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a  b  s  t  r  a  c  t

The  kinetics  of  the  hydroformylation  of  1-octene  in a supercritical  carbon  dioxide  medium,  catalyzed
by  a tris(3,5-bis[trifluoromethyl]phenyl)phosphine-modified  rhodium  catalyst,  have  been  investigated.
The  influence  of  the  concentration  of  carbon  dioxide,  reactants,  catalyst  precursors,  and  the  reaction
temperature  has  been  determined.  A  kinetic  model  was  developed,  which  describes  the  concentration-
time  profiles  of  the  reactants,  the  linear  and  branched  aldehydes,  and  the  internal  alkenes.  Using  the
kinetic  model  activation  energies  for hydroformylation  of  1-octene  to  nonanal  and  2-methyloctanal  were
determined.  Throughout  the concentration  ranges  studied  an  approximate  first  order  dependence  of
the  hydroformylation  rate  on  the  hydrogen  and  catalyst  concentration  was  found  which  indicated  that
oxidative  addition  of hydrogen  was  the  rate limiting  step.  The  increase  in  reaction  rate  and  regioselectivity
upercritical fluids
arbon dioxide

with  an  increase  in  ligand  concentration  is a striking  feature  of  the catalyst  investigated  here.  At higher
concentrations  the reaction  rate was  found  to  have a  strong  negative  order  dependence  on  the carbon
monoxide  concentration.  The  reaction  rate  had a positive  order  in  1-octene  at a  concentration  lower
than  0.5  mol  L−1 while  saturation  kinetics  were  observed  at a higher  concentration.  The  results  were
explained  by  invoking  the contribution  of  both  monophosphine  and  diphosphine  rhodium  species  to  the

is.
hydroformylation  catalys

. Introduction

Hydroformylation of alkenes using homogeneous catalysts is
pplied on a commercial scale to make aldehydes that serve as
tarting materials for the production of detergents, plasticizers,
nd solvents [1–4]. Consequently, controlling the kinetics of hydro-
ormylation reactions is a field of high current interest [4].  The
pplied catalysts are complexes of rhodium or cobalt, commonly
ith phosphines or phosphites as modifying ligands. In order to

euse the catalyst, separation steps like distillation or extraction
re required, which could, in principle, have a detrimental effect
n catalyst activity and selectivity. The Ruhrchemie/Rhône-Poulenc
RCH/RP) hydroformylation process is a well-known example
here, by means of an aqueous phase which preferentially dis-
olves the catalyst, the reaction and the separation step of the
omogeneous rhodium catalyst are integrated [5].  However, this
pproach is limited to the hydroformylation of short-chain alkenes,
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because long-chain alkenes are too sparingly soluble in water to
obtain acceptable space-time yields [6].

Supercritical fluids have received considerable attention as
alternative reaction media for the hydroformylation of long-chain
alkenes such as 1-octene [7].  Supercritical carbon dioxide (scCO2)
is of particular interest since it has accessible critical properties,
is nonflammable, is easily separated from the reaction product by
depressurization, and has a low toxicity. Furthermore, a single-
phase reaction system can be created with a high diffusivity of
the dissolved species and a high solubility of permanent gases like
carbon monoxide and hydrogen [8].

One of the restrictions of applying scCO2 as a solvent is the lim-
ited solubility of common homogeneous catalysts in this medium.
For hydroformylation, carbonylation and hydrogenation catalysts
this drawback has been primarily overcome by modifying ligands
with certain functional groups [9–31] or by using phosphines of low
molecular weight [32,33].  Recently, it was  demonstrated that even
rhodium catalysts modified with the well-known triphenylphos-
phine or triphenyl phosphite ligand were applicable with high
efficiency in CO2-rich supercritical medium when high densities
were applied [34]. An alternative approach to using a single phase
supercritical medium is the application of a CO2 expanded organic

solvent. CO2 expanded solvents appear to allow for improved
hydroformylation selectivity in some cases [35,36].  Attaching per-
fluoroalkyl groups on the ligands of the catalyst appears to be the
most effective means to ensure a sufficient catalyst solubility in a

dx.doi.org/10.1016/j.molcata.2011.06.012
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Scheme 1. Reaction scheme for the hydroformylation of 1-octene (1a), with the two
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complexes from the [Rh(CO)2acac] and L1 (Fig. 1: t = −0.5–0 h). The
reaction was  started by the addition of 1a,  which was done by
opening the valve between the pump and the reactor. Fast pres-
sure equalization occurred and consecutively the desired volume
ain products nonanal (2a) and 2-methyloctanal (2b). The side products are (E,Z)-
-octene (1b, 1c), (E,Z)-3-octene (1d, 1e), (E,Z)-4-octene (1f, 1g), 2-ethylheptanal
2c),  2-propylhexanal (2d), and n-octane (3).

O2-rich reaction medium. The ‘tunability’ of the solvent properties
f scCO2 by relatively small changes in temperature and pressure
llows the precipitation and reuse of the perfluoroalkyl-substituted
atalysts [9,10].  Furthermore, catalyst activity and selectivity can
e enhanced by attachment of perfluoroalkyl groups on phosphine

igands used in hydroformylation [37].
Although there is significant current interest in using

cCO2 as solvent for hydroformylation, detailed kinetic stud-
es in single phase supercritical media are scarce. There is

 study by Erkey and co-workers which deals with tris(3,5-
is[trifluoromethyl]phenyl)phosphine (L1) modified Rh [38]. In
hat study relatively low temperatures (40–50 ◦C) and a relatively
ow and constant initial pressure were used. Turnover frequencies
TOF) in the range of 1000–2000 molaldehyde mol−1

Rh h−1 and a negli-
ible isomerization of 1-alkene were observed. The kinetic model
eveloped in that study did not include the regioselectivity of the
eaction nor did it include isomerization of the 1-alkene.

Using the same system as studied by Davis and Erkey [38] we
ecently found for scCO2 that application of a higher temperature
i.e. 70 ◦C instead of 50 ◦C) and a higher pressure (i.e. 40–50 MPa
nstead of 28 MPa) resulted in considerably higher, and therefore
ndustrially more attractive TOF values [13,14]. Here, an extensive
escription of the reaction kinetics of 1-octene (1a) hydroformy-

ation covering a wider range of conditions is presented, which
escribes the overall reaction rate as well as the chemo- and
egioselectivity as a function of the concentration of reactants and
atalyst precursors (Scheme 1). The relation between the observed
inetics and the catalytic cycle is discussed and the results are
ompared to other kinetic studies of rhodium-catalyzed hydro-
ormylation of linear 1-alkenes.

. Experimental

.1. Materials

Carbon dioxide, carbon monoxide, and hydrogen, grade 5.0,
.7, and 5.0, respectively, were obtained from Hoekloos (The
etherlands). Prior to use CO2 was passed over a Messer Oxisorb
lter to remove oxygen and moisture. 1-Octene, 1a,  obtained

rom Aldrich, was passed over activated alumina, dried with pre-
reated molsieves 3A (Aldrich, 4–8 mesh), and stored under argon.
he rhodium precursor, rhodium(I) dicarbonyl acetylacetonate,
Rh(CO)2acac], was obtained in the form of dark green crystals from
luka. Ligand L1,  tris(3,5-bis[trifluoromethyl]phenyl)phosphine, is
 white to light yellow solid and was supplied by Arkema (Vlissin-
en, The Netherlands). All catalyst precursors were stored under
rgon. The solvent toluene (Merck, analytical grade), the inter-
al standard n-decane (Aldrich, >99% purity) and the substances
talysis A: Chemical 346 (2011) 1– 11

involved in the reaction, n-octane (Aldrich, >99%), 2-octene (ABCR,
mixture of E and Z, 98%), and nonanal (Fluka, >95%) used for the
GC-analysis were used as received.

2.2. Hydroformylation in carbon dioxide

The details of the high pressure batch reactor setup are described
in Ref. [39]. A typical hydroformylation experiment was started
by charging the desired amounts of [Rh(CO)2acac] and the phos-
phine ligand into the empty reactor and subsequently closing the
reactor. Fig. 1 shows an example of typical conditions in terms of
temperature (a) and pressure (b) during an experiment.

The reactor volume was carefully filled with argon and subse-
quently evacuated for three times. Next, the stirring was switched
on with a stirring rate of 700 rpm and the desired amounts of car-
bon monoxide and hydrogen gas were charged to the reactor at
room temperature (see Fig. 1b: at t = −1.5 h up to about 7.4 MPa
in this case). The reactor content was  heated to a temperature of
50 ◦C (Fig. 1a: at t = −1.4 h), and consecutively CO2 was  charged into
the reactor at a constant flow typically up to a total pressure such
that about 14.5 mol  L−1 CO2 was  present (Fig. 1b: at t = −1.2 h). In
the case when 1 mol  L−1 of CO, 1 mol  L−1 of H2, and 14.5 mol L−1

of CO2 was applied this corresponded to about 26 MPa  total pres-
sure at 50 ◦C. When the CO and H2 concentration were varied, the
total reactor pressure required to achieve a CO2 concentration of
14.5 mol  L−1 at 50 ◦C was estimated using the Peng–Robinson equa-
tion of state and the binary interaction coefficients as previously
reported in Ref. [39]. A period of at least 0.5 h at reaction tem-
perature was  taken for the in situ formation of the active catalyst
Fig. 1. (a) Typical temperature – time history during a hydroformylation experi-
ment; (b) corresponding pressure – time history.
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dCCO

dt
= −rhf,1 − rhf,2 − rhf,3 (9)

dCH2

dt
= −rhf,1 − rhf,2 − rhf,3 − rhg,1 − rhg,2 (10)
A.C.J. Koeken et al. / Journal of Molecu

f 1a was pumped into the reactor, which generally did not take
ore than 30 s. While pumping 1a into the reactor, the medium

emperature increased 1–3 ◦C as a result of a fast pressure increase
nd the start of the exothermic reaction (Fig. 1: t ≈ 0 h). The tem-
erature stabilized within 15 min. During the remainder of reaction
he reactor temperature was maintained within a deviation of less
han 1 ◦C from the desired temperature.

Samples were withdrawn from the high pressure mixture at reg-
lar intervals into a calibrated volume of 0.182 mL.  The ‘spikes’ in
ressure and temperature at regular time intervals are a result of
ampling. At typical reaction conditions the change in pressure as

 result of taking a sample was in between 0.1 and 0.2 MPa. The
ontent of the sample volume was carefully bubbled through a
ial with a solution of n-decane in toluene and afterwards rinsed
ith additional toluene solution to collect residual 1a and its reac-

ion products quantitatively. Subsequently, the sample volume was
ried by alternately applying an argon flow and vacuum. The time
or taking a sample and preparing for a next one was in the order of
0 min. Generally, a minimum reaction time of 3 h was observed,
fter which the reaction mixture was rapidly cooled, the gases were
ented and the remaining liquids consisting of reaction products
nd catalyst were collected.

To ensure that the reactor was cleaned properly, blank reaction
uns were performed regularly. The concentration of catalyst pre-
ursors were chosen such that catalytic complexes would dissolve
ompletely for the conditions applied here.

.3. Analysis and calibration

The samples were analyzed off-line using a Fisons Instruments
C-FID equipped with a Restek Rtx-5 column (fused silica, length
0 m,  internal diameter 0.53 mm)  with helium as the carrier gas.
alibration was done for 1a,  E-2-octene and Z-2-octene (1b and 1c),
-octane (3) and nonanal (2a), the response factors for the other
ctene and aldehyde isomers were taken to be equal to those of 1a
nd 2a,  respectively.

.4. Reaction parameters

To obtain normalized concentration profiles for 1a and its reac-
ion products, each concentration obtained by GC analysis, CGC,i,
as divided by the sum of all obtained concentrations and multi-
lied by the concentration based on the total amount of 1a,  n1a in
ol, injected and the reactor volume, Vreactor in L:

i = CGC,i∑
iCGC,i

× n1a

Vreactor
(1)

or i = 1a–1g,  2a–2d and 3.
The outcome of the hydroformylation was expressed in one

f the following parameters. The definitions used were based on
esterterp et al. [40]. The conversion, X, was given by:

 = C1a,0 − C1a

C1a,0
× 100% (2)

he subscript 0 indicates the normalized concentration at t = 0 h.
The overall selectivity, Si, towards a product i was defined as:

i = Ci

C1a,0 − C1a
× 100% (3)

here Ci is the normalized concentration of a product i, with
 = 1b–1g,  2a–2d or 3.

The overall yield, Yi, for a product i was then:

C

i = i

C1a,0
× 100% (4)

he initial overall rate of reaction R0 (units mol  s−1), were estimated
y multiplying the initial amount of 1a in mol, n1a,0, with the slope
talysis A: Chemical 346 (2011) 1– 11 3

of a line fitted through the conversion or yield data points up to a
conversion where there was  a linear trend (typically up to a con-
version of 60%). A distinction is made between the linear aldehyde
product, 2a,  and total amount of aldehydes, 2a–2d,  abbreviated as
‘ald’. So, R1a,0, Rald,0, R2a,0, and R1b–g,0 are the rate of conversion of
1a, the rate of formation of aldehydes, the rate of formation of 2a,
the rate of isomerization of 1a,  respectively.

The TOF based on the formation rate of aldehydes was calculated
as follows:

TOFald = Rald,0

nRh
× 3600 s

1 h
(5)

where nRh is the amount of Rh in mol. The (cumulative) n:iso
ratio was obtained by dividing the concentration of linear aldehyde
product by the sum of the concentrations of the branched aldehyde
products:

n : iso = C2a

C2b + C2c + C2d
(6)

The initial differential n:iso ratio, n:iso0, was estimated with the
following equation:

n : iso0 = R2a,0

Rald,0 − R2a,0
(7)

The initial differential selectivity for 2a was calculated with the
following equation:

S2a,0 = R2a,0

R1a,0
(8)

2.5. Kinetic model

The concentration profiles of carbon monoxide and hydrogen
were determined from their initial concentration and the stoi-
chiometry of the reactions. The reaction network used for the
kinetic model (Scheme 2) was  based on the reactions described in
Scheme 1. The main internal octene isomers are E-2-octene (1b) and
Z-2-octene (1c). The other octene isomers (1d–1g)  were observed
to some extent in the GC analysis but in very small amounts. There-
fore, isomers 1b,  1c and the other octene isomers were lumped
together as 1bc. Similarly, the aldehyde isomers 2b,  2c,  and 2d were
lumped together as 2bcd.

Besides hydroformylation, isomerization of 1a and hydrogena-
tion of 1a and its isomers are taken into account. The model allows
for a description of the n:iso ratio, because the formation of linear
(2a) and branched aldehydes (2b, 2c,  2d) are considered separately.
Catalyst deactivation was assumed to be negligible. Consequently,
the concentration of rhodium and ligand were considered to be
constant during the reaction. For a batch reaction in a fixed reactor
volume the mass balances for the reactants and products are given
as Eqs. (9)–(16):
Scheme 2. Reaction network. The rate expressions rhf,1,  rhf,2, rhf,3, riso,f , riso,b, rhg,1,
and  rhg,2 are incorporated in the mass balances.
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Fig. 2. (a) Concentrations (calculated as explained in Section 2) of the main reac-
tants and products and (b) concentrations of isomers as a function of time for a
hydroformylation experiment with ligand L1.  Experimental conditions: T = 70 ◦C,
CRh = 2.6 × 10−4 mol  L−1, CL1 = 1.0 × 10−3 mol  L−1, CCO2 = 15 mol L−1. Note that the
A.C.J. Koeken et al. / Journal of Molecu

dC1a

dt
= −rhf,1 − rhf,2 − rhg,1 − riso,f + riso,b (11)

dC1bcd

dt
= −rhf,3 − rhg,2 + riso,f − riso,b (12)

dC2a

dt
= rhf,1 (13)

dC2bcd

dt
= rhf,2 + rhf,3 (14)

dC3

dt
= rhg,1 + rhg,2 (15)

dCRh

dt
= dCL1

dt
= 0 (16)

For all computations Matlab version 7.7.0.471 (R2008b) was
sed. Using the built-in function script ‘lsqnonlin.m’ the so-called
bjective function was minimized [41]. Vector F is the input for

lsqnonlin.m’ and is defined as follows:

(p) = Data − Model(p) (17)

he objective function is the square of F. ‘Data’ represents a matrix
ontaining the normalized concentration data obtained at the
espective sample times of all the experiments. ‘Model’ is a matrix,
hich contains the calculated concentration values for CO to L1

f all experiments. The model concentration values were evalu-
ted by solving the mass balances containing the rate equations at
he respective experimental sample times. The mass balances were
umerically integrated using the built-in ODE solver ‘ode113.m’.
he rate equations contained the adjustable parameters repre-
ented by the vector p. The optimal values for p were calculated
sing ‘lsqnonlin.m’. For the case presented here ‘lsqnonlin.m’ uses

 large scale trust-region reflective Newton method to calculate the
ptimal set of parameters associated with the minimum value of
he square of the function defined in Eq. (17) [41]. To obtain an esti-

ate of the confidence intervals for the optimized values of p the
uilt-in Matlab function ‘nlparci.m’ was used.

. Results and discussion

.1. General description of hydroformylation experiments

The reactions were carried out at temperatures ranging from 40
o 80 ◦C and pressures ranging from 24 to 51 MPa. A temperature of
0 ◦C was chosen to determine reaction kinetics in detail. At 70 ◦C
he main reaction, the direct formation of 2a and 2b from 1a,  CO,
nd H2 was essentially complete in 1 h with linear over branched
ldehyde ratios (n:iso) ranging between 2.3 and 3.7. Generally, the
um of the concentrations of 1a and the reaction products deter-
ined by sampling from either the top or bottom of the reactor
as the same, indicating that the reaction took place under single
hase conditions (see Supplementary Information section A.1).

The concentrations of reactants and products as a function of
ime for a typical hydroformylation experiment conducted in CO2
ith L1 as the ligand are depicted in Fig. 2. The corresponding reac-

ion conditions are given in Fig. 1. The concentrations of CO and H2
fter the start of the reaction were derived from the stoichiometry
f the reactions and the measured concentrations of the reaction
roducts. After 1 h of reaction the concentration of 2a was  almost
onstant. The catalyst derived from L1 gave rise to a significant
mount of octene isomers (1b–g), resulting in a maximum concen-
ration of 0.034 mol  L−1 octene isomers after approximately 0.3 h
f reaction (Fig. 2b). It can be seen that after almost complete con-

ersion of 1a the concentration of 2a remained constant. As a result
f the hydroformylation of internal octene isomers (mainly 1b and
c) the concentrations of 2b,  2c,  and 2d continuously increased,
hich is most clearly shown for 2c and 2d in Fig. 2b. As a result,
initial concentrations of 1a,  CO and H2 at t = 0 h are based on the amounts of reac-
tants charged to the reactor and not determined by analysis of a sample. Fig. 1 gives
the temperature and pressure as a function of time for this experiment.

the n:iso ratio decreased slightly at a high conversion of 1a (reac-
tion time > 0.25 h). Hydrogenation of the product aldehydes into the
corresponding alcohols was not observed. Some hydrogenation of
1a was observed, but isomerization of 1a was the dominant side
reaction.

3.2. Influence of the CO2 amount

Three different amounts of CO2 were applied, namely 1.2, 1.4,
and 1.6 mol  in a fixed reaction volume of 0.108 L, for the hydro-
formylation of 55 mmol  of 1a.  In Table 1 conditions and results
are shown for the corresponding experiments. Pmax is the pressure
reached when the alkene is injected at t = 0 h. In the case that 1.2 mol
of CO2 was  used, a two-phase reaction mixture was  observed dur-
ing the reaction. Significantly higher total concentrations, derived
from the sum of the concentrations of 1a and reaction products,
were determined by GC-analysis of samples taken from the bot-
tom part of the reactor [42]. Both the use of 1.4 and 1.6 mol  of CO2
resulted in a single phase mixture throughout the course of the
reaction.

Using 1.2 mol of CO2 resulted in a significantly higher n:iso ratio
(3.8 after 3 h) and a reaction rate about 10% higher compared to
entries 2 and 3. The result obtained using 1.4 mol  of CO2 (entry 2,
Table 1) is rather similar to the result obtained when 1.6 mol  of
CO2 was  used (entry 3, Table 1). The regioselectivity expressed in

n:iso3h and S2a,3h are about 3.3–3.4 and 77–78%, respectively. The
initial reaction rates found when using either 1.4 or 1.6 mol  of CO2
are also very similar. The total drop in pressure as result of reaction
and sampling (�P in Table 1) is of the same order of magnitude
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Table  1
Results of the hydroformylation at different pressures.a

Entry nCO2 (mol) Pmax (MPa) �Pb (MPa) R1a,0 (10−6 mol  s−1) Rald,0 (10−6 mol  s−1) TOFald (103 molald molRh h−1) S2a,3h (%) n:iso0
c n:iso3h

1d 1.2 24.0 7.1 60 56 7.6 78 4.2 3.8
2 1.4  30.5 9.5 54 51 6.5 77 3.8 3.4
3 1.6  40.2 12 54 50 6.6 76 3.6 3.3

a General conditions: Vreactor = 0.1076 L, stirrer speed = 700 rpm, T = 70 ◦C, nCO = 108 mmol, nH2 = 108 mmol, n1a = 55 mmol, nRh = 27 �mol, nL1 = 1.35 mmol.
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b Total change in pressure as a result of reaction and sampling.
c The n:iso ratio calculated with the initial rates, see Section 2.
d Two-phase system.

s the difference in initial pressure for these experiments. It can
hus be concluded that the change in CO2 concentration as well as
he absolute pressure drop has little effect on the kinetics of the
eaction when a CO2 amount in the range of 1.4–1.6 mol  is used.
urther experiments to study the kinetics were carried out with
.6 mol  of CO2.

.3. Description of the reaction rates and selectivity with a kinetic
odel

At a temperature of 70 ◦C and with a fixed amount of 1.6 mol
f CO2 the effect of varying the (initial) concentration of a reactant
r catalyst precursor was investigated. In Table 2 the conditions
nd selected results on the initial rate and selectivity of the hydro-
ormylation of 1a in CO2 rich mixtures are shown.

Generally, the initial differential n:iso ratio (n:iso0) was higher
han the n:iso ratio obtained after 3 h reaction (n:iso3h, see
upplementary Information). This was a result of the hydroformy-
ation of internal octenes, mainly 2-octene, at a high 1a conversion.
n the initial stage of the reaction hydroformylation of internal
lkenes was not yet significant. It can be seen in Table 2 that in all
ases the initial rate of conversion of 1a (R1a,0) was higher than the
ormation rate of aldehydes (Rald,0). Most of the 1a that was  not con-
erted into aldehydes was isomerized to internal octenes (R1b–g,0).
he L1 modified Rh catalyst was highly active in hydroformylation
ith TOF values ranging from 3300 to 9300 molald molRh h−1.

For each experiment in Table 2 concentrations of reactants and

roducts were determined as a function of time. Consequently, each
atch experiment gave considerable information with regard to the
eaction kinetics. In order to obtain more insight into the underlying
inetic parameters of the individual reactions, we  chose to use a

able 2
verview of conditions and main results of the experiments.a The corresponding concent
inetic model and are given in the supporting information.

Entry pmax
b (MPa) nCO (mmol) nH2 (mmol) n1a (mmol) nRh (�mol) nL1

1f 40.6 107 107 55.2 27.3 11
2 39.0  81.5 108 54.4 27.7 10
3  44.5 162 111 55.0 29.3 11
4  38.2 109 86.5 55.0 26.6 10
5  44.0 109 166 54.7 26.6 10
6  34.5 109 110 12.1 27.3 10
7 52.3  109 110 109 26.6 10
8  40.2 108 111 55.4 13.8 5
9  39.5 109 109 54.8 52.5 21

10  40.2 109 110 55.1 13.8 10
11f 40.7 105 108 55.3 27.2 27
12f 40.2 108 108 54.2 27.2 135
13  49.2 109 108 105 53.2 21
14  50.2 108 108 105 53.8 270
15  50.8 108 108 105 28.1 134

a General conditions: T = 70 ◦C, Vreactor = 0.1076 L, nCO2 = 1.6 mol, stirrer speed = 700 rpm
reactor volume.
b Maximum reactor pressure reached upon injection of 1a.
c 10−6 mol  s−1.
d 103 molald molRh h−1.
e Initial differential selectivity for 2a,  see Section 2.
f Average results of duplicate experiments.
kinetic model which could fit all the concentration data. The kinetic
model can describe the concentrations of reactants and products as
a function of time using mass balances derived for a fixed volume
batch reactor:

dCi

dt
=

∑
�ijrj (18)

with Ci being the concentration of reactant or product i, rj the reac-
tion rate for a certain reaction step j, and �ij the stoichiometry of
step j with respect to reactant or product i. Applying this kinetic
model we tested several empirical rate equations (rj) in order to
get the best description of the experimental data using the reaction
network described in Scheme 2. Using this kinetic model the hydro-
formylation mechanism can then be discussed in more detail. For
each reactant generally three different initial concentration values
were chosen. Each experiment described in Table 2 corresponded to
about 6–8 data points per reactant or product and this was sufficient
to obtain an accurate kinetic model.

For the hydroformylation steps rhf,1 and rhf,2 (Scheme 2) empir-
ical rate equations of the form closely related to those proposed
by Chaudhari and co-workers were used [43,44].  These empirical
rate equations for rhf,1 and rhf,2 show resemblance to the rate equa-
tion derived from the catalytic cycle assuming oxidative addition of
hydrogen to the acyl-rhodium intermediate as the rate determin-
ing step [45]. An increase in the formation rate of 2a and the small
increase in isomerization activity of 1a (Table 2, R1b–g,0) with an
increase in ligand concentration was observed. Therefore, a term

that describes the weak dependence of the hydroformylation rate
(to form 2a)  and the isomerization rate on the ligand concentra-
tion was  added. Hydroformylation of internal octenes (rhf,3) was
assumed to be first order in octene and CO. Isomerization (riso,f)

ration profiles were the input for determining the optimal parameter values for the

(�mol) R1a,0
c Rald,0

c R2a,0
c R1b–g,0

c TOFald
d n:iso0 (–) S2a,0

e (%)

0 37 34 25 3.0 4.5 2.7 67
7 48 44 33 4.1 5.7 2.9 68
0 29 27 19 2.3 3.3 2.3 64
7 29 26 19 3.5 3.5 2.6 64
7 79 67 49 11 9.1 2.6 63
7 30 27 19 3.4 3.5 2.5 63
7 44 40 29 4.1 5.4 2.6 65
5 20 18 12 2.3 4.6 2.4 62
4 93 79 58 14 5.4 2.8 62
4 21 19 13 2.2 4.8 2.6 64
3 46 42 32 3.2 5.6 3.0 70
9 54 50 39 4.1 6.6 3.6 73
8 105 99 73 5.9 6.7 2.8 70
9 147 132 105 14 8.9 3.7 71
4 92 73 56 19 9.3 3.4 61

. Note that the amounts can be converted in concentration by dividing with the
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as taken as first order in 1a and rhodium. For triphenylphosphine
nd diphosphine modified Rh catalysts a lower CO pressure results
n a higher proportion of isomerization and hydrogenation [45,46].
herefore, a negative order ε in carbon monoxide was  taken into
ccount for the isomerization reaction. Hydrogenation rates were
ssumed to be first order in alkene, hydrogen, and rhodium. The
ate equations are given as Eqs. (19)–(24), which together with the
ass balances, Eqs. (9)–(16) (see Section 2.5), make up the kinetic
odel:

hf,1 =
khf,1CCOCˇ

H2
C1aCı

Rh

(1 + KCO,1CCO)˛(1 + K1aC1a)�
KL1,1CL1

(1 + KL1,1CL1)
(19)

hf,2 =
khf,2CCOCˇ

H2
C1aCı

Rh

(1 + KCO,2CCO)˛(1 + K1aC1a)� (20)

hf,3 = khf,3CCOCˇ
H2

C1bcCı
Rh (21)

iso,f = kiso,fC1aCRh

Cε
CO

KL1,2CL1

(1 + KL1,2CL1)
(22)

hg,1 = khg,1CH2 C1aCRh (23)

hg,2 = khg,2CH2 C1bcCRh (24)

here khf,1, khf,2, khf,3, kiso,f, khg,1, and khg,2 are the reaction rate
onstants for the respective hydroformylation, isomerization, and
ydrogenation steps. C indicates the concentration of a reactant or
atalyst precursor. ˛, ˇ, � , ı, ε, KCO,1, KCO,2, K1a, KL1,1, KL1,2 are the
mpirical kinetic parameters.

At 70 ◦C the Rh catalyst modified with L1 resulted in some iso-
erization of 1a into internal octenes. The formation of internal

ctenes is thermodynamically favored relative to 1a,  and the equi-
ibrium concentration of 1a will be very small [47]. Therefore, we
ave chosen to neglect the reverse process, i.e. riso,b = 0 mol s−1.

In Table 3 the optimization results and the total residual sum

f square errors (RSS) for four different cases are listed. For cases 1
nd 2 all data were used as input for the calculation. For cases 3 and

 the data up to a conversion of 90% were used as input for the cal-
ulation. Case 1 is the set of results which were obtained by varying

able 3
ptimization results with 95% confidence intervals.

Parametera Case 1b Case 2b

khf,1 (L1+ˇ+ı mol−1−ˇ−ı s−1)d 754 ± 393 949 ± 166 

khf,2 (L1+ˇ+ı mol−1−ˇ−ı s−1)d 94 ± 42 111 ± 27 

khf,3 (L1+ˇ+ı mol−1−ˇ−ı s−1)d 2.17 ± 0.57 2.7 ± 0.5 

KCO,1 (L mol−1)d 6.2 ± 2.5 6.04 ± 0.52 

KCO,2 (L mol−1)d 4.3 ± 1.5 4.03 ± 0.53 

K1a (L mol−1) 0.95 ± 0.68 0.97 ± 0.04 

KL1,1 (103 L mol−1) 2.06 ± 0.13 2.15 ± 0.13 

KL1,2 (103 L mol−1) 4.3 ± 1.9 4.7 ± 2.4 

˛(–)  2.50 ± 0.19 2.5f

ˇ(–) 1.02 ± 0.05 1f

� (–) 2.0 ± 1.0 2f

ı (–) 0.97 ± 0.02 1f

ε (–) 0.88 ± 0.15 1f

kiso,f (L1−ε mol−1+ε s−1) 0.34 ± 0.05 0.31 ± 0.02 

khg,1 (L2 mol−2 s−1) 0.035 ± 0.022 0.036 ± 0.022 

khg,2 (L2 mol−2 s−1) 0.28 ± 0.11 0.29 ± 0.11 

RSSe (mol2 L−2) 0.1446 0.1458 

a The parameters khf,1 to khg,2 are part of the vector p in the optimization function F.
b Calculation using all data up to 100% conversion (121 samples corresponding to 847 c
c Calculation using data up to 90% conversion (39 samples corresponding to 273 conce
d The units of khf,1, khf,2, khf,3, KCO,1, and KCO,2 are dependent on the values of  ̨ (for case
e The residual sum of squares.
f These parameters were at a fixed value and were not part of the optimization calcula
g Unit: L1+ˇ+�+ı mol−1−ˇ−�−ı s−1.
h Unit: L1+ˇ+�+ı mol−1−ˇ−�−ı s−1.
i Unit: L1+ˇ+ı mol−1−ˇ−ı s−1.
j Unit: L˛ mol−˛ .
talysis A: Chemical 346 (2011) 1– 11

all 16 parameters to minimize the objective function (Eq. (17), Sec-
tion 2). When all 16 parameters were included in the optimization
the lowest value for RSS was found. In case 2, values for parameters
˛, ˇ, � , ı, and ε were used based on the values used in case 1 but
rounded off to the closest half integer value. In this case the opti-
mized parameter values differ somewhat from those obtained in
case 1. However, the confidence intervals of the optimized values
in case 2 have considerable overlap with those of case 1. Also, the
RSS value for case 2 is only slightly higher than for case 1. In both
cases the values for khg,1 and khg,2 have a small significance, since
the corresponding confidence intervals are quite broad.

For case 1 in Table 3 � has a value of 2, which is the max-
imum value � can have according to the optimization routine
(Table A7 in Supplementary Information). In the case where � = 5
(Supplementary Information section A.5, Table A6, case 6) the con-
fidence intervals for both K1a and � were rather broad. Therefore,
a value for � higher than 2 was  not expected to be meaningful,
because it would not result in a significantly enhanced kinetic
model.

A model (case 3) where Eqs. (19) and (20) were replaced by
versions in which the term describing saturation in 1a is absent and

 ̨ is directly associated with the carbon monoxide concentration
(Eqs. (25) and (26)) was also tested. This model is similar to the one
proposed by Davis and Erkey [38] except for the ligand saturation
term that was kept in Eq. (25).

rhf,1 =
khf,1CCOCˇ

H2
C�

1aCı
Rh

(1 + KCO,1C˛
CO)

KL1,1CL1

(1 + KL1,1CL1)
(25)

rhf,2 =
khf,2CCOCˇ

H2
C�

1aCı
Rh

(1 + KCO,2C˛
CO)

(26)

The data up to a conversion of 90% (39 samples corresponding
to 273 concentration values) were taken into account. Convergence
could not be reached when the optimization was tried with all

the data (121 samples corresponding to 847 concentration values).
Also, the optimization calculations took longer when Eqs. (25) and
(26) (on average 6 h) in the optimization were used instead of Eqs.
(19) and (20) (on average 0.5 h). Presumably, the computation of

Case 3c (rate equations (25) and (26)) Case 4c

53 ± 25g 1319 ± 310
8.7 ± 5.6h 95 ± 53
1.7 ± 2.5i 4.7 ± 3.2
31 ± 15j 7.1 ± 0.8
19 ± 14j 3.9 ± 1.1
– 0.95 ± 0.04
2.22 ± 0.15 2.11 ± 0.13
4.6 ± 4.6 2.2 ± 1.1
2.07 ± 0.07 2.5f

0.91 ± 0.06 1f

0.45 ± 0.02 2f

0.97 ± 0.02 1f

1f 1f

0.280 ± 0.054 0.37 ± 0.06
0.017 ± 0.059 0 ± 0.05
0.6 ± 1.4 1 ± 1
0.1121 0.1010

oncentration values).
ntration values).

 3), ˇ,� (for case 3) and ı.

tions.
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Fig. 3. (a) Comparison of the experimental concentrations and the predicted con-
c
e
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t
(
z
r
(

3.4. Influence of temperature and the apparent activation energy

F
c

entrations obtained with the parameters of case 1 in Table 3. (b) Comparison of the
xperimental rates and the predicted rates obtained with the parameters of case 1
n  Table 3 using the same ‘linearized’ approach as used for the experimental data.

he differential equations becomes problematic with Eqs. (25) and
26) when the concentrations of 1a and carbon monoxide approach

ero. In Table 3 results are given for this optimization using the
ate equations (25) and (26) together with rate equations (21)–(24)
case 3).

ig. 4. Comparison of the experimentally obtained normalized concentration profile of 1a
oncentration profiles indicated by the lines: [CO]0 = 0.76 mol L−1 – · – · – ·, [CO]0 = 1 mol  L−
talysis A: Chemical 346 (2011) 1– 11 7

The values obtained for ˛, ˇ, � , and ı, correspond to some extent
to the values reported by Davis and Erkey who  have found values of
1.61 ± 0.23 for ˛, 0.83 ± 0.05 for ˇ, 0.40 ± 0.04 for � , and 0.94 ± 0.08
for the order in catalyst at a ligand to Rh ratio of 3 to 1 [38]. The opti-
mization was  also performed using rate equations (19)–(24) with
fixed values for ˛, ˇ, � , ı, and ε with the data up to a conversion of
90% (case 4, Table 3). The residual sum of square errors was con-
siderably smaller than obtained with rate equations (25) and (26).
Apparently, the kinetic model based on Eqs. (19) and (20) (cases
1, 2 and 4) gives a better description of the data than the kinetic
model with the rate equations proposed by Erkey and co-workers
(case 3).

In Fig. 3a the calculated concentration data with the optimized
parameters of case 1 in Table 3 are compared to the experimental
concentration data. Fig. 3a gives no indication of systematic errors
and, therefore, it can be concluded that the model gives a good rep-
resentation of the experimental data. In Fig. 3b a parity plot is used
to compare the experimentally determined initial reaction rates
(R1a,0, Rald,0, R2a,0 in Table 2) to the initial rates predicted with the
model using the same ‘linearized’ approach as used for the exper-
imental data. The initial rates calculated with the kinetic model
agree well with the experimentally determined rates. In the supple-
mentary information further comparisons between experimental
and predicted data are provided for cases 3 and 4 in Table 3.

In Fig. 4 concentration-time profiles are given for the experi-
ments in which the initial carbon monoxide concentration has been
varied. The lines represent the results obtained with the model.
Fig. 4 shows that the prediction based on the kinetic model with the
optimized values in Table 3 (case 1) gives a satisfactory description
of the concentration data of 1a,  2a,  branched aldehydes and inter-
nal octenes. The model gives a good description of the influence of
carbon monoxide on the regioselectivity as well. This can be seen
in Fig. 4b and c, because the concentrations of 2a and 2b–2d as a
function of time are represented correctly.
In Fig. 5 the aldehyde yield as a function of time is given for dif-
ferent reaction temperatures using a ligand amount of 0.11 mmol.

 (a), 2a (b), 2b–2d (c), and 1b–1g (d) indicated by markers and the predicted model
1 – – –, [CO]0 = 1.5 mol  L−1 ——.
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ig. 5. Comparison of the experimentally determined aldehyde yield (markers) and
he aldehyde yield predicted with the kinetic model (lines).

he initial rate of aldehyde formation increased with a factor of
–2.5 with every 10 ◦C increase in reaction temperature in the
ange of 40–70 ◦C. With a value between 2.7 and 2.9 the n:iso0
id not vary significantly with the temperature. However, the

nitial rate of isomerization R1b–g,0, increased with temperature
Table A3 in the supplementary information).

The solid lines in Fig. 5 are predictions based on the kinetic
odel, calculated with the optimized parameters khf,1, khf,2, khf,3,

iso,f, khg,1, and khg,2, and with fixed values for KCO,1, KCO,2, K1a,
L1,1, KL1,2 ˛, ˇ, � , ı and ε, as given in Table 3 (case 1). In princi-
le, all 16 kinetic parameters presented for case 1 in Table 3 can be
emperature dependent. To obtain the best estimate for the temper-
ture dependency of all these parameters, reaction kinetics should
e measured at several temperatures. Since we do not have the
etails of the reaction kinetics at different temperatures, we have
ssumed that the reaction orders (˛, ˇ, � , ı, and ε) and the param-
ters KCO,1, KCO,2, K1a, KL1,1, KL1,2 are temperature independent. A
imilar approach was taken by Davis and Erkey [38]. By doing so it
s possible to obtain the temperature dependence of khf,1 and khf,2.
ubsequently, estimates for the apparent activation energies Eact,1
nd Eact,2 can be made by means of the Arrhenius equation, Eq. (27):

hf,i = k0,i e−Eact,i/RT , i = 1 for R2a,0, i = 2 for R2b,0 (27)
ith k0,i being the pre-exponential factor, T the temperature, and
 the gas constant. In Fig. 6 the natural logarithm of khf,1 and khf,2
re given as a function of (R × T)−1. The data point corresponding
o 80 ◦C was not taken into account to determine the respec-

ig. 6. Apparent activation energy for the formation of the linear (2a) and branched
ldehydes (2b–2d). The data point at 80 ◦C has not been used in the estimation of
he apparent activation energy. Every data point has error bars, but in some cases
hese are not visible as a result of a relatively small error.
talysis A: Chemical 346 (2011) 1– 11

tive activation energies. The data point corresponding to 80 ◦C, at
3.4 × 10−4 mol  J−1, appears to deviate from the linear trend when
considering the values of ln(khf,1) and ln(khf,2) at 40–70 ◦C. The devi-
ation of this data point is most likely due to the relatively low
sampling frequency in combination with the fast reaction, which
results in an underestimation of the initial reaction rate. In addi-
tion, the initial rate of isomerization to internal octenes is higher at
80 ◦C than at 70 ◦C and the formed internal octenes might inhibit the
hydroformylation of 1a (see Supplementary Information, Table A3).
The estimated activation energies, with 95% confidence intervals,
are 74 ± 11 kJ mol−1 for the formation of 2a and 76 ± 22 kJ mol−1 for
the formation of 2b,  in the temperature range of 40–70 ◦C. These
values are in the range of values reported Rh-catalyzed hydro-
formylation of ethene, propene, and 1a [38,48,49].  The results on
khf,3, kiso,f, khg,1, and khg,2, in particular, at the low reaction tem-
peratures (≤60 ◦C) could not be determined accurately enough to
determine activation energies for the corresponding reaction steps.
This is evidently a result of the low isomerization and hydrogena-
tion activity at a temperature below 70 ◦C. In the Supplementary
Information the optimized values for khf,1, khf,2, khf,3, kiso,f, khg,1,
and khg,2 are given.

3.5. The catalytic cycle and comparison with literature

In Scheme 3 the generally accepted mechanism of hydro-
formylation is depicted. It is based on the reaction mechanisms
suggested by Wilkinson and co-workers for the starting compound
HRhCO(PPh3)3 [50], and by Heck based on the starting compound
HCo(CO)4 [51]. The so-called dissociative pathway with sequence
C2–C4–C5–C6–C7–C8, or C2a–C4a–C5a–C6a–C7a–C8a,  has been
generally accepted as the main mechanism for the hydroformy-
lation of alkenes. Starting from C1 or C3,  the first step is the
dissociation of PR3 or CO, respectively, to form the reactive inter-
mediate C2.  An alkene coordinates then to C2 resulting in complex
C4. Through migratory insertion of the alkene into the Rh–H bond
complex C5 is formed. Subsequently, CO coordinates to C5,  which
results in the n-alkyl C6.  A second migratory insertion but now of
CO into the Rh-alkyl bond then can take place to form C7 followed
by oxidative addition of dihydrogen to form C8 and reductive elim-
ination to form aldehyde product and the intermediate C2. This is
still a simplified scheme. For a more detailed discussion the reader
is referred to Refs. [3,4,45] and the references cited therein.

Besides the formation of linear aldehydes from the linear 1-
alkenes, a certain amount of branched aldehydes is formed. This
can be explained by 2,1-insertion of the alkene in C4 to form
the branched alkyl species C11 [52,53]. C11 can result in the for-
mation of 2b through CO insertion, oxidative addition of H2 and
reductive elimination of the branched aldehyde product similar to
the sequence C5–C6–C7–C8–C2. �-Hydrogen elimination from C11
results in 2-octene that can undergo further isomerization (through
reinsertion/�-hydrogen elimination steps) or hydroformylation. In
general, the HRhCO(PPh3)3 system has a reasonably high selectivity
for the n-aldehyde which can be explained by the high preference
for 1,2-insertion of the 1-alkene into the Rh–H bond combined with
a low isomerization activity.

A number of empirical models for the reaction rate of the hydro-
formylation with Rh-catalysts have been proposed. Van Leeuwen
and co-workers discussed two types of simplified rate equations
(Eqs. (28) and (29)) as a starting point for the modeling of the
reaction kinetics [3,54,55]:

p1CalkeneCRh
RI =
p2 + CLigand

(28)

RII = p3CH2 CRh

p4 + CCO
(29)



A.C.J. Koeken et al. / Journal of Molecular Catalysis A: Chemical 346 (2011) 1– 11 9

S a.  R3P is the monodentate phosphine ligand L1 with R = –C6H3–3,5-(CF3)2. The Rh species
w  with R1 = –CO are designated with the code inside the brackets.
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Fig. 7. Reaction order as a function of normalized amount of reac-
tant or catalyst precursor based on the kinetic parameter values of
case  1 in Table 3. Reference conditions: CCO = 1 mol L−1, CH2 = 1 mol  L−1,

−1 −4 −1 −3 −1
cheme 3. The catalytic cycles of the hydroformylation of 1-octene, 1a, to nonanal, 2
ith  R1 = –PR3 are designated with the code outside of the brackets. The Rh species

here p1 to p4 are constants. The generally accepted rate equation
s RI (Eq. (28)), for which alkene coordination or the insertion of
he alkene into the Rh–H bond can be considered to be the rate-
etermining step, i.e. the sequence C2–C4.  Type I kinetics (Eq. (28))

s associated with Rh-catalysts modified with triphenylphosphine
48,54]. Type II kinetics (Eq. (29)), which is considered to be less
ommon, has been observed for Rh-catalysts coordinated with CO
56,57] and bulky phosphites, like tris(2-t-butyl-4-methyl-phenyl)
hosphite [54,58] but has also been observed for HRh(CO)(PPh3)3
44]. For type II kinetics the rate-determining step is considered
o be the oxidative addition of dihydrogen, i.e. the step C7–C8.
lthough CO is needed for step C5–C6 it is usually not rate limiting.

In practice the reaction kinetics of hydroformylation are often
ore complicated than Eqs. (28) and (29) suggest. In several papers

 more extensive rate equation that also incorporates the saturation
n alkene has been derived for the case where C7–C8 is the rate
etermining step [44,59]:

= v1CCOCH2 CalkeneCcatalyst

1 + v2CCO + v3CCOCalkene + v4C2
COCalkene + v5C3

COCalkene
(30)

here v1 to v5 are the constants in which the rate coefficients and
quilibrium constants of the reaction steps in the catalytic cycle
re lumped together. The empirical rate equation we  have found
esembles this theoretically derived rate equation. In addition to

 first order in dihydrogen, it also includes the saturation kinetics
n CO, alkene and ligand. A possible higher order inhibition by CO
as been explained by the formation of di- and tricarbonyl species
uch as C1,  C1a, C9,  and C9a that are all outside of the catalytic
ycle. The saturation or even inhibition in alkene at higher alkene
oncentrations is generally explained by the formation of alkene
omplexes of rhodium alkyl species that are also outside of the
atalytic cycle (not shown in Scheme 3) [60].

To further support the discussion, the reaction orders in carbon
onoxide, hydrogen, 1a,  rhodium, and ligand are plotted as a func-
ion of their respective normalized concentrations in Fig. 7. When
onsidering the rate equations for rhf,1 and rhf,2 it is clear that ˇ
nd ı directly represent the orders in H2 and Rh, respectively. For
O, 1a,  and L1 the reaction order cannot be readily discerned from
C1a = 0.5 mol  L , CRh = 2.5 × 10 mol  L , and CL1 = 1 × 10 mol  L ; maxi-
mum  amounts: CCO,max = 1.5 mol  L−1, CH2,max = 1.5 mol L−1, C1a,max = 1.1 mol L−1,
CRh,max = 5.5 × 10−4 mol  L−1, CL1,max = 2.5 × 10−2 mol L−1.

the rate equations. The reaction orders in CO, 1a,  and L1 (�i), for
the primary reactions, the formation of 2a and 2b from 1a,  were
evaluated using the following equation:

�i = d ln(rhf,1 + rhf,2)
d ln Ci

(31)

where Ci is the concentration of component i (CO, H2, 1a,  Rh, and
L1). Eq. (31) represents the slope of the curve obtained by plot-
ting the logarithm of the rate (rhf,1 + rhf,2, Eqs. (19) and (20)) as a
function of the logarithm of reactant concentration. This is the dif-
ferential method to evaluate reaction orders [61]. See Section A.5
in the Supplementary Information for formulas defining �CO, �1a,
and �L1.
The reaction order in 1a changes from 1 to zero and even
becomes slightly negative when C1a increases. The order in CO,
which initially is close to zero, develops into a strong nega-
tive order (ca. −1.25) at higher CO concentrations. The orders in
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ydrogen and rhodium are approximately one in the range of con-
entrations investigated. Saturation kinetics are observed in ligand
oncentration, going from an order of 0.33 at a ligand concentra-
ion of 1 × 10−3 mol  L−1 to essentially zero at a concentration of
.5 × 10−2 mol  L−1.

All in all, in particular at higher 1a and CO concentration the
inetics of the Rh/L1 system show resemblance with the type II
inetics (Eq. (29)). The positive effect of hydrogen concentration
ould in principle also be caused by the equilibrium between C1
nd C10 [44,62]. However, this is not likely, because the catalyst is
ormed in the presence of 1 mol  L−1 hydrogen and 1 mol  L−1 carbon

onoxide. These concentrations of hydrogen and carbon monox-
de are considerably higher than commonly applied in experiments
sing organic solvents. In earlier spectroscopic studies under lower
2 and CO concentrations than applied here it was  already found

hat HRh(L1)3CO is converted predominantly into HRh(L1)2CO and
hat dimeric species such as C10 and C10a are not formed in sig-
ificant amounts [63]. Also in the case of formation of dimeric Rh
pecies one would not expect a clean first order in hydrogen as is
ound here. Type II kinetics is mostly associated with the use of a
hodium catalyst modified with electron-withdrawing and steri-
ally hindered ligands like bulky phosphites. It is known that the
pplication of electron-withdrawing ligands decelerates the oxida-
ive addition of hydrogen [3].  L1 contains six electron-withdrawing
rifluoromethyl groups, so, L1 is considerably less basic and more
terically hindered than triphenylphosphine [64,65]. Therefore, it
s plausible for L1 that oxidative addition of hydrogen is the rate
etermining step under conditions where the olefin concentration

s high.
For a rhodium catalyst modified with triphenylphosphine an

ncrease in concentration of species C3,  which has three coordi-
ated phosphine ligands, is the main cause of a decrease in reaction
ate when the triphenylphosphine concentration is increased
1,3,48]. The observation for L1 that the reaction rates increase with
n increase in ligand concentration, i.e. an increase in L1:Rh ratio, is
n sharp contrast with what is observed for triphenylphosphine–Rh
ystems. The origin of the observed saturation kinetics rather than
he expected inhibition in L1 might be that C3 is not kinetically rele-
ant under the reaction conditions [63]. The latter may  be explained
y the low basicity of L1 although steric consequences of the bis-
eta substitution, in terms of cone angle for example, may play a

ole too [64,65]. The absence of C3 even at high ligand concentration
as also reported by Moser et al. for rhodium catalysts modified
ith para-substituted triarylphosphines [66].

It can be assumed that under the reaction conditions employed
n this study a part of the catalysis involves rhodium species

ith only one L1 ligand, and that hydroformylation through the
monophosphine cycle’ (C2a–C4a–C5a–C6a–C7a–C8a) plays a role.
his is implied by the clear enhancement of selectivity with an
ncrease in L1 concentration. An increase in the L1 concentration

ould shift the equilibria to such an extent that the cycle starting
ith C2 becomes dominant over the one starting with C2a. This

xplanation is in line with the lower basicity of ligand L1 com-
ared to PPh3 and with spectroscopic studies recently obtained
y Haji and Erkey et al. who  observed Rh(acyl)(CO)3(L1), a species
orresponding to C9a [63].

The differential selectivity values based on the initial rate mea-
urement for 2a lie in between 61% and 73% (Table 2) and are
oderate [34]. Nevertheless, the n:iso ratios observed for the Rh/L1

atalyst are comparable to those for the PPh3-modified rhodium
atalyst. The lower differential selectivity for 2a is clearly due to the
igher proportion of internal alkenes formed that are only partially

ydroformylated to branched aldehydes [14,34]. The high isomer-

zation activity of the L1-modified Rh system is most probably also
elated to the electron-withdrawing ligand system employed [3]
nd could be another indication of the involvement of monophos-
talysis A: Chemical 346 (2011) 1– 11

phine complexes that lack the steric crowding required for a more
selective alkene insertion into the Rh–H bond.

A pronounced change in reaction rate and selectivity was found
when the CO2 amount was  decreased to 1.2 mol (entry 3, Table 1).
A similar observation was made in the hydroformylation of 1-
hexene in the presence of a Rh-catalyst by Cole-Hamilton and
co-workers when they reached biphasic conditions [33]. It is plau-
sible that the higher reaction rate and regioselectivity observed
using 1.2 mol  of CO2 were the result of the two-phase reaction con-
ditions. In the two-phase reaction system a higher local Rh and
L1 concentration in the lower 1a-  and product-rich phase can be
expected.

Although the unique ligand properties of L1 seem to be responsi-
ble for the effects observed, without comparative studies with other
solvents it is not possible to assess the exact solvent effect of carbon
dioxide on the hydroformylation kinetics. Earlier studies indicated
that results obtained in scCO2 could be compared to those obtained
in hexane or toluene but in this case much lower and constant par-
tial pressures (0.5 MPa) of CO and H2 were used [13] resulting in
significantly lower concentrations of these reagents (0.065 mol  L−1

CO and 0.033 mol  L−1 H2 in hexane [67,68]). The fact that similar
TOF values were found in this study as for the hydroformylation in
hexane in a previous study [13] may  be due to the opposite effects
of H2 and CO pressure on the rate of hydroformylation.

4. Conclusion

The high activity of the Rh/L1 catalytic system for the hydro-
formylation of 1-octene in scCO2 at 40–70 ◦C is a result of the unique
electronic and steric properties of L1 which cause diphosphine and
very likely also monophosphine Rh species to contribute to the
catalysis. The current work shows that, despite of the rather exotic
but environmentally advantageous solvent system used (scCO2),
the kinetics can still be discussed within the classical framework
originally proposed by Wilkinson and co-workers for the system
HRh(CO)(PPh3)3 [62].

The kinetic model derived here is complementary and more
broadly applicable than previously reported models. The rate of
formation of linear and branched aldehydes, inhibition by CO, iso-
merization, the effect of alkene and ligand were all specifically
incorporated in one kinetic model. It could be shown that oxidative
addition of hydrogen is the rate limiting step. The observed kinet-
ics and the corresponding mathematical model presented here are
expected to be of relevance for other rhodium catalysts modified
with electron-withdrawing phosphine ligands.
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