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Chiral Organometallic Catalysts in Confined Nanospaces: Significantly
Enhanced Enantioselectivity and Stability
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This microreview presents some selected representative ex-
amples which demonstrate that significant improvement in
the catalytic performance (increase in catalytic activity, sta-
bility and chemo- and enantioselectivity) of organometallic
chiral catalysts as well as their recycling ability can be
achieved by heterogenizing them in the confined spaces of
porous or layered support materials. The positive effects of

immobilization on the catalytic efficiencies are discussed in
terms of the confinement effect and site-isolation effect, etc.,
with the aim of understanding the extent to which such ef-
fects lead to positive changes in the catalytic properties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

For economic, environmental and social reasons, the
trend towards the application of optically pure compounds
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is undoubtedly increasing. Among the various methods
which can be used to selectively produce single enantiomer,
asymmetric catalysis is the most attractive method from the
atom-economic point of view.[l:] Over the last thirty years,
numerous catalytic reactions allowing the enantioselective
formation of C-H, C-C, C-O, C-N and other bonds have
been discovered. A number of homogeneous organometallic
chiral catalysts have gained wide acceptance in terms of
their efficiency and selectivity, and some of them are even
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used on an industrial scale.>>1 However, in spite of the
huge amount of work devoted to this subject in both the
academic and industrial fields, the contribution of asym-
metric catalysis to the overall production of chiral chemi-
cals is much lower than originally expected. One of the
major drawbacks of homogeneous catalysis is the need to
separate the relatively expensive chiral catalysts from the
reaction mixture at the end of the process. The possible con-
tamination of the product with metal catalysts also severely
restricts their use in industry. In order to overcome these
drawbacks, a great deal of effort has been made to develop
effective heterogenized catalyst systems, mainly, by immobi-
lizing homogeneous chiral catalyst on solid supports by: (i)
covalent bonding, (ii) adsorption or ion-pair formation, (iii)
encapsulation, or (iv) entrapment, etc.[®® In any case of
heterogenization method, the support materials need to be
thermally, chemically, and mechanically stable during the
reaction process. Moreover, the structure of the support
needs to be such that the active sites are well dispersed on
its surface and easily accessible. Generally, this requires the
support to have a reasonably high surface area (typically
>100 m2g ') and an appropriate pore size (i.e. >20 A), in
order to allow for the easy diffusion of the reactants to the
active sites.’) Thus, inorganic supports!!” such as mesopo-
rous silica and clay, have been extensively used for the im-
mobilization of catalysts because of their large surface area,
chemical and physical stability, and tunable pore or layer
structure. One obvious benefit of supported catalysts is the
easy separation of the relatively expensive chiral catalysts
from the reaction mixture at the end of the process. In ad-
dition, catalysts immobilized on porous or layered materials
have sometimes been found to exhibit much better catalytic
performances than their homogeneous analogues due to
geometrical constraints imposed by the pores or lay-
ers.11-13]

The instability of homogeneous catalysts is often due to
the formation of inactive multinuclear species. However, the
colocalization of the catalytic sites can easily be prevented
by immobilizing the catalysts in confined spaces, i.e., by the
site-isolation of the catalytic sites,['* 1% consequently in-
creasing the stability and turnover numbers of the catalyst.
In this respect, mesoporous-type materials appear to be
more attractive, due to their regular structures and tunable
pore diameters. In addition to this enhanced stability, in-
creased activity and selectivity were also observed upon im-
mobilization in the confined space, due to the confinement
effect originating from the weak interactions (hydrogen
bond, van der Waals force, adsorption, etc.) between cata-
lyst/substrate and pore surfaces. The polar or acidic pore
surface can participate in the catalysis cooperatively, e.g.,
by stabilizing a charged transition state and thereby increas-
ing the reaction rate.l'”-'1 In addition, because this weak
interactions between catalyst/substrate and pore surfaces is
about the same level as the energy difference between the
two transition states corresponding to the (R) product and
the (S) product, the enantioselectivity can also be very sen-
sitively (positively or negatively) altered.''l Enantio-
selectivity can be, thus, increased or decreased, or even re-
2928
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versed. Therefore, the enantioselectivity could be improved
by careful tuning the confinement effect based on the mo-
lecular designing of the pore/surface and the immobilized
catalysts according to the requirements of chiral reac-
tions.['’"13 In this microreview, some selected examples will
be given which can nicely demonstrate that a significant
improvement in the stereoselectivity of the organometallic
catalyst may be achieved by heterogenizing it into the con-
fined nanospaces of porous or layered materials. Also, the
effects positively influencing the catalytic efficiencies of the
supported catalysts are discussed in terms of the confine-
ment effect and site-isolation effect, etc., with the aim of
understanding how such effects lead to positive changes in
the catalytic properties.

Selected Examples

Asymmetric Hydrogenation

Several striking examples of the positive control effected
by nanopores have been provided by the research group of
Thomas and Johnson.[?>24 The Pd catalyst 1 supported on
the mesoporous channels of MCM-41 affected the hydro-
genation of ethyl 1,4,5,6-tetrahydronicotinate (3) to afford
nipecotic acid ethyl ester (4) in 17% ee, whereas the use of
the soluble version 2 resulted in a racemic mixture
(Scheme 1). This enhanced chiral induction was explained
in terms of the confinement effect of the ordered mesopore
of MCM-41, which confine the substrate and ligand of the
catalysts.*!]
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Scheme 1.

The same research groupl®! incorporated (S)-2-amino-
methyl-1-ethylpyrrolidine (AEP) or (1R,2R)-1,2-diphenyl-
ethylenediamine (DED) into the concave surface of MCM-
41 (pore diameter 30 A) and to the convex surface of non-
porous silica (Carbosil). Catalytic reactions were carried
out using heterogeneous Rh and Pd catalysts for the asym-
metric hydrogenation of (E)-o-phenylcinnamic acid and
methyl benzoyl formate. Compared to the corresponding
homogeneous catalyst or silica-supported catalyst, a signifi-
cant enhancement of the ee value was observed for the
MCM-41-supported catalyst (with the concave surface).
For example, surprisingly, the Rh(COD)- and Pd(allyl)
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Scheme 2.

complex of AEP anchored on MCM-41, 5 and 6, gave 92
and 87% ee, respectively, in the hydrogenation of methyl
benzoyl formate, while the homogeneous catalysts gave a
racemic product (Scheme 2). This increase in the ee values
was attributed to the restricted access of the reactant to the
active site generated by the concavity of the pore. Soon af-
ter, the same group? also anchored [Rh(COD)(S)-
PMP][CF;S04], [Pd(allyl)(S)-1-(2-PMP)] [CF3S03],
[Rh(COD)(S)-AEP] [CF;3SO;] and [Rh(COD) (1R,2R)-
DED][CF;S0;] noncovalently through N-H--F hydrogen
bonding with the triflate ion, CF3;SO;5" to the inner surface
of a set of silicas with narrowed pore-size distributions (38,
60, and 250 A). The catalytic performances of the hetero-
geneous catalysts were tested in the asymmetric hydrogena-
tion of methyl benzoyl formate to produce methyl mandel-
ate. The supported catalysts generally exhibited remarkably
higher ee values than their homogeneous counterparts. No-
tably, the heterogeneous catalysts 7 and 8 gave up to 82 and
79% ee, respectively, while their two homogeneous counter-
parts, [Rh(COD)AEP]*" and [Rh(COD)DED]*, did not dis-
play any significant ee (Scheme 2). The increase of the ee
values of the supported catalysts was observed in a manner
that logically reflects the declining influence of spatial con-
straint in proceeding from the 38-A- to the 60-A- to the
250-A-pore-diameter silica. A similar enhancement of
enantioselectivity in the hydrogenation of (E)-u-phenylcin-
namic acid affording 2,3-diphenylpropanoic acid was also
observed by heterogenizing [Rh(COD)(S)-AEP][CF;SOs]
and [Rh(COD)(1R,2R)-DED][CF;SOs] noncovalently
through H bonding of the triflate ion, CF3SO5" to the sil-
anol groups of inner surface of MCM-41.1>3]
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The above examples provided by the research group of
Thomas and Johnson strongly suggest that the conventional
heterogenization approach, i.e., heterogenizing those cata-
lysts designed for homogeneous processes, may not neces-
sarily be the best solution for the development of efficient
heterogenized chiral catalyst systems when it comes to im-
mobilizing catalysts in the confined spaces of porous or lay-
ered support materials. Moreover, the above-mentioned re-
sults also suggest that the heterogenization of catalysts in
confined spaces may provide a new paradigm for the devel-
opment of highly efficient chiral catalysts.

Other Examples

Augustine et al.??) immobilized various Rh complexes of
well-known chiral bis(phosphane) ligands, such as DiPamp
(9), Prophos (10), Me-DuPhos (11), and BPPM (12) onto
heteropolyacid-modified inorganic supports, e.g., montmo-
rillonite K, alumina. Somewhat surprisingly, both reaction
rates and enantioselectivities significantly increased upon
subsequent reuse of the recovered immobilized catalysts.
After 9" reuse, DiPamp-rhodium supported on a PTA-alu-
mina gave rise to a 97% ee vs. 76 % ee for the homogeneous
complex during the hydrogenation of methyl 2-acet-
amidoacrylate (13) (Scheme 3). Rege et al. also observed
that the noncovalent immobilization of [(R,R)-Me-
(DuPHOS)Rh(COD)]OTT afforded by interaction of triflate
counterion with surface silanol groups of MCM-41 resulted
in 99% ee in the hydrogenation of 13, compared to 87% ee
with the homogeneous Rh complex of 11 (Scheme 3).*”]
2929
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Corma et al.?®31 immobilized a number of proline de-
rivatives on silica and modified USY zeolite (pore diameter
12-30 A) (e.g. 15a and 15b in Scheme 4), and used them
for the hydrogenation of various (Z)-N-acylcinnamic acid
derivatives such as 16a and 16b. For all of the substrates
tested using these catalysts, the enantioselectivity was
higher with the zeolite-supported complex 15a than with
either the silica-supported 15b or unsupported complex 14,
suggesting that the steric constraints of the support play an
important role, especially in the case of zeolite where the
reaction must take place in the confined spaces of the su-
permicropores. This is the first example in which the steric
constraints of support (in this case, zeolite) was found to
have positive effect on enantioselectivity.[*82°]

Pérez et al. also reported that the enantioselectivity of
the supported complex was significantly increased com-
pared with that obtained with the homogeneous one.?? (S)-
MAB-Ru anchored onto MCM-41 (19-Ru) catalyze the
asymmetric hydrogenation of itaconic acid and oa-acet-
amidocinnamic acid to yield the (R) product with 100%
yield and 97% ee, while the homogeneous one, (S)-MAB-
Ru (18-Ru), gave only moderate ee values (80 and 69.8 %,
respectively) (Scheme 5). The authors hypothesized that the
interaction of the ligands with the pendant hydroxy groups
present on the pores of MCM-41 may increase the rigidity
of the overall catalytic structure. This, in turn, would re-
strict the rotation of the transition state and favor forma-
tion of nearly pure stereoisomers. In addition, the reaction

L
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yield remained at 100% while the enantioselectivity de-
creased only slightly, from 97 to 94%, after three runs.
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Scheme 5.

In an effort to rationally design functional hybrid solids
based on organic linkers and metal nodes, Hu et al.*3l de-
signed and synthesized novel chiral porous zirconium phos-
phonates containing Ru-BINAP-DPEN moieties 20. The
synthesized chiral porous hybrid solid catalyzed the asym-
metric hydrogenation of unfunctionalized aromatic ketones
with remarkably higher activity and enantioselectivity (up
t0 99.2% ee) than the parent homogeneous counterpart Ru-
BINAP-DPEN system 19. For example, acetophenone was
hydrogenated to 1-phenylethanol with complete conversion
and 96.3% ee in 2-propanol with 0.1 mol% loading of the
solid catalyst 20. This level of enantioselectivity is signifi-
cantly higher than that observed for the parent homogen-
eous catalyst 19 which typically gives ca. 80% ee for the
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same reaction (Scheme 6). A similar method has also been
used to synthesize other chiral, porous hybrid ruthenium
solids.*# In the heterogeneous asymmetric hydrogenation
of B-keto esters, an ee value of up to 95% was achieved.

Asymmetric Oxidation

An extremely exciting example was very recently pro-
vided by Caps et al.,’> which demonstrates that the hetero-
genization of catalysts in confined spaces can be used not
only to improve the stereoselectivity but also to generate a
new chiral species in situ from achiral catalyst precursors.
The heterogenization of the achiral cluster, Os;(CO);,, on
the internal space of MCM-41 using simple chemical vapor
deposition (CVD) gave a superior enantioselectivity
towards the (S,S) configuration of the 1,2-diphenyl-1,2-
ethanediol in the dihydroxylation of trans-stilbene using N-
methylmorpholine N-oxide (NMO) as an oxidant without
adding any chiral ligand. This surprising effect was even
more pronounced when surface Al sites were introduced
into the silicate [90% ee for (S,S)-isomer] (Scheme 7). This
90% ee towards the (S,S) configuration is much higher than
that reported using a homogeneous OsO,/NMO/acetone/
water system containing a chiral ligand (78 %).[3%] One pos-
sible reason for this chiral induction might be the “sponta-
neous symmetry breaking”[37-31 of achiral Os;(CO),, dur-
ing CVD on the MCM-41 or related surfaces, resulting in a
new surface-chiral catalytic species. However, unfortunately,
many attempts by us to reproduce this highly interesting
result have been failed yet.

0s(CO),
ps/ S

(CO) ’
~J N\ ———0s(CO)
N y
O] —
_M\CM-41
Ph "undefined structure" QH Ph
R N
PRTS NMO Ph™ Y
"without any chiral source” OH
up to 90% ee
Scheme 7.

A significant enhancement of the enantioselectivity as a
result of the confinement effect was also observed in the
epoxidation of a-methylstyrene with hypochlorite.[*”! Jacob-
sen’s Mn(salen) complex encapsulated in the spacious su-
percages of MCM-22 (22) showed significantly better
enantioselectivity than the homogeneous catalyst 21 under
the same conditions, i.e., 91.3% ee vs. 51% ee (Scheme 8).
Moreover, the encapsulated complex was three times more
active than the homogeneous counterpart 21, which is also
attributed to site-isolation, i.e., to the suppressed formation
of dimeric and other oligomeric Mn oxo complexes due to
geometric constraints.
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Scheme 8.

Li et al. also observed that the immobilization of the chi-
ral Mn(salen) complex through the complexation of manga-
nese by the oxygen atoms of the phenoxyl groups grafted
on the surface of MCM-41 leads to a markedly higher ee
value than that observed for the free complex in the asym-
metric epoxidation of simple olefins.*!! For example, in the
epoxidation of a-methylstyrene in CH,Cl, with NaOCI as
the oxidant, the enantiomeric excess is notably increased
from 56% for the homogeneous catalyst to 72% for the
heterogeneous Mn(salen)/MCM-41 catalyst (23). Soon af-
ter, the same group also reported that chiral manga-
nese(salen) catalysts axially immobilized in nanopores by
Ph sulfonic groups (24) also resulted in remarkably higher
ee values (up to 95%) for the asymmetric epoxidation of
unfunctionalized olefins (Scheme 9).14243]

Similar results were observed with other salen-M com-
plexes anchored on porous supports.*-4° Kim et al.*4! re-
ported that, for the asymmetric epoxidation of a-methylsty-
rene, the ee value increased from 51% to 59% after the
immobilization of Mn(salen) on the siliccous MCM-41 by
multi-step grafting. Kureshy et al.l*9 also reported that
montmorillonite clay supported dicationic Mn(salen) exhib-
ited similar or even higher ee values for the epoxidation of
2,2-dimethyl-6-nitrochromene, indene, and styrene than the
corresponding homogeneous catalysts. It has also been re-
ported that, for the enantioselective epoxidation of f-meth-
ylstyrene, the ee value increased from 54% to 73% after the
immobilization of Cr(salen) through axial NH, complex-
ation.[l

Another good example of the confinement effect in het-
erogenized catalysts on porous supports was provided by
Corma et al. The use of MoV! complexes of chiral ligands
derived from (25,4 R)-4-hydroxyproline, heterogenized onto
a modified USY zeolite by covalent bonding,*”! in the
epoxidation of geraniol and nerol with TBHP as the oxygen
source resulted in much higher enantioselectivities (47 % ee
for geraniol and 64 % ee for nerol) than those (up to 27.6%
ee for geraniol and up to 10.4% ee for nerol) obtained with
the homogeneous counterpart 25. This enhanced enantio-
2931
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MCM-41

Scheme 9.

selectivity can also be ascribed to the additional steric con-
straints imposed by the zeolite pores. The lifetime of the
heterogenized catalyst was also examined by the repeated
use of the catalyst 26 which showed similar rates and yields
of epoxide, even after five runs (Scheme 10). The enhanced
stability of the heterogenized complex was ascribed to the
stronger coordination of the dihydroxy ligand to Mo than

Scheme 10.
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that of the acetylacetonate or hydroxy group present on the
substrate, ferz-butyl alcohol or hydroperoxide. The site-iso-
lated catalyst molecules on the mesopores could also avoid
being deactivated by dimerization and oligomerization of
the Mo species.

Asymmetric C—X and C-C Bond-Forming Reactions

A good example of the confinement effect dramatically
improving the performance of chiral catalysts for C-X
bond-forming reactions was described by Thomas et al.[8]
In the case of the allylic amination of cinnamyl acetate, cat-
alyst 29, immobilized on the inner walls of mesoporous
MCM-41, exhibited superior catalytic properties than cata-
lyst 28 anchored on Carbosil (a nonporous, high-area silica)
and than homogeneous catalyst 27. The MCM-41-immobi-
lized catalyst 29 showed a degree of regioselectivity for the
desirable branched product (51%) and extremely high
enantioselectivity (>99% ee), whereas the Carbosil-immo-

Fe

Ph._~_ NHCH,Ph

+

Ph N

NHCH,Ph

Catalyst

Conversion (%) Straight chain (%) Branched (%) %ee

27 76
28 98
29 >99

2 43
51 >99

Scheme 11.
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bilized catalysts 28 afforded the branched product in only
2% yield and with 43% ee. In the case of the homogeneous
catalyst 27, the reaction produced solely the straight chain
product (Scheme 11). Although the regioselectivity of 29 is
still not very high, the careful design of active centers and
the control of pore size of supports will probably lead to
more unexpected selectivities.

Also in the Si—H insertion reactions of dimethylphenylsi-
lane with methylphenyldiazoacetate, a significant improve-
ment in enantioselectivity was observed by immobilizing
the chiral dirhodium complexes on Aerosil 200.14%-°% This
immobilized catalyst, SiO,—(CH,),COO-Rh,[(4S)-BNOX];
(31), showed a more than 10-fold increase in enantio-
selectivity (up to 28 % ee), while the homogeneous analogue
Rh,[(4R)-BNOX]; (30) gave nearly racemic product
(Scheme 12). In contrast to the catalysts immobilized on
Aerosil 200 having an average pore size of 50 nm, none of
the catalysts immobilized inside the pores of MCM-41
showed any activity. It is possible that there is not enough
space inside the pores of MCM-41 for the reaction to take
place. This result is reasonable, considering that the average
pore diameter (19 A) of MCM-41 is only slightly larger
than the catalyst size (between 19 and 13 A). A transition
state requiring a space-demanding conformation of the cat-
alyst might, therefore, be impossible under these circum-
stances.

Sanchez and co-workers!l anchored the Ni complex of
the L-proline amide 32b on USY zeolites or silica by coval-
ent bonding. Although the use of the insoluble catalysts 33
and 34 caused the conjugate addition of ZnEt, to the en-
ones 35 to take place more slowly, the ee values of the re-
sulting saturated ketones 36 were much higher for the zeo-
lite-supported Ni complex 33 (91 and 95% ee, for R = Ph
and Me, respectively) than its homogeneous counterpart
32a (77 and 75% ee, for R = Ph and Me, respectively) or
the silica-supported analogue 34 (34% ee, R = Ph)
(Scheme 13). The steric constraint imposed by the zeolite
pore was thought to contribute to the enhanced enantio-
selectivities that were observed. Sanchez et al. also attached

O\
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PhH,C"
j,CHzF’h PhHZC\‘__N Rh el =Rh”~

a series of chiral amines covalently to modified USY zeolite
and MCM-41 zeolite supports, and evaluated the ability of
the obtained chiral base catalysts confined in porous hosts
to improve stereoselectivity in conjugate additions of nu-
cleophiles to enones.l’?! It was found that the reaction rate
was enhanced, and the catalysts showed higher selectivity
than the free amines.
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For R = Ph, For R = Me

Using 32a: 77% ee
Using 33: 91% ee
Using 34: 34% ee (in THF)

Using 32a: 75% ee
Using 33: 95% ee

Scheme 13.

Chiral bis(oxazoline)copper complexes are known to be
highly effective enantioselective, homogeneous catalysts for
many C-C and C-X bond -forming reactions, such as
Diels—-Alder, aldol, Michael, ene, amination and aziridin-
ation reactions. It has also been reported that chiral bis-
(oxazoline)copper complexes constrained within the con-
fined spaces of porous materials exhibited substantially
higher enantioselectivity than the homogeneous cata-
lyst.53-3¢ For example, Wan et al. immobilized the Ph-sub-
stituted bis(oxazoline)copper(I) complex in zeolite Y for
the hetero-Diels—Alder reaction of (ethyl E)-pentenoate (39)
with ethyl vinyl ether, affording the dihydropyran 40
(Scheme 14).1531 The enantioselectivity (41%) of the solid
catalyst 38 was significantly higher than that obtained with

(/‘\ j/CH 2Ph

La”|

PhH2C. Rh”gﬁh | o 0
1“}')0 | © hodl
o 0. N .CHzPh 3
\1\/ 7 (R} R=(CHglg, (CHz)a p-CgHa
o Si
AU
30 ? o0
d Aerosil 200
or MCM-41
Cat.
Me, Ph CH,CI
@Wcoor\ne S . "‘r'e: - .COOMe
' LIxX
N, e H z MezPhSi H

Scheme 12.
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Using 30: 2% ee
Using 31: up to 28% ee
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Scheme 14. Selected examples of chiral bis(oxazoline)copper complexes constrained within confined spaces and their use in catalytic reactions.

the homogeneous catalyst 37 (20% ee) (Scheme 14a). Very
interestingly, the configuration of the (2S,4R) product ob-
tained from the heterogeneous reaction is opposite to the
(2R,4S) product obtained from the homogeneous reaction.
As described in the introduction section, this reversed
enantioselectivity could also be attributed to the confine-
ment effect of the porous supports.

The heterogeneous catalyst obtained by impregnating
Cu'' ion in zeolite Y and subsequent modification with the
bisoxazoline ligand 4154 also exhibited the superior
enantioselectivity (93 % ee) compared to the homogeneous
catalyst (57% ee) for the reaction of methylenecyclopentane
with ethyl glyoxylate (Scheme 14, b). The same authors ob-
served a similar enhancement of the ee value in the aziridin-
ation reaction which result from the confinement effect of
the zeolite pores.[>]
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Corma et al. covalently anchored the chiral bis(oxaz-
oline)copper(IT) onto silica and MCM-41 and tested its
catalytic ability in the Friedel-Crafts hydroxyalkylation of
1,3-dimethoxybenzene with 3,3,3-trifluoropyruvate.’! The
activity and enantioselectivity of the two heterogeneous cat-
alysts were higher than those of the homogeneous analogue
(Scheme 14, c).

Conclusions

This microreview presents some selected representative
examples which demonstrate that not only facile catalyst
recycling but also a significant improvement in the catalytic
performances (activity, stability and enantioselectivity) of
the organometallic chiral catalysts can be achieved by hetero-

Eur. J. Inorg. Chem. 2006, 2927-2935
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genizing them in the confined spaces of porous or layered
support materials. Surprisingly, in some cases, even non-
enantioselective catalysts showed significant asymmetric in-
duction when they were anchored into confined nano-
spaces.[?1-23:24.35.48] These results suggest that the conven-
tional approaches, i.e. (i) designing chiral catalysts for
homogeneous conditions and (ii) heterogenizing those cata-
lysts well-designed for homogeneous processes, may not
necessarily be the best solution for the development of ef-
ficient chiral catalyst systems. In conclusion, the heterogen-
ization of catalysts in confined spaces will provide a new
paradigm for the development of a highly efficient chiral
catalyst in future.
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