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C O N S P E C T U S

In the mid-1990s, it became possible to pre-
pare high-area silicas having pore diame-

ters controllably adjustable in the range ca.
20-200 Å. Moreover, the inner walls of these
nanoporous solids could be functionalized to
yield single-site, chiral, catalytically active orga-
nometallic centers, the precise structures of
which could be determined using in situ X-ray
absorption and FTIR and multinuclear magic
angle spinning (MAS) NMR spectroscopy. This approach opened up the prospect of performing heterogeneous enantiose-
lective conversions in a novel manner, under the spatial restrictions imposed by the nanocavities within which the reac-
tions occur. In particular, it suggested an alternative method for preparing pharmaceutically and agrochemically useful
asymmetric products by capitalizing on the notion, initially tentatively perceived, that spatial confinement of prochiral reac-
tants (and transition states formed at the chiral active center) would provide an altogether new method of boosting the enan-
tioselectivity of the anchored chiral catalyst. Initially, we anchored chiral single-site heterogeneous catalysts to nanopores
covalently via a ligand attached to Pd(II) or Rh(I) centers. Later, we employed a more convenient and cheaper electrostatic
method, relying in part on strong hydrogen bonding. This Account provides many examples of these processes, encom-
passing hydrogenations, oxidations, and aminations. Of particular note is the facile synthesis from methyl benzoylformate
of methyl mandelate, which is a precursor in the synthesis of pemoline, a stimulant of the central nervous system; our pro-
cedure offers several viable methods for reducing ketocarboxylic acids. In addition to relying on earlier (synchrotron-
based) in situ techniques for characterizing catalysts, we have constructed experimental procedures involving robotically
controlled catalytic reactors that allow the kinetics of conversion and enantioselectivity to be monitored continually, and we
have access to sophisticated, high-sensitivity chiral chromatographic facilities and automated high-throughput combinato-
rial test rigs so as to optimize the reaction conditions (e.g., H2 pressure, temperature, time on-stream, pH, and choice of
ligand and central metal ion) for high enantioselectivity. This Account reports our discoveries of selective hydrogenations
and aminations of synthetic, pharmaceutical, and biological significance, and the findings of other researchers who have
achieved similar success in oxidations, dehydrations, cyclopropanations, and hydroformylations. Although the practical advan-
tages and broad general principles governing the enhancement of enantioselectivity through spatial confinement are clear,
we require a deeper theoretical understanding of the details pertaining to the phenomenology involved, particularly through
molecular dynamics simulations. Ample scope exists for the general exploitation of nanospace in asymmetric hydrogena-
tions with transition metal complexes and for its deployment for the formation of C-N, C-C, C-O, C-S, and other bonds.

I. Introduction

Hitherto chemists have not been able to devise a

generally applicable strategy for assembling new

solid catalysts capable of facilitating the entire

sweep of conversions embracing regioselective,

shape-selective, and enantioselective processes.

This work arose because one of us (J.M.T.) felt that
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such a strategy could be evolved. Late in the 1980s, he real-

ized1 that open-structure inorganic solids offered opportuni-

ties for the design of new heterogeneous catalysts that could

contain accessible spatially well-separated and structurally

well-defined active centers that simulate the behavior of

homogeneous and enzymatic catalysts.

Numerous inorganic single-site heterogenous catalysts

(SSHCs, with Brönsted or Lewis acid or coordinatively unsat-

urated metals or redox-active centers) were designed2 by us

and found to offer environmentally benign, single-step (and

often solvent-free) routes for the preparation of heavy

chemicals,3,4 builder molecules,5 some fine chemicals6 and

vitamins (e.g., niacin).7 The majority of these regio- and shape-

selective SSHCs were based on microporous solids possess-

ing pore diameters up to ca. 10 Å. The active centers were

incorporated into the open-structure hosts using proven meth-

ods of solid-state syntheses.5

In 1995, it was suggested to one of us (J.M.T.) by his post-

doctoral colleague, Thomas Maschmeyer, that the newly avail-

able family of mesoporous silicas8 that they had used9 to

anchor organometallic molecules for the preparation of single-

site, TiIV-centered solid epoxidation catalysts might present

novel opportunities for improving enantioselectivities in cer-

tain chiral conversions. The idea, illustrated in Figure 1a,b, was

deliberate restriction of spatial freedom in the vicinity of an

active center tethered to the inner wall of a nanopore in such

a manner that a prochiral molecule approaching it and its

chiral ligands would suffer additional interaction with the pore

wall.10,11 This interaction would be approximately equal to the

energy difference between the two transition states that lead

FIGURE 1. (a) Schematic representation of the confinement concept in which a substrate is incarcerated within the cavity of a chirally
modified mesoporous host, which leads to chiral heterogeneous catalysis, and (b) an example of the tethered (S)-1-[(R)-1,2′-
bis(diphenylphosphino)-ferrocenyl]ethyl-N,N′-dimethylethylenediamine palladium dichloride catalyst showing the influence of the pore wall.
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to the chiral products. Specifically, it was felt11 that a prochiral

olefin, approaching a single-site chiral catalyst such as one

derived from a diphenyl-phosphinoferrocenyl (dppf) complex

with palladium,12 would, upon hydrogenation, exhibit

enhanced enantiomeric excess (ee) compared with the value

obtained when the same chiral catalyst functioned in homo-

geneous solution. If true, this confinement procedure could

also yield enhanced enantioselectivities in hydroformylations,

carbamate syntheses, and epoxidations using immobilized

MnIII-salen complexes, as well as in many other chiral con-

versions (see below).

By now, numerous examples exist (in our own work) where

asymmetric catalysis occurs when appropriately selected chiral

active centers are immobilized within the pores of mesopo-

rous materials.5,13–18 Moreover, short reviews19–22 have

recently appeared that confirm the merit of exploiting nano-

space in the manner adumbrated above. Greater light has

been shed on the precise way in which enantioselectivities are

enhanced as a result of very recent molecular dynamics sim-

ulations,23 which also embraces the fruitful notion of contin-

uous chirality measure introduced by Alvarez and Avnir.24 In

addition, we have conducted specific tests involving a series

of mesoporous silcas with well-defined but different values of

pore diameter and shown (see below) that there is a progres-

sive diminution in the enantiomeric excess (ee) values for a

given conversion as the diameter increases (see Figure 7).

Others have also reported on or hinted at the scope that

exists with confined chiral (immobilized) active centers in

effecting several kinds of chiral catalytic reactions such as the

well-documented examples of reductions, oxidations, epoxi-

dations, Si-H insertions, aminations, cyclopropanations, and

dehydrations in the open and patent literature.22,23

Some investigators have used polymeric supports or encap-

sulation within zeolites to construct their confined chiral cat-

alysts. We have used silica exclusively in view of its numerous

practical advantages: it (i) does not swell on exposure to sol-

vent or reactants, (ii) has high mechanical and thermal resis-

tance, (iii) has high stability during repeated recycling of the

catalyst and separation of products, and (iv) is relatively easy

to prepare (compared, for example, with encapsulation within

zeolites). Because of the single-site nature of the chiral cata-

lyst tethered inside the siliceous nanopore, the reactions yield

molecularly well-defined products, and it is relatively straight-

forward to characterize in atomic detail (with multinuclear

magic angle spinning (MAS) NMR, FTIR and extended X-ray

absorption fine structure (EXAFS))13,14,16 the precise atomic

nature of the active centers.

Initially, we utilized mesoporous silicas belonging to the so-

called MCM-41 family8 prepared from surfactants as structure-

directing agents. Later we used the Davison family of

mesoporous silca gels manufactured by the W.R. Grace Co.

Whereas the former have highly ordered pores of a sharply

defined diameter, controllable within the range 20-100 Å

diameter, the Davison mesoporous silicas are disordered, but

the pore-size distribution is centered around a particular

(desired) diameter ranging from 38 to 250 Å. They are pre-

pared25 without recourse to the use of a surfactant or liquid-

crystal structure-directing agent, as is generally the case with

those mesoporous silicas now in extensive use.26 Moreover

they are thermally and mechanically robust and are

inexpensive.

The approach we describe below to prepare products of

high optical purity has many advantages. First, because the

confined and anchored organometallic catalyst is heteroge-

neous, separation of products is straightforward. Second, when

the anchored catalyst exhibits no tendency to leach away on

successive use (there are several ways of ensuring this), the

method may be used repeatedly without loss of expensive

cation (e.g., Rh or Pd) or of even more expensive chiral

ligands, in contrast to the situation that exists for homoge-

neous enantiomeric catalysts. In addition, there is adequate

scope with such confined (nanoporous) chiral catalysts to uti-

lize ligands that are relatively inexpensive and quite accessi-

ble, such as those involving nitrogen functionalization, rather

than the more costly phosphorus ones, as many of the exam-

ples cited below show. Lastly, the diameters of the mesopo-

rous silicas are large enough to permit facile diffusion of

reactants to and products from the active sites. Quite high

turnover frequencies are therefore expected and are indeed

often found.

II. Proof of Principle via Heterogeneous
Allylic Amination13,14,16

Our first practical test involved C-N bond formation in the

allylic amination (the “well-known” Trost-Tsuji reaction16) of

cinnamyl acetate, see Scheme 1. Three different catalysts were

used (two heterogeneous (b, c) and one homogeneous (a)), but

the chiral active center was identical in all three, see Figure 2.

SCHEME 1. Allylic Amination of Cinnamyl Acetate with
Benzylamine (Trost-Tsuji Reaction)16
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The chiral ligand attached to the dppfPdCl2, (dppf ≡ (S)-1-

[(R)-1,2′-bis (diphenyl-phosphino)ferrocenyl]), which, in turn,

was covalently tethered to the mesoporous silica, was ethyl-

N,N′-dimethylethylenediamine. The confined catalyst used

here is tethered inside ca. 30 Å diameter mesopores in an

MCM-41 silica. The unconfined catalyst consists of a commer-

cially available nonporous silica known as Cabosil, which has

convex surfaces, to which was tethered the same chiral (S)-1-

[(R)-1,2′-bis(diphenylphosphino)ferrocenyl]ethyl-N,N′-dimeth-

ylethylenediamine palladium dichloride active center. The

homogeneous analogue (which is soluble in cyclohexane) of

these two catalysts consists of the same active center attached

to one of the vertices of the cyclohexyl silsesquioxane to form

dppf [c(C6H11)7Si7O12]. To ensure that no active sites are

bound to the exterior surface of the silica, pretreatment with

diphenyl dichlorosilane was carried out so as to convert all the

silanol groups initially resident there into chemisorbed phe-

nylated silane (see Figures 51 and 52 of ref 13 for more struc-

tural details).

Insofar as the procedural aspects of anchoring the tethered

chiral organometallic moiety are concerned, the inner walls of

the mesoporous silica were first derivatized with 3-propyl-

trichlorosilane. The ferrocenyl-based ligand was prepared by

Hayashi’s method,12 it was incorporated by using an excess

of it into the mesoporous silica (MCM-41), and then it was

treated with PdCl2/MeCN to yield the active, immobilized

chiral catalyst. As described fully elsewhere,14 the structural

integrity of the organometallic dppf-PdII entity remained intact

after immobilization. The EXAFS studies also indicated

this,13,14 and so did the 13C and 31P MAS NMR spectra.

The results of this test (see Table 1.), chosen to probe simul-

taneously the regio- and enantioselectivity of the process, are

very revealing. Whereas the unconfined heterogeneous cata-

lyst yields a minute amount (2%) of the (desirable) branched

product, the confined one yields an essentially equal amount

of chiral (branched) and straight-chain products. More signif-

icantly, in the confined catalyst, we find that the product

exhibits an ee value of 95%, far in excess of the 43% seen

in the minute amount of branched product seen in the case

of the unconfined catalyst. The homogeneous catalyst yields

the straight-chain product almost exclusively; this is not sur-

prising because there are no spatial restrictions that would bias

the products toward the branched-chain isomer. We note in

passing that the regioselectivity seen in the confined catalyst

is not high.

It is very likely that with judicious selection of the size and

shape of the anchored chiral catalyst and the nanospace

FIGURE 2. Depiction of the catalytically active dppf-diamine palladium dichloride catalyst attached to a soluble silsesquioxane moiety (a),
tethered to a nonporous silica, Cabosil (b), and spatially confined within a mesoporous silica, MCM-41 (c).

TABLE 1. Allylic Amination of Cinnamyl Acetate and Benzylamine
Using (S)-1-[(R)-1,2′-Bis(diphenylphosphino)ferrocenyl]ethyl-N,N′-
dimethylethylenediamine Palladium Dichloride in Homogeneous
Form, Tethered to Nonporous Silica (Cabosil) and Spatially Confined
with Mesoporous Silica (MCM-41)a)

dppf-ferrocenyl-diamine-
Pd catalyst conv (%) 1 (%) 2 (%) ee (%)

homogeneous 76 99+
tethered silica 98 98 2 43
MCM-41-confined 99+ 50 50 95

a See Scheme 1 for description of products.
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within which it is confined, many other C-N and C-C form-

ing enantioselective reactions could be designed, utilizing

other platinum-group metals (Ru, Os, Ir, and Pt) apart from the

Pd and Rh used by us.

In a closely related (later) study, by Hultman et al.27 involv-

ing Si-H insertion reactions (see Scheme 2), a significant

improvement in enantioselectivity was observed by immobi-

lizing a chiral dirhodium complex (see Scheme 3) on a silica

known as Aerosil 200, the average pore diameter of which

was ca. 500 Å. Using the same anchored complex and

reagents but an MCM-41 silica (pore diameter 19 Å) for the

confinement, there was no observable catalytic activity, prob-

ably because the pores of this silica were too small to accom-

modate the transition-state formed between the two reactants

shown in Scheme 2. Given that Aerosil 200 has a rather broad

pore-size distribution, it is conceivable that ee values substan-

tially in excess of the 28% reported by Hultman et al. could

be achieved if another commercially available nanoporous sil-

ica such as Davison 634 (with a sharply defined pore size of

60 Å) were used for this Si-H insertion reaction.

III. Selection of Other Examples Where
Confinement in Nanopores Enhances
Enantioselectivity
We have focused almost exclusively on our own work on

asymmetric hydrogenation, and most of the examples cited

below belong to that reaction type. For completeness, a few

other reactions in which the confinement effect has boosted

enantioselectivity are also given. The reader is also referred to

very recent reviews by McMorn and Hutchings21 and by Li et

al.22 who deal with enantiomeric oxidations in confined

spaces especially with anchored Mn(salen) complexes.

a. The One-Step Conversion of Ethyl Nicotinate to
Ethyl Nipecotinate. Ethyl nipecotinate is an important inter-

mediate in biological and medicinal transformations. Previ-

ous efforts to hydrogenate enantioselectively an aromatic ring

such as that in ethyl nicotinate had resulted in values of ee

that were less than 6%, but a two-step (Scheme 4) process

(using a cinchonidine-modified Pd catalyst supported on car-

bon) raised the ee to 19% at a conversion of 12%.28 Using

our (S)-1-[(R)-1,2′-bis(diphenylphosphino)ferrocenyl]ethyl-N,N′-
dimethylethylene-diamine palladium dichloride catalyst con-

fined within the 30 Å pores of mesoporous MCM-41, we

achieved (in a single step) conversions in excess of 50% and

an order of magnitude improvement in the ee (see Table 2.).18

The homogeneous analogue, which was grafted to the ver-

tex of an incompletely condensed silsesquioxane cube29

(dppf[c(C6H11)7Si7O12]), resulted in a racemic product, thereby

proving the chiral advantage achieved by confinement of the

dppf-ethyl-N,N′-dimethylethylenediamine-PdCl2, active cen-

ter inside the siliceous mesopore (Figure 3).

SCHEME 2. Si-H Insertion of Methyl Phenyl Diazoacetate with
Dimethylphenylsilane Using Immobilized Dirhodium Carboxamide
Catalysts

SCHEME 3. Chiral Dirhodium Carboxamide Complexes Anchored
on Aerosil 20027 Display More than Ten-Fold Increase in
Enantioselectivity Compared with Their Homogeneous Analogues in
the Si-H Insertion of Methyl Phenyl-Diazoacetate with
Dimethylphenylsilane (See Scheme 2)

SCHEME 4. The Two-Step (Conventional) Hydrogenation Ethyl
Nicotinate to Ethyl Nipecotinate

TABLE 2. The Effect of the Homogeneous (I), Tethered (II) and
Spatially Confined (III) dppf-Diamine Palladium Dichloride Catalysts
for the Asymmetric Hydrogenation of Ethyl Nicotinate to Ethyl
Nipecotinatea

dppf-ferrocenyl-
diamine-pd Catalyst

substrate
(reactant) t (h)

conv
(%)

ee
(%)

homogeneous (I) ethyl nicotinate 72 15.9
120 27.2

tethered silica (II) ethyl nicotinate 72 12.6 2
120 19.2 2

tethered to MCM-41
and confined inside
mesopore (III)

ethyl nicotinate 48 35.5 17

72 53.7 20
a See Scheme 4 and Figure 3 for more details.
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b. Asymmetric Hydrogenation of E-r-Phenylcinnamic

Acid and Methyl Benzoylformate. Enantiomerically

enriched R- and �-hydroxy carboxylic esters are valuable

reagents and important intermediates in the preparation of

pharmaceuticals and agrochemicals.30,31 Esters of mandelic

acid, for example, are used as precursors in the synthesis of

pemoline, a central nervous system (CNS) stimulant, and in the

production of artificial flavors and perfumes. Methyl mande-

lates are currently prepared by direct esterification of man-

delic acid with alcohols in the presence of sulfuric acid.32 This

method of direct esterification with strong acids not only has

the disadvantages associated with the corrosive nature of the

acid but is usually accompanied by side reactions such as car-

bonization, oxidation, and etherification, which decrease the

overall selectivity and enantiopurity.33 In addition, expensive

downstream processing and post-treatment pollution prob-

lems make the process commercially and environmentally

unattractive.

Even though enzymes are currently more extensively used

industrially than asymmetric transition-metal (TM) complexes

for enantioselective catalytic conversions involving pharma-

ceuticals and agrochemicals, TM complexes are of growing

importance in this context. Biological processes using micro-

organisms for asymmetric reduction have the inherent prob-

lem of stability of the enzyme and high costs associated with

external cofactors.31 Organometallic chiral complexes have,

however, overwhelmingly, been utilized homogeneously, and

their heterogeneous asymmetric counterparts have hitherto

FIGURE 3. The dppf-diamine palladium dichloride catalyst confined within mesoporous silica (c) yields a substantial ee of the desired
nipecotinate product compared with the homogeneous silsesquioxane analogue (a) and the nonconstrained variant tethered to nonporous
silica, Cabosil (b), see Table 2.

SCHEME 5. Some Asymmetric Diamine Ligands (a) that Can Be Anchored to the Concave Surfaces of Mesoporous Silicas via Covalent (Using
BF4

- Anion) and Non-Covalent Methods (Using CF3SO3
- Counterion) (b)
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performed disappointingly so far as their enantioselectivity is

concerned, largely because they contained a range of differ-

ent kinds of active centers, each with its own catalytic selec-

tivity, a situation that contrasts markedly with the one

prevailing here with single-site solid (chiral) catalysts that we

describe below. Moreover, one of the major disadvantages of

using customary chiral phosphines is their high coststhe cost

of the ligand, in most applications, outweighs the cost of the

final productsand sensitivity to oxidation, which limits their

industrial applicability.

Comparatively few reports have hitherto been published in

which RhI or PdII asymmetric complexes without phosphine

ligands have been used to activate hydrogen, but a growing

number employing nitrogen-containing ligands has appeared

of late for the purpose of enantioselective conversions.34 The

validity of our earlier strategic principle (see section II), boosted

by support from German Chemical Industry,35–37 led us to

evaluate the reality of tethering rather inexpensive diamine

asymmetric ligands (Scheme 5), onto the inner walls of non-

ordered mesoporous silicas. The argument behind using such

an approach was to substantiate the concept that the diamine

ligands tethered at concave silica surfaces would boost the

enantioselectivity to a far greater degree, in contrast to hav-

ing them attached to convex surfaces. The idea is that the con-

fining dimensions of the interior of a pore should be able to

restrict the possible orientations that a bulky reactant can

assume as it approaches a chiral catalytic center that is

attached to a concave pore wall (see Figure 4). If a reactant is

nudged by its surroundings into the right orientation for a ste-

reospecific reaction, then the reaction should proceed enan-

tioselectively.

The ligands shown in Scheme 5 can be anchored

covalently17 to the inner walls of the mesoporous silica (MCM-

41, in this case) using a BF4
- anion that is hydrogen-bonded

to the nitrogen of the amino group in the ligand to secure the

cationic organometallic catalyst in place. It is seen that the

molecular cation (that functions as a chiral catalyst) is hydro-

gen-bonded (visible in the crystal structure)17 to the BF4
-

anion via the pendant nitrogen of the pyrrolidine. The cata-

lyst itself is pseudo-square-planar where the metal (RhI or PdII)

is bonded to 1,5-cyclooctadiene (COD). The results for the

hydrogenation of E-R-phenylcinnamic acid and methylben-

zoylformate (Scheme 6) are summarized in Table 3. Further,

by grafting the RhI chiral complex on both a concave silica

(using MCM-41, 30 Å diameter) and a convex silica (a non-

porous, Cabosil silica), we established beyond doubt that it is

FIGURE 4. Enantioselectivity can be induced by tethering chiral dppf-diamine-based catalysts to the inner walls of mesoporous silica (a) or
by anchoring diamine asymmetric ligands (shown in Scheme 5) onto concave surfaces (b). In the case of the former, it is the constraints
imposed by the space surrounding the metal center that facilitates the enantioselectivity, whereas in the case of the latter, it is the restricted
access generated by the concavity of the pore that is the principal determinant for the ensuing enantioselectivity.

SCHEME 6. Schematic Representation of the Asymmetric
Hydrogenation of E-R-Phenyl Cinnamic Acid and Methyl
Benzoylformate
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the spatial restrictions imposed by the concave surface at

which the active center is located that enhances the enanti-

oselectivity of the catalyst (see Figure 5).

c. The Influence of Pore Diameter on the Efficacy of
Anchored Enantiomeric Catalysts. Because we believe that

our own approach, adumbrated above, pertaining to hetero-

genization of asymmetric catalysts within nanoporous silica

constitutes a paradigm shift in regard to the development of

high-performance chiral (solid) catalysts for enantioselective

syntheses and other organic processes, we undertook a sys-

tematic study of a range of nanoporous silicas in each of

which there was a very narrow spread of pore diameter. In

carrying out this study,15 we abandoned our earlier (see sec-

tion IIIb) practice of using chiral catalysts covalently tethered

to the inner walls of the mesopores. Instead we adopted the

noncovalent immobilization approach described by Rege et

al.38 In this method, a surface-bound triflate (CF3SO3
-) coun-

terion securely anchors the cationic chiral rhodium complex

RhI(COD)PMP, where COD is cyclo-octadiene and PMP stands

for the chiral ligand (S)-(+)-1-(2-pyrrolidinylmethyl)-pyrroli-

dine (see Figure 6 and bottom right drawing of Scheme 5).

This straightforward electrostatic method of confining cationic

chiral catalysts within the nanopores circumvents the need for

ligand modification to secure covalent tethering. Furthermore,

catalysts prepared via this method do not require a bromi-

nated trichlorosilane tether for anchoring the ligand and hence

are an order of magnitude cheaper than the covalently teth-

ered analogues. The methodology is also quick and conve-

nient and results in robust effective catalysts, which make

them industrially attractive. Its further advantages are elabo-

rated elsewhere, see Rouzard et al.17b

Three other cationic chiral catalysts confined within meso-

porous silicas were also used (all with the CF3SO3
- anion): PdI

-

(allyl)PMP; RhI(COD)AEP, and RhI(COD)DED, where AEP stands

for (S)-(-)-2-aminomethyl-1-ethyl-pyrrolidine and DED for

(1R,2R)-(+)-1,2-diphenyl-ethylenediamine]. The test reaction

was the asymmetric hydrogenation of methylbenzoylformate

to the corresponding methyl mandelate (see section IIIb;

TABLE 3. Asymmetric Hydrogenation of E-R-Phenyl Cinnamic Acid and Methyl Benzoylformatea) Using Covalently Tethered Rh(I) and Pd(II)
Chiral Catalystsb

a See Scheme 6 for description of products and ref. 17a for experimental details on catalyst preparation. b Reaction conditions: substrate ) 0.5 g; solvent
(methanol) ) 30 mL; homogeneous catalyst17a ) 10 mg; heterogeneous catalyst17a ) 50 mg; H2 ) 20 bar; T ) 313 K; counterion ) BF4

-.
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Scheme 6). In their homogeneous form, only the Rh(COD)PMP

and Pd(allyl)PMP exhibit any significant enantioselectivity (ee)

under the reaction conditions (see Table 4 and Figure 7)

employed by us, whereas the other two homogeneous cata-

lysts (namely Rh(COD)AEP and Rh(COD)DED) did not display

any significant ee. This is probably because the bulkiness of

PMP in comparison to that of AEP and DED exerts further spa-

tial congestion in the vicinity of the active center.

Figure 7 and Table 4 summarize the results for the PdI(al-

lyl)PMP, RhI(COD)AEP, RhI(COD)DED, and RhI(COD)PMP chiral

catalysts and show that, as expected from arguments given

above, chiral restriction does indeed boost the ee values in a

manner that logically reflects the declining influence of spa-

tial constraint in proceeding from the 38 Å to the 60 Å to the

250 Å pore-diameter silica. For the heterogeneous catalysts

the trend with Rh(COD)PMP is mirrored by both AEP and DED

ligands, and it is clear that even when some of the asymmet-

ric catalysts exhibit significant ee’s under homogeneous con-

ditions, their performance is much enhanced when

immobilized in a constrained environment. It is also notewor-

thy and reassuring that the noncovalent method of anchor-

ing the organometallic catalyst does not lead to facile leaching

when the catalyst is recycled. Further details are given in

recently filed patents.36,37,39

d. Asymmetric Epoxidations Using Confined MnIII(Salen)

Complexes. There is particular interest in the use of immobi-

lized chiral MnIII(salen) complexes for the epoxidation of

unfunctionalized olefins,40 a subject of considerable current

interest.41 A study by Piaggio et al.42 used this chiral com-

plex anchored to an AlIII-framework substituted MCM-41

mesoporous silica for the asymmetric epoxidation of (Z)-stil-

bene with iodosyl benzene (PhIO) as an oxygen donor. When

this reaction (see Scheme 7) was carried out with the same

catalyst in homogeneous solution, the ratio of the cis/trans

products was 0.4. But with the confined catalyst the ratio

FIGURE 5. Graphical model (to scale) showing the constraints imposed on a Rh(I)-(COD)-(S)-(-)-2-aminomethyl-1-ethyl pyrrolidine catalyst
when it is anchored on a concave (a) and convex surface (b). The computational model shown here has been derived from the crystal
structure of the Rh(I) complex, which clearly indicates that the BF4

- anion is hydrogen-bonded to the nitrogen of the amino groups. The
chiral diamine organometallic catalyst constrained at the concave silica surface (a) surpasses the performance (both in terms of selectivity
and ee) of the same catalyst anchored to a convex surface (shown in panel b) in the asymmetric hydrogenation of E-R-phenyl cinnamic acid,
see Scheme 6A.

FIGURE 6. Schematic illustration of a cationic chiral organometallic
catalyst, [Rh(I)(COD)PMP] (PMP ) (S)-(+)-1-(2-pyrrolidinylmethyl)-
pyrrolidine and COD ) cyclo-octadiene), which is noncovalently
anchored via a N-H · · · F hydrogen bond with the triflate ion,
CF3SO3

-, to the curved inner surface of a 38 Å diameter pore of a
mesoporous silica support (Davison 923). Atoms are indicated as
follows: Rh, purple; N, blue; H, white; F, green; C, gray; S, yellow; O,
red.
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increased 10-fold, the rationale being that rotation of the

radial intermediate is retarded in the confined state, thereby

favoring the formation of the cis product.

In a recent detailed study, Zhang and Li43 investigated the

asymmetric epoxidation of 6-cyano-2,2-dimethylchromene

using chiral MnIII(salen) catalysts immobilized within mesopo-

rous silica. In particular, they varied the length of the axial

linkage separating the MnIII(salen) active site from the wall of

the nanopores, the diameters of which were also systemati-

cally varied. In harmony with the results of Raja et al.15

TABLE 4. Asymmetric Hydrogenation of Methyl Benzoylformate for the Synthesis of Methyl Mandelatea Using Rh(I) and Pd(II) Chiral Catalysts
Non-Covalently Anchored onto Mesoporous Silicab

a A precursor in the manufacture of pemoline, a CNS stimulant. b Reaction conditions: methyl benzoylformate ) 0.5 g; solvent (methanol) ) 30 mL; catalyst
(homogeneous) ≈ 10 mg; catalyst (heterogeneous) ≈ 50 mg; H2 ) 20 bar; T ) 313 K; counterion ) CF3SO3

-.

FIGURE 7. The effect of surface curvature and concavity of the support (B) in facilitating the asymmetric hydrogenation of methyl
benzoylformate to methyl mandelate (A), using [Rh(COD)-(S)-(+)-1-(2-pyrrolidinylmethyl)-pyrrolidine] CF3SO3

- catalysts anchored onto
mesoporous silicas of varying pore dimensions.

SCHEME 7. Asymmetric Epoxidation of (Z)-Stilbene with Iodosyl
Benzene Using Immobilized Chiral MnIII(Salen) Complexes
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reported earlier (dealing with asymmetric hydrogenation),

these workers found that the ee values increased as the pore

diameter decreased and as the length of the linkage

increased. For the confined catalyst, ee values of 90% were

obtained, whereas with the epoxidations in homogeneous

solution the ee’s were ca. 80%. An earlier study by Balkus et

al.44 investigated the asymmetric (MnIII(salen)-catalyzed) epoxi-

dation of R-methyl styrene with hypochlorite and found a dis-

tinct enhancement of ee for the confined catalyst over the

homogeneous one, 91% compared with 51%.

Earlier still, Corma et al.45 using MoVI complexes of chiral

ligands derived from (2S,4R)-4-hydroxyproline, heterogenized

into ultrastabilized zeolite-Y that had been treated to produce

a range of mesopores, found higher values (47%) of ee for the

asymmetric oxidation of geraniol (with tert-butylhydroperox-

ide as oxygen source) than those obtained in homogeneous

solution (28%).

e. Other Examples Where Confinement in Nanopores

Boosts Enantioselectivity. Leaving aside the well-known

work on “ship-in-bottle” systems involving zeolites as host,46

the work of Hutchings47 has shown the merit of modifying

zeolite-Y with dithiane oxide so as to engender novel enanti-

oselectivity. It transpires that when zeolite-Y is modified by an

enantiomerically enriched dithiane 1-oxide, the resulting solid

catalyst is selective in the dehydration of one of the enanti-

omers of butan-2-ol, even though both enantiomers are

present in equal concentration at the inlet of the reactor.

Taylor et al.48 also immobilized copper(II) bis(oxazoline)

complexes with both zeolite-Y and AlIII-substituted MCM-41

mesoporous silica. Superior enantioselectivity (ee of 93%) was

obtained for the confined chiral CuII complex (compared with

57% for the homogeneous catalyst) in the reaction of meth-

ylenecyclopentane with ethyl glyoxalate (see Scheme 8). It

was found by Corma et al.45 that substantially higher values

of ee were exhibited by CuII-bis(oxazoline) anchored on meso-

porous silica than in the homogeneous reaction in the

Friedel-Crafts hydroxylation of 1,4-dimethoxybenzene with

3,3,3-trifluoropyruvate.

Mayoral and co-workers have recently shown49 that chiral

bis(oxazoline)-copper complexes can be easily immobilized

onto anionic solids, such as clays and nafion-silica nanocom-

posites, or in ionic liquids and used as heterogeneous cata-

lysts in cyclopropanation reactions involving styrene and ethyl

diazoacetate. Their theoretical calculations49b indicate that

supported azabis(oxazoline)-copper complexes are signifi-

cantly more stable than the bis(oxazoline) analogues due to

electrostatic metal-ligand interactions that result in high

enantioselectivities (90% ee).

Apart from using other metal centers, besides the Pd and

Rh that we have explored, there is also much scope for the

use of other ligands such as semicorrine50 and a diverse range

of different nucleophiles.51,52

IV. Computational Aspects of the
Confinement Effect
First, it is prudent to distinguish between enhancement of ee

for a particular reaction carried out heterogeneously in com-

parison with the homogeneous reaction on the one hand from

the situation in which the heterogeneous reaction genuinely

involves confinement of the chiral catalyst and spatial restric-

tion in access to the active site by the prochiral reactant on the

other. Often there is a higher ee observed by immobilization

at the solid surface simply because this prevents the forma-

tion of inactive bi- or multinuclear chiral complexes, which

tend to occur in homogeneous solution. Here we are con-

cerned only with the influence of confinement. Sometimes, as

one might expect, the confinement does not lead to enhanced

values of ee. This depends on the system under investiga-

tion, but generally the ee’s are boosted by the spatial restric-

tion. So far, hardly any quantitative analysis (quantum

mechanical or otherwise) has been made to provide insight

into these steric effects, which yield such important practical

consequences. A very recent molecular dynamics simulation

by Malek et al.23 on anchored MnIII(salen) complexes in meso-

porous silica has, however, led to a deeper understanding of

the detailed perturbations that contribute to enhanced enan-

tioselectivities. These workers have invoked the concept of the

“continuous chirality measure” (CCM)23 to quantify the chiral-

ity content of the MnIII(salen) complex. They showed that the

immobilized linker entity influences the enantioselectivity of

the catalyst owing to the increasing chirality content of the

MnIII(salen) complex. Their simulations with a typical docked

olefin (�-methyl styrene) suggest that cis and trans reactants

have different levels of asymmetric induction in the MnIII(s-

alen) complex. It transpires that a trans reactant (olefin)

SCHEME 8. Chiral Copper(II) Bis(oxazoline) Complexes Constrained
within Confined Spaces Showed Enhanced ee’s for the Reaction of
Methylenecyclopentane with Ethyl Glyoxylate
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induces higher chirality in the immobilized MnIII(salen) com-

plex than the cis olefin. This fact enabled Malek et al.23 to

interpret why such significant differences in ee result when the

confined chiral catalyst is compared with either an unconfined

(but immobilized) catalyst or the same catalyst in homoge-

neous solution. There is doubtless room for further, more

sophisticated simulations using, for example, the “ONETEP”

procedure of Skylaris et al.53 where a very large number of

participating atoms may be included in the simulation.
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