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A wide range of monophosphite ligands was investigated in rhodium-catalyzed ethene hydroformylation.
A stoichiometric gas mixture CO/H2/ethene 1:1:1 was used, the reaction being thus 100% atom economic.
The reaction was found to be very selective and only propanal was formed under the reaction conditions
studied. The most efficient catalytic system was L1-modified rhodium, and reaction parameters were
optimized for this ligand. Under optimized catalytic conditions, reaction rates 10–15 times higher than
those of the triphenylphosphine-modified system were obtained, demonstrating the high suitability of
p-accepting ligands for this reaction. Stability tests, resistance toward water and acids in particular,
showed the good stability of the selected phosphite L1. Notably, L1 was more stable than cyclic phos-
phites L6 and L13.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The hydroformylation of olefins is a very important chemical
reaction having considerable industrial impact. In particular, the
rhodium-catalyzed hydroformylation is one of the world’s largest
homogeneously catalyzed processes in industry [1]. During the last
decades, many efforts focused on the development of new catalytic
systems able to provide simple, cheap, selective, and sustainable
processes for the production of added-value chemicals: new li-
gands [2–4], biphasic catalytic systems [5–7], tandem reactions
involving a hydroformylation step [8–18], asymmetric hydrofor-
mylation [19–23], catalysis in supercritical media [24–26], supra-
molecular catalysis [27–30], molecular-weight enlarged ligand
for continuous reactions [31], bio-based catalysis [32], among oth-
ers are some examples of the wide range of technologies used in
the field of rhodium-catalyzed hydroformylation.

The hydroformylation of ethene, leading to propanal and n-
propanol, is a reaction of industrial interest since these chemical
compounds can find many applications. Further to their direct
use as solvents, they are also important intermediates for the pro-
duction of propene, pesticides, pharmaceuticals, and fragrances.
Unfortunately, this reaction often produces side products, such as
ketones and even polyketone products [33,34]. Many examples,
including heterogeneous catalytic systems, were reported. Notably,
the group of Cole–Hamilton reported the excellent activity and
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selectivity toward n-propanol using a triethylphosphine modified
rhodium catalyst, achieving turnover frequencies up to
54,000 h�1 [35]. Lately, Rodríguez at Dow reported on the hydro-
formylation of diluted ethene using silica and resin-supported
phosphines [36]. The mechanism and the kinetics of hydroformyl-
ation have been extensively studied in the last 20 years [37,38],
and intermediate species such as [HRh(CO)3(ethene)] [38] and
[Rh(CH3CH2CO)(CO)3(ethene)] [34] were detected, but to the best
of our knowledge, no systematic study concerning ligand effects
has been reported.

Van Leeuwen and co-workers have focussed since the mid
1970s on the application of bulky monophosphites in the hydrofor-
mylation reaction of alkenes [39–42]. Bulky phosphites performed
much better than triphenylphosphine [43], which was especially
important for otherwise unreactive alkenes. The electron-with-
drawing effect of these ligands was shown to enhance CO dissoci-
ation in the complex [HRh(CO)3L] 1 (L being the phosphite ligand)
and to favor the formation of the g2-alkene complex 2 (see Fig. 1).
The rate limiting step now becomes the hydrogenolysis of the acyl
complex 7. The important steric properties of these ligands en-
hance the formation of mono phosphite rhodium complexes in
competition with CO, preventing the formation of less active
[HRh(CO)2L2] or [HRh(CO)L3] complexes [44]. For octene-1 TOFs
of 160,000 mol mol�1 h�1 were obtained. Since steric factors dom-
inate, it was thought that ethene might also give very high TOFs
with the use of bulky phosphites.

One main drawback of phosphite ligands is their relative insta-
bility toward hydrolysis [45]. The P–O bond of phosphites is much
weaker than the P–C bond of phosphines and phosphites may
readily hydrolyze via metal or acid catalysis. In addition, alkyl
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Fig. 1. Mechanistic cycle of the rhodium-catalyzed hydroformylation of alkenes (equilibria omitted).
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phosphites undergo Arbusov rearrangements via alkyl cation inter-
mediates, which are catalyzed by metals, and for this reason, aryl
phosphites are preferred, as formation of aryl cations is unlikely.
On the other hand, phosphites are much less reactive toward
molecular oxygen and the formation of phosphates is slower than
the oxidation of phosphine to phosphine oxide. The present study
will focus on the effect of various aryl phosphite ligands on the eth-
ene hydroformylation rate and the hydrolytic stability of selected
phosphites.
2. Phosphite ligand design

The design of phosphite ligands is based on several require-
ments. First only triaryl phosphites will be tested for their better
stability and to avoid Arbuzov-type reactions. Second, an impor-
tant steric bulk around the phosphorus atom is preferred, to favor
the selective formation of monoligated rhodium species. Third, to
investigate the electronic influence of the ligands on the catalytic
activity, different functional groups will be introduced at the para
position of the aryl group. Fourth, the influence of cyclic structures
on the hydroformylation rate and stability will be studied. Accord-
ing to these four requirements, the 25 ligands described in Fig. 2
were prepared.

The library of ligands started with the syntheses of the well
known bulky phosphite L1 and the UCC ligands L6 and L7 [46].
Analogs of L1 with different substituents in the para position of
the aromatic rings were also prepared (L2, L3, L4, and L5). Simi-
larly, L8 was prepared as a convenient analog of the UCC ligands
in which the BHT (2,6-di-tert-butyl-4-methylphenoxy) unit was
replaced by the 2,6-diphenylphenoxy moiety. C3-symmetric phos-
phite ligands L9–L12 were prepared, the 2,6-isopropylphenol and
2,6-diphenylphenol moieties (respectively ligands L9 and L10)
bringing a very important steric bulk around the phosphorus atom.
According to the literature, a linker between the aryloxy substitu-
ents in phosphite ligands increases their thermal stability [44]. To
this end, the polycyclic phosphites L13 and L14 were synthesized.
Finally, in order to evaluate the effect of the linker together
with the electronic and steric factors of a single substituent
within the same sub-class of phosphites, two different diols,
6,60-methylenebis(2-tert-butyl-4-methylphenol) and 3,30,5,50-tet-
ra-tert-butyl[1,10-biphenyl]-2,20-diol, were selected as precursors
for the two families of ligands L15–L21 and L22–L25, respectively.
3. Ligand screening conditions

The effect of the reported ligands in the rhodium-catalyzed
hydroformylation of ethene was studied. An equimolar gas mixture
of carbon monoxide, hydrogen, and ethene (1:1:1) was utilized dur-
ing the reactions to keep the partial pressures of the three gases
constant during the reaction. The catalytic tests were carried out
in an AMTEC–SPR16 multireactor capable of maintaining the pres-
sure of the gas mixture in each reactor and monitoring the gas up-
take. In order to obtain reproducible results, all phosphites together
with the rhodium precursor [Rh(acac)(CO)2] in toluene (5 mL) were
subjected to an incubation period of 90 min at 80 �C under 20 bar of
syngas to ensure the complete formation of the active [HRh(CO)x(-
L)4�x] species prior to the addition of the substrate. After this peri-
od, the atmosphere of each reactor was replaced by 20 bar of the
equimolar gas mixture (CO/H2/C2H4) and this pressure was kept
constant while the reaction mixture was stirred at 80 �C for
90 min. Decane was utilized as internal standard, and the amount
of propanal was determined by GC analysis using the previously
calibrated propanal/decane response. After a few preliminary
experiments, a concentration of rhodium of [Rh] = 0.25 mM and a
metal to ligand ratio of L/Rh = 20 were selected as the best condi-
tions to perform the screening of the 25 different phosphite ligands.
3.1. Ligand screening results and discussion

The results of the hydroformylation of ethene with rhodium/
phosphite catalysts are summarized in Figs. 3, 4 and 6–8. For each
catalytic system, a minimum of three separate experiments were
performed. The results are presented as averaged values.

For a matter of comparison, the same reaction was run using the
conventional triphenylphosphine (PPh3), which gave a turnover
frequency of 2.23 � 103 h�1. According to these preliminary
screening of ligands, phosphite ligands were found to be more ac-
tive than PPh3 in all cases except for ligands L9, L10, L13, L15, and
L22. These five ligands present the maximum steric crowding
around the phosphorus atom of the phosphite library, and it is be-
lieved that their low activity in ethene hydroformylation is due to
their difficulty to form the ligated penta-coordinated Rh complexes
under CO pressure. The formation of these active species during
the incubation period was monitored in situ for selected ligands
by high pressure infrared (HP-FTIR) spectroscopy. Experimentally,
a cyclohexane solution of the appropriate ligand with the Rh
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Fig. 2. Bulky monophosphite ligands.

Fig. 4. Turnover frequencies for ligands L6–L8, L13, and L14.

Fig. 3. Turnover frequencies for ligands L1–L5.
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precursor [Rh(acac)(CO)2] was heated to 80 �C while a syngas pres-
sure was applied (20 bar) and the IR spectra of the carbonyl
stretching range (2200–1600 cm�1) was continuously monitored.
For ligands L10, L13 and L15, a similar behavior was observed.
Reaction of the rhodium precursor with the phosphite under an
atmospheric pressure of argon resulted in the displacement of



Fig. 5. Expected and X-ray determined structures for L14 (thermal ellipsoid
probability level 50%; hydrogen atoms omitted for clarity).
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one of the carbonyl ligands to give [Rh(acac)(CO)L], confirmed by a
single strong absorption at 2011 and 2012 cm�1, respectively.
However, increasing the pressure of syngas to 20 bar resulted in
the displacement of the phosphite ligand affording the
Fig. 8. Turnover frequencie

Fig. 6. Turnover frequenci

Fig. 7. Turnover frequencie
[Rh(acac)(CO)2] precursor again, as indicated by the two character-
istic bands at 2082 and 2013 cm�1, instead of the active penta-
coordinated hydride species. No other Rh-carbonyl complexes
were observed in the IR spectra for 3 h until inactive Rh4(CO)12

and Rh6(CO)16 decomposition clusters started to appear. This
behavior has been previously observed for bulky phosphine ligands
under hydroformylation conditions [47]. We assume that the low
catalytic activity found for ligands L9 and L22 is also due to this
cluster carbonyl formation.

Nevertheless, most of the studied phosphites gave higher
activity in ethene hydroformylation than triphenylphosphine,
PPh3. 2-tert-butylaryl phosphites (L1—L5) gave turnover frequen-
cies up to 16.7 � 103 h�1 (for L1, see Fig. 3).

Interestingly, the electronic character of the different substitu-
ents in the aromatic rings was found to have no predictable effect
s for ligands L22–L25.

es for ligands L9–L12.

s for ligands L15–L21.
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on the catalytic performance of the ligands, and similar TOF values
were obtained for those with t-butyl (L2) and Cl (L5) substituents
in the para position of the rings and for those with H atoms (L3)
and CF3 groups (L4). The best results were obtained with L1, which
possesses a methyl group in the para position of the aromatic rings.

The UCC ligands L6–L8 gave higher TOFs with values up to
34.7 � 103 h�1 (see Fig. 4). Similar performances were observed
with binaphthol and biphenol moieties (L6 vs. L7) and when the
steric bulk was provided by phenyl rings instead of tert-butyl
groups (L7 vs. L8). Tricyclic ligands L13 and L14 showed very dif-
ferent behavior in catalysis; ligand L14 provided a turnover fre-
quency of 13.4 � 103 h�1, whereas L13 gave poor activity. This
confirms the poor ability of this very bulky ligand [48] to form
[RhH(CO)3(L)] species under catalytic conditions [47]. Compared
to L13, L14 has two methylene linkers but lacks the tert-butyl
groups in two directly linked aryl groups. This ligand was chosen
because it was expected to adopt a partially open calix[3] rigid
conformation allowing only coordination through the top of the
cone (Fig. 5). However, its solid state structure revealed a totally
different conformation.

As determined by single crystal X-ray diffraction, the structure
of L14 is not as crowded around the phosphorus atom as expected
(the phenyl groups show an up, down, up configuration). Neverthe-
less, the activity of this ligand for ethene hydroformylation is very
high and its polycyclic structure might be advantageous in terms of
stability.

We mentioned before the poor activity of very bulky ligands L9
and L10. Interestingly, the less sterically hindered C3-symmetric
tri-2-phenyl and trinaphthyl phosphites L11 and L12 were found
to be very active with TOFs of 19.2 � 103 and 22.9 � 103 h�1,
respectively (Fig. 6).

The methylene-linked phosphite ligands, L15–L21, gave a wide
distribution of results depending on the electronic and steric nat-
ure of the aryl substituents (Fig. 7). It is obvious that the activity
of methylene-bridged phosphite ligands strongly depends on the
steric and electronic nature of the aryl groups. HP-FTIR experi-
Table 1
Hydrolysis tests on selected ligands.a

Ligand %Decomposition (3 h)

P(OPh)3 78
L1 0
L6 6
L13 7
L14 8
L17 8

a Experimental conditions: 0.1 mmol of ligand dissolved in 3 mL of acetone/dichlorom
analyzed by inverse gated decoupling 31P{1H} NMR.
ments demonstrated that bulky ligand L15 is not able to form
the catalytically active species under the reaction conditions and
consequently low TOF values are obtained with this ligand. Less
steric crowding in the non-linked aryl substituent leads to higher
activity as observed for the increasing TOF values for ligands L15,
L16, and L17. At this point, the activity does not depend on steric
factors as can be demonstrated with the similar TOFs obtained
with L17, L18, and L19. However, electron-withdrawing groups
in the non-linked aryl group can enhance the performance of this
type of ligands increasing the TOFs up to 13 � 103 h�1, as seen
for ligands L20 and L21.

Finally, the results from the hydroformylation experiments
with the four phosphite ligands derived from 3,30,5,50-tetra-tert-
butyl[1,10-biphenyl]-2,20-diol (L22–L25) are summarized in Fig. 8.
These results reveal the dependence of the catalytic activity on
the nature of the third substituent in biphenyl-based ligands
L22–L25. The behavior is really similar to that of ligands L14–
L21; too much steric crowding leads to low TOFs and when sterics
play no role (L22), electron-withdrawing substituents slightly im-
prove the activity. However, for L23–L25 ligands, the maximum
TOFs were of 4.0 � 103 h�1, just only slightly higher than the values
obtained with PPh3.

To choose the best ligand for this transformation among the
ones described here, three criteria will be taken into account: (1)
the activity presented above at 80 �C and 20 bar ethene-CO–H2

1:1:1 pressure, (2) the estimated cost of the ligand, important for
industrial applications, and (3) the stability of the ligand.

In the next step of this investigation, stability tests will be per-
formed, in particular toward water and acid that can often be pres-
ent in industrial hydroformylation reactors and which are the main
causes of phosphite decomposition [44].

3.2. Chemical stability of phosphite ligands

Being generally less susceptible to oxidation than phosphines,
aryl phosphites mainly decompose via hydrolysis to afford
%Decomposition (24 h) %Decomposition (72 h)

99 100
0 0

17 18
86 100
20 100
17 43

ethane and 0.1 mL of water. The mixture was heated to 60 �C and samples were



H. Tricas et al. / Journal of Catalysis 298 (2013) 198–205 203
diarylphosphines or hetero-atom secondary phosphine oxides
(HASPOs). In a large scale continuous system, water might be
formed due to aldolcondensation of the aldehyde product. HASPOs
add to aldehydes forming phosphonic acids, which act as a catalyst
for hydrolysis [45]. Therefore, the study of the stability of the de-
scribed phosphites toward hydrolysis will assess the suitability of
the corresponding system for this transformation. The thermal sta-
bility of phosphites L6, L7, and L11 in the presence of aldehydes
was studied by UCC many years ago to reveal that slight structural
modifications such as the addition of linkers to form cyclic struc-
tures can improve the stability of these species [45,46]. More re-
cently, Pringle and co-workers have reported a useful test to
evaluate the stability of these compounds toward hydrolysis [4].
This experiment consists in taking a solution of the phosphite in
a deliberately wet solvent and heating it to reflux while monitoring
the formation of HASPOs by 31P NMR over time. The solvent of
choice is a 1:1 mixture of acetone and dichloromethane. Solutions
of selected phosphite ligands were prepared and water (3% w/w)
was added. The homogeneous mixture was heated to 60 �C, and
samples were taken and analyzed by inverse gated decoupling
31P{1H} NMR in order to obtain quantitative analyses of the prod-
uct distribution.

The effect of the linker between aryl groups in the stability to-
ward hydrolysis of L1, L6, L13, L14, and L17 triaryl phosphites was
studied (Table 1). Five different types of linkage were studied in
addition to the non-linked phosphites with and without steric hin-
drance between the rings, L1 and P(OPh)3. From the experimental
results, it can be concluded that all of the ligands are more stable to-
ward hydrolysis than triphenyl phosphite, but it seems that the sta-
bility improvement has nothing to do with the linkage between aryl
groups. Polycyclic phosphites L13 and L14, expected to afford the
highest stability, were totally hydrolyzed within 72 h. On the other
hand, non-linked L1 remained intact after 3 days at 60 �C under
the experimental conditions. Ligands bearing a single link between
two of the aryl groups, L6 and L17, presented a moderate stability.
It appears at this stage of the study that ligand L1 is very stable
and is a very good candidate for this reaction, since it leads to very
high catalytic activity (TOF of 16.7 � 103 h�1, Fig. 3) and is readily
available and very cheap (it is an antioxidant for polypropylene).

An acidolysis test was then run on this ligand L1. Ligands L2, L3,
and L4 were subjected to this test as well. For this purpose, aque-
ous hydrochloric acid (HCl) was deliberatively added to catalyze
the hydrolysis of the bulky phosphites (Table 2). The ligands were
first dissolved in the same mixture as previously described for the
hydrolysis test and heated to 60 �C for 48 h. Then, concentrated HCl
was added to the mixture which was stirred at 60 �C and the sam-
ples were analyzed by inverse gated decoupling.
Table 2
Acid-hydrolysis tests on selected ligands. Experimental conditions: 0.1 mmol of ligand d
heated to 60 �C for 48 h and a sample was taken (t = 0 h). Then, 0.3 mmol of HCl(aq) was a

Ligand %Decomposition (0 h)

L1 0
L2 9
L3 8
L4 0
Interestingly, all ligands, and especially L1, L3 and L4, showed
low levels of decomposition after 30 h. Moreover, only ca. 50% of
ligand L4 was hydrolyzed after 2 days under such harsh conditions.
Nevertheless, the observed decomposition patterns need to be
compared with conventional triphenylphosphine to show the bet-
ter ability of our system for this transformation. The experimental
conditions of the aqueous and acid hydrolysis tests presented
above were reproduced with PPh3 (See Table 3). As expected, in
the absence of Rh, triphenylphosphine showed a much higher sta-
bility under these conditions than bulky phosphites.

The data for phosphites, though, shed some light on the key
structural factors that improve phosphite stability. Steric bulk en-
hances the stability of the phosphite and all of the phosphites
tested here are much more robust toward hydrolysis than tri-
phenyl phosphite (P(OPh)3). In addition, it has been demonstrated
that the presence of a linker between the aryl groups does not di-
rectly lead to a positive effect on the stability of triaryl phosphites
in spite of earlier reports of UCC [46].

Surprisingly, free ligand L4 containing electron-withdrawing
CF3 groups in the para position is the most stable phosphite. This
probably means that the hydrolysis starts with a protonation and
not with a nucleophilic attack of water at the P-atom; of course,
the acid catalysis already corroborated that. Thus, the electron
poor ligand is more resistant to hydrolysis. This may reverse in a
metal complex. L4 gave a much slower catalyst than L1 (see
above). The very active catalytic system Rh-L6 was not further
investigated because of its lower stability and the expected higher
ligand costs. Since L1 seems to give the best results overall, this
system was studied in more detail.
3.3. Hydroformylation of ethene using the rhodium-L1 system

In order to find the optimum catalytic conditions and to get high
turnover frequencies, several reaction parameters were modified.
For this purpose, the catalyst concentration was decreased to
0.1 mM in order to avoid formation of large amounts of propanal
that could influence the reaction rate. Importantly, this change in
catalyst concentration resulted in a significant decrease in the turn-
over frequencies (from 16.7 � 103 to 11.0 � 103 h�1). This effect was
even more pronounced when the catalyst concentration was de-
creased further. In this series of experiments, the Rh/L1 ratio was
kept constant, and thus, if the competition between CO and L plays
a role, lowering the ligand concentration will diminish the concen-
tration of the active catalyst. Indeed, when the ligand to rhodium ra-
tio was increased (see Fig. 9a), the high reaction rates were
recovered until reaching a plateau at L:Rh of 40. Such high ratios
are common in phosphite-modified rhodium hydroformylation,
issolved in 3 mL of acetone/dichloromethane and 0.1 mL of water. The mixture was
dded and samples were analyzed by inverse gated decoupling 31P NMR.

% Decomposition (30 h) % Decomposition (48 h)

0 100
27 100

9 100
0 53



Table 3
Aqueous and acid catalyzed decomposition tests with PPh3. Experimental conditions: 0.1 mmol of PPh3 dissolved in 3 mL of acetone/dichloromethane and 0.1 mL of water and
0.3 mmol of HCl(aq) (only in the acid test). The mixture was heated to 60 �C and samples were analyzed by inverse gated decoupling 31P NMR.

PPh3 %Decomposition (12 h) %Decomposition (3 d) %Decomposition (7 d) %Decomposition (10 d)

3% H2O 0 0 1.9 2.6
3% H2O + 3 eq H+ 0 0 6.2 56.3
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and this gradual increase in reaction rate is very likely due to more
selective phosphite-coordinated species formation and emphasizes
the coordination competition between the ligand and carbon mon-
oxide [49].

The total pressure of the mixture H2/CO/ethene 1:1:1 was then
increased, keeping the ligand and rhodium concentrations con-
stant (see Fig. 9b). Notably, although higher pressure could result
in increased formation of non-phosphite-ligated species, the reac-
tion rate increases with increasing pressure.

Kinetics for a hydroformylation reaction with a reaction scheme
consisting of many reactions can be rather complex and relatively
few publications deal with kinetics. Two major types of kinetics
can be distinguished [49,50], both being an extreme case. In the
first one (kinetics Type I), the rate limiting step is at the beginning
of the cycle (Fig. 1), viz. either the coordination of the alkene
(2 ? 3) or the migratory insertion (3 ? 4). This can kinetically
not be distinguished and a 13C isotope effect study on only one par-
ticular system led to a draw between the two mechanisms [50].
The rate equation for this case reads:

v ¼ A½Rh�½alkene�
Bþ C½CO� ð1Þ
(a)

(b)

(c)

T

T

Fig. 9. Influence of (a) L1/Rh ratio; (b) pressure; (c) temperature.
Luckily though, many of the catalytic systems based on aryl-
phosphines and phosphites and with the use of 1-alkenes as the
substrate show kinetics close to Eq. (1). For other alkenes, the
equation is more complicated; for styrene, the formation of the
branched and linear aldehyde show different kinetics [42] and dur-
ing a batch reaction it will even change [51]. For only one system, it
has been shown that the backward reaction of 2 with CO is a hun-
dred times faster than productive octene-1 coordination, thus
showing that kinetic data are scarce [52]. The resting state of these
catalytic systems is usually HRh(CO)2L2, in which L is an arylphos-
phine or phosphite of average electronic and steric properties
[53,54]. For very high concentrations of triphenylphosphine, the
resting state is HRh(CO)L3 and in the first step dissociation of tri-
phenylphosphine takes place.

The second kinetic scheme was first reported for ligand-free
rhodium catalysts, that is, the ligand is CO [55], and extensively
studied by Feng and Garland [56], albeit at room temperature
rather than the usual conditions for catalysis. In this extreme case,
the hydrogenolysis of 6 is the rate limiting step and thus complete
equilibration between all species involved occurs. The rate Eq. (2)
for this type of kinetics (Type II) reads:
v ¼ D½Rh�½H2�
Eþ F½CO� ð2Þ

Thus, the alkene concentration does not show up in this equa-
tion. This kinetic scheme also holds for monophosphite rhodium
catalysts that form when the phosphite [42] is very bulky or very
electron poor [40]. A variant of this is a hydrogenolysis step that
is bimolecular that takes place between a metal hydride and the
metal acyl species as was first proposed for cobalt [57,58] and
found by Garland also for Rh and heterometallic systems, for exam-
ple, Rh acyl species (CO)4RhC(O)R and hydrides of W, Mn, Re, and
Co [59]. In general, the hydroformylation reaction will have a neg-
ative order in CO pressure. The response to total pressure changes
maintaining the ratio the same should leave the rate unchanged,
but at lower pressures, the rate does increase with pressure. We
ascribe this to an incomplete formation of mononuclear catalyst
species at lower pressure (vide infra) or a change in rate limiting
step in this region. For the present system, Type II kinetics are ex-
pected and raising the H2 pressure or lowering the CO pressure
should lead to a faster reaction. In the system used, it was not pos-
sible to change the partial pressure of the reactants while feeding
the gases in a 1:1:1 ratio and obtain reliable kinetic data.

The rate of hydrogenolysis of 6 (indirectly 7, the resting state in
Type II kinetics) should not depend on the length of the alkyl chain,
be it ethyl or octyl, and thus the same rates might be expected for
ethene and octene-1. However, the rates for ethene (12–
14 � 103 h�1) are not as high as those obtained for octene-1
(40 � 103 h�1, 20 bar, 80 �C, 0.86 M at the start of the reaction
[42]; in pure octene-1 and higher H2 pressures much higher rates
were obtained) [39]. At 80 �C, the concentration of ethene is esti-
mated to be 0.86 and 1.79 M at, respectively, 10 and 20 bar [60].
Thus, accidentally at a total pressure of 30 bar, the initial concen-
trations are the same for both substrates (0.86 M), apart from
changes of the solubility of ethene upon product formation. We ex-
plain this difference by the overall equilibrium between 1 + alkene
and 7, which for octene-1 is more favorable than for ethene for
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entropy reasons. This may also result in incomplete formation of 7
at lower pressures.

Reaction temperatures ranging from 60 to 120 �C were then
tested (see Fig. 9c). Strikingly, 80 �C is the temperature of choice
since lower and higher temperatures led to lower reaction rates.
While lower temperatures lead to slower reactions, the low rates
observed at higher temperatures may well be due to catalyst
decomposition. This effect is easily observable at 120 �C were the
reaction starts very fast but slows down rapidly.

The concentration of Rh was kept low in our experiments to allow
rate measurements with the equipment. In practice, the rhodium
concentration could be raised, while the phosphite concentration
can be kept at the same level. This increases the space-time yield
and reduces the amount of phosphite used per rhodium.

As concerns a practical application, as a solvent propanal could
be used (which leads to slightly higher pressures) or a condensa-
tion product of propanal. Interestingly, discarded in many cases,
a stripping reactor could be considered for this reaction (requiring
a recycle of the three reactant gases) [61].

4. Conclusions

Bulky phosphite L1 turned out to be a fast and stable ligand for
the rhodium-catalyzed hydroformylation of ethene. Two ligands,
L6 and L7, showed higher rates, but they were less stable in the
tests conducted; of course, the higher rates might balance the
higher ligand costs, but that is not the subject of this publication.
Surprisingly, L1 substituted with electron-withdrawing groups
(L4) did not give a faster catalyst and thus other equilibria than
the ones assumed in Fig. 1 must be involved. The rates obtained
are lower than those reported for octene-1, but higher ethene pres-
sure may reverse this. This interesting and cheap catalytic system
based on bulky phosphites has thus a promising future in terms of
industrial applications.

Acknowledgments

We are indebted to the Dow Chemical Company and the ICIQ
Foundation for financial support. We thank Dr. M.A. Brammer for
valuable discussions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcat.2012.11.031.

References

[1] M. Beller, B. Cornils, C.D. Frohning, C.W. Kohlpaintner, J. Mol. Catal. A.: Chem.
104 (1995) 17–85.

[2] L.A. van der Veen, P.C.J. Kamer, P.W.N.M. van Leeuwen, Organometallics 18
(1999) 4765–4777.

[3] J. Gillespie, D. Doods, P.C.J. Kamer, Dalton Trans. 39 (2010) 2751–2764.
[4] L.A. van der Veen, P.H. Keeven, G.C. Schoemaker, J.N.H. Reek, P.C.J. Kamer,

P.W.N.M. van Leeuwen, M. Lutz, A.L. Spek, Organometallics 19 (2000) 872–883.
[5] T. Mathivet, E. Monflier, Y. Castanet, A. Mortreux, J.L. Couturier, Tetrahedron 58

(2002) 3877–3888.
[6] I.T. Horváth, G. Kiss, R.A. Cook, J.E. Bond, P.A. Stevens, J. Rábai, E.J. Mozeleski, J.

Am. Chem. Soc. 120 (1998) 3133–3143.
[7] U. Hintermair, G. Zhao, C.C. Santini, M.J. Muldoon, D.J. Cole-Hamilton, Chem.

Commun. (2007) 1462–1464.
[8] P. Eilbracht, L. Bärfacker, C. Buss, C. Hollmann, B.E. Kitsos-Rzychon, C.L.

Kranemann, T. Rische, R. Roggenbuck, A. Schmidt, Chem. Rev. 99 (1999) 3329–
3365.

[9] S. Yu, Y.-M. Chie, Z.-H. Guna, X. Zhang, Org. Lett. 10 (2008) 3469–3472.
[10] D. Selent, R. Franke, C. Kubis, A. Spannenberg, W. Baumann, B. Kreidler, A.

Börner, Organometallics 30 (2011) 4509–4514.
[11] K. Takahashi, M. Yamashita, T. Ichihara, K. Makano, K. Nozaki, Angew. Chem.

Int. Ed. 49 (2011) 1–4.
[12] L. Diab, T. Šmejkal, J. Geier, B. Breit, Angew. Chem. Int. Ed. 48 (2009) 8022–

8026.
[13] O. Diebolt, C. Müller, D. Vogt, Catal. Sci. Technol. 2 (2012) 773–777.
[14] O. Diebolt, C. Cruzueil, C. Müller, D. Vogt, Adv. Synth. Catal. 354 (2012) 670–

677.
[15] B. Zimmermann, J. Herwig, M. Beller, Angew. Chem. Int. Ed. 111 (1999) 2515–2518.
[16] M. Ahmed, A.M. Seayad, R. Jackstell, M. Beller, J. Am. Chem. Soc. 125 (2003)

10311–10318.
[17] A.M. Seayad, M. Ahmed, R. Jackstell, M. Beller, Science 297 (2002) 1676–1678.
[18] B. Hamers, E. Koscuisko-Morizet, C. Müller, D. Vogt, ChemCatChem 1 (2009)

103–106.
[19] P. Agbossou, J.-P. Carpentier, A. Mortreux, Chem. Rev. 95 (1995) 2485–2506.
[20] J. Klosin, C.R. Landis, Acc. Chem. Res. 40 (2007) 1251–1259.
[21] R.I. McDonald, G.W. Wong, R.P. Neupane, S.S. Stahl, C.R. Landis, J. Am. Chem.

Soc. 132 (2010) 14027–14029.
[22] A.M. Kleman, M.A. Abraham, Ing. Eng. Chem. Res. 45 (2006) 1324–1330.
[23] P.W.N.M. van Leeuwen, P.C.J. Kamer, C. Claver, O. Pàmies, M. Diéguez, Chem.

Rev. 111 (2011) 2077–2118.
[24] C.M. Gordon, W. Leitner, in: D.J. Cole-Hamilton, R.P. Tooze (Eds.), Catalyst

Separation, Recovery and Recycling, Catalysis by Metal Complexes, vol. 30,
Springer, Dordrecht, 2006, pp. 215–236.

[25] D. Koch, W. Leitner, J. Am. Chem. Soc. 120 (1998) 13398–13404.
[26] A.M. Osuna, W. Chen, E.G. Hope, R.D.W. Kemmitt, D.R. Paige, A.M. Stuart, J.

Xiao, L. Xu, J. Chem. Soc. (2000) 4052–4055.
[27] V.F. Slagt, J.N.H. Reek, P.C.J. Kamer, P.W.N.M. van Leeuwen, Angew. Chem. Int.

Ed. 40 (2001) 4271–4274.
[28] P. Dydio, C. Rubay, T. Gadzikwa, M. Lutz, J.N.H. Reek, J. Am. Chem. Soc. 133

(2011) 17176–17179.
[29] R. Bellini, S.H. Chikkali, G. Berthon-Gelloz, J.N.H. Reek, Angew. Chem. Int. Ed. 50

(2011) 7342–7345.
[30] J.N.H. Reek, M. Röder, P.E. Goudriaan, P.C.J. Kamer, P.W.N.M. van Leeuwen, V.F.

Slagt, J. Organomet. Chem. 690 (2005) 4505–4516.
[31] M. Janssen, J. Wilting, C. Müller, D. Vogt, Angew. Chem. Int. Ed. 49 (2010)

7738–7741.
[32] P.J. Deuss, R. den Heeten, W. Laan, P.C.J. Kamer, Chem. Eur. J. 17 (2011) 4680–4698.
[33] G. Consiglio, B. Studer, F. Oldani, P. Pino, J. Mol. Catal. 58 (1990) L9.
[34] C. Li, L. Gui, M. Garland, Organometallics 23 (2004) 2201–2204.
[35] J.K. MacDougall, M.C. Simpson, M.J. Green, D.J. Cole–Hamilton, Dalton Trans.

(1996) 1161–1172.
[36] E.J. Tenn III, R.C. Singley, B.R. Rodriguez, J.C. Dellamea, Catal. Commun. 12

(2011) 1323–1327.
[37] R.M. Deshpande, B.M. Bhanage, S.S. Divekar, S. Kanagasabapathy, R.V.

Chaudhari, Ing. Eng. Chem. Res. 37 (1998) 2391–2396.
[38] J. Zhang, M. Poliakoff, M.W. George, Organometallics 22 (2003) 1612–1618.
[39] P.W.N.M. van Leeuwen, C.F. Roobeek, J. Organomet. Chem. 258 (1983) 343–

350.
[40] P.W.N.M. van Leeuwen, C.F. Roobeek, Brit. Pat. 2 068 377 (1980) and EP 54986

(1982), to Shell.
[41] A. van Rooy, E.N. Orij, P.C.J. Kamer, F. Van den Aardweg, P.W.N.M. van

Leeuwen, J. Chem. Soc. Chem. Commun. (1991) 1096–1097.
[42] A. van Rooy, E.N. Orij, P.C.J. Kamer, P.W.N.M. van Leeuwen, Organometallics 14

(1995) 34–43.
[43] A. van Rooy, J.N.H. de Bruijn, K.F. Roobeek, P.C.J. Kamer, P.W.N.M. van Leeuwen,

J. Organomet. Chem. 507 (1996) 69–73.
[44] R. Crous, M. Datt, D. Foster, L. Bennie, C. Steenkamp, J. Huyser, L. Kirsten, G.

Steyl, A. Roodt, Dalton Trans. (2005) 1108–1116.
[45] P.W.N.M. van Leeuwen, J.M. Chadwick, Homogeneous Catalysts; Activity -

Stability - Deactivation, Wiley VCH, Weinheim, 2011. pp. 1–49.
[46] E. Billig, A.G. Abatjoglou, D.R. Bryant, R.E. Murray, J.M. Maher, US Patent

4599206 (1986), to Union Carbide Corporation.
[47] E. Rafter, D. Gilheany, J.N.H. Reek, P.W.N.M. van Leeuwen, ChemCatChem 2

(2010) 387–391.
[48] J. Mathew, T. Thomas, C.H. Suresh, Inorg. Chem. 46 (2007) 10800–10809.
[49] P.W.N.M. van Leeuwen, C.P. Casey, G.T. Whiteker, in: P.W.N.M. van Leeuwen, C.

Claver (Eds.), Catalysis by Metal Complexes, RhodiumCatalyzed Hydroformylation,
vol. 22, Kluwer Academic Publishers, Dordrecht, 2000, pp. 63–105.

[50] E. Zuidema, L. Escorihuela, T. Eichelsheim, J.J. Carbo, C. Bo, Carles, P.C.J. Kamer,
P.W.W.N. van Leeuwen, Chem. Eur. J. 14 (2008) 1843–1853.

[51] F. Doro, J.N.H. Reek, P.W.N.M. Van Leeuwen, Organometallics 29 (2010) 4440–
4447.

[52] L.A. van der Veen, P.H. Keeven, G.C. Schoemaker, J.N.H. Reek, P.C.J. Kamer,
P.W.N.M. van Leeuwen, M. Lutz, A.L. Spek, Organometallics 19 (2000) 872–883.

[53] J.M. Brown, A.G. Kent, J. Chem. Chem. Soc. Perkin Trans. II (1987) 1597–1607.
[54] M. Kranenburg, Y.E.M. van der Burgt, P.C.J. Kamer, P.W.N.M. van Leeuwen, K.

Goubitz, J. Fraanje, Organometallics 14 (1995) 3081–3089.
[55] G. Csontos, B. Heil, L. Markó, Ann. N.Y. Acad. Sci. 239 (1974) 47–54.
[56] J. Feng, M. Garland, Organometallics 18 (1999) 1542–1546. and references

therein.
[57] M. van Boven, N.H. Alemdaroglu, J.M.L. Penninger, Ind. Eng. Chem. Prod. Res.

Dev. 14 (1975) 259–264.
[58] M.F. Mirbach, J. Organometal, Chem. 265 (1984) 205–213.
[59] C. Li, E. Widjaja, M. Garland, J. Am. Chem. Soc. 125 (2003) 5540–5548.
[60] L.-S. Lee, H.-J. Ou, H.-L. Hsu, Values estimated by linear regression of the values

obtained, Fluid Phase Equilibria 231 (2005) 221–230.
[61] P. Arnoldy, P.W.N.M. van Leeuwen, in: P.W.N.M. van Leeuwen, C. Claver (Eds.),

Catalysis by Metal Complexes, Rhodium Catalyzed Hydroformylation, vol. 22,
Kluwer Academic Publishers, Dordrecht, 2000, pp. 203–231.

http://dx.doi.org/10.1016/j.jcat.2012.11.031

	Bulky monophosphite ligands for ethene hydroformylation
	1 Introduction
	2 Phosphite ligand design
	3 Ligand screening conditions
	3.1 Ligand screening results and discussion
	3.2 Chemical stability of phosphite ligands
	3.3 Hydroformylation of ethene using the rhodium-L1 system

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


