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Abstract 

Dichloroethane solutions of [Rh(diolefin)(PR&]ClO.,, diolefin = 1,Scyclooctadiene (COD), 2,5-nor- 
bornadiene (NBD) and [Rh(p-L)(COD)],, L=OAc, OMe, complexes in the presence of different 
excesses of PR3, R = Ph, OPh, OMe, have been used as catalysts precursor systems for the hydroformylation 
of I-hexene at 5 bar and 80 “C. The influence of the nature of the PR3 ligands and the effect of the 
different P/Rh ratios in the activity and selectivity of the hydroformylation reaction have been studied. 
Cyclohexene is also hydroformylated using [Rh(p-L)(COD)]Jp(OPh)3 as catalyst precursor. 

Introduction 

Much effort has been devoted to obtaining new 
rhodium complexes to be used as catalyst precursors 
in hydroformylation reactions. Of interest are the 
new dinuclear thiolate bridging ligand rhodium(I) 
complexes [l] and the related pyrazolate [2] and 
aminothiolate bridging ligands [3] which at low pres- 
sure behave as active and selective catalyst precursors 
in olefin hydroformylation. 

Rhodium(I) mononuclear complexes containing a 
single p-diketonate ligand of the type 
[Rh(acac)(PR&] have been recognized as catalyst 
precursors in hydroformylation of olefins and their 
catalytic activity has been recently studied in different 
hydroformylation conditions [4]. Many studies have 
been reported using the Wilkinson catalyst 
[RhH(CO)(PPh,),] in the presence of different phos- 
phorous ligands [5-g]. 

However, in many cases the catalyst precursors 
are prepared in situ from solutions of the rhodium 
complexes in hydroformylation conditions and the 
presence of different phosphorous ligands [g-14]. 
Very often the rhodium complexes precursors are 
neutral, [RhCWO)(PPh,),l [7-91, [We- 
Cl>(COD>]z PI, [Rh(p-Cl)(NBD)Iz [lo, 14, [RG- 
CWO),], [8, 9, 131, [Rh(p-OAc)(COD)], [Ill, 
Rh4(C0)12 [7-91, although the cationic com- 
plexes [RNCOWPW,IC10, P51 and 
[Rh(COD)(phenanthroline)]CIOd [16] have alsobeen 
used. 
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Although it is known that in most cases the active 
species are probably the same as when using the 
Wilkinson catalyst, [RhH(CO)(PPh,),], the nature 
of the initial rhodium complex modifies the catalytic 
reaction. For instance in rhodium complexes contai- 
ning chloride ligands, NEt3 should be added to 
improve the hydroformylation activity [7, 8, 131. 

On the other hand, the influence of the different 
phosphorous ligands on the activity and selectivity 
of the hydroformylation reaction has been observed: 
bulky phosphite ligands seem particularly suitable 
to hydroformylate hindered and cyclic olefins [ll]. 
The effect of excess of the phosphorous ligand has 
been studied in catalyst precursors related to the 
Wilkinson catalyst [7, 81. It has been shown that an 
excess of phosphorous ligand increases the selectivity, 
probably due to the steric hindrance produced by 
the formation of species with more phosphorous 
ligands bonded to the metal center and decreases 
the activity because of the stabilization of the species 
which must dissociate the phosphorous ligands during 
the catalytic cycle [7, 81. However, the effect of the 
excesses strongly depends on the phosphorous ligand 
used. Recently, it has been reported that the activity 
and regioselectivity of rhodium hydroforrnylation ca- 
talysts containing 1,2,5triphenylphosphole as ligand 
are independent of the excess in the catalytic hy- 
droformylation of alkenes [13]. 

We report here the hydroformylation of 1-hexene 
and cyclohexene at low pressure (P-S bar, T-80 
"C) using catalyst precursors generated in situ from 
cationic and neutral rhodium complexes, modified 
by different PR, ligands. 
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The influence of the nature of the phosphorous 
ligand and the effect of the PRJRh ratio on the 
catalytic activity and selectivity are discussed. 

Experimental 

All solvents were distilled and stored under ni- 
trogen atmosphere. All preparations were carried 
out under nitrogen by Schlenk techniques. The 
complexes [Rh(COD)(PPh,),]C104 [17], [Rh(p- 
OAc)(COD)]z [18] and [Rh(p-OMe)(COD)], [19] 
were prepared according to literature methods. The 
elemental analyses were carried out with a Perkin- 
Elmer 240B microanalyzer. The IR spectra were 
recorded on a Nicolet SZDX-FT instrument using 
KBr pellets or solutions. 

Hydroformylation experiments were carried out in 
a 150 ml stainless steel magnetically stirred autoclave 
equipped with a glass inlet. The temperature was 
kept constant at 80 “C by circulating water through 
a double jacket. The mixture of syn gas (H&O = 1) 
was introduced at a constant pressure of 5 bar from 
a gas tank. The drop of pressure in the tank was 
followed with a pressure transducer connected to 
an electronic unit of measurement and printing. A 
1,2-dichloroethane solution of the rhodium complexes 
containing the amount of required phosphine or 
phosphite and the olefin were introduced into the 
evacuated autoclave. This was heated at 80 “C, and 
when the system had reached thermal equilibrium 
the syn gas was introduced at 5 bar and the stirring 
connected. After each run the solution was trans- 
ferred from the autoclave into a Schlenk tube, and 
analyzed by IR spectroscopy and GLC on a Hewlett- 
Packard 5840A chromatograph equipped with an 
OV-17 on chromosorb W.H.P. 6 m X l/8” column. 

Results and discussion 

[Rh(diolejin)L2]CI04 precursors, diolefin = COD, 
NBD; L = PPh,, P(OPh),, P(OMe), 

[Rh(COD)(APh,),]CIOd complexes, A= N, P, As, 
Sb, Bi, have been previously used as hydroformylation 
precursors in different conditions (15-150 bar, 25-100 
“C) [14]. 

In this work, the systems [Rh(diolefin)(PR&]ClOJ 
PR3, diolefin = COD, NBD; R = Ph, OPh, OMe, are 
used as catalyst precursors for the hydroformylation 
of l-hexene. We have focused on the influence of 
the different ligands and the effect of PR3 in excess 
(P/Rh molar ratio = 5, 10) on the catalytic activity 
and selectivity. The results obtained with the different 
system precursors are shown in Table 1. Catalytic 
hydroformylation was achieved in all experiments 

and only branched and linear aldehydes were ob- 
tained. No hydrogenation or isomerization was ob- 
served. 

In the case of L=PPh3 with P/Rh= 10, a 93% 
conversion is obtained with a selectivity of 80% of 
the linear aldehyde. However when the molar ratio 
was reduced, P/Rh = 5, lower conversions were ob- 
served. 

It is noteworthy that the cyclooctadiene systems 
[Rh(COD)(PR,),]ClOJlO PRx are more active than 
the corresponding norbornadiene systems 
[Rh(NBD)(PPh,),]ClOJlO PR3. This effect has also 
been observed in olefin hydrogenation using 
[Rh(COD)(SPPh,),]ClO, and [Rh(NBD)- 
(SPPh&]ClO,; it could be attributed to the higher 
r-acceptor capacity of the 2,5-norbornadiene which 
makes the oxidative addition of hydrogen to the 
rhodium(I) center difficult [20]. 

Concerning the nature of the PR3 ligands, the 
experiments using a P/Rh molar ratio of 5/l (Table 
1) show decreasing activity in the order 
P(OPh)3 > PPh3 > P(OMe)3; the selectivity in linear 
aldehyde is similar for PPh3 and P(OPh3). Very low 
conversion is obtained in the case of P(OMe)J. 

According to the Tolman’s cone angle data [21], 
the steric effect lies in the order 
PPh3 > P(OPh)3 > P(OMe)3, and the basicities of the 
ligands, which describe electronic effects, decrease 
in the order PPh, > P(OMe), > P(OPh),. No depen- 
dence on the steric or electronic effect can be 
observed, probably due to the combination of both 
effects and their different influence on the steps in 
the catalytic cycle. 

[Rh (P-L) (COD)]dPR, systems L = OAc, OMe; 
R=Ph, OPh, OMe 

As an alternative to the known [Rh(p- 
Cl)(diolefin)],/phosphorous ligand systems [7-91 we 
have studied the catalytic olefin hydroformylation 
activity of two related systems [Rh(p-L)(COD)]J 
PR3, L= OAc, OMe. These two systems do not 
introduce chloride which is known to reduce the 
catalytic hydroformylation [7]. 

The data collected in Table 2 show the results of 
the hydroformylation of 1-hexene, with these pre- 
cursor systems at 5 bar and 80 “C, using different 
P/[complex] molar ratio: 5, lo,20 (P/Rh = 2.5,5, 10). 
Higher conversions than in the case of the above 
reported cationic complexes were obtained, only 
linear and branched aldehydes were formed, no 
isomerization or hydrogenation were observed. 

The effect of the excess of PR3 is shown in Table 
2. The same general trend has been observed for 
the complex precursors [Rh(p-OAc)(COD)J, and 
[Rh(p-OMe)(COD)],. When PR3 is triphenylphos- 
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TABLE 1. Hydroformylation reactions with cationic rhodium complexes as catalyst precursors 

Catalyst precursor PiRh Reaction Conversion n/is0 

time(h) (%) 

[Rh(COD)(PPh,),]ClOJPPh, 5 5 3 3.4 
[Rh(COD)(PPh,),]ClO.JPPPh, 10 5 93 3.7 
[Rh(COD)(P(OPh),),]ClO.JP(OPh),’ 5 19 76 3.6 
[Rh(COD)(P(OPh),),]ClOfl(OPh), 10 19 22 4.8 
[Rh(NBD)(PPh,),]ClOflPh,’ 10 5 20 3.8 
IRh(COD)(P(OMe),),lCIO~/P(OMe),b 5 5 15 

%ubstrate = 1-hexene. bSubstrate = 1-heptene. Reaction conditions: 0.1 mm01 of complex, CO/H,- l/l, [substrate]/[pre- 
cursor] =400/l, total pressure = 5 atm., temperature = 80 “C, solvent = 15 ml 1,Zdichlorethane. 

TABLE 2. HydroformyIation of I-hexene with [Rh(p-L)(COD)JJPRs as catalyst precursors 

Catalyst precursor P/Rh Reaction time 

(h) 

Conversion 

(%) 

n/is0 

[Rh(p-OMe)(COD)Jr/PPhs 2.5 3 87 1.6 
5 3 86 2.4 

10 3 63 3.6 

[Rh(p-OMe>(COD)],/P(OPh)~ 2.5 5 83 0.6 
5 5 51 2.3 

[Rh(~-oMe)(CoD)12/P(OMe)3 2.5 3 93 3.4 
5 3 36 5.3 

[Rh(fi-OAc)(COD)]r/PPhS 2.5 3 75 0.9 
5 3 82 2.8 

10 3 78 5.3 

[Rh(~-oAc)(CoD)12/P(OPh)~ 2.5 3 96 0.5 
5 3 53 1.5 

[Rh(CL-oAc)(CoD)lzlP(OMe)3 2.5 3 88 1.8 
5 3 18 4.6 

Substrate = 1-hexene. Reaction conditions: 0.1 mm01 of complex, CO/H2 = l/l, [substratelflprecursor] =400/l, total pressure = 5 
atm., temperature=80 “C, solvent = 15 ml 1,2_dichlorethane. 

phine the behaviour is different than in the case of 

phosphite ligands: an excess of PPhs increases the 

selectivity without decreasing the activity, except in 

the case of [Rh(p-OMe)(COD)]s where a decrease 

in the conversion is observed when PPhJRh= 10 
(68%). The selectivity in n-heptanal achieves 78%, 
L = OMe, and 84%, L = OAc. Different results are 
observed when PR3 is P(OPh)3 or P(OMe)3. The 
excess of phosphite ligands increases the selectivity 
but at the expense of decreasing the activity (80-50% 
l-hexene conversion in aldehydes). 

The different behaviour shown by triphenylphos- 
phine and the phosphite ligands could be related 
to the formation of dilTerent species, when an excess 
of ligand is present in solution, depending on the 
nature of the ligand. 

The smaller cone angle (PPh3 0=145”, P(OPh)J 
f3=128”, P(OMe), tI= 107”) [21] and the more v 
acceptor capacities of the phosphite ligands, could 
allow the formation of rhodium species with more 

phosphorous ligands bonded to the metal center 
which produces a decrease in the activity. 

The conversions of 1-hexene along the hydrofor- 
mylation reaction catalyzed by [Rh(p-OAc)(COD)]2/ 
PR3, R=Ph, OPh, OMe, precursor systems when 
P/Rh=2.5 are illustrated in Fig. 1. 

As a control experiment the catalytic reaction was 
carried out with [RhH(CO)(PPh,),], under the same 
conditions. A conversion of 66% was achieved with 
a selectivity of 64% in linear aldehyde. When an 
excess of PPh3 was used (PPhJRh = 20) the conver- 
sion significantly decreased to 43% while the selec- 
tivity increased to 80%. As shown in Fig. 1, higher 
conversions are achieved with [Rh(/.r-OAc)(COD)]J 
PR3, in particular when PRS is a phosphite ligand. 

The selectivities decrease in the order 
P(OMe)r > PPh3 > P(OPh), (Table 2). 

Cyclohemae hydrofomylation 
Cyclic and internal olefins are much less reactive 

than terminal olefins in the rhodium catalyzed hy- 
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Fig. 1. Catalytic hydrofoxmylation of 1-hexene using as 
catalyst precursors (-A-) [RhH(CO)(PPh,),] and [Rh@- 
OAc)(COD)]JPR,, excess P/Rh = 2.5, where PR, is: (-c-) 
PPhs, (-x-) P(OPh)S and (+) P(OMe)+ 

droformylation reaction [22] although the rate dif- 
ferences depend on the conditions and on the ligand 
modification of the catalyst. In general, the hydro- 
formylation of the less reactive olefins is carried out 
at higher temperatures [23]. 

However, the study of precursor systems which 
are effective catalysts for hydroformylation of un- 
reactive olefins in mild conditions is now of great 
interest due to their possible application in the 
syntheses of intermediates through hydroformylation 
reactions which could provide high regio and ste- 
reoselectivity. 

The [Rh(p-OAc)(COD)]JpRa precursor systems 
have been previously used in hydroformylation of 
unreactive olefins at 14-20 bar and 70-90 “C and 
it has been shown that cyclohexene can be efficiently 
hydroformylated with a rhodium catalyst carrying 
bulky phosphite ligands [ll]. 

In the present work we report the activity of the 
[Rh(p-OAc)(COD)]JPR, precursor system in the 
cyclohexene hydroformylation at 5 bar and 80 “C. 

Almost total conversion (98%) in cyclohexanal is 
obtainedwhen P(OPh)3 is used in the ratio P/Rh = 2.5, 

although rates are lower than in the case of terminal 
olefins. 

Lower conversions in cyclohexanal are obtained, 
63%, when the [Rh(p-OMe)(COD)]JP(OPh)3, P/ 
Rh=2.5 system is used as precursor. 

IR study of rhodium species at the end of the hy- 
droformylation reaction 

It is known that rhodium precursors related with 
the Wilkinson catalyst [RhH(CO)(PPh,),], in hy- 
droformylation conditions, afford hydrido carbonyl 
rhodium species [24, 251. Different rhodium species 
are in equilibrium in solution [7] (Scheme 1). 

When triphenylphosphine is used the infrared 
spectra recorded at the end of the catalytic reaction 
for both systems [Rh(p-OAc)(COD)]JPPh, and 
[Rh(p-OMe)(COD)]JPPh, show a single strong car- 
bony1 stretching absorption at 1979 cm-’ together 
with a weak band in the 2010-2030 cm-’ region 
corresponding to Rh-H absorption. The same fre- 
quencies are present when different P/Rh excess are 
used. Stable yellow solids can be isolated at the end 
of the reactions and their IR spectra recorded in 
KBr or in CHC& solution show a single v(C0) 
absorption. 

Hydroformylation experiments with the Wilkinson 
catalyst [RhH(CO)(PPh,),], excess P/Rh ratio=0.5, 
were carried out in the same conditions for compa- 
rative purpose and the IR spectra recorded at the 
end of the reaction also showed a single strong v(C0) 
absorption at 1976 cm-‘. 

When the precursor systems are [Rh(p-L)(COD)],! 
PPhJ, L= OAc, OMe, the elemental analyses of 
the yellow solids isolated (C=57%, H=4.5%) sug- 
gest that the trans-[RhH(CO),(PPh,)] or 
[RhH(CO),(PPh,)] species must be present at the 
end of the hydroformylation reaction. 

It is known that both species show a single u(C0) 
absorption [26] according to the IR spectrum ob- 
served in the solution obtained at the end of the 
reaction. 

- PPh, 
II 

+PPh, 

[fiWOXPPhd,l + 
3 

- PPha 

ll 

WW&‘W,l s WWO),(PPh,)l 

+PPha -co +co 

II 

PWCOXPPW,l WWOXPPhd, I 
Scheme 1. 



[RhH(CO),(PPh,),] which presents two bands in 
the v(C0) region [25] has been described as unstable 
and difficult to isolate [24, 271. 

When PR3 =P(OPh)3 or P(OMe)3 and P/Rh=2.5 
only a Y(CO) absorption is observed whatever the 
precursor system is. These absorptions could be 
attributed to the same species as in the case of PPhs 
(P/Rh ~2.5). The variation of these frequencies, 
errs = 1978 cm-‘, V(CO)r(oMck = 2004 cm-’ 
and y(CO)p(opi,)3 = 2014 cm-‘, can be related with 
the electronic parameter T [21] which indicates 
the donor ability of these ligands 
PPh, > P(OMe), > P(OPh)3, as suggested by the evi- 
dence given above. 
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