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The mechanism of the hydroformylation of propene over silica-supported Rh and Pd catalysts
was studied by isotope tracer technique with microwave spectroscopy and infrared spectroscopic
technique as well as Kinetic investigation. The rate-determining steps in the hydroformylation
process were different over the two metals: hydrogenation of surface acyl species on Rh catalysts
and CO insertion into surface propyl species on Pd catalysts. The structure and the reactivity of
the surface propyl intermediates were determined by analyzing the isotope distribution of monodeut-
eropropene formed during C;H¢—D-,—CO reaction with microwave spectroscopy. It was revealed
that n-propyl species is more reactive for CO insertion than s-propy! species. Promotion effect of
sodium cations on hydroformylation was also investigated in detail and different roles of sodium

cations were demonstrated for Rh and Pd catalysts.

INTRODUCTION

The mechanism of the hydroformylation
of olefins by homogeneous transition-metal
complexes has been studied extensively.
Certain metal carbonyl complexes were
identified as catalytically active reaction in-
termediates (/-3). However, the mecha-
nism as well as the nature of active sites
in the heterogeneous hydroformylation has
not been clarified yet (4-7). Most of the
heterogeneous systems studied so far are
concerned with cation-exchanged Rh zeo-
lite catalysts (§—/1), where two completely
different species have been proposed as the
catalytically active species in the zeolite
cage: Rh carbonyl complexes (/2) and Rh
metal particles (13, 14).

Metal cations such as Zn, Ti, and Fe have
been reported to show an interesting promo-
tion effect upon hydroformylation of ethene
over silica-supported Rh metal catalysts,
and the characteristic roles of the additives
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in the reaction were demonstrated (/5-17).
A similar promotion effect by alkali metal
cations has been found in the CO-H, reac-
tion over Pd (/8, 19) and Rh (20, 2/) metal
catalysts. However, no investigations have
been reported on the hydroformylation re-
actions. Recently we have investigated the
hydroformylation of propene over silica-
supported Rh, Pd, Pt, and Ni metal catalysts
and found that all of them can catalyze this
reaction to a large or small extent (22). The
catalytic behavior was greatly dependent on
the metal catalyst employed. Rh metal was
the most selective catalyst for propene hy-
droformylation, while Pd metal was the
most active catalyst even at lower reaction
temperatures, although the selectivity for
hydroformylation was only a few percent.
We also studied the effect of added sodium
cations and found a remarkable decrease in
the activation energy for hydroformylation
process.

In this paper we report on the mechanism
of the hydroformylation of propene over
silica-supported Rh and Pd catalysts. Since
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these two metals exhibit different catalytic
behavior mentioned above, it might be pos-
sible to clarify the factors controlling the
activity and selectivity in this reaction by
comparing the mechanistic difference be-
tween them. To investigate the details of the
reaction pathway, we have conducted the
C;H¢-D,—CO reaction as well as the
C;H,~H,-CO reaction. By observing the
isotopic distribution patterns of monodeut-
eropropene formed in the hydrogen ex-
change process of propene by means of mi-
crowave spectroscopy, we can obtain
information on the structure and the reactiv-
ity of adsorbed alkyl intermediates. We
compare the kinetics and the reaction mech-
anisms for catalysts with and without added
sodium cations and deduce their role in the
hydroformylation process. Infrared spec-
troscopy is used to investigate the adsorbed
state of CO and to obtain information on the
electronic effect of sodium cations.

EXPERIMENTAL

Silica-supported Rh and Pd catalysts (5
wt%) were prepared by impregnating aque-
ous solutions of RhCl; and PdCl, onto SiO,
(Aerosil 300, Nippon Aerosil, 300 m*/g). To
add sodium cations, Na;RhCl, and Na,PdCl,
salts were employed. The catalyst powder
(0.1-0.2 g) was placed in a U-shaped glass
vessel, which was connected to a closed
gas circulation system, and was reduced by
hydrogen at 723 K for several hours. After
the catalyst was evacuated for 0.5 h (base
pressure: 1 x 1073 Torr, | Torr = 133.3
N m?) and then cooled down to the room
temperature, 50 Torr of CO was introduced
into the system. The dispersion of the metals
was determined from the adsorbed amount
of CO: CO/Rh = 0.52 (Rh/Si0O,) and 0.40
(Rh-Na/Si0,), CO/Pd = 0.082 (Pd/SiO,),
and 0.13 (Pd—Na/Si0,).

H,, D,, and CO gases from commercial
cylinders were passed over a heated Pd
black catalyst to remove trace amounts of
oxygen. C;H, purchased from Takachiho
Kagaku KK and C;Dg from Prochem were
purified by a freeze-thaw cycle. The reac-

107

tion was carried out in the same closed gas
circulation system (total volume = ca. 300
cm’®) mentioned above. Before each run, the
catalyst was reduced by 100 Torr of H, (or
D) for 2 h at 573 K. After cooling to the
reaction temperature, a certain amount of
reaction gases was introduced into the sys-
tem and the reaction was started, with a
dry-ice—acetone cold trap to collect formed
aldehyde and alcohol. The typical reaction
condition was as follows: Py, = 100 Torr,
Pio = 50Torr, and Py = 25 Torr. A smali
amount (a few percent) of the circulating
gas was sampled at a certain interval and
analyzed by gas chromatography (molecular
sieve 13X column for H, and CO, alumina
column for propene and propane). At the
same time, products collected in the cold
trap were separated from the circulation
system by a four-way stopcock and also ana-
lyzed by gas chromatography (PEG col-
umn). In the C;H~D,—CO reaction, deute-
rium contents in exchanged propene were
determined with a mass spectrometer (Hi-
tachi, RMU-6MG) using ionization voltage
of 12eV. The location of the deuterium atom
in monodeuteropropene was determined by
recording the microwave absorption line
(14,-0 rotational transition) characteristic
of each isotopic species. Details of the pro-
cedure were reported previously (23, 24).
The notation for isotopomers in monodeut-
eropropene is

H H
c—C c-l-d;;
/
D CH,
D H
AN
C:C - 1 -dl 5
s
H CH,

CHZ:—'CD—CH3, 2-d|;

CHZZCH—CHzD, 3'd| B

For infrared spectroscopic experiments,
the catalysts were pressed into self-support-
ing disks (2 ¢cm in diameter and 50—60 mg in
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FiG. 1. Time course of C;H¢~H,—CO reaction over
(a) Rh—Na/SiO, at 368 K and (b) Pd-Na/SiO, at 338 K.
Py, = 100 Torr, Pco Torr, and Pe,u, = 25 Torr. (0O)
propane, (O) n-butyraldehyde, (@) n-butyl alcohol, (A)
s-butyraldehyde, (A) s-butyl alcohol.

weight). The catalyst disk was placed in an
infrared cell, which was connected to a
closed gas circulation system, and treated
before the run in the same way as described
above. Infrared spectra were measured at
room temperature by a JASCO IRA-2 spec-
trometer.

RESULTS

Kinetic Study of C;H—~H,~CO and
C;D¢-D,—CO Reactions

Figure 1 demonstrates a typical example
of the time profiles of C;H,~H,-CO reac-
tions over Rh—Na/SiO, and Pd-Na/SiO,
catalysts. Hydrogenation and hydrofor-
mylation took place simultaneously, and
propane, n- and s-butyraldehyde and »- and
s-butyl alcohol were formed. The selectivity
for these two processes greatly depended on
the metal catalyst employed. Over Rh—Na/
SiO, both hydrogenation and hydroformyla-
tion proceeded with similar rates, whereas
over Pd-Na/SiO, the selectivity for the
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latter process was only a few percent of
the former. Similar time profiles for
C;H¢—H,-CO reactions were observed over
Rh/SiO, and Pd/SiO, catalysts.

Table | summarizes the effect of added
sodium cations upon the reaction rate as
well as upon the regioselectivity. In the case
of Rh catalysts both hydrogenation and hy-
droformylation processes were accelerated
by sodium cations. On the other hand, over
Pd catalysts the rate of hydroformylation
was enhanced and that of hydrogenation
suppressed. The addition of sodium cations
did not change much the regioselectivity of
the hydroformylation process: the ratio of
n-isomers (n-butyraldehyde + n-butyl alco-
hol) to s-isomers (s-butyraldehyde + s-bu-
tyl alcohol) were 2.2-2.5 for Rh and Rh—Na
catalysts and 0.4—0.5 for Pd and Pd—Na cat-
alysts. The results for the C;D¢-D,~CO re-
action are also listed in Table 1. Normal
isotope effect (ky/kp = 1.0-1.5) was ob-
served for the rate of propane formation,
while fairly large inverse isotope effect (k,/
kp = 0.5-0.8) was observed for the rate of
hydroformylation. Little isotope effect was
observed on the regioselectivity or on the
ratio of aldehydes to alcohols formed during
the hydroformylation reaction.

Temperature dependence of the turnover
frequencies (TOF) of C;H,-H,—~CO and
C;D¢—D,—CO reactions over these catalysts
is demonstrated in Figs. 2 and 3. TOF was
estimated using the value of metal disper-
sion obtained from the CO adsorption ex-
periment. As mentioned above, both hydro-
genation and hydroformylation processes
were drastically accelerated by the addition
of sodium cations over Rh catalysts (Fig. 2).
Activation energies of these processes were
lowered significantly by the sodium cation
addition: for propane formation E, = 97 kJ/
mol (Rh) and 78 kJ/mol (Rh—Na), and for
hydroformylation £, = 57 kJ/mol (Rh) and
33 kJ/mol (Rh-Na). Figure 2 also demon-
strates a large inverse isotope effect on the
hydroformylation process, whereas no iso-
tope effect was observed on the hydrogena-
tion process. The bend at higher tem-
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TABLE |
C;H¢-H,-CO and C;D,~D,~CO Reactions over Various Catalysts
Catalyst Reaction Reaction rates Regioselectivity Alcohol n
(x107* sec™h (%) Aldehyde s
V propanc Vg s-Ald n-Ald s-Alc n-Alc
Rh/SiO, 1 6.3 3.5 15 40 15 31 0.84 2.4
11 6.0 6.3 15 33 17 36 .13 2.2
Rh-Na/SiO, 1 38 12 10 35 19 36 1.22 2.4
11 35 22 8 31 20 40 1.50 2.5
Pd/SiO, I 3.2 0.075 46 22 24 8 0.47 0.43
I 2.1 0.099 44 20 24 12 0.56 0.47
Pd-Na/SiO, I 2.2 0.085 48 21 25 6 0.45 0.37
11 2.2 0.18 50 20 22 8 0.43 0.39

Note. Reaction I: C;H~H,-CO. Reaction II: C;D—D»—CO. Reaction temperature: at 388 K over Rh/SiO, and
Rh-Na/Si0,, at 318 K over Pd/SiO, and Pd-Na/SiO,. P(hydrogen) = 200 Torr, P(CO) = 50 Torr, P(propene)

= 25 Torr.
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Fi. 2. Arrhenius plots of C;H(~H,—-CO and
C;D¢~-D»,—CO reactions over Rh—Na/SiO, and Rh/
SiO,. Py, = 100 Torr, Pcg = 50 Torr, and Pe gy, = 25
Torr. Open symbols: C;Hg—H,-CO. Closed symbols:
C;D-D,—CO. (O®) propane (Rh—Na), (AA) propane
(Rh), ((JM) hydroformylation (Rh—Na), (V¥) hydrofor-
mylation (Rh).

peratures of the Arrhenius plot for the hy-
droformylation may be explained by the in-
fluence of the reverse reaction (decomposi-
tion of formed aldehyde and alcohol) in the
catalyst bed. On the other hand, the activa-
tion energies of the hydrogenation process
over Pd catalysts (Fig. 3) were not affected
at all by the addition of sodium cations: E,
= 75 kI/mol (Pd) and 74 ki/mol (Pd-Na),
although the turnover frequencies slightly
decreased by the sodium addition. The acti-
vation energies for the hydroformylation
process (Fig. 3) lowered significantly by the
addition of sodium cations: E, = 69 kJ/mol
(Pd) and 36 kJ/mol (Pd-Na). Small normal
isotope effect was observed in the hydroge-
nation process, whereas large inverse iso-
tope effect was observed in the hydrofor-
mylation.

Pressure dependences of the turnover fre-
quencies of the C;H,~H,—CO reaction over
Rh-Na/Si0, and Pd-Na/SiO, catalysts are
summarized in Fig. 4. The reaction order,
n, of hydroformylation as well as propane
formation was fairly dependent on the metal
catalysts employed, and the following em-
pirical rate equations were derived:
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Fic. 3. Arrhenius plots of C;H,—H,—CO and
C;D¢—D,—COreactions over Pd-Na/Si0, and Pd/SiO,.
Py, = 100 Torr, Pcy = 50 Torr, and Pc,u, = 25 Torr.
Open symbols: C;H,—H,-CO. Closed symbols:
C;D4-D,—CO. (O®) propane (Pd—Na), (AA) propane
(Pd), (JM) hydroformylation (Pd-Na), (V¥) hydrofor-
mylation (Pd).

Rh-Na/SiOp;  Viropane = kPHIPCS’
and Vald = k,PI].IgPE(())s‘
Pd-Na/SiOy:  Viopune = kPRPCS’

and V.4 = kK'P§P:S"

Here, V opane and V4 represent the rate of
the hydrogenation and hydroformylation
process, respectively. In the former pro-
cess, the reaction order for the partial pres-
sure of carbon monoxide on Rh-Na/SiO,
was more negative than that on Pd-Na/
Si0, , indicating stronger inhibition effect of
adsorbed CO for the reaction. This may be
the reason why the reaction proceeded at
lower temperatures on Pd catalysts. How-
ever, in the latter process, the reaction order
for the partial pressure of hydrogen on
Rh-Na/SiO, was twice as large as that over
Pd-Na/Si0O,, suggesting that the rate-de-
termining steps are different for the two
metals.
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Microwave Spectroscopic Study of
C3H—D,—CO Reaction

To obtain more information on the reac-
tion intermediates and the mechanism,
C;H-D,-CO reaction was investigated.
Hydrogen exchange process of propene (V,)
proceeded more than one to two orders of
magnitude faster than hydrogenation of pro-
pene (V}), the ratio of the rates being: V./V,
= 110 (Rh), 120 (Rh—Na), 30 (Pd), and 50
(Pd—-Na). Activation energies of this hydro-
gen exchange process were estimated to be
about 100 kJ/mol (Rh) and 70 kJ/mol (Pd),
which were similar to those of the hydroge-
nation process. Accordingly it is reasonable
to suppose that both processes proceed via
the same reaction intermediates, i.e., ad-
sorbed n-propyl and s-propyl species (asso-
ciative mechanism).

The microwave spectroscopic results on
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F1G. 4. Pressure dependence of the initial rates (TOF)
of C;H¢—H,—CO reaction over Rh—Na/SiO, at 408 K,
and over Pd-Na/SiO, at 338 K. Open symbols: hydro-
formylation. Closed symbols: propane formation. Solid
line: Rh—Na. Broken line: Pd-Na. (O@) partial pres-
sure of Hi (Pey = 50, Pey, = 25 Torr), (AA) partial
pressure of CO (Py, = 100, Py, = 25 Torr).
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Fi1G. 5. Time course of the isotopic distribution in
monodeuteropropene during C;H-D,—-CO reactions at
453 K over (a) Rh—Na/Si0, and (b) Rh/SiO,. (O) c-1-
d;, (V) 2-d;, (Q) t-1-d;, (O) 3d; & = ¢ = 2
ix{C;H,_,D;]: mean deuterium contents in propene.

the isotopic distribution of the monodeuter-
opropene formed by the hydrogen exchange
process in the C;H,~D,—CO reaction were
displayed in Figs. 5 and 6. In the case of Rh/
Si0, catalyst (Fig. 5(b)), the isotopic distri-
bution pattern was 40% of propene-1-d,,
44% of 2-d, , and 16% of 3-d, , which stayed
constant during the reaction. Addition of
sodium cations affected the distribution pat-
tern slightly as shown in Fig. 5(a) (33% of
propene-1-d,, 54% of 2-d,, and 13% of 3-
d}). In the associative mechanism, it is rea-
sonable to suppose that propene-1-d, and 3-
d, are formed through s-propyl intermediate
and propene-2-d, through n-propyl interme-
diate. Accordingly, over Rh catalysts n-pro-
pyl adsorbed species is more reactive than
s-propyl species in the hydrogen exchange
process. If the two methyl groups of s-pro-
pyl adsorbed species are equivalent for hy-
drogen abstraction, the ratio of 1-d,/3-d, will
be §. However, the ratio in the present study
1¢ and #3) is much larger than %, which sug-
gests that the hydrogen exchange takes
place mainly at the C, position of the double
bond.

In contrast to the results on Rh/SiO, the
isotope distribution on Pd/SiO, catalyst
(Fig. 6(b)) changed considerably as the reac-
tion proceeded. At the very beginning of the
reaction, the main products were propene-
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c-1-d, and f-1-d,, which decreased rapidly
with the increase of propene-3-d,, while
propene-2-d, stayed unchanged in amount
during the reaction. This pattern is quite
similar to the one obtained in the C;H,-D,
reaction over Pd/SiO, (24), which clearly
indicates the existence of the intramolecular
1,3-hydrogen shift process after the deute-
rium incorporation through the associative
mechanism. From the extrapolated values
of the pattern into time zero (c- and ¢-1-d,:
70%, 3-d,: 20% and 2-d,: 10%), it is recog-
nized that s-propyl adsorbed species is
much more reactive than n-propyl species
for the deuterium incorporation process,
which is definitely opposite to the result on
Rh catalysts. Addition of sodium cations did
not affect the isotopic distribution at all as
shown in Fig. 6(a).

Infrared Spectroscopic Study of CO
Adsorption and C;H—~H,~CO Reaction

When CO was introduced over freshly re-
duced Rh/SiO, and Pd/SiO, catalysts, two
main peaks were observed as summarized
in Table 2, which agreed well with the fre-
quencies reported in the literature (/9, 25,
26). A strong band at wavenumber higher
than 2000 cm ™' can be assigned to linear
CO(a) and a broadband at around 19001800
cm ! to bridged CO(a). On addition of so-
dium cations over Rh/SiO, and Pd/SiO, cat-
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FiG. 6. Time course of the isotopic distribution in
monodeuteropropene during C;H,-D,—CO reactions at
318 K over (a) Pd-Na/Si0O, and (b) Pd/SiO,. (0J) c-1-
di. (D) t-1-d (V) 2-dy, (O) 3-d,.
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TABLE 2
Infrared Spectra of Adsorbed CO

Catalysts Wavenumbers (cm~") of CO(a)
; C;H~H,-CO at
CO only at 298 3 "423- K
K
Linear  Bridge Linear Bridge
Rh/SiO, 2073 1915 2071 1915
Rh-Na/Si0O, 2055 1830 2038 1794
Pd/SiO, 2075 1985 2075 1975
Pd-Na/SiO, 2060 1855 2055 1790

alysts, the peak positions of the linear as
well as the bridge bands shifted to the lower
wavenumbers by 15-20 and 90-150 cm ™',
respectively. These results indicate that the
electronic states of Rh and Pd surface metal
atoms were considerably modified by the
sodium cation addition.

When the mixture of C;H, and H, was
added to the CO-preadsorbed surfaces at
room temperature, the intensity of CO(a)
bands remained unchanged, indicating that
CO is adsorbed much stronger than propene
and hydrogen. Most of the surface may be
thus covered by CO(a). During the
C;H¢-H,—CO reaction at 423 K, the CO(a)
bands did not shift at all over Rh/SiO, and
Pd/SiO, catalysts. Over sodium-added cata-
lysts, however, the bridged CO(a) bands
shifted toward the lower wavenumbers by
40-60 cm ' during the reaction. As the reac-
tion proceeded, several complex bands
emerged, which might be assigned to ad-
sorbed butyraldehyde and butyl alcohol,
formed by the hydroformylation process.

DISCUSSION
Reaction Mechanism of Hydroformylation

The microwave spectrocopy is a powerful
technique to investigate the structure of
the reaction intermediates in the C;Hg-D,
reaction by observing the isotopic distri-
bution of monodeuteropropene formed in
the hydrogen exchange process. In the
C,H(-D,—CO reactions in the present
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study, the relative activity of n-propyl and
s-propyl intermediates in the hydrogen ex-
change process could be estimated by this
method. In addition, if both of them are re-
action intermediates also for the hydrogor-
mylation process, it may be possible to esti-
mate the relative reactivity of the adsorbed
alkyl species for the hydroformylation pro-
cess by analyzing microwave spectroscopic
data.

The product ratios of n-isomers(butyral-
dehyde + butyl alcohol) to s-isomers in Ta-
ble 1 clearly indicate that n-propyl species
are more reactive than s-propyl species for
the hydroformylation process on Rh cata-
lysts, whereas the situation is opposite on
Pd catalysts. The activity ratios of the pro-
pyl intermediates well correspond to those
for the hydrogen exchange process obtained
from Figs. 5 and 6. Accordingly, the as-
sumption mentioned above is applicable in
this case, that is, hydrogenation and hydro-
formylation proceed through the common
alkyl intermediates on the catalysts em-
ployed in this study.

Since propane, butyraldehyde and butyl
alcohol were the only products detected
during the reaction, it is necessary to con-
sider hydrogenation and hydroformylation
of propene alone. Accordingly, we assume
a simple but generally accepted reaction
scheme for this reaction:

K
H, + 28 = 2H{

step 1
K,
CO + §=CO0q step 2
5
C;Hg + § = C3Hgg step 3
K
CHgs + Hg= CHog + S step 4
)
C;H,s + COg=—=C,H,04 + § step5s
k,
CH;O5 + H.>C,H O + S  step6
k
C;H, 5 + HS——7> CHy; + § step 7

In the above scheme S is a surface vacant
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site and the suffix S shows that the species
is a surface-adsorbed species. K|—K repre-
sent the equilibrium constants of the corre-
sponding steps, and &, k., and &, the rate
constants of the forward reaction of the re-
spective steps. It is reasonable to suppose
that adsorption steps of the reactants (steps
1-3) are in equilibrium. From the results of
the C;H~D,~CO reaction, hydrogen ex-
change process of propene is recognized to
be one to two orders of magnitude faster
than hydrogenation and hydroformylation
of propene, suggesting the equilibrium in
step 4. As discussed already, steps 5 and
7, which proceed competitively through the
common adsorbed propyl intermediates, de-
termine the selectivity of the reaction.
According to the above reaction scheme,
the coverage of each adsorbed species dur-
ing the reaction can be expressed as follows:

es = 1/{1 + (KIPH:)O'5 + KzPCo + K}PP},

Oy = es(KIPHQO‘Ss Oco = OsK;Pco,
Py = O5K3Pp,

9c3H7 = Os(K)"K; K4(PH2)0'5PP’

where Pp, Py,, Pco, and ©;, Oy, O¢¢, Og
represent the partial pressure (P) and cover-
age (0) of propene, hydrogen, CO, and va-
cant sites. The rate-determining step of pro-
pane formation should be step 7, and the
rate for propane formation is hence given by

Vpropane = k76C3H76H
= k7K1K3K4PH2PP/{1 + (KIPHZ)O'S

+ KyPoo + KiPpf. (1)

On the other hand, two different rate-de-
termining steps would be possible for the
aldehyde formation. If the CO insertion
(step 5) is the rate-determing step, the rate
equation for butyraldehyde formation is
Vaa = k56C3H7eCO

ks(K )" K, K3 K (Py )" PeoPp/{l

+ (K P + Ky Peo + KiPpl. (2)

I

If the step 5 is in equilibrium (K;) and the
step 6 determines the rate, the coverage of
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the acyl intermediates and the rate of butyr-
aldehyde formation can be expressed as

ec31-17o = es(K1)0'5K2K3K4K5(PH2)0'5PPPCO

Vaa = k69C3H709H
= koK Ky K3 KoK Py PeoPyl{l
+ (K\Py)™ + KoPeo + KPpP. (3)

Comparison of Egs. (1)-(3) allows following
predictions for the dependence on hydrogen
partial pressure. When hydrogenation of the
acyl group (step 6) is the rate-determining
step, both rates of propane and aldehyde
formations exhibit the same dependence
upon the hydrogen partial pressure. When
CO insertion (step 5) is rate-determining,
however, hydrogen pressure dependence of
aldehyde formation should be significantly
smaller than that of propane formation.

From the rate equations as described in
Results, the reaction orders with respect to
the partial pressure of hydrogen are: 1,
= 0.9 and n, = 0.5 for Pd-Na/SiO,, and
Roropane = Mg = 1.0 for Rh—Na/SiO, . These
results clearly indicate that CO insertion is
the rate-determining step in hydroformyla-
tion on palladium catalyst, while hydrogena-
tion of the acyl intermediate is rate-de-
termining on rhodium catalyst. In the
catalysis by homogeneous Rh carbonyl
complexes, it has been generally accepted
that CO insertion is fast and that the subse-
quent hydrogenation of acyl intermediate is
the rate-determining step. This is valid also
for heterogeneous rhodium catalyst (3). On
the other hand, palladium carbonyl com-
plexes are less active for CO insertion in
homogeneous catalytic system (3), which is
in accordance with the present result.

Estimation of Relative Activity of n- and

s-propyl Species

By using the rate equations, it is possible
to estimate the relative activity of n-propyl
and s-propyl intermediates for the hydrofor-
mylation process. As discussed above, se-
lectivity for hydrogenation and hydrofor-
mylation is determined by the ratio of the
reaction rates of step 5 and 7. On the other
hand, the regioselectivity in the hydrofor-
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mylation process may be determined by the
ratio of the surface concentrations of n-pro-
pyl and s-propyl intermediates, which can
be estimated from the microwave spectro-
scopic analysis of the monodeuteropro-
penes formed through the reverse reaction
of step 4 in the C;H,-D,—CO reaction. In
the reverse process of step 4, the rates of
propene-2-d, and propene-1-d, + 3-d, for-
mation can be written as

Vig = kn—4en—C3H7 * Og, 4)

Vieg+3-4, = K 4O, cu, * Os.

On the other hand, the rates of n- and s-
butyraldehyde formation over Rh catalyst
can be expressed as

Vioaa = keO;_c0 * On
= keK3iO;_cyu, * Oco * Oy * s

At the initial stage of the reaction, the ratio
of these rate equations can be given by the
ratio of the products concentration,

Vaca/Vica43-q,
= [propene-2-d,}/[propene-1-d,
+ propene-3-d,],

Vn 7ald/ vs —ald
= [n-butyraldehyde]/[s-butyraldehyde],

and hence,

[n-butyraldehyde]/[s-butyraldehyde]
= (kgKSTkgKS) * (k" 4 /K,
* [propene-2-d,]/[propene-1-d,
+ propene-3-d,]. (6)

For the reactions over Pd catalyst similar
relation can be derived. It takes the same
form as Eq. (6) above, if &/K{ and kiK3
should be replaced by A% and A%.

From Table 1 and Figs. 5 and 6, the aver-
age values of the ratios of the products are

[n-butyraldehyde]/[s-butyraldehyde]
=2.5(Rh) and 0.4(Pd)
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[propene-2-d,}/[propene-1-d,
+ propene-3-d,}
= 0.8(Rh) and 0.15(Pd).

By introducing these values into Eq. (6), the
following relation can be derived:

(for the reaction over Rh),

KUKS = KR4k, x 2.7
(for the reaction over Pd).

These relations indicate that over Pd cata-
lyst activity ratios of r-propyl to s-propyl
species for CO insertion process to form
butyraldehydes is about three times larger
than that for hydrogen abstraction process
to form propene. The situation is not so
clearcut in the case of Rh catalysts, but simi-
lar conclusions may be derived from the re-
sults mentioned above. This conclusion is
reasonable if we consider larger steric in-
fluence of s-propyl for CO insertion or s-
butyryl intermediate for hydrogen addi-
tion. It is interesting to note that the activa-
tion energies for the formation of the corre-
sponding aldehydes are not so different from
each other.

Effect of Sodium Cation Addition

Addition of sodium cations to Rh cata-
lysts increased the TOF and decreased the
activation energy of the hydrogenation pro-
cess, with 20% increase in the ratio [pro-
pene-2-d,]/[propene-1-d, + 3-d,]. On the
other hand, the activation energy of the pro-
pane formation over Pd catalysts remained
almost unchanged by the sodium cation ad-
dition. TOF decreased slightly and the ratio
of [propene-2-d,]/[propene-1-d, + 3-d,] did
not change at all. As far as infrared spectra
are concerned (Table 2), addition of sodium
cations causes similar electronic modifica-
tion in Rh and Pd catalysts. It is not clear
why sodium cations influence the hydroge-
nation reaction differently over these cata-
lysts.

The effect of the sodium cation addition
on the hydroformylation is the increase in
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TOF and the decrease in activation energies
over both Pd and Rh catalysts. Since CO
insertion into and hydrogenation of acyl in-
termediates are the rate-determining steps
of this reaction on Pd and Rh, respectively,
sodium cation must promote the reaction in
a different way for each metal.

Similar promotion effect was observed on
the oxygenated compound formation in
CO-H, reactions over Pd/SiO, catalysts
(18, 19). Without sodium cations, the main
product was methane with a smaller amount
of methanol. The addition of sodium cation
changed neither TOF nor activation energy
of methane formation (105 kJ/mol). How-
ever, for methanol formation, activation en-
ergy decreased from 84 to 75 kJ/mol and
TOF increased by one order of magnitude.
Infrared spectroscopic investigation as well
as application of isotope tracer technique
revealed that formyl intermediates were sta-
bilized as surface formate ions to facilitate
methanol formation under mild conditions.
The role of added sodium cations was to
supply surface oxygen atoms available for
formate formation (25). Accordingly, it is
reasonable to suppose that similar stabiliza-
tion of acyl intermediate such as butyrate
ion as well as the promotion effect in CO
insertion process plays an important role in
the reaction studied here.

On the other hand, the promotion effect
of sodium cation addition was not observed
on the C,-oxygenated compound formation
in CO-H, reaction over Rh/SiO, catalysts
(26). The marked promotion effect observed
in the present hydroformylation reaction on
Rh-Na/SiO, catalyst can be explained by
the different rate-determining steps in these
two reactions.
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