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Abstract: The effect of triphenyl phosphine concentration in the novel PPh3-Rh/SiO, catalyst for propylene hydroformylation was studied
and found an optimum P/Rh ratio of 15, a butyraldehyde n/i ratio of 14, a butyraldehyde TOF of 241 h™', and high catalytic stability for
PPhs-RI/SiO,. Solid-state *'P NMR shows that in an atmosphere of syngas the physically adsorbed PPh; migrates onto the surface of
Rh/SiO; where it chemically adsorbs and then promotes the in situ formation of carbonyl phosphine complexes.
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Fig. 1. Influence of P/Rh ratio on the n/i ratio of butyraldehyde over
PPh;-Rh/SiO, catalyst. Reaction conditions: 7= 393 K, p = 1.0 MPa,
SV =2000h"".
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Fig. 2. Influence of P/Rh ratio on the TOF of butyraldehyde over
PPh;-Rh/SiO, catalyst. Reaction conditions: 7 =393 K; p = 1.0 MPa;
SV =2000h".
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Fig. 3. Solid-state >'P MAS NMR spectra of PPh;-Rh/SiO, catalysts
with different P/Rh ratios before (a) and after (b) treated with syngas.
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Fig. 4. The ratio of chemically adsorbed PPh; and physically ad-
sorbed PPh; (y(PPhs)) in solid-state *'P MAS NMR spectra of

PPh;-Rb/SiO, catalysts with different P/Rh ratio. (1) Before treatment
with syngas; (2) After treatment with syngas.
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Homogeneous catalysts often exhibit higher selectivity,
better reproducibility and reactivity under mild conditions in
contrast to heterogeneous catalysts. However, the disadvan-
tages of homogeneous catalysts include difficulties in the
separation of the catalysts from the products after a reaction
and this is not a problem with typical heterogeneous cata-
lysts. The immobilization of homogeneous catalysts onto
organic, inorganic, or hybrid supports has attracted wide-
spread interest [1-7]. The main problems found in many
systems are catalyst stability and the leaching of expensive
metal ions from the catalysts to the product phase [8]. Re-
cently, we developed a novel ligand modified heterogeneous
catalyst (PPh;-Rh/SiO,) for the hydroformylation of olefins
with excellent activity, selectivity, and stability [9,10]. No
deactivation was observed over more than 1000 h on condi-
tion that PPh; was supplemented at about 300-350 h in the
PPh;-Rh/SiO, catalyst. The reason for the decrease in activ-
ity and selectivity of PPh;-Rh/SiO, from about 300 to 350 h
is the leaching of PPhs.

The importance of having excess PPh; present in solution
for the regioselectivity of homogeneous hydroformylation

has been well documented [11-13]. In general, excess ligand
favors the formation of linear aldehydes at the expense of
conversion. However, it should be noted that under certain
experimental conditions both high rate and high regioselec-
tivity may be encountered simultaneously. Therefore, we
systematically investigated the influence of phosphine con-
centration on the activity, selectivity (especially n/i ratio of
butyraldehyde), and stability for propylene hydroformylation
to determine the optimum P/Rh ratio for the PPh;-Rh/SiO,
catalyst in this work.

The synthesis and characterization of PPh;-Rh/SiO, as
well as its hydroformylation reaction have been discussed in
reference [9] in detail. We carried out solid-state *'P MAS
NMR experiments using a VARIAN Infinityplus spec-
trometer with a Chemagnetics Wideline NMR probe. Data
were obtained by measuring the samples using a frequency of
161.8 MHz, a pulse width of n/4, a delay of 3.0 s, and 500
scans. Solid-state >'P NMR chemical shifts were reported
relative to 85% H;PO,.

Influence of the P/Rh ratio on the n/i ratio of butyralde-
hyde in propylene hydroformylation is shown in Fig. 1.
Generally, a short induction time of about 8 h was observed
before the maximum n/i ratio was obtained. The reason for
the induction time is that the homogeneous active species
grows gradually in situ on the surface of the heterogeneous
Rh/SiO, catalyst [9]. When the P/Rh ratio changes from 6 to
20 the n/i ratio increases from 12.02 to 16.54 and the stability
of the n/i ratio increases.

Figure 2 shows the influence of the P/Rh ratio on the
turnover frequency (TOF) of the formation of butyraldehyde.
We found that the TOF initially increases slowly as the P/Rh
ratio changes from 6 to 15 and then it decreases rapidly from
226 to 64-h”' when the P/Rh ratio increases further. The
stability of PPh;-Rh/SiO, improves from 60 h to 120 h when
the P/Rh ratio increases from 6 to 20.

Evans et al. [14,15] reported that in a solution of
HRh(CO)(PPh;);, different rhodium carbonyl phosphine
complexes are presented under hydroformylation conditions
and each complex has its own specific activity and selectiv-
ity. The equilibrium can be represented as follows:

-PPh,
————" HRh(CQ)(PPhy),

HRh(CO)(PPh
(CO)(PPh3); PPh,
-Co ||+co
+PPh,
HRh(CO),(PPhs) —h'* HRh(CO),(PPhs),
-PPh,

The complex that dominates is determined partly by the
carbon monoxide concentration and by the phosphine con-
centration. Our previous work confirmed that the homoge-
species of  HRh(CO)(PPh;); and

neous  active
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HRh(CO),(PPh;), can form in situ on the surface of the
PPh;-Rh/SiO, catalyst [9]. Therefore, the rhodium carbonyl
phosphine complexes on the PPh;-Rh/SiO, catalyst are
comparable to those in a solution of HRh(CO)(PPhs);. If the
P/Rh ratio is too low, the major rthodium carbonyl phosphine
complex will exist as HRh(CO),(PPh;) and it may lose its
single PPh;, which will lead to deactivation. By increasing
the P/Rh ratio, the equilibrium is shifted to the left. The
dominant carbonyl phosphine complex shifts towards the
less active but more selective HRh(CO),(PPh;), complex
from the HRh(CO),(PPh;) complex. Therefore, the n/i ratio
increases with the P/Rh ratio while the propylene conversion
and the TOF reach their maximum values. However, if the
P/Rh ratio is higher than 15, the main carbonyl phosphine
complex is the HRh(CO)(PPhs); complex, which is the most
stable but the least active complex and results in very low
activity during propylene hydroformylation. The similarity
in the effect of phosphine concentration on propylene hy-
droformylation between the PPh;-Rh/SiO, catalyst and
HRh(CO)(PPhs); further confirms the in situ formation of the
homogeneous active species on the surface of Rh/SiO, for
the PPh;-Rh/SiO, catalyst during the hydroformylation of
olefins. Because of the complexity of the equilibria involved,
it is impossible to reach a firm conclusion solely on the ex-
periments reported here.

For the preparation of the PPh;-Rh/SiO, catalysts with
different P/Rh ratios, the Rh/SiO, catalyst remains essen-
tially the same with the only difference being the amount of
PPh;. Therefore, solid-state *'P MAS NMR is one of the best
measurement tools to characterize the PPh;-Rh/SiO, cata-
lysts with different P/Rh ratios and the results are shown in
Fig. 3 for the catalysts that were not treated and those that
were treated with syngas, respectively. All the spectra in Fig.
3 imply that there are only two kinds of PPh; in the
PPh;-Rh/SiO, catalysts with different P/Rh ratios: one is
physically adsorbed PPh; at 6 = —5.8 and the other is

chemically adsorbed PPh; at 6 = +38.4.

However, the ratio of chemically adsorbed PPh; and
physically adsorbed PPh; for each spectrum are very differ-
ent and this is shown in Fig. 4. For the PPh;-Rh/SiO, that was
not treated, the ratio decreases from 0.11 to 0.01 and the P/Rh
ratio increases from 6 to 20. After treatment with syngas, the
ratio becomes larger and reaches the highest value 0.33 at a
P/Rh ratio of 15. The increased chemically adsorbed PPh;
may migrate from the physically adsorbed PPh; on the sur-
face of the SiO, supports.

The increased n/i ratio that results from an increase in the
P/Rh ratio can also be explained by a comparison of the
results shown in Figs. 1 and 4. These figures show that when
more chemisorbed PPh;is present on the Rh surface more
steric hindrance will result and propylene will more likely
insert into Rh—H in the form of —CH,—CH,—CH; to produce
linear butyraldehyde. The decline in the TOF of butyralde-
hyde that was observed upon the further addition of PPh;
(P/Rh =20) is considered to be the result of the active species
being embedded by an excess of PPhs.

In summary, the use of excess PPh; (P/Rh = 15) in the
PPh;-Rh/SiO, catalyst ensures high activity, selectivity, and
stability for the hydroformylation of propylene on a
fixed-bed reactor. When the P/Rh ratio of the PPh;-Rh/SiO,
catalyst changes from 6 to 20, the n/i ratio of butyraldehyde
increases as well. However, the TOF of butyraldehyde
reaches its maximum at a P/Rh ratio of 15. Subsequently, the
best P/Rh ratio for the PPh;-Rh/SiO, catalyst is 15.
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