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ABSTRACT 

The hydroformylation o f  olefins over rhodium cata- 
lysts, with phosphoms ligands added in situ, has been 
studied under atmospheric pressure. I n  the case of 
the RhJ(C'O),- cluster, the phosphine-modified cata- 
lyst t.xhihit.i ziery high activity, but there is a decay 
of cutaly.st activity with time. The deactivation mech- 
anism of this catalyst has been discussed. In  the case 
of rhod iuii I complexes, Rh(LL')(CO),, containing 
chehte ligaizds with oxygen and nitrogen as coordi- 
nate atoms, the phosphine-modified catalysts exhibit 
fairlv uctive activity and veyy good stability. All these 
catalysts afford almost 100% chemoselectivitv to al- 
dehydeb. The regioselectivity is strongly dependent on 
the nature of the substrate used. The choice of a suit- 
able phosphorus ligand for the catalytic hydrofor- 
mylation is dependent on the nature of the rhodium 
complex iistd. The effect of phosphorus ligands on 
the hydrofonnvlation of olefins over rhodium cata- 
lysts iinder normal pressure displays some special 
features in comparison with that performed under a 
higher press ti re. 

INTRODUCTION 
Rhodium catalysts have attracted much interest in 
the hydroformylation of olefins due to their high 
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reaction rate and selectivity. Usually, phosphine- 
modified systems are used because of their greater 
stability and selectivity to linear products, al- 
though the activity is somewhat reduced by the 
presence of an excess of phosphine ligand. Thus far, 
most of the hydroformylation reactions have been 
carried out under pressure, because the catalyst 
activities are usually not high enough to allow the 
reaction to be performed under atmospheric pres- 
sure at a moderate reaction rate. However, some 
articles have reported very active catalysts; for in- 
stance, rhodium cluster-phosphine systems have 
been reported to catalyze the hydroformylation 
under atmospheric pressure at very high reaction 
rates [l]. 

In this article, we report the effect of phospho- 
rus ligands on the hydroformylation of olefins over 
rhodium complexes under atmospheric pressure. 
Various trivalent phosphorus ligands have been 
used, including monodentate and chelating groups. 
These ligands encompass a wide variation in steric 
and electronic properties. Styrene and 1-octene have 
been used as substrates. 

RESULTS AND DISCUSSION 
Rh4(CO),, Cluster Modified with Phosphorus 
1, igands 
Hydroformylation of 1-octene was carried out un- 
der atmospheric pressure and at 50°C with the 
Rh4(C0),* cluster as the catalyst, modified with a 
variety of phosphorus ligands added in situ. A hy- 
drogen:carbon monoxide ratio of 1 : 1 was used. The 
results are summarized in Table 1 .  Under normal 
pressure, the rate of hydroformylation is too low 
to be measured in the absence of a suitable ligand. 
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TABLE 1 Hydroformylation of 1 -0ctene Catalyzed by 
Rh,(CO),, in the Presence of Various Phosphorus Ligands 

Phosphorus P/Rh Time TOP Conversion 
Ligand Ratio (hours) (min-') Tob Ph) 

None 0 5 0 0 0 
P(OW3 3 6 0.63 96 4.8 
P(C6H103 3 5 4.28 1230 61.7 
PPh3 2 5 21.6 1670 83.0 
DPPM' 3 5 0 0 0 
DPPE' 3 11  2.85 710 35.7 
DPPP' 3 11  5.35 1050 57.5 
Reaction conditions: 0.1 MPa, 50°C, Rh,(CO),, 1.0 x lo-' mmol, 
1-octene 19.2 mmol, toluene 7 ml. 
"The maximum turnover frequency. 
bCalculated turnover from (CO + H2) uptake. 

DPPP(Ph2PCH2CH2CH2PPh2). 
'DPPM(PhZPCHzPPh2); DPPE(PhzPCHzCHpPPh2); 

Rh4(C0)12 is a coordinatively saturated complex, 
and it has no vacant site for the coordination of an 
olefin. In the presence of phosphorus ligands, the 
rhodium cluster exhibits very high catalytic activ- 
ity, which means that reaction occurs between 
phosphine (or phosphite) and the Rh4(C0),2 clus- 
ter. The result is the dissociation of a carbonyl group 
and/or the cleavage of the Rh-Rh bond which, in 
turn, offers a vacant site for the coordination of 
olefins. However, Rh4(C0)12 alone is an effective 
catalyst precursor for the hydroformylation under 
a higher pressure [2,3], and the structure of the 
Rh4(C0)12 undergoes cleavage to form a catalyti- 
cally active monomeric complex HRh(CO),. This 
implies that the catalytically active species might 
be different for the reaction undertaken under nor- 
mal pressure than that under high pressure. The 
weak electron donor, P(OEt),, listed in Table 1 does 
not give an active catalyst combination. P(C6Hl 1)3, 

the strongest electron donor in Table 1, forms a 
highly active species with the rhodium cluster, 
while PPh3 gives the best catalyst combination. Bi- 
dentate phosphines form chelated clusters with 
Rh4(C0)12 [4], but their activities are not very high, 
especially DPPM (Ph2PCH2PPh2), which does not 
form a catalytically active species with Rh4(C0)12. 
A similar result has been reported in the literature 
[5] for the hydroformylation of butadiene cata- 
lyzed by Rh( 1,5-cyclooctadiene) OAc-diphosphine 
complexes under 1.2 MPa, where DPPM is not an 
active ligand for the reaction. The order of activ- 
ities (turnovers) with respect to phosphines (or 
phosphite) is as follows: PPh3 > P(C6Hl1), > 

P(OEt), > DPPM(= 0). 
The variation of P/Rh ratios on the hydrofor- 

mylation of styrene and 1-octene has been studied. 
The results are presented in Table 2. The catalytic 
activity increases with an increase of the P/Rh ra- 
tio, reaches a maximum, and then decreases at 

DPPP(Ph2P(CH2)3PPh2) > DPPE(Ph2P(CH2)2PPh2) > 

TABLE 2 Hydroformylation of Styrene and 1-Octene Cat- 
alyzed by Rh4(C0)12-PPh3 System 

TOP Conversion 
Substrate P/Rh (min-') TO ew n/iso 

Styrene 0.5 0.53 
1 2.77 
1.25 10.5 
2 12.5 
3 18.5 
5b 17.6 
7.5' 15.0 

1.25 7.3 
2 21.6 
5 18.4 

1-Octene 0.5 0.57 

94 
1075 
1215 
1310 
1333 
1938 
1357 
178 
939 
1670 
1330 

7.1 0.93 
80.6 0.85 
91 .o 0.85 
98.0 0.72 
100 0.41 
96.7 0.26 
67.8 0.001 
8.9 3.5 
47 6.0 
83 7.4 
61 49.0 

Reaction conditions: 0.1 MPa, 50°C. CO/Hp = 1, toluene 7 ml, 
Rh,(CO),, 1.5 x 1 O-' mrnol in styrene hydroformylation, 1 .O x 1 0-' 
mmol in 1-octene hydroformylation, substrate, styrene 20 mmol or 
1-octene 19.2 mmol, time 5 hours. 
aAverage turnover frequency in the initial 30 minutes. 
bRh,(CO),,: 1.0 x lo-' mmol, time 4 hours. 
'Rh,(CO),,: 1.0 x lo-' mmol. 

higher P/Rh ratios. The P/Rh ratio also exhibits a 
pronounced effect on the n/iso ratio of the product 
aldehydes. For the hydroformylation of 1-octene, a 
straight chain aldehyde is always the predominant 
product and the n/iso ratio is increased with the 
increase of the P/Rh ratio. In the hydroformyla- 
tion of styrene, the results are reversed. The prod- 
uct n/iso ratio decreases with an increase of the 
P/Rh ratio. When the P/Rh ratio is increased to 
7.5, 2-phenylpropanal turns out to be the only 
product. The isoproduct is more important for the 
hydroformylation of styrene, since 2-phenylpro- 
panal is a starting material for cosmetics, poly- 
mers and pharmaceuticals. This catalyst system 
exhibits very high chemoselectivity. No hydrogen- 
ation products of the substrates or side products 
other than the corresponding aldehydes were found 
in the reaction mixture by GC analysis. The effects 
of the phosphine on the hydroformylation under 
normal pressure and under high pressure are dif- 
ferent. Under normal pressure, when the P/Rh ra- 
tio is increased from 0.57 to 1.25, the catalyst ac- 
tivity (turnover fre uency) is increased from 0.57 
min-' to 7.3 min- ; the n/iso ratio is also in- 
creased remarkably in the hydroformylation of 
1-octene, whereas it has been reported in the lit- 
erature that the reaction rate and product regio- 
selectivity almost remain constant with the vari- 
ation of P/Rh ratios from 0 to 1 in the hydrofor- 
mylation of 1-hexene under 3.2 MPa using the same 
catalyst [3]. 

In spite of the initial high activity of the phos- 
phine-modified Rh4(C0)12 catalyst under normal 
pressure, this catalyst suffers from a decay of ac- 
tivity during the hydroformylation process. In the 
literature, the phosphine-modified Rh4(C0)12 cat- 
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alyst was reported to be stable under pressure. A 
slight decay of catalyst activity during the reaction 
process was ascribed to the oxidation of the phos- 
phine to phosphine oxide, the breaking of C-P bond 
in the phosphine, etc. [6]. In our experiments, the 
syngas, substrates, and solvents used were strictly 
deoxygenated. Analysis of the reaction mixture by 
HPLC showed that no detectable amounts of Ph3P0, 
benzene, biphenyl, or benzaldehyde were present 
in the reaction mixture. The amount of PPh3 re- 
mained almost constant during the reaction pro- 
cess. The deactivation must be due to the insta- 
bility of the catalytically active species itself. 
Experiments of aging the catalyst precursor, 
Rh4( CO) 2-PPh3, confirmed this assumption. After 
the catalyst precursor had been aged for 180 min- 
utes, the catalyst activity was reduced to a very 
low level. The color of the catalyst solution changed 
noticeably during the process of aging. After mix- 
ing the Rh4(C0)12 and PPh3 in toluene, the color of 
the solution changed immediately from orange red 
to dark red. This color faded and gradually turned 
yellow. After having been aged for more than 3 
hours, the color of the solution gradually became 
red again. Aging under argon showed the same 
phenomena. 

In order to obtain some further information on 
the structural change of the catalyst during aging, 
infrared spectra of the catalyst solution in the car- 
bony1 stretching region were recorded. The ab- 
sorption bands of the Rh4(CO),2 cluster at 2076 cm-' 
and 2040 cm-' disappeared rapidly after mixing 
Rh4(C0),* with PPh3 in toluene under the CO/H2 
atmosphere. A strong, broad absorption band ap- 
peared at 1985 cm-'. This indicates that a part of 
the terminal carbonyl groups is replaced by tri- 
phenylphosphine (dark red solution). The color of 
the solution became yellow gradually and finally 
turned red. New absorption peaks at 2059 cm-I and 
2035 cm-' appeared in the IR spectra which are 
different from those of the terminal carbonyl group 
in the Rh,(CO),, cluster. These peaks increased 
slowly in intensity with time (see Figure 1). 

In the process of the hydroformylation reac- 
tion, the color change of the catalyst was the same 
as that in the process of catalyst aging. The reac- 
tion rate reached a maximum when the color of 
the reaction mixture became yellow. The reaction 
rate decreased in the course of reaction and be- 
came very low when the color of the solution turned 
red. 

We have isolated a yellow complex from the 
reaction mixture of Rh4(C0)12 with PPh3 in hep- 
tane. The infrared spectrum of this yellow complex 
in the carbonyl stretching region is shown in Fig. 
2. This isolated yellow complex is catalytically ac- 
tive in the hydroformylation of 1-octene. The spec- 
trum of the dead catalyst solution after the hydro- 
formylation reaction is shown in Fig. 3. 

Whyman [7] has investigated the reaction of 

T 
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FIGURE 1 IR spectra of the reaction mixture of Rh,(CO),, 
and PPh3 (1 : 5 )  in toluene under CO/H,. Aging time (min): 
(1) 60 (2) 120 (3) 280. 
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FIGURE 2 IR spectrum of the yellow complex from the 
reaction of RhJCO),, with PPh3 in n-heptane. 

Rh4(C0)12 with phosphine in hexane and isolated 
two dimeric rhodium species (yellow in color) which 
were referred to as Rh2(CO)6(PPh3)z (I) and 
Rh2(C0)4(PPh3)4 (11). The accurate band maxima 
from Fig. 2 show that they are the sum of the IR 
spectra of species I and I1 (see Table 3), which in- 
dicates that dimeric rhodium complexes are the 
catalytically active species for the hydroformyla- 
tion reaction performed under normal pressure. 
Obviously, this conclusion is different for the hy- 
droformylation conducted under a high pressure. 
It has been reported in the literature that a mon- 
omeric rhodium complex is the catalytically active 
species in the hydroformy lation of olefin over 
Rh4(C0)12-PPh3 catalyst under 6 MPa [ 8 ] .  Moser et 
al. have shown that the dimeric rhodium complex 
dissociates into a monomeric complex at 70°C in 
the presence of syngas under pressure [9]; the dif- 
ference between the IR spectra of the dimeric and 
the monomeric complex is that absorption bands 
attributable to bridging appear for the former. The 
difference in active species explains some of the 
different catalytic behaviors between hydrofor- 

T 

2LOO 2000 1800 1600 

cm-1 
FIGURE 3 IR spectrum of the dead catalyst solution. 

TABLE 3 Infrared Carbonyl Bands of Dimeric Rhodium 
Species 

IR Data of the 

Active Species 
Reference Catalytically 

Dimeric Species Data (7) 

Rh2(C0)4(PPh3)4 2018s 1988vs 2016s 1985vs 
1791s 1766s 1794s 1764s 

2 0 1 4 ~  2 0 0 1 ~  1980s 1958s 
1980m 1956vs 
1912mw 1 8 0 7 ~  

Rh*(CO)e(PPh& 2 0 6 5 ~ ~  2 0 3 7 ~  2 0 6 4 ~  2 0 4 4 ~  

mvlation under normal pressure and high pres- 
sure. 

Rh (LL’) (CO)? Complexes Modified with 
Phosphorus Ligunds 
To our knowledge, hydroformylation of olefins us- 
ing rhodium complexes Rh(LL’)(CO), containing 
chelate ligands with oxygen and nitrogen as co- 
ordinate atoms has not been reported in the pre- 
vious literature. Three such complexes were syn- 
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thesized and used in our experiments. Their Markovnikoff direction. The regioselect ivity using 
structural tormulas are as follows: the bidentate ligand is much higher than that of 

The experimental results are summarized in 
Tables 4-6. 

In the Absence of phosphorus ligands, none of 
the three rhodium complexes exhibit catalytic ac- 
tivity for the hydroformylation of styrene. The 
phosphorus- modified rhodium complexes are ac- 
tive catalysts in that they enable the hydrofor- 
mylation to be performed under atmospheric pres- 
sure at a moderate reaction rate. Bidentate 
phosphines, except DPPM, combined with Rh give 
the most ac-tive catalysts. An increase in the P/Rh 
ratio from 2 to 10 usually decreases the rate of re- 
action (except for PPh,, for which the order is re- 
versed). Thcse catalysts exhibit very high chemo- 
selectivity, the only product being the aldehyde. The 
regioselectivity is strongly dependent on the sub- 
strate used. The straight chain aldehyde is favored 
for the hydroformylation of 1-octene (Rh(oxine) 
(CO)?-DPPE catalyst). An n/iso ratio of 1.68 was 
obtained at P/Rh = 10. In the case of styrene as 
the substrale, the isoproduct, 2-phenylpropanal is 
usuall? the main product. Bidentate phosphines give 
the highest w / n  ratio, the order of regioselectivity 
for the forniation of isoproduct being as follows: 
DPPP = DPPE > PPh, > P(OPh),. This is in agree- 
ment with the order of the electron donating abil- 
ity of the ligands. In the hydroformylation of 
straight chain olefins, the selectivity for normal 
chain aldehvdes increases with an increase of elec- 
tron donating ability of the ligands. The double 
bond in the styrene molecule is conjugated with 
the phenvl group. The distribution of electron den- 
sity at the double bond of styrene is different from 
that of straight chain olefins. When Rh-H is added 
to the double bond of the styrene molecule, Mar- 
kovnikoff addition predominates, giving the inter- 
mediate of the v3-allyl structure [lo]: 

0 

the monodentate phosphine, the reason for which 
may be connected to its chelating effect in addi- 
tion to its electronic property. In conrrast to the 
Rh4(CO)12 cluster, the amount of phosphorus li- 
gand used does not seriously affect the ri/iso ratio 
of the product phenylpropanal for these three 
monomeric rhodium complexes. Also, i t  is inter- 
esting to note that the reaction pressure has a sig- 
nificant influence on the regioselectivity of hydro- 
formylation. Reaction under a high pressure favors 
the formation of the isoproduct: e.g., hydrofor- 
mylation of styrene under 1 MPa, using 
Rh(~ox)(C0)~-PPh, (or DPPE) at a P/Rh ratio of 2, 
gives almost pure 2-phenylpropanal. 

The catalyst activities of phosphine-modified 
Rh(LL’)(CO)2 catalysts are usuallv stable under 
proper reaction conditions. Figure 4 shows an ex- 
ample using a R~(SOX)(CO)~-DPPE catalvst system. 
This catalyst is not stable at a P/Rh ratio of 2; 
however, i t  is stable at  P/Rh ratios between 4 and 
10. An excess of phosphine is necessary to main- 
tain the stability of the catalyst. 

EXPERIMENTAL 
The rhodium complexes were prepared by a mod- 
ified method in which [Rh(CO),Cl], was rcacted di- 
rectly with sodium salts of the corresponding ni- 
trogen and oxygen anionic ligands. The method of 
synthesis will be published elsewhere. The analyt- 
ical data of the complexes obtained are the same 
as those reported in the literature [ 11 , I  21. Kh4(C0)I, 
was synthesized from RhC1, 3H20 according to a 
reported procedure [ 131. Phosphines were ob- 
tained from Alfa Co.  Other reagents and solvents 
were chemically pure. All of the ligands, reagents, 

Therefore, 2-phenyl-propanal is the main product. 
With the increase in the electron donating ability 
of ligands, the electron density around the rhod- 
ium center is strengthened, which favors the sta- 
bilization of the v3-allyl rhodium complex and en- 
ables the reaction to occur in accord with the 

and solvents were crystallized or distilled before 
use. 

The hydroformylation reactions were carried 
out in 100 mL three-necked, jacketed glass bottles 
closed with self-sealing silicon rubber caps, con- 
nected to a vacuum. areon. reaction pas lines and 
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TABLE 4 Hydroformylation of Styrene Catalyzed by Rh(sox)(CO), in the Presence of Various Phosphorus Ligands 

TOF Product Distribution (Yo) 
(min- 

TO 2- Phenylpropanal 3- Phenylpropanal Phosphorus Ligand P/Rh Ratio ~ I) 

P(OPh)3 2 0.64 107 32.9 67.1 
5 0.37 147 36.7 63.3 

10 0.21 56 37.9 62.1 
20 0.10 22 41.9 58.1 

PPh3 2 0.07 26 70.2 29.8 
5 0.2 42 75.9 24.1 

10 0.51 193 72.8 27.2 
DPPM 2 0 0 0 0 
DPPE 2 1.50 260 92.8 7.2 

5 1.23 354 93.2 6.8 
10 0.64 163 94.4 5.6 

DPPP 2 1.60 334 91.4 8.6 
4 1.17 457 94.7 5.3 
5 1.14 406 93.6 6.4 

10 0.92 333 92.2 7.8 

Reaction conditions: 0.1 MPa, CO/H, = 1, 60°C toluene 8 ml, styrene 17. 4 mmol, Rh(sox)(CO), 2.0 x 10 mmol, time 400 minutes. 

TABLE 5 Hydroformylation of Styrene Catalyzed by Rh(oxine)(CO), 

TOF Product Distribution (%) 
(min- 

Phosphorus Ligand P/Rh Ratio - ') TO 2- Phenylpropanal 3- Phenylpropanal 

P(OPh)3 10 0.34 75 56.0 44.0 
PPh3 10 0.10 19 72.0 28.0 
DPPM 10 0 0 0 0 
DPPE 10 0.61 161 92.1 7.9 
DPPP 10 0.40 86 92.0 8.0 

Reaction conditions: 0.1 MPa, CO/H, = 1 ,  50°C Rh(oxine)(CO), 1.0 x lo-' mmol, toluene 8 ml, styrene 17.4 mmol, time 5 hours. 

TABLE 6 Hydroformylation of Styrene Catalyzed by Rh(gly)(CO), 

TOF Product Distribution p0) 
(min- 

TO 2- Phenylpropanal 3- Phenylpropanal Phosphorus Ligand P/Rh Ratio - ') 

P(OPh)3 5 0.16 48 51 .O 49.0 
PPh3 5 0.53 150 87.8 12.2 
DPPM 5 0 0 0 0 
DPPE 5 0.54 160 92.7 7.3 
DPPE 10 0.37 125 92.5 7.5 
DPPP 5 1.1 268 95.3 4.7 
DPPP 10 0.86 21 5 92.2 7.8 

Reaction conditions: 0.1 MPa, CO/H, = 1, 50"C, Rh(gly)(CO), 3.8 x lo-' mmol, toluene 8 ml, styrene 17.4 mmol, time 5 hours. 

a constant pressure gas burette. The temperature 
of the circulating water passing through the jacket 
was maintained by use of a thermostat. Agitation 
was provided by means of magnetic stirring. In 
general, the reaction bottles were alternately evac- 
uated and flushed with argon two times and evac- 

uated again, then filled with the reaction gas mix- 
ture (CO/H = l / l ) .  Toluene and the rhodium 
complex and phosphine (both dissolved in toluene 
previously) were injected into the reaction bottle 
successively. After 20 minutes of stirring, styrene 
was injected. Gas uptakes were followed by use of 
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spectra were recorded on a Perk in-Elmer  683 spec- 
trome ter. 

0 2 L 6 8 
Time / h 

FIGURE 4 Effect of the P/Rh ratio on the catalyst stabil- 
ity. 

a cons tan t  pressure gas bure t t e  immedia t e ly  a f t e r  
a d d i n g  t h e  styrene. The products were analyzed b y  
gas ch romatography .  The h igh  pressure reac t ions  
were conduc ted  in a 75 mL sta in less  steel  au to -  
c lave  which  was immersed  i n  an oil  bath. The IR 
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