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Introduction

Catalyst recycling is currently one of the most important
issues in sustainable, large-scale fine chemicals production,
especially for those processes, like enantioselective synthesis,
in which the cost of sophisticated ligands often exceed that
of the noble metal employed.[1–4] To easily recover and recy-
cle asymmetric catalysts, various techniques and materials
have been developed over the last twenty years involving
the immobilisation of a chiral catalyst precursor, either onto
a support material or into an appropriate phase system, so
that the catalyst can be quantitatively separated from both
product(s) and unreacted reagents by filtration or phase sep-
aration and, eventually, recycled.[5–15] Three principal ap-
proaches were adopted in order to prepare immobilised
enantioselective catalysts:[16,17]

* Modification of a heterogeneous catalyst with a chiral
auxiliary (e.g., modified metallic surfaces).

* Creation of the “heterogeneous counterparts” of a solu-
ble chiral catalyst.

* Other techniques (e.g., gel entrapment, occlusion into
membranes, immobilisation in fluorous or ionic liquid
phases).

The above methodologies generally lead to fundamentally
different catalyst types. Particularly, single-site catalysts can
be obtained by anchoring a complex formed by a metal ion
and a chiral ligand to a solid support.[18–24]

In general, immobilised single-site catalysts may be classi-
fied according to the nature of either the support material
or the linkage between the support and the ligand. Alterna-
tively, one can distinguish between preformed molecular
complexes anchored to the support (either organic or inor-
ganic) or complexes immobilised by reaction of a metal pre-
cursor with a preformed ligand matrix (usually a polymeric
material with covalently bonded functionalised ligands or
dendrimers). In the latter case one can talk of polymer-sup-
ported catalysts,[25] whereas in the former the synthetic strat-
egy is usually referred as “heterogenisation of a homogene-
ous catalyst”. This strategy offers some remarkable advan-
tages:[26–28]

* The catalysts are easily prepared.
* The immobilised catalysts combine the high activity and

selectivity of the homogeneous catalysts with a facile
product separation, minimisation of waste production
and use of environmentally friendly experimental condi-
tions.

* The expenses and difficulties arising from complicated
polymer ligand synthesis or chiral ligand functionalisation
are avoided.

* The catalysts: active sites are easily characterised.
* Catalyst loadings can be chosen and optimised.
* Problems arising from metal-loading processes are mini-

mised.
* A systematic design of new catalysts is enabled.
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Successful examples in asymmetric hydrogenations in-
clude the immobilisation of transition metal complexes
through anchoring to insoluble supports such as carbon,[29]

silica (SHB),[30–32] clays,[33–36] zeolites,[37–39] heteropoly
acids[40–42] or ion-exchange resins.[43–51] In all the above cases,
a preformed optically active complex is anchored to the sup-
port through ion-pair formation or adsorption interactions.

Asymmetric hydrogenation of prochiral olefins is by far
the most studied enantioselective organic transforma-
tion.[52–54] Several soluble molecular catalysts with excellent
selectivity and productivity have been described, and a
number of industrial processes based on this technology are
currently operational for pharmaceuticals and agrochemicals
production.[55–58] Transfer of this methodology to heterogene-
ous catalysis with the aim at catalyst reuse is highly desira-
ble for its clear benefits both from an economical and envi-
ronmental point of view.[59,60]

This paper summarises the
general concepts behind the use
of ion-exchange resins as an in-
soluble support for heteroge-
nised, single-site enantioselec-
tive hydrogenation catalysts, as
well as examples of application
and recent developments in the
field.

Supported Catalysts Design and Characterisation

Many authors indicate that preformed, solid, insoluble sup-
ports for single-site heterogenisation of homogeneous cata-
lysts should fulfil certain requirements:

* Be readily available in a number of varieties.
* Be inexpensive.
* Need the minimum amount of chemical manipulation

before use.
* Be compatible with the solvent employed.
* Be thermally and mechanically stabile.
* Be chemically resistant.
* Be easily filterable or decantable.
* Be of reliable quality.
* Be easily custom tailored.
* Have a defined amount of single anchoring sites.

Heterogenised catalysts for enantioselective hydrogena-
tion reactions should:

* Not require synthetic modifications before attachment to
the support.

* Be easily prepared and handled.
* Operate under smooth reaction conditions.
* Show turnover frequencies (TOF) and enantiomeric ex-

cesses (ee) comparable to those of the parent homogene-
ous catalyst.

* Be quantitatively and easily recoverable.
* Be recyclable (as many time as possible).
* Feature negligible catalyst leaching.

Resin types : In principle, ion-exchange resins meet all re-
quirements defined for the catalysts supports. Nowadays,
they are widely available from numerous commercial suppli-
ers or simply synthesisable. They consist mainly of styrene–
divinylbenzene cross-linked copolymers bearing a charged
ion-exchanging group, that is, either strong or weak cationic
(e.g., containing sulfonate or carboxylate groups) or strong
and weak anionic (e.g., containing ammonium groups)
(Scheme 1).[61–63] Other ion-exchanging materials suitable as
support include the perfluorinated polymer NafionG resins
containing sulfonic acid head groups.[64,65]

The amount of cross-linking agent, typically ranging from
2 to 16%, controls the porosity of the resin particles (either
with no discrete pores, referred to as gel resins or micropo-
rous resins, or with a porous, multichannelled structure, that
is, macroporous or macroreticular resins) which, in turn, af-
fects some of the bulk properties of the resin (e.g., swelling,
capacity, equilibration rate, physical stability, selectivity,
etc.). Usually, the lower the cross-linking percentage, the
higher the moisture content, the equilibration rate, the ca-
pacity (ranging from 1.5 to 10 mequivg�1 on a dry volume
basis), the fragility and the ability to accommodate larger
ions. Additional characteristics relevant to catalytic purposes
are the particle size (beads diameter 16–400 mesh, 1180–
38 mm) and the ionic form (i.e., the counterion, usually H+ ,
Na+ , Cl�, OH�).

Ion-exchange resins used as support in enantioselective
catalytic hydrogenations include the strong sulfonated
cation-exchange resins listed in Table 1 as well as the
Nafion-NR-50 polymer (pellets, H+ form, capacity
0.8 mequivg�1).[49,51]

Limited use of weak carboxylate cation-exchange resins,
namely SERDOLIT CW-18 (8% cross-linking, gel matrix,
H+ form) and SERVACEL CM-32 (based on a cellulose
matrix derivatised with carboxymethylchloride, capacity
1.0 mequivg�1), has also been reported.[47] Most resins are
commercially available (e.g., from Dow Chemical Company,
DuPont, Bayer) and reasonably priced. The choice of resin
type is fundamental in determining the efficiency of the im-
mobilised catalysts (see later). To a first approximation,

Scheme 1.
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swelling of the resin in the adopted solvent is crucial for
both catalyst anchoring and efficiency. For this reason,
slightly cross-linked, gel-type resins are preferred over mac-
roporous ones, owing to enhanced mass transport inside the
polymer beads, hence giving a good active-site accessibility,
as a consequence of swelling of the resin into methanol,
which is commonly used as solvent. Swelling volumes have
been carefully investigated by Selke using 0.5–4% cross-
linked polymers and was found to increase up to 800%
upon decreasing the cross-linking percentage.[44] Because of
the high solvation of lithium, swelling is also highest for Li+

-derivatised resins (Scheme 2).[44,48] Mechanical instability
and difficulty of preparation prevented the use of very low
cross-linked resins.

Beads size seems to play a secondary role, even if a resid-
ual acidity using large pellets of resins in the protonated
form, due to incomplete exchange during the immobilisation
process, may result in competitive esterification reactions
when alcohols are used as solvent for hydrogenation.[49]

Immobilised transition-metal complexes bearing underiva-
tised chiral ligands : The immobilisation of transition-metal
complexes onto ion-exchange resins is well documented and
leads to both racemic[66] and chiral[67] efficient catalysts. Use
of cation-exchange resins as insoluble supports for asymmet-
ric hydrogenation catalysts is motivated by the fact that

four-coordinate, cationic, rho-
dium(i) complexes are among
the most used homogeneous
catalysts for enantioselective
alkene reduction.[53,68–70] The
preformed, molecular com-
plexes of the formula [Rh(PP)-
ACHTUNGTRENNUNG(diolefin)]X were used for this
purpose: PP is the bis-chelate
chiral phosphine ligand Ph-b-
glup,[43–46] propraphos,[43–46] nor-
phos,[47] DIOP[47,48] or
TMBTP[48] depicted here; diole-
fin is NBD=bicyclo-
ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene or
COD=1,5 cyclooctadiene; and
X is PF6 or BF4.

Anchoring of monocationic
RhI complexes onto ion-ex-

change resins is an equilibrium process that is usually at-
tained after only few hours in methanol by using batch oper-
ations (i.e., stirring a solution of the complex in the presence
of the support at room temperature, followed by filtration,
washing and drying; Scheme 3).

Rhodium immobilisation proved to be effective under
these conditions, even when a molecular complex/exchange
capacity ratio of 0.5–5% (mmolmequiv�1) is employed, due
to the cost of the chiral precursors.[46–48]

Indeed, catalyst loadings in the range 0.3–1.4% (Rh, w/w)
were estimated by using various techniques, corresponding
to a 17–99.9% of the total amount of complex used in the
immobilisation process. Selected examples are reported in
Table 2. As previously stated, catalyst loadings are highest
for lower cross-linking percentages (Table 2, entries 1–4, see
also Table 1) and for lithiated resins (Table 2, entries 5–8).
The typical appearance of immobilised catalysts is shown in
Figure 1, in which the colour of the resin is due to the pres-
ence of the attached rhodium(i) complex.[71]

Recently, EDS analysis (energy dispersive X-ray spec-
trometery) coupled to ESEM microscopy (environmental

Table 1. Sulfonated ion-exchange resins used as support for heterogeneous asymmetric hydrogenations.

Resin
name

Cross-
link [%]

Matrix Ionic form Capacity
[mequivg�1]

Ref.

G-4-H+ 4 H+ 4.8 [44]
G-2-H+ 2 H+ 4.1 [44]
G-1-H+ 1 H+ 5.3 [44]
F-1-H+ 1 H+ 3.7 [44]
G-0.5-H+ 0.5 H+ 4.9 [44]
F-0.5-H+ 0.5 H+ 4.3 [44]
F-1-Li+ 1 Li+ [44]
G-1-Li+ 1 Li+ [44]
F-0.5-Li+ 0.5 Li+ [44]
G-0.5-Li+ 0.5 Li+ [44]
G-0.5-Na+ 0.5 Na+ [44]
G-0.5 K+ 0.5 K+ [44]
G-0.5-NH4

+ 0.5 NH4
+ [44]

G-0.5-NMe4
+ 0.5 NMe4

+ [44]
G-0.5-NBu4

+ 0.5 NBu4
+ [44]

Wofatit KP2 2 H+ [46]
DOWEX MSC-1 macroporous Na+ 4.5 [47]
DOWEX HCR-S 8 gel H+ 4.8 [47]
DOWEX 50WX2 2 gel Li+ 4.8 [48]

Scheme 2.
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scanning electron microscopy) was used to characterise
asymmetric hydrogenation catalysts immobilised onto ion-
exchage resins.[48] Examples of typical ESEM images and
EDS spectra are reported in Figures 2 and 3, respective-

ly.[48,72] Use of the above tech-
ACHTUNGTRENNUNGniques proved to be particularly
suited to investigate this kind of
system, owing to the possibility
to combine detailed analytical
and morphological data at a
nanometric level, without
sample metallation and high-
vacuum conditions.[73] Metal
loading estimates obtained by
EDS analysis were comparable
to those obtained through
atomic emission spectrosco-
py.[48]

In addition, EDS maps col-
lected on sections of resin
beads showed the metal to be
evenly distributed within the
solid support, thus proving that
resin swelling in methanol
allows solvent diffusion through
all exchange sites during
the immobilisation process
(Figure 4).[48]

Scheme 3.

Table 2. Immobilisation of RhI chiral catalysts onto strong cation-exchange resins.

Anchored complex Resin[c] Rh loading
ACHTUNGTRENNUNG(w/w) [%]

Rh immo-
bilised [%]

Analysis
method[d]

Ref.

1 [Rh(Ph-b-glup) ACHTUNGTRENNUNG(cod)]+ [a] G-4-H+(H) 0.73 46 SP [44]
2 G-2-H+(H) 1.41 99 SP [44]
3 G-1-H+(H) 1.43 99.9 SP [44]
4 G-0.5-H+(H) 1.43 99.9 SP [44]
5 [Rh(propraphos) ACHTUNGTRENNUNG(cod)]+ [a] G-0.5-Li+(Li) 1.39 92 SP [44]
6 G-0.5-Na+(Na) 0.44 28 SP [44]
7 G-0.5 K+(K) 0.27 17 SP [44]
8 G-0.5-NH4

+
ACHTUNGTRENNUNG(NH4) 1.18 84 SP [44]

9 [Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+ [b] DOWEX 50WX2 (Li) 1.04 68.7 ICP-AES [48]
10 [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ [b] DOWEX 50WX2 (Li) 0.93 68.2 ICP-AES [48]

[a] BF4
� salt. [b] PF6

� salt. [c] Ionic form in brackets. [d] SP= spectrophotometry, ICP-AES= inductively cou-
pled plasma atomic emission spectroscopy.

Figure 1. Conventional optical microscope images of DOWEX 50WX2
resin beads (200 magnifications). From the left: commercial resin, lithiat-
ed resin, resin with supported [Rh ACHTUNGTRENNUNG(diop)ACHTUNGTRENNUNG(nbd)]+ complex, and resin with
supported [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ complex.[71]

Figure 2. Typical ESEM images of [RhACHTUNGTRENNUNG(mbtp) ACHTUNGTRENNUNG(nbd)]+ catalyst immobi-
lised on DOWEX 50WX2 beads (backscattered electrons, 1200 magnifi-
cations, 20 KeV, 1 torr).[72]

Figure 3. Typical EDS surface area spectrum of DOWEX 50WX2 beads
containing the immobilised [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ complex. (1 torr, 20 KeV,
1600 magnifications). (See reference [48], supplementary material.)

Figure 4. ESEM images of an equatorial section of DOWEX 50XWX2/
[Rh ACHTUNGTRENNUNG(tmbtp) ACHTUNGTRENNUNG(nbd)]+ supported catalyst beads (1 torr, 20 KeV, 890 magnifi-
cations). Left: secondary electrons; centre: sulfur X-ray EDS map (SKa1);
right: rhodium EDS map (RhLa1). (See reference [48], supplementary
material.)
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Immobilised transition-metal complexes bearing derivatised
chiral ligands : Immobilisation of rhodium(i) complexes con-
taining derivatised chiral ligands was achieved as a conse-
quence of simple acid-base exchange equilibria. Thus, pro-
ACHTUNGTRENNUNGtonation of the amino groups bounded to bis-P chelates, by
using Nafion resins and the ligands (S,S)BDPP-(p-NMe2)4
and (S,S)-chiraphos-(p-NMe2)4 depicted here, led to the
quantitative removal of rhodium complexes dissolved in
methanol under batch conditions (Scheme 4).[49,51]

Catalysts immobilisation was possible thanks to the selec-
tive protonation of the amine nitrogen by the strong sulfonic
acid groups on the resin.[50] Typical loadings consumed 50%
of the exchange capacity of Nafion (NR-50-H, 0.8
meqg�1),[74] corresponding to ca. 0.8% (w/w) metal content
(Rh analysis by atomic absorption spectroscopy). The need
to synthesise derivatised chiral ligands limits the applica-
tions of this methodology.[75]

Catalyst Performance

The chiral rhodium(i) complexes described above and im-
mobilised onto strong cation-exchange resins were tested as
catalysts for the asymmetric hydrogenation of prochiral ole-
fins. Probe substrates are depicted here.

Standard experimental conditions adopted in the homoge-
neous phase were usually applied (methanol, room tempera-
ture, 1–5 bar hydrogen). Selected results are reported in
Table 3. Results obtained in the homogeneous reactions are
provided in the same table for comparison.

Yields and enantiomeric excesses (ee:s) are comparable to
those obtained in the homogeneous phase in most cases.
Particularly, appropriate selection of the support enables
quantitative conversions and high ee:s under very mild reac-
tion conditions, for example, Table 3 entries 4–6, 10 and 11.
Reduced cross-linking percentages allow better resin swel-
ling in methanol, which results in enhanced rates as a conse-
quence of the kinetic reaction control through substrate dif-
fusion to the active sites inside the polymer beads (Table 3,
entries 1–4, see also Table 1).[44] A drawback, with respect to
the homogeneous reactions, is that lower reaction rates are
usually observed. Complete conversion and stereoselectivity
were recently obtained in the hydrogenation of MAA by
using the TMBTP ligand and 2% cross-linked resins
(Scheme 5).[48]

Scheme 4.

Table 3. Examples of asymmetric hydrogenation reactions with catalysts immobilised onto ion-exchange resins.[a]

Complex Heterogeneous Homogeneous Ref.
Substrate Resin t [min] Yield [%] ee [%] t [min] Yield [%] ee [%]

1 [Rh(Ph-b-glup) ACHTUNGTRENNUNG(cod)]+ MAC G-4-H+ 500[b] 94.1 6[b] 91.1 [44]
2 G-2-H+ 135[b] 94.9 [44]
3 G-1-H+ 60[b] 95.5 [44]
4 G-0.5-H+ 38[b] 95.3 [44]
5 MAA Wofatit KP2 15[b] 94.3 0.9[b] 90.9 [46]
6 [Rh(propraphos)ACHTUNGTRENNUNG(cod)]+ MAC G-0.5-Li+ 10[b] 84.6 35[b] 85.5 [44]
7 [Rh ACHTUNGTRENNUNG(norphos) ACHTUNGTRENNUNG(cod)]+ [c,d] ACA DOWEX HCR-S 2460 100 67 [47]
8 DOWEX MSC-1 1200 100 87 [47]
9 [Rh ACHTUNGTRENNUNG{bdpp ACHTUNGTRENNUNG(pNMe2)4} ACHTUNGTRENNUNG(nbd)]

+ PAC Nafion-NR-50 15 100 50 5 100 57 [49]
10 [Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+ MAA DOWEX 50WX2 150 99.9 54.6 150 99.9 57.3 [48]
11 [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ MAA DOWEX 50WX2 120 99.9 99.9 120 99.9 99.9 [48]

[a] In methanol, room temperature, H2 pressure 1–5 bar. Substrate/catalyst ratio was 100:1 in all cases, except for ACA for which it was 90:1. [b] Half-life
time t/2. [c] 50 8C. [d] H2 pressure 20 bar.
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Evidence for truly heterogeneous reactions that use cata-
lysts immobilised onto ion-exchange resins were given by
the absence of any catalytic activity of the reaction solutions
recovered after consumption of the substrate.[48,51]

Conversely, the insoluble, anchored catalysts proved to be
easily recovered and recycled in the vast majority of cases.
Selected examples of catalyst reuse are reported in Table 4.

Recycling data analysis shows that asymmetric hydrogena-
tion catalysts immobilised onto ion-exchange resins are fea-
tured by some common trends:

* Catalysts can be conveniently reused up to 5–15 times
simply after decantation and washing with methanol.

* Enantiomeric excesses (ee:s) are almost constant in each
hydrogenation cycle.

* Leaching of rhodium into solution is usually quite low in
each cycle (0.1–6%).

* A significant decrease of the reaction rates in the second
and following cycles is commonly observed.

Leaching of the metal can be quantified by means of spec-
trophotometric,[44,46] atomic absorption[49,51] or, more accu-
rately, GF-AAS (graphite-furnace atomic absorption spectros-

copy) analysis[48] of the methanol after each catalytic cycle.
Rhodium loss is usually only slightly dependent on the cycle
number and was ascribed to a chemical degradation of the
catalytically active complex and, particularly, to phosphine
oxidation on the basis of in situ NMR experiments.[44, 48]

Negligible rhodium leaching was confirmed by EDS micro-
analysis, which showed that the rhodium content in the im-
mobilised catalyst beads is essentially the same before and
after catalysis and evenly distributed within the solid sup-
port.[48]

A loss of catalytic activity after the first recycle is invaria-
bly displayed by the supported catalysts regardless from the
resin type or the ligand nature. A typical kinetic behaviour
is reported in Figure 5 for the reuse of [Rh(Ph-b-glup)-
ACHTUNGTRENNUNG(cod)]BF4 on F-0.5-H+ resin in the enantioselective hydro-
genation of MAC.[44]

A possible explanation for this effect based on the degra-
dation of the catalyst due to oxidation or solvolysis of the
ligand is not completely convincing.[44–46] To shed some light
on the catalyst deactivation, a 31P high-pressure NMR study
under catalytic conditions was recently carried out on the
[Rh{(+)-diop} ACHTUNGTRENNUNG(nbd)]+/DOWEX 50WX2 system
(Figure 6).[48,71]

Actually, the only resonances detected at �40 8C in the
hydrogenation of MAA in methanol were consistent with
the formation of the catalyst–substrate adduct [Rh{(+)-
diop} ACHTUNGTRENNUNG(maa)]+ together with a minor amount (2%) of phos-
phine oxide.[76–78] A decrease in the reaction rate due to a
stronger binding interaction between the sulfonate groups

from the resin and the rhodium
centres, after NBD has been re-
duced and replaced by weaker
ligands in the first hydrogena-
tion step, was hypothesised on
these basis. However, the ab-
sence of any other resonance
prevented an unambiguous ex-
planation for the decreased cat-
alytic activity.

Taking into account the small
loss of metal due to oxidation,
the anchored catalysts can be
usually quantitatively recovered
after each recycling. Indeed,
ESEM images of the catalyst
beads, before and after cataly-
sis, showed that the support ma-
terial is not affected by break-
age or cracking during the cata-
lytic runs (Figure 7).[48]

Conclusion

Recent examples of application
of enantioselective hydrogena-
tion catalysts supported onto

Scheme 5.

Table 4. Recycling of asymmetric hydrogenation catalysts immobilised onto ion-exchange resins.[a]

Complex Substrate Resin Cycle t
ACHTUNGTRENNUNG[min]

Yield
[%]

ee
[%]

Rh leach-
ing [%]

Ref.

[Rh(Ph-b-glup)ACHTUNGTRENNUNG(cod)]+ MAA Wofatit KP2 1 14.9[b] 94.0 0.3 [46]
2 17.2[b] 94.3 0.3
3 15.9[b] 94.1 0.3
4 17.1[b] 94.3 0.3
5 17.0[b] 94.2 1.6
6 15.6[b] 94.7 1.6
7 12.0[b] 94.8 1.6
8 10.9[b] 94.6 1.6
9 14.1[b] 94.0 5.2
10 15.0[b] 94.0 5.2

[Rh(propraphos) ACHTUNGTRENNUNG(cod)]+ MAC G-0.5-Li+ 1 10[b] 84.6 1.7 [44]
2 12[b] 84.3 1.7
3 16[b] 83.0 1.7
4 30[b] 81.2 1.3
5 33[b] 78.5 1.3
6 50[b] 71.3 1.3

[Rh ACHTUNGTRENNUNG(norphos)ACHTUNGTRENNUNG(cod)]+ [c,d] ACA DOWEX HCR-S 1 2460 100 67 [47]
2 2760 93 64
3 3480 88 66
4 2880 75 60

[Rh ACHTUNGTRENNUNG{bdpp ACHTUNGTRENNUNG(pNMe2)4} ACHTUNGTRENNUNG(nbd)]
+ PAC Nafion-NR-50 1 15 100 50 1.2 [49]

2 40 100 41 0.5
3 40 100 40 –
4 60 100 43 0.25

[Rh ACHTUNGTRENNUNG(tmbtp) ACHTUNGTRENNUNG(nbd)]+ MAA DOWEX 50WX2 1 120 99.9 99.9 2.0 [48]
2 600 99.9 99.9 2.0
3 720 99.9 99.9 1.8

[a] In methanol, room temperature, H2 pressure 1–5 bar. [b] Half-life time t/2. [c] 50 8C. [d] H2 pressure 20 bar.
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ion-exchange resins show that an appropriate choice of both
resin and molecular precursor provide several advantages
for this immobilisation technique, in particular allowing for:

1) The use of inexpensive and commercially available sup-
ports.

2) No need for chiral ligand derivatisation.
3) Easy preparation and handling of the immobilised cata-

lyst.

4) Catalyst efficiency comparable to that observed in homo-
geneous phase.

5) Very mild hydrogenation conditions.
6) Simple and quantitative catalyst recovery.
7) Negligible catalyst leaching.

All of the above features show that ion-exchange resins
can be an ideal support for the development of single-site,
heterogenised asymmetric catalysts suitable for easy and
convenient recycling, with clear economical and environ-
mental benefits. This is, of course, not a trivial matter and
progress in the field is eagerly awaited.[79] Improved ion-ex-
change supported systems aimed at minimising metal leach-
ing and stabilising catalyst activity upon recycling are ex-
pected in the near future. Issues regarding the deactivation
process have not been clarified to date and deserve further,
in-depth studies.
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Figure 5. Plot of the catalytic activity versus the number of recycling of
[Rh(Ph-b-glup)ACHTUNGTRENNUNG(cod)]BF4 immobilised onto F-0.5-H+ resin in the enan-
tioselective hydrogenation of MAC. (Data from reference [44].)

Figure 6. 31P{1H} H NMR spectra of the [Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+/DOWEX
50WX2/methanol system in the presence of MAA. a) molecular catalyst
(15 mg) and MAA (80 mg) under nitrogen at 294 K; b) molecular cata-
lyst and MAA under 5 bar of hydrogen after 5 h at 294 K, spectrum re-
corded at 233 K; c) immobilised catalyst (120 mg, 1% Rh w/w) and
MAA (80 mg) under nitrogen at 294 K; d) immobilised catalyst and
MAA under 5 bar of hydrogen after 6 h at 294 K, spectrum recorded at
233 K.[71]

Figure 7. ESEM images of DOWEX 50XWX2/[Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+ support-
ed catalyst beads before (top) and after (bottom) use in the catalytic
cycles (backscattered electrons, 600 magnifications, 20 KeV, 1 torr).[48] .
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