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Abstract: Recently, the field of heterogeneous asymmetric
catalysis, generally using chiral solid catalysts, has attract-
ed much attention in the production of single enantio-
mers. Among versatile chiral solid catalysts, chiral metal
complexes confined in nanoreactors often exhibit very
unique enantioselectivity and catalytic activity compared
to homogeneous catalysts. In this Focus Review, we sum-
marize the recent advances in asymmetric reactions on
chiral metal complexes confined in nanoreactors with an

emphasis on the confinement effect and cooperative acti-
vation effect of the nanoreactor and new strategies for the
preparation of chiral solid catalysts, such as the encapsula-
tion of chiral metal complexes in the nanocages of meso-
porous silica and incorporation of chiral ligands in the
network of mesoporous organosilicas.

Keywords: asymmetric catalysis · epoxidation · heteroge-
neous catalysis · nanoreactors · organosilicas

1. Introduction

Single enantiomers have attracted much research attention
because of their importance in the pharmaceutical industry
and other applications such as agricultural chemicals, fla-
vors, fragrances, and materials. Asymmetric catalysis, synthe-
sis from chiral compounds, and resolution of racemates have
been widely used for obtaining single enantiomers. Among
these methods, asymmetric catalysis is the most attractive
because it uses a relatively small amount of chiral catalyst to
transform large amounts of substrate containing prochiral
elements into chiral products.[1]

Since the pioneering work of enantioselective hydrogena-
tion of olefinic substrates on rhodium complexes containing
chiral phosphine ligands by William Knowles and colleagues
in the early 1970s,[2a] tremendous progress has been made in
the field of homogeneous asymmetric catalysis to generate
enantiomerically enriched compounds. A major break-
through came in 1980 when Noyori et al. initiated their pio-
neering work on chiral ligands, particularly axially chiral
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (binap), which
are still used in the manufacture of b-hydroxy esters, for the
synthesis of carbapenems and the Lipitor side chain, for ex-
ample. Because of their milestone contributions to asymmet-
ric catalysis, Knowles, Noyori, and Sharpless were awarded
the 2001 Nobel Prize in Chemistry.[2b] Versatile asymmetric
reactions and chiral catalysts have been developed.[3]

Among various kinds of chiral catalysts, transition-metal
complexes are most often used for homogeneous asymmet-
ric catalysis. More and more elegant chiral catalysts have
been synthesized which can catalyze asymmetric reactions
with enantiomeric excesses approaching 100%.[4]

However, compared with thousands of papers published
and great advances made in the field of homogeneous asym-
metric catalysis, only a few dozen processes have been in-
dustrialized.[5] The main reasons include the difficulty in the
separation of the catalyst, the purification of the product,
and the recovery of the expensive catalysts. Heterogeneous
asymmetric catalysis, mostly using solid catalysts, has attract-
ed much research attention because it has the advantages of
easy separation of the catalyst and product, recycling of the
recovered catalyst, and easy handling for the large-scale pro-
duction.
Many research efforts have been made to develop asym-

metric synthesis using heterogeneous catalysts, such as as-
sembling the chiral catalysts in emulsion and phase-separa-
tion media,[6] heterogenization of the chiral catalyst by poly-
merization,[7] immobilization of chiral catalysts onto solid
supports, and so on.[8] The immobilization of chiral catalysts
onto solid supports is the most popular method to prepare
heterogeneous asymmetric catalysts. Both the surface and
porous matrix of a solid support could be used to anchor the
asymmetric active center. The metal complexes can be sup-
ported on oxide surfaces, such as by chiral self-dimerization,
to create asymmetric oxidative coupling catalysis and sur-
face functionalization with achiral reagents to promote
asymmetric catalysis.[9] Moreover, the inner pore of a solid
support immobilized with chiral catalysts provides a novel
chiral space for asymmetric catalysis. Four main approaches
have been commonly used to immobilize the chiral catalyst:
1) adsorption of chiral modifiers onto an active metal sur-
face; 2) covalent tethering of homogeneous catalysts;
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3) electrostatic interaction between a negatively charged
framework and a cation; and 4) encapsulation. Organic and
inorganic materials, such as metal oxides,[10] clays,[11] zeo-
lites,[12] activated carbon,[13] porous silica,[14] mesoporous sili-
cas,[15] and polymers[16] have been employed as supports for
immobilizing the chiral catalyst. The inorganic materials
usually have advantages over organic polymers in view of
chemical, mechanical, and thermal stabilities.
Mesoporous silicas with high surface area, tunable and

large pore diameter (2–50 nm), and ordered pore arrange-
ment are excellent support materials for chiral catalysts.[15]

The tunable mesopores provide a large space to immobilize
chiral catalysts and allow free diffusion of reactants and
products. The ordered pore arrangement of mesoporous ma-
terials can make the microenvironment of immobilized
chiral catalysts uniform and isolated. The rich amount of hy-
droxyl groups available on the surface of mesoporous silicas
offers the anchoring sites for the immobilization of various
metal complexes. In some cases, the heterogeneous catalysts
based on mesoporous support can exhibit better perfor-
mance than the homogeneous counterpart because of the
uniform distribution, site isolation, pore confinement effect,
and so on.[17] A chiral catalyst with the ligand 1,1’-bis(diphe-
nylphosphino)ferrocene (dppf) anchored to the inner walls
of the mesoporous support MCM-41 and coordinated to PdII

exhibits an enantioselectivity as high as 99% in the allylic
amination of cinnamyl acetate, which is far superior to that
of its homogeneous counterpart or that of a surface-bound
analogue attached to a nonporous silica.[18]

The nanopore of the mesoporous silicas immobilized with
chiral catalysts can be regarded as a nanoreactor for asym-
metric synthesis. The microenvironment of the nanoreactor
could be finely modified to meet the requirement of a given
reaction, such as the surface hydrophobicity/hydrophilicity,
surface polarity, and electrostatic properties through direct
cocondensation or postsynthesis.[19] Recently, periodic meso-
porous organosilicas (PMOs) built from bridged organosi-
lane precursors, (R’O)3Si-R-Si ACHTUNGTRENNUNG(OR’)3, wherein an organic
group R is an integral part of the mesoporous wall, opened
up a new approach for the modification of the microenvir-
onment of the nanopore.[20–22] The bridging organic groups
in the pore wall of PMOs not only modify the surface prop-
erties of the materials but also endow the PMOs with novel

physical and mechanical properties, such as improved hydro-
thermal and mechanical stability.[23–26] The chemical and
physical properties of PMOs, especially the microenviron-
ment of the nanopore, can be tuned towards specific appli-
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cations by adjusting the organic species in the network. It
was demonstrated that PMOs with enhanced surface hydro-
phobicity exhibited higher catalytic activity than the meso-
porous silica either for acid-catalyzed esterification[27] or
asymmetric transfer hydrogenation.[28] Similar to mesopo-
rous silicas, the PMOs also have high surface area and tuna-
ble and well-ordered mesopores. If the chiral ligand or
chiral catalysts are incorporated in the pore walls of the
PMOs, a new class of chiral solid catalysts could be devel-
oped.
Though versatile methods have been used to immobilize

chiral catalysts in the nanopores of mesoporous silicas, such
as chemical grafting, ion exchange, adsorption, and encapsu-
lation, among others, only limited numbers of efficient het-
erogeneous asymmetric catalytic systems have been report-
ed to date. The development of efficient chiral solid cata-
lysts is still one of the main objectives in the field of hetero-
geneous asymmetric catalysis.
In many cases, the catalysts in nanopores show lower ac-

tivity and enantioselectivity than those of homogeneous cat-
alysts in asymmetric reactions under the same conditions.
Our recent studies show that metal complexes confined in
nanoreactors could give higher enantioselectivity and activi-
ty than their homogeneous counterparts in the asymmetric
catalysis.[17b] Some other research groups have also observed
the similar phenomena that a significant enhancement of
the enantioselectivity was observed for the chiral catalysts
immobilized in the nanopores of mesoporous silica.[18]

The improved catalytic performance of the chiral catalysts
in nanoreactors could be generally attributed to the pore
confinement effect. The pores of mesoporous silica may in-
crease the rigidity of the overall catalytic structure because
of the rigid structure of the pore and the weak interactions
possibly involved in the chiral reactions in pores, such as
van der Waals forces, hydrogen bonding, and physical ad-
sorption.[17a] The energy range of these interactions is in the
same magnitude of the energy difference between the transi-
tion states of the R product and the S product. This suggests
that the weak interactions are able to affect or even to alter
the energy difference between the two transition states ac-
cordingly to change the enantioselectivity or even reverse
the chiral selectivity. Because the energy difference between
the two transition states is very small, the enantioselectivity
is very sensitive to the surface/pore environment of the im-
mobilized catalysts.[17a] Through adjusting the pore size, the
length of linkage groups, and surface properties of the nano-
pore, the confinement effect of the nanoreactor could be en-
hanced.[17b] Asymmetric catalysis in the nanoreactor is prom-
ising and provides opportunities to develop more efficient
asymmetric synthesis systems based on solid chiral catalysts.
In this Focus Review, we mainly summarize the recent ad-
vances of asymmetric catalysis in nanoreactors. The support-
ed chiral catalysts and the asymmetric catalysis on other in-
organic or organic supports can be found in recent re-
views.[17,29]

2. Chiral Metal Complexes Immobilized in
Mesoporous Materials

Heterogeneous chiral metal catalysts immobilized in the
nanopores of mesoporous materials have been synthesized
and applied for asymmetric hydrogenation, epoxidation, al-
kylation, and nitroaldol reactions, among others.[30] These
immobilized catalysts exhibit inferior catalytic performance
compared with their homogeneous analogues, and the ef-
fects of mesoporous materials on chiral catalysis are not
well investigated in these cases. However, in some cases, the
catalysts confined in nanopores show comparable or even
higher conversions and ee values than the homogeneous cat-
alysts.
Recently, immobilization of chiral [Mn ACHTUNGTRENNUNG(salen)] catalysts in

mesoporous silicas have been investigated for the asymmet-
ric epoxidation of unfunctionalized olefins.[31] Various factors
influencing the heterogeneous catalysts were investigated in
detail. Several chiral [Mn ACHTUNGTRENNUNG(salen)] catalysts were axially im-
mobilized in the nanopores and on the external surface of
mesoporous materials through phenoxy groups and organic
sulfonic groups. The [MnACHTUNGTRENNUNG(salen)] catalysts immobilized in
the nanopores generally exhibit higher chemical selectivity
and enantioselectivity than those immobilized on the exter-
nal surface of supports for the asymmetric epoxidation of
unfunctionalized olefins.[17b] The [Mn ACHTUNGTRENNUNG(salen)] catalysts graft-
ed through flexible propyl sulfonic groups generally give
higher chemical selectivity and enantioselectivity than those
grafted through rigid phenyl sulfonic groups (Scheme 1).

This is probably due to the electronic and steric factors of
the linkages, which may affect the configuration of the tran-
sition state for the asymmetric reactions.

Scheme 1. [MnACHTUNGTRENNUNG(salen)] grafted in nanopores of mesoporous silica through
flexible propyl groups results in higher ee values for the asymmetric ep-
oxidation of 1-phenylcyclohexene than that grafted through rigid phenyl
groups;[31] t is given in hours.
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For chiral [Mn ACHTUNGTRENNUNG(salen)] catalysts immobilized in the nano-
pores of supports, an increase in conversion, chemical selec-
tivity, and enantioselectivity was observed with increasing
the axial linkage lengths for the asymmetric epoxidation of
unfunctionalized olefins (Scheme 2). However, for [Mn-

ACHTUNGTRENNUNG(salen)] catalysts immobilized on the external surface of the
support, the conversion and chemical selectivity increased,
but the enantioselectivity remained unchanged for the asym-
metric epoxidation of unfunctionalized olefins with increas-
ing the axial linkage lengths.
It is noteworthy to mention that the modification of nano-

pores of the heterogeneous [Mn ACHTUNGTRENNUNG(salen)] catalysts with
methyl groups can further increase the TOF, chemical selec-
tivity, and enantioselectivity because of the increased sur-
face hydrophobicity of the nanopore (Scheme 2). Generally,
organic molecules are hydrophobic and the silica-based mes-
oporous nanopores are hydrophilic. The difficulty in the dif-
fusion of reactants and products in nanopores may reduce
the reaction conversions.[17a] To improve the conversion, the
nanopores of the mesoporous materials can be modified
with organic groups.[32] More importantly, the change of the
reaction microenvironment in nanopores may affect the
enantioselectivity of asymmetric reactions in nanopores.[33]

In homogeneous asymmetric catalysis, the reaction microen-
vironment has been found to be very important because the
different solvent environments generally lead to different re-
action results. Therefore, the increased TOF, chemical selec-

tivity, and enantioselectivity of [MnACHTUNGTRENNUNG(salen)] supported on
mesoporous silica modified with methyl groups is mainly at-
tributed to the improved surface hydrophobicity of the mi-
croenvironment in the nanopore.
The above examples show that asymmetric reactions in

nanopores, compared to those on the surface and in homo-
geneous media, can improve the enantioselectivity for some
asymmetric transformations. When the nanopore size of the
support or the tether length is tuned to a suitable value, the
chiral catalysts in the nanopores can show higher ee values
for some cases. Moreover, hydrophobic modification of the
inner wall of mesoporous silica can also result in improved
catalytic activity and enantioselectivity.
Malek et al.[34] studied the asymmetric epoxidation reac-

tion of cis- and trans-methylstyrene on oxo-Mn ACHTUNGTRENNUNG(salen) in the
mesopore of MCM-41 using molecular dynamic simulations
(Figure 1). The calculations provide new insights in the im-

portance of electronic and steric effects of the salen ligand,
substrate, immobilizing linker, and MCM-41 confinement.
Based on the assumption that the formation of a radical in-
termediate is the key step along the reaction pathway, the
calculations were performed on a catalytic surface with trip-
let spin state, comprising no Mn–salen spin-crossing. The
effect of immobilization was rationalized and correlated
with the linker and substrate choices. The immobilized
linker influences the enantioselectivity of the catalyst owing
to increasing chirality content of the [MnACHTUNGTRENNUNG(salen)] complex.
Simulations with docked olefin (b-methylstyrene) suggest
that cis and trans substrates have different levels of asym-
metric induction to the [MnACHTUNGTRENNUNG(salen)] catalyst. A trans sub-
strate induces higher chirality to the immobilized [Mn-
ACHTUNGTRENNUNG(salen)] complex than a cis olefin. Although a trans sub-
strate has a higher level of asymmetric induction to the im-
mobilized [Mn ACHTUNGTRENNUNG(salen)] complex than that to a homogeneous
catalyst, the reaction path is more in favor of the cis sub-
strate (Figure 2). The MCM-41 channel reduces the energy
barriers and enhances the enantioselectivity by influencing
geometrical distortions of the [Mn ACHTUNGTRENNUNG(salen)] complex.

Scheme 2. Asymmetric epoxidation on [Mn ACHTUNGTRENNUNG(salen)] immobilized in the
nanopores of AS ACHTUNGTRENNUNG(9.7) and on the external surface of MCM ACHTUNGTRENNUNG(1.6) with dif-
ferent linkage lengths. Modification of nanopores with methyl groups can
further improve the TOF and ee values.[33] Figure 1. An oxo-MnIII ACHTUNGTRENNUNG(salen) complex anchored in a MCM-41 channel

along with a docked trans olefin [OACM(tr) system].[34a]
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The confinement effect of the mesoporous material in
asymmetric catalysis was also explored by Kureshy et al.[35]

A chiral [Mn ACHTUNGTRENNUNG(salen)] catalyst immobilized in the nanopores
of MCM-41 and SBA-15 (Scheme 3) showed higher chiral

induction (70% ee) than its homogeneous counterpart
(45% ee) for the enantioselective epoxidation of styrene
with aqueous NaOCl as oxidant. In addition, bulkier alkenes

such as 6-cyano-2,2-dimethylchromene were also efficiently
transferred into their epoxides on these supported [Mn-
ACHTUNGTRENNUNG(salen)] catalysts (up to 92% ee), and the reaction results
were comparable to those of the homogeneous counterparts.
The heterogeneous catalyst can be used for four times with-
out obvious loss of activity and enantioselectivity.
A [Mn ACHTUNGTRENNUNG(salen)] catalyst was also axially immobilized in the

nanopores of MCM-41 through pyridine N-oxide by the
Kureshy group (Scheme 4). These immobilized catalysts

showed higher enantioselectivity (69% ee) than their homo-
geneous counterparts (51% ee) for the asymmetric epoxida-
tion of styrene. These catalysts were also effective for the
asymmetric epoxidation of bulkier substrates such as indene
and 2,2-dimethylchromene (conversion: 82–98%; 69–
92% ee). The catalysts could be recycled for at least four
times without loss of performance. The increase in ee values
was attributed to the unique spatial environment constituted
by the chiral salen ligand and the surface of the support.
A series of mesoporous MCM-41 and MCM-48 materials

with different pore sizes were synthesized and used as sup-
ports to immobilize a chiral [MnIII ACHTUNGTRENNUNG(salen)] complex.[36] The
confinement effect of the pore size on the catalytic perfor-
mance of the heterogeneous catalysts was studied for the
asymmetric epoxidation of unfunctionalized olefins with m-
chloroperoxybenzoic acid as an oxidant. It was found that
the conversions and enantiomeric excess (ee) values were
closely correlated with the pore sizes of the supports. The
catalysts immobilized on mesoporous silica with large-pore
size exhibited higher conversions, and the ee values in-
creased with increasing pore size for the catalysts immobi-
lized on MCM-41 materials. However, for catalysts support-
ed on MCM-48, the compatible pore size of the support
with the substrate was found to be beneficial for obtaining
higher enantioselectivity in olefin epoxidation.
Bhattacharjee and Anderson[37] incorporated a chiral sul-

fonato-salen-MnIII complex into cationic Zn–Al-layered
double hydroxides (Scheme 5). This heterogeneous [Mn-
ACHTUNGTRENNUNG(salen)] catalyst was found to be highly active and enantio-

Figure 2. Optimized geometry of TS1 (transition state 1) and TS2 (transi-
tion state 2) for a) homogeneous and b) heterogeneous [MnACHTUNGTRENNUNG(salen)] cata-
lyst.[34b]

Scheme 3. Asymmetric epoxidation on a chiral [Mn ACHTUNGTRENNUNG(salen)] catalyst im-
mobilized in the nanopores of MCM-41 or SBA-15.[35]

Scheme 4. Asymmetric epoxidation on a chiral [Mn ACHTUNGTRENNUNG(salen)] catalyst axial-
ly immobilized in the nanopores of MCM-41 through pyridine N-
oxide.[35]
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selective for the asymmetric epoxidation of various substi-
tuted styrenes and cyclic alkenes. Up to 94% conversion,
68% ee, 90% selectivity, and a TOF of 234 h�1 were ob-
tained for the asymmetric epoxidation of 1-methylcyclohex-
ene. The catalysts immobilized on the layered supports are
as effective as the homogeneous catalysts, and they can be
separated and recycled.
Thomas and co-workers[38] reported that a chiral RhI com-

plex could be confined in nanopores by an ion-exchange
method for the heterogeneous asymmetric catalytic hydro-
genation of a-ketones. The chiral catalyst confined in nano-
pores of silicas showed up to 77% ee for asymmetric hydro-
genation, while the homogeneous chiral catalyst gave essen-
tially the racemic products. Their results assumed that the
confinement effect originating from the nanopores could en-
hance the chiral induction for asymmetric hydrogenation in
nanopores.
Similar heterogeneous chiral catalysts were prepared by

impregnation of mesoporous Al-MCM-41, Al-MCM-48, and
Al-SBA-15 with rhodium diphosphine organometallic com-
plexes and were tested for the hydrogenation of dimethyl
itaconate, methyl a-acetamidoacrylate, and methyl a-acet-
amidocinnamate.[39] The immobilized catalysts showed high
activities and excellent chemo- and enantioselectivities, up
to greater than 99% conversion, 99% selectivity, and
98% ee.
Caps et al.[40] demonstrated that the heterogenization of

the achiral cluster [Os3(CO)12] on the internal space of
MCM-41 using simple chemical vapor deposition (CVD)
could generate a new chiral species in situ from achiral cata-
lyst precursors, and lead to improved stereoselectivity to-
wards the S,S configuration of 1,2-diphenyl-1,2-ethanediol in
the dihydroxylation of trans-stilbene using N-methylmor-
pholine N-oxide (NMO) as an oxidant without adding any
chiral ligand. Up to 90% ee for the S,S isomer was obtained
when surface Al sites were introduced into the silicate.
Spontaneous symmetry breaking of achiral [Os3(CO)12]
during CVD on the MCM-41 may result in a new surface-
chiral catalytic species.
Hutchings and co-workers reported that a Cu catalyst

modified with chiral bis(oxazoline) ligand could be intro-

duced into the pores of zeolite Y by ion exchange.[41] This
catalyst showed an ee value of 77%, higher than the homo-
genous catalyst (28% ee), in the asymmetric aziridination of
styrene. The confinement effect of the zeolite cages was re-
garded to improve the asymmetric induction of the chiral
modifier. The heterogeneous catalyst also exhibited a supe-
rior enantioselectivity (93% ee) compared to the homogene-
ous catalyst (57% ee) for the reaction of methylenecyclo-
pentane and ethyl glyoxylate.
Thomas et al.[38] proposed that the confinement effect of

the nanopores could improve the chiral induction for asym-
metric catalysis in nanopores by strengthening the interac-
tion between the incoming reactants and the chiral ligand as
well as the catalytic metal center in the nanopores
(Scheme 6). Besides the confinement effect originating from

the nanopores, electronic and steric factors from the linkage
may also have some effect on the chiral induction in the
nanopores. In addition, the reaction microenvironment in
the nanopores may also have an important influence on the
catalytic performance.[33] However, the factors originating
from the pores that influence the chiral catalysis have not
been thoroughly studied so far. It is generally believed that
tuning the steric and electronic properties of chiral ligands
can alter the enantioselectivity for homogeneous asymmetric
catalysis. For heterogeneous chiral catalysts in nanopores,
the pore effect can provide another alternative to improve
the asymmetric induction by employing the nanopores with
suitable pore structures and sizes.
The mechanism of asymmetric catalysis in nanopores

might be different from that in homogeneous systems owing
to the effects of the nanopores, the linkages, and the reac-
tion microenvironment in the nanopores. Here we give the
[Mn ACHTUNGTRENNUNG(salen)]-catalyzed asymmetric epoxidation in nanopores
as an example to discuss the asymmetric epoxidation mecha-
nism in nanopores.
According to the reported mechanism of the homogene-

ous [Mn ACHTUNGTRENNUNG(salen)]-catalyzed asymmetric epoxidation[42] and
the experimental results of the catalysis in nanopores,[31] a
mechanism for the asymmetric epoxidation in nanopores
can be proposed in Scheme 7. The olefin approaches the im-

Scheme 5. Chiral sulfonato-salen-MnIII complex immobilized in cationic
Zn–Al layered double hydroxides for the asymmetric epoxidation of vari-
ous substituted styrenes and cyclic alkenes.[37]

Scheme 6. The factors originating from the pores that influence the chiral
catalysis.[38]
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mobilized MnV active sites to form the radical intermediate,
which directly collapses to form the cis epoxide or first ro-
tates and then collapses to form the trans epoxide.
Several points should be emphasized on the asymmetric

epoxidation mechanism in nanopores. The immobilization of
MnV complexes on the surface of nanopores effectively pre-
vents the formation of inactive MnIV-O-MnIV dimers, which
are reported to be generally formed in the homogeneous
asymmetric epoxidation.[42] Therefore, the isolated active
sites immobilized in the nanopores result in higher apparent
TOF values for the immobilized [Mn ACHTUNGTRENNUNG(salen)] catalyst than
that for the homogeneous catalyst in the asymmetric epoxi-
dation of 6-cyano-2,2-dimethylchromene (14.8 vs. 10.8 h�1,
90.6 vs. 80.1% ee ; Scheme 2).[31] The chiral recognition be-
tween chiral ligand and the prochiral olefin may be en-
hanced or weakened owing to the stereo effect of the nano-
pores. The surface and the axial grafting modes may retard
the coordination of some axial additives to the Mn atom,
which may reduce the asymmetric catalytic performance.
The reaction microenvironment, including the nanopores
and the grafting modes, may have an influence on the stabil-
ity and lifetime of the radical intermediate in the nanopores.
Notably, the rotation of the radical intermediate may be
greatly retarded by the nanopores, which results in the pro-
duction of more cis epoxide (higher cis/trans ratio) com-
pared to that of the homogeneous reaction.
The factors influencing the chiral catalysis in nanopores

clearly suggest that the confinement effect from the nano-
pores can improve the chiral induction for the asymmetric
catalysis compared to that on the surface and in homogene-
ous media for many examples. The chiral catalysts in the

nanopores can give higher ee values in some cases when the
pore size of the support is optimized. The linkage groups of
the heterogeneous chiral catalysts have a remarkable effect
on the performance of asymmetric catalysis. The electronic
and steric properties of the linkages may affect the configu-
ration of the transition state for the asymmetric reactions.
More importantly, the microenvironment of the nanoreactor
is crucial for asymmetric reactions in the nanoreactor. An
appropriate microenvironment may increase the conversion
and enantioselectivity for chiral reactions in nanopores.

3. Chiral Metal Complexes Immobilized in
Mesoporous Organosilicas

Mesoporous silicas have been used as unique supports for
immobilizing chiral catalysts. A recent advance in mesopo-
rous materials is the successful synthesis of the periodic
mesoporous organosilicas (PMOs) using (R’O)3SiRACHTUNGTRENNUNG(OR’)3 as
the precursor.[20–22] Compared with mesoporous silicas,
PMOs with organic groups distributed uniformly in the
framework exhibit higher mechanical and hydrothermal sta-
bility. The surface hydrophilicity and hydrophobicity of
nanopores in PMOs could be easily tuned by incorporating
different kinds and different amounts of organic groups in
the pore walls. Moreover, the chiral catalysts could be incor-
porated in the pore walls of PMOs. The chiral catalysts in
the pore walls could have homogeneous microenvironments
and not block the pores, which are important for chiral syn-
thesis in the nanopores. The immobilization of chiral metal
complexes in the nanopores of PMOs may provide more op-
portunities for the development of efficient solid chiral cata-
lysts.

3.1. PMOs with Chiral Ligands Bridging in the Framework

Though PMOs with chiral channels have been synthe-
sized,[43] introducing chiral functionalities into PMOs is
more adaptable for applications in asymmetric catalysis. In
2004, GarcLa and co-workers reported the incorporation of
chiral moieties in the pore walls of PMOs by cocondensa-
tion of bis-silylated binaphthyl (compound 2 or 3 in
Scheme 8) or cyclohexadiyl (compound 4 in Scheme 8) pre-
cursors with TEOS in basic medium using CTAB as a struc-
ture-directing agent.[44] The materials with ordered pore
structure could be synthesized with the amounts of chiral
precursor in the initial mixture at less than 15 mol%. The
confirmatory proof for the presence of chiral units in the
solid was obtained by observing the behavior of the solid
toward plane-polarized light. Also, a certain degree of chiral
discrimination was observed for the asymmetric enhance-
ment of the binaphthyl fluorescence by adding enantiomeri-
cally pure 1,2-cyclohexadiamine. The material synthesized
with cyclohexadiyl precursors (compound 4 in Scheme 8)
showed an enantioselectivity of 24% at 11% conversion in
the di-p-methane rearrangement of 11-formyl-12-methyldi-
benzobarrelene (Figure 3).[44b]

Scheme 7. A proposed mechanism for asymmetric epoxidation in nano-
pores.[31b]
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CormaMs group tried to integrate the chiral vanadyl salen
complex in the pore walls of MCM-41 by cocondensation of
the bis-silylated precursor (compound 5 in Scheme 8) and
TEOS in basic medium.[45] The catalytic properties of the
material were investigated in the asymmetric cyanosilylation
of benzaldehyde. This catalyst gave 30% ee, which was
lower than that obtained for the corresponding catalyst syn-
thesized by a grafting method. The decrease in enantioselec-
tivity could be induced by the steric constraints imposed on
the catalyst by the surrounding pore wall. Moreover, the ac-
cessibility of the chiral ligands bridged in the framework
may also affect the activity and enantioselectivity of the cat-
alysts.
Recently, Li and co-workers reported the synthesis of

mesoporous organosilicas by cocondensation of N,N’-bis[4-
(trimethoxysilyl)benzyl]-(�)-(1R,2R)-diaminocyclohexane
(compound 6 in Scheme 8) with TMOS under basic condi-
tions using CTAB as the template (Scheme 9).[46]

Under similar synthetic conditions, the mesoporous orga-
nosilica was also synthesized using a mixture of TEOS and
N,N’-bis[4-(trimethoxysilyl)propyl]-(�)-(1R,2R)-diaminocy-

clohexane (Scheme 9).[46] An active catalyst was generated
after coordinating [{Rh ACHTUNGTRENNUNG(cod)Cl}2] to the mesoporous organo-
silicas with chiral ligands. In the asymmetric transfer hydro-
genation (ATH) of acetophenone using iPrOH as a hydro-
gen source, mesoporous organosilica with benzyl as a linker
exhibited 93% conversion with 27% ee. In contrast, the
mesoporous organosilica with propyl as a linker showed
16% conversion with 8% ee. The higher activity and ee
value observed for mesoporous organosilica with benzyl as a
linker were mainly attributed to the presence of the rigid
and electron-withdrawing benzyl group attached to the
N atoms of (1R,2R)-diaminocyclohexane. Different kinds of
ketones could be converted into the corresponding alcohols
on the catalysts with benzyl as a linker. The highest enantio-
selectivity of 61% ee was obtained for 2-acetylnaphthalene.
The chiral reactions in the nanopores of mesoporous orga-
nosilicas may occur in a different way from those in homo-
geneous processes because the coordination and rigidity
properties of the chiral moiety bridged in the pore wall may
be altered by the steric constraints of the surrounding pore.
Through adjusting the pore size and mesostructure of the
material, the catalytic activity and enantioselectivity of the
chiral catalysis in the nanoreactor may be improved. How-
ever, it still remains a challenge to finely tuning the mesopo-
rous structure of the chiral organosilicas because the large
and flexible chiral moieties bridged between two silicon
atoms may inhibit the formation of well-ordered mesostruc-
tures.
The incorporation of higher amounts of chiral ligand in

the pore walls is desirable in the view of chiral inductivity.
A well-defined chiral PMO was synthesized by using 100%

Scheme 8. Potential organosilane precursors containing chiral ligands.

Figure 3. Photoreactivity of dibenzobarrelene in chiral PMOs synthesized
by cocondensation of compound 4 with TEOS.[44b]

1222 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1214 – 1229

FOCUS REVIEWS
C. Li et al.



of a chiral bis-alkoxysilane sol–gel precursor (compound 8
in Scheme 8) as the building block; unfortunately, C�B
bond cleavage and C�Si bond cleavage were observed in
the chiral PMO.[47] ThomasMs group also reported the synthe-
sis of porous chiral amine-functionalized organosilicas by
varying the molar ratio of chiral TEOS/organosilane in the
range of 0–8.[48] The chiral organosilane precursors (com-
pound 9 in Scheme 8) were formed by a convenient enantio-
selctive hydroboration route using (S)-monoisopinocam-
pheylborane on an ethylene-bridged silica precursor. The
chirality of the materials was proven using circular dichro-
ism measurements. The materials showed strong optical ac-
tivity because of the chiral amines in the framework.
Inagaki and co-workers reported the synthesis of chiral

PMOs from a newly designed chiral (R)-(+)-1,2-bis(trime-
thoxysilyl) phenylethane precursor (compound 10 in
Scheme 8) by a surfactant-mediated self-assembly approach
in either basic or acidic medium.[49] The most interesting
point of the work is that the enantiomeric purity (95% ee)
of the chiral ligand can be maintained in the solid material
as determined by eluting the organic groups from the solid.
However, the chiral PMOs synthesized by using 100% of
chiral bis-alkoxysilane have not yet been used in asymmetric
catalysis.
Among the various PMOs reported, only a limited num-

bers of PMOs have chiral moieties incorporated in the mes-
oprous framework. The synthesis and applications of chiral
PMOs are still in their infant stage. The enantioselectivity,
albeit not yet high enough, demonstrates the possibility for
synthesizing a new kind of chiral solid catalysts for potential
applications in asymmetric reactions. Some PMOs with
chiral catalysts in the framework exhibit lower catalytic ac-
tivity and enantioselectivity than the homogeneous catalyst.
One of the reasons is due to the steric constraints imposed

on the chiral catalyst by the sur-
rounding pore wall. In future
investigations, much research
efforts should be focused on
the synthesis of chiral PMOs
with different kinds of chiral
moieties incorporated in the
framework and the control of
the microenvironment of chiral
PMOs through changing the
pore size, the surface hydrophi-
licity/hydrophobicity, and the
linker groups connected with
the chiral moieties.

3.2. Mesoporous Organosilicas
with Chiral Moieties Protruding

in the Pores

Introduction of hydrophobic
bridging groups in the pore
walls of PMOs may endow the
materials with special adsorp-

tion properties, modify the microenvironment of the pore,
and hence influence their catalytic performance. The chiral
moieties were incorporated in the pores of mesoporous or-
ganosilicas with -CH2CH2- bridging in the pore walls by co-
condensation of N-[(triethoxysilyl)propyl]-(�)-(1R,2R)-dia-
minocyclohexane (compound 1 in Scheme 8) with
(MeO)3SiCH2CH2SiACHTUNGTRENNUNG(OMe)3 (BTME) in basic medium.[28]

For comparison, a mesoporous silica counterpart with a
chiral ligand in the mesopore was also synthesized under
similar conditions except that BTME was replaced by
TEOS. After complexing with [{Rh ACHTUNGTRENNUNG(cod)Cl}2], the material
with a -CH2CH2- group in the pore wall exhibited 96% con-
version with 23% ee in the ATH of acetophenone using
iPrOH as a hydrogen source. The material with a pure silica
pore wall composition showed 48% conversion with 14% ee
under identical conditions. The enhanced catalytic activity
of the mesoporous organosilicas is mainly caused by the spe-
cific adsorption and physical properties of the mesoporous
network bridged with ethane groups, particularly the hydro-
phobic properties.
Recently, large-pore mesoporous ethane silicas functional-

ized with (1R,2R)-diaminocyclohexane were synthesized by
cocondensation of BTME and N-[(triethoxysilyl)benzyl]-
(�)-(1R,2R)-diaminocyclohexane (compound 11 in
Scheme 8) in acidic medium using P123 as the template.[50]

The pore diameter of the material can be as large as 7.5 nm.
(1R,2R)-Diaminocyclohexane protruding in the mesopore
was further modified through treatment with p-toluenesul-
fonyl chloride (Scheme 10). After complexing with
[{RhCp*Cl2}2], the modified catalyst exhibited 53% conver-
sion with 68% ee in the ATH of acetophenone in a
HCOONa–H2O system, which was much higher than that of
the unmodified material (18% conversion with 38% ee)
under similar conditions. Moreover, a number of different

Scheme 9. Preparation procedure for Rh-containing mesoporous silicas with trans-(1R,2R)-diaminocyclohex-
ane in the wall under basic conditions.[46] cod=1,5-cyclooctadiene.
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aromatic ketones can be converted into the corresponding
chiral alcohols on the modified material. For 2-acetylnaph-
thalene substrate, the highest enantioselectivity of 81% was
observed. The above results show that the direct synthesis
associated with postmodification is a facile method to syn-
thesize mesoporous materials with chiral functional groups.
The incorporation of chiral catalysts in the pores of

PMOs provides another alternative for the synthesis of
chiral solids. Our studies show that the surface hydrophilici-
ty/hydrophobicity has a great influence on the catalytic ac-
tivity of chiral solid catalysts. Owing to the limited numbers
of chiral silane precursors, the cocondensation method asso-
ciated with the postmodification is one of the efficient ways
for the synthesis of mesoporous materials containing new
functionalities. Adjusting the organic groups in the frame-
work can change the surface properties of the mesoporous
materials at the molecular level. Through finely adjusting
the microenvironment of the chiral catalyst, the catalytic ac-
tivity and even the enantioselectivity could be greatly im-
proved. The mesoporous materials with different organic
groups in the framework and chiral ligands in the mesopores
are a new class of promising materials for developing heter-
ogeneous chiral catalysts.

4. Encapsulation of Chiral Metal Complexes in
Nanoreactors

The encapsulation method by enclosing metal complexes in
the rigid pore space has overwhelming advantages over
other immobilization methods. The metal complex does not
require any modification with extra functional groups for
the immobilization as with covalent linkages. The structure
and properties of the catalyst, on which the catalytic perfor-
mance depends, consequently remain intact after immobili-

zation. Under the reaction conditions, the metal complex
catalyst encapsulated in a void space could, in principle,
remain as free as the catalyst in solution since there is not a
strong interaction between the catalyst and solid matrix, and
the inherent catalytic performance of the metal complex
could thus be maintained.

4.1. Encapsulation of Chiral Metal Complexes in the
Nanoreactors

Since the 1970s, the “ship in a bottle” synthesis has become
an efficient method for encapsulating metal complexes
within a solid matrix, particularly in microporous materials
like zeolites.[51] However, the synthesis of constructed chiral
complexes in zeolites through “ship in a bottle” methods
was not reported until 1997 when Corma and Bein reported
that a chiral catalyst in the zeolite matrix exhibited moder-
ate enantioselectivity in asymmetric epoxidations.[52,53] The
“ship in a bottle” synthesis in zeolites was recently reviewed
by Corma.[54] Here, we mainly summarize the recent advan-
ces which use mesoporous silica as a host material.
Compared with microporous zeolites, ordered mesopo-

rous silicas have a larger pore size and pore volume, which
provides huge possibilities for the encapsulation of larger
molecules. The Algarra and Tanamura groups reported the
synthesis of copper phthalocyanine and porphyrin in MCM-
41 through the “ship in a bottle” method.[55,56] However, the
cylinderlike pores of MCM-41 could not prevent the metal
complex from leaching. Compared with MCM-41 and SBA-
15 with cyclinder channels, mesoporous silicas with cagelike
structures, such as SBA-1 (cubic, Pm3n),[57] SBA-16 (cubic,
Im3m),[58,59] FDU-12 (cubic, Fm3m),[60] and FDU-1 (cubic,
Fm3m),[61] are more suitable as host materials for the encap-
sulation. These mesoporous cagelike silicas have tunable
cage sizes (4–8 nm for SBA-16; 10–22 nm for FDU-12) and
their cages are interconnected three dimensionally by tuna-
ble pore entrances. Additionally, the existence of plentiful
hydroxyl groups in the mesoporous silicas provides the pos-
sibility of tailoring the pore entrance size by a simple silyla-
tion method.
We constructed chiral [Co ACHTUNGTRENNUNG(salen)] complexes (salen=

(R,R)-N,N’-bis(3,5-di-tertbutylsalicylidene)-1,2-cyclohexane-
diamine) in the nanopores of SBA-16 through a “ship in a
bottle” synthesis followed by tailoring the pore enterance
size by using a silylation method (Scheme 11).[62] Chiral [Co-
ACHTUNGTRENNUNG(salen)] encapsulated inside SBA-16 shows enantioselectivi-
ty (up to 96% ee) as high as that of the homogeneous coun-
terpart for the hydrolytic kinetic resolution (HKR) of termi-
nal epoxides. The catalysts can be recycled for at least 10
times, indicating that the metal complex is confined stably in
the nanocages of SBA-16.
The “ship in a bottle” synthesis in mesoporous cagelike

materials combined with tailoring the pore entrance size
provides a promising method for encapsulating metal com-
plexes with large molecular size. However, the “ship in a
bottle” synthesis may have problems such as formation of
undesired species in the solid matrix, which probably causes

Scheme 10. Postsynthetic modification of mesoporous organosilica with
(1R,2R)-diaminocyclohexane in the pore by treatment with p-toluenesul-
fonyl chloride, and after modification the catalytic performance in the
asymmetric transfer hydrogenation of acetophenone is improved.[50]
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the undesired reactions. Moreover, this method is suitable
for only a few metal complexes which can be constructed
through one or two steps under mild reaction conditions.
Most chiral metal complexes are generally synthesized
through multiple steps and sometimes even under very
harsh conditions, which are not possible in nanoreactors. To
solve this problem, our group has developed a new strategy
for the encapsulation of various chiral metal complexes in
the nanoreactor through postmodification of the pore en-
trance.[63]

A preformed metal complex catalyst is first introduced
into the cagelike pore of a mesoporous material SBA-16 by
impregnation or adsorption (Scheme 12). The pore entrance

size is then finely tailored by a silylation method according
to the molecular size of the catalyst, reactants, and prod-
ucts.[64,65] Thereby the metal complexes can be encapsulated
in the mesoporous cages while the reactants and products
can still diffuse freely through the pore entrance. For exam-
ple, chiral catalysts [Co ACHTUNGTRENNUNG(salen)] and [Ru ACHTUNGTRENNUNG(tsdpen)] were en-
capsulated in the mesoporous cage of SBA-16 by this strat-
egy. The encapsulated [Co ACHTUNGTRENNUNG(salen)] and [Ru ACHTUNGTRENNUNG(tsdpen)] cata-
lysts show enantioslectivity and activity that are as good as

the homogeneous analogues in the HKR of epoxides and
asymmetric transfer hydrogenation of ketones, respectively.
The encapsulated catalysts can be recycled for more than 10
times without significant loss of catalytic performance. The
chiral reactions in the nanoreactor just mimic those that
occur in the homogeneous process because chiral metal
complexes encapsulated in the nanoreactor have very weak
interactions with the host material. Thus they can move and
change their configuration freely during the catalytic pro-
cess.
Through the encapsulation method, the chiral metal com-

plex catalysts can be trapped in the cage of mesoporous ma-
terials like SBA-16 by modifying the pore entrance size of
the cage using a silylation reaction. The as-prepared hetero-
geneous catalyst can be easily recycled without significant
loss of catalytic performance and shows catalytic perfor-
mance comparable to the homogeneous catalyst. This strat-
egy could be generally applicable for various chemical trans-
formations and nanoreactor design.

4.2. Cooperative Activation Effects in Nanoreactors

It has been recognized that the cooperative activation by
two or more catalytic centers with proper proximity could
greatly increase the activity and enantioselectivity of homo-
geneous chiral catalysts through a specific control of the
transition state, like in enzymatic catalysis.[66] If the coopera-
tive activation is realized in heterogeneous asymmetric cat-
alysis, it can provide new possibilities for developing high-
performance heterogeneous catalysts, especially solid chiral
catalysts. However, the generation of such a cooperative ac-
tivation in a solid catalyst is difficult, because of the inability
to elaborately control the proper proximity and the relative
conformation of the active centers. Previously, it was report-
ed that the enantioselectivity and diastereoselectivity of
photochemical reactions were significantly increased by per-
forming the reactions in the supracages of zeolites.[67–69] This
is because the confined space of the supercage could enforce
an appropriate proximity and an interaction between the re-
actant and chiral inductor in a constrained space.[67] The en-
capsulation of chiral metal complexes in the nanocages of
mesoporous silica provides new possibilities for the genera-
tion of cooperative activation because the chiral transition-
metal complexes are confined but allowed to move freely in
the isolated nanospace of porous solids, and the proper
proximity and the relative conformation of the catalysts re-
quired for the cooperative activation could be realized
through precisely adjusting the loadings and types of transi-
tion-metal complexes in the confined space.
In our recent work, two or more than two chiral [Co-

ACHTUNGTRENNUNG(salen)] catalyst molecules could be confined in a single
nanocage of SBA-16.[70] The [Co ACHTUNGTRENNUNG(salen)]/SBA-16 catalysts
with two or more than two [CoACHTUNGTRENNUNG(salen)] complexes in each
cage show a significantly enhanced cooperative activation
effect and exhibit much higher activity than the homogene-
ous [Co ACHTUNGTRENNUNG(salen)] catalyst for the hydrolytic kinetic resolution
(HKR) of epoxides (Figure 4a). The catalytic activity gradu-

Scheme 11. The general process for encapsulation of chiral [CoACHTUNGTRENNUNG(salen)] in
the cages of phenyl-modified SBA-16 through the “ship in a bottle” syn-
thesis.[62]

Scheme 12. General process for encapsulation of a chiral catalyst within
the nanoreactor cage of mesoporous silica followed by tailoring the pore
entrance size through silylation, which prevents the catalyst from leach-
ing, while allowing the reactants and products to diffuse through the pore
entrance freely.[63]
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ally increases as the number of [Co ACHTUNGTRENNUNG(salen)] units in each
cage increases, and then reaches a plateau when the number
of [Co ACHTUNGTRENNUNG(salen)] molecules reaches five (Figure 4b). The in-
crease in the activity and enantioselectivity with an increase
in the number of [Co ACHTUNGTRENNUNG(salen)] complexes per cage obviously
indicates that the cooperative activation effect of [Co-
ACHTUNGTRENNUNG(salen)] complexes in the nanocages can be strengthed
owing to the crowded situation of the cobalt complexes in
the nanocages. The appropriate proximity and the free
movement of [CoACHTUNGTRENNUNG(salen)] in the confined space offer the
possibility that H2O activated by one [Co ACHTUNGTRENNUNG(salen)] complex
can attack the epoxide activated by another [Co ACHTUNGTRENNUNG(salen)]
complex, and then facially produce the diol with high activi-
ty. This reasoning is corroborated by DFT calculations.
To further understand the enhanced cooperative activa-

tion effect in the nanocage, we compared the catalytic per-
formances of the homogeneous [Co ACHTUNGTRENNUNG(salen)] and [Co ACHTUNGTRENNUNG(salen)]/
SBA-16 (with a Co content of 0.157 wt%) for the HKR of
propylene epoxide at high substrate/catalyst (S/C) ratio (the
molar ratio of racemic epoxide to [CoACHTUNGTRENNUNG(salen)]; Figure 5).
Homogeneous [Co ACHTUNGTRENNUNG(salen)] affords 34% conversion at a S/C
ratio of 4000:1. Under the similar conditions, [Co ACHTUNGTRENNUNG(salen)]/
SBA-16 gives 49% conversion. The catalytic activity of [Co-

ACHTUNGTRENNUNG(salen)]/SBA-16 is higher than that of the homogeneous cat-
alyst (TOF: 163 h�1 versus 113 h�1). When the S/C ratio is
increased from 4000:1 to 12000:1, the conversion for the ho-
mogeneous catalyst sharply decreases from 34% to 7%
even though the reaction time is prolonged to 24 h, and the
TOF decreases from 113 h�1 to 35 h�1. The enantioselectivity
simultaneously decreases from 98% ee to 89% ee. In con-
trast, under similar conditions, [Co ACHTUNGTRENNUNG(salen)]/SBA-16 can still
afford 50% conversion with 98% ee of the diol at an S/C
ratio of 12000:1 (the average TOF increases because the re-
action undergoes an induction period for the solid catalyst).
Thus, [Co ACHTUNGTRENNUNG(salen)] confined in the nanocage displays a much
higher activity and enantioselectivity in the HKR of propyl-
ene epoxide than the homogeneous counterpart, especially
at high S/C ratios.
We have demonstrated that the cooperative activation

effect can be enhanced in the nanocages of mesoporous ma-
terials. By accommodating [CoACHTUNGTRENNUNG(salen)] complexes in the
nanocages of SBA-16, an efficient solid chiral catalyst for
the hydrolytic kinetic resolution of epoxides was developed.
The solid catalyst exhibits significantly higher activity and
enantioselectivity than the homogeneous [Co ACHTUNGTRENNUNG(salen)] com-
plex in the HKR of epoxides at high S/C ratios. The solid
catalyst can be easily recycled by filtration without apparent
loss of catalytic activity and enantioselectivity. The nanocag-
es of mesoporous materials can be used as nanoreactors to
confine metal complexes with a high local concentration and
thus lead to a crowded microenvironment of the complexes,
which enhances the cooperative activation. This work pro-
vides a new opportunity for the design of efficient solid cat-
alysts for asymmetric reactions as well as many other reac-
tions which involve cooperative activation by separate cata-
lytic centers or second-order kinetic dependence on the
local concentration of the catalysts.
The encapsulation of enzymes in nanoreactors for organic

synthesis is an exciting and rapidly growing area. Recently,
we reported the immobilization of lipases in the nanopores
of magnetic siliceous mesocellular foam for the kinetic reso-
lution of secondary alcohols. The heterogenized biocatalyst

Figure 4. a) Hydrolytic kinetic resolution of epoxides on [Co ACHTUNGTRENNUNG(salen)] com-
plexes confined in the nanocages of SBA-16. For clarity, the four tert-
butyl groups on the 3,5,3’,5’-postions of the salen ligand, the CH3COO
group of [Co ACHTUNGTRENNUNG(salen)], and the propyl groups on the surface of SBA-16
are omitted; b) The catalytic activity of [CoACHTUNGTRENNUNG(salen)]/SBA-16 as a function
of [Co ACHTUNGTRENNUNG(salen)] number in each cage.[70]

Figure 5. Hydrolytic kinetic resolution of racemic propylene oxide on ho-
mogeneous [Co ACHTUNGTRENNUNG(salen)] catalyst and heterogeneous [Co ACHTUNGTRENNUNG(salen)]/SBA-16
catalyst.[70]
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in the magnetically separable, hydrophobic foam showed
much better catalytic activity than that of the commercial
lipase powder for the kinetic resolution of secondary alco-
hols, and can be readily recycled for at least seven times
without significant loss of catalytic performance.[71] The en-
hanced activity of enzymes encapsulated in the nanoreactor
is most possibly due to the cooperative activation effect, but
this effect for enzyme catalysts is not well understood at
present.

5. Conclusions and Perspectives

This Focus Review summarizes the recent advances in chiral
catalysis in nanoreactors of mesoporous materials and orga-
nosilicas with an emphasis on the confinement and coopera-
tion effect induced in the nanoreactor. The chiral catalysts
can be introduced into the nanopores by various methods,
including chemical grafting, ion exchange, and some novel
methods, such as “ship in a bottle” synthesis, encapsulation
of the chiral catalysts in the nanocage of mesoporous silicas,
and cocondensation of chiral catalysts into the framework of
PMOs. Some examples clearly suggest that the confinement
effect of nanopores can improve the chiral induction for
asymmetric catalysis. It is noteworthy to mention that [Co-
ACHTUNGTRENNUNG(salen)] encapsulated in the nanocage of SBA-16 exhibits an
even higher catalytic activity than the homogeneous coun-
terpart in the HKR of propylene oxide through cooperative
activation despite the diffusion barriers of the reactants and
products in the heterogeneous process. This result indicates
that the confined space of the nanopore can enhance the co-
operative activation for asymmetric catalysis.
When a homogeneous chiral catalyst is immobilized into

pores of mesoporous materials, the enantioselectivity can be
remarkably increased or decreased compared with the ho-
mogeneous counterpart. It can be reasonably explained by
the kinetics of the chiral reactions. As we mentioned in the
introduction, weak interactions such as van der Waals
forces, hydrogen bonding, and physical adsorption are possi-
bly involved in the reactions inside the pores, which have a
similar energy magnitude to the small difference (usually
less than 15 kJmol�1) between the chiral transition states R
and S, are able to affect the energy difference between the
two transition states accordingly to change the enantioselec-
tivity or even to reverse the chiral selectivity. The small
energy difference between the two transition states is very
sensitive to the pore environment of the immobilized metal
complex catalysts. From the viewpoint of kinetics, it could
be possible to explain the remarkable increase or decrease
of the enantioselectivity for a homogeneous catalyst con-
fined in pore materials.
The steric constraints of porous supports can not only

form restricted chiral environments to confine the stereo-
configuration of the products, but also affect the dynamic
diffusion of the substrates or the products along the reaction
coordinate. When the pore size is decreased to the nano or
sub-nano scale, electronic interactions in nanopores could

become a dominant factor, the so-called nano effect. In ad-
dition to the steric effect of the pore, the microenvironment
of the pore may also have a big influence on the perfor-
mance of a chiral catalyst confined in the nanopore. For
asymmetric reactions, the role solvents play in liquid reac-
tions is of pivotal importance in determining the enantiose-
lectivity. Solvent effects are closely related to the intermo-
lecular interactions between solvent, chiral catalyst, and re-
actant(s) that constitute a solvation microsphere. The static
influence of solvents on the enantioselectivity could be un-
derstood in terms of transition-state theory. According to
this theory, solvents can modify the Gibbs energy of two dif-
ferent stereoisomers by different solvation of the reactants
and the activated chiral catalyst, thus exerting stereospecific
solvation control over enantioselectivity. The dynamic influ-
ence of the solvent on enantioselectivity is related to the po-
larity and molecular structure of the molecules that deter-
mine solvent dynamics such as solvent relaxation and reor-
ientation. For asymmetric reactions in a nanoreactor, the
solvent microsphere, solvent dynamics, and intermolecular
interactions may be quite different from those of the con-
ventional homogeneous reaction owing to the influences
from the rigid pore wall, the hydrophilicity/hydrophobicity
of the surface, and the confined space of nanoreactor. It is
reasonable to expect that novel solvent effects in nanoreac-
tors will provide a new opportunity to improve the enantio-
selectivity for heterogeneous asymmetric reactions.
Many efforts have been made toward designing new

chiral metal complexes through finely adjusting the micro-
environment of the active site. When a chiral metal complex
is in the nanoreactor, additional parameters, such as the sur-
face properties (hydrophilicity/hydrophobicity), the size of
the nanoreactor, the interactions of chiral metal complexes
with the nanoreactor, the amounts and types of chiral metal
complexes in the nanoreactor, and the rigid environment of
the nanoreactor, can also greatly influence the catalytic per-
formance, especially the enantioselectivity. As we observed
for the HRK reaction, the confinement and cooperative ac-
tivation effects of the nanoreactor results in higher enantio-
selectivity and catalytic activity for the asymmetric catalysis.
The above-mentioned factors provide versatile possibilities
to improve the chiral inductivity for asymmetric catalysis in
nanoreactors.
Asymmetric catalysis in nanoreactors has both scientific

significance and potential applications. However, research in
this direction is still in an early stage and there is plenty of
room for further development: 1) The cooperative effect in
nanoreactors should be investigated in detail and the asym-
metric reactions in nanoreactors should be extended to
many different types of reactions which involve cooperative
activation by separating catalytic centers or second-order ki-
netic dependence on the local concentration of the catalysts;
2) The dynamics and kinetics of the asymmetric reactions in
the nanoreactor might be very different from those in mac-
roscale reactions and are needed for a detailed investiga-
tion; 3) The nature of the confinement effect on the catalyt-
ic performance of the chiral catalyst is a very interesting

Chem. Asian J. 2008, 3, 1214 – 1229 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1227

Asymmetric Catalysis in Nanoreactors



issue to be extensively investigated; 4) The chiral catalysts
to be trapped in the nanoreactor are not limited to chiral
transition-metal complexes, and various other types of chiral
catalysts, such as organocatalysts, Lewis acid catalysts, and
even biocatalysts could also be immobilized in the nanoreac-
tor; 5) The development of new strategies for the immobili-
zation of chiral catalysts in nanoreactors of new porous ma-
terials and the synthesis of porous materials with suitable
nanocages are also important for preparing chiral solid cata-
lysts for chiral synthesis in nanoreactors.
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