
The molecular sieves CoAlPO-36 and MnAlPO-36 are extremely
versatile catalysts.



1. Introduction

It is clear that Karl Ziegler changed the world into which he
was born. Polymers, in all their rich diversity of forms,
nowadays profoundly influence our daily lives. But his
scientific legacy in fields other than those of Ziegler catalysts
and Ziegler ± Natta polymers is also of high significance. For
example, his ªAufbau methodº of producing detergents, his

demonstration of the reality of free-radical autoxidation
reactions, as well as the elegance of his use of radical
scavengers to terminate chain processes are all facets of his
intellectual percipience and the penetrating power of his
scientific work.

Listening to and reading the accounts of the early life,
temperament, and religious conviction of Karl Ziegler, and
recognizing the oft-repeated assertion that he viewed pure
and applied research as a continuum, and that he also had
unquenchable intellectual curiosity and an omnivorous scien-
tific appetite, comparisons can be drawn between him and one
of my scientific heros, Michael FaradayÐwho, like Ziegler,
was of puritanical disposition. This is not the place to
expatiate upon the admirable qualities of Faraday[1]Ðheld
by many to be one of the greatest ever EnglishmenÐexcept to
note that, like Ziegler, he left the world a very different place
from that which he himself had inherited. Political theorists
and philosophers sometimes argueÐand how right they areÐ
that ªinterpreting the worldº is secondary to the much more
demanding task of changing it.[2]
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Two distinct strategies exist for the
design of solid catalysts. One adopts
the reductionist approach, whereby the
individual steps involved in overall
catalytic conversionÐthe processes of
adsorption, surface rearrangement, de-
sorption, and transport of reactants
and products to or from exterior sur-
facesÐare analyzed in great detail so
that the resulting information may be
used to interpret the behavior of exist-
ing catalysts with a view to generating
superior ones. The other focuses on the
precise atomic architecture of the cat-
alytically active siteÐits determination
under operating conditions, its assem-
bly and scope for its modification, the
subtleties of its mode of actionÐwhich
leads to the design of new catalysts
capable of facilitating conversions that
have hitherto proved either impossible
or very difficult to effect. The present

article deals exclusively with the sec-
ond strategy, which is an integrated
one. It seeks to demonstrate that, by
adopting the principles and practices of
solid-state chemistry (augmented by
lessons derived from enzymology, and
computational and organometallic
chemistry) a wide range of new cata-
lysts may be designed that, inter alia,
effect regioselective, shape-selective,
and enantioselective conversions, as
well as producing high-performance
catalysts for the isomerization and
hydrogenation of alkenes. All the new
catalysts described herein are either
microporous or mesoporous solids.
These have the dual advantages of
possessing large surface areas and
being amenable to delicate structural
and compositional variation either dur-
ing preparation or subsequently by
anchoring on to their inner walls well-

defined, isolated, and accessible mo-
lecular units that are heterogenized
versions of homogeneous catalysts.
The specific catalysts described are
those designed for the following low-
temperature reactions: the aerobic
oxyfunctionalization of terminal
groups in linear alkanes; low-temper-
ature selective aerobic oxidation of
cyclohexane; the radical-free (as well
as free-radical) epoxidations of al-
kenes; Baeyer ± Villiger oxidations of
ketones to lactones; the preferential
dehydrations of methanol to yield
ethene and propene; and enantioselec-
tive allylic amination.
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2. The World Of Catalysis

Although the word catalysis was not coined until 1835 (by
Berzelius)[6] the phenomenon itself was known to the ancients.
Aristotle describes it in his treatise on meteorology, the Arab
alchemist, Jabir, in the eighth century A.D., demonstrated
how a mineral acid could catalyze the conversion of alcohol to
ether, and it has been the backbone of the chemical industry
for nearly two hundred years.

In designing and synthesizing new solid inorganic catalysts
the aims are to maximize surface area, activity, selectivity,
longevity, and durability. Unfortunately, few if any of the
marvellous new tools, techniques, and avenues that are
available to the organic chemist and molecular biologistÐ
namely site-directed mutagenesis,[7, 8] chemically modified
mutant enzymes,[9] the exploitation of non-natural amino
acids in an expanded genetic code,[10] catalytic antibodies[11]

(which turn to advantage the teeming multiplicity and
subtleties of the immune system), design by directed (Darwin-
ian) evolution[12, 13]Ðwill ever be capable of being incorpo-
rated directly into the inorganic world, which is destined,
almost by definition, to be impervious to the charms and
advantages of animate life.

All is not lost, however, for there are real prospects,
adumbrated in this review, that the technical virtuosity
inherent in the development of a vast range of inorganic
homogeneous catalysts, especially organometallic ones,[14, 15]

may be simulated and extended by adroit design, synthesis,
and manipulation of new inorganic solids. The key lies in
producing materials with large surface areas, the surface
composition, structure, and atomic architecture of which are
incontrovertably characterized under operating conditions.
Before we proceed to describe how this is done, it is first
instructive to enumerate what the desiderata of these new,
engineered heterogeneous catalysts are. These desiderata are

shown in Table 1, the format of which owes much to the
elegant animadversions of Cornils and Herrmann[15] on the
ªtwo culturesº that are so conspicuously ingrained in the
minds of those who dwell on the strengths and weaknesses of
homogeneous and heterogeneous catalysis.

At first sight, it would appear that, in seeking to create new,
solids with large surface areas that are to be endowed with
marked catalytic activity, the most propitious path to take is
that which leads to the production of monodisperse particles
of colloidal dimension. The dispersion D, defined as the
fraction of the total number n of atoms in a particle that are at
the surface (Figure 1), is clearly higher the smaller the value of
n. Is it not sensible, therefore, if our aim is to maximize
activityÐgiven that we have chosen the right material for its
intrinsic activity in the first instanceÐto work towards
convenient, easy methods of producing highly comminuted
solids, the diameter of the individual particles of which should
be in the 10 ± 20 � diameter range? The answer is not a simple
yes, because small particles have melting points that are far
below those of their bulk analogues. This result is because the
amplitudes of the motion of atoms at a surface far exceed
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Table 1. Desiderata for new engineered heterogeneous catalysts.

Apart from possessing high activity, high selectivity, long lifetimes, and
durability, other desiderata are:
* the capability of operating under mild conditions that are environ-

mentally and economically efficient
* freedom from restrictions imposed by diffusional considerations
* possession of isolated, well-defined (single site) active centers, the

atomic architecture of which may be delicately modified
* capability of yielding a detailed mechanistic understanding of catalytic

action (for example, by strategies such as that summarized in Figure 4).

Microporous and mesoporous solid catalysts are potentially, and in very
many cases (as described in this article), capable of achieving all these
desiderata.
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Figure 1. One way to increase the fraction D of surface-situated atoms in a
crystal is to prepare it in nanoparticulate form. The smaller the particle size,
the larger is this fraction (n� total number of atoms in the crystal).[16]

Another method (see Figure 2) is by producing the crystal in such a porous
state that D is close to unity even for micron-sized or even larger crystals.

those of atoms in the bulk.[17] The mobility of small particles
is therefore large; consequently they are prone to coalesce
and sinter, thereby greatly decreasing the total surface area.
If, however, nanoparticles of diameter 10 ± 20 � can, by
appropriate chemical strategies (see Figures 46 and 48), be
securely anchored to the atoms of the substratum upon which
they have been laid down, then indeed the answer to the
question posed earlier is a resounding yes for so-called
structure-insensitive reactions.

Although there are certain, high-performance inorganic
catalysts (such as the bimetallic ones described in Section 7.6)
that are good examples of nanocrystals, the way towards
creating a versatile and large family of large-area, high-
performance inorganic catalysts lies elsewhere, namely by
harnessing the advantages of microporous and mesoporous
solids.

3. Solids With Three-Dimensional Surfaces: The
Expanding Realm Of The Microporous And
Mesoporous

Highly microporous or mesoporous solids such as those that
possess channels, cavities, or cages with diameters in the range
of 4 to 14 � (micro) and 15 to 150 � (meso) offer the best
means for designing or modifying new inorganic heteroge-
neous catalysts (Figure 2). As operating catalysts it is to be
noted that they:
* permit free ingress of reactant and egress of product

species that have cross-sections smaller than the diameter
of the pores

* offer greater scope (especially mesoporous solids) for the
grafting of organometallic moieties[18±23] on to the inner
surfaces of the pores. This opens ready routes for the

heterogenization of homogeneous catalysts, thus capitaliz-
ing on the advantages of high activity and single-site active
centers of the homogeneous category, and the robustness
and ease of separation that is a feature of the heteroge-
neous catalysts

* open up many new strategies for shape-selective, enantio-
selective, and regioselective conversions

Moreover, because they are, in essence, solids with three-
dimensional surfaces, they greatly facilitate experimental
procedures for their characterization. Thus, the full panoply
of spectroscopic and diffraction (or other scattering) tools
may be deployed[24, 25] to determine, often under in situ
conditions, either the local or average structure of the solid
catalyst itself, or the nature of the species undergoing
conversion at its (three-dimensional) surface (Figure 3).

What is particularly convenient here is that, with this
category of solid, the distinction between the model catalyst
(tailored so as to facilitate retrieval, usually by the academ-
ically oriented researcher, of structural and compositional
information) merges with the operational (real life) catalyst,
engineered by the applied scientist so as to exhibit the best
possible chemical performance.

Because of their relative ease of production and the wide
range of compositional variation that they exhibit, it is
possible to realize most of the catalytic desiderata enumer-
ated in Table 1. Moreover, because the engineered catalysts
described in this review have such well-defined, single-site
active centers, it is also possible to synthesize soluble ªfrag-
mentsº of the catalysts in which the active site is placed in a
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Figure 2. Solids may nowadays be routinely produced with (largely
internal) surface areas that exceed 1000 m2 gÿ1. Some of these are micro-
porous (aperture diameters from ca. 3 to 14 �), some mesoporous (ca. 15
to 150 �), and some macroporous. It is occasionally possible to produce
solids with a bimodal pore-size distribution (of micro- and mesopores).
AMM� amorphous microporous metallosilicate (W. F. Maier, I.-C. Tilgn-
er, M. Wiedorn, H.-C. Ko, Adv. Mater. 1993, 5, 726; W. F. Maier, J. A.
Martens, S. Klein, J. Heilmann, R. Parton, K. Vercruysse, P. A. Jacobs,
Angew. Chem. 1996, 108, 222; Angew. Chem. Int. Ed. Engl. 1996, 35, 180);
for M41S are MCM-41, MCM-48, and MCM-50 included (C. T. Kresge
et al. ;[52] J. C. Vartuli, J. S. Beck;[56] for pillared clays see J. M. Thomas in
Intercalation Chemistry (Eds.: M. S. Whittingham, E. J. Jacobson), Aca-
demic Press, New York, 1982, p. 56. (After Behrens[51])
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Figure 3. The detailed atomic structure of this rather complicated Ni2�-
ion-exchanged zeolite Y catalyst may be determined under operating
conditions from a Rietveld refinement procedure of either the X-ray or
neutron powder diffraction pattern. The precise atomic environment of the
Ni2� ions (that are the active sites for the catalytic conversion of acetylene
to benzene)[26] may also be determined in situ by X-ray absorption
spectroscopy. With catalysts such as this, which have three-dimensional
surfaces, a wide range of both spectroscopic and diffraction methods may
be used to retrieve structural and mechanistic information pertaining to the
catalyst itself and the reactants that are catalytically converted at their
(interior) surfaces. Specific examples are described later in the text. Red:
oxygen; yellow: silicon; blue: nickel. For clarity, sodium ions are not shown.

well-defined, and controllable, atomic environment (Fig-
ure 4). This makes it possible to achieve an understanding of
the factors that govern catalytic performance to a degree
previously unequalled. It also paves the way to a deeper
understanding of the determinants of catalytic promotion,
poisoning, and inhibition.[28]

4. Rational Design Or Blind Chance: Is The
Combinatorial Approach Destined To Be
Invincible?

Any discussion of engineered catalysts, like any discussion
of new generations of pharmaceutical or agrochemical
products, nowadays tends to be dominated by the compelling

immediacy of combinatorial methods[29] (first introduced by
Hungarian workers in the early 1970s). The laborious
methods of trial-and-errorÐwhich have served catalysis and
many other fields of science so well over the last two
centuriesÐmust, it is argued, give way to more streamlined
combinatorial methods of discovery. These new methods,
which are an inherent feature in biological nature[30] especially
in the immune system, and are used increasingly in drug
design, consist essentially of three main components: 1) auto-
mated library syntheses of new candidate catalysts (using
robots, for example) that are readily amenable, 2) miniatur-
ization or microminiaturization, 3) high-throughput screening
of catalytic performance. Taken altogether, these three
features then lead to an ultra-rapid production of databases
from which numerous key items of catalytic information
pertaining, for example, to the best combination of elemental
composition and atomic structure or architectures (for a given
desired catalyst) may be extracted.

The first example of combinatorially prepared inorganic
catalysts was reported by Hill and Gall, [31] who synthesized a
library of various polyoxometalates for the aerobic oxidation
of the mustard gas analogue tetrahydrothiophene from stock
solutions that contained precursors such as Na2WO4, Na2-

MoO4, and Na2HPO4. Central to the combinatorial method-
ology is the development of an effective algorithm for the
discovery of a new catalyst. This, in turn, requires a rapid and
reliable method of screening (that is, of quantitatively record-
ing the performance) of the library of assembled candidate
catalysts.

It is timely to quote two highly relevant examples (high-
lighted on the front cover of Angewandte Chemie, Figure 5) of
work done at Ziegler�s laboratory in Mülheim. In both of

these studies the enthalpy changes associated with
the chemical reactions under investigation were
used as a quantitative measure of catalytic activity
for the purposes of rapid screening.

Maier and co-workers showed that thermal imag-
ing is a very sensitive means of detecting activity in
positional catalytic libraries that contain only about
200 mg of catalyst at each addressable position in the
library.[32] Minute wells sunk into a slab of slate
(chosen because of its low thermal reflectivity so as
to minimize interference) were filled with sol ± gel
precursor solutions for so-called[33] amorphous
mixed-metal oxides of different compositions,
which were processed to yield an array of candidate
catalysts (Figure 6). A thermal image of the whole
array without substrate was stored and subsequent-
ly subtracted from the images of the array under
operation. This procedure permitted Maier et al. to
minimize the effect of different thermal emissivities
of the catalyst wells, so that they could detect very

small temperature differences associated with catalytic activ-
ity. This technique offers a fast, convenient parallel assay of
quite a sizeable library of catalysts for the hydrogenation of
1-hexyne at 100 8C and for the oxidation of isooctane and
toluene at 350 8C.

Reetz and co-workers[34] also demonstrated the power and
utility of sensitive thermal imaging (infrared cameras and
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Figure 4. The in situ techniques described in this article and in ref. [27] yield the atomic
architecture of active sites in heterogeneous catalysts, such as in the epoxidation of
alkenes. The TiIV ions, with their pendant OH groups, are tripodally attached to the silica
(or silica-germania) support (left). Titanosilsesquioxanes, such as that shown on the right,
are soluble analogues of the active sites and are amenable to structural and mechanistic
studies by the classical tools (NMR spectroscopy, spectrophotometry, etc.) used in studies
of homogeneous catalysts.[28]
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Figure 5. Visual portrayal of the combinatorial approach to the screening
of a library of amorphous mixed-metal (AMM) oxides for the catalytic
oxidation of isooctane[32] (top) and of enantioselective transition metal
catalysts for the ring-opening hydrolysis of epoxides[34] (bottom) on the
cover picture of Issue 19 of Angewandte Chemie in 1998. In each case,
thermal imaging (implied here by the central equation) is used as a very
sensitive means of detecting activity in addressable catalytic libraries.

array detectors) to explore a library of homogeneous catalysts
for the enantioselective acylation of a chiral alcohol (1-
phenylethanol) that was catalyzed by immobilized lipase.
They also demonstrated this approach in the enantioselective
ring-opening of chiral epoxides with transition metal ± salen
catalysts. The array of reactants included the two different
enantiomers of the substrate, for which the catalysts showed
drastically different activities.

It is a relatively simple matter to devise high-throughput
methods to probe catalytic selectivities as well as activities.
Mallouk et al.[35] have done this in their quest for optimized
alloy electrocatalysts for the electrochemical oxidation of
methanol in a fuel cell; Senken[36] has done it for an array of
solid catalysts on a porous support; and Weinberg et al.[37] in
their high-throughput screening (and synthesis) of a combi-
natorial library of 120 different heterogeneous ternary alloy
catalysts (based either on RhÿPtÿCu, RhÿPdÿCu, or
RhÿPdÿPt thin films) in the oxidation of CO by either O2

or NO.
For solids, in which the performance (catalytic or other-

wise) of the prepared composition and structure more-or-less
instantaneously reaches their steady-state value at the instant
of preparation, the combinatorial (blind chance) approach
is a reliable means of making rapid progress in the quest
for new materials. But when the catalytic performance
(or other measured property) takes a substantial time
before achieving its optimal value, or when it is a critical

function of a time-dependent (crystallographic)
structure, the combinatorial approach can be
misleading at best, and unhelpful at worst (see
Thomas[25] and Schlögl[38] for a selection of
such examples). These deficiencies can be com-
pounded if the solid catalysts prepared in the
library of candidates exhibit varying degrees of
structural abnormalities such as nonstoichiometry,
antiphase boundaries, or crystallographic shear
planes.[23]

In summary, therefore, it is assuredly the case
that the combinatorial approach is here to stay. It
will undoubtedly grow in importance, if only
because it shortens the length of the cycle from
synthesis to testing or re-designing and formula-
tion. But it is not invincible. There remains
immense scope for the traditional approaches that
combine insight, inspiration, know-how, and vari-
ous kinds of technical virtuosity.[39, 40] One only has
to recall the emergence of the seminal develop-
ments of asymmetric catalysts (by Sharpless
et al.[41] and others) using procedures based on
straightforward and novel ligand variation around
a transition metal ion center, to appreciate the
power of conventional methods in homogeneous
catalysis. The same can be said of numerous other
designed catalysts such as the b-cyclodextrin-modi-
fied diphosphanes as ligands for supramolecular
rhodium catalysts[42] and of the many examples
cited by Cornils and Herrmann.[14] Likewise, in
heterogeneous catalysis an eloquent illustration of
the role of flair and imagination is seen in the

Angew. Chem. Int. Ed. 1999, 38, 3588 ± 3628 3593

Figure 6. a) IR image of the library of catalysts without correction for emissivity;
b) emissivity-corrected IR-thermographic image of the library of catalysts prior to the
start of reaction (bar on right is the temperature key); c) deposition pattern of the
library;[32] d) composition of the oxide catalyst spots of the library according to the AMM
notation, which give the molar percentages of active metal and base metal oxides.
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design[43±46] of powerful microporous catalysts (see Figures 7
and 8). Even in the field of designing new synthetic enzymes, it
is not essential to opt only for biological routes such as
mutagenesis. Dutton et al.[47] demonstrate the importance of
flair coupled to rational design in their elegant work on so-
called ªmaquette catalystsº.

Figure 7. Superimposed on a high-resolution electron micrograph of
silicalite, which has pores of diameter 5.5 �, are computer graphic, scalar
models of the pore openings of the catalysts ZSM-5[44] (top), TS-1[45]

(middle), and Fe-MFI[25] (bottom) where, respectively, framework Si4�

ions have been isomorphously replaced by Al3� (to produce a solid acid
catalyst), TiIV, to produce a so-called ªredoxª catalyst (but which is better
described, see Section 7.4.2, as a selective oxidation catalyst) and Fe3�,
which is promising as a catalyst for the conversion of methane into
methanol.

The phenomenally successful, shape-selective, solid acid
catalyst ZSM-5 arose largely from the work of Weisz and his
co-workers, who were initially concerned with academic
considerations relating to the acid-catalyzed dehydration of
linear and branched alkanols inside the pores of model acid
catalysts such as Ca2� ion-exchanged zeolite A.[43, 44] It was
premeditated action by researchers in the ENI Chem
company,[45, 46] who focused on the aim of combining the
inherent shape-selectivity of a pentasil structure (such as
silicalite I, which is the pure siliceous end member of the
aluminosilicate ZSM-5) and the well-known propensity of TiIV

ions as an active center for selective oxidation (in the presence
of H2O2), that led to the design of the versatile TS-1 catalyst
for many commercially important selective oxidations. The
same is essentially true of my own group�s work described
herein, and represented in part by the structures shown in
Figure 8.[48]

5. Engineering Microporous And Mesoporous
Catalysts

About one third of all the commonly encountered elements
of the Periodic Table are nowadays capable of being
incorporated into the framework structures (almost invariably
in tetrahedral coordination) of the ever-growing families of
micro- and mesoporous solids. In the case of microporous
solids, also known as zeotypes or molecular sieves, the largest
two sub-families are the aluminosilicates and aluminophos-
phates (known as AlPOs). These may be viewed as three-
dimensional networks of corner-sharing SiO4 and AlO4

tetrahedra and of AlO4 and PO4 tetrahedra, respectively.
Hetero atoms, which could be any of a wide range of di-, tri-,
tetravalent, or higher value ions (typically Co2�, Mg2�, Mn2�,
B3�, Ga3�, Fe3�, Ge4�, Ti4�, P5�. . .), may be incorporated
substitutionally at regular framework sites. And it is generally
possible (indeed often it is the only satisfactory means) to
incorporate these ions during the synthesis of the zeotype.
Mesoporous solids, on the other hand, are generally easier to
prepare in their pristine state (as SiO2, TiO2, Al2O3, GeO2,
SnO2, ZrO2, Nb2O5, and, quite recently, metal sulfides), and
the heteroatoms which serve as the loci of catalytic action are
grafted onto the inner surfaces of the mesopores after
synthesis. For a summary of the various kinds of materials
that fall into one of other (or both) of these two categories see
refs. [25, 27, 49 ± 58]. It is, however, not difficult to synthesize
mesoporous solids, especially silica, with one of very many
different types of heteroatom in the framework.[55, 58]

An indication of the burgeoning field of microporous solids
(most of which display special catalytic activity and selectiv-
ity) may be gauged from the gallery of new materials[59±66]

portrayed in Figure 8. Many of these are high-performance
catalysts for such processes as skeletal isomerization of
butenes[60] and the conversion of methanol to olefins.[62, 65]

Figure 8. Projection models, to scale, of a selection of new microporous
solids synthesized in recent years, usually with the aid of structure-directing
templates (see Section 5). With the exception of DAF-2 and JDF-20, which
tend to collapse when the template is driven away by calcining in air, all
these new microporous solids are thermally robust solid catalysts.
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Some, however, notably JDF-20 (Jilin-Davy-Faraday No. 20),
which has the largest aperture so far recorded for a
synthesized microcrystalline solid, is not particularly ther-
mally stable. The structure collapses when the organic
template used for its synthesis is driven off by thermal
treatment.

In the family of mesoporous materials labeled M41S by
their discoverers at the Mobil Oil Company,[52, 56] of which
MCM-41 is a hexagonal mesoporous phase (and MCM-48 is a
cubic phase[67]), experiment shows that, although there is good
ordering of the hexagonal (or cubic) stacking of the channels
themselves, comparatively little crystallographic order exists
in the walls of the pores. Graphic representations of the
nature of these mesoporous materials (which are also termed
supramolecular-templated structures) are shown in Figure 9,
and some typical high-resolution electron micrographs[68, 69] of
such material are reproduced in Figure 10.

Figure 9. The MCM-41 mesoporous silicas depicted here have pore
diameters of ca. 30 �, and are easily capable of incorporating large
organometallic species, such as multinuclear metal carbonylates, typically
[Ru6C(CO)16]. Adsorption isotherms (of N2 at 78 K) take up the shape
shown in the top of the three plots (bottom left). For comparison
adsorption isotherms for a zeolite Y (bottom of the three) and for SBA-2
(Santa Barbara No. 2), middle, are also shown. The top two structures are
the energy-minimized ones computed by atom ± atom procedures com-
bined with molecular dynamics. (The computed ratio of Q3/Q4 of 0.33 for
the structure at the top right is close to the value (0.40) determined from
29Si MAS NMR spectroscopy).Q3 and Q4 are defined at the bottom right.

In meeting the challenge of how to synthesize new micro-
porous crystalline solids, two interrelated approaches may be
pursued: 1) design by experiment based on intuition and
accumulated chemical experience, and 2) design by computer
modeling. Success in synthesizing new microporous catalysts
using the first approach comes from an appropriate choice of
constituents of the nutrient gel from which the templated solid
crystallizes during hydrothermal treatment. Twenty years ago
it became apparent that quaternized ammonium salts were

Figure 10. Depending upon the templates used, and the precise conditions
of preparation, mesoporous silica belonging to the M41S family may
exhibit pore diameters in excess of 100 � and different thicknesses of pore
walls.[68, 69] The inter-pore distances (center-to-center) shown here are 42,
68, and 122 �. Well-defined cubic ± hexagonal (ABC-AB), polytypic
intergrowths are also frequently observed in certain types of mesoporous
silica.[68]

ideal structure-directing template ions that favored produc-
tion of the pentasil catalysts ZSM-5 and ZSM-11. In an
extension of this strategy diisopropylamine was used[70, 71] to
yield MAlPO-18 (M�Co, Mn, Zn, Mg, Mn...) when the
acetate of the divalent ion was added to mixtures of Al(OH)3

and H3PO4. Cyclohexylamine is the template of choice to
produce MAlPO-44, and decamethonium ions for DAF-1, and
so on. In the second approach a new procedure, of growing
power and potential has evolved from the use of energy
minimization methods[72±74]Ðto investigate the packing ener-
gies of organic amines (such as triethylammonium ions)
within distinct AlPO structuresÐto one in which, for a given
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target solid, an appropriate algorithm is used to build up,
within the desired cavity of the target microporous catalyst,
the template molecule to be used in its chemical synthesis (see
Section 5.1).

We focus first on the design based on accumulated chemical
intuition. To make explicit our aim we are setting out to ªfindº
the most appropriate template that will yield a microporous
acid catalyst such as CoAlPO (or SAPO), which, after driving
away the template by calcination leaves active sites of the type
that we can establish in quantitative terms, using in situ
characterization by X-ray absorption, X-ray diffraction, and
FT-IR spectroscopy. This Brùnsted acid site is, in effect, a
detachable proton bound to the framework oxygen atom that
is adjacent to a CoII ion that has isomorphously replaced AlIII

in the framework. In effect, our aim is to synthesize both cobalt-
and silicon-containing solid acids based on AlPO, in which the
cavities are somewhat different from those in CoAlPO-18[70]

and SAPO-18[75] . (In a SAPO catalyst the detachable proton
is bound to an oxygen atom which is next to the framework
SiIV center which has isomorphously replaced the PV center).

More will be said later (Section 7.5) about microporous
solid acid catalysts, derived by replacing AlIII ions in the
framework of a ªtargetedº AlPO with divalent ions such as
CoII or MnII. We shall also have more to say (see Section 7.1)
about the microporous oxidation catalyst analogues that are
produced by calcining the parent solid acid in O2 so as to yield
a neutral framework in which up to about 4 atoms per cent of
the AlIII ions are isomorphously replaced by CoIII, MnIII, or
FeIII ions.

5.1. Designing Templates for the Synthesis of
Microporous Solids Using a De Novo Computer-Modeling
Technique

De novo ligand design has been applied for some time in
the search for biologically active materialsÐsee refs. [76 ± 82]
for further details and applications. These techniques allow a
molecule to be ªgrownº so as to fit accurately into a targeted
space. The molecule is grown, in a computational sense, to
promote favorable interactions between the substrate and the
target cavity. But owing to the complex, and frequently ill-
defined nature of biological active sites, a number of
approximations are often made, for example, restricting the
growth to linking units[79±81] and annealing dense arrange-
ments of atoms into suitable molecules.[83] Template molecules
required for the production of microporous inorganic solids
are usually much simpler and smaller than those required in
biological contexts. Furthermore, the target host (the micro-
porous material) has many advantages over the organic cavity.
Firstly, it is crystalline, and can therefore be readily described
atomistically; even hypothetical structures can be defined in
this way. Secondly, the frameworks possess reasonable rigidity
so that conformational changes in the pore need not in general
be considered. Finally, the interactions present in the tem-
plating of microporous materials are dominated by van der
Waals interactions.[76, 84] Interactions involving charge and
hydrogen bonding are less important in determining the final
structure formed, although they are significant in the gel

chemistry that is an essential precursor of the crystalline
product.

We have recently developed a new code, ZEBEDDE[74]

(zeolites by evolutionary de novo design), to investigate the
application of de novo techniques to designing templates for
microporous materials. The target space (the framework) in
which a molecule (the template) is to be grown is supplied by
the user, along with a library of fragments from which the
template is to be constructed. The template then grows by a
number of randomly selected actions until a cost function,
which measures the effective fit of the molecule in the
framework, is satisfied. We exploit the crystalline nature of
the framework, by allowing the symmetry of the template to
be defined and for the growth to occur under periodic
boundary conditions. The actions available allow 1) the
addition of new atoms, by selecting molecular fragments
from a library and bonding them to the existing template,
2) rotation of single or multiple fragments around the new
bonds formed, 3) the displacement and rotation of the
growing molecule within the framework, 4) the formation of
rings from chains, 5) the optimization of the molecule using
energy minimization, either in isolation or within the refer-
ence framework. Throughout these actions, the growth is
controlled by the cost function and additional van der Waals
overlap functions. Further details are given elsewhere.[74]

Our initial applications of this new methodology have
proven to be fruitful, firstly in demonstrating the effectiveness
of the method for generating previously identified templates
and also in predicting a new template that has been shown
independently to be an effective template for the targeted
levyne framework.[62] We have considered a number of
frameworks, which exhibit different topological featuresÐ
cages, intersecting channels, pocketsÐin our evaluation of the
method and we highlight a number of these applications here.

In our study of the levyne structure we first attempted to
ªreproduceº the relatively complex cyclic templates 1-amino-
adamantane and N-methylquinuclidium used experimentally,
to form the synthetic zeolite NU-3,[85] which is isotypic with
levyne.[86] This was accomplished in two ways. First, by
including adamantane and quinuclidine in the fragment
library we could test whether our algorithms could success-
fully insert such large fragments into a confined region.
Secondly, we wished to see if such complex fragments could
be formed by our ring-formation strategy which converts
chain molecules into rings, by bonding nth order neighbors if
they are within a suitable distance (n� 5 forms 6-membered
rings). Each of these approaches proved successful and close
analogues of both experimental templates were generated
(Figure 11). In addition a number of other cyclic templates
were generated, of which 1,2-dimethylcyclohexane was con-
sidered to be an excellent candidate given its high binding
energy.[72] Independent experimental work in this laboratory
led us to use an amino analogue, 2-methylcyclohexylamine, to
form a CoAlPO, designated DAF-4, which possesses the
levyne structure (see below). Figure 12 illustrates how this
template was generated by our code.

To test further the trustworthiness of our methodology, we
attempted to grow templates for ZSM-5, which has a three-
dimensional intersecting channel system. Again, the method
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Figure 11. An overlay of the predicted position of the ZEBEDDE-
constructed aminoquinuclidine analogue and the experimental (red)[87]

position of the N-methylquinuclidinium template in the levyne cage. The
cage is represented by the positions of the tetrahedral cations (Al, P, Co) of
the framework. The oxygen atoms, which lie approximately midway
between the verticles, are omitted for clarity. (From J. M. Thomas, D. W.
Lewis, Z. Phys. Chemie 1996, 197, 537).

Figure 12. The growth process involved (in ZEBEDDE) in the formation
of the 1,2-dimethylcyclohexane in the levyne structure. Starting from the
methane seed, the alkyl chain grows inside the restricted void of the levyne
structure. When an atom with a 5th order neighbor within a distance of 3 �
is selected (along with the ring formation action), methylcyclohexane is
formed and further substitutions of this ring then occurs. The predicted
position of the template in the levyne unit cell is shown on the right.

proved successful and generated a number of the variety of
templates known to form this. Simulations of templating in
this structure allowed us to validate the importance of
specifying template symmetry within the host. Large tem-
plates, such as tetrapropylammonium, tend to be located at
the channel intersections, and specifying the growth of one
template at each intersection encouraged the formation of
quaternary ammonium ions and similar templates (for
example, tripropylamine). Similarly, if the symmetry were
specified so as to favor a higher template concentration, then
smaller, linear templates (such as n-diamines), are formed in
the channels,. Further details of these simulations are given
elsewhere.[74]

We have recently[88] been guided in the synthesis of a small-
pore microporous material (known as DAF-5[89]) using the
computationally designed template ZEBEDDE. Our aim was
to synthesize an aluminophosphate-based material processing
a chabazite structure (CHA) that would crystallize out of a
nutrient phase containing an appropriate template (structure-

directing) organic cation. We judged[88] that the following
features would be crucial in our strategy: a) the selected
template would form a CHA framework quickly and in a
phase-pure form; b) the template would be present at a
concentration of one molecule per unit cell and must fully
occupy the CHA cage; c) the charge on the template could be
varied to accommodate a range of metall ion (for example,
CoII) concentrations in the framework and thus allow a degree
of control over the catalytic behavior arising from the
presence of these constituents.

We performed a number of simulations using seeds from C1

(methane) to C4 (n-butane).[89, 90] Bicyclohexane, another
molecule generated by our code, was more rigid. Pursuing
our principles of rational design (described in detail in
ref. [89]), we identified 4-piperidinopiperidine as a suitable
candidate for initial evaluation of templates based on the
cyclohexane motif; the commercial availability of this materi-
al is also important. The generation of 4-piperidinopiperidine
from an ethane seed within the CHA structure[91] is illustrated
in Figure 13 a, and Figure 13 b depicts the energy-minimized
geometry of the molecule in a siliceous unit cell of chabazite.

Preparations with a typical gel composition of
0.2 CoO:0.9 Al2O3:15 P2O5:30 H2O:2.0 C10H20N2 yielded a sin-
gle blue crystalline phase, designated DAF-5. Its X-ray
powder diffraction pattern could be readily indexed with the
auto-indexing program TREOR[92] to a hexagonal unit

Figure 13. a) Generation of the 4-piperidinopiperidine template molecule
(starting from a substituted ethane seed) with the ZEBEDDE code to yield
a new chabazite CoAlPO structure known as DAF-5; b) energy-minimized
position of the 4-piperidinopiperidine inside the chabazitic cage (From
D. W. Lewis, G. Sankar, J. M. Thomas, C. R. A. Catlow, J. K. Wyles, D. J.
Willock, Angew. Chem. 1997, 109, 2791; Angew. Chem. Int. Ed. Engl. 1997,
36, 2675).
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cell, very similar to that of the mineral chabazite. Although
high-resolution X-ray (synchrotron-based) powder diffracto-
grams proved invaluable in refining the positions of atoms in
the AlPO-framework of DAF-5, only micro-single crystal
(30� 30� 30 mm specimen size) diffraction, again using
synchrotron radiation,[93, 94] was sufficiently powerful to
determine the structure of the disordered template
(4-piperidinopiperidine) within the individual chabazite cages
(Figure 14). More details pertaining to the application of
computer modeling to the mechanisms of synthesis of
microporous catalytic materials have been published else-
where.[95]

Figure 14. a) Graphical representation of the structure of DAF-5 derived
from a single crystal diffraction study. For clarity only one of the cages is
shown that contains all possible conformations of the occluded template
molecule, 4-piperidinopiperidine. One of the possible conformations of the
latter is also shown using ball (b) and stick (c) representations, the carbon
atoms being green, the nitrogen atoms blue.

6. Characterizing The Architecture Of Engineered
Catalysts

Ultimate success in the design of solid oxide catalysts as
well as other covalently bonded or heterogenized organo-
metallic catalysts predicates knowledge of precisely what
structure or architecture it is that has to be targeted. This, in
turn, demands the greatest possible precision in determining,
under operating conditions, the structure of the catalyst in
general and of that of the active site in particular. It follows
ineluctably that there is an exigent need for in situ methods of
characterizing solid catalysts if one is to succeed in engineer-
ing desired, well-defined active sites at the surfaces of large-
area (porous) solids.

Demonstrably, only those interrogating probes, such as
high energy photons or neutrons that are capable of pene-
trating through the walls of a catalytic reactor and into the
cavernous recesses of the interior of micro- and mesoporous
catalysts, will, in the final analysis, prove adequate to meet the
demanding needs of in situ characterization of commercially
viable reactors. In laboratory studies of model catalysts
considerable insights may be gained through the use of
noninvasive techniques such as infra-red and (laser) Raman
spectroscopy, not least because such techniques, such as those
described in Section 6.2, may be deployed under in situ
conditions. This does not, however, mean that all ex situ
methods are secondary (at best) or worthless (at worst). On
the contrary, there are a number of ex situ methods, especially

those based on electron beams, which are invaluable for the
elucidation of the structure of catalysts. We, therefore,
illustrate in the next section the principles and merits of such
methods, before focusing on in situ methods.

6.1. Ex Situ Methods

6.1.1. Electron Microscopy

The single most remarkable attribute of the electron
microscope is its versatility.[96] It can identify new (or hitherto
established) phases by diffraction or from high-resolution
electron microscopic (that is real-space) images, and simulta-
neously yield X-ray emission or electron-energy loss spectro-
scopy (EELS).[97, 98] Information pertaining to chemical bond-
ing and oxidation states in a spatially resolved fashion[99] may
also be retrieved through its agency.

The characterization of the ultrastructure of zeolitic and
related (catalytically significant) solids by electron micro-
scopy was pioneered in the early 1980s at the University of
Cambridge[100±105] and subsequently extended by the research
groups of Terasaki,[106, 107] Treacy,[108] Bovin,[109] and others.[110]

A measure of the power of the high-resolution (transmission)
electron microscopic (HR(T)EM) images for microporous
and mesoporous siliceous catalysts is seen in Figures 7 and 10.
Images of this quality, such as that shown in Figure 15, permit
precise details of surface structure, of crystallographic (poly-
typic and other) intergrowths, to be determined.[107, 111] New
types of structures and correctivities among mesoporous
variants (such as SB-2 and STAC-1) have been identified by
HREM by Zhou and his co-workers.[68, 112]

Recent advances in detector technology (of charge-coupled
devices (CCD) and image plates in particular) permit the
recording of HREM images with far lower electron dose than

Figure 15. High-resolution electron micrographs with accompanying dif-
fraction pattern (top right) and computed images of the new mesoporous
silica known as STAC-1 (St. Andrews and Cambridge). Well-defined cubic
(ABC stacking) and hexagonal (AB) polytypic intergrowths are frequently
present in such preparations.[68]
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for film recording.[113, 114] This means that it is much easier to
treat the digital data of electron-diffraction patterns and
HREM images (in the manner pioneered by Klug[115] and
Henderson[116]) quantitatively. Indeed, the era of electron
crystallography, which has been so conspicuously successful in
virus research,[115, 117] is now a demonstrated success in the
determination of the structure of zeolitic solids, thanks to the
work of Gonzalez-Calbet and Vallet-Regi.[118] Figure 16
illustrates the kind of information that may be obtained.

Figure 16. Typical illustration of the quality of the electron-density map for
a zeolitic solid that may be derived by the application of electron
crystallography.[118, 119]

Very recently, Wagner, Terasaki, and Davis[119] at Tohoku
University, Japan, used electron crystallography to obtain the
three-dimensional structure (and to refine it) of a new large-
pore, high-silica molecular sieve that contains an occluded
organic structure-directing agent. Alas, such is the exception-
ally rapid beam damage suffered by AlPO-based molecular
sieves (see refs. [120, 121]) during electron microscopic
examination that it is not yet possible to solve their struc-
tures even with electron crystallography aided by the most
sensitive detector system. But this situation will soon change.
Those microporous solids that are sufficiently beam-stable,
such as SSZ-48,[119] have their structures solved by applying
direct methods to a three-dimensional electron diffraction
data set collected from submicron-sized crystals that are too
small for single crystal X-ray analysis.

Recently, largely through the pioneering work of structural
biologists such as Baumeister and colleagues, information
about the three-dimensional spatial organization (for exam-
ple, minute metallic particles interspersed within a supporting
matrix) has been obtained by electron tomography, which is a
general method for 3 D reconstruction of a specimen from a
series of projection images, that is, from a tilt series. A
powerful feature of electron tomography is that individual
objects may be investigated in situ to reveal structural detail in
three dimensions. The resolution finally achieved is, of course,
governed by the number of images recorded and is, typically,
about 200 for a specimen of 1000 � thickness to achieve a
spatial resolution of 15 �.

6.1.2. Scanning Transmission Electron Microscopy (STEM)
and the use of Rutherford Scattering for Z-Contrast Imaging

Images in the scanning transmission electron microscope
are formed by rastering a focused probe over the specimen
and at each point in the raster detecting either transmitted
electrons to form a bright-field (BF) image or scattered
electrons to form a dark-field (DF) image. The simple
diagram of Figure 17 illustrates[110] the detector geometry

Figure 17. Schematic diagram illustrating the geometry of the detectors in
a STEM. Typical values for the detector collection angles are BF picture 0 ±
19 mrad, DF picture 10 ± 50 mrad, HAADF picture 80 ± 200 mrad.[69]

found in the STEM. Conventional DF images are recorded
using an annular detector placed around the BF detector.
Such images are formed from electrons that have been
scattered to relatively small angles. Electrons scattered to low
angles are predominantly coherent and thus both BF and DF
images will show phase contrast (diffraction contrast) and are
thus prone to contrast reversals with changes in specimen
thickness or defocus. Electrons scattered to high angles are
predominantly incoherent and images formed using a high-
angle annular dark field (HAADF) detector[122] do not show
the contrast changes associated with coherent scattering.
Further, electrons scattered at such high angles must have
been scattered from close to the nucleus of the atom and thus
the cross-section for HAADF scattering approaches the
unscreened Rutherford cross-section which is strongly de-
pendent on the atomic number Z : in fact it is proportional to
Z2.[123, 124] Thus an image formed with a HAADF detector is
very sensitive to changes in specimen composition and is thus
an ideal way to image small nanoparticles with moderate or
high atomic number on a support with a low atomic number.
The power of the STEM is that BF and HAADF images can
be acquired concurrently with other chemically sensitive
signals such as X-ray emission, as shown below.

Figure 18 shows images recorded in the BF and HAADF
modes of a mesoporous (MCM-41) silica that encapsulates
catalytically active bimetallic particles of composition Pd6Ru6

(prepared[69,125] from the mixed metal cluster carbonylate
[Ru6Pd6(CO)24]2ÿ). The nanoparticles stand out (by Z-con-
trast) very clear on the siliceous (low Z) background. From
the ªelement mapsº, recorded from the X-ray (K-emission)
images of Pd and Ru, it seems that the bimetallic nano-
particles retain their 1:1 stoichiometry.

Angew. Chem. Int. Ed. 1999, 38, 3588 ± 3628 3599



REVIEW J. M. Thomas

6.1.3. Environmental Cells in an Electron Microscope

In certain circumstances gas ± solid reactions (both catalytic
and stoichiometric) may be probed directly on the atomic
scale using an appropriate chemical microreactor (environ-
mental cell, ECELL) attached to the column of a high-
resolution transmission electron microscope. Many designs
for achieving this end have been described, but few can
surpass the system evolved by Gai and Boyes.[126±128] The
ECELL is fully integrated and permanently mounted inside
the EHREM. A variety of accessories are added to aid
simultaneous structural and compositional analyses of the
reactor contents. In the EHREM, structures and chemistries
of unknown phases are revealed by imaging, electron
diffraction, and chemical analyses (with a sensitivity of
�10ÿ20 g of sample) whilst the sample is immersed in gas
atmospheres at elevated temperatures (but still maintaining
structural and compositional capabilities of a normal HREM
operating in a vacuum). Detection of characteristic X-rays
emitted by the interactions between the electron beam and
the sample (namely, electron-stimulated X-ray spectroscopy)
provides compositional information about the sample. The
short wavelength of electrons (for example, 0.00251 nm at
200 keV) permits atomic-scale resolution. A conventional
chemical reactor-type gas manifold system enables the inlet of
gas mixtures into the reactor so that the flow rates and

exchange gases can be controlled.
The gas manifold system permits
operation under vacuum as well as
under gas environments. A heat
source (furnace) and temperature
control system allow the sample to
be heated. With this method one may
study reactions at elevated gas pres-
sures and at temperatures between
ÿ196 8C and �1000 8C. A low light-
level television camera and a video
recorder system connected to the
EHREM allow real-time (time-re-
solved) dynamic events to be record-
ed. Low-dose imaging techniques
minimize any invasive beam damage
and none is detected in Gai�s experi-
ments. Blank experiments (without
the beam) are also performed to
confirm in situ data (with the beam
switched on for a few seconds only to
record the final state of the material).

The development of in situ electron
microscopy provides direct and un-
paralleled insights into the dynamic
evolution of structural changes. The
ECELL has proved invaluable in
elucidating the nature of the vanadyl
pyrophosphate-catalyzed conversion
of butane to maleic anhydride. As yet
no microporous or mesoporous cata-
lyst has proved amenable to study by
this method, primarily because of the
sensitivity of the beam.

6.1.4. High-Resolution Solid-State NMR Spectroscopy

It has long been appreciated[129±131] that magic-angle-spin-
ning (MAS) NMR spectroscopy and many other variants of
the resonance technique are ideally suited for the determi-
nation of crucial structural details pertaining to active sites in
siliceous solids, aluminosilicates, and aluminophosphates. The
convenient values of the relative isotopic abundances and
magnetogyric ratios of 29Si, 27Al, 31P, and 17O make NMR
spectroscopy an ideal technique to probe the architecture of a
wide range of porous catalysts, and the corresponding proper-
ties of 13C, 15N, 1H, and 2H isotopes offer great scope for
probing the nature of bound and catalytically implicated guest
organic species undergoing conversion at the internal surfaces
of the porous catalyst. Multiple-quantum solid-state NMR
spectroscopy is an especially powerful means of locating
cation locations inside solid catalysts.

When a new microporous solid is prepared, one of the best
procedures for establishing its structure (after certifying by
X-ray powder diffractometry that it is structurally unique) is
to record the high-resolution MAS NMR spectrum in its pure
siliceous form. It was shown[132] early on that the number of
discrete 29Si peaks in the spectrum is exactly the same as the
number of crystallographically distinct sites occupied by
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distribution of the Pd (c) and Ru (d).[69]
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silicon in the structure. Moreover, the precise magnitude of
the 29Si chemical shift yields (by an equation established by
Thomas et al.[133]) the value of the so-called T-O-T angle,
where T is the tetrahedral site occupied by one silicon atom
and joined, through an oxygen atom, to another. This
approach has been put to good effect by the group of the
Spanish worker Camblor[134] to establish the structure of
several new microporous silicas in a family designated ITQ.

Lippmaa, a pioneer[135] of solid-state NMR spectroscopy,
and his co-workers, have recently shown[136] how great insight
into the acid strengths of these important microporous
catalysts may be gained by monitoring the changes in
ªspinning side-bandº intensities and shape (for the 1H
nucleus) as a function of temperature for a series of acid
zeolites (H-Y, H-Mordenite, and H-ZSM-5). There is a clear
difference in behavior between a proton attached to a surface
oxygen atom that bridges tetrahedrally coordinated Si4� and
Al3� ions and that which is attached to a Si4� ion (Figure 19).
Dipolar interaction is prominent in the latter case, and this is
what gives rise to the changing profiles of the spinning side

Figure 19. Insights into the acid strengths of a zeolitic catalyst ZSM-5 (left)
and Y (right) may be gleaned by monitoring changes in intensities and
shape of ªspinning side bandsº (for the 1H nucleus) as a function of
temperature.[137]

bands, attributable to bridging (acidic) hydroxyl groups, as a
function of temperature.

Although solid-state NMR spectroscopy is not ideally
suited as an in situ technique for commercial-scale catalysts
(operating at extremes of pressure and temperature) several
successful attempts have been made, especially by Haw and
co-workers,[138] to probe quantitatively the acidity (and
alleged degree of superacidity) of zeolitic catalysts.

6.2. In Situ Methods

Insofar as retrieval of quantitative values of bond distances
and angles are concerned, there are only three truly viable
ways of attacking the structure of a solid catalyst operating
under the severest commercial conditionsÐpressure as high
as 100 bar, temperatures close to 700 8CÐand they involve
either neutrons or X-rays as the primary probing radiation
(see Figure 3).[**]

Such are the fundamental aspects of the physics of neutron
scattering that it is quite feasible to employ a beam of
neutrons that can penetrate container walls or reaction cells
made of stainless steel and yet be sensitive to very light atoms
(1H, 2H, 12C, etc.) at the site of catalytic reaction. High-energy
(and high-flux) X-ray beams, such as those in a synchrotron
radiation source, are likewise capable of reaching the solid
catalyst inside a high-pressure, high-temperature cell, even
when there are sturdy walls to the container. But with X-rays,
in contrast to the situation that applies to neutrons, the walls
of a metallic container have to be rather thin to avoid serious
attenuation of the primary beam intensity.

6.2.1. Neutron Scattering

The availability of powerful sources of neutrons (either
from a nuclear reactor or from a spallation proton source)
makes it possible to conduct both spectroscopic (inelastic) and
diffraction (elastic) measurements to high precision on
catalysts undergoing chemical conversions. So far, however,
very few genuine in situ measurements of operating catalysts
have been completed. (One of these used[139] inelastic neutron
scattering to determine the nature of hydrogen bound to a
large-area MoS2 hydrodesulfurization catalyst). But neutron
diffraction studies of zeolitic solids at low and room temper-
atures have opened the way to important future possibilities.

Provided a catalyst is monophasic and well ordered, its
atomic structure can be determined by neutron diffraction,
even if it exists as a microcrystalline powder. This situation
exists for many catalysts, especially zeolitic ones, and consid-
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[**] There are a number of other powerful techniques, notably IR and
Raman spectroscopy, Mössbauer and positron emission spectroscopy,
ellipsometry, nuclear reactions, temporal analysis of products and
luminescence life times, that can yield valuable information about
catalysts operating close to industrially relevant conditions, but none
of these enable the atomic architecture of active sites to be
determined. For fuller discussions of many of these techniques, see
ref. [23], pp. 232-241, and the special issue on in situ characterization
of catalysts, in Topics in Catalysis 1999, 8. See in particular the paper
by H. Knözinger and G. Mestl on Raman-based methods (p. 45).
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erable progress has been made recently in arriving at the
details of framework structure and location of exchangeable
cations, and of model catalytic reactants sorbed within
intrazeolite cavities. The method used for this purpose is the
Rietveld neutron powder profile procedure. It was devized for
analyzing complex diffraction patterns by curve-fitting tech-
niques in which the least-squares refinement minimizes the
difference between the observed and calculated profiles,
rather than individual reflections. For neutron diffraction
patterns, it can normally be assumed that the reflections have
a Gaussian distribution, and that the calculated intensity at
each point on the profile is obtained by summing the
contribution from the Gaussian functions that overlap at that
point. Besides the conventional parameters in the least-
squares refinement (atomic coordinates and temperature
factors of the individual atoms), additional parameters are
required: the lattice parameters, which determine the posi-
tions of the reflections, a correction factor for setting the zero
point of the detector, and three parameters that describe the
variation of the half-width of the Gaussian distribution with
scattering angle. Rietveld refinement procedures have been
used to great effect in the study of uniform heterogeneous
catalysts. Figure 20 illustrates[140] the kind of information that

Figure 20. a) This picture of the catalytically active site, known in atomic
detail, of La3� exchanged zeolite Y was derived by Rietveld profile analysis
of the neutron powder diffractogram.[141] b) The location of the pyridine in
the catalyst potassium zeolite-L, as determined by neutron diffraction. The
nitrogen atom of the pyridine forms a Lewis acid ± base complex with the
potassium ion, whilst the aromatic ring experiences short-range interaction
with the aluminosilicate framework.[142]

can be derived by Rietveld analysis. No less an achievement
than determining the precise structural detail of the active site
in La3�-ion-exchanged zeolite Y (an important cracking
catalyst) is seen here. Here is the direct proof (previously
only inferred) that La3� ions in zeolite Y polarize their
hydration shells so much that (LaOH)2� ions together with
ªfreeº protons, loosely attached to a framework oxygen atom
are formed.[141, 142]

In a collaboration with W. I. F., David and his associates at
the Rutherford ± Appleton Laboratory, Dr. John Turner,
Richard Catlow, and members of my group at the Royal
Institution have made significant progress in reaching the goal
of following the course of the cyclotrimerization[26] of
acetylene at a Ni2�-ion-exchanged Y catalyst surface.

6.2.2. Partial Radial Distribution Functions and the
Isotopic Substitution Method

Consider an atom designated a at the origin and ask what is
the average number of b-type atoms that occupy a spherical
shell of radius r and thickness dr at an instant of time. That
number is given by Equation (1). Here 1b�Nb/V, and Nb is the
number of b species contained in the sample of volume V. It
follows from the definition of gab(r), the partial radial
distribution function in Equation (1), that the value of the
integral [Eq. (2)] is the so-called running coordination
number, that is, the average number of b atoms within a
sphere or radius rs for the chosen a atom.

dnb
a� 4p 1b gab(r) r2 dr (1)

4p 1b

Rr5

0
gab(r) r2 dr (2)

If neutrons are incident on a solid containing several
nuclear species the intensity of the scattered neutrons, I(k) is
given by Equation (3) with Ca�Na/N. Here ri(a) denotes the
position of the ith nucleus of a-type characterized by a
neutron scattering length ba and k is the scattering vector
whose modulus k for elastic scattering (that is, jk0 j�j k1 j ) is
given by Equation (4), where q is half the scattering angle and

I(k)�P
a

P
b

ba bah
P
i�a�

P
i�b�

ei k (ri(b)ÿri(a))i

�N [
P

a

ca b2
a �

P
b

ca cb ba bb [Sab(k)ÿ 1]]
(3)

k� 4p sinq/l0 (4)

l0 is the wavelength of the incident neutrons. The angular
brackets show that an ensemble average has been taken, and
Sab(k) are the partial structure factors. Each Sab(k) can be
inverted to yield gab(r) through a Fourier transformation
[Eq. (5)].

gab(r)� 1� V

2 p2 N r

�
dk (Sab(k)ÿ 1)k sin kr (5)

Aided by the above background theory we now turn to the
supreme advantages of replacing natural nickel (natNi) atoms
by the isotope 62Ni. There is an enormous difference in
neutron scattering lengths between these two species. In going
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from natNi to 62Ni the change (Db) in scattering length is
18.9 fm, even larger than the substantial change (10.4 fm) in
going from 1H to 2H.[143] Enderby has shown (Figure 21)
that great insight into the nature of the hydration of

Figure 21. The hydration of Ni2� ions may be studied precisely by neutron
scattering as demonstrated by Enderby[143] if 62Ni isotopes are used in place
of natural Ni, and if D2O is employed in place of H2O. Here the first-order
difference function DGNi(r) (in 10ÿ2 barns strÿ1 for a 1.46 molal solution of
62NiCl2 in D2O is shown (see text).

Ni2� ions in water (D2O) is achieved in this way (see also
Figure 22 and Table 2).[143] One sees that the geometry of the
complex formed between the Ni2� ions and water may be

Figure 22. Neutron scattering also permits the determination of the
instantaneous angle f defined here, and also yields hydration numbers as
a function of concentration (see Table 2).[143]

accurately worked out. Proceeding in a rather similar fashion,
Turner et al.[144] have achieved initial success in their ultimate
goal to follow the course of cyclotrimerization in atomic
detail, by assembling the appropriate partial structure factors
around the ionic active sites in NiNaY catalysts. Figure 23
shows the results obtained for the bond distances in the

complex formed between C2D2 and the active site, the first
step in the catalytic process. With a special cell already
assembled and tested[145] for operation in a pressure range of
10ÿ6 mbar to 12 bar and temperatures from the cryogenic
extreme up to 700 (with gold seals) or up to 1000 8C (with
platinum seals), much can be expected from this powerful in
situ technique in the future.

Figure 23. DG(r) plotted versus distance for the Na62NiY zeolite�C2D2

system. Bottom left is an interpretative drawing showing the distortion of
the acetylene molecule when bound to the active site. Bottom right, the
classical Dewar-Chatt-Duncanson picture of bound acetylene.

6.2.3. Combined X-Ray Absorption Spectroscopy and
X-Ray Diffraction

There are numerous techniques now available for in situ
studies of solid catalysts. They have been discussed at length
in a recent monograph[23] and updated in a recent review.[146]

We shall concentrate here only on those in situ techniques that
utilize synchrotron radiation. A particularly powerful combi-
nation of techniques for micro- and mesoporous catalysts is
that of X-ray absorption spectroscopy (XRA) and X-ray
diffraction (XRD).[147±150] From the former, information
pertaining to the immediate atomic environment of the
absorbing atom (which is selected to be at, or close to, the
active site) is extracted from the pre-edge, near-edge, and
extended-edge fine structure (respectively abbreviated as
PEXRA, XANES, and EXAFS). From the latter (XRD),
information about the overall structural integrity and other
aspects of long-range order within the phase in question is
obtained. Between them, therefore, we achieve insights into
the architecture of both the active site itself and the average
picture of the solid in which the active site is situated.
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Table 2. Illustrative values of hydration numbers nNi of Ni2� ions in D2O
(from Enderby[143]).

Electrolyte Molality nNi

NiCl2 4.41 5.82
3.05 5.82
0.50 5.92

Ni(ClO4)2 3.80 5.82
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Figure 24 shows the deployment of the XRA/XRD combi-
nation for in situ studies of either solid ± liquid or solid ± gas
heterogeneous catalytic systems.[25, 151] The GC/MS analytical
facility ensures that measurements of catalytic performance
are conducted strictly in parallel with those of the nature of
the active site.

6.2.4. X-Ray-Based in situ Studies of the Crystallization of
Microporous Catalysts

Combined XRA-XRD measurements may be made in a
time-resolved fashion using the set-up shown in Figure 25 to
chart the growth of framework-substituted microporous
AlPO catalysts such as CoAlPO-5 and CoAlPO-18. With
a capillary reaction vessel housed in an appropriately
designed furnace, both XRD patterns as well as richly
detailed X-ray absorption spectra are obtainable (see Figure
7 of ref. [149]). The pre-edge X-ray absorption spectra,

Figure 25. Schematic representation of the set-up used by Sankar et al.[149]

for the combined XRD/XAS in situ measurements used to follow
crystallization of molecular sieve catalysts from liquids and gels.

and also the XANES and EXAFS infor-
mation (taken in conjunction with the
XRD results), unmistakably reveal[149]

that, prior to the onset of crystallization,
octahedral CoII ions in the precursor
(templated) gel become tetrahedrally co-
ordinated. With this technique one may
record the appearance and disappearance
of transitory phases during the course of
the crystal growth in the phase that
ultimately predominates.

Energy-dispersive X-ray diffraction
techniques (EDXRD, Table 3) may be
readily applied to study the development
of crystalline phases during the synthesis of
microporous material. One convenient
arrangement, which uses three separate
detectors set at different values of q so as
to cover a wide range of d-spacings is
shown in Figure 26 a. The time-resolved
diffractograms in Figure 26 b shows the

sudden transition (at ca. 100 min) from an amorphous pre-
cursor gel to a crystalline zeolite (type A).

Normalized sigmoidal plots for the development of crys-
talline zeolite A at a series of fixed temperatures (Figure 27)
all obey Avrami ± Erofeev kinetics in which a (the fraction of
crystalline product) is given by Equation (6), which, in turn,
yields Equation (7). A plot of ÿ ln (1ÿa)1/n versus (tÿ to),
where t is the time at which the data were collected after the

a� 1ÿ e(ÿkt)n (6)

ÿ ln (1ÿa)1/n� kt (7)

start of the measurement procedure and to is the induction
period (see Figure 27), that is, the time at which the X-ray
reflections begin to appear, is indeed linear for n� 4. The
gradient of the linear plot yields the rate coefficient k, which
was determined over a range of temperatures. The resulting
Arrhenius plot gave an activation energy of approximately
58� 3 kJ molÿ1, a value that accords well with the 60 kJ molÿ1

computed for condensation reactions for Si-O-Si linkages in
silicate systems.
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Figure 24. Schematic representation of the set-up used for the in situ parallel recording of X-ray
absorption (XRA) spectra and X-ray diffraction (XRD) of solid catalysts in contact with either
liquid or gaseous reactants. The fluorescence detector makes it possible to probe absorption edges of
elements present at the ppm level in the catalyst (see also refs. [146, 151]).

Table 3. The rudiments of energy dispersive X-ray diffraction (see Fig-
ure 26).[149]

l� hc/E
nl� 2d sinq

E/n�hc/(2dsinq)
* The detector angle 2q was kept fixed at typicaly 1.58 ; calibrated with a

radioactive source and a silicon standard; the wavelength is varied as
opposed to conventional XRD where wavelength is fixed and 2q varied.

* White radiation permits simultaneous measurement over a wide range of
energies (or d-spacing); the measurement range is dependent on the
detector angle.

* The high intensity of X-rays allows the beam to pass through the
stainless steel in situ hydrothermal cell, PTFE liner, and sample.

* The time-resolved technique typically used 1 ± 2 min per scan.
* Poor resolution and intensity variation contribute towards the ED-XRD

data being unsuitable for Rietveld refinement since structure factors are
currently unobtainable.
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Figure 26. a) Set-up used for energy-dispersive X-ray diffraction
(EDXRD) in situ measurements of the kinetics of crystallization of
microporous materials. A bank of three detectors, each at fixed values of q,
ensures that a wide range of d-spacings is explored (c and d). b) A typical
stacked, time-resolved EDXRD plot for zeolite A synthesized at
367 K.[149]

7. Selected Case Histories

Equipped with all the information outlined above, we are
now well placed to describe the atomic architecture of porous
catalysts that have been engineered by my colleagues and me
for the following types of reaction:
* selective oxidation of linear alkanes by molecular oxygen
* selective oxidation of cyclohexane (to cyclohexanone and

cyclohexanol) using molecular oxygen or sacrificial oxi-
dants

* Baeyer ± Villiger conversions of ketones to lactones

Figure 27. (Top) Normalized (against the intensity of the final data point)
sigmoidal curves for zeolites synthesized at 357 K. Four strong reflections
(at 12.3, 8.7, 7.1, and 5.5 �) at four temperatures (bottom) were chosen so as
to compare the rate at which the crystalline phase is formed. Since all four
curves superimpose, we infer that the crystal growth is uniform.[149] In the
bottom graph the temperature-dependence of the induction period t0 can
be seen.

* epoxidation of alkenes using either alkylhydroperoxides or
molecular oxygen

* methanol to light-olefin conversion (preferentially to
ethene and propene)

* hydrogenation of alkenes
* regioselective and enantioselective allylic amination.

All the catalysts that we have designed for these reactions
are either microporous or mesoporous. Moreover the nature
of the active site for each category of catalyst has been
incontrovertibly established by the techniques described in
Section 6.

7.1. Molecular-Sieve Catalysts for the Selective Oxidation
of Linear Alkanes by Molecular Oxygen[152±154]

Terminally oxidized hydrocarbons are of considerable
interest as potential feedstocks for the chemical and pharma-
ceutical industry, but selective oxidation of only the terminal
methyl groups in alkanes remains a challenging task. It is
accomplished with high efficiency and selectivity by some
enzymes, but inorganic catalysts, while inferior in overall
performance under benign conditions, offer significant ad-
vantages from a processing standpoint.[154] Controlled partial
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oxidation is easier to achieve with ªsacrificialº oxidants, such
as hydrogen peroxide,[155] alkyl hydroperoxides, or iodosyl-
benzene,[156] than with molecular oxygen or air. These
sacrificial oxidants, themselves the product of oxidation
reactions, have been used in catalytic systems involving
tailored transition metal complexes in either a homogeneous
state,[157±159] encapsulated in molecular sieves,[160±162] or anch-
ored to the inner surfaces of porous siliceous supports.[163]

Here we report the design and performance of two alumi-
nophosphate molecular sieves containing isolated, four-coor-
dinated CoIII or MnIII ions that are substituted into the
framework and act, in concert with the surrounding frame-
work structure, as regioselective catalysts for the oxidation of
linear alkanes by molecular oxygen. The catalysts operate at
temperatures between 373 and 403 K through a classical free-
radical chain-autoxidation mechanism. They are thus able to
use molecular oxygen as an oxidant, which, in combination
with their good overall performance, raises the prospect of
using this type of selective inorganic catalyst for industrial
oxidation processes.

Cobalt(ii) is one of the transition metal ions that, when
occupying a small percentage of the framework (tetrahedral)
sites in a molecular sieve, may be raised[164±166] to a higher
oxidation state (CoIII) while remaining within the framework
and act as active sites for the catalytic oxidation of cyclo-
hexane [167] and other alkanes in air.[168] By taking advantage of
this fact and choosing a molecular sieve that allows only end-
on entry of the linear alkanes into the cavities containing the
active sites (compare ref. [169]) we have been able to design
effective catalysts that favor functionalization by oxygen at
the terminal CH3 and penultimate CH2 groups and operate
with air as the oxidant. (In conventional autoxidation of n-
alkanes under homogeneous conditions and in the absence of
steric constraints the regioselectivity is governed by the
relative bond-dissociation energies. That is, whereas the bond-
dissociation energies decrease from primary to secondary to
tertiary carbon atoms, the corresponding selectivities in-
crease).

We selected the molecular sieve known as aluminophos-
phate (AlPO) number 18 (idealized formula Al24P24O96),
which has pores similar to the zeotypic analogue of the
aluminosilicate mineral chabazite. A few atom per cent of
various divalent metal ions may be readily accommodated
into the tetrahedral sites of this material�s framework as
isomorphous replacements for AlIII ions. This is done by
templated hydrothermal syntheses as outlined in Section 5.

In this process the redox ions (CoII or MnII) are raised
to their triply charged states during calcination in O2. In
the course of the partial oxidations the transition metal
ions, which replace some 4 atom % of the AlIII ions, even-
tually return to their 2� states, and the catalyst changes
color from green to blue (for CoIII!CoII) and blue!white
(for MnIII!MnII). Combined in situ extended X-ray
absorption spectroscopy and X-ray powder diffraction
(Figure 28) show that the oxidation of the ion during
calcination is accompanied by only minor structural changes,
and these measurements yield quantitative structural infor-
mation about the environment of the active CoIII- and MnIII-
centers.

a)

b)

c)

Figure 28. a) Stacked plots of X-ray diffractograms (recorded during
calcination), showing that the integrity of the framework structure remains
intact when MnII framework ions are oxidized to their MnIII state. No
exsolution occurs even after several oxidation ± reduction cycles. b) X-ray
absorption near-edge spectra of the Mn K-edge for MnAlPO-18 samples.
The solid line (I) represents the as-prepared state, the dashed curve (II) the
calcined state. For comparison the inset shows the corresponding informa-
tion for three (model) oxides of manganese. c) The spatially-averaged
EXAFS-derived structure around MnII (left) and MnIII ions (right) in the
AlPO-18 framework. (red: oxygen; yellow: aluminium; purple: phospho-
rous; gray: MnII ; and blue: MnIII ; distances in �).[153]

Measurements of the shifts in the K-edges and of the
extended X-ray absorption fine structure of the Co and Mn
ions show that these ions in the as-prepared (templated) form
of CoAlPO-18 and MnAlPO-18 may be completely converted
in dry air or O2 into the CoIII or MnIII states, respectively. For
reasons that are not yet clearly understood, only a fraction of
the CoII or MnII ions isomorphously incorporated into the
AlPO-36, AlPO-11 and AlPO-5 structures are convertible
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into the �3 oxidation state by similar treatment in O2 or dry
air.[165] (In MAlPO-36 the fraction is �0.45, in MAlPO-11,
�0.30, and in MAlPO-5, �0.20, where M�Co or Mn, all
these values being deduced from changes in Co-O and Mn-O
distances.)

The catalytic performance of the CoAlPO-18, MnAlPO-18,
MgAlPO-18, CoAlPO-36, MnAlPO-36, MgAlPO-36, CoAl-
PO-11, and CoAlPO-5 molecular sieves was tested for the
selective oxidation of n-pentane, n-hexane, and n-octane. Full
details are described elsewhere, but the salient results are
shown (for n-octane) in Figure 29. The overall performance of
CoAlPO-18 and MnAlPO-18 is superior to that of all
previously reported inorganic catalysts for the regioselective
oxidation of linear alkanes, even though the latter use
sacrificial oxidants, not air or O2. An exception is the catalyst
developed by Tolman et al. ,[169] which uses a gas mixture of H2

and O2 to generate H2O2 in situ over finely divided Pd/Fe
bimetallic particles.

Figure 29. In the aerobic oxidation of n-octane (and other linear alkanes),
terminal attack leading to oxyfunctionalization is much more favored in
Mn (of Co) AlPO-18, than in Mn/CoAlPO-36, or in Mn/CoAlPO-5.[152, 153]

The vertical axis shows the product quantities in mmol.

Given the pore dimensions and the fact that, under reaction
conditions, the framework transition metal ions are all in their
�3 state, it is unsurprising that CoAlPO-18 and MnAlPO-18
show the greatest activityÐtwice as active (in both n-hexane
and n-octane oxidation) as a CoAlPO-11 catalyst. Our
catalysts also show a high degree of regioselectivity: about
65.5 % of the oxidation products of n-hexane after 24 h are the
result of oxyfunctionalization at the terminal methyl group for
MnAlPO-18 (61.5 % for CoAlPO-18). As much as 31.7 %
(36.1 % for CoAlPO-18) consist of 2-hexanol and 2-hexa-
none; there is no sign of attack at C3 in hexane or at C4 in the
oxidation of n-octane.

It is well known[170] that the oxidation of alkanes by
transition metals generally involves the participation of free

radicals. We believe, for three reasons, that the overall
selective oxidations of all the alkanes reported here, including
that of cyclohexane, are no exceptions. Because of the small
aperture of the AlPO-18 structure, it is easier to test the role
of free radicals using the AlPO-36 structure, which has
apertures large enough to allow alkylhydroperoxide radicals
and radical scavengers to enter their interior surfaces (see
Figure 33). First there is an induction period in the yield
versus time plots (typified by that for n-hexane, using
CoAlPO-36 as the catalyst, Figure 30), and this period is

Figure 30. Kinetics of oxidation of n-hexane (conversion y in mol %) in air
using CoAlPO-36 in the presence (~) and absence (*) of a radical initiator.
The addition of the free-radical initiator greatly reduces the initial
induction period, accelerates the rate of the catalytic reaction, and gives
rise to enhanced activity (the product selectivity is not affected). Addition
of small amounts of hydroquinone (free-radical scavenger) completely
suppresses the reaction (!, ^), which suggests the participation of free
radicals in the catalytic process. In an identical experiment, the solid
catalyst was filtered off from the reaction mixture (when hot) after 10 h,
and the reaction was continued for a further period of 14 h (�). No increase
in conversion was observed, indicating that the leached out metal ions (if
any) are not responsible for the observed activity. In addition this
experiment rules out the possibility of any gas-phase radical reactions.
The resulting filtrate was independently analyzed for free or dissolved
metal ions and only traces (<3ppb) were detected.[153]

greatly diminished by the prior addition of traces of free-
radical initiators such as tert-butylhydroperoxide (TBHP).
Second, addition of small quantities of hydroquinone, a free-
radical scavenger, greatly hinders the oxidation (see curves
plotted with ^ and ! in Figure 30). Third, in the oxidation of
cyclohexane (the peroxide of which is easier to analyze than
that of n-alkanes) under identical conditions over a range of
CoIII- and MnIIIAlPO catalysts, the presence of cyclohexyl
peroxide (which subsequently decomposes to cyclohexanol
and cyclohexanone) has been directly detected[171] .

Although the precise mechanism of the oxidation of the
alkanes involving CoAlPO and MnAlPO catalysts and
dioxygen is not clearÐas in the case of cytochrome P450[172]

and other enzymatic reactionsÐthere is little doubt that
catalytic autoxidation dominates here. It is certain that
framework-isolated CoII or MnII ions present initially in the
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freshly prepared sieve are vital for catalysis when converted
into the CoIII or MnIII state. It is likely that scope for expansion
of the coordination shell of the transition metal ion (as with
the MnIII ion in the superoxide dismutase[173]) is a significant
factor in facilitating the reaction. Divalent ions that cannot be
raised to higher oxidation states, such as MgII, are totally
inactive as oxidation catalysts. Experiments using MgAlPO-
18 and MgAlPO-36 as catalysts (for the oxidation of n-octane
under the conditions of Figure 29 at 373 K) showed no
activity. This fact also rules out the possibility that free
radicals produced solely in the gas phase are significant in the
autoxidation. Moreover, introduction of acetonitrile (known
to coordinate CoII ions) before the admission of air poisons
the CoAlPO-18 catalyst.

Overall conversions in the oxidations reported here have to
be kept to a low level (�7 %) to avoid leaching of the
transition metals by polar products (that is, carboxylic acids).
However, they are comparable[161] to those in industrially
significant oxidations of cyclohexane, and superior to what
has been achieved to date using other inorganic catalysts.[153]

The rates of reaction are rather slow, which reflects the
diffusional requirements that have to be overcome when
liquid reactants and products compete with one another and
with solvated molecular oxygen for access to the sub-surface
active site. It is possible that further enhancement of the
catalytic performance may be achieved by optimizing such
variables as the concentrations of CoIII or MnIII ions sub-
stituted into the chabazite cages, the crystallite size, and the
surface area. Moreover, by using a high-pressure flow system
optimized with respect to contact time and oxygen pressure a
higher yield of desirable products should be facilitated. It is
also likely that other transition metal ions may serve equally
well or better as selective oxidation catalysts. The regioselec-
tivity of the oxidation is already remarkable, and may be
understood from a computer simulation that determines the
lowest energy state adopted by the alkane inside the chabazite
cavity of the AlPO-18 framework (Figure 31).[174] A bound

Figure 31. Energy-minimized configuration (two views) adopted by n-
hexane at 0 K inside an AlPO-18 framework. This configuration was
derived from a calculation that combines Monte Carlo molecular dynamics
and docking procedures.[153] The framework composition was assumed to be
SiO2, for which more reliable potentials are available than for AlPO4. Note
that the terminal methyl group is significantly closer to a tetrahedral
framework site than either C2 or C3, the respective distances being 3.53 �
(C1), 3.75 � (C2), and 4.03 � (C3). The implication here is that CoIII (or
MnIII) ions in the framework of the AlPO-18 cage, along with intracage O2,
exert a greater influence on C1 than on other carbon atoms in the hexane
backbone.[153]

hexane (or any other linear alkane) molecule, gains easy
access to the active sites and its end becomes slightly bent
(shown by molecular dynamics calculations). This selectively
favors oxidation at the terminal and penultimate carbon
atoms.

7.2. Designing Catalysts for the Selective Oxidation of
Cyclohexane

The conversion of cyclohexane into cyclohexanol is one of
the principal target reactions in the broad field of selective
oxidation of alkanes since the latter compound is used as a
feedstock in several industrial processes including the pro-
duction of nylon from e-caprolactam and adipic acid. Cyclo-
hexane is expected to retain its dominant position as the
feedstock of choice for adipic acid manufacture in the coming
decade.

The conventional process is a thermal one, taking place at
125 to 165 8C and at pressures from 8 to 15 bar. It is accepted
that the oxidation involves free radicals (facilitated by
catalysts of Mn or Co salts) and intermediates such as
cyclohexylhydroperoxide, which is selectively (and catalyti-
cally) decomposed to yield the alcohol and the ketone. It is
prudent to limit the conversion to a maximum of about 10 %,
to avoid build-up of other, unwanted products. Homogeneous
catalytic oxidation of cyclohexane with cobalt acetateÐthe
most popular industrial catalystÐsuffers from the generation
of by-products such as alkyl acetates, other ketones, cyclo-
hexanediyl diacetate, and alkyl chlorides. (The precise
structure of the active cobalt acetate catalyst remains
unclear.) To confer greater stability upon the homogeneous
CoIII acetate catalyst it is also necessary to employ, for reasons
that are not entirely understood, either acetic acid or
trifluoroacetic acid (or trichloroacetic acid) as solvent for
the reactant mixture, Bromides are also often used as
promoters.

With the aim of arriving at a cleaner, more efficient
catalytic system for the production of cyclohexanone from
cyclohexane, and also of gaining deeper insights into the
nature of the catalytically active centers by in situ EXAFS
studies, we designed[175] a new catalyst that entails harnessing
the advantages of homogeneous organometallic catalysis on
the one hand and of a large-area, well-defined (MCM-41)
mesoporous silica support on the other.

Although there is still considerable debate[14,20,176, 257] about
the mechanism of the oxidation of cyclohexane in the
presence of CoIII, MnIII, and CeIV salts in acetic acid, our
point of departure in this work is the earlier observation that
several oxo-centered trimeric cobalt(iii) acetates (coordinated
with pyridine)[177] exhibit much greater activity in selectively
oxidizing the tertiary C-H bond in adamantane than their
dimeric analogues.

The apertures of the MCM-41 samples prepared by us are
close to 30 � and readily permit ingress of the monohydroxy-
cobalt complexes [Co3(m3-O)(OAc)3(m2-OH)(py)3]PF6 to sub-
stitute the hydroxyl group for other ligands,[178] which we
selected for immobilization inside the channels of the
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MCM-41 mesoporous silica. It is possible to employ various
routes to effect immobilization: anchoring to the surface
directly or using surfaces functionalized with, for example,
alkylcarboxylic acids. Each of these routes yields a catalyst
for the selective oxidation of cyclohexane to cyclohexanone.
However, distinct differences are observed in their respec-
tive turnover frequencies (TOFs), life times, and selectivi-
ties (see Table 4). The catalysis was effected in an essen-
tially solvent-free fashion: the sacrificial oxidant tert-butyl-
hydroperoxide (TBHP) and the reactant cyclohexane
form a miscible liquid and each is consumed to yield
cyclohexanone, cyclohexanol, other minor amounts of by-
products (dicyclohexyl ether, dicyclohexylperoxide, and tert-
butylcyclohexylperoxide), and tert-butyl alcohol (from
TBHP).

In our first attempt at immobilization we reacted the
monohydroxy cobalt complex with partially dehydrated sili-
ceous MCM-41. The EXAFS spectrum after immobilization
showed that there was virtually no change in the structure of
the complex, which indicated either substitution of the
bridging hydroxide ligand by a surface silanol group or
physisorption brought about by interaction of the surface with
the cationic cluster. Catalytic tests (Table 4) showed that 7.6 %
of the available cyclohexane was converted with a selectivity
of about 89 % into cyclohexanol and cyclohexanone after
24 h. The catalyst life time, however, was less than 48 h. This
limited life time is most likely a result of the mobility of the
cobalt clusters on the surface, giving rise to cluster ± cluster
and other unfavorable interactions at the interior surface, as
well as some leaching indicated by slight discoloration of the
solution.

Working on the principle that immobilization at a carboxyl-
functionalized surface (that is envisaging the replacement of
the bridging hydroxyl ligand by a carboxyl group) may
produce a potentially more-stable catalyst, we proceeded to
functionalize the MCM-41 surfaces with a 3-bromopropyltri-
chlorosilane tether, which we then derivatized by reaction
with glycine. The virtual lack of solubility of glycine in
solvents other than water means that the efficiency of the
reaction between the amine part of the glycine and the
bromoalkyl group could be expected to be low owing to the
interaction of water with the amine. However, this would as a
side-effect provide a means to ensure a high dispersion of the
cobalt complex, which might aid stability (and, hence,
longevity) by reducing possible interactions between cobalt
clusters. Additionally, the nonderivatized bromoalkyl groups
might act as a potential promoter echoing the use of bromide
in commercial processes.

Catalytic tests established that after an initial TOF of
around 352 mol cyclohexane per mol of catalyst per hour, a
steady TOF of around 216 could be sustained for at least four
days. The true heterogeneity of the catalyst was also examined
by separating it by filtration and establishing that the filtrate
displayed no further activity under the same reaction con-
ditions. Additionally, no leaching could be detected (within
experimental error) when comparing the elemental analysis
results of the catalyst before and after reaction. No induction
period could be observed (at a time resolution of 5 min); after
an initial exponential behavior, the catalyst continued to
produce cyclohexanone essentially in a linear fashion. At the
outset more cyclohexanol than cyclohexanone is produced,
but after about six hours cyclohexanone production is
predominant, an equilibrium between cyclohexanol genera-
tion and consumption to form the ketone being reached after
about 12 h (Figure 32).

Figure 32. Plot of the of formation of cyclohexanol (*) and cyclohexanone
(&) from cyclohexane against time with 150 mg of catalyst.[175] x is the
percentage conversion.

Additionally, in situ X-ray absorption spectroscopy using
synchrotron radiation enabled the detailed atomic environ-
ment of the active cobalt complex to be determined both prior
to and during the course of the solid ± liquid heterogeneous
catalysis at realistic temperatures under continuous flow using
a novel liquid/solid cell. A combination of in situ X-ray
absorption spectroscopy and ex situ 29Si MAS NMR spectro-
scopy yielded precise quantitative information of the heterog-
enized trimeric oxo-centered cobalt catalyst (see Figure 3 of
ref. [175]).

The recent isolation[179±181] and characterization of a new
series of multinuclear cobalt acetates provides further oppor-
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Table 4. Catalytic performance in cyclohexane oxidation of the [Co3(m3-O)(OAc)5(m2-OH)(py)3]PF6 complex (see text) anchored to MCM-41 silica.[175]

Catalyst support Co [wt %] Si:Co t [h] Conversion
[%][a]

TOF[b] Selectivity
[%][c]

Cyclohexanone:
Cyclohexanol

Lifetime
[h]

nonderivatized 0.376 210 4 3.7 89 85 0.6 < 48
MCM-41, glycine-functionalized through
bromoalkyl tethers

0.201 300 24 11.9 230 89 1.5

0.201 300 96 38.1 216 95 3.3

[a] 9.5 mL cyclohexane, 10 mL TBHP, and 0.5 mL mesitylene (internal standard) at 70 8C are required for 150 mg of catalyst. [b] In mol cyclohexane per mol
catalyst per hour (Note: mol of catalyst refers to moles of the complex). [c] Based on cyclohexanone and cyclohexanol. [d] The experiment was stopped after
four days.
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tunities of improving anchored, heterogeneous, selective-
oxidation catalysts for the conversion of cyclohexane into the
corresponding alcohol and ketone.

7.2.1. From Sacrificial Oxidants to Selective Oxidation by
Molecular Oxygen

As useful as alkylhydroperoxides are for the selective
oxidation of cyclohexane (and for the conversions of alkenes
into epoxidesÐsee Section 7.4.2), it would be so much better
if a solid catalyst were developed that effected such con-
versions using molecular oxygen or dry air. Such catalysts
have been developed both in these laboratories and also at the
National Chemical Laboratory in Pune (India).

Raja and Ratnasamy[182] showed how a solid catalyst
comprising of transition metal complexes of a phthalocyanine
or porphyrin (where some of the peripheral hydrogen atoms
were replaced by electron-withdrawing groups) exhibited
high stability and activity in the conversion of cyclohexane
into the ketone and alcohol in the temperature range of 20 to
80 8C and a pressure of up to 60 bar. The performance of the
catalyst is greatly improved if it is encapsulated in an
aluminosilicate molecular sieve. Similar catalysts were devel-
oped[183] by them for the preparation of adipic acid from
cyclohexane.

We have taken advantage in our studies of the convenient
fact that a certain aluminophosphate (AlPO) molecular sieve
containing isolated, four-coordinated CoIII or MnIII ions that
are substituted into the framework acts, in concert with the
surrounding framework structure, as highly selective catalysts
for the oxidation of cyclohexane to (predominantly) cyclo-
hexanone and cyclohexanol in O2 or air (see Section 7.1). One
of the best AlPO molecular sieve catalysts to use for this
purpose is CoAlPO-36 (the structure of which was deter-
mined[184] by stochastic methods). The results,[185] summarized
in Figures 33 and 34, are compared with those for other
(previously reported) CoAlPO structures.

Very recently[186] we prepared a very powerful selective
oxidation catalyst for cyclohexane, again based on an AlPO
structure, but this time with FeIII ions (replacing AlIII) in four-
coordinated sites in the framework. The conditions under
which the oxidation ensues are benign: 403 K and 15 bar of
dry air. The results (Figure 35) are vastly superior to those
obtained with the cobalt-substituted analogue. (It is believed
that, in this particular molecular-sieve structure, very few CoII

sites in the framework can be oxidized to the CoIII state, in
marked contrast to the situation with FeII and FeIII states).
Incontrovertible evidence has been cited earlier for the free-
radical (autoxidation) nature of the catalyzed selective
oxidation of cyclohexane (see Figure 30 and the discussion
of regioselective oxidations of alkanes in molecular-sieve
catalysts in Section 7.1).

7.3. Baeyer ± Villiger Oxidations with a Difference: The
Facile Conversion of Ketones into Lactones

A century ago Baeyer and Villiger[187] reported the con-
version of cyclic ketones into lactones using a peroxyacid as

6.5 x 7.5

Figure 33. a) Computer graphic representation of the AlPO-36 structure
in which cobalt ions have replaced some of the AlIII framework sites. After
calcination in O2, about 50% remain in the CoII state (blue). b) XRD
patterns of CoAlPO-36 catalysts recorded in situ during calcination in
O2 using combined XRD/XAS. The corresponding Co K-edge EXAFS
data, recorded at room temperature and after calcination at 550 8C are
shown in (c) and (e), respectively. The associated Fourier transforms (FT)
are shown in (d) and (f). Solid line: experimental; dashed line: calcu-
lated.[185]

Figure 34. Bar-chart representation of the fraction of oxidized cobalt
(dark), pore dimension (hatched), and catalytic activity (as % conversion;
white) of CoAlPO-5, CoAlPO-11, CoAlPO-36, and CoAlPO-18 catalysts
in the oxidation of cyclohexane in air (1.5 MPa) at 373 K.[185]

oxidant. For this purpose they used the most powerful oxidant
then known, peroxomonosulfuric acid H2SO5, otherwise
known as Caro�s acid,. As has been explained in a recent
admirable review,[188] Baeyer-Villiger oxidations are of major
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Figure 35. In the aerobic oxidation of cyclohexane, framework-substituted
FeIII ions yield more effective catalysts than MnIII or CoIII ions for the same
(AlPO-5) structure. TON� turnover number and cHHP� cyclohexylhy-
droperoxide.

synthetic interest in organic chemistry, with applications
spanning such diverse areas as antibiotics, steroids, and many
aspects of agrochemistry.

The peracids used for the first half-century or so of
Baeyer ± Villiger oxidations are now increasingly frowned
upon (when not banned) because of environmental and other
reasons, notably safety. The withdrawal from the market of
90 % H2O2 (which was the replacement for the original Caro�s
acid)Ðbecause of its highly explosive propertiesÐhas
prompted greater use of lower grade peracids, and stimulated
the search for effective catalysts (including enzymatic ones)

that would enable Baeyer ± Villiger reactions to be carried out
with molecular oxygen.

Several heterogeneous catalytic systems based on hydro-
talcites[189] or heteropolyoxometalates[190] have been used to
effect Baeyer ± Villiger oxidations. We argued, taking into
account the redox properties[191] and pore dimensions of a
range of metal ion substituted AlPOs, that MnIII- and CoIII-
substituted AlPO-36, as well as CoAlPO-18 and MnAlPO-18
(for smaller reactants), would be prime candidates as new
Baeyer ± Villiger catalysts. This is indeed the case; but these
catalysts work under the so-called Mukaiyama conditions[192] ,
whereby aldehydes are used sacrificially to create the desired
peracid in situ (within the pores of the molecular sieve). This
active peroxyacid then converts the cyclic ketone into the
lactone outside the catalyst (Table 5).

The Mukaiyama conditions used by us and others are of
considerable interest in that they offer attractive alternatives
to the use of environmentally less acceptable oxidants such as
CrO3, KMnO4, Pb(OAc)4, RuO4, Ag2O, and Co(acac)3 (many
of which function stoichiometrically, at least in partial
oxidations of alkenes, rather than catalytically).[193] H2O2 in
the presence of an appropriate catalyst (for example, methyl-
trioxorhenium [194]) is also a good oxidant for the conversion
of olefins into epoxides and cyclic ketones into lactones
(Scheme 1[188]).

We have identified three different structures of potential
catalysts that contain small amounts (up to 4 atom %) of
either manganese or cobalt redox cations. The catalysts we
have used are CoAlPO-36, MnAlPO-36, CoAlPO-5, MnAl-
PO-5, CoAlPO-18, and MnAlPO-18. The structure[195] of
aluminum phosphate no. 36 (IZA structure code ATS) has
well-defined, oval shaped channels (6.5� 7.5 �; see Fig-
ure 33), which, by appropriate preparative means (as descri-
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Table 5. Baeyer ± Villiger oxidation of ketones (Mukaiyama�s conditions).[a]

Entry Substrate Catalyst Pore size [�] T [K] t [h] TOF [hÿ1][b] Conv. [%] Lactone selec-
tivity [%]

1 cyclohexanone CoAlPO-36 6.5� 7.5 323 6 250 71 98[a]

2 cyclohexanone CoAlPO-5 7.3� 7.3 323 6 204 60 80[a]

3 cyclohexanone MnAlPO-36[c] 6.5� 7.5 323 6 257 78 98[a]

4 cyclohexanone MnAlPO-5 7.3� 7.3 323 6 207 64 82[a]

5 cyclohexanone MgAlPO-36 6.5� 7.5 323 6 [d] 20 64[a]

6 cyclohexanone CoAlPO-18 3.8� 3.8 323 6 [d] 22 62[a]

7 cyclohexanone No catalyst Ð 323 6 Ð 20 65[a]

8 cyclohexanone CoAlPO-18[e] 3.8� 3.8 323 6 166 48 72[a]

9 cyclopentanone CoAlPO-36 6.5� 7.5 323 6 238 58 92[b]

10 cyclopentanone CoAlPO-5 7.3� 7.3 323 6 185 46 76[b]

11 cyclopentanone MnAlPO-36 6.5� 7.5 323 6 246 61 94[b]

12 cyclopentanone MnAlPO-5 7.3� 7.3 323 6 187 50 77[b]

13 adamantan-2-one CoAlPO-36 6.5� 7.5 353 5 220 80 99
14 adamantan-2-one MnAlPO-36 6.5� 7.5 353 5 224 87 99

15 2-methylcyclohexanone CoAlPO-36 6.5� 7.5 323 6 201 65 86
16 2-methylcyclohexanone MnAlPO-36 6.5� 7.5 323 6 208 72 89

[a] Reaction conditions: substrate ca. 20 g; catalyst ca. 0.15 g; substrate:benzaldehyde� 1:3 (molar); O2 (air)� 30 bar; Products: e-caprolactone from
cyclohexanone; d-valerolactone from cyclopentanone. [b] TOF�moles of ketone converted per hour per mole of metal (Co, Mn) in the catalyst. [c] After
the reaction the catalyst was filtered off, washed thoroughly with methanol, and calcined at 550 8C for 12 h. It was then re-used twice without significant loss of
catalytic activity. The reaction mixture (after 6 h) was also analyzed by ICP (and AAS) and only trace amounts (<2 ppb) of metal were detected. In a
separate experiment, the solid catalyst (entry 3) was filtered off from the reaction mixture (at 323 K) after 2 h (conv.� 29%) and the reaction was continued
for a further 4 h (conv. after 6 h� 33%) with the resulting filtrate (which also had trace amounts (<2 ppb) of metal). No substantial increase in conversion
was observed, clearly showing that the reactions are heterogeneously catalyzed. [d] The TOF have not been calculated in these cases, as the conversions
obtained here are noncatalytic. [e] Hexanal was used instead of benzaldehyde.
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Scheme 1. Example of oxidation with H2O2/MeReO3.

bed in Section 5), may be lined with a substantial number of
either cobalt or manganese ions substituted in the framework
in place of AlIII ions. Similarly, two other types of materials,
AlPO-5 (AFI) and AlPO-18 (AEI) with pore dimensions of
7.3 and 3.8 �, respectively, were synthesized with specific
metal ions having identical concentrations. By calcining the
freshly prepared MAlPOs samples (M�Co or Mn) in oxygen
at 550 8C, the substituted ions may be converted[195] into their
�3 oxidation states, to a degree that is dependent on the
structure: the trend in the concentration of the�3 state in the
three structures is AlPO-18>AlPO-36>AlPO-5.

Although the mechanistic details of the aerobic oxidation
of ketones to lactones reported here still require elucidation,
preliminary studies point to the fact that the active centers in
the redox catalysts are the CoIII (or MnIII) ions that line the
micropores. We know for several reasons that the higher
conversions are effected by the higher valence framework-
substituted ions in the molecular sieve catalysts. Firstly, AlPO-
36 analogues substituted with divalent ions, such as Mg2� (or
Zn2�), that are not raised to higher oxidation states upon
calcination in O2 yield conversions not significantly different
from those of the Mukaiyama sacrificial oxidations with
benzaldehyde alone (see Table 5, entries 5 and 7). Secondly, in
a parallel experiment using the smaller pore CoAlPO-18 (or
MnAlPO-18), where all the transition metal ions are in the�3
oxidation state, and the diameter of micropores is 3.8 �, no
catalytic conversion of cyclohexanone into e-caprolactone
occurs when benzaldehyde is used as a sacrificial oxidant
(Table 5, entry 6) because the latter is too large to gain access
to the active site. (In addition, this clearly rules out the
possibility of autoxidation by surface or transition metal
impurities. It also constitutes proof that we are not dealing
with homogeneous catalysis.) To substantiate that the autox-
idation of the aldehyde is shape-selective, we used the straight
chain n-hexanal, which is small enough to enter the 3.8 �
cages of the CoAlPO-18 catalyst as a sacrificial oxidant. The
Baeyer ± Villiger conversion of cyclohexanone into e-capro-
lactone (Table 5, entry 8) freely ensues because the hexanal
gains ready access to the framework active sites and forms the
peroxyacid. Thus, large-pore CoAlPO-36 (or MnAlPO-36)
and CoAlPO-5 (or MnAlPO-5) catalysts offer easy access to
bulky sacrificial oxidants (such as benzaldehyde), and oxidize
a number of ketones, including adamantan-2-one, to their
corresponding lactones with very high selectivity.

The implications are clear: the aldehyde is first converted
by O2 at the active sites into the corresponding peroxyacid

inside the micropores, and this peroxy acid, in the manner first
outlined by Criegee[188, 196]Ðinvolving its initial nucleophilic
attack at the carbonyl carbon atomÐleads to the production
of the lactone.[**] In addition, as in our study of the selective
oxidation of cyclohexane,[167] there appears to be a clear trend
in the dependence of catalytic activity on the combination of
the pore-dimension of the molecular sieve and the frame-
work-substituted ion: the ATS structure shows higher con-
version and selectivity compared to AFI, and MnIII-containing
catalysts are slightly more active than their CoIII analogues.
This agrees well with our estimation of the fraction of the
metal ions that undergoes redox reaction.[191]

7.4. Epoxidation of Alkenes

The liquid-phase epoxidation of alkenes proceeds in the
presence of hydroperoxides with catalytic systems that con-
tain titanium(iv) ions (heterogeneously) or molybdenum(vi)
ions (homogeneously). Thus the Shell process using Ti/SiO2

and ethylbenzene hydroperoxide produces propylene oxide
on an annual scale of more than one million tons of propylene
oxide worldwide from propylene.[197] The ARCO HALCON
process, on the other hand,[198] is carried out homogeneously
using complexes of Mo or W.

Whereas the use of alkylhydroperoxides (in association
with an appropriate catalyst) currently dominates the indus-
trial scene, there have recently been attempts made to
epoxidize alkenes using molecular oxygen. We begin this
section, therefore, with a summarized account of our success-
ful use of molecular-sieve catalysts for doing just that.

7.4.1. Epoxidation using Molecular Oxygen

As with the Baeyer ± Villiger reactions described in Sec-
tion 7.3, the center-piece of our heterogeneous catalyst is the
aluminum phosphate molecular sieve AlPO-36, in which, as
before, up to 4 atom % of AlIII sites have been isomorphously
replaced by either CoIII or MnIII ions. Again, as with the
Baeyer-Villiger-Mukaiyama conditions outlined above, we
exploit the easy autoxidation of aldehydes to promote the in
situ formation of peroxy acids.[199]

By extending our earlier work on the design of redox
molecular sieve catalysts for the aerobic terminal oxidation of
linear alkanes (Section 7.1 above), for the selective oxidation
of cyclohexane (Section 7.2), and for the Baeyer ± Villiger
oxidation of ketones to lactones (Section 7.3), we have
achieved good conversions and selectivities for the epoxida-
tion of cyclohexene and other alkenes using framework-
substituted metal ions (M) in microporous alumina phosphate
MAlPO-36 (M�Mn or Co) catalysts.[200]
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[**] For the sake of completeness, it ought to be mentioned that the
transition metal in the framework may itself be directly implicated in
the Baeyer ± Villiger reaction by, for example, catalyzing the addition
of the peroxy species to the C�O group or by the formation of metal ±
peroxo species. In addition, the transition metal could also influence
the second step of the Creigee mechanism.[196] I am grateful to Dr.
Markus Dugal for drawing my attention to these possibilities.
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Details of the synthesis (and structure) of the MnII- and
CoII-containing AlPO-36 molecular sieves have been given
earlier (ref. [185]). Briefly, the MnII (or CoII) ion is introduced
to the template-containing precursor gel from which small
crystals of phase-pure product appear. Upon calcination in O2

at about 550 8C, the organic template (tetrapropylammonium
hydroxide) is entirely gasified, leaving the oval-shaped cages
(6.5 � 7.5 �) of the resulting catalyst empty. X-ray absorption
spectroscopy shows that, after calcination in O2, some fifty per
cent of the MnII (or CoII) originally present (isomorphously
substituting for AlIII) are converted into the MnIII (CoIII)
oxidation state, but that all these transition metal ions remain
securely in tetrahedral coordination within the microporous
AlPO framework. Others have also shown that CoII ions in
framework sites may be raised to the CoIII state without loss of
structural integrity of the AlPO framework.[201±203]

In a typical experiment, 0.25 g of catalyst, 20 g of the
alkene, and an alkene:benzaldehyde (mole) ratio of 1:3 are
used. The reaction mixture is loaded into a stainless steel,
high-pressure catalytic reactor (Cambridge Reactor Design)
lined with polyethyl ether ketone (PEEK) and equipped with
a mechanical stirrer and liquid-sampling valve. Dry air is
pressurized into the reaction vessel (30 bar), and the reactor
heated typically for 8 h at a temperature of 323 K. The results
are summarized in Table 6. Results obtained with comparable,
larger-pore (MAlPO-5) and smaller-pore (MAlPO-18) redox
molecular sieve catalysts, the shapes of which are 7.3� 7.3 �
and 3.8� 3.8 �, respectively, are also tabulated. It is note-
worthy that conversions are consistently higher for both the
MnAlPO-36 and CoAlPO-36 catalysts than with those of their
larger-pore (AlPO-5) analogues. Almost certainly, the reasons
for the superior performance of the MAlPO-36 catalyst is
because a greater fraction (ca. 0.5 compared with 0.25) of the

Mn or Co can be raised to the �3 oxidation state, which is the
root cause of the catalytic activity. Significantly MgAlPO-36 is
totally inactive; there is no redox ion in the framework of the
micropores in this case, and hence no means of initiating the
free-radical reactions that lead to epoxidation.

Benzaldehyde molecules may freely enter the large
(ca. 650 m2 gÿ1) internal surfaces of both MAlPO-36 and
MAlPO-5 catalysts, thereby generating[203, 204] first PhCO.

and then the PhCOOO. radicals, which, from the sequence
of steps shown in Scheme 2, lead to the formation of benzoic
acid and cyclohexene oxide. In this sequence, reaction 5 is
known[205, 206] to proceed much faster than 6. This free-radical
based epoxidation of cyclohexene (and the other alkenes
listed in Table 6) is mechanistically quite distinct from the
radical-free epoxidation of alkenes using alkylhydroperoxides
and titanosilicate catalysts (which is discussed in Sec-
tion 7.4.2).

1. PhCHO�MnIII ÿ! PhCO.�H��MnII

2. PhCO.�O2 ÿ! PhCOOO.

3. PhCOOO.�PhCHO ÿ! PhCOOOH�PhCO.

4. PhCOOOH�PhCHO ÿ! 2 PhCOOH
5. PhCOOO.�C6H10 ÿ! C6H10O�PhCOO.

6. PhCOOOH�C6H10 ÿ! C6H10O�PhCOOH
7. PhCOO.�PhCHO ÿ! PhCOOH�PhCO.

8. PhCOOOH�MnII ÿ! PhCOO.�OHÿ�MnIII

Scheme 2. Probable mechanism of the transformations summarized in
Table 6.

Other aldehydes may also be used as sacrificial oxidants
provided they are small enough to gain access to the active
sites situated at the inner surface of the molecular-sieve
catalyst. Benzaldehyde is itself too large to enter Mn- or
CoAlPO-18, but hexanal is not. Although it diffuses less
rapidly into the MAlPO-18 structure than benzaldehyde does
in AlPO-36, it nevertheless functions efficiently in epoxidizing
hex-1-ene (Table 6).

Figure 36 is a composite representation of the versatility of
a CoAlPO-36 (and MnAlPO-36) molecular-sieve catalyst in
the aerobic oxidation of cyclohexane and in the aerobic
(Baeyer ± Villiger) lactonization of ketones (Mukaiyama

Figure 36. The AlPO-36 microporous structure with either MnIII or CoIII

ions at framework sites gives rise to excellent catalysts for the various
processes.
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Table 6. Catalytic aerobic partial oxidation of alkenes.[a]

Substrate Catalyst t [h] Conv.
[%]

Product selectivity [%]
epoxide diol others[b]

cyclohexene CoAlPO-36 8 54 69 27 4
Co-AlPO-5 8 47 74 15 11
MnAlPO-36 8 62 77 19 5
MnAlPO-5 8 44 77 13 10
MgAlPO-36 8 No reaction

a(�)-pinene CoAlPO-36 8 54 84 ± 16[c]

CoAlPO-5 8 32 55 ± 46
MnAlPO-36 8 59 91 ± 9
MnAlPO-5 8 42 66 ± 34

R-(�)-limonene CoAlPO-36 8 46 78 ± 23
CoAlPO-5 8 28 39 ± 61
MnAlPO-36 8 51 87 ± 13
MnAlPO-5 8 30 51 ± 49

styrol CoAlPO-36 4 46 34 58.6 8
MnAlPO-36 4 55 27 61.3 12
MnAlPO-5 4 32 49 50.0 1

1-hexene[c] CoAlPO-18 24 37 87 ± 13
MnAlPO-18 24 43 91 ± 9

[a]Reaction Conditions: T� 323 K; 30 bar dry air; 35 g substrate; substrate:
benzaldehyde mole ratio 1:3; solid catalyst 0.25 g. [b] These other products
were mainly 2-cyclohexen-1-ol and 2-cyclohexen-1-one from cyclohexene;
verbenol and verbenone from a-(�)-pinene; carveol, carvone and trans-carveyl
acetate from (R)-(�)-limonene; and 1-phenyl-1,2-ethanediol from styrol.
[c] hexanal was used instead of benzaldehyde.
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conditions). For completeness, the ability of this engineered
catalyst to effect ammoximation of cyclohexanone to yield the
corresponding oxime and caprolactam, is also included.

7.4.2. Epoxidation using Alkylhydroperoxides

Epoxidation using a sacrificial oxidant, especially alkylhy-
droperoxides (such as tertiary butylhydroperoxide TBHP,
cumene hydroperoxide CuHP, 2-methyl-1-phenyl-2-propyl
hydroperoxide MPPH,[207] or ethylbenzene hydroperoxide
EBHP, the latter being the reagent of choice in the Shell
process for the epoxidation of propylene), is much easier to
effect (in the presence of an appropriate catalyst) than doing
so with molecular oxygen.[197, 198] One of the most widely used
catalysts, certainly on a commercial scale, for the epoxidation
of propylene with alkylhydroperoxides is the TiIV/SiO2

heterogeneous catalyst that is utilized in the Shell process.[208]

With the arrival of the M41S family of mesoporous silicas,
Corma et al.[209] were quick to realize that the larger pores of
these mesoporous silicas opened up new possibilities for the
epoxidation of larger alkenes, provided TiIV ions could be
satisfactorily ªplacedº at the walls of the silica. In 1995 my
colleagues and I embarked[210] on an extensive study of the
preparation with a titanocene precursor of a uniquely power-
ful alkene epoxidation catalyst by using TiIV ions grafted on to
MCM-41 mesoporous silica. By using the preparative and in
situ characterizing techniques described earlier in this review,
we established the following facts:
* all the TiIV centers are isolated (single site) surface species,

spatially well-separated (when the Ti loading of the catalyst
is low) from one another

* the atomic architecture of these TiIV-centered catalytically
active sites is quantitatively defined

* effectively they are titanol groups tripodally linked through
Ti-O-Si bonds to the surfaces of the mesoporous silica
support

* numerous additional spectroscopic studies (in addition to
X-ray absorption spectroscopy,[25, 210] including diffuse
reflectance,[211] and UV/Vis photoluminescence[212] meas-
urements) leave[146] no doubt concerning the precise
structure of the Ti(IV) centered active site, which is shown,
along with its mode of creation, in Figure 37.

Figure 37. In situ X-ray absorption (XRA) measurements reveal that both
the half-sandwich and calcined materials (derived from anchoring titano-
cene to the inner walls of MCM-41[210]) are tripodally attached to the
silica.[146]

Combined in situ XRA and XRD investigations (as out-
lined in Section 6.3 and Figure 25) reveal how, from the
changes in the X-ray absorption spectra in proceeding from
the calcined state to the catalytically active form of the
catalyst, the O-Ti bond lengths and the coordination number
of the titanium active site is determined (Figure 38). We see
clear evidence of the expansion of the coordination sphere of
the active site during catalysts.

Figure 38. In situ XRA spectra of reacting epoxidation catalysts
Ti "MCM-41 (where the pendant OH groups attached to tripodally bound
TiIV ions stand proud of the surface) reveal an expansion of the Ti
coordination number from four to six.[25] EXAFS analysis corroborated by
the observed changes in pre-edge absorption intensities, yield quantitative
data pertaining to the reaction sphere of the active site. (The XRA
evidence shows no change in valence of the TiIV ion. Cyclic-voltammetry
studies with titanosilsesquioxane analogues (which are soluble) also show
no sign of valence change of the TiIV during the course of catalytic
epoxidation). The spectra here (bottom left) were obtained by in-situ X-ray
measurements.

Computational studies,[213] using nonlocal density func-
tional theory, reveal two interesting insights (Figure 39).

Figure 39. Results of DFT calculations[213] shows the structure of the active
site of the Ti "MCM-41 epoxidation catalyst; for further information see
the text.
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First, the ªhalf-sandwichº intermediate formed during the
preparation of the catalyst (see left part of the second row of
Figure 39) is, as observed experimentally, much more stable
than the butterfly-shaped intermediate shown on the
right.[214, 215] Second, it predicts that as well as the TiOH
active site, it is energetically almost as feasible to have a ªdiolº
active site, in which the TiIV ion is bipodally bound to the
siliceous surface, but with two, rather than one, OH groups
attached to the active site. (Some experimental evidence for
the occurrence of a small amount of this closely-related active
site has been uncovered).[21, 212, 213]

Deeper analysis into the fundamentals of TiIV-centered
catalytic epoxidation has revealed several other important
facts which will be summarized in the next Section. These are:
* the enhancement (promotion) of catalytic performance by

chemical modification of the active center
* proof that epoxidation of alkenes by alkylhydroperoxides

is a radical-free and not a free-radical reaction
* the crucial importance of stereocongestion at, and hence

access of reactant to, the active center.

7.4.2.1. Enhancing the Performance of a Supported TiIV

Epoxidation Catalyst by Modifying the Active Center

In the epoxidation catalyst designated Ti "MCM-41 (see
Figure 38) the titanol group stands proud of the siliceous
surface to which it is securely bonded owing to its manner of
preparation (via a titanocene precursor). The TiIV active
center is therefore much more accessible to the alkylhydro-
peroxide and alkene reactants than it is in the case of a
Ti!MCM-41 catalyst[216] in which the TiIV centers are
introduced during synthesis (Figure 40). This is borne out by

Figure 40. Top: Representation of parts of the epoxidation catalyst surface
for (left) Ti "MCM-41 and (right) Ti!MCM-41. Bottom: The
TiIV(OH)(OSiÿ!%& )3 active center is catalytically less powerful than the
modified center TiIV(OH)(OSiÿ!%& )2(OGeÿ!%& ). (See text and references [27]
and [220].)

the more than tenfold enhancement in turnover frequency of
conversion of cyclohexene by Ti "MCM-41 over Ti!MCM-
41 catalysts[217] (for both TBHP and MPPH). As we show in
Section 7.4.2.3 it is much more convenient to explore the
precise influence of accessibility to the TiIV active site by using
titanosilsequioxane derivatives. But by using various strat-

egies derived from organometallic chemistry[218] it is relatively
straightforward to alter the immediate composition of the
atoms to which the TiIV active center is attached. By using
volatile Bu4Ge in combination with in situ FTIR and X-ray
absorption (Ge and Ti K-edge studies) and ex situ HREM
(with X-ray emission imaging) it was possible to confirm the
replacement of one of the three O-Si groups to which a TiIV

active center is anchored (to a mesoporous silica) by a 0-Ge
group (Figure 40).[219, 220] Given the great similarity in the
chemistry of silicon and germanium, it is not clear where the
source (electronic?) of this catalytic promotion lies. It has also
been found that introducing tin (but in a rather less precise
manner) to the vicinity of the TiIV active site diminishes the
catalytic performance.

It is not simply the atoms in the immediate environment of
the active site that govern the overall catalytic performance.
In any reaction involving selective oxidation of alkenes or
alkanes, hydrophobic/hydrophilic effects[221,222] may have a
large effect, as is well testified by many studies.[223, 224]

Epoxidations at active sites grafted on to the inner surfaces
of MCM-41 mesoporous silica are no exceptions. We have
shown[224] (admittedly using an engineered vanadyl active site
rather than a titanol one) that ªplacingº methyl groups in the
vicinity of the active site significantly enhances the catalytic
performance in the epoxidation of cyclohexene, and this
enhancement arises primarily because of facilitation of the
approach of the reactants to the active site.

7.4.2.2. Mechanistic Considerations: Epoxidation with
Alkylhydroperoxides is a Radical-Free Reaction

Several experiments that we have carried out in association
with K. U. Ingold,[217] leave little doubt that no free radicals
are implicated to any significant extent in the TiIV-catalyzed
epoxidations of alkenes using alkylhydroperoxide as an
oxidant. If radicals had been involved in these oxidations we
would expect to obtain very little cyclohexene oxide relative
to the yields of cyclohexenal, cyclohexenone, and (tert-
alkyl)cyclohexenyl peroxide (Scheme 3). Likewise, by using
MPPH in place of TBHP, products derived from benzyl
radicals would be formed. These products were indeed
produced when reactions were initiated by UV irradiation
of the reactants in the absence of catalysts.

Scheme 3. Possible reaction between cyclohexene and TBHP under
conditions that favor the formation of free radicals.
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Another compelling argument for a radical-free mechanism
comes from our oxidation studies of cis-stilbene with tert-
butyl peroxyl radicals, generated by the thermal decomposi-
tion of di-tert-butyl hyponitrite in the presence of TBHP.
Here, because of Reaction (8): we expect, and do indeed find,

tBuOÿN�NÿOtBu 4! N2� 2 tBuO. 2 tBuOOH! 2 tBuOH� 2 tBuOO. (8)

benzaldehyde and trans-stilbene oxide in approximately equal
amounts, together with a small quantity of trans-stilbene.
However, reaction of cis-stilbene with TBHP or MPPH in the
presence of our TiIV-centered epoxidation catalyst, gives cis-
stilbene oxide as the only oxidation product. It is therefore
clear that epoxidation proceeds by non-radical chemistry, and
our experiments indicate that the alkene and the peroxide
must both be coordinated to the TiIV center for reaction to
ensue. This is borne out by the increased coordination number
measurable from in situ EXAFS studies (see Figure 38).

7.4.2.3. Exploring the Influence of Steric Congestion on the
Catalytic Performance of TiIV Active Centers using Soluble
Titanosilsequioxane Analogues

The remarkable similarity in the local structures of the
established active site in our Ti/silica epoxidation catalysts
and that of the heteroatom vertex in a titanosilsesquioxane
such as R7Si7O12TiOX (see Figure 4), studied earlier by
Feher,[225] Roesky,[197] and others[226, 227] offers abundant scope
for detailed investigations into the mode of operation of our
(single-site) heterogeneous catalyst through the agency of a
large range of soluble, strictly comparable, model compounds.
Take, for example, the incompletely condensed silsesquioxane
[(cis-C5H9)7Si7O9(OH)3] with titanium isopropoxide
Ti(OiPr)4. Three of the four Ti(OiPr) ligands will substitute
for the three pendant OH groups on the incomplete silses-
quioxane box (Scheme 4).[230] There is a tendency for the
resulting (C5H9)7Si7O9TiOiPr to dimerize. When the same
incompletely condensed silsesquioxane is treated with anoth-
er titanium tetraalkoxide (Ti(OR)4), the corresponding tita-
nosilsesquioxane complexes [(cis-C5H9)7Si7O12TiOR]n (n� 1,
2) are also formed (Scheme 4). The dimeric titanosilsesquiox-
anes (n� 2) may form yielding a situation in which the
tripodally bound (to -O-Si) titanium atom becomes five-
coordinated, one of the Ti-O links being (determined from
X-ray crystallographic studies)[228] so long (ca. 2.25 �) as to
indicate the presence of a dative bond (compare with results
shown in Figure 38). Detailed catalytic studies[229, 230] of the
epoxidation of cyclohexene in CDCl3 solution at 45 8C in the
presence of each of the titanosilsesquioxanes enumerated
above leave no doubt that steric accessibility to the TiIV active
site is the principal determinant of catalytic performance.

Titanosilsesquioxanes also offer further scope to explore
the relative importance in catalysts (through their TiIV active
centers) of ions that are bipodally or monopodally attached,
through an oxygen atom, to a tetrahedrally coordinated
silicon atom. There is no doubt that, so far as durability and
sustained activity of such catalysts go, a tripodally bound

Scheme 4. Synthetic scheme and proposed structures for titanosilsequin-
one; the unlabeled corners are Si atoms, the edges O bridges. X� cyclo-
pentyl, cyclohexyl; R�Me, Et, nPr, iPr, nBu, tBu, Me2CH2CH2CH2.

TiIV center is superior. Preliminary experiments[231] using
silsesquioxanes in which the titano-vertex is as shown in
Figure 4 (right), show that a TiIV ion juxtaposed to Ge
(through oxygen) is, as seen in the case of the heterogenous
catalysts,[219] the most powerful epoxidation catalyst.

7.4.2.4. Converting an Inactive Four-Coordinated TiIV

Compound into an Active Epoxidation Catalyst by Grafting it
to a Silica Surface

Deeper insights into the supreme importance of steric
accessibility of the reactants to a central, potentially catalyti-
cally active four-coordinated titanium atom are well illustrat-
ed by the comparative behavior of the two entities schema-
tized in Figure 41. The molecule on the left displays zero
catalytic activity in the epoxidation of cyclohexene (under the
same conditions as employed for the titanosilsesquioxanes
described above). When, however, three of the OSiPh3 groups
are removed (by refluxing in THF) so as to yield the species
on the right, this now exhibits catalytic activity some eighty
per cent of that of the Ti "MCM-41 catalyst in ref. [210]).
Indeed, upon calcining this material so as to generate a
tripodally bound titanol group, as in Figure 4 (left), the
material has an activity as good as that of the titanocene-
derived analogue.[231] Molecular dynamics calculations help to
understand how an increase in the accessibility to the central
titanium engenders catalytic activity (Figure 42).
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Figure 41. The tetrahedrally bonded TiIV center in the molecule on the left
and also in its silico analogue Ti(OSiPh3)4 is inactive as a catalyst in
cyclohexene epoxidation with alkyl hydroperoxides (such as THBP).[231]

When, however, either of these is tripodally anchored to mesoporous silica
so as to leave only one pendant OGePh3 (or OSiPh3) group (right) the TiIV

ion becomes catalytically active (see Figure 42).

Figure 42. The molecular dynamic simulations for each of the clusters in
Figure 41 were carried out at 500 K for a duration of 5 ps, using a 1 fs
timestep. The Ti atom and the three anchoring oxygen atoms were kept
fixed during the simulation for the surface-anchored cluster. These
representations consist of superposition of frames from the simulation
taken at 200 fs intervals. By comparing these two views it is clear that the
access of the reactants is far greater for the right than for the left entity. The
latter shows how effectively the four triphenyl groups shroud the
central potentially catalytically active (and coordinatively unsaturated) TiIV

ion.

7.5. Engineered, High-Area, Shape-Selective Solid Acid
Catalysts

Ever since Weisz et al.[43, 44] demonstrated the power and
widespread utility of ZSM-5 as a solid acid catalyst for the
shape-selective dehydration of methanol to useful hydro-
carbons, there have been intense research efforts on two
fronts. First, the quest for new microporous solids that are
engineered so as to limit (shape-selectively) the process of
dehydration of methanol so as to favor the production of only
light olefins (ethene, propene, and butene) rather than of
benzene, toluene, and xylene. Second, the preoccupation with
the mechanism of the dehydration, and, in particular, with the
precise steps that lead to the formation of C-C bonds. Greater
progress has been achieved in the first than in the second of
these two efforts.

Considerable efforts have also been made to generate new,
solid acid catalysts that favor the skeletal isomerization of
1-butene or 1-pentene into their branched chain analogues.
For example, conversion of 1-butene into 2-methylpropene is
of great value as a stepping stone towards the production of
tert-butyl methyl ether (MTBE), a valuable (high-octane)
constituent of petrol (gasoline).

In collaboration with K. I. Zamaraev and his associates, my
colleagues and I established[232, 233] that the catalytic dehydra-
tion of all alcohols takes place over strong Brùnsted acid sites,
rather than over Lewis acid ones. Several different HZSM-5
catalysts (some of small, some of large crystallite size, and
some partially ion-exchanged such as NaHZSM-5) were
investigated and all compared with amorphous aluminosili-
cate specimens with larger pore diameters but with compa-
rable acid strength. Detailed investigations of the catalytic
dehydration of all four isomeric butanols were made and
yielded an unambiguous answer (Figure 43). The catalytic
activity of all the catalysts is directly proportional to the
concentration of the bridging hydroxyl Al-O(H)-Si groupings
(that is, the Brùnsted acid sites) and does not correlate with
the concentration of strong (or weak) Lewis acid sites. Further
proof that Lewis acid sites are not catalytically active, whereas
Brùnsted ones are, comes from the fact that preadsorbed
acetonitrile (which affects Lewis but not Brùnsted sites) has
no effect on the rate of dehydration, whereas increasing

Angew. Chem. Int. Ed. 1999, 38, 3588 ± 3628 3617

Figure 43. Observed[233] relation between the acid catalytic activity A (in 1017 molecules per second and per gram of catalyst) of a series of ZSM-5 samples (~
(NaHZSM-5, sample 2),� (HZSM-5, sample 3, * (HZSM-5, sample 4)) and an amorphous aluminosilicate (6) in the dehydration of 2-butanol to butene and
the concentration of Brùnsted (B) and Lewis acid (L) sites.
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amounts of preadsorbed pyridine (which becomes attached to
Brùnsted sites) progressively decreases the rate of dehydra-
tion of 2-butanol. (The concentration of the Brùnsted Al-
O(H)-Si sites was measured by four disctinct methods:
1H NMR spectroscopy, (quantitative) IR spectroscopy, by
ªpoisoningº titration with pyridine, and from direct analysis of
the Al content).

7.5.1. DAF-4 and STA-2: Catalysts that Generate Light
Olefins in the Dehydration of Methanol

Success on this front consists of designing a microporous
solid, the pore apertures and diameters of which function as
constraints for the production of bulky hydrocarbons, but still
favor the generation of the light olefins mentioned above.
Much interest has been shown both academically and
industrially in developing appropriate catalysts for such
purposes.[234±236]

By careful choice of an organic template (as the structure-
directing agent, see Section 5), my colleagues and I prepared a
new shape-selective microporous solid acid catalyst that has a
structure akin to that of the naturally occurring, zeolitic
(aluminosilicate) mineral levyne[237] (idealized formula:
Ca9[Al18Si36O108] ´ 50 H2O), which is isotypic with the previ-
ously reported synthetic material ZK-20.[238] This new, de-
signed catalyst, known as DAF-4,[62] is an aluminophosphate
in which up to 20 % of the AlIII framework ions is replaced by
CoII (or other divalent) ones. Our aim in designing it was to
arrive at a microporous solid acid catalyst in which the cavities
were somewhat different from those in CoAlPO-18 and
SAPO-18 (see Section 5).

We judged it desirable to ªcreateº cavities that were slightly
smaller in one direction than they are in CoAlPO-18, and
larger in the other so as to secure
the shape selectivity that would
prevent the methanol yielding
heavier alkenes upon dehydra-
tion. With the knowledge that a
1,4-diaminocyclohexane template
gives rise to a porous layered
AlPO4 structure[239] we reasoned
that 1,2-diaminocyclohexane
would favor the formation of a
microporous solid with 8-ring win-
dows (that is, with eight oxygen
atoms lining the window), as in the
chabazitic materials SAPO-34,
CoAlPO-18, and CoAlPO-44, but
significantly different in its cavity
shape. However, because 1,2-di-
aminocyclohexane was found to be
unstable under the hydrothermal
conditions of synthesis, we chose
instead the more stable 2-methyl-
cyclohexylamine as the template
(these templates are spatially sim-
ilar because the CH3 group occu-
pies almost the same space as a
protonated NH2 group). Crystalli-

zation from a gel of composition xCoOn : (1ÿ x/
2)Al2O3:ySiO2:(1ÿ y/2)P2O5:25 H2O:1.0 C7H15N, where x�
0 ± 0.4 and y� 0 ± 0.2, under autogenous pressure for 7 d at
200 8C resulted in the production of the desired solid. In its
CoII substituted form, DAF-4 transforms methanol with
greater than 75 per cent conversion at 350 8C into ethene
and propene, with a selectivity of about 60 % and about 20 %
for the two alkenes, respectively.

Wright and his colleagues[64] have succeeded in producing
another, well-defined microporous solid acid (AlPO) catalyst
known as STA-2 (see Figure 8). In its MgII-substituted form
this catalyst also converts methanol with high efficiency into
ethene and propene. The similarity in cage dimensions and
disposition of (protonic) acid sites in these two catalysts is
illustrated in Figure 44. So far as the mechanistic details of
methanol dehydration (leading to alkenes) is concerned,
ingenious proposals have been made by van Santen et al. ,[240]

by Catlow et al. ,[241] as well as by others.[242±244] One plausible
explanation, which is backed up by reliable computational
evidence, is shown in Scheme 5.

7.5.2. Skeletal Isomerization of 1-Butene: The Merits of
Boron-Substituted Zeolite b

Here, the aim is to arrive at maximal amounts of 2-methyl-
propene (Figure 45). Previous work (see for example
refs. [245, 246]) has shown that both aluminosilicate and
aluminophosphate microporous acid catalysts are viable
catalysts for this conversion. Recent work[247] has shown that,
contrary to expectation, certain borosilicate microporous
materials are very good catalysts for this isomerization. This
fact again highlights how subtle is the dependence of Brùnsted
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Figure 44. The solid acid, molecular sieve catalysts St. Andrews No. 2 (STA-2)[64] and Davy-Faraday No. 4
(DAF-4),[62] each with a cage diameter of ca. 3.8 � function as excellent shape-selective catalysts in the
preferential conversion of methanol into the light olefins ethene and propene.
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Scheme 5. Methyloxonium mechanism for the dehydration of metha-
nol.[241]

Figure 45. The acid-catalyzed isomerization of 1-butene (top left) to
2-methylpropene (bottom right) occurs rapidly on the inner walls (which
provide protons) of microporous catalysts such as DAF-1[60] (see Figure 8)
and boron-substituted zeolite b (shown schematically).[247]

acid strength (and hence catalytic performance) upon the
precise structure of the microporous silicate into which the
boron is incorporated (tetrahedrally). Work done jointly with
P. A. Wright on a series of boro- and alumino-silicate
structures (such as ZSM-12, ZSM-48, and zeolite b) with
comparable values of Si/Al and Si/B ratios, strongly imply that
long-range electrostatic effects profoundly influence the
Brùnstedt activity of certain sites.

7.6. Designing Durable, High-Performance Bimetallic
Catalysts for the Hydrogenation of Alkenes

Bimetallic nanoparticles possess catalytic properties that
differ sharply from those of solid solutions of the bulk metals.
This was one of the key conclusions to emerge from the early
work of Sinfelt, [248] and its veracity has been multiply attested.
Among the many studies of bimetallic catalysts, some are of
great technological importance (for example, Pt-Re, Pt-Ir,
and Pt-Rh) in processes such as the reforming of naphtha and,
to a lesser degree, in the control of autoemissions.[249] The
current interest in the use of bimetallic catalysts is largely a
consequence of the enhanced activity and selectivity that may
be achieved by two metals working synergistically. However,
despite considerable effort, the preparation of these systems
by metal-salt deposition and subsequent calcination followed
by reduction to the active, low-valent species is not always
reliable and has many drawbacks, the greatest of which is the
lack of control over size, morphology, and homogeneity of the
resulting bimetallic nanoparticles. Preformed colloids how-
ever offer useful scope in these contexts. But there is a crucial
practical factor: nanoparticles tend to migrate, coalesce, and
sinter, thereby leading to drastic loss of active surface and
hence of catalytic performance.

All these disadvantages are overcome if mixed carbon-
ylmetalate clusters are used as the precursors of the dimetal
nanocatalysts. Moreover, if one of the metals in the cluster is
oxophilic, it will tend to be anchored securely to a siliceous
(large-area) support. In our group[250±252] we have taken steps
to circumvent all the above-mentioned disadvantages, and
have indeed used a number of mixed carbonylmetalates as a
means of producing well-dispersed, dimetal nanoparticles of
composition Ag3Ru10,[250] Cu4C2Ru12,[251] and Pd6Ru6.[252] The
strategy employed is schematized in Figure 46.

In situ X-ray absorption and FTIR spectroscopies as well as
ex situ high-resolution electron microscopy (see Section 6)
were used to chart the progressive conversion, by gentle
thermolysis of the parent carbonylates into the derived,
dimetal nanoparticle catalysts. Thus, for the anionic cluster
carbonyl species [Ru6C(CO)16Cu2Cl]2[PPN]2 Ðwhere PPN�
bis(triphenylphosphane)iminium)Ðseparate recorded copper
and ruthenium K-edge X-ray absorption spectra yield a
detailed structural picture (Figure 47) of the active, approx-
imately 15 � diameter catalyst. It is a rosette-shaped entity
(Figure 48) in which twelve exposed Ru atoms are connected
to a square base composed of relatively concealed Cu atoms.
These, in turn, are anchored by four oxygen bridges to four Si
atoms of the mesopore lining.

The dimetal catalysts prepared in this way exhibit no
tendency to sinter, aggregate, or fragment into their compo-
nent metals during use. The nanoparticles perform well in the
catalytic hydrogenation of 1-hexeneÐa detailed kinetic
study[251] at 373 K and 20 bar H2 shows the maximum turnover
frequency (TOF) [(molsubstr) per (molcluster) per hour] to be
51 200, with an average value of 22 400Ðand also in
the hydrogenations at 65 bar H2 and 373 K of diphenyl-
acetylene, phenylacetylene, stilbene, cis-cyclooctene, and d-
limonene, the average TOF being 17 610, 70, 150, and 360,
respectively.
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Figure 46. The strategic principles employed[250±252] to prepare high-per-
formance, dimetal nanoparticle catalysts encapsulated within mesoporous
silica (MCM-41).

Figure 47. Fourier transforms of the EXAFS data taken during the
gentle thermolysis of the mixed carbonylmetallate precursor
[Ru6C(CO)16Cu2Cl]2

2ÿ (I) from its original state (II), through to the
encapsulated and heat-treated product (III 80 8C, IV 130 8C) to yield the
active Cu4C2Ru12 nanocatalyst (V 180 8C).[251] a) Ru K-edge, b) Cu K-edge.

Figure 48. The EXAFS results lead to a picture of the active catalyst,
which is ca. 15 � in diameter, and which is rosette-shaped; for further
information, see the text and Figure 49.

We now return to the structure shown in Figure 48.
Bromley et al.[253] have recently used this as a starting model
for various computational techniques to determine the
energy-minimized structure. By applying molecular dynamics
methods based on interatomic potentials to this ªprecursorº
mixed-metal carbide nanocatalyst, the structure was opti-
mized to find low-energy configurations. This procedure was
carried out for both the cluster in free space, and for a number
of silica-cluster bonding scenarios. Fully quantum mechanical
ab initio density functional theory (DFT) was applied to each
of a number of possible cluster structures, optimized by the
molecular dynamics calculations. DFT single-point calcula-
tions were performed on each cluster so as to compare their
total energies. With preference given to the lowest energy
clusters, but also guided by our experimental EXAFS results,
candidate clusters were chosen. These were then further
energy-minimized and geometry optimized using DFT.[254]

The resulting geometry of the cluster, especially when it is
bound to a silica surface, agrees well with our EXAFS data
(Figure 49). Significantly, it is seen that the carbon atoms,

Figure 49. A combination of molecular dynamics energy minimization and
density functional computations (shown here as a computer) on the
ªinitialº Cu4C2Ru12 cluster (left) leads to a new structure (right) in which
the carbon atoms are situated at the surface of the silicon-anchored
cluster.[253] The structure is in good agreement with that determined by
experimental EXAFS data (top).
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initially located at the centers of Ru6 octahedra in the parent
mixed carbonylmetalate tend to take up positions at the
surface of the catalytically active nanoparticle catalyst. The
precise significance of this fact, which would have been almost
impossible to establish by any other technique, remains to be
discovered.

7.7. Designing Constrained Chiral Catalysts:
Heterogenized Organometallics For A Range of Organic
Reactions

In the pharmaceutical and agrochemical industries, as well
as in the expanding fields of fragrances and flavors, there is a
growing demand for enantiomerically pure products. Not
surprisingly, therefore, increased attention is now being given
to the design of powerful enantioselective catalysts. After all,
only a relatively minute amount of the requisite chiral catalyst
is needed to generate large amounts of the targeted chiral
product. But how does one set about designing the requisite
catalyst? Leaving aside engineered enzymes and other bio-
logical, macromolecular chiral catalysts, the most popular
procedure to date has been to ªconstructº the right homoge-
neous transition metal-based complex, which generally oper-
ates at low temperatures and at moderately high pres-
sures.[14, 255±257]

To date homogeneous catalysts in which metal ion com-
plexes are attached to carefully designed chiral ligands are
still the most effective enantioselective catalysts. But it has
been appreciated for some timeÐsee, for example, the early
review by Burwell[258]Ðthat heterogeneous catalysts would be
preferable owing to a variety of intrinsic practical advantages
that are directly connected to such factors as ease of
separation, handling, and recovery, not to mention their
higher potential for regeneration and re-use. Awareness of
such advantages prompted Schwab[259] several decades ago to
modify metal surfaces such as Raney nickel with certain
stereospecific adsorbents so as to confer enantioselectivity on
the resulting catalyst. Much later, Akabori and co-workers[260]

in Japan reported the first reasonably reliable metal-catalyzed
asymmetric hydrogenation. Their preparation consisted of
metallic Pd supported on silk and this was successful in the
hydrogenations of oximes and ketones.

As Swiss workers have recently emphasized,[261, 262] there
are only a limited number of possible approaches to the design
of enantioselective heterogeneous catalysts. One of these
seeks to find (or prepare) solids in which the active sites are
located in a chirally discriminating environment. To be
precise, this approach encompasses (but is not restricted to)
the use of chiral solids (that is those that exhibit a chiral space
group, such as P212121, so that an active site in any one of the
three mutually perpendicular crystallographic screw axes is
intrinsically prochiral). Stratagems of this kind were used in
early work on photoactive prochiral molecular crystals.[263, 264]

Another approach entails the phenomenon of chiral leach-
ing, in which a cavity may be created in a solid by a
stereospecific etchant (such as that which occurs when d- or
l-tartaric acid attacks the sites of screw dislocations at the
cleavage surfaces of calcite[265]). Related to this is the recent

ingenious achievement of Gellman et al.[266] in creating chiral
kinks (produced when monatomic terraces interact) on single
crystal faces of metallic Ag. However, neither of these two
approaches seem particularly well-suited for routine use or
scale-up. Chiral imprinting, which involves the interaction of a
chiral template with a solid such that, upon removal of the
template, a chiral imprint or ªfootprintº is left, might prove to
be a powerful technique for the preparation of enantiomeri-
cally discriminating catalysts, but is still in its very early stages.

In contrast, the last family of approaches to be considered
here, namely the creation of a chiral environment for the active
sites has already been shown to be viable for a range of
reactions. One way forward, therefore, is to graft a chiral
ligand/modifier (which exerts stereochemical control) to a
catalytically active (but not itself stereoselective) solid, a
classic example being the use of adsorbed cinchona alkaloid
on a Pt surface for hydrogenation. Another is to graft an
ªordinaryº active site to a chiral solid support. Yet another
entails the heterogenization (or immobilization) of chiral
homogeneous transition metal complexes on a large-area solid
support. We have focused on the last of these three options.

7.7.1. The strategy

As mentioned earlier, the availability of a large range of
materials in well-defined, mesoporous forms unlocks new
possibilities in solid-state catalysis as they provide uniquely
advantageous supports for the development of new chiral
catalysts. Indeed, the large diameter channels (see Figures 9
and 10) of the MCM-41 family of mesoporous silica permit
the direct grafting of complete chiral metal complexes and
organometallic moieties on to the inner walls of these large
surface solids by a variety of ways that include functionalizing
the pendant surface silanol with organic groups such as alkyl
halides, amines, carboxylates, and phosphanes. This opens
routes to the preparation of novel catalysts consisting of quite
large concentrations of accessible, well-spaced, and structur-
ally well-defined active sites. One may, therefore, expect, and
we do indeed find (as shown below), that such heterogeneous
solids catalysts behave at least as efficiently as their homoge-
neous counterparts and sometimes with far superior enantio-
or regioselectivity.

Various kinds of organometallic, chiral catalysts may be
tethered to the inner walls of a mesoporous host employing
the strategy adumbrated in Figure 50. The key features here

Figure 50. Schematic representation of the confinement concept in which
the substrate is incarcerated in the cavity of a chiral modified mesoporous
host and leads to chiral heterogeneous catalysis.[269]
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are the reactant�s (substrate�s) interaction with both the pore
wall and the chiral directing group. The confinement of the
reactant (substrate) within the mesoporous channel should
lead to a larger influence of the chiral directing group on the
orientation of the substrate (reactant) relative to the reactive
catalytic center when compared to the situation in solution.
(This is not only the case for enantioselective reactions but
also for regioselective ones).

The chiral chelate ligands based on 1,1'-bis(diphenylphos-
phanyl)ferrocene (dppf) are particularly attractive for tether-
ing into MCM-41 for several reasons: first, their planar
chirality never undergoes racemization; second, they are
synthetically very accessible;[267] and third, they possess
functionalities suitable for reaction with pore-bound tethers.
The opportunities for variations of the groups attached to an
adjacent nitrogen atom and hence the steric/electronic
characteristics for both metal complexation and tailoring of
the chiral environment, chural catalysts offer great scope for
the designer of constrained chiral catalysts.

The homogeneous transition metal complexes of dppf
derivatives are active for a large variety of stereoselective
reactions, such as cross-coupling of organometallic reagents
with alkenyl of aryl halides, aldol-type reactions, substitutions
of allylic substrates with nucleo-
philes, hydrogenation and hydro-
silylation of olefins and ketones,
and hydroboration. Thus, with the
chiral MCM-41 derivatives, catalyt-
ic regio- and enantioselective syn-
theses (that is, the altered selectiv-
ity of the chiral complexes tethered
in siliceous MCM-41 versus that of
their homogeneous analogues)
might, for example, be explored in
the fashion typified by Corma
et al.[268] in the rhodium/USY sys-
tem, where an increase in the
enantiomeric selectivity from 75 to
95 % could be achieved. (This is
thought to have been caused by the
additional substrate-pore wall in-
teraction as shown above.)

7.7.2. Designing a Chiral Catalyst
Confined Within Mesoporous
Silica: Its Superior Performance
Relative to its Homogeneous
Analogue in Allylic Amination

We have demonstrated[269, 270]

that a chiral ligand derived from
dppf bonded to an active metal
center (in this case PdII) and teth-
ered, through a molecular link of
appropriate length, to the inner
walls of a mesoporous support
(MCM-41, ca. 30 � diameter)
yields a degree of catalytic regiose-
lectivity as well as enantiomeric

excess that is far superior to either the homogeneous counter-
part or the Cabosil-bound catalyst (Cabosil is a nonporous,
large-area siliceous material).

Our conceptual methodology was to take a homogeneous
system of known catalytic behavior and perform suitable
modifications prior to tethering this catalyst within the
mesopore. Care is taken to ensure that all activity is confined
to the internal surface of the MCM-41 channels. This is
achieved by selectively deactivating the external surface of
the support. (We have shown previously by electron micro-
scopy on functionalized mesopores stained with Ru6-based
clusters that this is a reliable and satisfactory method).

Our approach to the preparation of our catalytic system is
shown schematically in Figure 51. The mesoporous framework
was first treated with Ph2SiCl2 under nondiffusive conditions
to deactivate the exterior walls of the material. The interior
walls of this same material were then derivatized with
3-bromopropyltrichlorosilane to give the activated MCM-41
(1). The ferrocenyl-based ligand 2 was prepared from
ferrocene by literature methods.[271] Treatment of the activat-
ed MCM-41 (1) with an excess of 2 yields the chiral catalytic
precursor 4, which, on reaction with PdCl2/MeCN, gives the
required catalyst 6. In a separate experiment the closely
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Figure 51. Sequence of steps showing the immobilization of N-[1',2-bis(diphenylphosphanyl)ferrocenyl]-
ethyl-N,N'-dimethylethylenediamine (2) in its chirally constrained and unconstrained (5) states.[270] R�
(CH2)3Br.



REVIEWSolid-State Catalysts

related cabosil-supported catalyst 7 was prepared in a similar
manner from surface-activated Cabosil and 2 followed by
addition of the required PdII salt.

The catalyst 6 was fully characterized by a range of
techniques. First, the structural integrity of the MCM-41
catalytic precursor 4 was established by MAS NMR and
EXAFS spectroscopy. The presence of the tethered ferrocenyl
catalysts was confirmed by comparison of the 13C MAS NMR
spectrum of 4 with that of the unattached precursor 2. Apart
from the additional signals arising from the propyl tethering
unit, the spectra were essentially the same. Examination of
the 31P MAS NMR spectra of 2 and 4 showed identical
chemical shift values. Significant changes in the aliphatic
region of the 13C MAS NMR and in the 31P MAS/NMR
spectra were noted on incorporation of the PdII ion to yield
the active catalyst 6. Two 31P resonances at d� 15.9 and 34.4
were recorded, which clearly indicates two different phos-
phorous environments, these have been assigned as one being
trans to a nitrogen atom and the other being trans to a chloride
ion.[272] The change in the aliphatic region of the 13C MAS
NMR spectrum corresponds to changes in the methyl
resonances of the amines, further corroborating the assign-
ment of the 31P spectrum. This entire arrangement was borne
out by a detailed EXAFS analysis of 6. The coordination
environment of the cationic species within the mesopore is
depicted in Figure 52.

Figure 52. The structure of the organometallic ªdppfº-PdII entity (labeled
A in Figure 53) used for the allylic amination of cinnamyl acetate described
in the text.

To test our catalysts we used an allylic amination (Tsuji ±
Trost) reaction between cinnamyl acetate and benzylamine.
This reaction has two possible products: a straight-chained
product (which is favored as a result of the retention of the
delocalized p system) and a chiral-branched product (Fig-
ure 53). The aim of the reaction is to produce the greatest
possible yield of the branched product with the highest
possible enantiomeric excess (ee). Three catalysts were

Figure 53. The allylic amination of cinnamyl acetate with benzaldehyde in
the presence of a PdII complex as a catalyst. See also Table 7.

examined: the homogeneous 3 (see Figure 51), the Cabosil-
supported one 7, and that attached within the mesoporous
material 6. Preliminary results of the studies are listed in
Table 7. With the homogeneous catalyst 3 the reaction is
directed solely towards the straight-chain product whereas

catalyst 7 showed some of the desired regioselecticity by
producing 2 % of the branched product. However, the
enantioselectivity of the reaction is relatively low being
43 % ee. But the use of the mesopore-confined catalyst 6
promotes a dramatic change in the regioselectivity of the
reaction, producing 51 % of the branched product. The
enantioselectivity of the confined catalyst (compare Fig-
ures 51, 52, and 54) is also greatly improved relative to the
Cabosil-bound catalyst, with the ee value now approaching
100 %. These results indicate that the control exercized by the
MCM-41 on the activity of the palladium ± ferrocenyl catalyst
is considerable. The profound changes in the regio- and
enantioselectivity are clearly apparent from the data listed in
Table 7.

It requires little imagination to see that, in addition to Pd, a
range of other platinum group metals (Ru, Rh, Os, Ir, Pt),
placed strategically within appropriate chiral organic drapery
on the inner walls of mesoporous silica (and other oxides),
may be used to design a rich variety of other chirally
constrained catalysts. Rhodium, platinum, and other ions,
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Table 7. Catalytic performance of entities 3, 6, and 7Ðsee ref. [270], and
Figures 51 and 53Ðin the allylic amination of cinnamyl acetate.

Catalyst[a] Conversion
[%][b]

Straight chain
product[%][c]

Branched [%] % ee

3 (S) 76 99� ± ±
7 (S) 98 98 2 43
6 (S) 99� 49 51 > 99
6 (R) 99� 50 50 93

[a] Symbols in brackets denote the chirality of the directing group.
[b] Conversion is stated relative to the use of benzylamine. [c] Regiose-
lectivity and enantiomeric excess determined by chiral GC-MS.
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Figure 54. Scalar model of the ªdppfº-PdII chirally constrained catalyst
that exhibits superior performance both in regard to regioselectivity and
enantiomeric excess in the allylic amination of cinnamyl acetate. Color
scheme as in Figure 55.

including those like gold outside the platinum group offer the
possibility of enabling the strategy established above to be
harnessed in such processes as aldol cyclizations and hydro-
formylations. There is also abundant scope, not only system-
atically to modify the ferrocenylphosphane ligand, but also to
utilize quite distinctly different kinds of ligands such as those
derived from semicorrine and bisoxazoline (as utilized so
effectively in other contexts by Pfaltz et al.[273] and Evans
et al. ,[274] respectively).

7.7.3. Quantitative Comparisons of Heterogeneous and
Homogeneous Catalysts

The fact that we may now routinely design (using the
strategies described above) soluble homogeneous, catalytic
single-site, entities that are strictly comparable to designed,
single-site, insoluble heterogeneous catalysts, places us in a
uniquely powerful position to compare the catalytic perform-
ance of the same engineered active site in the homogeneous
(freely dispersed, unconstrained, and accessible) state with
that of the heterogeneous, spatially constrained state. Fig-
ures 54 and 55 summarize in a visual fashion how this
comparison is made in the case of the dppf-based catalyst
used for the allylic amination process described in the
preceding section.

The stage is set to enable many other strictly comparable
homogeneous and heterogeneous catalysts to be investigated,
the targets being: to assemble and to modify desired catalyti-
cally active sites, to explore the subtleties in their mode of

Figure 55. The soluble, unconstrained, cyclohexylsilsesquioxane analogue
of the chirally confined ªdppfº-PdII catalyst shown in Figure 54.

action, and to determine the precise atomic architecture of
the sites under operating conditions.[*]

7.8. Concluding Remarks: Biomimetic Catalysts and
Beyond

Our aim, which in some measure has been achieved, is to
make those attributes of catalysis that are important meas-
urable, rather than be tempted to make those that are readily
measurable important. The deliberate choice of microporous
and mesoporous solids facilitates the successful design, syn-
thesis, and detailed characterization of many new catalysts
covering a wide range of important organic reactions. All the
catalysts described here have the active sites located at, or
tethered to, the inner surfaces of these large-area solids. There
is abundant scope, however, to construct yet a further kind of
catalyst also using porous solids. The diameter of the cages of
the pores must be so designed as to facilitate the in situ
assembly (and testing) of well-defined ªhomogeneousº orga-
nometallic catalysts locked (or rattling) inside the inorganic
container. These are akin to the ªtea bagº[24] or ªship-in-
bottleº[169] catalysts described previously.

An important example of ªship-in-bottleº catalysts is the
one consisting of dimeric copper oxysalts so constrained
within an appropriate zeolitic cage as to alter significantly the
electronic properties of bound dioxygen molecules. The
bound oxygen molecule is known[275] to be perpendicular to
the Cu-Cu axis. It is also known[276] from incarceration, in a
judicious matter, of the dimeric copper compounds inside the
ªrightº inorganic cage, that scission of the O-O bond is
facilitated, thereby yielding catalysts that mimic enzymes such
as tyrosinase, which converts l-tyrosine to l-DOPA. The
challenges here are obvious: to achieve the best synthesis of
the ªship-in-bottleº catalyst, and to monitor, by in situ
techniques the precise changes in catalytic performance
consequent upon incarceration. Computational work, incor-
porating density functional and molecular dynamics procedure
of the kind described above, will have an increasingly im-

3624 Angew. Chem. Int. Ed. 1999, 38, 3588 ± 3628

[*] Note added in proof (November 18, 1999): Our comparison of the
catalytic performance of homogeneous engineered TiIV-centered active
sites in [(c-C5H9)7Si7O12TiOXPh3], where X� Si, Ge, or Sn with their
heterogeneous analogues (see ref. [220]) has now been published (ref.
[231]).
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portant interpretative and predictive role to play. In addition,
there is a considerable range of possibilities emerging from
the chiral confinement concept summarized in Figure 51.

The term inorganic enzyme has been used[277] to describe
the kind of catalyst that has been discussed here. This term
seems justified, since our catalysts exhibit several of the
cardinal features of enzymes: a well-defined catalytic site (or
pocket), and the element of molecular selectivity (shape-,
regio- or enantioselectivity). And just as the assembly and
modification of active sites in mutant[8, 9, 278] and maquette[47]

enzymes play key roles in protein engineering, so likewise
does the fashioning and functioning of active sites in engineer-
ing their inorganic analogues. Time-resolved structural studies
are indispensable techniques for both.
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