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In spite of the inherent advantages of reuse and stability of immobilized chiral catalysts, they are 
frequently not enough to justify the effort necessary to immobilize the chiral complexes, unless 
additional advantages are found. When chiral catalysts are immobilized on solids with surface and 
pores of well controlled size, shape and dimensionality, the solid may act as a nano-reactor 
reducing the free movement of reagents, intermediates and, mainly, transition states. In this way 10 

relative energies of the transition states leading to the different stereoisomers may be modified 
and, as a consequence, the stereochemical result of the reaction is modified when compared with 
the obtained in solution. The use of support effects to improve and/or change the stereochemical 
result of enantioselective reactions is currently emerging as an area of interest, but still with a 
limited number of examples. A better comprehension of the support influence will be needed in 15 

order to allow, in the near future, the design of chiral ligands better adapted to this strategy. 

1. Introduction 
Enantioselective reactions promoted by chiral catalysts have 
great importance in current chemical research.1 In principle, 
the applicability of these systems would be improved if they 20 

were heterogeneous in nature, due to the advantages from a 
practical point of view of heterogeneous catalysts as 
compared to homogeneous ones.2 The main strategy used to 
prepare chiral heterogeneous catalysts is the immobilization 
of catalytically active chiral metal complexes.3 In spite of the 25 

excellent heterogeneous catalysts described for some 
enantioselective reactions, their use is still scarce. One of the 
reasons is that the most frequently used immobilization 
strategies require quite elaborated synthetic pathways. For this 
reason the search for simpler immobilization strategies is an 30 

interesting reseach issue. 
 Developments in this area are frequently directed by the 
idea that the support is a necessary drawback causing 
undesirable interactions with the catalytic complex. As a 
consequence, most of immobilization strategies try to place 35 

the catalysts as far as possible from the support in an attempt 
to simulate the situation of the complex in solution (Figure 
1A). In fact when chiral catalysts are covalently bonded to 
flexible amorphous (generally organic) supports, the influence 
of the solid on the stereochemical course of the reaction is 40 

difficult to predict, as the structure of the support in the 
surroundings of the catalytic sites can change in the different 
points of the catalytic cycle, including the diastereomeric 
transition states. 
 However when rigid regular supports are used, their 45 

structures remain constant during the catalytic process and the 
structure of the different intermediates and transition states 
must be adapted to have minimum energies in these two- or 
three-dimensional nanospaces (Figure 1B). It may be 
considered that the solid support behaves as a truly 50 

nanoreactor in which the relative energies of the different 
reactions channels are modified depending on the spatial 

structure around the catalytic complex in a nanometric scale, a 
circumstance  that can be used to direct the stereochemical 
course of the reaction. 55 

 Several papers in the literature claimed the existence of 
support effects when enantioselectivities were improved after 
immobilization. However, evidences for those support effects 
were in general rather weak. In this tutorial review we will 
present some representative and well-founded examples of 60 

modification of the stereochemical course in enantioselective 
reactions, as well as their connection with the properties of 
solids and immobilization methods that fulfil the requirements 
for this modification. The evidences for a support effect and 
the scarce attempts to find mechanistic explanations for it will 65 

be also reviewed. 

2. Methods and supports for immobilization  
2.1. Solid supports with regular structure in the nanoscale 

Among the huge number of solids with a regular 
nanostructure, only those having shown some confinement 70 

effects will be considered in this review. A possible 
classification would include three big categories (Figure 2):4 
1) amorphous solids with an irregular surface and a random 
pore size (e.g. amorphous silica); 2) solids with a three- 
dimensional structure comprised of regular channels and/or 75 

 
Figure 1. Two different visions of the support-catalyst interactions. 



 

cages (e.g. zeolites and mesoporous materials); and 3) layered 
solids with interlamellar areas (e.g. clays). 

 Understanding of the role played by the solid support in the 
modification of the stereochemical course of the reactions, as 
a preliminary step to the design of heterogeneous catalysts, 5 

requires the knowledge of the most important features of the 
solid supports. 
 Low-density amorphous silicas are very useful as catalyst 
supports because of their high surface areas and large porous 
volume. They are characterized by the lack of long-range 10 

crystalline order. Amorphous silicas consist of particles of 1–
100 nm which can be discrete, aggregated (1–25 µm) or 
agglomerated in a 3D network (silica gel). They possess 
siloxane (Si–O–Si) and weakly acidic and hydrophilic silanol 
(Si–OH) groups, although not in a nanostructured regular way. 15 

 Zeolites are aluminosilicates with a crystalline microporous 
(<2 nm) molecular structure containing channels and cages. 
Zeolite structures can be considered as polyhedral cages or 
channels built from tetrahedral units ([SiO2] and [AlO2]-), 
their physical and chemical properties depend on these 20 

structures and on their composition. The micropores can 
accommodate water molecules or a variety of cations, 
allowing cation exchange, but the small size of cages makes it 
difficult the inclusion of chiral catalysts and the 
corresponding reaction transition states.  25 

 In order to overcome this limitation, highly ordered 
mesoporous silica materials (pore size between 2 and 50 nm) 
can be used as mesoporous zeolite analogues with high 
surface area and easily accessible pores. The main advantage 
of these materials over amorphous silicas is that the geometry 30 

and connectivity of their pores is very well defined. The most 
common crystalline mesoporous materials include MCM-41, 
MCM-48, SBA-15 or SBA-16, with one-dimensional or three-
dimensional pore networks and pore diameters in the range of 
1–30 nm. 35 

 Among lamellar (two-dimensionally ordered) solids, clays 
are the only ones showing some confinement effects. Clays 
(both natural and synthetic) are aluminosilicates or 
magnesiosilicates formed by a combination of tetrahedral and 
octahedral oxide layers. Isomorphic substitutions (Al by Si, 40 

Mg by Al, or Li by Mg) generate charge defaults, which are 
usually compensated by inclusion of monovalent cations 

(lithium, sodium, and ammonium) into the lamellar spaces. 
These cations can be subsequently exchanged. These solids 
can be considered nanostructured since the distance between 45 

layers is located in that scale (0.3–1.5 nm). Prominent 
examples of clays used as catalyst supports are bentonite, 
K10- or KSF-montmorillonites and laponite (a synthetic 
hectorite). 

2.2. Immobilization methods 50 

Any type of bond/interaction (covalent, ionic, H-bond, 
coordinative, van der Waals...) has been used to immobilize 
chiral catalysts.3,5 However, the analysis of every 
immobilization method is out of the scope of this tutorial 
review, consequently, only those methods conducting to some 55 

confinement effect will be considered (Figure 3).  

2.2.1. Covalent immobilization 
The most used strategy to prepare chiral heterogeneous by 
immobilization of chiral homogeneous is undoubtedly the 
formation of a covalent bond. Covalent binding of a chiral 60 

homogeneous catalyst to an insoluble inorganic support (Fig. 
3a) can be made by copolymerization of functionalized 
ligands (sol-gel techniques) or by grafting of the 
functionalized ligand or metal complexes to a preformed 
support. The most important drawback of this method is the 65 

very often tedious synthesis and purification of the 
functionalized ligand (e.g. with a trialkoxysilane group) that 
makes the process less attractive from an economical point of 
view. An important advantage is that catalysts attached via 
stable bonds suffer no leaching from the support as long as the 70 

rest of bonds, including the metal-ligand bond, are strong 
enough. In this way, the catalyst can be immobilized on the 
external surface or inside the pores, depending on the 
considered support. 
2.2.2. Electrostatic interactions 75 

This strategy consists on the use of a charged catalyst and an 
ionic support with opposite charge (Fig. 3b). Supporting of 
enantioselective catalysts by electrostatic interactions is an 
elegant method that does not require the modification of the 
chiral ligand as long as the catalytic complex remains charged 80 

along all the catalytic cycle.  
 The coming out salt, formed by the compensating cation of 
the solid and the counter-anion of the complex, will be 
eliminated to the solution or will remain on the solid 
depending on the exchange solvent. Accordingly, an 85 

important factor to take into account is the choice of the 
exchange solvent, which must facilitate the ion mobility in 
order to achieve the best exchange ratios, and hence the best 

 
Figure 2. Solids presenting some confinement effects on 

enantioselectivity. 

 
Figure 3. Methodologies to perform the immobilization of chiral 

complexes. 



 

immobilized catalysts. 
2.2.3. Hydrogen bonds  
The immobilization of a catalytic complex through weak non-
specific interactions is known as physisorption. The weakness 
of the catalyst-support interaction frequently leads to the 5 

partial loss of the complex during the catalytic process. The 
stability can be notably improved if hydrogen bonds are 
formed between an inorganic support with OH groups and the 
chiral catalyst bearing a suitable hydrogen acceptor. Probably 
the most typical example is the immobilizatio of cationic 10 

complexes with triflate counterions (Fig. 1c). In this case, 
modification of the chiral complex is not necessary for 
immobilization. 

3. Surfaces in the nanometric environment 
3.1. Layered solids, movement restrictions, and change of 15 

symmetry 

In spite of the non-crystalline character of clays, probably the 
most documented confinement effect on enantioselectivity is 
the surface effect of clay-supported chiral catalysts. In this 
case we can consider the surface around the catalytic complex 20 

as a bidimensional nanoreactor, able to condition the approach 
of the reagents and thus the relative energies of the transition 
states. Why surface and not interlamellar space? If we take 
laponite as an example, the stacked layered structure of the 
solid laponite is usually lost when a bulky complex is 25 

exchanged, favoring a “house of cards” structure (Figure 4) 
where the surface of disc-shaped laponite particles is more 
exposed. 

 The presence of the solid surface in the close proximity of 
the catalytic complex can dramatically change its properties. 30 

First of all, due to the clay-complex ion pairing, the mobility 
of the complex can be severely restricted. Secondly, the 
symmetry present in solution chemistry may disappear (Figure 
5). Equivalent approaches in solution would be different on 
the solid, leading to transition states with different energy, 35 

modifying in this way the stereochemical course of the 
reactions. Some examples of this effect will be presented in 
the next section. 

3.2. Examples of clay surface effects on enantioselectivity 

First examples of surface effects in the stereochemical course 40 

of reaction were described for cyclopropanation reactions 
catalyzed by immobilized C2-symmetric bis(oxazoline)-
copper complexes onto laponite (Figure 6). Those catalysts 
were tested in the benchmark cyclopropanation reaction of 
styrene and ethyldiazoacetate (Figure 7), whose selectivities 45 

(trans/cis and enantioselectivity) suffered dramatic changes.6 
The role of the charged surface nanoenvironment was 
demonstrated by the effect of the reaction solvent and the 
dimensionality of the support. That effect didn’t appear with 
non structured supports such as nafion (an organic polymer) 50 

or nafion-silica (an organic-inorganic nanocomposite), 
proving that the layered structure of the support was the point 
for the selectivity modification.7 Regarding the role of the 
proximity of the complex to the support surface, several 
solvents were tested, obtaining a deeper stereochemical effect 55 

with low dielectrical constant solvents, that provoke the 
proximity of copper to its counterion, the laponite surface. 

 
Figure 5. Loss of symmetry in a clay-immobilized C2-symmetric 

Box-Cu complex. 

 
Figure 4. Laponite “house of cards” structure. 

 
Figure 6. Laponite immobilized bis(oxazoline)-copper complexes. 

 
Figure 7. Benchmark cyclopropanation reaction. 



 

 Thus, when the cyclopropanation reactions were catalyzed 
by the laponite-exchanged PhBox-Cu complex, in hexane or 
styrene, a complete reversal of the trans/cis 
diastereoselectivity (31:69) was observed, and even more 
interestingly, the major cis-cyclopropane obtained had the 5 

opposite absolute configuration, with regard to homogeneous 
phase results. When reusing the catalyst in dichloromethane, 
similar selectivities as in solution were achieved, proving that 

the reversal in trans/cis and enantioselectivity in cis-
cyclopropanes was not a permanent effect but a consequence 10 

of a tight interaction with the surface. 
 The same effect has been recently described for the 
cyclopropanation reactions using Box-Cu catalysts 
immobilized on supported ionic liquids films (SILF) of 
[bmim][PF6].8 The use of different supports (clays, graphite, 15 

Y zeolite, silica and hydrotalcite) demonstrated the need for a 
layered support, as only clays showed confinement effects 
(Figure 8). The close proximity of the complex to the surface 
was obtained by using decreasing amounts of IL, reducing in 
this way the thickness of the IL film. The lack of effect with 20 

graphite showed the need for a charged surface, in addition to 
the thin layer of ionic liquid, in order to reduce the mobility of 
the complex. 
 An explanation for this effect must come from a deep 
knowledge of the reaction mechanism,9 including the origin 25 

on the stereoselection in homogeneous phase.10 In 
homogeneous phase (Figure 9) the steric interactions between 
the incoming styrene, the ester group (E) of the carbene and 
the substituents of the bis(oxazoline) ligand govern the 
different selectivities. The possible steric effects of the 30 

support surface on the incoming alkene (Figure 9) allow to 
explain how the transition state free from that steric 
interaction turns to be the most stable in the heterogeneously 
catalyzed reactions, leading to the major product observed. 
 These are attempts to explain an effect of the layered 35 

support on a catalyst efficient in homogeneous phase, but 

 
Figure 9. Model of the steric interactions in the different transition 

states of the homogeneous and heterogeneous cyclopropanation 
reaction. 
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Figure 10. Possible reaction pathways with C1-symmetric ligands in 

solution and with clay-supported catalysts. 
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Figure 8. Effect of ionic liquid phase thickness and bulkiness of oxazoline substituents on selectivity results of cyclopropanation reaction between 

styrene and ethyl diazoacetate 



 

perhaps a more interesting question is whether this effect is 
able to improve a poor homogeneous catalyst, preferably in a 
predictable way. If we consider that C2-symmetric ligands are 
used in solution to reduce the number of possible reaction 
pathways, the use of C1-symmetric chiral ligands in the same 5 

processes would lead to poor results due to the existence of 8 
possible transition states (Figure 10), without important steric 
interactions in most of them. However, following the model of 
catalyst-surface interaction, the presence of the support would 
help to reduce the number of reaction pathways in the same 10 

way as C2-symmetry in solution, improving consequently the 
enantioselectivity. 
 In order to test this hypothesis, the use of C1-symmetric 
chiral ligands was envisaged. Bis(oxazoline) ligands bearing 
different substituents in each oxazoline ring (Figure 6) are 15 

ligands that keep the electronic symmetry, as both rings are 
only different in steric properties. The variation in size of 
substituent R shows in the reaction of styrene and 
ethyldiazoacetate the same effect as that observed in the 
reduction of IL film thickness (Figure 8).11 A cis/trans 20 

selectivity up to 85:15 was reached using the ligand with the 
less bulky substituent (R=H) compared with a cis/trans 
selectivity of 58:42 when the symmetric ligand (R=tBu) was 
used. Again a reversal of enantioselectivity from (R)-cis-
cyclopropane (2% ee when using the ligand with R=tBu) to 25 

(S)-cis-cyclopropane (48% ee when using the ligand with 
R=H)) was observed. This results is consistent with a closer 
complex-surface approach when R substituent is smaller in 
size.  
   However, several results did not fit with the initial 30 

hypothesis: the enantioselectivity in cis-cyclopropanes did not 
reach the value obtained insolution with the C2-symmetric 
ligand and there was still a reversal of the absolute 
configuration of the major product. Moreover the trans-
cyclopropanes were obtained still in significant amount, and 35 

this fact, together with experiments carried out with reagents 
that possess higher steric demand, such as tert-butyl 
diazoacetate or p-phenylstyrene, highlight the existence of 
reaction channels in which the ester group points towards the 
support surface, a factor that has been disregarded in the 40 

former model. 
 Alternative C1-symmetric ligands, both sterically and 
electronically, derived from pyridine and quinoline were also 
tested (Figure 11).12,13 A similar behavior was observed, 
irrespective of the chelate size, 5 with pyridine ligands and 6 45 

with quinoline ones. In particular, the clay-supported 
complexes displayed a high cis/trans selectivity (up to 85:15), 
but enantioselectivities were only moderate, and no reversal in 
the absolute configuration of the major cis-cyclopropane was 
observed, in contrast with bis(oxazoline) ligands and in 50 

agreement with the initially proposed mechanism (Figure 10). 

 In the case of the C1-symmetric ligands, the higher cis 
preference (up to 15:85) can be explained by the better 
accommodation of the copper-carbene intermediate to the 
support surface when both the ligand substituent and the ester 55 

group lie in the opposite side from the support, minimizing 
steric repulsions and maximizing electrostatic interactions.  
 All these results show that the preliminar model 
oversimplified, and the real situation is more complicated than 
expected. In fact, theoretical calculations in solution13 show 60 

that geometry of the complexes varies in the different 
transition states, far from the rigidity of the schematic 
representations (Figures 9 and 10). In fact, the ester group of 
the carbene moiety is placed in a pseudoequatorial position in 
a transition state leading to a trans-cyclopropane, and this 65 

transition state would be more easily accommodated to the 
clay surface (Figure 12) than expected from the schematic 
view. The contribution of this kind of transition states would 
explain the significant amount of trans-cyclopropanes and the 
only moderate enantioselectivity obtained.  70 

 Clearly, molecular modeling studies become more 
necessary in the way to the comprehension of the factors 
influencing the stereoselectivity of the heterogeneously 
catalyzed reaction. The attractive possibility of directing the 
stereoselectivity of a reaction with a suitable combination of 75 

ligand design and support choice is an interesting goal which 
will deserve more fundamental studies. 
 In the meantime, new examples of this surface effect have 
been found for different enantioselective reactions. The 
enantioselective C–H carbene insertion of ethyl 2-phenyl-80 

	  

 
Figure 11. Laponite-immobilized 2-(pyridin-2-yl)-4,5-

dihydrooxazole-Cu and 2-(quinolin-8-yl)-4,5-dihydrooxazole-Cu 
complexes. 

 
Figure 12. Idealized accommodation on a clay surface of a transition 

state leading to a trans-cyclopropane. 
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Figure 13. C-H carbene insertion reaction. 



 

diazoacetate on THF (Figure 13) was efficiently catalyzed for 
the first time with copper complexes.14 PhBox-Cu(OTf)2 
complex leads to moderate enantioselectivity, 59% ee, in 
homogeneous phase. But interestingly, immobilization on 
laponite gave rise to a more active and selective catalyst, 5 

leading up to 88% ee in the major syn product. Another result 
that confirms this surface effect on enantioselectivity is that 
obtained with the quinoline-derived ligand (Figure 11). The 
corresponding homogeneous complex is unefficient in 
promote enantioselectivity in this reaction (6% ee), whereas 10 

the immobilization in laponite allows obtaining a significant 
44% ee, reproducible after recycling and reuse. The 
explanation for this effect is even more difficult than in the 
case of the cyclopropanation, given that the reaction 
mechanism of C-H insertion is poorly understood. Moreover, 15 

it is difficult to predict the preferred disposition of the 
intermediate carbene with respect to the surface, taking into 
account that either the ester or the phenyl group will present 
some steric interaction with the surface (Figure 14). The 
conformational possibilities of both groups to be 20 

accommodated minimizing this steric interactions might be 
the key to explain this behavior. 

 A last example of surface effect has been recently reported 
for a Mukaiyama aldol reaction between methyl 2-oxo-2-
phenylacetate and 2-trimethylsilyloxyfuran (Figure 15).15 This 25 

is the first case of such effect in a reaction catalyzed by Lewis 
acids. This is probably the most spectacular effect described 
until now, given that the surface effect is able to modify the 
selectivities from anti/syn 38:62 and 16% ee for the anti 
isomer in solution to 86:14 and 90% ee with the supported 30 

catalyst. In this case, this enhancement have made possible 
the separation, identification and determination of the 

absolute configuration of the anti compound. The role of 
steric factors seems to be confirmed by the lower effect 
observed in the case of methyl pyruvate or when acyclic 35 

silylenol ethers were used. Based on the model proposed by 
Evans et al16 two possible orientations of the square-planar 
intermediate can be envisaged (Figure 16), that would 
condition the approach of the enol ether and hence the 
selectivity, although in a poorly understood way. 40 

 

3.3. Are all the selectivity changes due to surface effect? The 
case of amorphous solids 

Amorphous silica can be also considered as a nanostructured 
support, given the possible short-range order present in the 45 

surface. However, the lack of charge in the support precludes 
any electrostatic immobilization and the formation of 
hydrogen bonds with the surface silanol groups has been used 
as immobilization method for bis(oxazoline) based complexes 
with different cations (Figure 17). 50 

 
 The immobilized complexes were tested as catalysts in the 
Diels–Alder reaction between 3-acryloyl-oxazolidin-2-one 
and cyclopentadiene (Figure 18).17 Whereas catalyst tBuBox-
Cu showed activity and enantioselectivity (57% ee) similar to 55 

those observed in homogeneous phase, a reversal of the major 
endo enantiomer with regard to the homogeneous phase 
reaction was obtained with catalyst supported PhBox-Cu 

 
Figure 16. Possible orientations of the intermediate of Mukaiyama 

aldol reaction. 

 
Figure 14. Possible orientations of the intermediate carbene of the C-

H insertion reaction. 

 
Figure 15. Mukaiyama-aldol reaction between methyl 2-oxo-2-

phenylacetate and 2-trimethylsilyloxyfuran. 

 
Figure 17. Bis(oxazoline) based complexes immobilized by 

hydrogen bond formation on silica. 



 

(R’=H). With this complex 20% ee of (S) enantiomer was 
obtained in solution, and 33% ee of the (R) enantiomer was in 
the heterogeneous process.  
 A deeper study was carried out later on by Li and 
coworkers18 using copper catalysts, together with analogous 5 

of Zn and Mg. Results obtained with tBuBox-Cu were much 
better than those reported earlier, with enantioselectivities in 
the range of 85-93% ee. Interestingly, the reversal in 
enantioselectivity with PhBox-Cu (R’=H) was confirmed and 
even enhanced (up to 46% ee of the (R) enantiomer) with the 10 

analogous PhBox-Cu (R’=Me) in toluene. The same effect 
was also observed with PhBox-Zn and PhBox-Mg catalysts, 
with a reversal in the case of the Mg catalyst from 60% ee (S) 
in solution to 30% ee (R) with the heterogeneous catalyst. 
However this effect was not ascribed to a surface effect, but to 15 

a change in the coordinating ability of the anion. It was 
observed that the substitution of triflate by a less coordinating 
anion, SbF6

− or ClO4
−, produces the same reversal in solution 

due to a change in the geometry, from octahedral with the 
coordinating anion to tetrahedral with the non-coordinating 20 

one. The hydrogen bonds between silanols and triflates might 
be responsible for this change in coordinating character on the 
solid support.  
 On the contrary, this explanation cannot be applied to the 
copper catalyst, as the reversal is not observed in solution. 25 

Moreover the geometry of the complex is completely different 
from the other two metals. The possibility of a surface effect 
of steric nature has not been invoked in this case, and the 
justification would be much more difficult than in the case of 
laponite supported catalysts because of different reasons 30 

(Figure 17): the incertitude in the distances between complex 
and surface and between supported anions (if both are forming 
hydrogen-bonds), and the preferred orientations of the 
complex with respect to the surface. 

 Other example that describes a reversal of 35 

enantioselectivity using non-crystalline solids is the Michael 
addition of methylvinylketone on a α–ketoester catalyzed by 
La-exchanged hydroxylapatite (HAP) or fluoroapatite (FAP) 

modified with chiral diacids (tartaric, malic or O,O’–
dibenzoyltartaric acids).19 Whereas the homogeneous 40 

La(OTf)3 was unable to promote enantioselectivity under the 
same conditions, the treated solids led to moderate 
enantioselectivities (30-60% ee). The most surprising effect 
was the reversal of enantioselection described with tartaric 
acid when changing from FAP (60% ee of (S) enantiomer) to 45 

HAP (30% ee of (R) enantiomer) supports. This single result 
was not explained and it has not been further explored. 

4. Pores as restricted nanospaces 
4.1. The modulation of wall distances 

In principle the effect of surface, confinement, or 50 

nanoenvironment should be easier in the case of porous 

crystalline materials, given that the chiral catalysts are placed 
in a controlled environment. However the examples described 
in the literature are less clear and documented regarding the 
possible explanation of the effects on enantioselectivity. 55 

Confinement effects due to the situation of the complex inside 
the micro- or mesopores of crystalline materials were invoked 
in some preliminary publications,20 and in more recent ones,21 
although no systematic studies were carried out regarding 
pore size effect or role of spacer. In all cases, chiral Rh or Ru 60 

complexes covalently bonded to USY zeolite or mesoporous 
MCM-41 were used in hydrogenation reactions with slight to 
significant enhancement of enantioselectivity from the results 
obtained in solution. However, the results were highly 
dependent on the substrate, and even detrimental effects of 65 

immobilization were described with other related systems.22 
Hence, although the confinement effect cannot be discarded in 
those examples, the overlapping of other effects such as site 
isolation might account for those results. 

 A more dramatic effect was described in 1999 by Thomas 70 

and coworkers23 when a Pd complex of a chiral 
bis(diphenylphosphino)ferrocenyl ligand (Figure 19) was 

 
Figure 18. Diels–Alder reaction between 3-acryloyl-oxazolidin-2-

one and cyclopentadiene. 

Figure 19. Allylic substitution reaction catalyzed by a supported 
bis(diphenylphosphino)ferrocenyl-Pd complex grafted on MCM-41. 

 
Figure 20. Ethyl nicotinate hydrogenation catalyzed by a supported 
bis(diphenylphosphino)ferrocenyl-Pd complex grafted on MCM-41. 

 
Figure 21. Proposed general model for confinement effect. 



 

applied as catalyst for an allylic substitution reaction of 
cinnamyl acetate with benzyl amine. The homogeneous 
analogue and the catalyst grafted on cabosil gave rise to only 
the achiral straight chain product. On the contrary, when the 
same complex was grafted inside the pores of MCM-41, by 5 

passivation of the external surface with Ph2SiCl2 under non-
diffusive conditions, 50% selectivity to the branched product 
was obtained with 93-99% ee. Based on 31P-MAS-NMR 
measurements the authors proposed a different arrangement of 
the complex in the case of the constrained MCM-41 support 10 

(Figure 19), responsible for the different selectivity. 

 In a second example, the same group described the effect of 
immobilization on the enantioselective hydrogenation of ethyl 
nicotinate (Figure 20) catalyzed by the same type of 
complex.24 In this case the spacer contained only one nitrogen 15 

atom, geometrically unable to coordinate the Pd. In spite of 
this limitation, the immobilization improved the 
enantioselectivity from 0% ee in solution to a modest 17% ee 
after immobilization. From these two examples, Thomas and 
coworkers proposed a general model of confinement effect in 20 

which the presence of the pore walls would condition in a 
non-specified way the approach of the reagents to the 
immobilized catalytic complex or the corresponding reaction 
intermediate (Figure 21). 

 This principle was tested by the same group using and 25 

alternative approach. complexes of chiral diamines with Rh(I) 

(Figure 22) were immobilized on a series of commercially 
available silicas25 (Davidson 923, 634 and 654), having a 
narrow pore size distribution, through hydrogen bonds 

between the triflate counterion and the silanol groups of silica 30 

surface. Homogeneous and heterogeneous catalysts were 
compared in the enantioselective hydrogenation of methyl 2-
oxo-2-phenylacetate (Figure 23). The results clearly showed 
the influence of the spatial restrictions imposed by the support 
on enantioselectivity. This influence declined as the pore 35 

diameter of the silica support increased from 3.8 nm to 6 nm 
and 25 nm, reaching the enantioselectivity values obtained in 
solution. These results demonstrate that the close presence of 
the pore walls in the case of supports with smaller pore 
diameter influences the energy of the diastereomeric transition 40 

states, leading to an enhancement of the enantioselectivity. 

 The same [(AEP)Rh(cod)]OTf and [(DED)Rh(cod)]OTf 
complexes, as well as another one with a phosphineoxazoline 
ligand (Figure 22), immobilized on MCM-41 using the same 
strategy, were used in the hydrogenation of (E)-2-45 

phenylcinnamic acid.26 The results showed a marked increase 
in enantiomeric excess once the catalyst is immobilized onto 
the mesoporous material, in agreement with a confinment 
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Figure 24. Enhancement in the enantioselectivity of (E)-2-

phenylcinnamic acid hydrogenation by immobilization. 

 
Figure 22. Supported [(AEP)Rh(cod)]OTf, [(DED)Rh(cod)]OTf, 

[(PMP)Rh(cod)]OTf, and [(Phox)Rh(cod)]OTf. 
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Figure 23. Effect of pore size on enantioselectivity of methyl 2-oxo-

2-phenylacetate hydrogenation. 

 
Figure 25. Supports used for Jacobsen’s (salen)Mn epoxidation 

catalyst. 



 

effect. 
 Li and coworkers have been working in the modification of 
MCM-41 with organic groups, such as phenoxide and 
benzenesulfonate (Figure 25), to immobilize Jacobsen’s 
(salen)Mn complex through cation exchange. In a first 5 

report,27 the immobilization with a phenoxide group showed 
to be positive for the epoxidation of α-methylstyrene with 
aqueous NaClO, as the enantioselectivity increased from 56% 
ee in solution to 72% ee with the heterogeneous catalyst, and 
the placement of the catalytic sites inside the mesopores was 10 

demonstrated by the lack of activity of the solid to epoxidize 
the bulkier 1-phenylcyclohexene. 

 In a subsequent work, a benzenesulfonic moiety was 
grafted on supports with different porosity: two different 
MCM-41 (1.6 and 2.7 nm pore diameter), SBA-15 (7.6 nm) 15 

and activated silica (9.7 nm).28 The immobilization showed 
again to be positive in the epoxidation of α-methylstyrene 
with aqueous NaClO in the presence of PPNO. In all cases the 
immobilization was positive for enantioselectivity, from 55% 
ee in solution to 66-78% ee with the supported catalysts. 20 

However, there was no clear relationship between pore size 
and enantioselectivity. The effect was even more clear in the 
case of cis-β-methylstyrene epoxidation (Figure 26). The most 
important fact is that the yield of trans epoxide is greatly 
reduced by the use of supported catalysts, irrespective of the 25 

support, and the enantioselectivity in the cis epoxide is 
noticeably improved, from 55 to 95% ee. The hypothesis 
proposed for this effect is the restricted rotation of the radical 
intermediate (Figure 26), but this fact does not seem to be 
related with a confinement effect, as the pore size has no 30 

significant influence on the cis/trans selectivity, and the same 
effect was also reported in the case of the purely organic 
support PS-DVB.29 A more in-depth study of these effects 
using different supports, complexes and substrates30 gave 
quite puzzling results, with almost no influence on the 35 

epoxidation enantioselectivity of some alkenes (styrene), a 
clear detrimental effect on other substrates (1-
phenylcyclohexene) and positive effect only in the case of α-
methylstyrene. The was also detected. Several hypotheses 
were proposed for the restricted formation of trans epoxide in 40 

the reaction of cis-β-methylstyrene: restriction or 
enhancement of alkene approach pathways, changes in the 
stereochemical communication, modification of transition 
states, and reaction through different processes, but the lack 
of evidences made impossible to decide which one was 45 

correct. 

 Probably the only demonstrated positive effect of 
confinement on enantioselectivity of this kind of reactions 
was described by the same group in the case of 6-cyano-2,2-
dimethylchromene epoxidation (Figure 27). An exhaustive 50 

study described the effect of pore size and spacer length on 
the enantioselectivity.31 Five supports, two MCM-41 (1.6 and 
2.7 nm pore diameter), two SBA-15 (6.2 and 7.6 nm), and 
activated silica (9.7 nm), in combination with a phenoxide and 
four benzenesulfonic groups with different spacers (Figure 25) 55 

were tested as supports for Jacobsen’s (salen)Mn complex.  
 In the case of supported phenoxide, the optimal pore size 
was found to be 6.2 nm diameter (Figure 27), both for activity 
and selectivity, reproducing in this way the enantiomeric 
excess obtained in solution (85% ee). In order to obtain this 60 

value, the confinement effect inside the mesopores had to 

overcome the intrinsec detrimental effect of immobilization 
detected with MCM-41 (1.6), considered as representative of 
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Figure 27. Epoxidation of 6-cyano-2,2-dimethylchromene: (u) 

phenoxide spacer, (p) C2 spacer, (n) C3N spacer. 

 
Figure 26. Epoxidation of cis-β-methylstyrene with (salen)Mn 

catalyst. 

 
Figure 28. Proposed model for effect of spacer. 

 
Figure 29. Ionic liquid solution inside the pores of a modified MCM-

48 support. 



 

grafting on the external surface of the support. The effect of 
the spacer was tested in the case of sulfonic anions. Increasing 
the spacer length in the support with largest pore size had a 
positive effect on enantioselectivity, from 45% ee with C0 
spacer up to 83% ee with the longer C3N spacer. These results 5 

were explained from the free space in the nanopores between 
the catalytic complex and the walls of the pores (Figure 28). 
When this space fits well with the size of the substrate, 
optimal enantioselectivity is obtained. Activity and 
enantioselectivity were further increased by methylation of 10 

the support surface, attributed to the higher hydrophobicity of 
surface, favoring in this way the adsorption of the more 
hydrophobic substrate, although this modification would also 
modify the effective pore diameter of the support (Figure 27). 
 Another method of immobilization inside mesoporous 15 

solids is the inclusion of an ionic liquid solution of the 
complex. MCM-48 was modified by 1-methyl-3-(3-
trimethoxysilylpropyl) imidazolium hexafluorophosphate 
grafting (Figure 29)32 in order to increase the affinity between 
the ionic liquid and the support. A solution of salen-Mn(III) in 20 

[bmim] [PF6] was supported and the catalyst tested in the 
epoxidation of several alkenes with MCPBA. The 
immobilized system showed in general similar or even 
increased enantioselectivity compared with the homogeneous 
system. This effect was remarkable again for α-methylstyrene, 25 

with 99% ee vs 50% ee in the liquid phase. These results were 
tentatively explained by a spatial effect caused by the well 
defined 3D topological structure of the support, limiting the 
free rotation of the reaction intermediates, although no 
systematic studies were carried out.  30 

4.2. Cooperative effects due to confinement 

This last section is devoted to an effect of confinement, not on 
the enantioselectivity, but on the catalytic activity taking 
advantage of the entrapment of several molecules of catalyst 
in the supercage of a mesoporous support. This methodology 35 

was described by Li and coworkers,33 and consists in the 
adsorption of a complex in a mesoporous crystalline silica 
(SBA-16) with pores large enough to allow the complex to 
enter, and a subsequent treatment with an alkylsilane to 
reduce the pore aperture to a value small enough to entrap the 40 

complex but able to admit the diffusion of reagents and 
products (Figure 30). 
 Apart from being a new efficient methodology for 
immobilization of chiral catalysts, one important advantage of 
this method is the possibility of accommodate two molecules 45 

of complex in the same cage of the support. This is of crucial 
importance in reactions with cooperative activation effect, as 

it happens with the hydrolytic kinetic resolution of epoxides 
catalyzed by (salen)Co complexes (Figure 31). This effect, 
difficult or even impossible in most of heterogeneous catalysts 50 

due to the site isolation effect, is greatly enhanced with this 

strategy.34 Catalysts with different average Co content were 
prepared and their effective concentration of complex was 
calculated, taking into account the void volume of the support 
and the conditions were reproduced in solution. At low Co 55 

loading the catalyst molecules were unable to find each other, 
given that the silane covering hindered the connection 
between the hypercages, and as a consequence the results 
were much worse than in solution. At high Co loading, results 
in homogeneous and heterogeneous phase were similar, due to 60 

the cooperative effect in both cases. 
 This effect is much more interesting in the case of reactions 
with very low catalyst amount (Figure 31). The increase in 
substrate/catalyst ratio (S/C) has almost no negative effect in 
the case of the immobilized catalyst due to the preserved 65 

cooperative effect, whereas its disparition is responsible of the 
significant worsening of the results with dilution in 
homogeneous phase. 

5. Conclusions and perspectives 
As can be seen by the results described in this tutorial review, 70 

the effect of the nanoenvironment of immobilized chiral 
catalysts is a subject in its first steps of development, and it is 
far from being well understood.  
 The effect of clay surfaces with electrostatically 
immobilized box-Cu complexes is probably the best 75 

documented effect at the moment, leading to significant 
improvements in enantioselectivity and even reversals in the 
induction sense. However, these effects are highly dependent 
on the reaction mechanism, the nature of the substrates, and 
also the nature of the chiral ligand. In fact, the most dramatic 80 

effects were described with PhBox, both in carbene reactions 
and Lewis acid catalyzed ones. The partial agreement of the 
results obtained with C1-symmetric ligands with the 
hypothesis shows that we are in the way to understand the 
mechanism of the effect, although the observed disagreements 85 

point to a model more complicated than the initially proposed. 
 The confinment of chiral catalysts inside the mesopores of 
crystalline materials has shown interesting effects in some 
reactions, but again the number of examples is quite limited. 
In the case of hydrogenation, several factors seem to play a 90 

role, namely the nature of the chiral ligand and substrate, the 
pore size and the immobilization method. The case of 
epoxidation is even more complicated, as quite puzzling 
results have been described, with highly positive or 

 
Figure 30. Catalyst entrapment inside the mesopores of SBA-16. 

 
Figure 31. Kinetic resolution of epoxides with cooperative effect. 



 

detrimental effects depending on a certain number of factors. 
 In conclusion, more in-depth studies are needed, combining 
experimental results and theoretical calculations, to 
understand the origin, nature, and extension of those effects, 
that might be one day use to design more efficient 5 

heterogeneous chiral catalysts. 
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