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Propene hydroformylation was performed with rhodium triphenylphosphine catalyst with hydrogen and
CO partial pressure varied in the range of 8-15 bar. The regioselectivity was independent on the concentra-
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based on the mechanism of alkene hydroformylation and compared with experimental observations.
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1. Introduction

Homogeneous catalysis by metal complexes, widely utilized in
academic research, also made its way into industry. One of the most
prominent examples of applied homogeneous catalysis is hydro-
formylation, or oxo-synthesis, which is an important industrial
process for the production of aldehydes from alkenes (Fig. 1) [1,2].

One of the commonly studied catalysts for this reaction is
HRh(CO)(PPh3)3. The currently accepted mechanism for Rh/PPhs
hydroformylation is shown in Fig. 2 [3]. Usually only one cycle is
discussed, and mechanistic aspects of regioselectivity are rather
seldom addressed [4].

The regioselectivity (e.g. the selectivity to linear over branched
aldehydes) can be very high reaching routinely 70-92% and even
a linear to branch ratio of 500 was attained depending on tem-
perature, ligand concentration and hydrogen to CO ratio [1,2]. In
industrial conditions excess of phosphine ligand is used, although
activity is deteriorated, but selectivity towards linear aldehyde is
improved.

The addition of excess phosphine ligand shifts the phos-
phine dissociation equilibrium towards the more selective
HRh(CO)(PPh3); catalyst. Although it is reported sometimes in the
literature that higher CO partial pressures lower the product linear-
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ity, our recent experimental data [5] obtained in the pressure range
of synthesis gas below 15 bar showed independence of selectivity
from CO. However, the regioselectivity of HRh(CO)(PPhs ), was seen
to be dependent on the concentration of PPhs as the following rate
equations were found to be adequate to explain experimental data

1; = kiCalkeneCh, CCOCRhCE,?;{f 4 1)
= knCatkeneCri, CcoCrnCpo:30 2
T'n = KnCalkeneCH, Ccobrn PPh3 (2)

and subsequently

n kn
n _ 3
i kP ®)

where 1, and r; correspond to formation of linear and branched
aldehydes, respectively.

Despite the industrial importance of hydroformylation reaction
and substantial amount of research devoted to understanding the
mechanism of this reaction, there are only a few kinetic studies
where the kinetic equations are derived from mechanistic con-
siderations and compared with experimental observations. In our
previous contribution [5] only a simple kinetic model of power
law type has been applied. In this paper, a mechanistic and more
extended kinetic model is evaluated.

The aim of this contribution is to discuss the mechanism
of hydroformylation and to compare the kinetics, which cor-
responds to the mechanism, with experimental observations,
focusing mainly on regioselectivity. The theory of complex reac-
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Fig. 1. Hydroformylation of alkenes.
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Fig. 2. Hydroformylation mechanism [3].

tions with the notions of reaction routes, developed by Temkin [6]
will serve as a tool.

2. Experiment procedure

The experiments were carried out in a stirred and pressurized
300-mlreactor made of stainless steel (Parr 4561). It had an internal
cooling loop and was equipped with an automatic temperature con-
trol system consisting of an external electric heating jacket coupled
to a steering unit (Parr 4843), which was also used to control the

stirring speed. The temperature could be maintained within +1°C.
The reactor had facilities for sampling of the liquid phase as well
as the gaseous content. The reactor was connected to reservoirs
of alkene and nitrogen. Synthesis gas containing H,/CO mixtures
could be fed at a constant pressure to the reactor by means of
a pressure regulator (Brooks 5866, Brooks 0154) and the reactor
was equipped with transducers for on-line measurements of pres-
sure (Keller Type PA21 SR/80520.3-1) and temperature which was
followed up on a PC for continuous data logging.

The catalyst precursor and the ligand were dissolved in 2,2,4-
trimethyl-1,3-pentanediol monoisobutyrate. The solution was
charged into the steel reactor. The reactor was sealed tight and the
heating jacket was attached. The gases fed into the reactor were dis-
persed in the liquid phase by the aid of a sinter. Propene was flushed
though the liquid phase at the flow rate of 22 1/h for 7 min at 1.2 bar
and room temperature. The reactor was kept closed for 25 min to
await gas-liquid equilibrium. The reactor was heated to the reac-
tion temperature of 70-115 °C while the total pressure increased to
~6 bar. After stabilization of the temperature, a zero sample was
taken from the liquid phase. The stirring was kept on during this
entire procedure. The reaction time was initialized to zero as soon
as the reactor was pressurized with hydrogen-carbon monoxide
syngas. Samples of the volume 1ml were taken from the liquid
phase.

3. Reaction mechanism

It is generally accepted that the active catalyst form is a four-
coordinated intermediate like HRh(CO)(PPhs ),. According to [1] the
catalytic cycle with this intermediate gives only predominantly lin-
ear aldehyde. Such an intermediate can undergo transformations,
leaving one ligand and accepting one CO molecule. Monophosphine
complexes are not selective giving an equimolar mixture of linear
and branched aldehydes. The mechanism, presented in Fig. 3 should
in principle give dependence of regioselectivity on the CO pressure
and triphenylphosphine concentration.

Experimental data, generated in [5], show no dependence of
regioselectivity on the CO concentration within the studied range
of conditions, which imposes some restrictions on the transfor-
mations between RhHLCO and RhHL;CO. It is supposed that the
cycle where RhHL,CO is involved leads to a higher amount of lin-
ear aldehyde, while the cycle with RhHLCO is not regioselective, in
the extreme case giving an equimolar ratio of linear and branched
aldehyde.

The reaction mechanism, given in Fig. 3, will be utilized for
derivation of the rate equations. It can be presented in the
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Fig. 3. Hydroformylation mechanism with two cycles.
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following form:

N(i) N(Z] N(3) N(4)

1. RhHLy+COZ RhHL;CO 0 0 0 0
2. RhHL;COZ RhHL,CO +L 0 0 0 0
3. RhHL,CO+A—RhHL,COA 10 1 0
4. RhHL,COA+CO - RhL,(COLAH 1 0 1 0
5. RhLy(COLAH+H,—»N+RhHL,CO 1 0 0 0
6. RhLy(COpAH+H,—»I+RhHL,CO 0 0 1 0
7. RhHL,CO = RhHLCO+L 0 0 0 0
8. RhHLCO+CO— RhHL(CO), 0 1 0 1

RhHL(CO),;+A— RhHL(CO),A 0 1 0 1
10. RhHL(CO),A +H,—N+RhHLCO 0 1 0 0
11. RhHL(CO);A +Hy— 1+ RhHLCO 0 0 0 1

N N@ . A+CO+H=N, N® N*: A+CO+H,=1
(4)

The elementary steps above can be described by four reaction
routes, ie. sets of stoichiometric numbers of steps. Elementary
reactions are grouped in steps, and chemical equations of steps
contain reactants and intermediate products. A set of stoichiomet-
ric numbers of steps is defined as a reaction route. Routes must
be essentially different, and it is impossible to obtain one route
through multiplication of another route by a number, although
their respective overall equations can be identical. The number
of basic routes, P, is determined by P=S+W -1, where S is the
number of steps, W is the number of balance equations, and
I is the number of intermediates. Balance equations determine
the relationship between adsorbed intermediates. Such equations
can correspond to the total coverage equal to unity. In mech-
anism (4) A stands for alkene, N and I denote, respectively,
linear and branched aldehydes. On the right hand side of equa-
tions for the steps stoichiometric numbers along the four routes
N(M-N®) are given. These numbers are selected in a way so
that the overall chemical equations do not contain intermediates
[6,7].

According to the rule of Horiuti-Temkin, the number of inde-
pendent routes can be determined by subtracting from the number
of steps, equal to 11 in Eq. (4), number of intermediates, equal
to 8 {RhHL3, RhHL3CO, RhHL,CO, RhHL,COA, RhHL,(CO),A (note
that this is five-coordinated Rh species, similar to the one pre-
sented in Fig. 2), RhHLCO, RhHL(CO);, RhHL(CO);A} and adding
the number of balance equations (here there is one balance
equation which is related to the concentration of all rhodium
containing intermediates). Following this rule, it can be con-
cluded that there are four independent routes. The first two steps
in the mechanism represent so-called hanging vertex, their sto-
ichiometric numbers being equal to zero, and such steps are
at steady-state can be considered as quasi-equilibrium ones.
Equilibrium step 7 links two catalytic cycles (Fig. 3) together.
Mechanism, presented in Eq. (4) is simplified, as it does not
distinguish between different geometrical positions (axial or equa-
torial) of phosphines; however, considerations in the present
manuscript are sufficient to describe the kinetic regularities
regarding rate and regioselectivity dependencies on the ligand con-
centrations.

3.1. Derivation of rate equations

Equilibria for steps 1, 2 and 7 give the following equations:

CrnHisco = KiCruur, Peo (5)
K1K;Crpnr, Peo
CrnHLyc0 = C7L3 (6)
K1K2K7Crpi, Peo
Crurrco = TB (7)
L

In principle rigorous analysis of reaction kinetics requires appli-
cation of steady-state approximation to steps 3-6 and 8-11 in
the reaction mechanism (4). Since the reaction rate displayed first
order dependence in the concentrations of alkene, CO and hydro-
gen [5] according to Eqgs. (1) and (2), it is possible to simplify the
kinetic analysis and assume that there is only one rate-limiting
step in each catalytic route, while the other steps are at quasi-
equilibria. Although the rate-determining step in hydroformylation
with Rh/PPhs systems is not fully understood, it can be assumed
that the rate-determining step is H, addition in both routes.

It should be noted that an assumption of steady-state for all
routes in the cycle does not give a kinetic equation consistent with
experimental kinetic regularities.

It holds, therefore, for the intermediate species in the first route
that

K1K;K3C PcoP,
Crun,coa = 2 gHL3 o1 (8)

K1K>K3K4Cripir, P&y Pa
Crnr,conH = CL ”

and for the second
K1K>K7Ks Cripir, P2,
¢t

CruHi(co), = (10)

K1 K2K7Ks Ko Crurir, P2, Pa
¢

CrnHL(COYA = (11)

The rates along the first and the third routes are expressed by

k5K1K2K3K4CRhHL PZ PAPH
=15 = ksPr, Crhi,(coyaH = o 2072 (12)

N0

I(GI<1I<21<3I<4CR]1HL P2 PsPy.
) = rg = k6P, CRut,(coppaH = & 2 O (13)

while the rate equations for the second and the fourth routes take
a form

k10K1K2K7Ks Ko Crapir, P20 PaPH,
CZ
L

D = 119 = k1oPH, Crumii(copa =
(14)

k11 K1 K2 K7 Ks Ko Cruriz, P2y PaPr,
CZ
L

rV) =1y = ki1 Py, CruHL(COYA =
(15)

The balance equation relates all the catalytic intermediate
species

Crntts + CruHLsco + CrnnL,co + Crurico + Cruur,coa + Crarycoan
+ Crutr(coy, + CRrHL(CO),A

= Criz (1 + K1Pco + K1KaPco /Cp + K1KaK7Peo / CE
+K1K2K3PcoPa/Cr + K1 K2 K3KaP2oPa /Cr + K1 Ko K7Ks PE )/ CE

+K1K2K7KgKoP%oPa/CE) = C3, (16)
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Combining Egs. (12), (13) and (16) as well as (14)-(16) the
explicit expressions for the reaction rates along the routes are

(17)

(18)

(19)

r(') _ I(5K1 K2K3K4PgOPAPH2 /CL CO
1+ K1Pco + K KZPCO/CL + K K2K7PC()/CE + K KngPC()PA/CL + K I(2K3K4P(2-OPA/CL +IG K2K7K8P(2-0/CE + K K2K7K8K9P(2-OPA/CL2 Rh
Ly _ kK1 KaK3K4P2 PPy, /Cy 0
1+ Kq1Pco + K1KaPco /Cr + K1 KoK7Pco /C2 + K1K2K3PcoPa/Cr + K1K2K3K4P2,Pa/Cp + K1 K2K7KgP2, /C? + K1 Ko K7KgKo P2 Pp /C? Rh
2 2
A k10K1K2K7K8K9PCOPAPH2 /CL 0
1+ Kq1Pco + K1K2Pco/Cr, + K1 KoK7Pco /C? + K1K2K3PcoPa/Cr + K1K2K3K4P2,Pa /Cp + K1 K2 K7Kg P2, /C? + K1 Ko K7KgKo P2 Pa / C? Rh
) _ k11K1K2K7KgKoP2, PaPy, | C?

The first order in CO and alkene indicates that in denominator
unity as well as terms containing Pgo and P4 can be neglected, which
gives
_ ksKaKsKaPcoPaPhy /CL o

1+ Ky /CL+KoK7/C2 R
’{6K2K3K4PC()PAPH2 /CL 0
1+ Ky /CL +KoK7/C2 RN

"0

(i)

k10K2K7KgKoPcoPaPh, /CE o

) ,
1+ K /CL+KoK7/C2 RN

k11K2K7KgKgPcoPaPy, /C?
Hv) 1182R_7188Rglcol"A Hz/ chh (22)
14K /Cp + KyK7/C?

The generation rates for the components are written as follows:
ry = ) 4 ¢

k5K2K3K4PCOPAPH2 /CL+ kwKzKﬂ(gKgPCOPAPHZ/Cf
1+Ky/C+ K2K7/Cz

ksK3Ka/K7PcoPaPu, Cr + kioKsKsPeoPaPr, o

0
CRh

= 23
1+ C /K7 + C?/KaK7 Rh (23)
) ) _ keK3Ka/K7PcoPaPy, i, + k11KsKoPcoPaPh, o
1+ C /K7 + C2 /KoK
(24)
Eq. (23) could be modified
o ksK3Ks/K7PcoPaPu, CL(1 + (k10K7KsKo /ksK3K4)) c0
N= 1+ G /Ky + C2 /KoKy Rh
_ kaPHZ Pco(l + k/C]_)CO (25)
1+aC +bc2 R
with
I<5K3K4 , k101<7K3K9 1 1
k=% K=" "o "o (26)

co
1+ K1Pco + Ky KZPCO/CL + I K2K7PC()/CE +IG K2K3PCOPA/CL +IG K2K3K4PgOPA/CL + K1K2K7K8Pgo/CL2 + I K2K7K8K9PgOPA/C£ Rh

(20)

Analogously the generation rate for the branched aldehyde is
obtained

o k6K3K4/K7pcoPAPH2 CL(l + (k]]K7K8K9/I€6K3K4)) CO
e 1+aCy +bC? Rh

_ kaPHZPCO(k” + I(WCL) 0

= 27
1+aC +bC? Rh 27
where
. ke o ok kinK7KgKg
k = ke and k _km_m (28)

Analysis of Egs. (25) and (27) shows that the reaction rate is first
order in CO, alkene and hydrogen in agreement with experimen-
tal data and that an order in the ligand concentration is negative
in agreement with experimental observations [5]. Regioselectivity
(the ratio between linear and branched aldehyde) has the following
dependence on the ligand concentration:

n 1+KkC
=t = = 29
s o k+kC (29)
When it is compared with the empirical power law dependence

(Eq. (3)) rs~C191~,}2, it is clear that the term in denominator con-

taining k”’C; could be neglected. Additionally graphical comparison
between the power law dependence and Eq. (29) given in Fig. 4 sug-
gests that k” = kg /ks ~ 1 at non-negligible ligand concentration,
which means that the cycle involving RhHLCO is not regioselective,
providing an equimolar ratio of linear and branched aldehyde.
These simplifications finally lead to the following equations:

kPPPHz Pco(l + k/CL)

kaPHZPCO 0 r
" 144G +bC?

r=—-0,,
" 14aC +bc2 R

Con (30)
which were used for data fitting.
3.2. Data fitting

In order to elucidate the applicability of the kinetic model,
described above, the system of Eq. (30) was solved numerically in
the parameter estimations with the backward difference method
by minimization of the sum of residual squares with non-linear
regression using the simplex and Levenberg-Marquardt optimiza-
tion algorithms implemented in the software Modest [8].
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Table 1

Values of the estimated parameters.

Parameter Estimated value Est. relative standard error (%)
Ay 0.21 x 10? 12.1

Ay 0.11 x 10° 23.0

a 75.8 4.0

b 2650 9.7

Ex 0.76 x 10° 25.9

Note: Dimensions: [E;]=]mol~!, [A;]=dm® mol-2 min~', and [A;] = dimensionless.

Eq.(30)was in fact modified to include concentrations of alkene,
hydrogen and CO:

_ kCIJCHZCCO 0 _— kaCHZCCO(l +I€,CL)
" 1+aC +bC2 W " 144G +bC?

Ti Con (31)

In Eq. (31) Gp (mol/dm?), Gy, (mol/dm?), Cep (mol/dm?3), [Rh]
(mass fraction), and [L] (mass fraction) denote concentration of
propene, concentration of hydrogen and carbon monoxide, mass
fraction of rhodium, and mass fraction of ligand, respectively. The

solubility of hydrogen and carbon monoxide was studied previously
[9]:
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Fig. 5. Comparison between experimental and calculated data at some selected. Solid line: predicted value, B: propene, a: isomeric aldehyde, and ¢: normal aldehyde.
Conditions: reactant, 1.2 bar overpressure of propene at 25°C (approx. 0.15mol); solvent, 150 ml of 2,2,4-trimethyl-1,3-pentanediol monoisobutyrate; metal precursor,
(acetylacetonato)dicarbonylrhodium(I); rhodium concentration, 100 ppm; H,-to-CO ratio, 1:1; reaction time, 180 min. The reaction temperature, pressure of CO and Ha,
and ligand concentration was varied as follows. (I) T=100°C, Py, = 5.5 bar, Pco =5.5 bar, C; =0.005 (mass); (II) T=100°C, Py, = 5.5 bar, Pco = 5.5 bar, C; =0.02; (IIl) T=100°C,
Py, = 5.5bar, Pco=5.5bar, C;=0.04; (IV) T=100°C, Py, = 5.5bar, Pco=5.5bar, C,=0.08; (V) T=85°C, Py, = 5.5bar, Pco=5.5bar, C; =0.005; (VI) T=100°C, Py, = 5.5bar,

Pco=5.5bar, C; =0.005;.
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The lumped kinetic constant k was assumed to follow the Arrhe-
nius dependence:

Eq (1 1
e=rew (-5 (7o) )

where A, Eq, T and Treqn denote frequency factor, activation energy,
the gas constant, reaction temperature and mean temperature of
the experiments, respectively.

It was observed experimentally that regioselectivity did not
show any dependence on T [5] in the studied temperature range,
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Fig. 7. Contour plots: Ay vs. A1, b vs. a, avs. A1, b vs. Ay, Ea, vs. A1, avs. Ay, b vs. Ay,
Ea, vs. Az, avs.Eq,and b vs. Ey, .

therefore the lumped constant k’ was set to be temperature inde-
pendent. The model is still over-parametrized and could be further
simplified by assuming negligible temperature dependences of
equilibrium constants, which means in other words independence
of parameters a and b on temperature.
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The sum of squares in the parameter estimation was minimized
using a step size of 0.1 and 1 x 10-% for the absolute and rela-
tive tolerances of the simplex and Levenberg-Marquardt optimizer,
starting with the former method and changing to the latter one
while approaching the minimum.

Comparison between estimated and calculated values is given
in Fig. 5, showing very good description of the data. The degree of
explanation was 94% and sum of residuals was 1.65. The values of
the estimated parameters, the estimated relative standard errors
(in %) are shown in Table 1.

The value of activation energy for hydroformylation for Rh com-
plexes was reported to be 71 kJ/mol for octene [10], and 116 kJ/mol
for hexene [11], while for propene the value of activation energies
for hydroformylation with supported ionic liquid phase catalyst was
63 kJ/mol [12], which is very close to the theoretical values [4] as
well as those experimentally obtained in the present study.

The table demonstrates that the parameters are well

identified. The objective function SRS =1(0)= ||y 7311’”; =
nsetsnobs(k)nydata(j, k)

Z Z Z (Vijk —ypijk)zw,-jk dependence for the parameters
k=1 j=1 i=1

is given in Fig. 6, while Fig. 7 displays contour plots, proposing that
there is practically no correlation between parameters.

4. Conclusions

Experimental data on propene hydroformylation to linear and
branched aldehydes with rhodium triphenylphosphine catalyst
were obtained by varying hydrogen and CO partial pressure and
were compared with a mechanistic model. The reaction orders in
hydrogen, CO and alkene are equal to unity. The regioselectivity
was independent on the concentration of reactants, specifically that
of carbon monoxide, displaying minor dependence on the ligand
concentration.

The mechanism for alkenes hydroformylation was proposed in
accordance with literature data and experimental observations in
order to account for kinetics of this reaction. The reaction net-
work was supposed to contain two mechanistically different cycles,
each of them could in principle lead to linear and branched prod-

ucts. Kinetic hypothesis allowed some simplifications, in particular
that one cycle is selective to linear aldehydes, while the second
one gives stoichiometric amounts of linear and branched products.
A complicated mechanism involving different intermediates was
translated into tractable rate expressions. Numerical data fitting
was performed and it was concluded that the advanced kinetic
model, based on mechanistic considerations, describes well exper-
imental data, in particular regioselectivity. At the same time it
should be noted that the general kinetic scheme was somewhat
simplified while deriving kinetic equations by assuming one rate-
determining step in each catalytic route, which was justified by the
obtained kinetic regularities. For more complicated kinetics, these
simplifications could be relaxed.
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