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The homogeneous rhodium catalysts for olefin
hydroformylation that contain bulky diphosphite
ligands show exceptionally high regioselectivity
toward the formation of commercially demanded lin�
ear aldehydes [1, 2]. With these catalysts, the molar
ratio of the linear product (I) to the branched product
(II) is usually 25–50 or above [3]. It is sufficient for the
catalyst to contain a small amount of diphosphite (4–
7 mol per mole of Rh [4, 5]) or even an equimolar
amount of it [6, 7]. For comparison, with the commer�
cial rhodium triphenylphosphine catalyst, a I/II ratio
of about 10 can be ensured only by using a >150�fold
excess of the ligand (11–12 wt % of the reaction mix�

ture [8]). Another interesting feature of the diphos�
phite catalysts is that they allow linear aldehydes to be
obtained selectively from internal unsaturated com�
pounds [9]. The structure of rhodium diphosphite
complexes and the mechanism of their catalytic action
have been the subject of extensive studies [10, 11].
However, the kinetics of the reaction has been dis�
cussed mainly at a qualitative level.

Here, we will attempt to correlate, at a quantitative
level, kinetic and mechanistic data for propene hydro�
formylation (Scheme 1) on rhodium complexes with
one of the most popular diphosphite ligands (L).
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Abstract—The kinetics of propene hydroformylation in the presence of the catalytic system
Rh(acac)(CO)2/nL (L = 2,2'�bis[(1,1'�diphenyl�2,2'�diyl)phosphito]�3,3',5,5'�tetra�tert�butyl�1,1'�diphe�
nyl, 0.5 < n < 20) in para�xylene at 90°C is reported. At n ≥ 2, the rate and regioselectivity of the process are
independent of the L concentration. The reaction is of positive fractional order with respect to propene and
hydrogen and of negative order with respect to CO. The molar ratio between the linear product and the
branched product decreases with an increasing CO pressure and increases with an increasing H2 pressure.
The kinetic data are consistent with a process mechanism involving irreversible propene addition to the
unsaturated hydride complex HRh(CO)L with the formation of the π�complex HRh(CO)L(C3H6). The
insertion of coordinated propene into the H–Rh bond of this complex is reversible in the linear aldehyde for�
mation route and is quasi�equilibrium in the branched isomer formation route. The conclusions as to the
character of these reaction steps are corroborated by the compositions of the but�1�ene and but�2�ene hydro�
formylation products.
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EXPERIMENTAL

The diphosphite ligand 2,2'�bis[(1,1'�diphenyl�
2,2'�diyl)phosphito]�3,3',5,5'�tetra�tert�butyl�1,1'�diphe�
nyl (hereafter, L) was synthesized as described in [12].
1H NMR (CDCl3, δ, ppm): 1.3 s (36H, t�Bu), 6.58 d
(2H, Ar), 7.07–7.57 m (18H, Ar).

Hydroformylation was carried in a Parr Instrument
high�pressure reactor (0.1 l) fitted with a turbine stirrer
(1500 rpm), a pressure gage, and temperature control�
lers. In a typical experiment (Table 1), the reactor was

charged with Rh(acac)(CO)2 (1.55 mg, 0.006 mmol)
and the ligand L (50.33 mg, 0.06 mmol) as a para�
xylene solution (20 ml), purged with nitrogen (1 MPa)
four times, and heated to 90°C. Next, the reactor was
depressurized to atmospheric pressure and liquid pro�
pene (1–12 ml, 12.3–147.6 mmol) was introduced
using a doser. The resulting excess pressure was mea�
sured, and the amount of the substrate in the gas phase
was determined using the ideal gas law. The substrate
concentration in the liquid phase was determined as

 
Table 1.  Initial rate (TOF) and regioselectivity (I/II) of the hydroformylation reaction at various concentrations of dissolved
propene and various partial pressures of hydrogen  and carbon monoxide (PCO)

Experi�
ment no.

[С3Н6],
mol/l , MPa PCO, MPa , MPa

TOF, h–1 I/II

observed calculated** observed calculated***

1 1.32 0.050 0.050 0.50 13110 12040 9.6 6.9

2 1.32 0.150 0.150 0.70 23500 28270 13.3 15.7

3 1.32 0.300 0.300 1.00 31560 35830 22.3 21.3

4 1.32 0.550 0.550 1.50 33580 32250 24.0 22.3

5 1.32 0.800 0.800 2.00 26815 26480 20.7 20.4

6 1.32 1.300 1.300 3.00 16070 18580 15.7 16.3

7 1.32 1.800 1.800 4.00 12500 14110 13.5 13.3

8 1.32 2.300 2.300 5.00 11000 11320 12.3 11.1

9 1.32 2.800 2.800 6.00 6500 9440 8.3 9.5

10 5.95 0.450 0.450 2.00 76510 76380 22.3 22.5

11 5.95 0.950 0.950 3.00 80270 79590 18.2 19.1

12 5.95 1.450 1.450 4.00 70530 66050 14.4 15.3

13 5.95 1.950 1.950 5.00 49140 54250 11.3 12.6

14 0.365 0.905 0.905 2.00 5000 7290 19.8 19.5

5 1.32 0.800 0.800 2.00 26815 26480 20.7 20.4

15 3.76 0.555 0.555 2.00 67300 64760 22.3 22.2

10 5.95 0.450 0.450 2.00 76510 76380 22.3 22.5

16 1.32 0.200 1.400 2.00 9100 13570 12.3 10.9

17 1.32 0.550 1.050 2.00 16030 20450 17.2 16.6

5 1.32 0.800 0.800 2.00 26820 26480 20.7 20.4

18 1.32 1.050 0.550 2.00 36000 36120 24.6 25.4

19 1.32 1.400 0.200 2.00 69600 70160 39.0 36.9

20 1.32 1.550 0.050 2.00 **** – 44.5 45.4

Note: Reaction temperature of 90°C, para�xylene as the solvent, [Rh] = 3 × 10–4 mol/l, L/Rh = 10.
      * PΣ =  + PCO + .

   ** Calculated using Eq. (1) or (5).
  *** Calculated using Eq. (2) or (3).
**** The product contains over 10 mol % propane.
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the difference between the amount of propene charged
into the reactor and the amount of propene in the gas
phase. The reactor was then filled rapidly with syngas
(CO : H2 = 1 : 1) up to a preset pressure, and this
instant was taken to be the start time of the reaction.
The pressure was maintained constant by replenishing
the reactor with syngas from a temperature controlled
calibrated vessel via an electronic pressure controller
(Brooks Pressure Controller 5866). Syngas uptake
data were derived from the pressure drop in the cali�
brated vessel measured with a pressure sensor con�
nected to a computer, whose readings were taken at
15�s intervals. The reaction rate was determined from
the initial portion of the kinetic curve. In experiments
16–20 (Table 1), in which the CO : H2 ratio was varied,
the reactor was initially filled with syngas of a preset
composition and was then replenished with the CO :
H2 = 1 : 1 gas. This could not affect the observed initial
rates, because CO and H2 were consumed in equimo�
lar amounts, according to the stoichiometry of reac�
tion (I).

After the reaction was complete, the reactor was
cooled and the reaction mixture was analyzed by GC.
The total aldehyde yield was in good agreement with
the syngas uptake. The only exception was experiment
20 (Table 1), in which the CO : H2 molar ratio was
below 1 : 30 and a considerable amount of propane was
formed. In the other runs, the discrepancy was within
the error in the gas volume measurements and the
uncertainty of the GC analysis (3–5%). Therefore, the
hydroformylation kinetics was not affected by side
processes and the rate of formation of the aldehydes
was equal to the syngas uptake rate. For convenient
data comparison, the reaction rate was characterized
by the catalyst turnover frequency (TOF) expressed in
units of (mol aldehyde) (mol Rh)–1 h–1 and regioselec�
tivity was characterized by the molar ratio of the prod�
ucts, I/II. The regression analysis of kinetic data was
carried out using the STATGRAPHICS Plus 5.1 pro�
gram.

RESULTS AND DISCUSSION

Effects of the Rhodium and Ligand Concentrations

In the presence of excess diphosphite, the reaction
is first�order with respect to rhodium. In the rhodium
concentration range from 0.1 to 0.8 mmol/l
([L] = 3 mmol/l; the other conditions are the same as
in entry 5 in Table 1), the absolute reaction rate
increases linearly with increasing [Rh], while the reac�
tion rate in terms of TOF (~27000 h–1) and regioselec�
tivity (I/II ≈ 20.5) were invariable within the experi�
mental error. Taking into account this circumstance,
we will exclude the dimer complex formation step and
the interaction between two rhodium intermediates
from the consideration of the process mechanism.

As is demonstrated in Fig. 1, the reaction rate at
L/Rh > 1 and the regioselectivity of the reaction at
L/Rh ≥ 2 are independent of the ligand concentration.
These data are at variance with the data obtained for
other diphosphites [11] and monophosphites [13],
according to which the reaction rate increases up to
the tenfold excess of the ligand. Obviously, the plot
shown in Fig. 1 indicates that the full saturation of the
coordination sphere of the rhodium atom is reached at
L/Rh ≈ 2, so a further increase in the ligand concen�
tration has no effect on the distribution of rhodium�
containing species. However, it is unlikely that the cat�
alytic intermediates are L/Rh = 2 : 1 complexes. The
results of in situ spectroscopic studies and data con�
cerning the structure of isolated or purposefully syn�
thesized complexes suggest that the intermediates
contain a single chelating diphosphite ligand [10, 11,
14, 15]. The monodentate coordination of two
diphosphite ligands is unlikely. As distinct from phos�
phines, monodentate phosphites, which are stronger
π�acceptors, apparently do not form 2 : 1 or ligand�
richer complexes under hydroformylation conditions
[13, 16]. Therefore, the fact that regioselectivity falls
sharply as L/Rh is decreased from 2 to 1 (Fig. 1) is
most likely due to the formation of species that are
low�selective toward isomer I and are yet very active.
Since the unmodified rhodium catalysts showed an
extremely low activity in our experiments (TOF =
120 h–1), it is likely that the highly selective chelates
are in equilibrium with low�selective dimers
(Scheme 2).

The plots presented in Fig. 1 indicate that, even at
L/Rh = 2, the steady�state concentration of dimers is
low and that their contribution to product formation is
insignificant. In order to rule out the effect of this fac�
tor completely, all subsequent experiments were per�
formed at a tenfold excess of the ligand.

Effect of Temperature

As the temperature is raised from 70 to 100°C, the
reaction rate increases by a factor of ~4.5, while the
change in regioselectivity does not exceed the experi�
mental error (under the conditions specified in entry
5 in Table 1). The temperature dependence of the rate
constant is well linearizable in the Arrhenius coordi�
nates, indicating an apparent activation energy of
54.5 kJ/mol.
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Effects of the Concentration
and the Partial Pressures of the Reactants

From methodological considerations, kinetic mea�
surements were performed using a multifactorial
experiment design. Three series of experiments were
carried out: the syngas (CO : H2 = 1 : 1) pressure was
varied at a constant amount of propene, and the
amount of propene and the syngas composition were
varied at a constant total pressure (Table 1). Thus, the
totality of data obtainable in this multifactorial exper�
iment is equivalent to the data that would be obtained
in a single�factor experiment if the propene concen�
tration and the CO and H2 partial pressures were car�
ried separately.

The reaction rate and regioselectivity as a function
of the pressure of CO : H2 = 1 : 1 syngas pass through
a maximum near 1 MPa (experiments 1–9). The regi�
oselectivity of the reaction is independent of the pro�
pene concentration: the data points obtained for dif�
ferent amounts of the substrate (experiments 1–9 and
10–13) are satisfactorily fitted by one curve (Fig. 2).

The reaction rate increases as the propene concen�
tration is raised. However, raising the substrate con�
centration at a constant total pressure leads to a
decrease in the syngas partial pressure from 1.8 to
0.9 MPa (experiments 5, 10, 14, and 15), causing an
increase in the hydroformylation regioselectivity.

At a constant syngas pressure of 1.6 MPa, raising
the hydrogen content (changing the CO : H2 ratio
from 7 : 1 to 1 : 7) causes a steady increase in the reac�
tion rate and regioselectivity (experiments 5 and 16–
19). As syngas is further enriched with hydrogen (up
to CO : H2 = 1 : 31), the regioselectivity of the pro�
cess continues to increase, but it becomes impossible
to determine the reaction rate reliably because of
intensive propene hydrogenation into propane
(experiment 20).

By regression analysis of the data presented in
Table 1, we constructed an empirical kinetic model.
At optimal values of the parameters Ai, this model
describes the dependences of the reaction rate and
regioselectivity on the concentration of dissolved pro�
pene and on the CO and hydrogen partial pressures
with a mean relative error of 12 and 6%, respectively.
These errors are quite comparable with the mean
errors in the measurements of TOF (7–10%) and I/II
(3–5%). A comparison between the calculated and
experimental data is presented in Table 1. The ade�
quacy of the model is graphically illustrated in Fig. 3.
Note that the other variants of Eqs. (1) and (2) with
statistically significant parameters Ai fit the observed
kinetic data much worse.

 (1)

(2)

where A1 = 1.74 × 105 l mol–1 h–1, А2 = 8.22 MPa–1,
A3 = 0.6695 MPa l mol–1, A4 = 32.5 MPa, А5 =
0.531 MPa, and А6 = 0.208 MPa2.

These kinetic relationships are very similar to
those established for oct�1�ene hydroformylation in
the presence of diphosphite III (toluene, 60°C,
III/Rh = 10) [11]. However, no mathematical expres�
sions like Eqs. (1) and (2) were presented in that work.
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In the single�factor experiment reported in [11], in
which the oct�1�ene concentration was varied
between 0 and 1 mol/l and the CO and H2 partial pres�
sures were varied between 0.5 and 4 MPa relative to the
point with the coordinates [С8Н16] = 1 mol/l, PCO =
1 MPa, and  = 1 MPa, it was found that the reac�
tion rate is first�order with respect to the substrate, has
a negative order of –0.65 with respect to carbon mon�
oxide, and is almost independent of the hydrogen
pressure (has a formal order of about 0.2). As the CO
pressure was raised from 0.5 to 4 MPa, the regioisomer
ratio I/II decreased from 29 to 4. Our simulation of the
experiment in terms of Eqs. (1) and (2) in the same
parameter ranges as in [11] gave qualitatively the same
results: the formal orders with respect to the substrate,
CO, and hydrogen were found to be 0.97, –0.85, and
0.06, respectively; as PCO was raised from 0.5 to 4 MPa,
the I/II ratio decreased from 26 to 6. Therefore, the pro�
pene and oct�1�ene hydroformylation processes in the
presence of the structurally similar phosphites L and III
proceed via similar, if not identical, mechanisms.

Mechanism of the Process

It was reliably demonstrated by IR and NMR spec�
troscopy that, in the presence of diphosphites, the cata�
lytic precursor Rh(acac)(CO)2 under the action of syn�
gas turns rapidly into a coordinatively saturated hydride
complex with the chelating ligand L (HRh(CO)2L (IV))
[11]. Therefore, the process proceeds according to the
conventional scheme, which includes the following
consecutive steps: alkene coordination with the hydride
complex; the addition of the coordinated alkene at the
H–Rh bond, yielding a σ�alkyl complex; CO insertion
into the C–Rh bond; and the hydrogenolysis of the acyl
intermediate. Alkene coordination is likely preceded by
the elimination of the carbonyl ligand from complex IV
with the formation of the catalytically active, unsatur�
ated complex HRh(CO)L (V). This is, likely, the cause
of the negative order of the reaction with respect to CO.
Accordingly, CO insertion into the σ�alkyl complex
must not exert any effect on the overall process rate.
This is possible when the formation of the σ�alkyl com�
plex includes an irreversible step (Scheme 3, mecha�
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nism a) or irreversible spontaneous insertion of a CO
ligand into the C–Rh bond of this intermediate takes
place to yield a highly unsaturated 14�electron acyl spe�
cies (Scheme 3, mechanism b).

At the same time, the negative order of the reaction
with respect to CO can be a consequence of the forma�
tion of the complex HRh(CO)3L (with L coordinated
in the monodentate mode), another inactive form of
the catalyst, which results from the action of CO on
the inactive complex IV (Scheme 3, mechanism c). In
this case, the assumption that the reaction rate is inde�
pendent of CO insertion into the σ�alkyl complex is
unnecessary. Ligand L dissociation or association will
not be considered because, under the experimental
conditions examined, at L/Rh = 10, the kinetics of the
process is independent of the diphosphite concentra�
tion (Fig. 1).

In Scheme 3, the steps designated by a single
arrow are assumed to be irreversible and the others
are considered to be quasi�equilibrium (π�complexes
are not shown for simplicity). Under this assumption
and under the condition that the material balance for
the catalyst includes only the complexes set in bold
type (the concentrations of the other complexes are
negligible), the mechanisms in Scheme 3 in the
steady�state approximation for the catalytic interme�
diates lead to kinetic equations absolutely identical
to Eq. (1). However, as will be demonstrated below,
only the modified mechanism (Scheme 3a) provides
a rational explanation for the fact that regioselectiv�
ity (I/II) varies with the CO and hydrogen partial
pressures according to Eq. (2).
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reaction rate (TOF × 10–3) and (2) regioselectivity (I/II).
The slope of the straight line is 1.0.
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In alkene hydroformylation in the presence of
rhodium phosphine complexes, the decrease in I/II
caused by an increasing CO pressure is conventionally
attributed to the shift of the equilibrium between the
complexes HRh(CO)(Ph3P)3 and HRh(CO)2(Ph3P)2,
of which only the former is a source of coordinatively
unsaturated hydride species that are highly selective
toward isomer I (I/II increases with an increasing
[Ph3P]). The attempts to explain the effect of an
increasing CO pressure in the case of the diphosphite
complexes in the same way [10, 11] seem groundless.
If CO completely replaced the diphosphite in the
HRh(CO)2L complex to yield unmodified hydrides
low�selective toward isomer I, an increase in [L] would
shift the equilibrium in the backward direction.
In fact, around L/Rh = 10, the I/II ratio depends
strongly on the syngas pressure and composition

(experiments 1–9 and 16–20 in Table 1), but the L
concentration has no effect on the kinetics of the reac�
tion (Fig. 1). If the addition of CO yielded a complex
with monodentately coordinated L, such as
HRh(CO)3L, this saturated species would hardly be
capable of reacting directly with the alkene and the
elimination of the CO ligand would immediately
restore the highly selective bidentate structure. The
change in regioselectivity could be explained by alk�1�
ene isomerization into internal olefins [10, 11], but
propene does not allow such isomerization.

In our opinion, the effects of the reaction parame�
ters on the regioselectivity of hydroformylation in the
presence of the diphosphite complexes are due to the
different characters of the elementary steps in the linear
and branched isomer formation routes (Scheme 4).

According to Scheme 4, the structure of the final
product is determined by the direction of the inser�
tion of the coordinated alkene into the H–Rh bond
in π�complex VI, which is the common intermediate
for the formation of the linear isomer (route N1) and
the branched isomer (route N2). Under certain condi�
tions, changes in the concentrations of dissolved CO
and hydrogen, which are involved in the subsequent
carbonylation of σ�alkyl intermediates and hydro�
genolysis of acyl intermediates, can change the ratio
between the rates of the reactions via the routes N1 and
N2. If it is assumed that the formation of linear σ�alkyl
complex VII (step 2) is reversible and that the forma�
tion of branched complex VII' (step 2') is quasi�equi�
librium, then, if step 3 ' is irreversible, it will be possible
to express the isomer ratio I/II in terms of the con�
stants of elementary steps in Scheme 4 as Eq. (3),
which is identical to the empirical equation (2):
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where k2/(K2'k3') = 32.5 MPa, k–2/k3 = 0.531 MPa,
k–3 = 1.02 × 105 h–1, and k4 = 2.60 × 105 MPa–1 h–1.

Note that step 3 ' in the route N2, like step 3 in the
route N1 can be viewed as reversible. This complicates
Eq. (3) without significantly enhancing the goodness
of fit to the observed I/II data. Complex VI can have
several structural isomers, for example, VIа and VIb
(Scheme 5). However, under the assumption that the
rate of their interconversion is higher than the rate of
their conversion into σ�alkyl intermediates, isomers
VIа and VIb can be treated as one species.

In the framework of Scheme 5, the quasi�equilib�
rium character of step 2 ' means that the rate of the
decomposition of σ�alkyl intermediate VII' to π�com�
plex VI (β�elimination of hydrogen) is much higher
than the rate of carbonylation into acyl intermediate
VIII'. The similar step 2 in the route N1 is reversible:
the carbonylation and hydrogen β�elimination rates
for complex VII are comparable. It is this difference
between the reactivities of the two σ�alkyl intermedi�
ates that is responsible for the effects of the reaction
parameters on the regioselectivity of the process.

For describing the rate of the reaction in terms of
an empirical equation like Eq. (1), it is necessary and
sufficient to accept that the formation of π�complex
VI (step 1) is irreversible and to include the hydride
and acyl intermediates in the material balance for the
catalyst (Eq. (4)), taking the concentrations of the
other species to be negligibly low. It will then be possi�
ble to express the hydroformylation rate in terms of the
constants of elementary steps in scheme (IV)
(Eq. (5)). For simplicity, the hydrogenolysis rate con�
stants of intermediates VIII and VIII' will be taken to
be equal.

[Rh]0 = [IV] + [V] + [VIII + VIII'], (4)

(5)

where k1 = 1.74 × 105 l mol–1 h–1, K0 = 8.22 MPa–1,
and k4 = 2.60 × 105 MPa–1 h–1.

The material balance equation (4) reflects the well�
known fact that, under hydroformylation conditions,
only acyl complexes are detectable along with the
hydride species, while the steady�state concentrations
of the other rhodium intermediates are too low to be
detected reliably [17–19]. According to our calcula�
tions, the steady�state concentrations of VIII and VIII'
at syngas pressures below 1 MPa far exceed the con�
centration of hydride complex V (Fig. 4). Therefore,
the rate�limiting steps in this pressure range are hydro�
genolysis reactions 4 and 4 ' (Scheme 4). Above 1 MPa,
the concentration ratio of these intermediates is
inverse and the rate�limiting step is propene coordina�
tion with complex V yielding π�complex VI (step 1).
Simultaneously, raising the pressure displaces rhod�
ium from the intermediates of the catalytic cycle into
the inactive, coordinatively saturated, hydride com�
plex IV (Fig. 4). At low pressures, this effect is com�
pensated for by the acceleration of the hydrogenolysis
steps and the reaction rate even increases (Table 1,
experiments 1–3). When hydrogenolysis stops being
the limiting step, the reaction rate begins to decrease
(experiments 4–9). It is due to these circumstances
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that the reaction rate as a function of the syngas
(CO : H2 = 1 : 1) pressure passes through an extre�
mum.

The satisfactory agreement between the experi�
mental data and the equations of the above kinetic
model (Fig. 3) validates mechanism (IV), proving the
character of the elementary steps and the catalyst
material balance accepted in this mechanism. The
assumptions that step 1 is irreversible and that step 2 '
is quasi�equilibrium were further verified by an analy�
sis of the product mixture resulting from the hydro�
formylation of but�1�ene and but�2�ene, the simplest
alkenes isomerizing during the reaction (Table 2).
In this analysis, we assumed that the amount of any
product in the reaction mixture is proportional to the
formation rate of this product and that the rate con�
stants of the conversion of similar intermediates in
reactions involving butene and propene are equal.

But�1�ene hydroformylation proceeds at nearly the
same rate and with nearly the same regioselectivity as
propene hydroformylation. A considerable amount of
but�2�ene results from this process along with alde�

hydes. But�2�ene formation is due to the β�elimination
of hydrogen from the branched σ�alkyl intermediate
VII' with the formation of the internal π�complex VI',
which then decomposes into rhodium hydride and free
but�2�ene (see the step sequence 1, 2 ', –2 '', –1 ' in
Scheme 6, in which the intermediates and steps analo�
gous to those in propene hydroformylation are desig�
nated in the same way as in Scheme 4).

The but�2�ene hydroformylation rate is more than
one order of magnitude lower than the but�1�ene con�
version rate, yet the main product is again a linear
aldehyde (I). Obviously, this isomer is formed via the
β�elimination of hydrogen from the branched σ�alkyl
intermediate VII' and the formation of the terminal
π�complex VI, which, as in the case of the route N1 in
Scheme 4, turns into the linear product I (step
sequence 1 ', 2 '', –2 ', 2, 3, 4). Notably, the resulting
amount of but�1�ene is very small: the I/but�1�ene
molar ratio is above 80 (Table 2). Therefore, the rate of
the conversion of terminal π�complex VI into alde�
hydes is higher than the rate of decomposition of this
complex into rhodium hydride and the alkene. This is
independent evidence in favor of the irreversibility
of the interaction of terminal alkene with hydride spe�
cies under the hydroformylation conditions, as was
assumed in the discussion of step 1 in Scheme 4.

Deuterium exchange studies of the hydroformyla�
tion of styrene [20, 21] and hex�1�ene [22] on an
unmodified rhodium catalyst demonstrated that the
β�elimination of hydrogen from branched σ�alkyl
intermediates takes place more intensively than the
β�elimination of hydrogen from linear ones. In view
of this, there is good reason to assume that the forma�
tion of linear complex VII in Scheme 4 is reversible
and the formation of branched complex VII' is a
quasi�equilibrium process. According to our calcula�
tions, at РСО = 1 MPa the rate of the β�elimination of
hydrogen from VII is approximately two times lower
that the carbonylation rate (see the k–2/k3 ratio in
Eq. (3)). Thus, within the kinetic model discussed

 
Table 2.  Hydroformylation of but�1�ene and but�2�ene

Substrate

Composition of the reaction mixture, mol %

I/II TOF**, h–1

butane* but�1�ene but�2�ene
I II

But�1�ene 2.2 6.4 30.6 58.0 2.8 20.7 25500

But�2�ene 0.7 0.4 63.9 32.3 2.6 12.4 1720

Note: Reaction temperature of 90°C, PCO = 1 MPa,  = 1 MPa, para�xylene (20 ml) as the solvent, 0.132 mol of substrate, [Rh] =

1.5 × 10–3 mol/l, L/Rh = 14, reaction time of 1 h.
  * Butene hydrogenation product.
** Initial aldehyde formation rate.
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here, these two rates are comparable and, therefore,
step 2 is reversible.

A similar ratio between the carbonylation and
β�elimination rates for the VII'�type branched inter�
mediate can be derived from the composition of the
but�2�ene hydroformylation products. Both but�2�ene
hydroformylation products— I and II—are formed
via the common intermediate VII' (Scheme 6), which
is an analogue of the branched σ�alkyl intermediate in
Scheme 4. Since practically no but�1�ene formation
takes place, the rate of accumulation of the linear
product can be expressed in terms of the steady�state
concentration of VII' using Eq. (6) or the consequen�
tial inequality (7). The rate of accumulation of the
branched product is given by Eq. (8).

rI = k–2'[VII'] – k2'[VI], (6)

rI ≤ k–2'[VII'], (7)

rII = k3'PCO[VII'] . (8)

Under the assumption that the ratio of products in
the reaction mixture is equal to the ratio of the forma�
tion rates of these products, the following inequality
follows from Eqs. (7) and (8):

I/II ≤ k–2'/(k3'PCO). (9)

From the I/II ratio for the reaction involving but�
2�ene (Table 2), it can readily be seen that, at PCO ≈
1 MPa, the constant k�2' is more than 12 times larger
than k3'PCO. If the same situation takes place in pro�
pene hydroformylation, the β�elimination rate will be
higher than the carbonylation rate by the same factor.
Therefore, it is quite acceptable to treat step 2 ' in
Scheme 4 as a quasi�equilibrium reaction.

The simplest explanation of the extremely high
regioselectivity (I/II) of the rhodium catalysts with
bulky bidentate phosphite ligands is that the steric hin�
drance to the formation of branched σ�alkyl complex
VII' is greater than the steric hindrance to the forma�
tion of linear complex VII [10, 11] (see Scheme 4). At
the same time, some authors believe that the high regi�
oselectivity is due not to the selectivity of alk�1�ene
insertion into the H–Rh bond, but to subsequent
reactions [14]. It is also believed that, in the case of
bulky ligands, the insertion of CO in branched σ�alkyl
complexes can be hampered for a number of steric rea�
sons [23]. As a consequence, VII�type linear interme�
diates turn rapidly into an acyl complexes and then
into an aldehyde, while branched intermediates like
VII', because of their low carbonylation rate, undergo
intensive β�elimination to yield the initial π�complex.
This view is supported by the results of this study: the
quasi�equilibrium character of the formation of the
branched σ�alkyl complexes (Scheme 4, step 2 ') can
be due to their low carbonylation rate. Recall that,

according to our estimates, the β�elimination�to�car�
bonylation rate ratio at РСО = 1 MPa at T = 90°C is
~0.5 for the linear σ�complexes and over 12 for the
branched complexes.

From the numerical values of the parameters of
Eq. (3), one can readily obtain K2k3/K2'k3' = 61. The
physical meaning of this quantity is regioselectivity
(I/II) at a CO partial pressure tending to zero and a
high hydrogen pressure. The equilibrium constants are
measures of the stability of σ�alkyl intermediates VII
and VII' forming from π�complex VI, and the rate
constants characterize the reactivities of these inter�
mediates at the carbonylation stage. From the kinetic
data of this study, it is not absolutely clear which one of
the inequalities K2 � K2' and k3 � k3' is responsible for
the large I/II value. However, the intensive isomeriza�
tion of but�1�ene and the formation of a linear alde�
hyde from but�2�ene under our experimental condi�
tions support the latter explanation. It is quite proba�
ble that both factors can act simultaneously and which
of them is dominant depends on the diphosphite
structure. There are highly selective diphosphite cata�
lysts that practically do not cause the isomerization of
terminal alkenes into internal alkenes [10, 11]. It is
likely that the regioselective effect in this case is mainly
due to the suppression of the formation of branched σ�
alkyl species upon the insertion of the alkene into the
H–Rh bond, whereas the carbonylation rates in the
linear and branched product formation routes may be
comparable.
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