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Literature describing the use of soluble metal- 
polymer catalysts in the molecular hydrogenation 
of alkenes, alkynes, aromatic and heterocyclic 
compounds has been reviewed. Special attention has 
been paid to coordinated metallic and organo- 
metallic catalytic systems and highly dispersed 
colloidal metals stabilized with polymers. The 
influence of metals, polymers and solvents on the 
structures of active sites is discussed. The prospects 
for the application of soluble metal-polymer 
catalysts in organic synthesis are also considered. 
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Polymers containing catalysts have been attracting 
attention for more than two decades, and this is shown 
in numerous publications, amongst which are many 
review articles,' -9 in which different aspects of 
synthesis of heterogeneous metal-polymer catalysts 
and their employment in various reactions, involving 
hydrogenation, are discussed. 

The main advantage of such catalytic systems is easy 
separation from the products of reaction and the 
possibility of using them repeatedly. At the same time 
they usually have an important drawback, namely a 
low catalytic activity as compared with homogeneous 
low-molecular-wcight analogues in the majority of 
cases. 

As a result, growing interest has been shown to work 
the creation and study of catalytic systems with soluble 
polymers". Many publications are devoted to the use 
of (i) organometallic compounds in which one or more 
ligands are substituted by their macromolecular 
analogues, and (ii) colloidal metals, which are 
stabilized by the coordination of soluble polymers with 
different functional groups. 

It is rather difficult to obtain relable data for the 
structure of active sites, the number of metal atoms, 
and the mechanism of their action. Consequently, in 
many cases it cannot be decided whether a metal 
complex or fine metal particles are active in the 
reaction. 

Homogeneous metal-polymer catalysts are more 
active and have minimal diffusional limitations. At the 
same time, their separation from the reaction mixture 
is possible using a number of reliable, simple pro- 
cedures, such as the addition of a precipitator, a change 
of pH or temperature, or filtration through different 
membranes. 

Quite a number of examples of synthesis and 
employment of soluble metal-polymer catalysts in 
hydrogenation have been described. Soluble poly- 
styrene, poly(ethy1ene glycol), poly(vinylpyrro1idone) 
and poly(viny1 chloride) have been used by one 
group" to obtain metal complexes with macroligands. 

Polystyrene has been chloromethylated and treated 
with potassium diphenyl phosphide. Soluble 
polydiphenyl(styrylmethy1)phosphine was obtained 
which contained different amounts of chloride and 
phosphino groups (Scheme 1). 

PS-CHZCI + KPPh, - PS--CH,PPh, + KCI 
I 

Ia 2.59% C1, 0.45% P 
Ib 0.05% CI, 2.42% P 
Ic 1.90% P 

Scheme 1 

Different complexes of platinum, palladium and 
rhodium, e.g. (Ib)Rh(CO),Cl, (Ia)PdC12, (Ib)PdC12, 
(Ic)Rh(CO)acac, wcre then obtained by ligand ex- 
change or substitution. These complexes are highly 
active for hydrogenation and hydroformylation of 
pentene, the substrate:catalyst ratio being up to 200. 
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H 
CH2- PPh, 

0 CH2- PPh2 

Scheme 2 

The separation of catalyst from the products of the 
reaction was carried out by filtration through a 
polyamide membrane. The catalysts did not lose their 
activity when used six times repeatedly. 

The use of linear polystyrene (PS) for the preparation 
of a catalyst for asymmetric hydrogenation with chiral 
diphosphine ligand (11), was described” (Scheme 2). 

These ’homogeneous catalysts prepared from 
[RhC1(C2H4)l2 and (11) in situ exhibit a smaller 
enantioselectivity, despite their higher activity for 
the hydrogenation of itaconic acid 
(HOOCC( = CH2)CH2COOH), than the analogous 
heterogeneous catalyst. The optical homogeneous yield 
of the main product R-( - a-methylsuccinic acid is 
30.9%. For a heterogeneous catalysis the optical yield 
reaches 37.5% and for the catalyst which does not 
contain a macroligand it is 48.3%. In the authors’ 
view”, flexible polymer molecules lowered the 
catalytic activity by screening active sites. 

Another example of homogeneous asymmetric 
hydrogenations of amino acid precursors has been 
reportedI3 in which a cationic rhodium catalyst was 
ligated by N,N-bis(2-diphenylphosphinoethyl)biotin- 
amide (111) which had been irreversibly complexed to 

the protein avidin (Scheme 3 ) .  The best reported 
examples had turnover numbers in excess of 500. In 
this case the products of the reaction were separated 
from the catalyst by ultrafiltration. 

The catalytic systems prepared using IV, V and 
avidin, carbonic anhydrase, a-chymotrypsin and serum 
albumin, similar to 111 in the reaction mentioned above, 
did not exhibit enantioselectivity 14. The structure of 
the catalysts has not been discussed. 

Ethylene oligomers can be used as macroligands. It 
was found that ethylene oligomers are easily soluble 
in hydrocarbon solvents at higher temperatures and are 
quantitatively precipitated when cooled or when a 
second solvent such as methanol is added. On this basis 
a number of catalysts have been synthesized for 
polymerization of dienes and their cyclodimerization 
using neodymium and nickel,”-” for hydrogenation 
of hydrocarbons. l 8  

A homogeneous, easily recovered catalyst for 
hydrogenation was prepared by using phosphinated 
oligomers of polyethylene according to Schemes 4,18 
where VI is [(-CH2-CH2), -CH2CH2(PPh2)l3RhCI 
and VIa, VIb and Vlc are catalyst variants. 

The activity of the catalysts prepared from various 

0 

IV 

111 

0 

0 
V 

Scheme 3 
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n-C,H,Li CIPPh, 
CH2=CH2 - -(CH,-CH2),-CH,-CH,-Li * -(CH,-CHJ,, CH2PPh2 

Scheme 4 

complexes differed insignificantly. The catalysts were 
investigated by 3’P NMR in solution and in the solid 
state. It has been shown that none of them contained 
low-molecular-weight triphenylphospine (PPh?), and 
the structure of the catalyst and its activity practically 
did not differ even after ten cycles of the reaction. The 
activity of such catalytic systems for the hydrogenation 
of olefins at atmospheric pressure of hydrogen reaches 
up to 80% of the activity of homogeneous 
RhCl(PPh3)3, which itself is ten times more active 
than a catalyst prepared by the immobilization of the 
RhCI(PPh,), complex on polystyrene cross-linked by 
divinylbenzene. The activity of such heterogeneous 
catalytic systems does not change after 18 cycles. 

The homogeneity of the catalyst is proved by 
Crabtree’s tests, in particular by the hydrogenation of 
dibenzocyclo-octatetraene and the ‘triphase’ test. l 8  

Another approach to the synthesis of soluble 
metal-polymer catalysts was suggest in Ref. 19. 
Analogous to the low-molecular-weight acetate 
Rh2(CH3C00)4 - 2H20 they prepared a rhodium poly- 
acrylic acid (PAA) complex with the meta1:monomer 
unit ratio being metal:PAA=1:400 to 1:200. The 
PAA-Rt-H complex was 120 times more active for 
the hydrogenation rhodium of olefins than its low- 
molecular-weight analogue under the same conditions. 

The introduction of the macroligand into the complex 
was reported to change its selectivity in substantially 
in respect to substrates. Thus, the rhodium(I1) acetate 
compound above, which is active in hydrogenation of 
alkenes, does not exhibit activity for the hydrogenation 
of internal trans-alkenes, e.g. trans-hex-2-ene, and 
dienes, e.g. hexa-l,5-diene. On the contrary, the 
polymer catalyst is active for the hydrogenation of such 
alkene types and dienes, but does not hydrogenate triple 
bonds. 

The structure of the above polymer catalyst has been 
studied by IR spectroscopy. Its spectrum practically 
coincides with the spectrum of rhodium(I1) acetate 
monomer and it does not change during the reaction. 
However, it should be noted that such data do not give 

us a clear distinction between the structures of the 
monomeric polymeric complexes. 

The use of polymers for the stabilization of colloidal 
dispersions of metals is an effective way to create 
catalysts which exhibit high activity and selectivity. 
Corresponding salts of these metals may be reduced 
in the presence of polymers, with fine metal particles 
of practically the same size being formed. The size 
range of such metal particles does not exceed 50A 
( 5  nm), and their size can be controlled by changing 
the conditions of the preparation. There is scarcely any 
interaction between the metal particles themselves 
because they are quite closely connected with macro- 
molecules which cover practically the whole surface 
of the metallic aggregates. Besides, such catalytic 
systems containing polynuclear metallic aggregates 
could be expected to exhibit high catalytic activity and 
stability (as compared with metal complexes), espe- 
cially for hydrogenation of aromatic hydrocarbons and 
heterocycles. This makes it possible to use them widely 
in organic synthesis. 

Synthetic polymers have been used for the 
stabilization of colloidal dispersions of platinum, 
palladium and rhodium since the 1940s.20-22 The 
colloids, obtained by reduction with molecular 
hydrogen in an alkali medium, are active catalysts for 
hydrogenation of organic compounds, e.g. olefins, 
dienes, arenes, heterocycles and nitro- and cyano- 
groups. 

A change of conditions of preparation for catalysts 
- i.e. alkaline alcohol rather than reduction by 
molecular hydrogen - leads to the preparation of 
catalysts with smaller metal  particle^.*^-^' Poly(viny1 
alcohol) (PVA), poly(vinylpyrro1idone) (PVP) and 
poly(methy1 vinyl ether) (PMVE) are effective 
stabilizing agents. At the same time the employment 
of poly(ethy1ene glycol) (PEG) or poly(ethy1eneimine) 
(PEI) for this purpose is not effective. The use of PEI 
along with poly(acry1ic acid) for the synthesis of a 
palladium-containing catalytic system exhibiting high 
selectivity and low activity for hydrogenation of dienes 
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PVA methanol 
RhCleRh(II1)-PVA- small particles (8 A) - -+ la rge  particles (40 A) 

Scheme 5 

has been discussed." These authors explain the 
properties of the catalyst by substrate transport 
limitations through a double layer of polymer to the 
active sites. 

Analogously, catalytic systems based on palladium, 
rhodium, platinum, iridium and osmium with poly 
(vinyl alcohol) (PVA) were obtained, the average 
diameter of metal particles being 53, 40, 27, 14 and 
less and 10 A, respectively. 

For PVA and rhodium(II1) the course of formation 
of the catalyst has been discussed (Scheme 5).24.27 

Rhodium(II1) chloride is transformed into a large 
rhodium particle via the rhodium(II1)-PVA complex 
and a small particle (8 A), containing up to 20 atoms 
of rhodium. With the reduction of rhodium(II1) 
chloride to rhodium(O), methanol is oxidized to 
formaldehyde. 

According to the a ~ t h o r s , * ~ - ~ "  the synthetic poly- 
mer in colloidal dispersion suppresses the reduction 
rate of the metal ion due to coordination with the 
functional groups of the polymer and, on the other 
hand, prevents the small particles of metal from 
aggregating. They may act as a protective colloid in 
the manner where the hydrophobic parts of the main 
carbon chain interact with the suface of the metallic 
particles and the hydrophillic groups, directed 
outwards, make the colloidal metal particles 
hydrophillic. 

The stabilizing ability of poly(vinylpyrro1idone) 
(PVP) is ascribed to the coordination of a number of 
carbonyl groups of a macromolecule with palladium 
atoms on the surface of the metal particles. Depending 
on the method of preparation, the size of the particles 
varies from 9 to 18 A when methanol is used for 
reduction, up to 140 A when n-butanol is used.25 

These catalytic systems are  effective for  
hydrogenation of olefins and dienes, and palladium- 
PVP hydrogenates cyclopentadiene to cyclopentene 
with high selectivity (the selectivity is more than 90% 
at practically complete conversion). 

In the authors' view, the role of the polymer is not 
only in the stabilization of fine metal particles, but in 
increasing the selectivity of hydrogenation by 
weakening the adsorption of the formed olefin on the 
surface. 

I k ,  
K e  + 

rJ==T--J ads. 

Scheme 6 

The reaction mechanism can be presented as shown 
in Scheme 6. 

The ratio of the initial hydrogenation rate of 
cyclopentadiene to (i) cyclapentane (k3)  and (ii) 
cyclopentene ( k , )  in the presence of palladium- 
PVP-MeOH/NaOH is estimated to be 0.001 : I ;  the 
ratio of the adsorption equilbrium constant K ,  to K ,  
is 2000: 1. For palladium on carbon (Pd/C) (5 %) these 
figures are 0.03: 1 and 20: 1 respectively. 

The valence state of the metal was concluded only 
from the spectrophotometric data. 

An effective method of synthesis of a highly active 
catalyst for the hydrogenation of olefins was proposed 
by Hirai and his group.3' Colloidal rhodium particles, 
protected by a copolymer of methyl acrylate (MA) and 
N-vinyl-2-pyrrolidone, is treated with polyacrylamide 
(PAA) gel resulting in immobilization of the rhodium 
particles in the gel, due to the interaction of ether 
groups of the soluble copolymer at pH 4-9. The 
character of the metal particles according to their size, 
their diameter and high activity remains unchanged on 
incorporation into the polymer. 

The employment of polyethyleneimine (PEI) for the 
synthesis of soluble hydrogenation catalysts is 
described by Frolov et ~ 2 1 . ~ ~ 3 ' ~  Water-soluble 
complexes of rhodium, nickel, and palladium treated 
by sodium tetrahydroborate (NaBH4) hydrogenate 
alkenes and dienes to the corresponding olefins 
selectively. The catalytic systems, containing 50 or 
more monomer units of PEI per single atom of metal, 
remained homogeneous during the hydrogenation. The 
yield of the corresponding olefin in the hydrogenation 
of cyclopentadiene is 99 % , the conversion of substrate 
is 36 % and the substrate:metal molecular ratio is nearly 
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12000: 1 with the PEI-palladium catalyst. The high 
selectivity of the catalysts for monoene formation is 
discussed in terms of the selective adsorption of the 
diene on the catalytic site, similar to palladium- 
poly~inylpyrrolidone.~~ The structure of the above- 
mentioned polymer catalysts has not been studied. 

The formation of nitrogen-metal bonds has only 
been observed for catalysts with a greater content of 
metal (about two monomer units for a single atom of 
metal). These links remain after the reduction with 
molecular hydrogen and NaBH4.35-38 Such catalysts 
are slightly soluble, but like homogeneous ones they 
exhibit high activity and selectivity in the hydrogena- 
tion of dienes and polyenes to olefins in mild condi- 
tions: the selectivity of cyclodiene formation in the 
hydrogenation of cyclo-octa-l,3-diene is 100% with 
complete substrate conversion. In this case the 
palladium catalysts exhibit the highest selectivity. It 
should also be noted that the polyethyleneimine-based 
heterogeneous systems catalysed disproportionation of 
cyclohexa-l,3-diene to benzene and cy~lohexene .”~~~ 

The catalytic systems produced on the basis of 
rhodium chloride and polyethyleneimine (PEI) reduced 
by vanadium(I1) in acid medium was investigated by 
extended X-ray absorption fine structure EXAFS, X- 
ray photoelectron spectroscopy XPS and X-ray 
emission spectroscopy XES methods.38 The metal is 
anchored on macromolecules as charged clusters 
stabilized by atoms of nitrogen and chloride ions, the 

Scheme 7 

main mass of rhodium being present in the oxidized 
form rhodium(II1) and rhodium (I). 

Active samples of the catalysts of hydrogenation of 
acenaphthalene (Scheme 7) were prepared by precipita- 
tion of the metallic vapours in hydrocarbon solutions of 
polymers.39 The metal particles of size about 
20-50 A were stabilized by adsorption on the surface 
of the polymer. 

As catalysts the authors used systems containing 
soluble carboxyl functional group polymers and 
copolymers - PAA, PMAA, copolymers of maleic 
acid and styrene or methyl methacrylate - and salts 
of transition metals, e.g. RhCI3, K2PdC14 and 
K2PtC14, all of which are reduced by NaBH4 in an 
aqueous-alcohol medium. The polymer: metal ratio was 
one atom of metal per 5-20 monomer units. 

The synthesized catalysts exhibited activity in the 
hydrogenation of different aromatic and heterocyclic 
compounds as atmospheric pressure of hydrogen 
(Table 1)40-51 and at temperatures between 20-60°C. 
These metal-polymer catalysts were used for synthesis 
of saturated carbocyclic and heterocyclic compounds. 

Table 1 The hydrogenation of organic compounds in the presence of the catalysts based on soluble carboxyl-containing polymers“ 46 

Substrate Catalysta T ( W  Th Reaction products 
(h-’) (yield, %) 

Hex-I-ene PAA-Rh 25 289 Hexane (100) 
Cyclohexene MA-MMA-Rh 20 200 Cyclohexane (100) 
Cyclo-octa-l,5-diene ST-MA-Rh 30 179 Cyclo-octane (100) 
Benzene PAA-Rh 30 85 Cyclohexane (100) 
Phenol ST-MA-Rh 50 34 Cyclohexanol (100) 
Furan ST-MA-Rh 40 52 Tetrahydrofuran (100) 
2-Methylfuran ST-MA-Rh 30 I17 2-methyltetrahydro fur an (100) 
Benzofuran ST-MA-Pd 30 53 2.3-Dihydrobenzofuran (100) 
1,7-Dioxy-4,7,8,9-tetrahydroindane PAA-Pd 30 14 I ,7-dioxyhexahydroindane (100) 
I ,4-Benzodioxan PAA-Rh 30 7 Hexahydro-I ,4,benzcdioxan (32) 
Furfural ST-MA-Rh 25 262 Tetrahydrofuryl alcohol (98) 
Fury1 alcohol MA-MMA-Rh 25 230 Tetrahydrofuryl alcohol (100) 
Pyridiue PAA-Rh 40 38 Piperidine (100) 
Pyrrole PAA-Rh 35 263 Pyrrolidine (100) 
N-Methylpyrrole PAA-Rh 35 412 N-Methylpyrrolidine ( 100) 

a Abbreviations: PAA, poly(acry1ic acid); MA-MAA, copolymer of maleic acid and methylmethacrylate; ST-MA, copolymer of styrene 
and maleic acid; PMAA, poly(rnethacrylic acid). T ,  - turnover number. 
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COOR 
R ' B C O O R  H 

R = H ,CH, ; R ' = H,OH ,COOH ,COOH, 

h-h=1,3  

Scheme 8 

For example, the hydrogenation of aromatic acids and 
benzo-crown ethers gave the corresponding 
cyclohexano derivatives with high yield in mild 
conditions (Scheme 8).42-45 

The kinetics were studied and the optimal conditions 
for the reactions with a number of substrates - 
pyridine, benzaldehyde, pyrrole and others - have 
been determined. The hydrogenation of such 
compounds as furfural, pyridine and benzaldehyde has 
been shown to be complicated by substrate inhibition, 
and in the case of pyrroles also by the reaction 
 product^.^' At the same time, in the cases of phenol 
and benzoic acid, similar phenomena have not been 
detected. 43,44 

The structure of the metal-polymer catalysts has 
been studied for PAA-rhodium by XPS. UV 
spectroscopy, and electron microscopy. According to 
electron microscopy data, the size of the metal particle 
in the catalyst does not exceed 15 to 20 A. XPS spectra 
show that the oxidation states of rhodium in the catalyst 
are (111) and (0) (with ratio 2:3) which does not vary 
during the reaction. Ultrafiltration showed that only 
1-2% of the metal was not anchored to the polymer. 
Data from IR spectroscopy and potentiometric titration 
results have shown that the stabilization of metal in a 
fine, dispersed, state is due to interaction with the 
carboxyl groups of the polyacid. The macromolecules 

prevent complete reduction to Rh(0). Light scattering 
data testify to this intermolecular interaction. The 
average size of globules of PAA is 650 A, while the 
size of the catalyst particles reaches 2400 A. 

Thus, the presented material has brought us to the 
conclusion that the employment of polymers for the 
stabilization of colloidal metals leads to the creation 
of catalytic systems with unique properties: on the one 
hand, high activity and selectivity for hydrogenation 
of various organic compounds in mild conditions; on 
the other, the stability and simplicity of the preparation. 
Moreover, the structure of the polymer used and the 
method of preparation influence the stability of the 
catalyst, as well as its selectivity in respect to different 
substrates. 
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