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Abstract

The kinetic study of the hydroformylation of styrene catalysed by the rhodium/1,3,5-tripherghdsphole (TPP) system has been
facilitated by the fact that a catalytic system having two TPP ligands per Rh atom is maintained all along the catalytic cycle and no dissociation
of a TPP ligand has to be considered during this cycle. This has allowed us to propose a model of mechanism with an association complex
between the styrene and the unsaturated HRh(CO)gT&fecies. An analytical equation of the reaction rate has been established which
acceptably characterises the behaviour of the reaction rate according to the concentration of the various species. This study reveals that the
selectivity between linear and branched alkyl-rhodium is under thermodynamic control and the reversibility of the transformation of the alkyl
into acyl-rhodium isomers has not clearly been established but suggested by the observations. An inhibiting effect of the produced aldehydes,
through complexation with rhodium has also been put in evidence. This study emphasizes also the complex role of the Qréiatl H
pressures on the rate of reaction. A single catalytic cycle, only differentiated by the formation of linear or branched aldehydes, based on these
observations and consistent with the kinetic equation is proposed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [8,9].1 However, some steps are not completely demon-
strated.

With a world-wide production of several million tons a Pioneering studies by Wilkinson and co-work§t8] in
year, the hydroformylation of olefins is one of the main in- 1968 led to the proposal of a first mechanism based on
dustrial reaction carried out by homogeneous catafldis  two competitive pathways, namely, a dissociative pathway
Rhodium—phosphine based catalysts operate at lower temand an associative one (today almost neglected). The pro-
perature than earlier cobalt based catalysts and now repreposal of a dissociative pathway is reminiscent to that of the
sent the most used catalyst systems for this reaction. hydroformylation with cobalt catalysts, first established by

In parallel to studies of the optimisation of reaction Heck and BresloW11]. In such a scheme, the hydride com-
conditions and catalytic systems, numerous mechanisticplex HRh(CO)(PPh) is formed whatever is the rhodium
studies were conductef?] on the rhodium/phosphane source, but the nature of the active species was often the
systems[3,4]. Most of the published results concern the opject of controversy. For instance, in the initially proposed
rhodium-triphenylphosphine catalysts used in the industrial mechanism, the unsaturated species HRh§(R®h) was
plants for the hydroformylation of properfé]. Some in-  considered. However, in 1970, Brown and Wilkinsd2]
termediate complexes in the catalytic cycle were isolated syggested a second dissociative way leading to the active

or modelled[5-7], and numerous experiments proved very species HRh(CO)(PRJ [13,14] (Fig. 1).
useful for a better understanding of the reaction mechanism

* Corresponding author. Tel#335-61-33-3168; 1 Representative experimental data on our complexes (NMR, IR) are
fax: +335-61-55-3003. printed in paragraph 4.55¢ction 4. A full paper including in particular
E-mail address:ibergounh@Icc-toulouse.fr (C. Bergounhou). their characterisation is in preparation.
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Fig. 1. Hydroformylation mechanism: carbonyl and phosphine dissociative pathways(®stratum; R= linear or branched alkyl group).

The latter hypothesis was adapted later by several authorgproperties. The Rh/P ratio governs the formula of the com-
using other ligandg415-17] It was confirmed for triph- plex involved in the catalytic cycle and its variation leads to

enylphosphine by in situ IR studies of Moser et EIS] the modulation of the catalytic activity and selectivity. As
suggesting that complex HRh(CO)(R#his involved in the a consequence, when the hydroformylation reaction is car-
main catalytic cycle. However, Unruh and Christen§t®] ried out with complexes for which the Rh/P ratio is held

showed that a species containing three phosphane ligandgonstant throughout the catalytic cycle, the mechanism is
could be active in hydroformylation catalysed by rhodium. strongly simplified and becomes an ideal case for a kinetic
This observation was recently confirmed by Bianchini et al. study[16,17]
[20]. On the contrary, van Leeuwen and co-work{2§] Some years ago, Réf2B] checked a series of phospholes
showed that a rhodium complex with an encumbered phos-for the hydroformylation of different olefinf30—33] The
phite, was involved in the catalytic cycle with only one of ligand 1,2,5-triphenyl-H-phosphole (TPP) was the most ac-
the phosphite ligand bound to rhodium. tive under very smooth temperature and pressure conditions
Another subject of controversy is the nature of the (25-80°C; 20-30bar). Preliminary kinetic studies for the
rate-determining step. Evans et HIO] suggested that ox-  hydroformylation of styrene revealed the remarkable charac-
idative addition of H to the acyl-rhodium complex is the teristics of this systerfB4]: its catalytic activity is systemat-
rate-determining step but Moser et §l8] proposed the ically greater than the equivalent Rh/RBRlysten{29] and is
formation of the complex HRh(CO)(PB)a, by CO'’s disso- constant as soon as the Rh/TPP ratio is superior or equal to 2.
ciation from HRh(CO)(PPh),. To explain the influence of ~ The aldehyde chemoselectivity is 100% (2-phenylpropanal
the CO/H ratio on the linear/branched aldehyde ratio, Un- and 3-phenylpropanal) and the linear and branched aldehyde
ruh and Christensofi9] suggested that theg-activation is selectivity is roughly constant. The study of the influence
the rate-determining step of the catalytic cycle leading to the of the Rh/TPP ratio in the case of hex-1-€36,31] and
linear aldehyde and that the formation of the alkyl-rhodium styrene[35] revealed the same behaviour.
complex is the rate-determining step of the cycle leadingto  Polo et al.[36] too, observed a significantly constant cat-
the branched aldehyde. More recently, van Rooy €2 alytic activity at various Rh/TPP ratio for the hydroformy-
and van der Veen et gR23] attributed the rate-determining lation of 2,3-dihydrofurane and 2,5-dihydrofurane. It could
step to the coordination or/and the insertion of a terminal thus be concluded that contrary to the Rh/pPBystems, the
alkene into the Rh—H bond. Rh/TPP system leads to an active species with only two lig-
Numerous kinetic studies were carried out to clar- ands TPH35,37]
ify the mechanism of the hydroformylation catalysed by  The results of our preliminary kinetic studig!] allowed
rhodium—phosphane complexg®,15,24—-28]but they are us to propose the following equation rate:
not generally satisfactory because the range of reaction
conditions is limited, the partial orders are often fractional, p_ _ d[styrene]
the linear aldehyde selectivity changes with the reaction dr
parameters. As a consequence, the kinetic law is too com- 047 pH
plex to draw definite conclusions with regard to the reaction = 0-099[styren€] [styrenef[precursor} [pTOi|
mechanism.
Despite this complexity, these studies have revealed two In the absence of a detailed study of the possible cat-
important parameters, the Rh/P ratio and the phosphanealytic intermediates, it was difficult to rationalise the styrene
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fractional order. We, therefore, undertook a more detailed ISty
study of the catalytic system along two complementary di- Ln S
. 08 | [Styly
rections:
. s . [Sty,
e The identification and study of the properties of the (moI.L]?1)
organometallics complexes (reaction intermediates) 0.6 - . ot
formed in the reaction mixtures. '
e The conduction of additional kinetics experiments and the ¢ 026
improvement of the kinetic studies by introduction of a ) o 037
new program for data acquisition and treatment.
° 0.54
In this paper, we present our conclusions about the 0.2 4
reaction mechanism of the hydroformylation of styrene ° o
catalysed by the Rh/TPP system, based mainly on kinetic 0.0 t(s)
T

measurements and with the help of spectroscopic studies

T
6000 8000
which will be fully presented in a separate paper.

7 T T
0 2000 4000

Fig. 2. Styrene order determination (different styrene concentrations).

2. Results and discussion

-d[Sty] (mol.L"s™)
- . . dt [Sty],
Kinetic experiments were carried out by the method of 6105 (mol.LY)
constant initial concentrations: each variable was studied” " 1§ 070
separately, all the other experimental parameters being equa 054
in other respects. These conditions allowed to calculate the, 445 | '
rate at the origin of times and the average rate constant of 037
the reaction. The experimental conditions and the calculated E 028
values are collected imable 1 2x10°8 0.19
2.1. Kinetic study of the influence of the various t(s)
1 i T T T
parameters of the reaction . 5000 10000 15000
2.1.1. Study of the influence of the styrene concentration Fig. 3. Reaction rate vs. time (different styrene concentrations).

(experiments 1-5)

Application of the integral method to all the data points
leads to plot In([Styd/[Sty],) = f(t) for the five experi- 40% ((In([Styb/[Sty](s)) < 0.5). Thekjops value calculated
ments with different initial styrene concentratiodd. 2). from the average slope of the straight line confirms a value
The plotted curves appear as straight lines, consistent withof —0.47 for the initial styrene order.
a current styrene order equal to 1. However, they are not su- The graphR, = f(t), for the various initial styrene con-
perimposed, do not pass by the origin of axes and a weakcentrationsfig. 3), shows at least two phases in the reaction
non-linearity can be discerned for conversions lower than progress.

Table 1
Experiments used for the calculation of the rate constart 40°C)
Run  [Styp [Prec] (molL"1) Pyt Puy/Pco Ro (molL™ts™)  kops (s71) Branched/linedr Ky (molL—1)~053571)
(molL~1) (bar)
1 0.70 8.0x 1074 20 1 6.65x 10°° 0.95x 104  85/15 0.1004
2 0.54 8.0x 104 20 1 5.70x 107> 1.05x 104 84/16 0.0982
3 0.37 8.0x 104 20 1 4.71x 10°° 1.28x 104  85/15 0.1003
4 0.26 8.0x 1074 20 1 3.97x 10°° 154 x 1004  85/15 0.1022
5 0.19 8.0x 104 20 1 3.29x 10°° 1.74x 1004  85/15 0.0997
6 0.54 4.0x 104 20 1 2.73x 10°° 051x 104  84/16 0.0954
7 0.54 12.0x 10°* 20 1 8.43x 107> 156 x 1004 84/16 0.0973
8 0.54 16.0x 10~* 20 1 10.91x 1075 2.02x 104  84/16 0.0945
9 0.54 8.0x 104 20 2 20.5x 10°° 115x 104 72/28 0.0959
10 0.54 8.0x 1074 20 0.5 5.9x 10°° 442 x 104  85/15 0.1104
11 0.54 8.0x 1074 30 1 5.7x 1075 1.05x 1004  82/18 0.0982
12 0.54 8.0x 104 10 1 5.8x 10°° 1.07x 1004  85/18 0.1001
13 0.54 8.0x 1074 20 3 26.0x 10°® - - -

2 Linear and branched aldehydes are the sole products: ethylbenzene is not detectable.
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Fig. 4. In(—d[Sty]/dt) = f(In[Sty](,)) plot (different styrene concentrations).

The first is a short duration induction period (about
15 min), corresponding to the formation of the catalytic ac-
tive species, a homogenization of the reaction mixture and
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Fig. 5. In(—d[Sty]/dt) = f(In[Sty])) plot (different catalytic precursor
concentrations).

styrene concentration so, theRp, chart values differs from
the value Ima (respectively 0, 0.7, 1.1 and 1.4). The distance

a stabilisation of temperature and pressure. In the secondo the reference curve ([Prde= 4.0 x 10~* mol L~1) varies
phase, during the steady-state, the reaction rate decreaseaccording to the la value. We can see that the locations of

according to an apparently exponential law. The differential
method shows here its efficiency for the reaction progress
study: the use of the logarithmic functions discriminates

the experimental curvesig. 5 are in full agreement with
this hypothesis.

again the representation of weak amplitude phenomena and?.1.3. Study of the influence of the total pressure

the use of a unique function, corresponding to a definite
and fixed order throughout the reaction, does not allow to
put in evidence the possible changes of kinetic regime.
The InRyy = f(In[Sty],)) plot (Fig. 4) allows determina-
tion of the current styrene order. The experimental points,
except those situated near the origin of time (when [gt
[Stylo), fit to different, but parallel straight lines, with slopes

(pH2/pCO = 1) (experiments 2, 11 and 12)

In the catalytic experimental conditions, the partial pres-
surespH, andpCO are equal in the gas phase but the con-
centrations of these two gases are very different in solution
(Table 2.

Their solubility was estimated, using the coefficients of
Henry’s law in toluene, supplied by Bhanage et [88].

corresponding to a current order 1. This graph correspondsThis solubility is about 5.9« 10-3mol L1 bar! for CO

to the representation of the equatiorRp = f(In[Sty])
+ B, whereB is a constant (its value depends on the initial

and 1.8x 10-3molL~1bar? for Hy, at 323 K.
To study the influence of the total pressure synthesis gas

substrate concentration). These graphs allowed calculationon the reaction rate and on the aldehydes yield, we carried

of the value of the reaction rate, extrapolated at the origin

of time (Ro).

2.1.2. Study of the influence of the catalytic precursor
concentration (experiments 2, 6, 7, 8)
The InR;y = f(In[Sty](,)) graph Fig. 5 verifies that, for

each of the experiments, the current styrene order is roughly

equal to 1. The curves are significantly parallel, which is
consistent with an equation of the type:

d[Stylq)
t

Ry =— d

= kobdRN(CO)CI(TPP)2] '[Sty](,

IR ;) = In kops + IN(a[Preq]?)
+ In[Sty]

and consequently :

where [Preg] represents the lowest catalytic precursor con-
centration (4.0x 10~*molL~1) and a the multiplicative

factor (1, 2, 3 or 4 depending on the experiments). The re-
actions 2, 6, 7 and 8 were carried out with the same initial

out three experiments (2, 11 and 12) with a total pressure of
10, 20 and 30 bar (all the other conditions being identical to
those of the experiment 2). The graphFaf. 6 represents
the styrene disappearance rate with time.

-d[Sty] (mol.L"".s™)
—a

Total Pressure

6x105 |
30 bar
©° 20 bar

4x10-5 ] . :" 10 bar

2x105 ] |

Po

a
td
b

t(s)
T
10000

T T T T
0 2000 4000 6000 8000

Fig. 6. Total pressure influence on the reaction rate vs. time.
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Table 2

Study of the influence of the total pressure and the GQO#&iio

Run pH2 [H2] (molL-1) pCO [CO] (molL~1) pH2/pCO [H2)/[CO] Branched/lineadr  kops (571) Ry max

(bar) (bar) (molL=1s™1)

2 10 1.8x 102 10 59x 102 1 0.30 84/16 1.05< 104 6.25 x 1075
9 14 2.5x 1072 7 4.1x 102 2 0.60 72/18 - increasing
10 7 1.2x 1072 14 8.3x 1072 0.5 0.15 85/15 - 0.2& 10°°
11 15 2.7x 1072 15 8.8x 102 1 0.30 84/16 0.95¢ 104 5.46 x 105
12 5 0.9x 1072 5 2.9x 102 1 0.30 82/18 0.7% 1074 4.45x 107°
13 15 2.7x 1072 5 2.9x 1072 3 0.93 - - 26.0x 1075
Ryymax = maximal rate reached at the beginning of the reaction.

a Linear and branched aldehydes are the sole products: ethylbenzene is not detectable).

We can see that these curves are not superimposable: ume is relatively small compared to the volume of the solu-
tion. The gas phase thus becomes richer in excess gas during
the catalysis and this can modify the steps of the catalytic
cycle. This hypothesis is confirmed by the extremely differ-
ent curve profiles obtained according to the composition of
the synthesis gas. Despite the disparity of the experimental

_?_Ldn‘lf_erent rat; gonstﬁﬂgbsld hvde ratio ch liahtl conditions and the complexity of the observations, the re-
€ linear and branched aldenyde ratio changes SIgnty ¢ s oraple 2allow comparing experiments. Under similar

when the total pressure increases, as previously observe(f:O concentrations (8.% 10-2 and 8.8x 10-2mol L)

by Réay(29] in the case of the hexene h_ydroformylation. the comparison of ex.periments 10 'and 11 shows th:’:lt the
In the case of the styrene hydroformylation, the branched global reaction rate grows when the concentration pir
aldehyde proportion decreases slightly when the synthesisCreases (from 1.% 102 to0 2.7 x 10-2mol L~1). On the

gas pressure increases. . .
. . . reverse, the experiments 13 and 11 demonstrate that with
The conditions of the reaction seem to be optirfRa) (nax equal concentration of #42.7 x 10-2mol L~1), the global

andkopg), when the synthesis gas pressure is 20 bar. reaction rate decreases, when the concentration of CO in-
These observations reveal the complex role pHd CO creases (from 2.& 1072 to 8.8 x 102 mol L™1).

The maximal rateR; max) reached for every experiment

is appreciably different.

The analysis of the curves rate versus time of the styrene
concentration (not represented) leads to the determination

in the progress of the reaction.

2.1.5. Study of the influence of the successive additions of
2.1.4. Study of the influence of the CQ/ktio styrene
(experiments 2, 9, 10 and 13) The experimental protocol is as follow: a reaction is car-

The graph presenteig. 7 represents the styrene disap- ried out under catalytic conditions with a known quantity

pearance rate versus time, foio/pCO’s ratio within the ~ Of styrene. When nearing completion, a quantity of styrene

ral

nge 0.5-3. equal to that consumed is added with a high pressure pump
The curves were recorded over a 45 min period, but the (Without depressurisation of the reaction mixture). This is

significance of the results can be discussed in terms of arepeated when the second reaction nears completion and the

longer period in the case of a non equimolecular CO/H reaction is conducted to the end.
mixture. Indeed, under such conditions, the gas phase vol- The variation of the reaction rate versus time during the

25

2,0

1.5

1.0

0.5x104. Ao

successive additions of styrene in the same reaction mixture
is shownFig. 8

Although the operating mode does not allow the suc-
cessive reactions to be carried out strictly under the same
experimental conditions (uncertainty about the initial
styrene consumption; the decrease in reaction mixture tem-
perature after every addition; the solution volume increase),
the curves obtained clearly present a different shape. The
initial rate strongly decreases for each addition and during
the successive styrene additions. Unlike in the first experi-
ment, the curve representing the rate versus time does not
decrease in a continuous exponential way, but goes through
; a maximum. These observations suggested a deactivation
B “ - 000 1000 2000 i of the catalyst, dug to the increase of the conceptrationiof

aldehydes, and this was corroborated by a reaction carried

Fig. 7. (pH2/pCO) ratio influence on the reaction rate. out in the presence of aldehydes. This inhibitive effect is

-d[Sty] (mol.L-1.s°1) PHy  n
dt o

x10~4 |

x10-4 |

x10-4 _|

x10-4 ]
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Fig. 8. successive loads of styrene during the hydroformylation reaction
(the initial conditions are the same as those of experimerfadl¢ ).

rarely mentioned in the literature, with most authors con-

ducting the kinetic measurements over a short duration pe-

riod at the beginning of the reaction. However, Strohmeier
and Michel[27] observed this inhibitive effect during the
kinetic study of the hex-1-ene hydroformylation in the
presence of HRhCO(PBR. Matsumoto and Tamurg89]

too mentioned an inhibitive effect of the reaction products
during the oct-1-ene hydroformylation in the presence of
the HRhCO(PP$)3 catalyst and attributed it to a compe-
tition between the aldehyde carbonyl group and the olefin
for coordination to the rhodium atom. More recently, van
Leeuwen and co-worked0] observed the deactivation of
the hydroformylation catalyst caused by unsaturated ke-
tones, the most likely impurities in alkene feeds. When a
reaction was carried out under argon with HRh(CO)®#h
and 3-buten-2-one, twqt-oxygen bound rhodium enolates

were characterised. Under CO, these complexes led to in-

active carboalkoxyrhodium complexes and under tHe
hydroformylation catalyst was recovered.

2.2. Proposition of a kinetic equation model

The preceding observations have been completed by spec,

troscopic studies, useful to build a kinetic equation model.
NMR studies of the reaction mixture, when the synthesis
gas is a B/CO mixture [see footnote 1], give useful in-

formation on the mechanism of the first steps of the cat-
alytic cycle, in particular the formation of olefin—rhodium

and alkyl-rhodium complexes. During the catalysis reaction,
the 'H and?H resonances of the styrene reveal the replace-
ment of one or more hydrogens by deuterium on all sites
of the carbon-carbon double bond. This substitution occurs
during the reversible formation of the alkyl-rhodium com-

plexes (linear and branched), contrary to what was observed

for the other rhodium systenj22,41]where the styrene in-
sertion is irreversible.
The existence of this equilibrium allows us to envisage a

Catalysis A: Chemical 220 (2004) 167-182

interactions concern very different reactions such as the for-
mation of ion pairg42] of metal complexe$43—-45] the
oxydo-reduction reactiongl5—48] and the various steps of
the reactions catalysed by metal compleps-52]

Although these studies are relatively new, one can as-
sume that they were widely inspired by those made at the
beginning of the 20th century, by Henj3] and Michaelis
and Menten[54]. Indeed, these authors used the asso-
ciation complex model to explain the mechanism of the
chemical reactions catalysed by enzymes in solution. The
simplified reaction scheme, for the complex of association
enzyme—substrate (notd&-S}), is:

k
Enzyme+ S:’l{E—S s Enzyme+ P
k_1

The definitive mathematical model was formed by
Michaelis and Menteri54]. It was generalised by Briggs
and Haldand55], supposing that all the implied reactions
were reversible, involving the free enzyme (E) and pos-
sibly several substrates (S), creating several association
complexes {E-S}/{E-P}) and several products (P). The
simplified reaction is:

reaction(1) reaction(2)
E+S =2 (E-§/{E-B = E+P

In the case of the hydroformylation of styrene in the pres-
ence of the Rh/TPP system, this model is not directly useful
for several reasons:

e The last step of the mechanism namely the hydrogenol-
ysis symbolised here by reaction (2), is irreversible [see
footnote 1].
It is necessary to consider the inhibitive effect of aldehy-
des. Any mechanism scheme must involve a reversible
reaction between aldehydes and an active species in
the catalytic cycle (competitive inhibition, according to
Cleland’s classificatiorf56]). This association complex
will be written {C—P}.
The association complexesH-S} and {E-P}) will
be written {C-X}, without clarifying if it is about
alkyl-rhodium or acyl-rhodium complex, as the reversibil-
ity of the formation of acyl-rhodium complex has not
been demonstrated [see footnote 1].
e The catalyst exists in the solution, as freq JCand in
the various association complex¢€EX}) and aldehydes
({C-P}) at the same time.

These particular hydroformylation conditions lead us to
propose the following simplified model:

k1 ko k3
CL + Sty={C—X}=>C_ + P={C-P (R1)
k

= ks

We note that all the reactions parameters are not included

reaction mechanism model based on the reversible forma-in this model: in particular, CO and41although these two

tion of an association complex. The study of such a type of species are essential for the catalytic cycle. As the total pres-
association complex with transition metal has been widely sure of the synthesis gas is maintained constant during the
developed to understand ligand—metal interactions. Theseexperiment, both gases operate in an equimolar mixture and
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are consumed in equal quantity. Therefore, partial pressure 4 (mol'.Ls) _
gases are included in the constant terms of the reaction rate 4104 R, 1Ry = 10127+ 3856715
constants.
3x104

2.2.1. Reaction study near zero time<0)

The mathematical equations of this model (R1) use the 2x104
hypothesis of the steady-state approximation (Bodenstein
approximation)57,58] 1x104

At the beginning of the reaction, the products are in negli- 1 (mol-'L)
gible quantities ([Rl~o) ~ 0), and the styrene concentration I . : : : [Stvly

is very similar to the initial one ([Styl.o) = [Sty]o).
Thus, reaction scheme R1 can be written:

k1 k2
CL+Sty={C-X} 2 cL+P
k-1

(R2)

The catalyst mass balance expression is:
[Cr] = [{C-X}] +[CL]

By applying the steady-state approximation to complex
{C-X}, we can calculate the expression of the initial reaction
rate:

d[Sty]  k2[Cr][Stylo

= with
dr Km + [Stylo

Ri¢=0) = Ro = —
ko1t ko
=

In this model, the representative curve of the initial rate
Ro versus the initial styrene concentration [Sty$ a hy-

Kwm

perbola rectangular branch. The determination of the values

of constantKy andkp[Ct] can be made by various linear

methods, among which we have retained the Lineweaver and.

Burk method[59]. It consists of representing the reciprocal

rate extrapolated to time= 0 (notedRy), versus the initial

styrene quantity [Sty] which leads to the linear relation:
11 N Ky 1

Ro  k2[C7] ~ k2[C7] [Stylo

The origin ordinate of the obtained straight line is equal to
the reciprocal maximal rate to be reach&h4{x = k2[CT])
when the catalyst is totally transformed into the complex
{C-X}, and its slope allows calculation of the valueka
(Michaelis constant). Our experimental points are signifi-
cantly aligned with this plotKig. 9) and a linear regression
allows calculation oKy (0.39 mol L=1) andRmax (0.987 x
104molL~1s™1).

These two values were used to calculate the branch of
a hyperbola which offers the best fit with the experimental
points presented iRig. 10

This result confirms a Michaelis—Menten type of kinet-
ics. We note that O’'Connor and Wilkinson have observed a
similarly curve in the hydrogenation of the terminal alkenes
in the presence of HRhCO(PBBb [60], but they have not
mentioned the analogy with a Michaelis—Menten type of ki-
netics.

In our preliminary kinetic study34], the curve Inkiopg
= f(In[Sty]o) looked like a straight line, and this allowed us

0 1 2 5 6

Fig. 9. Lineweaver and Burk plot: B/, = 1/k[Ct] + [(Km/k2[CT])(1/
[Styl)]-

to determine a fractional initial order for the styrene. How-
ever, by including the valuBy = 0 for [Sty]p = 0, the curve
obtained can be compared to a hyperbola branch. Therefore,
the reaction rate increases according to the substrate initial
guantity but tends to an asymptotic vallég. 10. This new
representation, using the rate equation:

ko[Prec]

—————[Stylo =k St
K +[Sty]o[ Ylo = k10bdSty]o

R=0) =

allows calculation of the values dfons and comparison
with the previously determined valuegaple 3, giving good
agreement.

2.2.2. Study of the reaction evolution with time
The assumption of the steady-state approximation to the
intermediary specie§C—X} is:

k_ALIC=X)] + k2l {C=X)] — ka[CLI[Sty](p = O

[CLStyloy _ k—1+k2
HC=xX}] &

[(C—X)] = K—lM[cL][Styl o

= Kpm and

Regarding the inhibition reaction (constaktsandk_3),
we have the equilibrium constant:

104 Ry, (mol.L s
0.75 _
0.50 4
0.25 |
[Sty], (mol.L™)
0.00 & . T T )
0 1 2 3 4

Fig. 10. Initial rate vs. initial styrene concentrations.
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Table 3

Experimental and calculated values lafps constant vs. styrene concentration
[Styrene] (mol 1) 0.70 0.54

kobs (experimental) (s1) 0.95x 104 1.05x 1074

kiobs (calculated) (51) 0.93 x 104 1.08 x 104

0.37 0.26 0.19
1.28 x 1074 1.54 x 104 1.74 x 1074
1.33x 104 1.56 x 104 1.75x 104

k
K3 = £
k_3

_ lic-pl
[CLIP] ® ’

The mass balance expression for the catalyst is:

where [C-P] = K3[CL][P](

[Cr] = [CL] + [(C-X]] + [(C-P]
—[Cu]+ %{cu[sw] o + Ka[CLIPL

where
1
1+ (1/Km[Style) + K3[Plo
and the expression of the reaction rate versus time:

[Stylq
1+ (1/Km[Styls)) + K3[P

[CL] =[Cq]

ko
Xur [C1]

Ry = (E1)

The mass balance expression for the styrene is:

[Stylo = [Stylw) + {C-X}] + [{C-P] + [Pl

In the conditions of the catalysis, the concentration of
the styrene is bigger than that of the catalyst (>300 times),
which allows: [P}, ~ [Sty]o — [Sty]) and the expression
of the reaction rate versus time:

[Stylq)
1+ K3[Stylo + [Styl()(1/Km) — K3
(E2)

f2 [Cr]

Ry = K

To verify the agreement between the experimental and
modelled curvesHq. (E2), it is necessary to determine the
value of the terms [€], k; andKs.

The real catalyst concentration is taken as equal to the
catalytic precursor concentration (fC= [Prec]), as the re-
action rate is directly proportional to the initial precursor
quantity[34]. This hypothesis is validated by the results of
the NMR and IR studies of the reaction mixture prepared
from the chlorinated precursor RhCI(CO)(TRHB7,10]
The formation of the catalytic mixture is done in two steps.

A first total reaction, with triethylamine and synthesis gas
(pH2/pCO; 1/1), transforms the precursor RhCI(CO)(T£P)
into the complex HRh(CQ)JTPP):

RhCI(CO)(TPP)2 + EtsN + H2 + CO

Ml HRN(CO)2(TPP), + EtsNH* + CI~

_ (R3)
(H—Rh)

reaction
The complex HRh(CQ)TPPY is involved in a first equi-

librium with TPP, CO, H and a only one dinuclear com-
pound Rh2-CO):(CO}(TPP) [see footnote 1]

2HRNCO)2(TPP2 + 2CO = Rhp(u-CO)2(CO)4(TPP)2
H—Rh (dinuo

+2TPP+ H, (R4)

and a second equilibrium with the unsaturated-16pecies
HRh(CO)(TPP) [see footnote 1]:

HRh(CO)2(TPP2 = HRh(CO)(TPP), 4+ CO (R5)

In the catalysis conditions (with a very large excess of
styrene), the influence of the catalyst in the reaction moves
the equilibrium R5 to the right and the equilibrium R4 to the
left. Thus, the binuclear complexes are almost absent from
the reaction mixture [see footnote 1].

Using the values oKy (0.39 mol L™1) and Rpax (0.987
x 107*molL~1s™1), we can calculate the constdat

ﬁ_ Rmax
Km o [Cr]lKm

We can calculate the teridz in the equation E2 using
some points chosen during the steady-state reaction. The
value varies according to the selected points and the value
K3z = 2.7 was chosen because it gives the best fit between
the experimental and theoretical curv€gy6. 11 and 1P

By replacing the terms [g], ko andKsz andKy by their
numerical valuekq. (E2)for all the experiments carried out
under constant pressuneQO = pHy) is:

0.316[Sty}
R = [Prec]
o = [Pk st — 0.14[Stky

The plotted graphs, overlay of the theoretical curves
(Eq. (E3) and experimental curves, allows validation of
the proposed model. This equation shows a hyperbolic

=0.316 where k» =0.123

(E3)

-d[Sty] (mol.s ")
dt

6x10°5
5x105
4x10°5
3x10°5
2x10-5

1x10°5

[Sty] (mol.L-")

T —T T T T
0.0 0.5 0.6 0.7

Fig. 11. Plot overlay of experimental and calculated curves (different
initial styrene concentrations) (experiments 1F&ble J.
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The global rate of the reaction is:
. g1
1.2:104, -dl3t](molL=s%) d[Pramly | d[Puin]

Rl = +

Loty ® dr dr

iy = koran{ {C—XRaml] + k2Lin[{C—XLin}]

0.8x10* At anytime, whatever the extend of reactidn,) is, we
have also:

0.6x10-4]

[{C—X}] = [{C_XRam}] + [{C_XLin }]
0.4x10-4 [Pramly = @[PLin](y Wwith « = constant
0.2x10

* [Styly KaLin = kain  [{C-Rin}] nd
- n — -
l . r ' (mol.L ") " koaun [CLPunlo
0.1 0.2 0.3 0.4 0.5 k3ram [{C=Pram}]
K3ram= =

k—sram  [CLI[Praml ()

By applying the steady-state approximation to species
{C—Xgram} and {C—Xiin}, we can write separately for
behaviour of the reaction rate versus the current styreneeach complex that the rate of formation and disappearance
concentration. The concavity being weak, this detail was are:
overlooked in our preliminary kinetic studies, and led us to
believe in a linear dependence of the rate with the styreneklRa"{CL][Sty](’) = (k-1ram+ k2ram [{C—XRam]
concentration (current order 1). However, this equation con- iy i, [CL][Sty] ) = (k—1Lin + k2Lin) [{C—XLin}]
firms the order 1 toward the concentration of the catalyst.

Even though the model of the kinetieq. (E3) seems

Fig. 12. Plot overlay of experimental and calculated curves (different initial
catalytic precursor concentrations) (experiments 6, 2, 7 anthi8le J).

which leads to:

satisfactory, the constant coefficients determined from the[ (C—Xaan)] = [CLIStyl [(CX_in]] = [CLIISty] (s
experimental results (vide supra) do not allow to establish Ramil = KMRam Linjl = KMLin
correlation with the rate constants of the elementary steps .

of the reaction mechanism. Furthermore, all the experimen-W'th

tal parameters susceptible to influence the reaction kinetic - k—1tin + koLin and K _ k_1ram+ k2ram
were not taken into account: for example, &hd CO’s par- Mbin = k1iLin MRam = k1rRam

ticipation in some steps of the catalytic cycle and the two

: . X The catalyst mass balance is:
ways leading separately to the formation of the linear and

branched aldehydes.

2.2.3. Study of the evolution of aldehydes ratio with
experimental conditions

[Cr] =[CL] + [{C—XLin}] + [{C—XRam}] + [{C-R.in}]
+ [{C—Fram}]

and

All the hex-1-ene hydroformylation studies performed by
Réau[29] on styrene hydroformylatiorT@ble ), show that
the ratio of linear/branched aldehydes is independent of the
styrene concentration, the catalytic precursor concentration,
and the extend of reaction However, the aldehydes ratio
seems to change slightly when the total pressure of synthesi
gas varies (CO/b 1/1) and when the synthesis gas is not
an equimolar mixture of CO/{

To study the influence of the various experimental param-
eters, we are now considering that the linear and branched
aldehydes formation occurs according to two different and
parallel reactions:

(Cr] = [CL] <1+ ( ; ) [Styly

Kvram KwmLin

+ KaLin[PLin] (5 + K3ramPraml (r))

Sl’he general expression of the rate constant becomes:

kaLin
Kwmin

kZRam
Ry = +
® ( KMRam

) [Sty] + Kavin[ PLin] ) + Karanl Pram] (r))

) [CrStyl/ (1 + (

KMRam

+

KwmLin

The identification of this relation with E1 gives the following

katin koLin K3Lin )
CL+ Styk:’ {CXiin} — CL + PLin = [C-RLin] expressions:
—1Lin
1 1 1
k1ram k K3ram K K i = K_; koram = koLin = k2 and
CL+Sty = {C-Xraml =&"C_ + Pram = [C—Pran] MRam MLin M

k_1Ram K3ram= K3Lin = K3
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The mechanism scheme can be written:

kIRarn
s

“1Ra
Cp, + Sty o

‘\k
AN

ko K3
{C'XRam} — CL + PRam - {C‘PRam}

-1Lin
Ks

ks :
{C'XLin} e CL + PLin - {C’PLm}

The detailed analysis of this scheme, only established on
kinetic considerations, raises several remarks:

e The two parallel reactions, characterised by the rate
constants K.in, K_1Lin, Kiram and k_jram implicate
the styrene, the catalyst and the linear and branched
alkyl-rhodium complexes (vide supra). As the temper-
ature and the extend of reaction have no considerable
influence on the aldehydes ratio, we can presume that
this first step of the catalytic cycle is not kinetically con-
trolled, but rather thermodynamically controlled. These
two parallel reactions have to be considered as two fast
thermodynamic equilibria between intermediate com-
plexes{C—Xiin }, {C—Xram} and the reactants.

Thus, we can write:

Kl[i// G+ Sty \R\Elkam

{C'XLiu} - {C'XRam}

Kt

and the thermodynamic constants:

kiin — [{C—Xuin}]
koaiin  [CLIISYY]
kiram _ [{C—Xram}]
[CLISty]

Thus, we calculate:{C—XLin }] = KiLin[CL][Sty] and
[{C—Xram}] = KiranlCL][Sty].

And at every moment: {C-X}] =[{C—XLin}]
+ [{C—Xram}] = (K1Lin + Kiram[CL][Sty].

This allows connecting the thermodynamic constants
KiLin andKiram With the constant&; andk_; (relation
R1):

Kiin =

and K]_Ram =

k—lRam

k1
(K1Lin + K1ram) = —
k_1

However, we also have:
[{C—XRram}] _ K1Ram _
[{C—XLin}] Kilin

In this case, the standard free reaction enthalpyx)
can be calculated from the relative proportions of both
isomers (83% and 17%), at 313K:

Kr/L =

ArG® = —RTIN Kr)L = (ArG°)313k = —4.14 kI mol?

If we examine the evolution of the linear/branched

Catalysis A: Chemical 220 (2004) 167-182

the (ArG®)313k Vvariation is negligible in the temperature
range studied, the proportion of isomers varies by ap-
proximately 1% for a temperature range variation of,20
the accuracy of our measurements.

The second step, modelled as an irreversible reaction, is
characterised by a common rate constgnfor the two
isomers. This result is consistent with the hydrogenolysis
step of the rhodium—carbon bond, when the acyl groups
are formed [see footnote 1]. The aromatic core of the acyl
group is farther from the TPP’s groups than in the case of
the alkyl complexes and this strongly reduces the steric
and electronic interactions. We can presume that the action
of Ha requires similar energy and kinetic conditions for
both isomers.

The inhibition reaction seems to have similar characteris-
tics for both isomers (same equilibrium constig}. This
observation is consistent with the hypothesis of an inhi-
bition by complexation of the aldehydes with the unsat-
urated species HRh(CO)(TRR(ide supra) through the
oxygen of the carbonyl grouf0].

These observations suggest that the kinetic parameters for
the formation of the two aldehydes are very similar, so the
influence of the synthesis gas has been studied assuming
they are not different.

2.2.4. Influence of CO andzbn the catalytic cycle

The gas concentrations govern both thermodynamics fac-
tors (shift of the equilibrium between species) and kinetic
factors (accelerating or slowing down effect in some steps).

The rateEq. (E2)was established for a constant partial
pressures gas ratio, which allowed us to include the dis-
solved gas concentrations in apparent constants. The studies
of influence of the pressure and composition of the synthe-
sis gas is required to determine in which equilibrium and
elementary steps CO andldre involved. This allows their
concentrations to be included in the expressions of the rate
constants or the equilibrium constants.

Fig. 13represents a possible mechanism based on all the
current observations under catalysis conditions and during
the IR and NMR studies [see footnote 1].

We concluded that the dihydrogen is involved in:

the formation of the complex HRh(C&{T PP} from the
precursor Rh(CO)CI(TPR)

the equilibrium between the binuclear complexes and the
HRh(CO)(TPP) complex,

step 7, oxidative addition of # to Rh(CO)(TPP)
(COR(R,L)) {C-A}, the 16€ unsaturated acyl com-
plexes.

The two first reactions cannot be taken into account during
the catalytic cycle (vide supra). The dihydrogen is involved
only in the step 7 (oxidative addition) and as the reac-
tion rate increases whenyls partial pressure grows, the
concentration of this gas should appear in the analytical ex-

aldehydes ratio versus the temperature, supposing thatpression of the rate of this step.
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[ Rh(4-C0),(CO)(TPP), ] 2.3. General kinetic equation

-TPP,-H,
m;;m& o / The introduction of the two gas concentrations in the var-

ious steps of the reaction mechanism allows to write a set

of reactions, presented in scheme R6, leading to the calcu-
(R‘R-L’CHCZE*‘:}(CO)(TPP 2 {H-Rh} lation of a more complete expression of the rate equation:
o Tl 4@ kg kAlCOl k[Ha] Ki
HRh(COXTPP), co co CL + Sty = {CR} === {C-A}—>» C_ + P > {CP}
Styren s A
HRh(LO)(lPP)o e k(u kclCOl k'-AN KAICOI
Cu smenx {H-Rh} {CA)
HyRh(COXTPP)(COR g 1) HRh(CO)(TPP),(Styrene) (RG)
@ 5 © By applying the steady-state approximation, we can write
for each compleXC-R}, {C-A} and{C-A'}, that the cre-
[ Rh(CO)TPP),(COR g 1) [ Rh(CO)TPP),Rx 1, ation and disappearance rates are the same:
{c A} {C-R}
d[{C-R}
co AERN — 0= ksicUlstyl + k-aTIC-A
?
CO Rh(CO)TPP),R &1, © co — (ka[CO + k_g)[{C-RI]
d[{C-A}]
[ Rh(CO)(TPP)(CORg ) | R(CO)y(TPP)(COR g 1| @ - 0= k'_aA[{C-A"}] — K'A[CO][{C-A}]
{C-A"} TPP
Fig. 13. possible mechanism based on all the observations made in thed[{C—A}]
catalysis conditions and during the IR and NMR studies [see footnote 1]. dr = 0=ka[COJ{C-R]] — (k-a + k2[H2]
+ k'A[COD[{C-A}] + k' _A[{C-A}]
o _ / k' A[COJ[{C-A}]
The carbon monoxide is involved in: {C-A}] = A
e the formation of the HRh(CQJTPP) complex from the _ ks[Cl[Styly | k-al{C-A}]
precursor Rh(CO)CI(TPR) [{C-R}] = ks L kalCO] T ks + kA[CO]
e the equilibrium between binuclear and HRh(GAPP) —STEA —STHA
Comp|exeS, _ (k—A + kZ[H 2])[{C_A}]

o the equilibrium 1, involving the complex HRh(CEYPP) ka[CQ]
and the unsaturated species HRh(CO)(T%PP)
e step 4, coordination on the unsaturated alkyl complexes 1 .
Rh(CO)(TPPﬁ(R(R’L)), [{C-A}] = [CL][Sty](t)K_M with
e step 6, coordination on the unsaturated acyl species ka[CO](k_s + ka[CO])  k_a
Rh(CO)(TPP(CORRL)). KM= st T haHa) ks (E4)
e step 9, formation of the Rh(C@)TPP)(CORg 1)) com-
plex, through substitution of one TPP ligand from the [H-Rh] = kc[CL][CQO]
complexes Rh(CQJTPPR(CORR,L))- k_c

. . ) The mass balance catalyst is:
As in the case of bl the two first reactions cannot be

taken into account in the catalytic cycle (vide supra). Step [Cy] = [Prec]=[CL] + [{C-R}] + [{C-A}] + [{C-A'}]
9 cannot be considered either in the catalytic cycle, but the _ _
Rh(COX%(TPP)(CORR L)) complexes has been detected by +HCR] + [H-Rh]
NMR studies [see footnote 1]. So, the variations of CO Thus:
concentration have a complex influence on the catalytic
cycle: the increase of its concentration has a positive ef- [Prec]=[C.] {1 n [Styl(s <1 k_a + ko[H2]

fect on step 4, but a negative effect on step 1 (decrease ka[CO]

of the concentration of the unsaturated specig$, @nd ,
step 6 (formation of the inert saturated acyl complexes kalCO] kc[CO] 1 K|[P]
{C-A'}). k', k_c
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The general expression of the rate becomes: (Rr1 CHO)RhH(COXTPP), HRh(CO)(TPP),
ko[H2] {C-P} {H-Rh}
2lH2
R(t) = kZ[HZ][{C_A}] = Km [CL][Sty] () k3[CL1[P] kc[H-Rh] K.c[CLI[CO]
Rk1,)CHO €O
kc[CO] R(g,CHO
Ry = ka[Ho][Prec][Sty],/ (KM (1+KI [P]s+ . - HRA(COXTPP), 0
k ko[H2] ~ k'A[CO] N Rg1)CHO Co Styrene
—-A + k2[F2 A P
=+ St 1+ —+ E5 Styrene
sl (1+ 4202 + 45 (s s
k[H][{C-A}] ky[CLISty]

This general reaction rate expression reflects the complex

influence of the CO and Hconcentrations. Although most

of the constants are unknown, it is possible to do a qualitative
analysis, gathering the constant terms and the terms which

imply the CO and K concentrations. If the sole variable is
the hydrogen concentratiokg. (E5)has the form:

R — A[H2]
O = CHa] + BKw + D

whereA, B, C andD are constant terms.

[H2] is involved both in the numerator and the denomi-
nator and the constant terms B, C andD are all positive
and the equation determina®(BKy + D)) is positive. The
plot of this curve R,y = f([H2])) is a equilateral hyperbola
branch for whichRy), grows with [H]. In reality, the term

i,

| Rh(CO)(TPP)z(COR(R'L)) 0 Rh(CO)(TPP)zR(RJ )
{C-A} {C-R}

. ,CO
k A[{C-A}]
co

kA[{C-R}][CO]
k' A[CO]

CO co

k'A[{C-A"}]

Rh(CO),(TPP),(COR g 1 ,)
{C-A"}

Fig. 14. Scheme of the mechanism reaction associating reaction interme-
diates with the determining steps of the catalytic cycle.

(respectively, 0.93 and 0.60Jdble 3. This ratio increases

Kwm is not the same according to the respective values of i3 hoth cases with the progress of the reaction (vide supra).

[H2] and [CO] Eq. (E4), but this does not affect the gen-

We observe however two curves of very different aspects,

eral aspect of the curve (increasing hyperbola branch). So,experiment 3 gives a “bell” curve and experirh@na con-

we can conclude that the reaction rate grows when the H
partial pressure increases.

In the same conditions, if the sole variable is [CO], the
expression E5 can be written:

A/
R =
® = [COI(B'Kwm + C') + (D'/[CO]) + E'Ky + F’

whereA, B/, C', D/, E' andF are constant terms.

Although [CO] is involved only in the denominator, the
study of the evolution of the reaction rate is difficult. The
termsKy and [CO]JB' Ky + C') increase when [CO] in-
creases (relation E4), while the term’{[CQO]) decreases.
So, the evolution of the denominator value will be a func-

tion of the relative value of these various terms. The values

tinuously increasing curve, which provides evidence for the
simultaneous effects of the concentrations of both gases. In
experiment 9, the accelerating effect of the increase in con-
centration of H is linked with the decrease in concentration
of CO, leading to a continuously increasing curve, despite
the decrease in concentration of styrene. In experiment 3, the
accelerating effect of the increase of the concentration,of H
is also linked with the decrease in CO concentration, but the
initial concentration of CO is smaller (2.9 10?molL~*
instead of 4.1x 10-2molL~1) and this leads to a faster
growth of the reaction rate. The rate passes then through a
maximum and seems to undergo a diminution following a
classic exponential.

The analysis of all the experimental results, from the point

of constants being unknown, it is difficult for us to predict of view of the detected species and their kinetic behaviour,

the evolution of the reaction rate according to [CO]. allows us to propose a scheme of the mechanism reaction
All these results, concerning the influence of the compo- associating reaction intermediates with the determining steps

sition and the total pressure of synthesis gas, are in agree-of the catalytic cycleKig. 14).

ment with our experimental observations: the reaction rate  The results of the kinetic studies show that it is the for-

increases with the Fconcentration in the solution but the mation of three 16e unsaturated complexes (C{C-R}

increase of the relative CO concentration can have a positiveand {C-A}) and their ability to react with the various lig-

or negative effectfable 2andFig. 7). ands (CO, H, styrene) which make up the key steps of the
This provides insight into the influence of the total pres- mechanism.

sure on the reaction rat€iy. 6) and specially the influence The unsaturated complex @ the true catalytic species of

of the variation of CO/H partial pressures, when the compo- the reaction. It is involved simultaneously in three reactions:

sition of the synthesis gas varies during the catalytic reaction the equilibrium of its creation from the precursfgi—Rh},

(Fig. 7). The most representative experiments 9 and 3, werethe complexation equilibrium with aldehydes, leading to the

carried out with different [H2]/[CO]'s concentration ratios saturated complexe§C—P} and the equilibrium with the
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unsaturated alkyl-rhodium complex¢€—R}. The concen-  of the reaction rate according to the concentration of the
tration in the reaction mixture is a function of various experi- various species.
mental parameters: in particular, it decreases with increase in - The relative proportions of aldehydes do not change sig-

the styrene concentration, CO concentration (stépdL,13 nificantly with the reaction parameters (extend of reaction,
or aldehydes concentration (inhibitive effeédtid. 8), in- temperature, pressure, synthesis gas composition), which
creasing with the progress of the reaction). reveals a dependence of the selectivity towards thermody-

The two other important unsaturated complexes are thenamic rather than kinetic criteria. The isotopic substitutions
alkyl-rhodium specie§C—R}, which are involved in the  observed in the various species (aldehydes, styrene) con-
regeneration of the complex @nd the formation of the un-  firm the existence of thermodynamic equilibrium between
saturated acyl-rhodium complexgS—A}. The formation of  the linear and branched alkyl-rhodium species. If the iso-
these last complexes precedes the step of hydrogenolysis ofneric acyl-rhodium species are also present, it would re-
the rhodium-acyl bond. Therefore, their concentrations are quire the reversibility of the transformation of alkyl-rhodium
included in the expression of the reaction rate, but it varies isomers in acyl-rhodium isomers. Unfortunately, our stud-
according to the CO concentration as they are also involvedies did not allow clarification about the reversibility or the
in the equilibrium with the saturated acyl-rhodium species irreversibility of this reaction. The relative constancy of
{C-A'}. This illustrates the inhibitive effect of the increase the aldehydes isomers ratio formed in various experimen-
of the CO concentration, while the increase of theddn- tal conditions, demonstrates as well that, except for the dif-
centration accelerates the rate of the hydrogenolysis step. ferentiation brought by the thermodynamic equilibrium, the
Although this reaction scheme satisfies all the observa- synthetic route for linear and branched isomers is apprecia-
tions and the measurements, there is a point we were not ablély similar, and that the kinetic constants occurring in the
to clarify: is the creation of acyl-rhodium compl¢€—A} a various steps have very close values. This can be extended
reversible or an irreversible step? What are the kinetic con- to the value of the complexation equilibrium constants of
sequences? the aldehydes with the catalyst (inhibitive effect).
The13C and3!P NMR studies of3CO enriched reaction The influence of the total pressure and the composition of
mixtures did not allow to answer this question [see foot- the synthesis gas on the progress of the catalytic cycle are
note 1]. Also, our kinetic study does not bring information complex because Hand CO concentrations determine the
in favour of one or other of the possibilities and does not concentration of the reaction intermediates and are required
establish the CO’s concentration as a kinetic factor in this in the kinetics of the various steps. The evident conclusion
step: it is possible that the carbonyl group insertion in the of these observations is that the influence of the composition
rhodium carbon bond (or the migration of the alkyl group) of the synthesis gas cannot be summarised, as we proposed
was of order zero or of order 1 (following the CO concentra- in the preliminary study, to the simple ratio of the gases
tion), as was observed in the case of mangaf@kes3] In partial pressure in the rate equation.
our case, we can notice that the irreversibility of the reaction  Finally, we have been able to propose a reaction mecha-
has few consequences on the general kingétjc (E5) as nism consistent with a kinetic equation because the Rh/TPP
this last reaction is only slightly modified when the constant system is almost an ideal case. Indeed, the catalytic cycle
k_a is zero (this corresponds to an irreversible formation of is done with a unique catalyst having two TPP ligands per
the acyl-rhodium complexefC—-A}). Rh atom and all the intermediate species involved never
undergo the dissociation of a phosphorus ligand. The hy-
droformylation is characterised by a single catalytic cycle,

3. Conclusion only differentiated by the creation of the linear and branched
aldehydes.

Our preliminary kinetic study allowed us to propose a
global analytical equation, reflecting the most important re-
actions occurring in the catalytic cycle. This equation, based 4. Experimental section
on the Van't Hoff model, reflected in a rather simple way
the kinetic behaviour of the reaction system, but it led to 4.1. Reagents
values of partial orders difficult to correlate to a reaction
mechanism scheme. All the gases are of high purity (argon U, CON20;WN

This more complete kinetic study has allowed us to re- and HU of the “L’Air Liquide” company). Before use,
fine the experimental curves and to study more deeply theall the solvents were dried, distilled and degased accord-
influence of the reaction parameters. ing to the literature procedure. They were stored under N

So, we have been able to propose a model of mechanismor Ar after distillation. The 1,2,5-triphenylH-phosphole
with an association complex between HRh(CO)(TPa)d was supplied by Mathey64], or prepared according to
the styrene. This model allows an analytical equation of the Lukas et al.[65]. The triethylamine (Janssen Chimica,
reaction rate, based on the Michaelis and Menten’s model to99%) was distilled over sodium and kept under argon. The
be established. It satisfactorily characterises the behaviourstyrene (Fluka, >99%) was distilled over calcium dihydride,
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placed under argon, then kept-aB0°C and shielded from The experimental conditions of the study and ranges
the light. Hydratropaldehyde (Acros, 98%) and hydrocin- of variation of the parameters were: substrate: styrene
namaldehyde (Acros, 97%) were distilled under reduced (104.16 g mot1), range 0.19-0.70 molt!; catalytic pre-
pressure then kept under argon. The catalytic precursorcursor: RhCI(CO)(TPR)(791.07 g mot?), range 4x 104
RhCI(CO)(TPP) was prepared according to Neibecker and to 16 x 10~*molL~?; ratio [substrate]/[catalytic pre-
Réau [31], from the diwu-chloro-tetracarbonyldirhodium  cursor]: range 238-1350; triethylamine (101.19 gnijl

(COLRh(-Cl)2Rh(CO) [66]. range 4x 1073 to 16 x 10 3molL"1; synthesis gas:
) ) H»/CO; reactor temperature range: 3126 reactor pres-
4.2. Hydroformylation experiments sure range: 10-30 bar; agitation speed: 1000 rpm; solvent:

. . . toluene; solution bulk: 50 mL.
In a typical run, RhCI(CO)(TPR)was mtroduped Into The results from various experiments are collected in
the autoclave which was closed, and flushed with argon. A 1,0 ¢

toluene solution containing triethylamine was introduced.

The autoclave was pressurized with synthesis gas and heate
at the desired temperature for 10 min. Styrene was then in-
jected (the total reaction mixture was 50 mL) and the gas
consumption monitored.

g.4. Chromatographic analysis

Chromatographic analyses by C.P.V. were carried on a
Intersmat IGC 120 DFL, equipped with a flame ionisation
4.3. Kinetic study detector. Quantitative analyses were conducted with the in-

ternal standard method.

The experimental apparatus was described in a previous Standard analysisAt the end the catalytic experiment,
paper[34]. The kinetics were followed by measurement of the autoclave was cooled quickly towards 5=@0(cool-
the synthesis gas absorption versus time, using computering thermostat). After depressurisation, the reaction mixture
controlled automatic acquisition (several hundred per experi- was collected in a Schlenk tube, under argon, and analyzed
ment). A software enabled a complete and rigorous treatmentby C.P.V. (column: 10% carbowax 20M on chromosorb
of all the measurements to be conducted. After smoothing 80-100 mesh; sizes: 3 m/1/8vector gas: I).
by simplified least squares proceduf63] or by the cubic
splines[68], the program calculated the quantity of sub- 4.5. Representative experimental NMR and IR data on
strate transformed versus time and plotted the correspondingcomplexes
graph. The substrate consumption rate and the rate constant
could then be determined.

Complex HRh(CO)(TPP)
IR (298 K, CHCl, Cak, 1 mm): 2050 w¢Rh—H), 1988s, 1955w;
1H NMR (273K, CD;Cly): § —9.92 (td,J(H-P) = 7.5 Hz,J(H-Rh) = 2.0 Hz);
31p NMR (273K, CxCl»): § 35.3 (dm,J(P-Rh)= 130 Hz);
13C NMR (273K, CDxCl,): § 198.0 (dm J(C-Rh)= 63 Hz,J(C-H) = 18 Hz,J(C-P)= 9 Hz).

Complex Rh2(-CO),(COu(TPP):
IR (298 K, CH:Cly, CaRp, 1 mm): 2063w, 2037m, 2016w, 1819w, 1796w;
31P NMR (273K, CDClp): § 29.5 (d,J(P-Rh)= 138.5Hz);
31p NMR (173K, CDClp): § 32.9 (d,J(P-Rh)= 90 Hz, 1P), 24.5 (dJ(P-Rh)= 150 Hz, 1P);
13C NMR (273K, CDyxCl,): § 203.3 (t,J(C—Rh)= 31 Hz);
13C NMR (173K, CDxClp): § 227.7 (m, 2C), 194.6 (dl(C-Rh)= 53 Hz, 1C), 191.2 (dJ(C-Rh)= 50 Hz, 1C), 190.3 (d,
J(C-Rh)= 90 Hz, 1C), 188.5 (d)(C-Rh)= 50 Hz, 1C).

Complex HRh(CO)(TPR)
IR (298K, CH,Cly, CaF,, 1 mm): 1945w.

Complex Rh(CO)(TPP)(CORRg)) (Rr) = —CH(CH)Ph):
IH NMR (193K, CD,Cl,): § 1.20 (dd,3J(H-H) = 6.5Hz,2J(H-C) = 7 Hz, 3H), 4.25 (qd3J(H-H) = 6.5Hz,2J(H-C)
= 7Hz, 1H);
31p NMR (193K, CDCly): § 34.16 (m,J1(P-C)= 67 Hz,Jo(P—-C)= 15Hz, J(P-Rh)= 65 Hz);
13C NMR (193K, CDxCl,): § 231.0 (dd,J(C—P)= 66 Hz,J(C-Rh)= 19 Hz, 1C(CO acyl)), 189.5 (dd(C—P)= 16 Hz,
J(C-Rh)= 74 Hz, 3C(CO)).
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Complex Rh(CO)(TPP)(CORy)) (Rw) = —CHx—CHx—Ph):

181

IH NMR (193K, CD:Cl,): § 2.65 (m,3J(H-H) = 7.5Hz,2J(H-C) = 7 Hz, 2H), 3.15 (m3J(H-H) = 7.5Hz,2J(H-C)

= 7Hz, 2H);

31p NMR (193K, CDCly): § 34.34 (m,J1(P-C)= 67 Hz,J>(P-C)= 15 Hz, J(P-Rh)= 65 Hz);
13C NMR (193K, CDxCl,): § 227.3 (dd,J(C—P)= 64 Hz,J(C—Rh)= 18 Hz, 1C(CO acyl)), 190.2 (dd(C—P)= 16 Hz,

J(C-Rh)= 74 Hz, 3C(CO)).

Complex Rh(CO)TPPR(CORR)) (Rr) = —CH(CHg)Ph):
IH NMR (193K, CD:Cly): § 1.32 (m, 3H), 4.35 (m, 1H);

13C NMR (193K, CD,Cl,): § 235.0 (td,J(C—P)= 25 Hz, J(C-Rh)= 25 Hz, 1C(CO acyl)), 187.7 (m(C-P)= 10 Hz,

J(C-Rh)= 70 Hz, 2C(CO)).

Complex Rh(CO)TPPR(CORy)) (R) = —CH—CH—Ph):
1H NMR (193K, CD;Cly): § 2.65 (m, 2H), 3.10 (m, 2H).

The 1H, 3P and'3C NMR spectra were recorded at different temperatures on a BRUKER AC200, AM250 or AMX400
spectrometer. Chemical shifts are reported in ppjrdlative to solvent proton (CHD@I5.33 ppm) fortH, H3PQy in DO

solution (external reference) fétP and3C of the solvent¥3C

D>Clo: 53.6 ppm) for'3C NMR, respectively. The IR spectra

were recorded on a FT-IR Perkin-Elmer 1725-X spectrometer.
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