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Selective hydrogenation of olefins and ketones pro- 
moted by polymer-bound cationic rhodium(I) catalysts 
is reported. A different catalytic behaviour is found 
depending on the substiments on the phosphorus atom 
of the polymeric ligand. The effect of the polymer on 
the stability of supported complexes towards reduc- 
tion, and on the fate of the catalysts is discussed. In 
some cases polymer trapped Rh” compounds are 
present at the end of the catalytic cycle. 

Introduction 

An heterogeneous catalyst is defined as one which 
can be easily separated from the reaction mixture by 
simple, economical, physical means. This ease in sepa- 
ration gives heterogeneous catalysts marked advan- 
tages over their homogeneous counterparts. On the 
other hand, an homogeneous catalyst is often more 
active and selective than an heterogeneous one. A sub- 
stantial improvement may be achieved if both types of 
catalysts are combined together while retaining the 
properties and capabilities of each. Only recently a 
great deal of interest has been focused on heterogeniz- 
ing catalysts.‘J Selective hydrogenation of polyenes 
to monoenes has been carried out with Pt” and Pd” 
complexes bound to polymeric phosphines?Also, mono- 
enes of different size such as 1 -hexene or dz -cholestene 
are hydrogenated by Rh(PPh,),Cl supported on a 
polymeric phosphine based on chloromethylated poly- 
styrene with 2% of divinylbenzene cross-linking.’ The 
high dependence of rate of reduction on the size and 
rigidity of the substrate has suggested the contention 
that reduction takes place within the resin rather than 
at its surface. Also the synthesis of a variety of rhodium, 
iridium, and cobalt complexes with a triphenylphos- 
phine-substituted resin of type [(Resin)C&PPhz] as 
ligand has been reported.6 In all cases a high degree 
of catalytic activity has been observed, which has been 
attributed to the inability of these catalysts to associate 

into aggregates of the types which are feasible in solu- 
tion. Phosphinated resins have been used as ligands 
in reactions of hydrosilylation’ or hydroformylations 
with various transition metals. In all cases the insoluble 
catalyst could be filtered off from the reaction mixture 
and reused without appreciable loss of activity. 

Asymmetric reductions of prochiral olefins by rho- 
dium(1) catalysts supported on asymmetric polyphos- 
phines have been described recently.’ This system 
proved much less effective in inducing asymmetry than 
the analogous homogeneous one for which very high 
optical yields were achieved. The asymmetric hydrosily- 
lation of acetophenone by the same catalyst has been 
shown to occur9 with optical yields of up 58%. In our 
study we have reported on the hydrogenation of ketones 
and olefins with rhodium(I) complexes bound to poly- 
meric substituted phosphines of type: 

R’ = R” = ph ; R’ = ph, R” = Me; R’ = ph, 

R” = Menthyl 

We have also shown that it is possible to achieve dif- 
ferent degrees of catalytic effectiveness by changes in 
the substituents R’ and R”, thereby getting selective 
reduction of carbonyl or carbonxarbon double bonds 
depending on the substituent on the phosphorus atom. 

Results and Discussion 

Synthesis of Supported Catalyst Complexes 
In all cases Merrifield’s” resin was used (0.7 or 

3.5 meq. Cl/g, 200-400 mesh, 2% divinylbenzene), 
[I], which was treated with lithiumdiphenylphosphide 
or lithiummethylphenylphosphide in THF according to 
the reaction: 
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aCHiC + LI (PR’R”) s 111 

[II [II, a. b, c] 

R’ = R” = Ph(IIa); R’ = Ph, R” = Me(IIb) 

We have also prepared an optically active polymeric 
phosphine (11~; R’= Ph, R”= Menthyl): 

NEt, 

Ph*PCl + NHEt, 
Ethyl Eth. 

> Ph-P 
/ 

‘Cl 

ClMgMenthyl Ph_P/ 
NEt, 

> 
\ 

Menthyl 

HCl 
Cl 

Petr. Eth. 
f Ph-< 

Menthyl 

TgF ’ [PhMenthylPlLi 

Menthylphenylphosphide is reacted with resin [I] 
according to reaction [l] to give an organic polymer 
containing benzylphenylmenthylphosphine as function- 
al grouping. Polymeric complexes closely related to 
[Rh(NBD)LL’]+ (L, L’ polymeric phosphines of the 
type IIa, b, c) were prepared by routes analogous to 
those involved in the synthesis in homogeneous phase 
of cationic rhodium(I) complexes.” In particular, two 
procedures were adopted. 

Method A 
In a typical experiment, resins [IIa, b, c] suspended 

in THF are treated with a solution of [Rh(NBD) 
(acac)] in the same solvent with no particular contriv- 
ances and then with 70% HC104 in THF: 

Rh(NBD) (xx) + ZPolymer-PR’R” 

A- ‘I/N 

m 
R’=R”=Ph;R’=Ph,R”=Me;R’=Ph, 

R” = Menthyl 

In this way a rhodium complex immobilized in a 
polymeric network is obtained which is formulated as 
[III] on the basis of the following evidence: (i) the 
i.r. spectrum of [III] in KBr has no bands attributable 
to coordinated acetylacetone; (ii) norbornadiene is 
coordinated to the rhodium. [III], when treated with 
excess of 1,2_bisdiphenylphosphinoethane in THF 
gives a yellow solution containing a rhodium complex 
that has thereby been displaced from the resin (no 
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attempts at characterization were made). In the same 
solution norbornadiene is detected by gas chromato- 
graphy; (iii) the presence of the C104- ion was proved 
by suspending the resin in an aqueous solution of 
L&SO,. After equilibration the mixture was filtered 
and the filtrate treated with excess NaI in acidic me- 
dium, whereupon IZ was set free, indicating the pre- 
sence of oxiding species such as Clod-. 

Of course, the structure of [III] as drawn above 
does not take into account the possibility that the co- 
ordinating phosphine groups may originate from the 
same polymeric chains or from different chains, although 
it has been shown6 that 2% divinylbenzene-styrene 
copolymers are mobile enough to allow ligands attached 
to the polymer beads to act as “chelates”. 

Method B 
The polyphosphines suspended in CHzClz were 

equilibrated with a solution of [Rh(NBD)(PEt3)$ 
in the same solvent. After l-2 days the resin was fil- 
tered off and washed. The filtrate is colorless and no 
longer contains rhodium. Phosphine was detected, albeit 
not in quantitatively measurable extent due to the low 
concentrations involved. Both chemical properties and 
catalytic activity of these compounds differ substantially 
from those of their analogues prepared by method A. 
In particular, Table I (experiments No. 1.5, 26, 27 
and 28) shows that some of the complexes from 
method A will reduce ketones and will be reduced to 
metallic rhodium, by hydrogen, whereas the complexes 
from method B will reduce ketones without being 
reduced themselves. The presence of C104- and nor- 
bornadiene was again detected as under method A. 
Based on the above evidence, although other formu- 
lations cannot be ruled out, we have tentatively formu- 
lated this complex as [IV]: 

[IV1 

ESR Spectra 
Catalysts before use 
Catalysts prepared by methods A and B show two 

small signals, a sharp one at g = 2.003 probably due to 
some organic radical generated in the polymer (this 
signal is present in the spectrum of the polyphosphine 
itself), and a more complex one at g = 1.99 and g = 
2.12, most probably due to Rh” impurities. 

Used Catalysts 
After use for some catalytic cycles, the ESR spectra 

of the polymer bonded complexes show remarkable 
modifications depending on the preparation and the 
rhodium content: (i) [Rh(NBD)(PolymerPPhMen- 
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TABLE I. Hydrogenation of Ketones and Olefins using Supported Cationic Rh(1) Complexes closely Related to 
[(NDB)Rh(LL’)]+. NBD = Norbornadiene; L,L’ = Phosphine Ligands. Polymer = Merrifield Polymer (Chloro- 
methylatedpolystyrene, 2% divinylbenzene, 3.5 meq Cl/g). Reaction Time = 18 hr; Temperature 20” C; Ratio 
Substrate/Rhodium = 1000; pH, measured in psig.a 

Run LL’ Substrate Product Yield% pH2 

psig 

Notes 

1 L = L’ = PolymPPhMe Acetone iso-Propanol 5 
2 Acetone iso-Propanol 70 
3 MethylEthylKetone see-Butanol 30 
4 Cyclohexene no reaction 
5 Cyclohexene no reaction 
6 1 -Hexene no reaction 
7 1 -Hexene n-Hexane 5 
8 L = PolymPPhMe, L’ = PEta Acetone iso-Prouanol 8 

70 
70 

9 
10 
11 
12 
13 
14 
15 L 
16 
17 

18 
19 
20 
21 
22 
23 
24 
25 

= L’ = PolymPPhMenthyl 

Acetone 
MethylEthylKetone 
Cyclohexene 
Cyclohexene 
1 -Hexene 
1 -Hexene 
Acetone 
MethylEthylKetone 
Acetophenomeb 

iso-Propanol 
set-Butanol 
no reaction 
Cyclohexane 
no reaction 
n-Hexane 
iso-Propanol 
set-Butanol 
PhMethylCarbinol 
CyMethylCarbinol 
CyMethylKetone 
Cyclohexane 
Cyclohexane 
no reaction 
n-Hexane 
set-Butanol 
no reaction 

MethylEthylKetone see-Butanol 
MethylEthylKetone set-Butanol 

Cyclohexene 
Cyclohexene 
1 -Hexene 
1 -Hexene 
MethylEthylKetone 
MethylEthylKetone 

26 L = PolymPMenthylPh, L’ = PEtX MethylEthylKetone no reaction 
27 Cyclohexene Cyclohexane 
28 1 -Hexene n-Hexane 

29 L = L’ = PolymPPhz Acetone no reaction 
30 MethylEthylKetone no reaction 
31 Cyclohexene Cyclohexane 
32 1 -Hexene n-Hexane 
33 L = PolymPPh,, L’ = PEt, Acetone no reaction 
34 MethylEthylKetone no reaction 
35 Cyclohexene Cyclohexane 
36 1 -Hexene n-Hexane 

2 

5 
100 

70 
10 

4 
6 
1 

100 

5 
3 

5 
100 

7 
35 

8 
35 

<1 
10 

5 
800 Subst./Rh = 100 

45 
5 

45 
5 

45 
5 

45 
45 

5 
45 

5 
45 

5 
15 

800 

5 
45 

5 
45 

5 
5 

45 
800 

800 
5 
5 

45 
45 

5 
5 

45 
45 

; 

Reaction Time 72 h 

Subst./Rh = 100 

Rh Metal 
see Table III 

Reaction Time 48h 

Polymer B Table II 
Polymer C Table II 
Reaction Time 5 d 
Reaction Time 18h 
Subst./Rh = 100 

a Cy = Cyclohexyl. All runs were carried out in pure substrate. 1% Hz0 or 1% MeOH was always added respectively to 
ketones or olefins. b Ethylbenzene is probably present in products in low concentration. 

TABLE II. Behaviour toward Hydrogen of [Rh(NDB)(PolymerPPhMenthyl)z]‘.a 

Type PJRh P meq/g Rh meq/g Ketone 
Moles 

Ketone/Rh Rh Metal 

A 2/l 0.89 
B 2/l 0.14 
C 10/l 0.98 

a In runs A and B a black material is obtained. 

0.44 
0.06 
0.095 

0.440 
0.300 
0.500 

1000 
5000 
5000 

yes 
yes 
no 
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WM+ reacts with molecular hydrogen to give a 
green-yellow product (Type C, Table II) which shows 
at 77” K a very peculiar spectrum with broad signals 
at g = 4.35 and g = 1.99. Where the sample is warmed 
at room temperature, besides further broadening of 
these lines a third signal appears. This signal shows a 
reversible temperature dependence, moving from 
g= 1.99 (at 77°K) to g= 2.34 (at 303°K). While 
we have no explanation for the species giving the signal 
at g = 2.34, the other signals could be attributed to a 
largely anisotropic species of Rh”.” We are carrying 
out further studies to shed light on these results; (ii) the 
ESR spectrum of the black material obtained by reduc- 
tion of the rhodium(I) supported complex (type A, 
Table II) shows a very broad symmetric signal centered 

g -2.25. The signal which shows very little tempera- 

ture dependence could be attributed to a very any- 
sotropic Rh” species or to rhodium metal particles of 
very small size. Although rhodium metal obtained by 
reduction of RhCI, and supported on the same polymeric 
phosphine gave no ESR signal; (iii) [Rh(NBD)(Poly- 
merPPhMenthyl),]+ reacts with molecular hydrogen 

in acetophenone (Table I, ex. 17) to give a yellow- 
green solid without reduction to rhodium metal. This 
shows two ESR lines, g, = 1.99 g , , = 2.12, in accor- 
dance with previously reported spectra for Rh” com- 
plexes.13 The same results are obtained using catalysts 
prepared with method A with Polymer PMePh as ligand; 
(iv) catalysts prepared using method B are all active 
in the reduction of ketones and/or olefins, but the 
presence of rhodium metal was never observed. The 
catalysts after being used in hydrogenation catalysis do 
not show ESR signals. 

Hydrogenation Catalysis 
As can be seen in Table I, these supported catalysts, 

closely related to [Rh(NBD)LL’]+, will hydrogenate 
selectively either olefins or ketones depending on the 
polymeric phosphine ligands. This appears to be a 
combination of an intrisically selective reactivity to- 
wards ketones or olefins of these complexes and some 
physical effect of the substrate itself, as the polymer 
is swollen to a much greater degree by ketones than 
by olefins. As a general trend, increasing the basicity 
of the rhodium-coordinated phosphine will enhance 
the ability to reduce ketones while at the same time 
reducing the catalytic effectiveness of olefin hydroge- 
nation. At least as far as hydrogenation of olefins is 
concerned, this finding is partially at variance with 
what was found for the analogous reaction in homoge- 
neous phase.14, I5 In fact, it has been observed that 
complexes of type [RhHz(PPh,Me)2(solvent),]i origi- 
nating from [Rh(NBD)(PPh,Me)$ also hydrogenate 
olefins,” although the reaction is inhibited by water 
and excess of phosphine. Various differences can be 
noted in analogous hydrogenation reactions when using 
related immobilized systems. 
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Thus, for instance, [Rh(NBD)(PEt3)(Polymer- 

PPhMenthyl)]+ will not hydrogenate cyclohexene (Hz 
pressure, 12 psig) if suspended in the olefin itself, 
whereas it will work, albeit very slowly, upon addition 
of CH2ClZ or, faster, in the presence of trace amounts 
of methanol. Under the same conditions [Rh(NBD) 
(PEt,)(PolymerPPhMe)]+ will not hydrogenate cyclo- 
hexene. When hydrogenation of cyclohexene by [Rh 
(NBD)(PolymerPPhMe)z]’ is carried out in the pres- 
ence of acetone (acetone/olefin ratio 1) fast reduction 
to cyclohexane is observed. These findings indicate that 
both chemical factors (such as steric and/or electronic 
properties of substituents on the phosphorus) and phys- 
ical properties (such as swelling ability of the polymer 
in the presence of solvent) may play a primary role in 
these types of catalysts. The presence of small amounts 
of water (1%) either in homogeneous or in heteroge- 
neous phase is also required for the hydrogenation of 
ketones. In this case water is likely to be directly in- 
volved in the reaction; in fact, the second hydrogen 
transfer - the first hydride transfers by nucleophilic 
attack at the u-carbon of the coordinated ketone - is 
thought to be promoted by water, as follows (charges 
are omitted): 

For the complex [Rh(NBD)(PolymerPPhMen- 
thy&]+ a discussion of its own is in order. Upon sus- 
pending this complex in acetone under Hz atmosphere, 
immediate formation of a black material (probably 
rhodium metal) takes place (type A and B in Table II). 
However, if the P/Rh ratio is increased the compound 
is more stable and no reduction to metal is observed 

(type C in Table II). In this case methylethylketone 
is reduced quantitatively to set-butanol (Table I, ex. 
25) although the alcohol displays no appreciable op- 
tical purity. 

As we have already noted, compounds of type IV 
(which we have formulated as having one single poly- 
meric phosphine coordinated) are stable towards re- 
duction even at high H2 pressures, suggesting some 
sort of destabilization of the immobilized complex 
with increasing rhodium content at constant phosphorus 
contents, hence with increasing ability of “chelation” 
by the polymer. The mobility of the resin with low 
divinylbenzene content entails the possibility of linkage 
by even remote phosphines (due to the low rhodium 
content, type C in Table II). This will reduce possible 
strains in the polymeric chain and enhance the com- 
plex stability toward reduction, whereupon the com- 
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stabilizing the catalysts towards reduction to metal, at 
least with PolymerPPhMenthyl as the polyphosphine; 
(iv) apart from the cases where a destabilisation of 
the complex occurs in the polymer bonded catalysts the 
active species seems to be a trapped Rh” complex, at 
variance with the related homogeneous reactions. These 
results probably indicate that either the catalytic reac- 
tion proceeds with a different mechanism in homoge- 
neous versus heterogeneous phase, or in the latter case 
the further oxidation of Rh” to Rh”’ complexes has 
been hampered by attachement to the polymer. 

Experimental 

Materials 
Analytical grade chemicals and solvents were em- 

ployed, and were in most cases used without further 
purification. When even dry, oxygen-free solvents were 
needed, the commercial solvents were purified following 
the standard methods,” and stored under nitrogen. 
The purity of solvents and substrates used for hydro- 
genation experiments were checked by glc. 

Complexes [(NBD)Rh(acac)] and [(NBD)Rh 
(PEt3)J+ C104- were prepared by analogous methods 
reported in the literature for [(ethylene)Rh(acac)12r 
or [(NBD)RhLZ]t.“,‘4,‘5 

Merrifield polymer Fluka (200-400 mesh, 2% di- 
vinylbenzene, 0.7 meq Cl/g and/or 3.5 meq Cl/g) 
was used throughout. 

This polymer was treated in THF with Li[PPh2] or 
with Li[PPhMe]22 to obtain respectively an organic 
polymer containing benzyldiphenylphosphine or benzyl- 
phenylmethylphosphine functional groups prepared by 
the methods reported.23 With these methods we ob- 
tained phosphinated polymers. Analytical data are 
reported in Table IV. 

Synthesis of PolymerPPhMenthyl 
Preparation of PPhMenthylCl 
This compound was prepared by the method outlined 

by Issleib.22 
PPhClz (63 g, 3.5 x 10-l mol) is put in a 500 ml 

3-necked flask, under nitrogen and mechanical stirring; 
HNEt, (46 g, 6 X 10-l mol) was added dropwise. 
Low temperature was maintained with the aid of a 

TABLE IV. Analytical Data.” 

Phosphinated 
Polymer 

Analysis % % Cl Substituted 
-__ 

Cl P 

PolymerPPhMe 1.48 7.12 85 
PolymerPPhMenthyl 7.38 2.40 26 
PolymerPPhz 3.19 5.64 66 

a Merrifield polymer 3.5 meq Cl/g as starting material. 

salt-ice bath. Then 200 ml of anhydrous ethyl ether 
were slowly added, and the reaction mixture was fur- 
ther stirred for 2 hours at room temperature. The 
white solid was filtered off, washed twice with 100 ml 
anhydrous ether under nitrogen, and the filtrate con- 
centrated. The oily residue was distilled in vacua to 
give 47.5 g of pure diethylaminophenylchlorophosphine 
(b.p. 108- 115/7 mm; Y(P-N-C) 790 cm-‘; 63% 
yield). 

MenthylMgCl dissolved in anhydrous THF (obtain- 
ed from 63 g of Menthyl ch10rideZ4-25) was added 
dropwise under nitrogen to a cool solution of EtZN- 
PPhCl (47.5 g, 2.2 X 10-r mol) in 100 ml THF with 
vigorous stirring. Then the mixture was refluxed for 
5 hours, cooled, maintained at room temperature over- 
night, filtered under nitrogen, concentrated. and dis- 
tilled in vacua to give 38 g of pure diethylamino- 
phenyl-menthyl phosphine (b.p. 150-155/3 mm Hg: 
Y(PNC) = 790 cm-‘; [cz]~~~ = -52.4, C 30.82 THF; 
55% yield) as an oily, colourless, air sensitive liquid. 

Through a solution of Et,N-PPh menthyl (38 g, 
1.2 X 10-l mol) in 100 ml of anhydrous petroleum 
ether, dry hydrogen chloride was bubbled with stirring. 
Excess HCl was removed from the slurry by bubbling 
N,; HNEt,HCl was filtered off under nitrogen, and 
the filtrate concentrated to give 30 g of phenylmenthyl- 
chlorophosphine (ypcI 500 cm-‘). 

Preparation of PolymerPPhMenthyl 
Lithium (1.5 g) is suspended in anhydrous THF 

(20 ml) under nitrogen with vigorous stirring. PPh- 
MenthylCl (3 g, I .l X IO-’ mol) dissolved in THF 
(7 ml) is added dropwise. The mixture is refluxed for 
five hours, then cooled at room temperature and excess 
Li filtered off under nitrogen. Merrifield polymer (2% 
DVB; 3.5 mmol Cl/g; 300-400 mesh; 3 g) suspended 
in THF is added to the filtrate under N2 with stirring. 
The solution is discoloured in few minutes. After 2 hr 
the white resin is filtered off, washed several times 
with HZO, MeOH, THF and dried under vacuum 
(Anal.: C 82.51 ; H 7.63: Cl 7.38; P 2.40%). 

Immobilization of Rh’ Cationic Complexes 
Method A 
[Rh(NBD)(acac)] (250 mg, 0.85 X 1O-3 mol) dis- 

solved in 25 ml of THF was added dropwise with stir- 
ring to a suspension of PolymerPPhMe (2 g, P = 
4.0 x 10m3 mol) swollen in THF. To the resultant 
solution was added dropwise a 70% solution of HC104 
(150 mg, 10m3 mol) in 2 ml of THF. After 15 hr, the 
mixture was filtered and the solid was washed with 
MeOH and THF until the washings were colorless, 
then with dichloromethane and hexane, and dried in 
vacua. 

Complexes immobilized on PolymerPPhMenthyl or 
PolymerPPh? were prepared in an analogous way. 
Resins B and C in Table II were also prepared with 
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this procedure. For the former a lower phosphorus 
content resin (starting Merrifield resin 0.7 meq Cl/g) 
was used whereas for the latter a smaller amount of 
complex was employed. 

Method B 

PolymerPPhMe (1 g, P = 2 x 10m3 mol) suspended 
in 10 ml of CH2Cl, was treated with a stoichiometric 
amount of [Rh(NBD)(PEt,),]+ dissolved in the same 
solvent. The suspension was allowed to equilibrate for 
3 days under nitrogen. The solid was filtered off, wash- 
ed with CH#&, MeOH, THF, acetone, ether and 
dried in vucuo. 

The same procedure was adopted to prepare com- 
plexes immobilized on PolymerPPhMenthyl of Poly- 
merPPh,. 

Apparatus and Hydrogenation Reactions 

For high-pressure hydrogenations the reactants were 
placed in a glass container fitted in a 200 ml stainless 
steel autoclave. A J. B. Thompson Co., Cumberland, 
Md, U.S.A. low-pressure hydrogenator was employed 
for reactions up to 50 psig. 

Infrared spectra were recorded on a Perkin-Elmer 
457 spectrophotometer. Gas chromatographic analysis 
was carried out with a Hewlett-Packard 5750 gas 
chromatograph. ESR spectra were recorded on a 
Varian E4 spectrometer in a temperature range 77- 
323°K. 
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