�
2 alkene½ � þ K�

3 CO½ � alkene½ � þ K�
4 CO½ �2 alkene½ �

� � (7)

Similarly, considering the formation of the acyl complex is rate-controlling, we get Model M3,

Rate ¼ k catalyst½ � CO½ � alkene½ � H2½ �
1þ K�

1 CO½ � þ K�
2 CO½ �2þK�

3 alkene½ � þ K�
4 CO½ � alkene½ � þ K�

5 H2½ � (8)

We call the models M1, M2, and M3 ‘‘generalized mod-
els’’ corresponding to the three rate determining steps indi-
cated by the quantum calculations and are independent of
any particular alkene. The proposed rate equation (M1) is
only consistent with the experimental observations, indicat-
ing a first-order dependence on [H2] and [catalyst], first
order in CO at low pressure and negative order at high pres-
sures, and fractional order in olefin concentration. The nega-
tive order with respect to CO concentration at high pressure
may be explained by the accumulation of species K, which
are outside of the cycle under these conditions and therefore
should inhibit the rate of the reaction.34

The rate parameters

Experimental hydroformylation rate data extracted from

the published literature were used to evaluate the kinetic and

equilibrium constants (k and K’s) of each of the three

1-alkenes. The data sources and the ranges of the process

parameters (pressure, concentration, temperature) are listed

in Table 3. The HRh(CO)(PPh3)3 catalyst in an organic sol-

vent was used for the alkene substrates except for 1-octene

for which HRh(CO)[P(p-CF3C6H4)3]3 was used as catalyst in

supercritical carbon dioxide (scCO2) solvent. Because no

side reactions were reported by the researchers28,31,32 under

the stated experimental conditions, the rate data represented

the overall hydroformylation of an alkene to the correspond-

ing aldehyde.

Nonlinear least square regression based on the criterion of
minimization of the mean residual sum of squares (MRSS)
was performed to determine the kinetic parameters.

MRSS ¼
PN

i¼1 Rcalc � Rexpt

� �2
Nexpt � Nparam

(9)

where Nexpt is the number of experimental data, Nparam is
number of model parameters, Rcalc and Rexpt represent
calculated and experimental rates, respectively. Experimental

rate data are available at different temperatures, partial
pressures of CO and H2 as well as concentration of the olefin
and of the catalyst (Table 3). The kinetic and equilibrium
constant values can be estimated by optimizing the objective
function given by the above Eq. 9 on a set of constant
temperature rate data. Alternatively, a global error minimiza-
tion can be done by considering all the available rate data at
different temperatures and process conditions for a particular
olefin. The second method is recognized as a robust technique
that avoids the possible pitfalls of ending the optimization
process at a local minimum. ‘‘Temperature centering’’ is a
tested strategy of estimating temperature-dependent para-
meters by global optimization over the entire temperature
range, particularly when a correlation between a rate
parameter and activation energy is observed.35–37 In this
technique, the activation energy of the rate-controlling
reaction step and the pre-exponential factor were obtained
from the Arrhenius equation with ‘‘temperature centering.’’

ki ¼ Ai exp
�Ei

R

1

T
� 1

Tm

� �� �
(10)

Here Tm is introduced for temperature centering. It is usu-
ally chosen at the middle of the temperature range (it is Tm
¼ 333 K in this study). An ‘‘equilibrium constant,’’ K, was
similarly determined as a function of temperature using the
van’t Hoff equation also with temperature centering.

K�
i ¼ exp

DSi
R

� DHi

R

1

T
� 1

Tm

� �� �
(11)

Suitable initial guess values are required for application of
nonlinear regression for parameter estimation using Eq. 9
which, otherwise, may converge to local minima.36,38 To
arrive at a suitable set initial guess values for global optimiza-
tion over the entire experimental temperature range, isother-
mal rate data at individual temperatures were first fitted and
the Arrhenius plots were done to make a judgment about the

Table 3. Range of Experimental Conditions Used for Development of the Mechanistic Rate Equation

Experimental conditions Bhanage et al.31 Divekar et al.32 Palo and Erkey30 Nair et al.28

Substrate alkene 1-Dodecene (C12) 1-Decene (C10) 1-Octene (C8) Styrene (C8)
Conc. of catalyst (mol/m3) 1.0–8.0 0–1.0 0.63–2.54 0.131–1.01
Initial conc. of 1-alkene (kmol/m3) 0.18–2.2 0–1.0 0–1.0 0.92–6.89
PH2 (MPa) 0.68–1.7 0–1.38 5–13.8 1.03–4.12
PCO (MPa) 0.17–2.04 0–8.11 5–13.8 0.3–4.12
T (�C) 50–70 50–70 50 60–80
Reaction volume (mL) 25 Not available Not available 25
Solvent Toluene Benzene scCO2 Toluene
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initial guess and the suitability of a model. The Arrhenius
parameters from these plots were then used as the starting val-
ues for an ‘‘all up’’ fit of rate expression. The error estimate
given by Eq. 9 together with thermodynamic consistency of
the calculated activation energy or negative kinetic parameter,
if any, were used as the criteria of discrimination among the
three macroscopic rate models.37,39,40 Model M2 was rejected
because of a high average standard error estimate ranging
from 7 to 26%. Model M3 displayed a nonlinear Arrhenius
plot besides a large error estimate (7 to 56%).

The rate model M1 is able to describe the experimental data
reasonably well over the whole range of pressure, olefin con-
centration, and temperature. The estimated parameters as well
as the activation energy and error estimates are presented in
Table 4. These results suggest that a mechanism of reaction
featuring oxidative addition of H2 to acylrhodium intermediate
species as rate determining is appropriate for describing the
hydroformylation of all the substrates. Rates of hydroformyla-
tion of the olefins have been calculated for different concentra-

tions and temperature using the generalized rate model M1
and the estimated parameters. Comparisons of these calculated
values with available experimental data as well as the predic-
tions of the empirical models reported in the literature are pre-
sented in Figures 4–6 appear to be satisfactory. Because the
concentration history of 1-dodecene during hydroformylation
reaction is reported by Bhanage et al.,31 we could check the
capability of the generalized model M1 to predict the concen-
tration transient. The results presented in Figure 7 for three
different temperatures further establish the accuracy of the
proposed model. As a final check, we plotted the calculated
and experimental rate data of all the olefins at different process
conditions in the form of a parity diagram shown in Figure 8.
The average prediction error is 7.6 %, whereas the maximum
error is 13%. The rate parameter values were determined at 95
% confidence interval. Because the confidence interval is nar-
row, the sample mean may be considered to be reasonably
accurate estimates of the population mean values. In addition,
the values of rate parameters in the denominator of the kinetic

Figure 4. Experimental and predicted initial reaction
rates vs. concentration of alkene, at 323 K.

*References to experimental data: 1-octene, Palo and
Erkey30; 1-decene, Divekar et al.32; 1-dodecene, Bhanage
et al.31

Table 4. Estimated M1 Kinetic Model Parameters with 95% Confidence Limits

Substrate T (K) k K�
1 K�

2 K�
3 K�

4 K�
5 SEE Ea (kJ mol�1)

1-dodecene 323 3.1 � 104 1.24 � 103 2.5 � 105 18.0 1.5 � 104 9.0 � 105 11.5 69.7
C12 333 6.0 � 104 500 1.5 � 105 5.0 1.1 � 104 4.0 � 105 *57.1a

343 10.0 � 104 202 0.5 � 105 2.2 9.4 � 103 3.0 � 105

1-decene 323 3.9 � 104 99.7 2.5 � 105 18.9 63.4 1.05 � 105 13.0 46.2
C10 333 6.5 � 104 161 1.3 � 105 24.5 80.0 1.10 � 105 *49.0b

343 1.1 � 105 447 8.0 � 104 33.5 93.0 1.40 � 105

Styrene 333 4.7 � 104 13.7 3.9 � 104 5.2 3.0 � 104 2.59 � 105 2.0 63.0
C8 343 9.8 � 104 9.0 9.0 � 102 11.4 3.5 � 104 2.65 � 105 *68.8c

353 21.3 � 104 5.0 3.0 � 102 13.0 3.7 � 104 2.95 � 105

1-octene
C8

323 2.2 � 105 2 � 103 3.0 � 105 18.0 1.5 � 104 8.0 � 105 4.0 64.4

Figure 5. Experimental and predicted initial reaction
rates vs. concentration of alkene at 333 K.

*References to experimental data: styrene, Nair et al.28;
1-decene, Divekar et al.32; 1-dodecene, Bhanage et al.31
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rate expression vs. temperature (ln K vs. 1/T) yielded good
correlation (R2) ranging from 0.97 to 0.99.

The parameters K�
1 in the denominator of Eq. 6 relate to

the equilibrium constants of elementary steps in the reaction
mechanism (Figure 1). The magnitudes of the parameters,
that vary over a wide range, are representative of the impor-
tance of the different steps of the overall reaction. For
instance, the large value of K�

2 implies that the rate of disso-

ciation and association of ligand, step 2 and 4 are high.
However, the value of K�

1 suggests that step 3 occurs at three
orders of magnitude slower when compared with step 4.
From the regressed value of K�

4, the rate of the carbonyl
insertion step (step 8) was found to be greater by one order
of magnitude compared to the alkene insertion step. The rate
constant, k, is close to the value reported by Bhanage et al.31

Furthermore, comparing the regressed values of the rate
constant, k at 333 K, the values of k increase in the order of
styrene (4.7 � 104), 1-dodecene (6.0 � 104), and 1-decene
(6.5 � 104) which are also supported by our calculated
activation energies for H2 oxidative addition. On the other
hand, the rate constant of hydroformylation of 1-octene
(2.2 � 105 at 323 K) in scCO2 is found to be greatest due to
the rate enhancing effect of CO2.

41

A negative order with respect to PCO has been observed
experimentally,27,28,31,32 and therefore the concentration term
of CO is expected to appear raised to a higher power in the
denominator than in the numerator.42 The regressed values
of K�

1 and K�
2 for all four substrates are relatively large and

suggest that the effect of the PCO inhibition on the rate of
reaction is highly significant. The values of K�

1 and K�
2 are

larger for 1-dodecene, than for 1-decene, which in turn is
larger than styrene. As PCO increases, the denominator
increases significantly when compared with the numerator
leading to a rapid decline in the reaction rate. It is also to be
noticed that at high concentration of alkene and low PPh3 or
CO concentrations leads to zero order in alkene, which has
been observed experimentally for the high alkene/low PPh3
case.27,28,31,32

The values of the kinetic constant for 1-dodecene was
found to be 2.5 times higher than that of styrene, which
confirms the good intrinsic reactivity of 1-dodecene in spite
of its large molecular size. van Rooy et al.43 also reported
similar results whereby, the hydroformylation of styrene

Figure 8. Parity plots of the model predictions of the
rate of hydroformylation of styrene, 1-decene,
and 1-dodecene in homogeneous system.

Figure 6. Experimental and predicted initial reaction
rates vs. concentration of alkene at 343 K.

*References to experimental data: styrene, Nair et al.28;
1-decene, Divekar et al.32; 1-dodecene, Bhanage et al.31

Figure 7. Experimental and predicted concentration of
1-dodecene and CO or H2 as a function of
contact time at 323, 333, and 343 K.

References to experimental data: Bhanage et al.31
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using Rh(CO)2(acac) as the catalyst precursor and tris
(2-tert-butyl-4-methylphenyl) phosphite as the ligand (T ¼
40–100�C, PCO ¼ 2.5–44 bar, PH2 ¼ 2.5–50 bar, toluene as
a solvent), the rate is three times lower than that of 1-octene.
For the hydroformylation of 1-dodecene, the activation
energy of 57.7 kJ mol�1 was obtained for the rate determin-
ing step, which is close to the value of 57.10 kJ mol�1

reported by Bhanage et al.31 The average deviation of pre-
dictions is 11.5%. As for 1-decene, an activation energy of
52.9 kJ mol�1 (for the ee species) was obtained, which is
slightly higher than the value of 49.0 kJ mol�1 obtained by
Divekar et al.32 from their empirical model. The average
deviation of prediction is 13.0%. However, the rate equation
predicts the rate of hydroformylation of styrene in toluene and
1-octene in scCO2 with high accuracy. An activation energy
of 63.0 kJ mol�1 was obtained, which is lower than that
obtained from the mechanistic model, (68.8 kJ mol�1)
reported by Nair et al.28 The mechanistic equation reported by
Nair et al.28 was derived from the catalytic cycle described by
Evans et al.11 and the error between the predicted and experi-
mental rate data was within �5%. On the other hand, the pre-
dictions of the rate data by using model M1 were found to be
within a maximum error of �2.4%. The relatively small error
compared with 1-dodecene and 1-decene is probably due to
the presence of the aromatic ring and shorter alkyl chain of
styrene. The compact molecular structure of styrene has
reduced the occurrence of the isomerization reaction when
compared with the long carbon chain of 1-dodecene and
1-decene. As for the rate of hydroformylation of 1-octene
in scCO2, the average deviation in the predicted and
observed rates was found to be in the range of �4%. This
result also demonstrates that model M1 is able to predict
the rate of hydroformylation of higher alkenes in both or-
ganic solvent and scCO2 although several major differences
exist between the conventional organic solvent-based sys-
tem and the scCO2 system. According to Palo and Erkey,30

the major differences are the higher concentration of
H2 and CO in the scCO2 when compared with those in or-
ganic solvent, higher total pressure of the scCO2 system,
and significantly different fluid densities (q of scCO2 ¼
0.2–0.9 g cm�3) from those of organic systems (q % 0.7 g
cm�3).

Besides the rate-determining step of TS-3 (Figure 3)
which is corroborated by experimental rate data for all the
four higher alkenes, further match between the quantum
chemical calculation results and the experimental data is evi-
dent from the magnitudes of the activation energies. The cal-
culated (52.9, 57.7, and 62.2 kJ mol�1) and experimental
(49.2 � 6, 57.1 � 8, and 68.8 � 5 kJ mol�1) relative energy
of the third transition structure (TS 3) and the activation
energies for the hydroformylation of 1-decene, 1-dodecene,
and styrene, respectively, are in reasonable agreement.28,31,32

However, the ab initio computational approach overestimates
the activation energy of the hydroformylation of 1-dodecene
and 1-decene although the activation energy values are close
to those obtained experimentally. The activation barrier rela-
tive to HRh(CO)(PPh3)3 catalyst is larger for styrene, than
for 1-dodecene, which in turn is larger than 1-decene. This
suggests that the observed reactivity seems to be influenced
by the increased steric hindrance of the alkyl group of the
alkene substrate.

Conclusions

Ab initio quantum chemical computations of hydroformyla-
tion of higher alkenes were performed using MP2 methodol-
ogy and 6-31þþG(d,p) basis set. Geometrically, optimized
structures of the intermediates at transition states as well as
potential energy profile of the catalytic cycles of model olefins
(1-octene, 1-decene, 1-dodecene, and styrene) mediated by
HRh(CO)2(Ph3)3 complex were developed. The reaction ener-
getics and the largest barrier of oxidative addition of H2 were
in conformity with experimental evidences and data available
in the literature. Energetica of the isomers were also computed
and analyzed. Generalized macroscopic rate models were
developed on the basis of the catalytic reaction cycle supported
by the ab initio computations. The kinetic and equilibrium pa-
rameters of the models were evaluated by nonlinear least
square fitting of literature data. Correlation among the parame-
ters was minimized by temperature centering of the Arrhenius
and van’t Hoff equations. Model discrimination by the conven-
tional methodology supported the prediction of the ab initio
calculation about the rate controlling step. The generalized
mechanistic model predicted the reported experimental data
with a better overall accuracy than the empirical models
described in the literature. The average error was about 7.6%
and the maximum was 13%. Thus the ab initio computational
methodology is found to be a reliable tool for arriving at the
reaction energetics and pathways for this class of reactions.
These information together with experimental data are
expected to be effective in developing macroscopic practically
useful rate models.
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Notation

A ¼ pre-exponential factor, units will be identical to
the rate constant

ae (alternatively, 1) ¼ the trans-isomer
[catalyst] ¼ concentration of catalyst (HRh(CO)(PPh3)3) in

the reaction mixture, kmol m�3

[CO] ¼ concentration of carbon monoxide in the reaction
mixture, kmol m�3

E ¼ activation energy for rate constant, kJ mol�1

ee (alternatively, 2) ¼ the cis-isomer
DH ¼ heat of reaction, kJ mol�1

[H2] ¼ concentration of hydrogen in the reaction
mixture, kmol m�3

K ¼ equilibrium constants for the elementary steps in
the catalytic cycle, m3 kmol�1

k ¼ reaction rate constant, units will be specific to the
form of the rate expression

k1 ¼ pre-exponential rate constant, m2 s�1 kmol�1

[alkene] ¼ concentration of alkene in the reaction mixture,
kmol m�3

R ¼ gas constant, 8.314 J mol�1 K�1

DS ¼ entropy of reaction, J mol�1 K�1

T ¼ temperature, K
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