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acid catalysts from the homogeneous liquid phase to
solid acids. This shift was initiated in the petrochemi-
cal industry long before the principles of green or
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sustainable chemistry were stated, but it is now
evident that this replacement will continue with
renewed impetus, reaching most of the processes for
the production of fine chemicals.

It is out of the scope of this review to cover
comprehensively all the organic reactions that have
ever been reported in the presence of Lewis acids or
the use of homogeneous Lewis acids in organic
synthesis.? Instead, the focus of this review is to show
the current state of the transition from environmen-
tally nontolerable, homogeneous Lewis acids toward
solid Lewis acids. We will also comment in detail on
those current industrial processes requiring Lewis
acid catalysis in the petrochemical industry for the
production of fuels or bulk chemicals and the industry
of base chemicals.

The review has been organized starting with the
definition of Lewis acid and the softness—hardness
concepts (section 2), followed by a section addressing
the need to characterize Bronsted/Lewis and soft-
ness—hardness character of a catalyst, particularly
solid acids. The next section gives an overview of the
organic reaction types that have been traditionally
conducted under homogeneous Lewis acids (section
3). No attempt has been made to be exhaustive in
exemplifying all reaction types. Green Lewis acid
reactions performed in the homogeneous liquid phase,
in which the medium rather than the catalyst has
been adapted to convert the reaction in a more
environmentally tolerable process, is discussed (sec-
tion 4). In these cases, the Lewis acid catalysts are
generally the same as those used with organic
solvents. The next logical step is toward supporting
the Lewis acid catalyst on “inert” carriers of large
surface area, to make the system heterogeneous and
the catalyst recoverable and reusable. After the
general characterization techniques applicable to
solid acids are described (section 5), heterogeneous
acid catalysts based on supporting conventional
Lewis acids and their reactions are described in
section 6. The general problems to be addressed for
these supported catalysts are their instability and
leaching of the active sites under operation condi-
tions. Discussion about supported catalysts leads to
the description of truly solid acids (section 7).

The last part of this review (section 8) is devoted
to comments on the current technology in existing
petrochemical processes and those for the production
of bulk and base chemicals that employ Lewis acids
as catalyst. There, the evolution from highly active
and corrosive AICI; to the present solid acids is
emphasized. Finally, prospects for the evolution of
acid-catalyzed industrial processes, motivated by
changes in the nature of the feedstocks and the need
to comply with the “green chemistry” principles, are
discussed in section 9.

This review covers the chemical literature up to the
year 2002. Although most of the examples have been
selected from recent reports, seminal and important
contributions to this area have also been conveniently
credited. Given the importance of industrial applica-
tions in this review, patent literature has also been
sufficiently covered.
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1.2. Need for Green Lewis Acids

In a green process carried out in a batch reactor
or a continuously stirred tank reactor (CSTR), the
catalyst must be separated from the reaction mixture
and recycled a certain number of times. This results
not only in a more cost-effective processes derived
from a higher productivity of the catalysts, measured
as kilograms of products per kilogram of catalyst, but
also, even more importantly, in a considerable waste
reduction, measured as kilograms of wastes per
kilogram of desired product. Thus, recycling of the
catalyst helps to develop an environmentally sustain-
able chemistry.®

The need for green chemistry in Lewis acid-
catalyzed reactions derives from the fact that the
usual procedure in conventional Lewis acid-catalyzed
reactions requires, after completion of the reaction
and before isolation of the reaction mixture, an
additional step to destroy the acid—base adduct
between the catalyst and products. This step nor-
mally leads to the complete decomposition of the
Lewis catalyst, making its reuse impossible and,
moreover, producing undesired wastes, normally
inorganic salts dissolved in wastewaters. Since reac-
tion products are frequently stronger bases than
reactants, many Lewis acid-catalyzed reactions re-
quire more than catalytic amounts of catalyst and
very commonly stoichiometric proportions. An ex-
ample of the above operational procedure is the Fries
rearrangement of aryl esters to form hydroxyaryl
ketones (Scheme 1).78
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Thus, even though the reactions are misleadingly
termed as catalytic, it is common practice to employ
greater than stoichiometric equivalents of Lewis acid.
Therefore, it follows that the percentage of catalyst-
derived byproducts and wastes is considerable in
most of the processes, particularly in those of fine
chemistry in which the lower production volumes had
not made extensive catalytic research and develop-
ment projects necessary in the past. It is then
possible to say that Lewis acid-catalyzed reactions
are among the less environmentally friendly indus-
trial processes, there being a real and urgent neces-
sity to develop heterogeneous solid Lewis acid cata-
lysts for this reaction type.®1° The use of solid acids
facilitates catalyst recovery, operation in continuous
reactors, reactivation, and reuse. At the same time,
processes based on solid catalysts do not require the
use of special solvents, in addition to the common
organic solvents, to manipulate reagents and prod-
ucts.

A paradigmatic example that can serve to illustrate
the use of Lewis acids in an environmentally un-
friendly way is the preparation of alkoxyphenyl
ketones (Scheme 2). These compounds are useful
synthetic intermediates for the preparation of agro-
chemicals and pharmaceuticals. They can be obtained
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by Friedel—Crafts acylation of phenyl ethers with
acyl chlorides in the presence of Lewis acids such as
ZnCl; in CHCI; at room temperature.!! These phenyl
ketones can be in turn converted into aromatic
carboxylic acids via lateral chain oxidation with
NaClO in dioxane.** The combined whole process, i.e.,
acylation and oxidation, to obtain aryl carboxylic
acids produces a considerable amount of inorganic
byproducts and requires the use of halogenated
organic solvents and stoichiometric amounts of oxi-
dants and catalysts. Clearly this process is very
unsatisfactory from the point of view of green chem-
istry, and new processes based on the use of solid

acids and catalytic oxidations are needed to replace
the sequence based on stoichiometric reagents.

COLH

2. Lewis Acidity

2.1. The Concept

According to Lewis,*? an acid is an electron pair
acceptor. This definition is more general than that
given by Bronsted, according to which an acid is a
molecule that is able to give protons. Indeed, a proton
is a particular case of an electron pair acceptor.
However in aqueous solution, protons exist as H;O™
and related hydrated species, and taking into account
the above definition, H;O" and other Bronsted acids
could not be considered as Lewis acids. This, how-
ever, was discussed by Lewis considering the kinetics
of the acid neutralization process. Thus, he named
acids and bases which react having zero activation
energy as primary acids and bases, while those
possessing measurable activation energy were termed
secondary acids and bases. The second group is
divided into molecules which need activation energy
before their primary acidic or basic properties appear,
and those other molecules for which the breaking of
one of more bonds during neutralization is required.
Taking all this into account, the definition of Lewis
covers practically all acid—base processes, whereas
the definition of Bronsted represents a particular
type.

In 1963, Pearson?®? introduced the concept of hard
and soft acid and bases (HSAB) in order to explain
affinities between acids and bases that do not depend
on electronegativity or other related macroscopic
properties.'®'* Pearson formulated one thermody-
namic rule saying that hard acids prefer to associate
with hard bases, and soft acids prefer to associate
with soft bases, and a kinetic rule from which hard
acids react readily with hard bases and soft acids
react readily with soft bases. Hard acids are defined
as small-sized, highly positively charged, and not
easily polarizable electron acceptors, while in soft
ones the acceptor atom is large, possesses a small
positive charge, and has some valence electrons
which can be easily removed.13:1516

Although the HSAB theory is qualitative, there
have been proposals to define a hardness—softness
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guantitative scale associated with physical proper-
ties. In this way, Fukui's function is related, by
density functional theory,'” to Fukui’s frontier den-
sity®® and can be interpreted as a local softness.'® Two
other approaches have been based on quantum
mechanical principles using perturbation molecular
orbital theory?® and density functional theory.” This
approach discusses the softness—hardness as defined
from the charge and frontier orbital control. The
larger the difference between the energy of the
highest occupied molecular orbital (HOMO) of the
donor atom and the lowest unoccupied molecular
orbital (LUMO) of the acceptor atom, the larger the
charge control is and hard—hard interactions are
favored. On the other hand, when the above energy
difference is small, soft—soft interactions become
preferred and the interaction is frontier orbital
controlled.

The softness character (determined by the relative
frontier orbitals’ energy) of potential isolated Lewis
acids and bases has been calculated,'”?° as well as
the hardness—softness of acid sites in solids and,
more specifically, zeolites.?1~23

2.2. Test Reactions To Address the Bronsted/
Lewis Nature and Softness—Hardness of the
Catalysts

Comprehensive tables listing typical homogeneous
hard and soft Lewis acids can be found in the
literature.#?4 Compared to the considerable amount
of studies dealing with hardness—softness in homo-
geneous catalysis, it is surprising that the concept
of HSAB has only been occasionally discussed for
solid acids. Obviously, the problem arises from the
existence in the solid of a distribution of sites which
may contain simultaneously Brénsted and Lewis
sites, making it considerably more difficult to address
the hardness—softness issue in solids. This is the
reason for the paucity of studies dealing with hard-
ness—softness of solid acids.

Exclusive Bronsted-catalyzed reactions have prob-
ably not been demonstrated beyond any doubt.
Therefore, it can be said that, in principle, each acid-
catalyzed reaction can be conducted using a Lewis
acid as catalyst, although with different activity and
selectivity. The activity and selectivity also change
depending on the nature of the Lewis acid. One point
of special concern when addressing the Bronsted/
Lewis nature of the acid sites is the fact that
Bronsted acid sites can be generated from Lewis acid
sites through hydrolysis in the presence of water (eq
1). Thus, to be meaningful, these tests should be
conducted in the absence of moisture in the reaction
medium, including solvent, catalyst, and feed.

OLA + H,0 — H,0™- - -LA™ — H* + LA(OH)~
(adduct) (hydrolysis)(l)

One simple approach to discuss the Bronsted/Lewis
nature of a solid would involve, however, developing
test reactions in which the product distribution would
depend on the nature of the sites present in the solid.
In this regard, the search for a specific Bronsted- or
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Lewis-catalyzed reaction in the liquid phase has long
been pursued.? For instance, it is generally accepted
that Friedel—Crafts reactions require Lewis acidity
when using alkyl halides, but Bronsted acidity when
the alkylating reagent is an alcohol.?6%” Unfortu-
nately, because of the strong acidity requirements of
Friedel—Crafts reactions and the harsh reactions
required, this process has not been so widely used
as test a reaction as could be expected. With regard
to Friedel—Crafts alkylations, it has been proposed
that the protolytic C—C bond breaking of diphenyl-
methane to give toluene and benzene is a truly
specific Bronsted reaction (Scheme 3).2°

Scheme 3
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Another reaction that has been studied in the
context of disclosing the acid nature, either Bronsted
or Lewis, of homogeneous catalysts is the decomposi-
tion of 2-phenyl-2-methyl-1-diazopropane.?® In the
absence of any catalyst, this diazo compound has a
half-life of 2 days at 69 °C in hexane, but Bronsted
and Lewis acids catalyze the decomposition of the
diazopropane.?® Treatment of phenyl methyl diazo-
propane with 0.1 mol %o of BF3 in hexane gave 95%
olefins consisting of trans- and cis-2-phenyl-2-butene,
2-phenyl-1-butene, 1-phenyl-2-methylpropene, and
3-phenyl-2-methylpropene (Scheme 4). When BF; is

Scheme 4
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used as catalyst, the decomposition occurs with a
nearly indiscriminate migration of Ph and Me. This
similar migration aptitude of Ph and Me rules out
the intermediacy of a fully developed Ph(CH3),CH,"
carbocation, for which a Ph/CH3; migration aptitude
of 6.7 was measured. The Ph(CH3),CH,* carbocation
is the reaction intermediate for Bronsted acid-
promoted decomposition. In the presence of BF; and
other Lewis acids, a complex of these acids with the
carbene, instead a fully developed carbocation, has
been proposed as the actual rearranging species.?®
Thus, the product distribution can give an indication
whether the catalyst behaves as pure Bronsted or
pure Lewis, or exhibits an intermediate situation.
Likewise, a liquid-phase reaction that has been
proposed as a test is the 1,2-aryl rearrangement of
cyclic acetals of a-bromo aryl ketones (Scheme 5).
Bronsted acid sites in the presence of moisture lead
to hydrolysis, giving rise to the corresponding a-
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Scheme 5
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bromo aryl ketone. On the other hand, Lewis acid
sites promote dehalogenation, yielding either 2-
hydroxyethyl a-arylpropanoate (hard Lewis sites) or
5-aryl-2,3-dehydro-1,4-dioxane (soft Lewis sites), aris-
ing from the 1,2-aryl or 1,2-oxy migration, respec-
tively.?®

On the basis of the reported XRD structure of
related Lewis adducts of a-halo ketones, it has been
proposed that the selectivity of the rearrangement
derives from the preferred conformation of the cyclic
acetals—Lewis acid adduct prior to the rearrange-
ment. If the interaction with the Lewis acid occurs
at the bromo atom and the z-system of the aryl ring
(soft character), then the leaving group (Br) and the
oxy group are antiperiplanar, and alkoxy migration
occurs. On the other hand, if the Lewis acid sites
interact with the bromo and the oxygen atom of the
cyclic acetal (hard character), then the phenyl ring
is the group that occupies the anti disposition with
respect to the bromine, and 1,2-phenyl migration
occurs (Scheme 6).

Scheme 6
Ph
H CH,
s ~, (o)
Q o 1,2-phenyl CHs
LA--Br migration OR
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(@) O
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Ph (O] oxygen ©)_<CH3 (©) Ph

- ygen oxygen -
LA-Br migration migration Bro-ta
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In this way, it has been possible to order by
softness—hardness a series of solid catalysts (Table
1), the outcome being that Zn?*-exchanged zeolite
NaY is softer (higher selectivity toward phenyl
migration) than Zn?*-exchanged zeolite HY and that
Ag*-exchanged zeolite is even softer. This order
agrees with the order of electron density in frame-
work oxygen atoms that is known to correlate with
the basicity of the zeolites.30-32

The rearrangement of a-pinene oxide to cam-
phonelal (Scheme 7) has also been proposed as a test
reaction for Lewis acids.®*
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Table 1. Results of the Reaction of the Cyclic
Ethylene Acetal of o-Bromoacetophenone in
Chlorobenzene at 130 °C for 20 h in the Presence of
Solid Acid Catalysts?

selectivity (%)

conversion a-phenyl- dehydro-
catalyst (%) ketone  propionate dioxane
HY 100 91 0 0
ZnHY 98 66 8 2
ZnNaY 86 23 38 19
ZnCl, 89 15 56 14
AgNaY 97 3 11 75
HgNayY 94 73 3 9
ngclz 6 71 28

a Ketone, a-phenylpropionate, and dehydrodioxane cor-
respond to acetal hydrolysis (Bronsted), 1,2-phenyl rearrange-
ment (hard Lewis), and alkoxy rearrangement (soft Lewis),
respectively, as indicated in Scheme 5. Data taken from ref
33.

Scheme 7
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Palladium-catalyzed reactions are attracting much
current interest due to the versatility in forming C—C
and C—heteroatom bonds under conditions that are
compatible with numerous functional groups.3>=46 In
the homogeneous phase, the activity of the palladium
complex largely depends on the nature of the ligands.
The influence of the ligands has sometimes been
rationalized as modifying the softness—hardness of
the Pd atom; however, this concept has not yet been
fully exploited in palladium-containing solids. A case
in which the activity of the Pd?" ion has been
modulated by the softness—hardness of the support
is the cyclization of diallylmalonates to form cyclo-
pentenes (Scheme 8). In this case, the crucial step in

Scheme 8
EtO,C_ CO,Et

\ /
Bronsted CH; CHs
EtO,C. CO,Et sites
Pd2*- soft support )
No reaction
/AR
CHy CHp
Pd?*- EtO,C_ CO,Et EtO,C_ CO,Et
hard support
+
CH; CH3 CHz CHj

the reaction mechanism is the electrophilic attack of
electron-deficient palladium on the C=C bonds. It has
been observed that adsorption of palladium salts on
hard zeolites renders an active heterogeneous cata-
lyst, while increasing the softness of the support
produces a gradual loss of activity of the solids.*’
On the other hand, Bronsted acid sites give a
different product distribution which arises from a
C=C bond isomerization lacking cyclized products.
Clearly, given the paucity of reports in which
attempts to characterize the hardness—softness of
Lewis acid sites in solid acids have been made, it
would be of much interest to know to what extent
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the softness—hardness nature of a Lewis site can be
modulated by a support. In many cases, the Bronsted
or Lewis nature of the sites is assumed without any
measurement to provide evidence in support of the
assumption. For instance, in many cases, Lewis acids
develop Bronsted acid sites by interaction with the
surface OH of the support.®* If solid catalysts have
to be developed to suit a particular transformation,
it is obvious from liquid-phase reactivity that control
of the support composition to modulate the distribu-
tion of Lewis acid sites would be necessary. In view
of the importance of the softness—hardness concept,
it can be anticipated that more effort is going to be
devoted to the exhaustive characterization of the
distribution of solid acids in the future. The use of
soft—soft and hard—hard interactions, by means of
a set of basic probes of different softness/hardness,
to titrate the solid is also an alternative to test
reactions that deserves deeper investigation.

3. Catalyzed Reactions Using Conventional Lewis
Acids

To put into context the recent efforts toward
developing green Lewis acids, it is of interest to give
an overview of some general reaction types that are
commonly catalyzed by conventional Lewis acids. The
Lewis acid—base interaction of some typical homo-
geneous Lewis acids and the structure of the adducts
will be discussed separately before describing the
reaction types.

In what follows, we will summarize briefly the
features of some important Lewis acid-catalyzed
reactions, emphasizing the diversity of the processes
and the variety of functional groups that react in the
presence of Lewis acids as well as those aspects
relevant to the understanding of the developments
in heterogeneous Lewis acid catalysts.

3.1. Conventional Homogeneous Lewis Acids and
Structure of Lewis Acid—Base Adducts

The empty 2p orbital on the boron makes trivalent
boron compounds act as Lewis acids. The acid strength
of the boron atom is obviously a function of the nature
of the groups covalently bonded to it. Electron-
withdrawing groups are expected to enhance the
Lewis acid strength and the hardness of the boron
atom. Thus, BF; is a hard Lewis acid, while BH3 is a
soft one. In a challenge to this simple model, ab initio
calculations of the optimized geometry of cyclopro-
penone and dimethylcyclopropenone adducts with
borane and boron trifluoride have led researchers to
propose that borane is a stronger Lewis acid than BF3
and that dimethylcyclopropenone is stronger base
than the parent cyclopropenone.*®

(0} (¢]
CHg CHjy
cyclopropenone dimethylcyclopropenone

As in the previous example, an analogous violation
of simple electronegativity rules is the reported
stronger Lewis acidity of BCl; than BF; with respect
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to strong bases, in particular NH3.#° In contrast, BF3
is a stronger acid than BCI; toward weaker bases
such as CO.%® This unexpected variation on the
relative strength has been the subject of much
discussion and debate. Among the numerous expla-
nations that have been proposed, the most widely
accepted is that stronger back electron donation from
fluorine than from chlorine decreases the availability
of the otherwise empty boron 2p orbital to accept an
electron pair from a base.

Calculations of the optimized geometry for BF; and
BCl; adducts with strong and weak bases provide,
however, an alternative interpretation of the varia-
tion on the relative acid strength of boron Lewis acids
as a function of the base strength.® For adducts with
strong bases, the initial planarity of BX; is distorted
and the B—X bond lengths increase. It takes more
energy to lengthen the short, strong B—F bonds than
the longer and weaker B—CI bonds. For this reason,
the adducts of BCl; would be more stable than those
of BF3, since the former boron species would more
easily adopt the adduct geometry at a lower energy
cost. In contrast, for the adducts with weak bases,
BXj; is barely distorted from planarity and, in these
cases, BFz becomes a stronger acid than BCl3.%°
Analogously, ab initio quantum chemical calculations
and thermochemical studies in both gas and con-
densed phases have been used to show that SO; is a
stronger Lewis acid than BF3.5! This higher acidity
of SO; has been ascribed to the relative resonance
energies of the Lewis acids and the Lewis adduct
complex.5t

Although they have not yet found practical ap-
plication, boron heterofullerenes CsgB and CgoB and
higher homologues have been shown to behave as
strong Lewis acids.>? In fact, these borofullerenes,
prepared by arc evaporation of boron-doped graphite
rods, are separated from the soot by using pyridine
as solvent. XPS analysis reveals that, in these
heterofullerenes, boron is in a higher oxidation state
than in regular alkylboranes.®? Since the preparation
of heterofullerenes is an active area of research, a
whole family of novel Lewis acids based on this
concept is expected.>®

The use of alkylaluminum chlorides instead of
aluminum trichloride is a way to control the softness/
hardness of the metal site. Ethyl- and diethylalumi-
num chlorides have been used as catalyts for the ene
cyclization of terminal methylpropenyl-substituted
o,S-ynals (Scheme 9)* and for the intramolecular

Scheme 9

__ OH
EtoAICI/EtAICI CCH,

_ =

(1/11) AN

asymmetric ene reaction of chiral o-cyanovinylic
sulfoxide (Scheme 10),55 among other recent reac-
tions.

Tin is a metal of the fifth period having empty 5d
orbitals. Compared to boron and aluminum Lewis
acids, tin compounds, particularly organotin deriva-
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Scheme 10
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tives, are softer Lewis acids; therefore, different
activity and selectivity may derive from this relative
softness. Likewise, the acid strength of the tetra-
hedral titanium(1V) Lewis center obviously depends
on the nature and electronegativity of the groups
attached. Electron-withdrawing groups such as F or
Cl increase the acid strength of titanium. In contrast,
electron-donating groups such as alkoxy substituents
reduce the acid strength of the titanium atom.
Tuning of the acid strength on the titanium atom
between tetrahalides and tetraalkoxy can be achieved
in titanium mono-, di-, and trialkoxy halides. Besides
electronic effects, the acidity of the Ti atom also
depends on the steric hindrance to coordination.

The structure of many Lewis acids bound to car-
bonyl groups has been resolved by single-crystal
X-ray diffraction and can be taken as archetypical of
some other Lewis acid—base adducts. The structural
variation can be, however, very large, and it can
range from a linear up to an orthogonal C=0---Lewis
acid conformation, the bulkiest substituent of the
carbonyl group being generally the farthest possible
from the Lewis acid. Besides the angle, the distance
between the oxygen and the Lewis acid is also a
parameter that may be used to characterize the
strength of the interaction with the Lewis acid and
the carbonyl group.

LA LA
|C|)) C \CD
RL Rs

RL/C\RS

Two views of Lewis acid (LA)-carbonyl
adducts and the two important angles
defining the structure (O and @)

The structure of the benzaldehyde—BF; adduct has
been determined by X-ray crystallography. BF; is
complexed anti to the phenyl group.® The B—O—
C—C fragment is essentially planar. The same study
has shown that anti complexation also occurs in
solution, as revealed by heteronuclear Overhauser
effects.>® MNDO calculations of the acetaldehyde—
BF; adduct also predict anti complexation, the dif-
ference from the syn stereoisomer being 1.8 kcal
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mol~1.56 The calculations indicate a lowering of the
LUMO energy and an increase in the positive charge
at the carbonyl carbon atom upon complexation.
These calculations and interpretations are relevant
in the context of understanding the Lewis acid-
mediated nucleophilic addition to aldehydes.

_-BF3

9
Ph)\H

anti adduct

Measurements of the enthalpies of BF; addition to
a series of 10 substituted cyclohexanones and cyclo-
pentanones in CH,ClI, solution indicate the exother-
mic formation of stable 1:1 adducts.5” Addition of
greater than stoichiometric amounts of BF; leads to
a negligible additional caloric effect. While the 1:1
stoichiometry is overwhelmingly predominant, double
or even triple coordination of Lewis acids to carbonyl
groups has been observed, mainly for lanthanides,
Li*, and Hg(ll) species, when very hard—hard ionic-
like interactions prevail.%®%° The quantitative data
of the complexation reaction show that the acid—base
enthalpy is particularly sensitive to the steric effects
of substituents.>” Gas-phase thermochemical meas-
urements, supported by ab initio calculations, have
revealed that simple aliphatic aldehydes and ke-
tones, when complexed with BF3, increase spectacu-
larly the acidity of a-hydrogens and the electro-
philicity of the C=0 carbon.®° In fact, this complex-
ation transforms them into gas-phase superacids and
superelectrophiles, with acidity enhancements of up
to 50 kcal mol~* and an increase in hydride affinity
of up to 66 kcal mol~t. In the condensed phase,
changes of up to 24 pK, units are estimated on the
basis of the gas-phase measurements and the com-
puted solvation energies.5°

The relative acid strength of BF3; can also be
deduced from equilibrium constants. Thus, in con-
trast to what had been reported earlier, the reaction
of BF3; with SnCl;~ or GeCl;~ does not lead to the
formation of the corresponding acid—base adduct.
Instead, a CI~ transfer occurs from a weak Lewis acid
(SnCl; and GeCl,) to a stronger Lewis acid, such as
BF;3, according to the following equation:5?

BF, + SnCl,” = BF,CI™ + SnCl,

Coordination of Lewis acid with a photoactive basic
molecule can be utilized to modify and control the
photochemistry of this molecule by irradiating the
Lewis acid—base adduct rather than the substrate.
For instance, 2-quinolones form strong complexes
with BF3; through the amide oxygen. This complex-
ation provokes a decrease in the energy of the oxygen
nonbonding orbitals that leads to a change in the
lowest singlet excited state from n,7* to &,7* upon
complexation.®? The shift in the nature of the excited
state results in an increase in the singlet lifetime and
in the spin multiplicity of the photochemical cyclo-
addition (Scheme 11) of 2-quinolones that varies from
triplet (stepwise) in the absence of BF; to singlet
(concerted) upon complexation.
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Scheme 11

Analogously, quantitative photoisomerization of
the E stereoisomer of cinnamides complexed with BF3
to the Z isomer has been observed, while irradiation
of uncomplexed cinnamides gives rise to photo-
stationary mixtures in which both Z and E isomers
are present.%3

3.2. Selected Reactions Catalyzed by Lewis Acids

Lewis acids have been used as catalysts for an
enormous variety of organic reactions, including
electrophilic additions to C—C multiple bonds,3464-66
hydroborations,®” and degradation of perfluorinated
compounds (Scheme 12).68

Scheme 12
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The Beckmann transposition of oximes to amides
is typically carried out using Bronsted acids as
catalysts, but it can also be effected with Lewis acids.
In this way, the rearrangement of 1-indanone oxime
has been performed using AICI; (3 equiv) as catalyst
in dichloromethane at —40 °C to yield 91% of the
corresponding aromatic lactam (Scheme 13).%° The
use of other conventional acids such as polyphos-
phoric or sulfuric acid leads to much lower yields,
around 20%.

Scheme 13
NfOH H

3.2.1. Alkene Alkylation and Dimerization

Alkenes between ethylene and decene can be alkyl-
ated by alkanes ranging from butane to decanes from
—18 to 38 °C in the presence of AICI; or a strong
Bronsted acid such as H,SO,4, HSO3F, or HF.7® This
is a reaction of huge economical importance for the
production of high octane number gasolines, and the
industrial processes will be commented on in the last
part of this review (section 8.5). AICl3, in combination
with Ni(0) phosphine, is an active catalyst for the
dimerization of propylene at 0 °C."*

Alkenes can also dimerize and oligomerize in the
presence of conventional Lewis acids or mixtures of
organometallic compounds and Lewis acids. Iso-
butylene can be oligomerized using 2-isothiocyanato-
2-phenylpropane as initiator in the presence of SnCl,
or a mixture of AI(CH,CHj3),CI/AI(CH,CH5;)Cl,, the
former having higher selectivity toward acyclic oli-
gomers and lower polydispersity.”?
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=8
Ph_ N=C
CH3 CHj3
2-isothiocyanato-2-phenylpropane

Cyclization of terminal enamides and encarbam-
ates to form five- or six-membered rings using ZnCl,
or BF3 as Lewis catalyst has been reported (Scheme
14).73

Scheme 14
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Alkene metathesis is a modern synthetic strategy
to obtain selectively large macrocycles by cyclization
of open precursors bearing many different reactive
functionalities, the Grubbs reaction based on ruthe-
nium imidazolidene complexes as catalysts being a
powerful synthetic tool. Frequently, conventional
Lewis acids are added to enhance the activity of
organometallic compounds (Scheme 15).7475

Scheme 15
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3.2.2. Alkene Polymerization

Lewis acids are widely used pure or in combination
with organometallic compounds as catalysts for al-
kene polymerization.”®~7® Vinyl monomers such as
acrylamide, methyl methacrylate, vinyl acetate, and
styrene can graft into 1,2- and 1,4-polybutadiene in
benzene at 60 °C through a radical mechanism
initiated by azobis(isobutyronitrile).”® The grafting
efficiency increases upon addition of a small amount
of ZnCl; or AICI; up to an optimum value. Further
addition can decrease the efficiency, and ZnCl, was
found to be more active for this purpose.” This seems
to be an interesting example of a Lewis-assisted
radical reaction.

Lewis acids have been reported to produce the
polymerization of electron-rich olefins through a
cationic mechanism. Even living cationic polymeri-
zation, in which the polymer continuously grows
upon addition of further quantities of monomer, can
be initiated with (1—100) x 1072 M concentrations
of Lewis acids such as SnCl,, BCls, TiCls, SbFs, ZnCl,,
FeCls, etc.808?

A good example of the influence of substitution on
the titanium acid strength has been observed for the
living cationic polymerization of styrene. Polymeri-
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zation of styrene in CH,CIl, has been achieved at
temperatures between —40 and —78 °C by promoting
the HCl—styrene adduct with TiCl3(O'Pr) as Lewis
acid.® In contrast to the findings with TiCl;(O'Pr), a
stronger Lewis acid such as TiCl, produced low-
quality polystyrene, and weaker titanium(IV) Lewis
acids such as TiCly(O'Pr), did not induce the poly-
merization.®? The cationic polymerization of -pinene
has been carried out with 1-phenylethyl chloride as
initiator and a mixture of TiCl, and Ti(O'Pr), as
Lewis acids in CH,Cl, at 40 °C.8 Stronger TiCl,
effected the polymerization instantaneously but gave
polymers with a broad molecular weight distribution.
The addition of Ti(O'Pr)4, which alone does not have
catalytic activity, retarded the polymerization and led
to polymers with a narrower molecular weight dis-
tribution. An optimum Ti(O'Pr),/TiCl, ratio was 1:3.8%

As commented earlier, the presence of water, even
in trace quantities, is generally extremely detrimen-
tal in Lewis acid-catalyzed reactions, due to the
hydrolysis of metal halide Lewis acid or to the strong
coordination of water with the Lewis center. Thus,
it is worth noting a process for the living cationic
polymerization of p-hydroxystyrene using BF;-Et,0
as Lewis acid catalyst that is performed in the
presence of a large amount of water. The polymeri-
zation initiators are adducts of p-methoxystyrene and
a series of protonic compounds.8* In contrast to most
living cationic polymerization, the presence of water
produced polymers with an average molecular weight
close to the calculated values by dividing the moles
of monomer by the moles of initiator, indicating that
ideally each initiator gives rise to a single polymer.
With 4-methoxy-a-methylbenzyl alcohol as initiator,
the average molecular weight of the polymers in-
creased with monomer conversion with fairly narrow
polydispersity. The living nature of the chains was
confirmed by sequential monomer addition experi-
ments. Apparently, the success of this controlled
cationic polymerization of unprotected p-hydroxy-
styrene in large amounts of water is due to the
stability of BF;-Et,0 and to its tolerance to hydroxy
groups of the monomer and water.8* However, since
living polymerization could also occur through the
intermediacy of carbocations promoted by Bronsted
acid sites, it would be of interest to demonstrate
under the polymerization conditions that Lewis acids,
and not adventitious Bronsted sites, are still the

actual catalysts.
Ioh

RO
R=H p-hydroxystyrene
R=CH3 p-methoxystyrene

A system containing a mixture of Mo(NO),(RCO;")
and a Lewis acid has been reported to act as a
catalyst for polymerization of monosubstituted acety-
lenes.® The catalytic ability strongly depends on the
Lewis acid and the solvent. The mixture comprising
SnCl, in benzene is almost completely selective in the
polymerization of phenylacetylene, yielding 56% poly-
mer at 60% monomer conversion.® The use of toluene
for the same reaction or TiCl, as acid leads to the
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formation of cyclotrimers rather than polymers.
Ph—C=C—H
phenylacetylene

3.2.3. Formation and Hydrolysis of Acetals

Acetalization of C=0 by alcohols or glycols and
hydrolysis of acetals reverting to the carbonylic
compound is a typical reaction sequence that requires
acid catalysis, acetals being stable products in basic
media. The reversible acid-catalyzed formation and
hydrolysis of acetals is the reason these derivatives
are widely used in organic synthesis as carbonyl
protecting groups.?’

BF;-Et,O promotes acetalization of carbonylic
compounds, formation of paraformaldehyde and
copolymers with oxymethylene units, and trans-
acetalization reactions.®-8° Advantage of the revers-
ible acetalization can be taken to induce asymmetry
in the alcoholic moiety by using a chiral ketone as
chiral auxiliary. Thus, for instance, the dimethyl
acetal of (1S)-(+)-N,N-diisopropyl-10-camphorsul-
fonamide reacts, when BF;-Et,0 is used as catalyst,
with a-hydroxy acids to produce a chiral 1,3-dioxolate
(Scheme 16). The enolates derived from these com-

Scheme 16
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pounds undergo reactions with alkyl halides with a
high level of diastereoselectivity. Subsequent hy-
drolysis gives mono- and disubstituted a-hydroxy
acids with high enantiomeric excesses (Scheme 16).%°

ZnCl; is also widely used as catalyst to form acetals
and thioacetals from carbonylic compounds. Stereo-
selective glycosidic coupling of fully benzylated
monosaccharides with N-benzoyloxycarbonyl and N-
tosyl-L-serine methyl ester provides a new entry to
1,2-trans-linked glycopeptides.®!

(o}

HO/\HLOCH;;

R,NH

R: PhCH,OCO-
R: CH3-C6H4-802-
derivatized serine

By treatment of aldehydes and ketones with 1
equiv of triphenylphosphine and 1 equiv of TiCl, or
some other Lewis acids, such as NbCls and TacCls,
the corresponding chlorides of the phosphonium
acetals are formed as air- and moisture-sensitive
solids (Scheme 17). NMR spectra of the reacting

Scheme 17
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solution indicate that these compounds exist in
solution as a mixture of oligomers.%?

o-Keto acetals rearrange in the presence of water
and Lewis acid catalysts, in particular SnCly, to give
high yields of a-hydroxy esters (Scheme 18).% This

Scheme 18
0 OH
JJ7<R1 LA A\NOR
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O

rearrangement fills the gap of a synthetic route in
which, starting from a carboxylic ester, the corre-
sponding a-hydroxy ester homologue with one more
carbon is obtained. This sequence is particularly
suited for aliphatic esters.*®

3.2.4. Friedel—-Crafts Reactions

Friedel—Crafts is the reaction type for which AICI;
is most frequently used.?67094-9 The conventional
reaction mechanism, in which the role of the Lewis
acid catalyst is limited to the generation of the
electrophilic alkyl or acyl species without interaction
with the aromatic compound, has been recently
challenged. By means of high-level ab initio quantum
chemical calculations on the CeHg—BCl; and CsHgs—
AICIl3; adducts as model systems, it has been proposed
that one benzene carbon becomes highly nucleophilic,
thereby facilitating the attack of incipient, not-fully
developed electrophiles.®®

A factorial design and multivariate analysis to
optimize the yield of Friedel—Crafts acylation of
monosubstituted benzene with benzoyl chloride has
revealed that the nature of the Lewis acid catalyst,
the amount of Lewis acid, and the reaction temper-
ature are the three major parameters controlling the
reaction yield out of the five parameters investigated,
which also included reaction time and aromatic
compound-to-benzoyl chloride ratio.°® AICI; was the
most active catalyst of the series studied, but the
optimum vyield could also be achieved with a very
small amount of moderately active catalyst such as
ZnCl, and FeCls if the reaction is conducted at higher
temperature.t®

Besides alkyl halides,?” chlorosilanes'®® and ep-
oxides have also been employed as alkylating agents
for the AICl;-catalyzed Friedel—Crafts alkylation.1%2
Thus, propylene oxide (0.2 mol) reacts with benzene
and alkyl derivatives (1.4 mol) using 0.2 equiv of
AICIl; at 0 °C with or without addition of CS, as
solvent.1%2 Benzene gives 99% of 2-phenyl-1-propanal,
and alkylbenzenes give also predominantly primary
alcohols (Scheme 19). SnCl, was found to be more
selective toward primary alcohols than AICls.

Scheme 19
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Alkyl sulfonates in protic solvents form complexes
with TiCl,, GaCls, and AlBr;. Alkyl halides may
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result from the process. These complexes of alkyl
sulfonates and Lewis acids can react with benzene
to give alkylbenzene.l®® The activity of the catalysts
increases in the order of their acid strength.1%
Similarly, the TiCl,—acetonitrile complex can pro-
mote the alkylation of aromatics by alkyl halides.1%*

Also, treatment of equimolar amounts of [aryl-
thio(chloro)methyl]trimethylsilanes and electron-rich
arenes with an equimolar amount of Lewis acid such
as SnCl, or TiCl, gives the corresponding Friedel—
Crafts alkylation product in high yields (Scheme
20).1% Similar treatment of the chloro-substituted

Scheme 20
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silane with 1-alkene gives ene-type products in
moderate yields.10®

Friedel—Crafts reactions are generally irreversible.
However, particularly when there are bulky tert-butyl
groups, AICI; can also be used to effect the dealkyl-
ation with loss of the lateral alkyl chain.196:107

It has been reported that hyperbranched aromatic
polymers can be obtained by self-condensation of
benzyl chloride and (chloromethyl)naphthalene in the
presence of AICI; or ZnCl,.1% Terephthaloyl dichlo-
ride can be copolymerized using AICIl; and LiCl
mixtures through multiple Friedel—Crafts acylation
processes with 1,4-diphenoxybenzene and diphenyl
ether to form block polymers in which, by means of
13C NMR spectroscopy, it has been demonstrated that
diphenoxybenzene and diphenyl ether tend to seg-
regate in different regions of the polymer.1® Also,
hyperbranched polyethylene and polyethylene-grafted
polystyrene polymers have been synthesized at ambi-
ent temperature using as catalyst z-(methallyl)nickel
bromide and an excess of AICI3.1%°

Polymers containing phenyl groups, such as poly-
styrene, can be functionalized through Lewis acid-
catalyzed Friedel—Crafts acylation.'! For instance,
polystyrenes with different average molecular size
can be derivatized by Friedel—Crafts acylation with
maleic anhydride using Lewis acid catalysts in
chloroform.'*? Modified polystyrenes having pendant
COCH=CHCO,H groups can be easily cross-linked
at 140—150 °C and by UV irradiation (Scheme 21).112
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This procedure serves to modify the solubility, swell-
ing properties in organic solvents, and functionality
of the initial polystyrenes.

Friedel—Crafts alkylation of polystyrene resin with
propylene oxide in the presence of SnCl, affords
1-methyl-2-hydroxyethyl polystyrene. Subsequent ad-
dition of ethylene oxide gives poly(ethylene glycol)-
grafted polystyrene resins with high poly(ethylene
glycol) content (60—80%) and excellent stability to
highly acidic media (Scheme 22).113

Scheme 22

ZnCl; has also been frequently used as catalyst for
Friedel—Crafts reactions.'** Solutions of high-molec-
ular-weight polystyrene (average MW 280 000) can
be chloromethylated in a solution of dimethoxy-
methane using thionyl chloride and a Lewis acid such
as ZnCl, or SnCly in dichloromethane.'> Chloro-
methylpolystyrenes are insoluble polymers of the
Merrifield-type resins that are useful to effect organic
syntheses in which the reagents are bound to the
polymer beds. The choromethylation of polystyrene
proceeds through the in situ generation of chloro-
methyl methyl ether, without the need to handle this
highly toxic reagent.

Fries rearrangement of aryl esters is a valid
synthetic alternative to overcome the direct Friedel—
Crafts acylation of phenols (Scheme 1).7 Direct acyl-
ation of phenols is problematic and normally results
in low acyl phenol yields due to the interaction of the
phenolic hydroxyl group with the Lewis acid catalyst.
Fries rearrangement of aryl esters also requires
generally a stoichiometric amounts of a strong Lewis
acid. As a recent example, the Fries rearrangement
of various calix[n]arene esters (n = 4, 6, 8) in organic
solvents (benzene, chlorobenzene, nitrobenzene, car-
bon disulfide) has been performed under the influ-
ence of various Lewis acid catalysts, including AICls,
FeCl;, and BF;-Et,0.11¢ The best conditions for the

_R!
(0)

R': Hor-COR
Rr2 /N

calixarene
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conversion of calix[n]arene esters to p-acyl calix[n]-
arenes are AICl; as catalyst in CS; or benzene as
solvent.116

3.2.5. Other Electrophilic Aromatic Substitutions

Besides Friedel—Crafts reactions, AlICls is also the
preferred Lewis acid for other electrophilic aromatic
substitutions. For instance, AICl; has also been used
as a chlorinating reagent in acidic conditions. A study
has compared the liquid-phase chlorination of di-
phenylmethane to give 4,4'-dichlorodiphenylmethane
at 60 °C and atmospheric pressure over a series of
zeolites using sulfuryl chloride with the same reac-
tion over AICI3.1Y” A method for the preparation of
brominated polystyrene consists of the reaction of
BrCl in dichloroethane using AICI; as catalyst.!'8

diphenylmethane

AICI; can also be used to effect dehalogenation of
aromatic compounds. Polychloroanilines and poly-
chlorophenols undergo selective dechlorination at the
2- or 4-positions with respect to the amino or hydroxy
group when the reaction is carried out in chloroben-
zene containing HCI and AICI; or another Lewis
acid.’® Very good yields (95%) of 3,5-dichloroanilines
or phenols can be obtained.

Nitronium ion (NO,") is an electrophilic species
that intervenes as reaction intermediate in the nitra-
tion of aromatic compounds. A process for preparing
isolable nitronium salts in high purity consists of
treating an alkyl nitrate in nitromethane as solvent
with a mixture of BF; and HF.'?® The reaction is
carried out at temperatures between —20 and 15 °C,
and NO,*BF, precipitates from the solution in
higher than 90% purity.

Analogously to halogenations or nitrations, it is
possible to introduce a cyano group using cyanotri-
methylsilane as reagent and a Lewis acid such as
SnCl, or AlBr3; as catalyst.*?! In this way, hexapyran-
osyl cyanides can be prepared by reaction of glycals
with trimethylsilyl cyanide in the presence of SnCl,
or BF; as catalyst.'??

CH,OH

(0]
OH CN

HO
OH
hexapyranosyl cyanide

3.2.6. Aldol and Related Reactions

A general method for the preparation of crossed
aldols, known as the Mukaiyama aldol condensation,
consists of the reaction of silyl enol ethers with
aldehydes and ketones in the presence of Lewis acids.
TiCl, is the preferred Lewis acid catalyst for the
Mukaiyama reaction. For instance, the trimethylsilyl
enol ether of acetophenone reacts with acetone in the
presence of TiCl, to give 74% of 1-phenyl-3-methyl-
3-hydroxy-1-butanone (Scheme 23).1>> There have
been numerous reports describing the use of TiCl,
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Scheme 23
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as Lewis acid catalyst for other reactions also involv-
ing organosilicon reagents.'23-1%7

Silyl enol ethers are also convenient enolate de-
rivatives to effect a-alkylation with higher yields and
selectivity than the corresponding alkali metal enol-
ates. tert-Butylation of ketones can be performed by
treating their silyl enol ethers with a tert-butyl halide
in the presence of TiCl;.1?® Adamantyl halides are
also suitable reagents to effect the a-alkylation of
silyl enol ethers.*?® Unsymmetrical ketones react
regiospecifically.?®

Phenylthioalkylation of silyl enol ethers, followed
by reductive sulfur removal with Raney nickel, has
been reported as an indirect way to reliably effect
a-alkylation to carbonyl compounds (Scheme 24).12°

Scheme 24
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Alternatively, sulfur can be removed via the sulfox-
ide. This procedure allows the regio- and stereo-
controlled a-alkylidenation of carbonyl compounds.
This reaction is applicable to aldehydes, ketones,
esters, and lactones.'??

Metalation using lithium amide as base at —70 °C
has been reported as a convenient procedure to
introduce the trimethylsilyl group in the allylic
position of crotonic or vinylacetic acids (Scheme
25).130 The resulting trimethylsilyl compounds can

Scheme 25
i) LiNH,/-70°C ge P PhCHO
NN Me~ PN\ TiCl
COH iy cisiMes Me COH 4
OH

Ph)\/\COQH

react with benzaldehyde in the presence of TiCl, or
even in the absence of any catalyst at higher tem-
perature.'®0

3.2.7. Heterocyclic Ring Aperture

Small cyclic ethers, epoxides, oxetanes, and ozon-
ides having an alkoxy group on the side chain
rearrange in the presence of BF;-Et,0 or TiCl, to give
the ring-expanded cyclic ethers or addition prod-
ucts.®6:131-134 Analogously, cis- and trans-2,3-dimeth-
yldioxirane react in the presence of BF3-Et,O or SnCl,
in a stereoespecific manner with thiocarbonyl com-
pounds to afford 4,5-dimethyl-1,3-oxathiolanes.'3®

X
0-0
ozonide
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Functionalized chroman diols of potential biological
activity can be obtained via Lewis acid rearrange-
ment of aryloxyepoxy alcohols.’® Stereoselective
Lewis acid-catalyzed acyl migration of a chiral a,3-
epoxy methyl ketone with an alkenyl substituent has
been used for the construction of a chiral quaternary
carbon center (Scheme 26).137
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Optically pure 2-aryl-3,3-dimethyloxetanes un-
dergo ring opening with lithium thiolates, assisted
by BF3-Et,0, to give the corresponding -substituted
benzyl alcohol, in which substitution occurs at the
less hindered carbon and the configuration of the
asymmetric center remains unaffected (Scheme 27).138

Scheme 27
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In contrast, hydrolysis or alcoholysis catalyzed by
sulfuric acid occurs at the benzylic position with
partial inversion of the configuration.s®

3.2.8. Electrocyclic Reactions

Diels—Alder cycloadditions are the most powerful
C—C bond-forming reaction to obtain complex six-
membered rings. Uncatalyzed Diels—Alder cyclo-
additions are generally limited to electron-rich or
cyclic dienes reacting with electron-deficient dieno-
philes or the opposite case (inverted electronic de-
mand).?” However, most commonly Diels—Alder re-
actions require Lewis acid catalysis when the reagents
do not meet the electron density mismatch.

Concerning the mechanism in which Lewis acids
can catalyze the Diels—Alder [4 + 2] cycloadditions,
it has been frequently established that dienes, being
electron-rich, undergo an electron abstraction by the
Lewis acid (see reaction type below) to form the
corresponding diene radical cation. This electrophilic
species would be the actual reaction intermediate
through a chain mechanism (Scheme 28). In support

Scheme 28
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of this mechanism, many Diels—Alder reactions can
also be promoted photochemically or by radical
cations. 139152

Numerous reports have also shown the activity and
regio- and stereoselectivity of Lewis acids as catalysts
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for Diels—Alder cycloadditions.%3-%%8 SnCl, and TiCl,
have been found to catalyze stereoselectively the
reaction of unsymmetrically substituted stilbenes
with 2-methoxy-1,4-benzoquinones to form trans-2,3-
diaryl-2,3-dihydrobenzofuran-5-ols in good vyield
(Scheme 29).159
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Lewis acids can also catalyze hetero-Diels—Alder
reactions. For instance, l-aza-1,3-butadiene reacts
with quinoline-5,8-dione as an electron-deficient di-
enophile to form the corresponding 1,8-diazaanthra-
quinonone with complete regioselectivity (Scheme
30).160
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Examples of [2 + 2] cycloadditons catalyzed by
Lewis acids have also been reported.'5! For instance,
biacetyl reacts with isocyanates in the presence of
TiCl4 to form oxazolidinones.*” Likewise, methylthio-
substituted allenylmethylsilane undergoes [2 + 2]
cycloaddition with alkenes, promoted by ethylalumi-
num dichloride, to afford the corresponding methyl-
enecyclobutanes, which were readily converted into
di-exo-methylenecyclobutanes by sequential oxidation
of the methylthio to sulfone and 1,2-elimination
(Scheme 31).162
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2,2-Dimethylcyclobutanones, useful as intermedi-
ates for the synthesis of 2,2-dimethylcyclopropane-
carboxylic acids, can be prepared by [2 + 2] cyclo-
addition catalyzed by ZnCl, (Scheme 32).162 Selective
cyclotrimerization of phenylacetylene in chloro-
benzene has been reported.®
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Cross-linked polystyrene resins containing pendant
benzyl acrylate or chiral acrylates derived from (R)-
1,3-butanediol react with 1,3-butadiene or 2,3-di-
methyl-1,3-butadiene in the presence of TiCly, TiCls-
(OiPr), or TIiCly(OiPr), to yield Diels—Alder ad-
ducts.1%3 Ester hydrolysis gives racemic or optically
active 3-cyclohexen-1-ylmethanol and 3,4-dimethyl-
3-cyclohexen-1-yImethanol. Compared to the same
reactions carried out in solution, the enantiomeric
excesses of polymer-bound Diels—Alder reactions
were at least as high as those performed in solu-
tion.163

Likewise, 2-(p-nitrobenzylideneamino)benzoxazole,
-benzothiazole, and -benimidazole having a —N=C=
N=C— (heterodiene) react with electron-deficient
dienophiles such as maleic anhydride in a normal
Diels—Alder cycloaddition to give pyrimidines (Scheme
33).1%4 These heterodienes can react equally well with
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electron-rich dienophiles such as styrene through an
inverted electron-demand Diels—Alder reaction.®
Both the normal and inverted polarity demand
Diels—Alder reactions are accelerated by the presence
of AICls.

1,3-Dipolar cycloadditions can also be catalyzed by
AICI; and other Lewis acids. For instance, PhANHN=
CCIPh hydrazone reacts with R—C=N in the pres-
ence of AICI; to afford 1H-1,2,4-triazoles.1®®
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Azomethine N-oxides also react with N-phenyl-
maleimide in benzene at room temperature in the
presence of AICI; (Scheme 34).166
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3.2.9. Lewis Acid-Catalyzed Oxidations

Lewis acids can catalyze oxidation reactions through
three major reaction mechanisms. Recently we have
reviewed Lewis acid-catalyzed oxidation reactions,
particularly those using solid acids, the different
reaction mechanisms, and their relevance in green
chemistry.1%” The reader should go to that review for
an in-depth coverage of this subject. One simple way
in which Lewis acids can act as oxidation catalysts
is by coordinating with a peroxy compound and
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enhancing dramatically the electrophilicity of these
oxidizing reagents toward their reaction with weakly
nucleophilic substrates, such as alkenes (Scheme 35).
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As a competitive reaction, the peroxy reagent can
decompose due to the strong interaction with Lewis
acids. Thus, BFs-Et,0O promotes the decomposition
of isomeric methyl linoleate hydroperoxides into
shorter chain aldehydes.'®® However, hexanal and
2-nonenal, which are the corresponding aldehydes
derived respectively from 9,11- and 10,12-octadeca-
dienoate, do not coincide with the complex volatile
profile usually obtained by -scission of oxyl radicals
derived from homolysis of the hydroperoxide group
(Scheme 36). Rather this product distribution re-
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sembles that of the reaction catalyzed by the plant
enzyme hydroperoxide lyase.'68 This distinctive prod-
uct distribution has been taken as evidence that the
Lewis acid- or enzyme-catalyzed decomposition does
not occur through the intermediacy of oxyl radicals.168

The Lewis acid-mediated reaction of alkene nu-
cleophiles with peroxyacetals and peroxyketals pro-
vides an effective route for the synthesis of homolo-
gated peroxides and hydroperoxides through the
corresponding peroxycarbenium intermediate.'®® In
the presence of TiCl, or SnCl,, peroxyacetals and

Scheme 37
€ o
_~_Si(CHy) ZT0R
Ro of Si(CHa)s
I I (0] 3
o_ O =
ed Cun On
R1' \RZ O R

Corma and Garcia

peroxyketals react with allyltrimethylsilane, silyl
enol ethers, and silyl ketene acetals to afford homo-
allyl peroxides, 3-peroxyketones, and 3-peroxy-
alkanoates, respectively (Scheme 37).169

Baeyer—Villiger oxidation of optically active 1-
alkoxyalkyl ketones gives chiral 1-alkoxyalkyl car-
boxylates with high optical purity. These alkoxyalkyl
carboxylates undergo alkylation with lithium dialkyl-
cuprates, assisted by BF3, to give stereospecifically
alkylated products with a high degree of inversion
of configuration.17®

3.2.10. Lewis Acids as Single-Electron Acceptors

Lewis acids can accept a single electron from an
electron-rich organic molecule of low oxidation po-
tential to generate the corresponding radical cat-
ion.*”! When these radical cations are sufficiently
long-lived on the medium, they can be characterized
by conventional spectroscopy.t’?2~174 The fate of the
electron gained by the Lewis acid is usually un-
known, and it is believed to be delocalized through
the Lewis acid.

Polyaniline and other conjugated polymers exhibit
a much enhanced conductivity upon positive or
negative doping. A convenient procedure to produce
positive doping is to use a Lewis acid as single-
electron acceptor. The Lewis acid can exhibit dual
behavior as an acid and as an oxidizing reagent. In
the first instance, a Lewis acid is able to catalyze the
formation of the conjugated polymer that grows until
a certain threshold in oxidation potential of the
growing conducting polymer is achieved. At this point
the polymer can undergo single-electron abstraction
from the polymer as donor to the Lewis acid as
acceptor to form polarons. The nature of the Lewis
acid may play an important role in the polymeriza-
tion process and consequent doping. Thus, it has been
reported that BFs;-doped polyaniline can exhibit a
conductivity at room temperature of 20 S cm™! that
is over 10 000 times enhanced over that of the SnCl,-
doped polyaniline and even higher than that of
protonated polyaniline.1’®

3.2.11. Enantioselective Lewis Acid-Catalyzed Reaction

Compared to analogous enantioselective hydro-
genations and oxidations, catalytic enantioselective
Lewis acid reactions are much less general. An
obvious possibility to develop such enantioselective
reactions is to develop chiral Lewis acids. AICI; has
been modified in a controlled way with chiral alcohols
to form alkoxyaluminum chloro reagents that can be
used to promote asymmetric reactions.’® The mono-
alkoxyaluminum dichloride of menthol was particu-
larly suited for this process.'’® ZnCl, can be used to
prepare a chiral ruthenium phosphine complex de-
rived from a 2,2'-bis(diphenylphosphino)-1,1'-binaph-
thyl ligand containing Zn metal.>””

..
o
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Also the combination of SnCl, with chiral 2,2'-
dihydroxy-1,1'-binaphthyl has been found to effect
the enantioselective cyclization of geraniol and far-
nesol.17®
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4. Green Lewis Acid Catalysis in the Liquid
Phase

One strategy to transform a Lewis acid-catalyzed
reaction into a green process consists of having a two-
phase liquid system in which the Lewis acid remains
dissolved in one of the solvents, while the products
can be extracted by another immiscible liquid. The
simplest approach of these liquid-phase methodolo-
gies uses the same Lewis acid as in the homogeneous
phase. This is the case of reactions in supercritical
fluids, and they will be discussed in first place. A
further evolution of the biphasic liquid—liquid meth-
odologies requires not only modifications in the
medium and engineering of the process, but also
synthetic efforts to alter the structure of conventional
Lewis acid catalysts to adapt them to a particular
solvent, at the same time making the modified Lewis
acid insoluble in other solvents. Among the repre-
sentative examples of the latter methodology, we will
summarize the use of the so-called biphasic fluorous
systems and the use of ionic liquids. These three
methodologies to conduct Lewis acid-catalyzed reac-
tions in the liquid phase have experienced growth at
a breathtaking speed and have become separate
disciplines in green chemistry by their own right.
They offer new opportunities to replace conven-
tional organic solvents in synthesis and industrial
processses. 79184

Finally in this section we will include the recent
efforts to conduct green Lewis acid catalysis in
mixtures of organic solvent/water or even in pure
aqueous media. In these cases, besides the solu-
bility of organic reagents and products, the crucial
issue is the stability of the Lewis acid catalyst in
water.

4.1. Lewis Acid-Catalyzed Reactions in
Supercritical Fluids

A Chemical Reviews thematic issue has been
devoted exclusively to the properties and application
of supercritical fluids, including their use as reaction
media.’®> The reader is referred to that issue for
fundamentals of supercritical fluids as well as an
overview of the homogeneous!® and heterogeneous®’
catalyzed reactions in supercritical fluids. Herein we
will focus on their use as solvents for Lewis acid-
catalyzed reactions. As implied in the term “super-
critical fluid”, this state corresponds to a fluid at
conditions above its critical point in tempera-
ture.'88 The temperature and pressures of the critical
point for some common compounds are given in Table
2.
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Table 2. Temperature and Pressure of the Critical
Point for Some Compounds Commonly Used as
Supercritical Fluids

critical critical

compound temperature (°C) pressure (bar)
carbon dioxide 31 73.8
ethane 32.3 48.8
water 374.0 220.6

4.1.1. Supercritical CO,

Supercritical carbon dioxide is an environmentally
friendly solvent that has attracted much attention
as an alternative to the use of less tolerable organic
solvents.88189 For catalytic reactions in supercritical
CO,, the temperature and pressure play an impor-
tant role by varying the viscosity, solubility, polarity,
and other parameters that influence the ability of
CO, to act as a solvent.'®® For instance, the azo-
hydrazone tautomeric equilibrium of 4-(phenylazo)-
1-naphthol has been studied to determine changes
in polarity and hydrogen-bonding ability in super-
critical fluids (Scheme 38).1% While the less polar azo

Scheme 38
OH Q
0 NI
N ‘r}lH
N Ph
Ph

tautomer is predominant in compressed and liquid
alkanes, in supercritical or liquid CO, the equilibrium
shifts toward the more polar hydrazone, yielding
similar amounts of the two tautomers. This shift was
interpreted as due to the Lewis acidity and large
quadrupole moment of CO,.*%° Increases in the equi-
librium constant as a function of the supercritical
CO, pressure have been considered as indicating
polarity increases.

Supercritical CO; is used widely in selective ex-
tractions and separations. The industrial production
of decaffeinated coffee and the extraction of hops
aroma are by far the most important.'® A more
recent example is the extraction of polycyclic aro-
matic hydrocarbons from polluted soils, heavily con-
taminated with brown coal tar, using supercritical
carbon dioxide and solvent modifiers such as n-
hexane, cyclohexane, toluene, methyl tert-butyl ether,
etc.’®! Interestingly, the efficiency of the extraction
of polycyclic aromatics from soils having a high
content of humic acid increases considerably upon
addition to the supercritical CO, Lewis acids.®?

Supercritical fluids can also be used as mobile
phases in supercritical fluid chromatography.193.1%4
Chiral Ni(ll) or Zn(Il) complexes of 3-heptafluoro-
butanoyl-10-methylene-(1R)-camphorate anchored on
dimethylsiloxane (Chirasil-nickel and Chirasil-zinc)
have been reported that can act as enantioselective
Lewis acids to effect the separation of enantiomers,*®®
particularly for large-scale separations of configura-
tionally labile, nonvolatile racemates such as that of
methyl 2-(4-chloro-2-methylphenoxy)propanoate (meco-
prop). Analogous complexes of 3-heptafluorobutanoyl-
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10-methylene-(1R)-camphorate with lanthanides have
been used as stationary phases in complexing gas
chromatography.1%

CH3 COzMe
CH,

Cl
mecoprop

Catalytic reactions reported in supercritical carbon
dioxide include Lewis acid-catalyzed aromatic alkyl-
ation and acylation, selective catalytic oxidation of
olefins using transition metal catalysts, and phase-
transfer oxidation catalysis.'® Conventional AICI;
and other metal halides can be used as Lewis acids
exactly as they are used in common organic solvents.

Hydrocracking of high-molecular-weight hydro-
carbons into lower molecular weight compounds has
also been performed in supercritical fluid using as
homogeneous catalyst a system comprising a metal
halide Lewis acid and a Bronsted acid.*®” The super-
critical fluids consist of a C,—C;4 alkane dissolved in
a fluid hydrocarbon. The process is especially useful
when the hydrocarbon feedstock is deasphalted oil
or mixed paraffins.

C,—Cy; paraffins isomerize with AlX; in CO; or HX
as solvent above the critical temperature of the
mixture of hydrocarbon and solvent and a pressure
of 1000—5000 psig.’®® For instance, at 38% hexane
conversion in the presence of AlIBr3, the isomeriza-
tion—cracking ratio in supercritical CO, was 4, while
in the liquid phase the ratio was 1.1%8

Besides aluminum halides, other solid acids have
also been used as catalysts in supercritical fluids.
Alkylation of isobutane and isopentane using a La3"-
exchanged zeolite Y as heterogeneous catalyst has
been carried out under supercritical conditions of
these hydrocarbons.'®® Compared to reactions in the
gas or liquid phase, olefin alkylation in the super-
critical phase enhances the activity of the zeolite Y
catalyst and increases its lifetime. High-molecular-
weight olefins are also formed under supercritical
conditions through oligomerization by Lewis acids.
However, while these byproducts strongly deactivate
the catalyst in the liquid- or gas-phase reaction, the
supercritical fluid is able to extract these high-
molecular-weight olefins, removing them from the
solid and extending the catalyst life.1%

In an attempt to reduce coke formation, isobutane
alkylation over sulfated zirconia and promoted sul-
fated zirconia was conducted under supercritical
conditions.?%° It was observed that catalyst deactiva-
tion was considerably reduced at reaction conditions
slightly above the critical point, particularly when
Fe- or Mn-promoted sulfated zirconia was used as
catalyst.?®

Friedel—Crafts alkylations and acylations can be
carried out using heterogeneous catalyst in a con-
tinuous-flow reactor containing a supercritical fluid.?°
The selectivity of the reaction can be varied by
controlling the temperature, pressure, flow rates,
catalyst, and the ratio between the aromatic com-
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pound and reagent. The first three parameters influ-
ence the density and properties of the fluid. Thus,
anisole was added at 0.2 mL min~! to propene at a
flow rate of 420 mL min~%, and the mixture was
heated at 200 °C at 165 bar and circulated through
an acidic sulfonic resin to yield 38% of cumene.
Likewise, hydroxyalkylation of anisole with paraform-
aldehyde can be carried out in supercritical CO, using
acidic large- and medium-pore zeolites as catalysts.??
Compared to conventional hydrocarbon solvents, such
as cyclohexane, not only is supercritical CO, a
greeener solvent, but also the product yield in mono-
directional zeolites is significantly higher, due to the
more favorable diffusion of reagents, intermediates,
and products in CO,.2%? Hydroxyalkylation of aromat-
ics with carbonylic compounds (Scheme 39) is a
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reaction of economical importance for the synthesis
of bis(aminophenyl)methane and bisphenol A, which
are commodities for the preparation of polyurethanes,
polycarbonates, and epoxy resins.2%

Polysaccharides can be esterified or etherified in
supercritical CO,.2°* The process achieves a high
degree of OH derivatization without the need for
repeated reactions or the use of organic solvents.
Unreacted reagents and byproducts are easily sepa-
rated since the polysaccharide is insoluble in the
supercritical fluid. Aliphatic polyketones are pro-
duced in the reaction of CO and C,—Cy olefins in the
presence of palladium complex as polymerization
catalyst in a supercritical solution or suspension of
CO,.205

Supercritical fluids are being used increasingly in
the synthesis of pharmaceutical compounds and
intermediates.?°® Supercritical ammonia has been
used in the ammonolysis of esters to amides and of
mesylates to amines. In the latter case, amines are
formed in high yield (>95%) in anhydrous supercriti-
cal ammonia, this representing an interesting alter-
native to the conventional azide substitution/hydro-
genation synthetic sequence normally followed to
introduce the amino functionality (Scheme 40). The
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synthesis of d,l-a-tocopherol in supercritical CO, or
N.O can also be accomplished by condensation of
trimethylhydroquinone with isophytol in the presence
of Bronsted or Lewis acids.?°® This represents a
greener alternative to existing process employing
AICI; (Scheme 41).
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Scheme 41
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A new palladium-catalyzed addition of phenols to
alkynoates to form coumarins has been reported.?°’
In contrast to the acid-catalyzed aromatic alkylation
that generally requires stoichiometric, if not excess,
amounts of typical Lewis acids, the palladium process
is truly catalytic from the catalyst point of view. The
reaction is carried out in formic acid as solvent and
uses palladium acetate or, better, tris(benzylidene-
acetone)dipalladium as catalyst, being applicable to
propynoate, butynoate, and phenylpropynoate ethyl
esters.?’

i Pd
Ph/\)]\/\Ph 2

3

tris(benzylideneacetone)
dipalladium

Heck coupling of iodobenzene and methyl acrylate
has been catalyzed by Pd(0) nanoparticles in super-
critical CO,.2%® Solubilization of the Pd(0) metal
particles in supercritical CO, was accomplished using
a perfluoropolyether-functionalized poly(propylene
imine) dendrimer.?%8

Innovative biphasic systems in which supercritical
CO; containing reactants flows through a stationary
ionic liquid phase containing the catalyst have been
recently developed.?®® This biphasic system allows
designing a continuous-flow reactor to carry out
homogeneous catalysis. The methodology combines
the advantages of supercritical fluids and ionic
liquids and is based on the properties of nonpolar,
gaslike CO, with those of polar, nonvolatile ionic
liguids. The hydroformylation of alkenes?® and the
hydrovinylation of styrene?'! (Scheme 42) are two
processes reported so far by using this novel system.
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For this type of supercritical COy/ionic liquid
systems, a recent in situ IR spectroscopic study of
CO; dissolved in ionic liquids at high pressure (super-
critical state) has demonstrated that the counter-
anion of the melt interacts with dissolved CO,.?*? This
could lead to fine-tuning of the properties of ionic
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liquids and supercritical fluids as media to perform
catalytic reactions, but applications in catalysis of the
effect of pressure on the activity in this interesting
combination are still to be seen.

4.1.2. CO, Fixation

Related to the use of supercritical CO; as a medium
for green chemistry, a subject of emerging interest
is CO, fixation, i.e., those reactions in which atmo-
spheric CO, is used as feedstock. Excess carbon
dioxide in the atmosphere is responsible in part for
the greenhouse effect that produces global warming
and climatic changes. This excess of CO, emission
comes from the massive combustion of fossil fuels.
The setting up of artificial mechanisms and processes
to help the natural photosynthetic CO, fixation to
deal with the excess of CO, emissions has been
seriously considered, and the reduction of the per-
centage of atmospheric CO, by artificial means has
been proposed as one of the targets of environmental
chemistry.® Fixation of CO, occurs naturally in the
photosynthesis process of green plants, algae, and
bacteria, but it has been calculated that there has
been an unbalance in the last 50 years as a conse-
guence of human activity, emission being higher than
the natural capacity of CO, fixation by 3500 x 1086
tons year 1.

The above considerations serve to explain the
interest in promoting the industrial use of CO; as a
C, feedstock (Scheme 43). In principle, bulk chemicals
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such as formaldehyde and methanol could be ob-
tained by reduction of CO,. Unfortunately, the stabil-
ity of CO, makes this molecule extremely unreactive.
Chemical fixation of CO, can be done under super-
critical conditions by using simultaneously as a
medium and reactant.

Olah and co-workers have studied the carboxyl-
ation of benzene to benzoic acids at moderate tem-
peratures (up to 80 °C) using AICl; as catalyst.?' The
reaction occurs with excellent yield, and the product
is essentially free from diaryl ketones. This carboxyl-
ation is accelerated and the yields increased by the
co-addition of Al metal. Unfortunately, the reaction
is stoichiometric from the point of view of AICI;, and
it would be worth trying it with strong solid Lewis
acids. Theoretical calculations suggest that the reac-
tion mechanism does not involve the activation of
benzene by AICI; species, but rather a CO,—AIClI;
complex that would exhibit superelectrophilic behav-
ior.213

Transition metal Schiff base complexes are Lewis
acid catalysts for the chemical fixation of CO, by
reacting CO, with terminal epoxides, rendering cyclic
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carbonates with almost complete chemical yield.?4215
Among the metal ions studied are Cr(l1l), Zn(ll),
Co(Il), and Cu(ll). Organic bases are used as co-
catalysts of this CO; insertion.?** Although this
reaction can, in principle, produce chiral products,
attempts to effect the asymmetric version of this
catalytic reaction, starting from propylene oxide and
using chiral Cu(ll) salen complexes of 2,2'-diamino-
1,1'-binaphthyl or chiral Co(ll)salen complexes, gives
only low to moderate enantiomeric excesses of the
corresponding cyclic carbonate of propylene glycol
(Scheme 44).214.216

Scheme 44
N ,N
R Y \\\II \ R
/CU\
o/ o
R R
O
0 co, o)ko
~ Chiral )
CHs metal complex CHs

(negligible ee)

As mentioned earlier, supercritical CO, forms a
single phase with ionic liquids, and the latter medium
has also been used for the addition of CO, to epoxides
to form cyclic carbonates using zinc iodide as cata-
lyst.2'” Cyclic carbonates can even be formed without
catalyst using room-temperature ionic liquid N-ethyl-
N'-octylimidazolium tetrafluoroborate as cosolvent.

It is well known that CO, reacts with alkali metal
ion hydroxides to form the corresponding carbonates.
Other strong bases behave similarly. The carbonation
of hydroxide ions can also take place in certain
metallic complexes in which hydroxide is a ligand of
the transition metal.?'821% This carbonation of hy-
droxide ligands can be reversible for certain com-
plexes. However, this ability has not yet been ex-
ploited to develop a catalytic cycle for the fixation of
COs.

Methylamines can be synthesized from CO;, H,,
and NH; using palladium supported on alumina.
Selectivities higher than 80% were achieved using a
fixed-bed reactor, dimethyl- and trimethylamines
being present in minor amounts, together with lesser
quantitites of CO and methane.??° N,N-Dimethyl-
formamide and N,N-diethylformamide can be syn-
thesized by reacting supercritical CO,, H,, and the
corresponding secondary N,N-dialkylamines in the
presence of metallic complexes of Ru, Ir, Rh, Pt, or
Pd.??! Baiker and co-workers have developed a series
of heterogeneous catalysts by incorporating these
complexes into silica gel.???

Photocatalytic CO; reduction with water to form
methanol is a process that in a certain way mimics
the natural photosynthetic process. The energy of the
light harvested by the photocatalyst is transformed
into chemical energy during the reduction of CO..
There is no doubt that this process will have a large
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impact, provided that solar light is used. Anpo and
co-workers have made a significant contribution in
this field.?237225 Other photo processes of less indus-
trial relevance than the photochemical reduction of
CO; by water include the addition of CO, to car-
bonylic compounds such as benzophenone. However,
this process is still very inefficient since, in addition
to using poly-p-phenylene as photocatalyst, triethyl-
amine is required as an electron donor. The presence
of quaternary ammonium salts increases the yield
of diphenylglycolic acid by stabilizing the diphenyl-
carbinol anion intermediate.?26-22°

4.1.3. Supercritical Water

Another supercritical fluid that is also attracting
a growing interest as a medium for organic reactions
is supercritical water. Compared to CO,, water has
the disadvantage of the high pressure (22.1 MPa) and
temperature (374.2 °C) required to reach the super-
critical state, as well as the corrosion of the reactors
due to the higher concentration of H* and OH™ ions
in the water supercritical state. Conditions are
particularly corrosive when chlorinated organic com-
pounds are used as reagents due to the partial
formation of HCI and metal chlorides by reaction with
the reactor walls.?3°

On the positive side, many important physico-
chemical parameters characteristic of liquid water,
such as density (that can be decreased to nearly 0 g
cm™3), formation of intermolecular hydrogen bonds
(that can almost disappear in the supercritical state),
dielectric constant, and the ionic product, can be
adjusted over a wide range simply by varying the
pressure and the temperature in the supercritical
state. In particular, the increase of the ionic product
of water increases the concentrations of H" and OH~
due to self-ionization without addition of any extrin-
sic acid or base. Therefore, water in its supercritical
state can promote Bronsted acid- and base-catalyzed
reactions that would not occur in liquid water. This
is the reason the majority of the reactions in super-
critical water do not require the addition of any Lewis
acids as catalysts.??? The same applies for base-
catalyzed reactions.?32:233

Among the classes of reactions for which super-
critical water is particularly suitable as reaction
medium, the most important are hydrolysis,?34235
hydrations/dehydrations,?3®~240 pinacol®*-22 and Beck-
mann rearrangements,?31:242243 Diels—Alder cyclo-
additions,?* Friedel—Crafts phenol alkylation,?*®> and
more surprinsingly oxidations?#6-248 and degradation
of organics.?4-25! Compounds such as ammonia,??
phenols,?37257 anilines,?%82%9 pyridines,?6%261 chlori-
nated aromatics,?62-266 dibenzothiophenes,?” and car-
boxylic acids?52%8 can be degraded in supercritical
water. The last reaction type has led researchers to
consider supercritical water for the treatment of
wastewater streams.?46251.269.270 |n this case, the
addition of some solid as oxidation catalyst, very
frequently containing noble metals, can increase the
overall efficiency of the process.

Hydration of propylene to the Markovnikov 2-pro-
panol product can be carried out in sub- and super-
critical water in the presence of alumina or molyb-



Evolution of Lewis Acid Catalysts

dena supported on alumina as catalyst;?’* the latter
catalyst exhibits higher activity. It has been observed
that the hydration rate depends on the ionic product
of water, and this has led to the conclusion that H*,
most probably on the solid surface, also cooperates
in the catalysis. Cyclohexanol dehydration in super-
critical water has been found to require the presence
of added acid or bases, while cyclohexene hydration
can be effected with PtO, and a Bronsted acid.?’?

4.2. Lewis Acid-Catalyzed Reactions in Biphasic
Fluorous Systems

A recent Tetrahedron symposium in print has been
devoted to showing the state-of-the-art in fluorous
systems and to exemplifying the various possible
applications including synthesis of fluorous ligands,
reagents, catalysts, and solvents as well as different
catalytic reactions carried out in fluorous media and
fluorous supramolecular polymer and materials chem-
istry.?”® Following a parallelism with the word “aque-
ous”, the adjective “fluorous”, initially coined by
Horvath and Rabai,?’#~278 has been defined as refer-
ring to highly fluorinated saturated organic molecules
or molecular fragments.274-277.279-285 Herein, we will
focus on the application of biphasic fluorous systems
to conduct Lewis acid-catalyzed reactions. Scheme 45
summarizes the successive steps in a catalytic reac-
tion based on a fluorous system.

Scheme 45
organic solvent organic solvent|
substrates products
reaction in
E> single phase :> :
perfluorinated perfluorinated
solvent solvent
catalyst catalyst

room temperature

reaction temperature room temperature

Besides the temperature-dependent miscibility of
the two solvents, the key point of this strategy lies
in the fact that the catalyst has to be very soluble in
the perfluorinated solvent, while the products not.
The exclusive solubility of the catalyst in the fluorous
phase normally requires an adequate functionaliza-
tion.281.286 Some examples of how common ligands are
modified to increase their solubility in biphasic
fluorous phase are worth comment to give an idea of
the advantages and limitations of this methodology.
Given the commercial availability of the required
perfluorinated alcohols or carboxylic acids, fluorous
tags are normally perfluorinated alkyl or ether chains
linked to the non-fluorous moiety through an ether
or ester group. Fluorous soluble bipyridines bearing
two perfluoroalkylated side chains in the 6,6'- or 4,4'-
positions have been prepared via etherification of
6,6'-bis(chloromethyl)-2,2'-bipyridine or C-alkylation
of 4,4'-dimethyl-2,2'-bipyridine.?®” These fluorinated
ligands form in situ ruthenium complexes that are
efficient for the Lewis acid-catalyzed epoxidation of
tert-stilbene with 10,7287
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Likewise, triphenylphosphine, which is a common
ligand for palladium and other late transition metals,
can be functionalized using p-perfluoroalkylsilyl sub-
stituents.?88289 This approach permits the attachment
of 3—9 perfluoro tails per P atom.?8 Perfluorinated
binol ligands have also been widely used in the
asymmetric version of fluorous biphase systems.?%°

AN R
Rz—Si@POSi—RZ
RS/ R3

Si.

R1 éz RS

R', R?, R3: CH; or -CH;CH5C Fana
fluorinated triarylphosphines

Commercially available tetraazacyclotetradecane
(cyclam) can be functionalized through the N-atoms
to introduce a perfluoroalkyl chain. Complexes of this
fluorinated macrocycle with transition metal ions are
soluble in fluorocarbons, and they can act as Lewis
acids. These complexes have been used for the
oxidative functionalization of hydrocarbons under
typical fluorous biphase conditions.?%!

F(2n+1)0\m,CnF(2n+1)

(

ON N
F(an+1)C v CNF(2n41)
fluorinated cyclam

Perfluoro-tagged palladium complexes have been
used for the catalytic cyclodimerization of conjugated
enynes to give benzene derivatives in fluorous bipha-
sic systems.?%? The catalyst was successfully reused
in consecutive runs. The same type of fluorinated
palladium complexes have also been used as catalysts
for the biphasic fluorous system version of the Suzuki
C—C coupling (Scheme 46).2% Alkylation of allyl

Scheme 46
OH
Br HO\B/
R2
@ © Pd-fluorinated catalyst
+ -

= < Biphasic fluorous system
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substrates by nucleophilic substitution using C-
nucleophiles catalyzed by Pd(0) complexes,?®* the
Heck reaction,?% the Stille reaction by coupling aryl
halides with tributyltin derivatives,?®® and ring-
closing methatesis followed by a consecutive Heck
reaction®®” are other C—C bond-forming processes
that have been described in fluorous biphasic systems
using perfluoro-tagged Pd catalysts.

An improvement of the biphasic fluorous strategy
consists of adding a commercially available perfluoro-
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alkanoic acid to the fluorinated solvent to form a
hydrogen bond with a certain substrate, thus scav-
enging it from the non-fluorous solvent and solubi-
lizing it into the fluorinated solvent. This concept has
been realized to improve the liquid—liquid separation
step in N,N'-di(polyfluoroalkyl)ureas formed as byprod-
ucts of the carbodiimide-mediated coupling of car-
boxylic acids and amines in peptide synthesis.?%
These N,N'-di(polyfluoroalkyl)ureas experience a dra-
matic enhancement of the solubility in CsF14 by the
presence in this fluorinated solvent of perfluoro-
heptanoic acid. In this way, Cbz-Ala-OH and H-Val-
OMe were condensed with F3C(CF;)sCH,CH,;N=
C=NCH,CH,(CF;)sCF3 as coupling reagent in a bi-
phasic CH,Cl,/CsF14 solvent system at room temper-
ature for 16 h (Scheme 47). Workup involves washing

Scheme 47
o] o]
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the reaction mixture twice with a solution of per-
fluoroheptanoic acid in CgF14 and once again with
fresh CgF14.2°® The obvious drawback of this proce-
dure is the use of extra volumes of C¢F14 as well as
the need for fluorinated N,N’'-dialkylcarbodiimide. In
this regard, recent chromatographic techniques, based
on the use of fluorous solid phases, have been
developed and used to alleviate the need for using
volatile organic solvents to separate fluorous reagents
and products.??9-303

A new variant of the biphasic fluorous methodology
based on the low-temperature solid—liquid rather
than liquid—Iliquid separation phase has been re-
cently reported.’®* In this case the catalyst is a
fluorinated solid that is insoluble in alkanes at low
temperatures, but upon increasing the temperature
close to the solid melting point the fluorinated
catalyst exhibits a remarkable thermotropic solubil-
ity. Thus, the catalytic reaction occurs in a single
phase at this temperature. Upon cooling, the fluori-
nated catalyst precipitates and can be recovered for
the next run (Scheme 48).3% The major advantage

Scheme 48
‘ heating ‘
solvent reaction
<::_| single phase
cooling
solid

catalyst
COLD HOT

of this original approach is that expensive fluorinated
solvents are not necessary, but functionalization of
the catalyst, normally by attaching a fluorinated tag,
is still needed.

Despite the novelty of biphasic fluorous systems,
the list of catalytic reactions for which this methodol-
ogy has been applied is already quite large, many of
them requiring Lewis acid catalysts or being oxida-
tion reactions. Propylene undergoes dimerization in
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fluorous solvents to 2,3-dimethylbutenes when flu-
orinated Ni complexes are used as Lewis acids in
combination with phosphine ligands and alkyl-
aluminum promoters.®°> Fluorinated phosphine li-
gands and tris(pentafluorophenyl)borane ((CsFs)sB,
in place of the organoaluminum co-catalyst) have also
been used in this system to improve catalyst solubil-
ity in the fluorinated phase.®*> However, although
significantly high productivities of 25 000 h~* were
achieved, this fluorinated biphasic system suffers
from a progressive migration of the catalyst toward
the hydrocarbon phase.

Silylation of primary, hydrophobic alcohols with
triethylsilane can be effected under biphasic fluorous
conditions using dirhodium perfluorocarboxylates
having perfluoroalkyl chains from C; to C;3.2% Pri-
mary alcohols are preferentially silylated in compari-
son with hydrophilic secondary ones. Hydrosilylation
of 1-alkenes using a fluorous rhodium catalyst,**” and
the reverse approach, i.e., hydrosilylation of per-
fluoro-1-alkenes using a non-fluorinated rhodium
Lewis acid, have also been reported.3%”

L. ClI

RA

v oL
fluorinated Rh catalysts

L= fluorinated triarylphosphine ligands

I\Ille I\Ille
CSF13CH2CH2—§i@PO§i—CHZCHzceF13

Me Me
Me—SIi-Me
CHZCH2C6F1 3
CgF17CH,CH, CH,CHyCgF 17
CgF1 7CH20H2_S]i‘©7p4@78|i_CHchchF17
Me Me

Me—sli—CH2CH208F17
CH20H206F13

Several asymmetric Lewis acid-catalyzed C—C
bond formations by addition of diethylzinc to aryl
aldehydes in fluorous biphasic systems have been
reported.’%®-311 |n some of them, 4,4',6,6'-tetrakis-
(perfluorooctyl)-1,1'-binaphthalene-2,2'-diol was used
as a chiral inductor.3'32 In others, a chiral Ti
complex of (R)-6,6'-bis[tris(3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)silyl)-1,1'-binaphthalene-2,2'-diol in
a toluene/FC-72 biphasic fluorous system was em-
ployed for the enantioselective alkylation of aromatic
aldehydes using diethylzinc.3%%31° Titanium acts as
a Lewis acid site, coordinating with the aromatic
aldehyde. Enantiomeric excesses higher than 80%
were obtained even in the fifth reuse of the fluorous
phase. Hydrolytic kinetic resolution of terminal ep-
oxides can be catalyzed by light-fluorous chiral
Co(salen) complexes, while heavily fluorinated com-
plexes exhibit low activity.3'® Heterogeneous enan-
tioselective synthesis in the fluorous phase, in which
the chiral catalyst is attached to soluble polymeric
ligands such as dendritic polymers, allows the use
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of ultrafiltration in a membrane reactor.3

CBF17

CgF17 (CeF130H2CH2)3SI OO
OO OH OH
oH 4N
OO (CF13CHLCH2)3Si

CgF17
fluorinated 1,1'-binaphthalene-2,2'-diol

CgF47

Lanthanide Lewis acids have been converted into
recyclable fluorous catalysts by using the tris(per-
fluorooctanesulfonyl)methide or bis(perfluorooctane-
sulfonyl)amide ponytails.3'>316 The fluorous ponytails
make these catalysts soluble in fluorous solvents,
where they remain immobilized or, alternatively, can
be used directly as fluorous solids that become soluble
upon heating at the reaction temperature and sepa-
rate upon cooling. These lanthanide complexes are
extremely efficient Lewis acids for carbon—carbon
bond-forming reactions, including Friedel—Crafts
acylation and the Diels—Alder and Mukaiyama aldol
reactions, by virtue of the Lewis acidity enhancement
originating from the powerful electron-withdrawing
effect of the perfluoroalkanesulfonylmethide or amide
groups on the lanthanide metal.

1 -
L—S|C—L L Y|b—L
L L

L: "C(S0,CeF 17)3 or N(SO3C5F7)2

4.3. Lewis Acid-Catalyzed Reactions in lonic
Liquids

The use of ionic liquids is now a hot topic in green
chemistry, as it is hoped that they constitute an
alternative to volatile organic solvents as reaction
medium.?85317-321 Erom the structural point of view,
common ionic liquids are nitrogenated or phos-
phonated organic cations having inorganic counter-
anions. Since ionic liquids cannot be distilled and
their purification is problematic, they have to be
obtained in high purity directly by synthesis.3??
Nucleophilic substitution (formation of the posi-
tive organic salt) followed by anion exchange is the
most general preparation procedure.387321 Enan-
tiomerically pure ionic liquids having substituents
from the chiral pool have recently been reported,
but are yet to be exploited in asymmetric synthe-
SiS.323_325

Although ionic liquids, previously known as molten
salts, are certainly not a new class of compounds,326-331
they have recently attracted considerably attention
as green reaction media. The most widely used ionic
liquids are derivatives of N,N'-dialkylimidazolium or
N-alkylpyridinium with inorganic anions such as
PF¢~, BF,, or even Cl~. They combine a reasonable
thermal stability, a sufficient solubility for most
organic compounds, a practically zero vapor pressure,
and inmiscibility with some organic solvents such as
alkanes and ethers. Thus, the catalytic reactions are
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conducted in a single phase (the ionic liquid) by
adding the reagents and catalyst.

X
A
/N \+/ N~ + - - - -
R-N'"TR N An”: PFg", BF4, CI, etc.
|
An R

N,N'-dialkylimidazolium

An”
N-alkylpyridinium

After completion of the reaction, the products are
recovered by conventional liquid—liquid extraction,
while the Lewis acid catalyst is expected to remain
immobilized in the ionic liquid. Given the viscosity
of the ionic liquid and the limited choice of immiscible
organic solvents to recover the reaction products,
mass balance indicating the percentage of the initial
moles recovered as either unreacted substrate or
converted products is an important parameter, par-
ticularly for reaction data using fresh ionic liquid as
solvent. The need for an organic solvent to extract
the reaction products is one of the main drawbacks
of the use of ionic liquids as green media. At this
point it is worth remembering that, as stated earlier,
CO,, particularly in its supercritical state, is a good
solvent to extract products from ionic liquids.

Addition of anhydrous AICl; to the CI~ salt of N,N'-
dialkylimidazoliums gives rise to a distribution of
chloroaluminate species AlCl,~ that may exhibit
Lewis acidity, depending on the AICI3/CI~ molar
ratio.33 By controlling the proportion of AICI; added
to the ionic liquid, different species, such as neutral
AICI, or acidic Al,Cl;~, can be predominantly present.
In the latter case, addition of 2-fold the stoichiometric
amount of AICl; is required (eq 2). Thus, the catalytic
activity of the liquid can, in principle, be tuned. Also
the nature of the imidazolium cation plays a role in
controlling the melting point, solubility, viscosity, and
other parameters influencing the properties of the
ionic liquid.

_AICI, _AICI, B
Cl AlICl, — ALCI, (2)

The presence of residual water strongly influences
the Lewis acid activity of these ionic liquids, due to
the hydrolysis of the Al,Cl,~ species with formation
of HCI and aluminum hydroxides. Moreover, since
these melts are highly hygroscopic, the reaction has
to be carried out under an inert atmosphere and
protected from ambient moisture. The reagents and
cosolvents may also need to be dried. Water, hydro-
chloric acid, and other byproducts likely to be re-
tained on the ionic liquid are also likely to interfere
on the reuse of the ionic melt. This is one of the major
drawbacks of this catalytic system, the presence of
residual water or moisture being a factor responsible
for the occasional low reproducibility of the results.

A procedure analogous to that followed to obtain
chloroaluminated melts can be used to prepare ionic
liquids containing Lewis acids of titanium, niobium,
tantalum, tin, or antimony by dissolving halogenated
or oxyhalogenated compounds of these metals in the
ionic liquid having halide or hexafluoroantimonate
as counterion.3®? These Lewis acid ionic melts are
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particularly active catalysts for the HF hydrofluori-
nation of saturated and unsaturated compounds with
C—ClI bonds.3? In this context, it has been reported
that a range of moisture-stable Lewis acidic ionic
liquids can be prepared by mixing appropriate ratios
of ZnCl, or SnCl, and quaternary ammonium salts
having hydroxide, chloride, acetate, or benzoate as
counteranions.333

Chloroaluminate salts of imidazolium have shown
good activity for a quite large number of acid-
catalyzed reactions, including Friedel—Crafts alkyl-
ations,33473% particularly that of benzene with long-
chain a-olefins,3 a process that is used industrially
for the production of linear alkylbenzenes as precur-
sors of alkylbenzenesulfonates which are employed
as surfactants.

The acetylation of benzene with stoichiometric
amounts of acetyl chloride occurs in complete conver-
sion in 1-ethyl-3-methylimidazolium Al,Cl;~ melt.3%
The Friedel—Crafts acylation of toluene, chloroben-
zene, and anisole with acetyl chloride has been
carried out in l-ethyl-3-methylimidazolium Al,Cl;,
wherein high para selectivity has been observed.3%’
The chloroaluminate salt of 1-butyl-3-methylimid-
azolium, having 2 equiv of AICI; per Cl-, has been
found to be an alternative to conventional acid
catalysts in the Pechmann condensation of phenols
with ethyl acetoacetate, leading to coumarin deriva-
tives (Scheme 49).3%8 As an additional advantage of

Scheme 49
CH3 OEt S
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Me” ~n-Bu
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the system, it was found that the reaction time is
considerably reduced when this reaction is carried
out in molten salts, even at room temperature.338
The previous chloroaluminate melt has been em-
ployed as an unconventional medium for the Friedel—
Crafts sulfonylation of benzene derivatives with
toluenesulfonyl chloride.®® The substrates exhibit
enhanced reactivity at room temperature, yielding
diarylsulfones in almost quantitative yields. 27Al

1
Arl=S=ar2
diarylsulfone

NMR has been used to investigate the change in the
Al species distribution during the sulfonylation reac-
tion. Before the reaction, Al,Cl;~ is the predominant
species in the melt, but after the reaction AICI,~
predominates.®® This change was attributed to the
trapping by Al,Cl;~ of the HCI evolved in the sulfonyl-
ation reaction and could eventually modify the cata-
lytic activity of the system, since while Al,Cl;™ is
acidic, AICI, is essentially neutral. In fact, acidic
chloroaluminate forms of imidazolium molten salts
can be buffered to neutrality by addition of an alkali
halide340341 or CaCl,.3*2 MgCl, only buffers acidic
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melts partially.3* It has been proposed that the
buffering reaction consists of the formation of tetra-
chloroaluminate from other acidic polychloride alu-
minum species, as exemplified by eq 3 for the case of
CaClz.

CaCl, + 2ALCI,” — Ca*" + 4AICl,”  (3)

However, AICI,~ in ionic melts can behave quite
easily as a Lewis acid. Thus, buffered AICI,~ melts
exhibit what has been termed as “latent acid-
ity”.340343344 The interesting concept of “latent acidity”
refers to the fact that weak bases, which normally
should not react with AICI,~, are able to shift ClI~
from AICI,~, forming a Lewis adduct in the buffered
melts, as if they were reacting with AICl;. This effect
is due to the driving force introduced in the equilib-
rium by the precipitation of the halide salts, as
exemplified in eq 4.

latent acidity
B+ AICI,” +Na"—+B:AICl;” + NaCl, (4)

In an elegant variant of the use of ionic liquids to
conduct Friedel—Crafts aromatic alkylations, im-
mobilization of N,N’-dialkylimidazolium chloro-
aluminates on the surface of inorganic porous sup-
ports renders a solid catalyst.345346 Compared to the
use of pure ionic liquid, supporting them on a solid
facilitates the separation of the catalyst from prod-
ucts, permits gas-phase reactions to be performed
easily, and saves a considerable amount of expensive
ionic liquid. Two preparation procedures have been
reported to obtain these ionic liquids immobilized in
porous supports (Scheme 50). The simplest one
(incipient wetness impregnation) consists of the im-
pregnation of the required volume of the ionic liquid
in its chloroaluminate form to fill the pores of the
dehydrated solid. This process needs prolonged stir-
ring to favor uniform deposition and exhaustive
solid—liquid extraction with dichloromethane. The
fact that HCI is evolved during the impregnation,
together with 2’Al NMR data, supports that chloro-
aluminate has reacted with the surface hydroxyl
groups. The way in which the chloroaluminate coun-
teranion remains grafted on the silanol groups is
analogous to that originally proposed by Getty and
Drago for the reaction of AICI; and implies a truly
covalent bond with the solid walls.®*” Therefore, the
amount of ionic liquid retained on the solid after the
extraction depends on the density of surface OH
groups. Table 3 gives some reported values.®*® An
alternative, more elaborate method to anchor the
ionic liquid on a solid support consists of the reaction
of the chloroaluminate of a 1-triethoxysilyl derivative
of 3-methylimidazolium on the walls of silica or
MCM-41 (Scheme 50).34°

Alkylation by 1-dodecene of benzene derivatives
and naphthalene has been used as a test reaction.*2
It has been reported that, for the liquid-phase alkyl-
ation at 80 °C using immobilized ionic liquids as
heterogeneous catalysts, alkylation of benzene results
in 98% selectivity toward monoalkylated derivatives
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Table 3. Percentage of lonic Liquid Retained on
Various Supports after Impregnation of the
1-Butyl-3-methylimidazolium Chloroaluminate upon
Incipient Wetness and Exhaustive Solid—Liquid
Extraction with Dichloromethane?

percentage of

solid ionic liquid (wt %)
ZrO; <5
TiO; 5
Hp zeolite 7
Al,O3; (Condea Pural SB) 20
SiO; (Degussa FK 700) 35

a Data taken from ref 346.

at 99% dodecene conversion (Table 4).3%8 Catalysts
prepared by grafting of the positive imidazolium ring
on the silica walls showed activity for dodecene
conversion comparable to that of those prepared by
the incipient wetness technique (anchoring through
the chloroaluminate anion), but the solid prepared
by grafting had a greater HCI stability.34®

The same strategy, using Lewis acid ionic liquids
supported on inorganic carriers or activated carbon,
has been applied to the Friedel—Crafts acylation of
aromatics.®* The ionic liquids consist of 1-methyl-3-
butylimidazolium having as counteranions chloro-
ferrate, chloroaluminate, or chlorostannate. The sol-
ids were prepared starting from the chloride melt,
adding a stoichiometric amount of the metal halide,
and stirring the mixture overnight. The supported

ionic liquids were tested for the liquid-phase and gas-
phase acylation of benzene derivatives. For reactions
in the liquid phase, a considerable extent of catalyst
leaching was observed.®*° Obviously, leaching does
not occur for gas-phase reactions, but deactivation
by coking takes place unless the reaction is conducted
under optimum reaction conditions.34°

Lanthanide triflates are widely used as water-
tolerant Lewis acids for a variety of transforma-
tions (see section 4.4). In this context, it has been
recently shown that Sc(OTf); catalyzes the Friedel—
Crafts alkylation of aromatics with olefins in hydro-
phobic ionic liquids such as 1-butyl-3-methylimid-
azolium hexafluorophosphate or hexafluoroantim-
onate (Scheme 51).3%0 In contrast, this reaction is not

Scheme 51
Sc(OTf); (20 mol%)

S i a Y,
> 99% 1st run, 90% yield
conversion SbFG 2nd run, 92% yield

observed under the same conditions in common
organic solvents, water, or hydrophilic ionic liquids
such as 1-butyl-3-methylimidazolium triflate or tetra-
fluoroborate.®® When lanthanide triflates in ionic
liquids are used, the possibility of reuse and the
percentage of catalyst remaining in the ionic liquid

Table 4. Results of Benzene Alkylation by Dodecene at 80 °C after 1 h Reaction Time Catalyzed by Immobilized

Acidic (AICI3)x lonic Liquids (6 wt %) Anchored through th
Imidazolium Cation?

e Inorganic Chloroaluminate or through the Organic

selectivity (%)

catalyts dodecene conversion (%) Ci2 isomerization (%) monoalkyl heavier products
pure ionic liquid 5 85 14
pure MCM-41 <5 >95
SiO, anchored through the anion >95 >95
SiO; anchored through the cation 90 20 75 <5
MCM-41 anchored through the cation >95 10 85 <5

a Data taken from ref 345.
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after recovery of reaction products are issues that
need to be addressed.

Other reactions reported so far in Lewis acidic ionic
liquids include direct carbonylation of olefins3>%:352
and alkylaromatics to aromatic aldehydes,3% cyclo-
addition of CO; to epoxides,®** Knoevenagel conden-
sation of aromatic aldehydes with ethyl malonate
(Scheme 52),%%° Diels—Alder cycloaddition®*® and

Scheme 52
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Claisen rearrangement of allyl aryl ethers®®” using
scandium trifluoromethanesulfonate, and acylative
cleavage of cyclic and acyclic ethers in the presence
of acyl chlorides.3*® lonic liquids containing HF are
particularly active for the liquid-phase substitution
of C—CI by C—F bonds in saturated or unsaturated
compounds.®¥? Thus, CHClI, is converted into a 69:
31 mixture of CH,F, and CH,CIF at 84% conversion.

As mentioned earlier, the combination of CO,/ionic
liquid permits the design of continuous-flow reactors.
A further logical extension of the biphasic supercriti-
cal COy/ionic liquids is to triphasic systems compris-
ing an ionic liquid, water, and an organic solvent. In
these systems the catalyst resides in the ionic liquid,
the substrate and products are in the organic phase,
and inorganic salts are dissolved in the aqueous
phase. Such a system has been developed for the
Heck reaction.3%®

Bronsted acidic ionic liquids that are substantially
free of Lewis acidity have also been reported.3%° They
can be obtained by reacting organonitrogen or or-
ganophosphorus compounds with a Bronsted acid in
a molar ratio less than or equal to 1. These Bronsted
acidic ionic liquids are useful as catalysts for esteri-
fication reactions®®® and aromatic hydroxyalkylation
with paraformaldehyde.36! It has been reported that
mixtures of Bronsted and Lewis acids can exhibit
superacidity in N,N’'-dialkylimidazolium ionic liquids,
being stronger acids than sulfuric acid or liquid
HF.362 Thus, it has been reported that benzene can
be protonated to cyclohexadienyl cation or that this
mixture of acids can catalyze the alkylation of eth-
ylene to isobutane 318319363

lonic liquids are suitable conducting media in
which to perform electrochemical studies.336:364-366 |¢
has been reported that the addition of 1 equiv of HCI
per available chloride to a mixture 49:51 of AICI; in
1-ethyl-3-methylimidazolium results in an expansion
of the electrochemical window of the melt relative to
that of Lewis neutral melt.3¢” This has been inter-
preted as being due to the formation of H,Cl;~ or
HAICIs~, which maintains low the concentration of
free chloride ion. An electrolyte composition consist-
ing of a 58:42 mixture of AICIls/1-methyl-3-ethyl-
imidazolium chloride or related melts in acetonitrile
has been proposed as a component for high-energy
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density, high-rate batteries.® VVoltammetric studies
indicate that several protic species are present in this
melt.¢7

Room-temperature inorganic liquids of high ionic
conductivity have been prepared by reacting AlCls
with sulfonyl chlorides.3%® The liquid has been con-
sidered to be in a state between molecular and ionic,
and the term “quasi-molten salt” has been coined for
them. The interesting opportunities of these “quasi-
molten salts” compared to ionic liquids are clear,
considering that unlike pyridinium and imidazolium
ionic liquids, which are reduced by alkali metals,
guasi-molten salts can be used as media for reversible
lithium and sodium metal deposition/stripping. Their
electrochemical window spans 5 V, and their conduc-
tivity is 1074 S cm~1.36% However, corrosion arising
from hydrochloric and sulfuric acid formation in the
presence of moisture is a major drawback of this
interesting medium.

A final remark concerning the use of biphasic
fluorous media and ionic liquids as green media is
the paucity of reports addressing their complete life
assessment cycle and their toxicity after long-term
exposition. Thus, caution should be exercised when
considering these two media as “green” until all these
data are available. Particularly important are the
presumably long-term persistence of perfluorinated
compounds in the environment for longer than de-
cades and disposal and regeneration problems for
ionic liquids, especially when they contain halo-
genated or metallic additives. In general, it seems
logical that halogenated Lewis acids (AICI3) should
be avoided in ionic liquids, as they are in other media.

4.4. Lewis Acid-Catalyzed Reactions in Water as
Solvent

It is a widely accepted belief that Lewis acid-
catalyzed reactions must be carried out in the ab-
sence of water or even under strict anhydrous con-
ditions. Very frequently, the presence of even trace
guantities of water stops completely the Lewis acid-
catalyzed reaction because the most common Lewis
acid catalysts react immediately with water and
instantaneously or progressively decompose to form
hydroxides or oxides, losing immediately or gradually
their Lewis acid activity. The hydrolysis of anhydrous
metal halides such as AICI;, TiCl,;, and BCl; are
paradigmatic examples of the dramatic negative
influence of the presence of water (eq 5). However, it
has been reported that InCl; can catalyze the cross-
cyclization of epoxides and homoallyl alcohols to
tetrahydropyran derivatives,®° and therefore, it seems
that not all the metal halides should necessarily
undergo prompt hydrolysis in water.

MeX,, + nH,0 — Me(OH),, + nHX (5)

From the point of view of green chemistry, water
would be the perfect solvent in which to carry out
chemical reactions, provided that it dissolves re-
agents and products and that no polluted waste-
waters are disposed.3"*7373 A large amount of work
has been devoted to performing organic reactions in
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water, particularly using organometallic chemistry
and aimed at C—C bond formation,372:374-380

In this regard, a general C—C bond-forming reac-
tion that has been extensively studied in water as
solvent is the addition to carbonyl compounds or the
conjugate addition to a,(-unsaturated carbonylic
compounds under air atmosphere. A considerable
number of organometallic compounds, such as aryl-
and vinyltin, arylboronic, or triphenylbismuth re-
agents, can be used and the reaction requires cataly-
sis, Rh(I) complexes being typical catalysts (Scheme
53).381-387 Formally, this reaction is equivalent to the

o 0
@ BiPhy
Rh catalyst Ph

addition of Grignard and other organometallic re-
agents, except that those reactions require rigorously
anhydrous conditions and cannot be conducted in the
open air. Here, in striking contrast, water is the
medium. When considering this reaction from the
point of view of green chemistry, the convenience of
using nontoxic organometallic reagents, for instance
those of bismuth, must also be taken into consider-
ation.

Another reaction type using organometallic re-
agents and catalysts to form C—C bonds in water is
the Ullmann-type reaction. In these reactions, two
aryl halides couple to form a biphenyl, normally in
the presence of a copper catalyst in organic solvents.
It has been reported that minor amounts of pal-
ladium stabilized by complexing 18-crown-6 ether or
poly(ethylene glycol)s are able to catalyze the reduc-
tive coupling of aryl iodides in the presence of zinc
to form Ullmann products in water and under air
atmosphere, 388389

Focusing on Lewis acid catalysts, it has been found
that rare earth metal triflates and some other metal
salts can be used as water-soluble Lewis acids.
Lanthanide [Ln(OTf);] and other metal triflates
undergo slow hydrolysis in water,*® and they act as
strong Lewis acids with hard character and high
binding constants with carbonyl oxygens. In fact,
while most metal triflates are prepared under strictly
anhydrous conditions, Ln(OTf); can be prepared in
aqueous solution.?°173% The catalytic activity of
Ln(OTf); as a Lewis catalyst in mixtures of organic
solvent and water as reaction medium was demon-
strated in the hydroxymethylation of silyl enol ethers
by using commercial formaldehyde aqueous solution
(Scheme 54). This reaction is a particular case of the

Scheme 53

Scheme 54
OSiMes Yb(OTf)3 (10 mol %) 9
\ + HCHO
Ph HoO/THF (1/4), 1. t. Ph)H/\OH

general Mukaiyama aldol reaction of silyl enol ethers
with aldehydes that we have commented on earlier,
to be generally carried out in organic solvents using
TiCly as catalyst.*?43% Among the Ln(OTf); tested for
aldol reaction, Yb(OTf); in 10 mol % was found to
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be a convenient catalyst, Sc(OTf); behaving simi-
larly.395:3% Besides formaldehyde, Yb(OTf); also ac-
tivates other aldehydes in Mukaiyama aldol reactions
with silyl enol ethers in THF/water, particularly
those that are water soluble, such as acetaldehyde,
acrolein, and chloroacetaldehyde.

Ln(OTf)s can be easily separated from the reaction
mixture by extracting the products with organic
solvents, since Ln(OTf); totally remains in the water
and can be reused after concentration from the
aqueous phase (Scheme 55).

Scheme 55
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The percentage of water in the Ln(OTf);-catalyzed
aldol reactions in water/THF mixtures strongly influ-
ences the yield of aldol products, there being an
optimum concentration for the process. Lower or
higher amounts of water in the reaction mixture can
remarkably decrease the product yield. For instance,
for the reaction of cyclohexanone trimethylsilyl ether
with benzaldehyde, 80% aldol yield is obtained when
the medium contains 10—20% of water, decreasing
to only 10 and 18% for pure THF and pure water,
respectively.

Concerning the mechanism of the Lewis catalysis
in water, it has been proposed that, upon solubiliza-
tion of the catalyst in water, hydration occurs im-
mediately, water molecules continuously exchanging
in the metal coordination sphere. If an aldehyde
exists in the medium, it can coordinate to the metal
center, provided that the exchange rate constant for
inner-sphere ligand exchange for water is fast. Upon
coordination with the metal triflate, the aldehyde
becomes activated and the silyl enol ether attacks the
Lewis adduct. However, according to this model, it
should be possible to predict quantitatively the
precise activity of a given metal salt as Lewis acid
catalyst in aqueous media from the exchange rate
and hydrolysis constants, something that does not
agree with the experimental facts.

On the other hand, the possibility that a Bronsted
acid generated from the interaction of the metal
triflate and water should be the actual catalyst
deserves more attention to be completely ruled out.
In this way, even if Ln(OTf); are Lewis acids in
aprotic solvents, in water they could generate an
amount of H* that is significant from the catalytic
point of view.

In a further step toward avoiding totally the use
of organic solvents and conducting the Lewis acid-
catalyzed reaction in pure water, a variant of the
above Lewis acid catalysis has been developed. By
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Table 5. Influence of the Nature of the Metal Triflate
(20 mol %) and Surfactant (20 mol %) on the Yield of
the Aldolic Condensation of Trimethylsilyl with
Benzaldehyde in 100% Aqueous Medium?

triflate surfactant time (h) yield (%)
Yb(OTH)s 48 17
Yb(OTHf); SDS 48 50
Sc(OTf)3 SDS 4 88
Sc(OTf); TritonX-100 60 89
Sc(OTH); CTAB 4

a Data taken from ref 397.

adding a small amount of sodium dodecyl sulfate
(SDS) as surfactant, metal triflates can catalyze the
aldol condensation in water without any organic
cosolvent (Table 5). Cationic surfactants such as
cetyltrimethylammonium bromide (CTAB) were found
ineffective. On the other hand, the aldol reaction also
occurs in neutral surfactants such as TritonX-100/
20, although the process requires much longer reac-
tion times.3%’

Further improvement of the use of surfactants to
assist the reaction in water is the use of transition
metal or rare earth salts of dodecyl sulfate. These
salts combine the Lewis acidity of the cation with the
surfactant ability of the anion, playing simulta-
neously the two roles. The structural similarity
between the triflate and the alkyl sulfate anions is
evident. For this Lewis acid—surfactant combined
catalysis of aldol condensation in aqueous media, the
nature of the metal cation is of paramount impor-
tance. While the Cu salt has the highest relative
initial rate, the final yield is lower than that obtained
using scandium or ytrium dodecyl sulfate (>90%) due
to the concurrent hydrolysis of the trimethylsilyl
ether competing with the aldol condensation. Addi-
tion of a small amount of Bronsted acid dramatically
accelerates the reaction rate of the aldolic reac-
tion.3%8:3%9 No mechanistic insight into the way that
Bronsted acids cooperate in the catalysis has yet been
gained, but the interconversion Lewis/Bronsted be-
comes an obvious working hypothesis to be tested.

(C:12|'|25803_)n'\/|n+
metal dodecyl sulfate

The Lewis acid—surfactant system enhanced by
Bronsted acid has been further extended to catalytic
asymmetric aldol reaction in water‘® using the
copper complex of chiral diisopropyl bisoxazoline. The
aldol is formed in low yield (23%) with moderate
enantiomeric excess (58%), but addition of a carbox-
ylic acid, particularly lauric acid, as a Bronsted acid
improves both the yield (76%) and the enantioselec-
tivity (69% ee). The way in which the carboxylic acid
interacts with the copper complex or influences the
reaction mechanism has yet to be unveiled.

A move toward heterogenization consists of the
inclusion of perfluoroalkyl sulfates of alkali metal,
alkaline earth metal, or transition metal ions inside
cyclodextrins. The resulting complexes can be easily
prepared, separated from the reaction mixtures, and
reused as catalysts. Thus, g-cyclodextrin—epichlor-
hydrin copolymer was treated with ytterbium tris-
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diisopropylbisoxazoline

(perfluoroctanesulfonate) in H,O at room tempera-
ture for 20 h to give a complex which is effective as
a catalyst for the Diels—Alder reaction of methyl
vinyl ketone with 2,3-dimethylbutadiene in H,O at
30 °C, to give 4-acetyl-1,2-dimethylcyclohexene in
66% yield (Scheme 56).40%:402

Scheme 56
0

o Yb [CF3(CF2)7803]3
)\K + Vj\

50 ot

An analogous type of composite catalyst derived
from the same j-cyclodextrin—epichlorhydrin copoly-
mer, but containing this time encapsulated tris-
(perfluorobutanesulfonyl)methide yterbium salt, was
found to act as a Lewis catalyst for the above Diels—
Alder reaction in H,O at 35 °C in 98% yield.401:402
Complexes of palladium exhibiting Lewis acidity
have also been anchored to high-surface-area silicate
and used as heterogeneous catalysts for Suzuki cross-
coupling.203

(F3CF,CF,CF,C0,8);C—Yb—C(SO,CF,CF,CF,CF3)3
C(SO,CF,CF,CF,CF3)3

tris(perfluorobutanesulfonyl)methide yterbium

As in the case of ionic liquids and fluorous biphasic
systems, there are also examples in which Lewis acid
surfactants have been used not in aqueous media,
but in supercritical CO,.4%* In particular, scandium
tris(heptadecafluorooctanesulfonate) in supercritical
CO; can catalyze Diels—Alder reactions of carbonyl
dienophiles with diene as well as hetero-Diels—Alder
reactions of imines and dienes (Scheme 57).

Scheme 57
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Although performing organic synthesis in an aque-
ous medium is a current challenge that will attract
considerable attention in the forthcoming years,*%
from the point of view of green chemistry it would
be even more convenient to avoid the use of any
solvent.®4% The current status of solvent-free chem-
istry has been reviewed recently.*%"~4%° This approach
appears to be particularly appealing when one re-
agent is a liquid and available in large quantities,
such as aromatic hydrocarbons or aliphatic ketones.
The latest advances in this area include aldol410411
and related reactions,*'? asymmetric-catalyzed addi-
tion,*'% and catalyzed cross-coupling reactions.*14—420

H,O-stable Lewis acid sites have been obtained by
synthesizing metal zeolites in which the metal oc-
cupies framework positions. In this way, zeolites such
as Ti and Sn zeolites and mesoporous materials are
able to catalyze such reactions as epoxidations of
olefins, hydroxylation of aromatics, hydroxyalkyl-
ation of aromatics, Baeyer—Villiger oxidations, and
Meerwein—Pondorf reactions in aqueous media.

5. Characterization of Lewis Acids on Solid
Catalysts

There is no doubt that it would be highly desirable
to be able to synthesize solid Lewis acid catalysts in
which the Lewis acidity could be tuned to cover a
large number of reactions with different acid de-
mands.

In the next sections, we will focus in the use of
conventional Lewis acids supported on high-surface-
area solids (section 6) or truly isotropic solid Lewis
acids (section 7) as catalysts. Solid Lewis acids would
contribute to overcoming many of the environmental
limitations of homogeneous Lewis acids. For this
reason, efforts have been made to prepare solid Lewis
acids by directly supporting the homogeneous acids
or by generating electron-deficient sites on the sur-
face of the solid catalyst. Before commenting in detail
on these solid acids, we will describe in this section
the series of techniques available to determine and
measure acidity in solids. It is worth noting that,
while it is relatively easy to distinguish between
Bronsted and Lewis acid sites by spectroscopic char-
acterization techniques, a procedure to determine the
softness/hardness of the Lewis sites apart from the
test reaction commented in section 2 has not yet been
developed. Softness/hardness determination in solids
would most probably require a comparison of the
adsorption of a series of basic probes differing in their
softness/hardness character.

5.1. Thermoanalytical Techniques

Among the different thermoanalytical techniques
available for characterization of solid catalysts, tem-
perature-programmed desorption (TPD) is a frequent
choice to measure acidity because of its simplicity.
TPD involves the detection of molecules desorbed
from a solid catalyst swept by an inert gas when the
temperature of the sample is increased at a constant
rate. The molecules desorbed at each temperature
can be identified by mass spectroscopy and quantified
by using a thermal conductivity detector.
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In principle, TPD yields information on the states
of binding of chemisorbed molecules as well as on the
number of molecules bound in each state.*?1422 |t
appears then that the TPD of basic amines can give
information on acid strength and total number of acid
sites on solid catalysts. As basic probe molecules, NH3
and amines are generally used. However, they adsorb
on both Bronsted and Lewis acid sites, and unless
this technique is coupled with spectroscopic tech-
niques, it provides limited information of specific
Lewis acid sites on solids.

5.2. Vibrational Spectroscopy Methods

It is possible to identify and quantitatively deter-
mine acidic Lewis sites by IR, Raman, ESR, NMR,
and XPS spectroscopies, using probe molecules such
as NHs, pyridine, carbon monoxide, NO, H,, and
phosphines.*?

Pyridine adsorption combined with IR spectroscopy
has shown that this probe molecule can serve to
determine simultaneously the concentration of Bron-
sted and Lewis acid sites on solid catalysts.*?4-4%8

Furthermore, when IR is combined with thermal
desorption, it also gives information about acid
strength distribution. Pyridine coordinated to Lewis
acids gives IR bands at ~1450 and 1620 cm™. Then,
by measuring the intensity of those bands, and from
the values of the extinction coefficients,*26:429.4%0 jt is
possible to calculate the total number of Lewis acid
sites retaining pyridine at different desorption tem-
peratures. Raman spectroscopy*! can also be used
in combination with adsorbed pyridine to specifically
identify the pyridine coordinated with Lewis acid
sites. In this case, Lewis acid and H-bonding sites
can be estimated from the intensity of Raman bands
near 1000 cm~1.432433 The band position near 1000
cm~1, which arises from the symmetric ring breathing
mode of adsorbed pyridine, was found to shift linearly
to a higher frequency as a function of the acid
strength of the Lewis acids; consequently, pyridine
adsorption coupled with Raman spectroscopy can also
give information on Lewis acid strength.*3*

Other strong bases, such as quinoline and NH3, can
also be used in combination with IR to determine
separately the surface concentration of Lewis acid
sites, or at least to establish the relative concentra-
tion of those in a series of catalysts.*32433 Strong basic
molecules, however, adsorb strongly and therefore
unspecifically even on the weakest acid sites. Con-
sequently, weaker bases have also been used as probe
molecules.

In this sense molecules such as 1,3-diazine (pyrimi-
dine), CO, H,S, H;, and acetonitrile, among others,
have been used to characterize Lewis acid sites on

solid catalysts.#35438
)
| N J
pyrimidine

The IR spectra of 1,3-diazine and 1,4-diazine are
not as informative as the spectrum of pyridine, but
the spectrum of 1,3-diazine allows semiquantitative
measurement of Lewis and Brénsted acid sites.*3
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Carbon monoxide has been used to investigate the
strength and concentration of Lewis acid sites on the
surface catalysts.#39-442

If Lewis acidity is present, interaction between the
Lewis site and the CO probe molecule occurs. For
instance, in the case of y-Al,Os, which presents a
large amount of Lewis acid sites, the carbonyl IR
band of CO adsorbed at 77 K and 20 Torr, after
evacuation at 77 K, appears as a strong band at 2152
cm~! with shoulders at 2140 and 2188 cm~1.%43 The
2152 and 2140 cm™! bands are associated with
H-bonded and CO physically adsorbed,**#44 and the
2188 cm™! band, which shifts to 2196 cm™! after
evacuation, corresponds to a stable surface complex
between a Lewis acid site and CO.446

The CO adsorption is also used to detect defect
sites**” and to see the effect of introducing anionic
promoters on the Lewis acidity of solids. Besides CO,
other probe molecules such as N»**84%° and deuterated
acetonitrile can also be used to monitor Lewis
acidity.*9-452 The use of H,, as simple as it may seem,
could also be worth pursuing.

Triphenylphosphine oxide has been proposed as a
basic probe to compare the Lewis acid strength of
several organotin dichlorides.*>® The parameter to be
measured is the shift of the P=0 frequency in the
IR. Steric factors and the presence of electronegative
substituents have been proposed to be largely re-
sponsible for the modulation of the acid strength at
the Sn atom.*%3

5.3. Probe Molecules Combined with Nuclear
Magnetic Resonance and X-ray Photoelectron
Spectroscopy

MAS NMR techniques**4%5 have been extremely
valuable for determining the Bronsted acidity of solid
catalysts. This technique can be used to characterize
acid sites directly through the 'H NMR shift of
surface hydroxyls, or indirectly through changes in
the chemical shifts of the nuclei in various probe
molecules. The acid strength of surface hydroxyl
groups in solid acids can be correlated with the *H
NMR chemical shift.*%® This correlation allows dif-
ferent types of Bronsted acid sites in zeolites to be
distinguished.*5”4%8 However, theoretical calculations
indicate that these correlations are applicable only
for a series of similar solids.**® The interaction of acid
sites with probe molecules can be studied by measur-
ing changes in the MAS NMR chemical shifts of
nuclei such as 3C, *N, and 3'P, and these can be used
to characterize both Bronsted and Lewis acid sites.

The NMR technique can also be used to character-
ize the interaction of amines with Brdnsted and
Lewis acid sites.*69461 Unfortunately, the chemical
shift measurements are not sufficiently precise to
separately quantify each type of acid site. On the
other hand, Bronsted and Lewis acid sites can be
better discriminated using trialkylphosphines and
trialkylphosphine oxides as probe molecules and
MAS 3P NMR and CP/MAS NMR.462-469

Trimethylphosphine interacts with Bronsted acid
sites to form [(CH3)sPH]" adducts that give 3P
chemical shifts at ~3 ppm and a Je—n coupling
constant of ~500 Hz. On the other hand, the 3'P atom
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of the trimethylphosphine—Lewis acid adduct site
appears at considerably higher fields. Direct quan-
tification of Lewis sites can be carried out by moni-
toring by MAS 3P NMR the adsorption of the more
stable trimethylphosphine oxide.*62453 14N NMR spec-
tra of adsorbed probe molecules such as N,O allow
the specific determination of Lewis acid sites.470471

Basic probe molecules can also be used in combina-
tion with XPS technique to characterize surface acid
sites.#’2473 For instance, the Njs lines of ammonia
adsorbed on the surface can be decomposed into two
component peaks, assigned to Bronsted and Lewis
acid sites. The relative area of the two peak compo-
nents after deconvolution was measured for the
guantification of Bronsted and Lewis acid site con-
centration.’447> The XPS technique has been very
useful to characterize Lewis acid sites in materials
that are difficult to characterize by other techniques,
such as sulfated zirconia and tungsten/zirconia acid
catalysts.*72476

5.4. Radical Cations as Probes of Lewis Acid
Sites

It is a well-documented fact that Lewis acids can
abstract a single electron from electron-rich organic
molecules having low oxidation potentials.’’* This
electron transfer (eq 6) generates an organic radical
cation, whose persistence depends on the intrinsic
stability of the species (intramolecular reaction path-
ways) and on the nature of the medium and the
presence of nucleophiles or oxidizing species. In some
cases, the organic radical cation is persistent enough
to be easily detectable by conventional spectro-
scopic techniques, including optical and ESR spec-
troscopies.t’*

M+ LA=M" + LA™ (6)
(normally undetectable)

(LA = Lewis acid)

The way in which Lewis sites act as single-electron
acceptors is not yet fully understood. The transfer of
a single electron from an organic molecule to con-
ventional Lewis acids or to solids containing Lewis
sites can serve to titrate the number and strength of
electron acceptor sites associated with Lewis sites.}’?
The determination of surface sites that act as accep-
tors of single electrons is based on the measurement
of the spin population after adsorption of an excess
of molecules which can easily donate one electron.
No signal from the electron accepted by the solid is
generally observed, and this has been taken as
evidence of a complete delocalization through the
solid. Probe molecules suitable for use as electron
donors are polycyclic aromatic hydrocarbons such as
anthracene,*”” perylene,*’” pyrene,*’’ chrysene, phe-
nothiazine, thianthrene,*’® diarylsulfides,*”® and
arylamines.480-486

The number of one-electron acceptor sites can be
estimated from the intensity of the EPR signals.*®”
However, EPR as a quantitative technique requires
the persistence of a steady population of the para-
magnetic species and is problematic since a standard
with a known amount of spin is needed. Unfortu-



Evolution of Lewis Acid Catalysts

solDS
‘8

anthracene

perylene pyrens
oe L0 o
¢ N :
chrysene H
phenothiazine thianthrene
S—§
A —N-Ar
AP

diohenvidisuffide triarylamine

nately, when a series of polycyclic aromatic com-
pounds were adsorbed on alumina, it was found that
a simple correlation between the ionization energies
of adsorbed hydrocarbons and the number of the
resulting ion radicals does not exist.*%8 Today, a wide
agreement exists on how to estimate qualitatively the
strength of one-electron acceptor sites in solids. It is
considered that the one-electron acceptor sites, which
can form radical cations from adsorbed perylene in
the absence of oxygen, are strong acceptor sites. On
the other hand, those sites, which are able to gener-
ate perylene radical cation only in the presence of
oxygen, are weak one-electron acceptor sites.

The formation of charge-transfer complexes be-
tween electron donors and the Lewis acid sites of the
solid surface can also be investigated using optical
spectroscopy, since formation of these complexes is
associated with the appearance of a characteristic
absorption band.*®® Given that the electron transfer
is normally not complete, the charge-transfer com-
plexes do not exhibit paramagnetic properties in their
ground state, and consequently they cannot be ob-
served by EPR spectroscopy. However, the formation
of charge-transfer complexes provides useful infor-
mation about the strength and distribution of the
Lewis sites in the solid.

6. Heterogeneous Catalysts Based on
Conventional Lewis Acids

6.1. Lewis Acids Supported on Solids

One way to convert corrosive strong Lewis acids
into environmentally friendlier catalysts is to het-
erogenize soluble Lewis acids used in liquid-phase
reactions by supporting them on high-surface-area
solids such as graphite, Al,Os, SiO,, zeolites, clays,
etc. The type of material used as support frequently
plays a crucial role in the performance of the result-
ing supported catalyst. Basically, the support has to
be thermally and chemically stable during the reac-
tion process and has to provide accessibility and a
good dispersion of the active sites.*°
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Lewis acids such as FeCls, SbFs, and aluminum
halides can be intercalated between the layers of
graphite, increasing the interlaminar spacing and
yielding strong acid catalysts. Graphite possesses a
highly anisotropic layered structure that is formed
by sheets of sp? carbon atoms in hexagonal arrays
with a C—C distance of 0.142 nm. The distance
between the layers is 0.335 nm, and the layers are
held together by weak van der Waals forces. The
atomic layers are not directly superimposable but
alternate in a stack pattern A-B—A—B.4%174%

Following Olah et al.,*! it appears that ions and
neutral species enter the interlamellar space of
graphite without modifying the layered structure. It
has been shown by X-ray diffraction that, when the
adsorption has reached equilibrium, a sequence of
filled and empty interlamellar voids is favored.
During the intercalation, there is a first stage in
which all the interlamellar regions start being filled,
whereas in subsequent stages, not all but one-half
or one-third of the interlamellar regions is filled by
the intercalant.**!

The graphite intercalates can be prepared by
heating graphite in the presence of a volatile Lewis
acid. In some cases intercalation becomes easier, or
at least the material has greater catalytic activity, if
the preparation is carried out in the presence of a
strong Bronsted acid, fluorine, or a transition metal
compound. Highly fluorinated graphite can be pre-
pared by reacting graphite with anhydrous liquid HF
containing MoFs or SbFs as Lewis acid, the former
being more effective.*** The oxidative process takes
place at temperatures between 8 and 18 °C. The C/F
atomic ratio can be as low as 2.4% While there is still
discussion on the nature of the interactions between
the graphite and the Lewis acid intercalated, there
is some evidence that a charge-transfer complex is
formed upon the intercalation of Lewis acids. More-
over, it appears that the ability of HF and F, to
facilitate intercalation can be due to the formation
of anionic species of the AIFCI;~ or ShFs/Sh,F1; ™ type
inside the layers, the proton being the counter-
cation.*?54% Acetone adsorption monitored by IR
spectroscopy has been used as a probe to assess the
Lewis acid sites on the surface of carbon-supported
catalysts before and after sorption of metal cations
such as Ni?*, Cu?*, and Cr3+.4%7

Conventional Lewis acids can be physisorbed,
chemisorbed, or anchored on inorganic supports.*®®
Strong Lewis acids and different halogenated agents
have been supported on Al,Os. In the case of the most
studied (and probably the most relevant) AICI; on
alumina, the Lewis acid strongly interacts with
hydroxyl or even oxide groups at the surface of the
alumina, forming new active sites with the possible
alumina local structures (Scheme 58).4%°

Using IR spectroscopy, it has been found*®® that
reactions of AICI; with one or two hydroxyl groups
resulted in complete disappearance of the surface
hydroxyls. Further investigations using ESR and IR
spectroscopy showed the presence of one-electron
acceptor sites, and the absence of IR absorptions due
to NH,* after adsorption of NH3, thus indicating the
absence of Bronsted acid sites.
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Molten mixtures of aluminum and manganeous
halides have been supported on alumina.>® The fused
salt is thought to be deposited on the carrier as a
mixed double salt, perhaps as Mn(AICl,),-type spe-
cies. The resulting catalyst has longer term stability
and higher catalytic activity than supported AICIs.

The acidity of aluminas can be promoted by fluo-
rination and chlorination. In this way, treatment of
alumina with aqueous solutions of ammonium bi-
fluoride leads to incorporation of fluoride into the
solid. If the resulting sample is subjected to an
adequate calcination temperature (600 °C), strong
acid sites develop.*°* Alumina or alumina-supported
group VIII metals (Fe, Co, etc.) can incorporate
chlorine by treatment with CCl,, producing strong
acid catalysts that are used in the re-forming of
n-paraffins. The chlorination of Al,O3; with CCl,4 has
been proposed to occur in two steps, as indicated in
Scheme 59.502

Scheme 59
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As Scheme 59 indicates, in the first stages the
surface AlI—O—Al species and isolated hydroxyl groups
react with CCl,, increasing the chlorine content to
7%. In subsequent steps, the number of surface OH
groups decreases even further, and the CI content
increases to 14%. It is accepted that the strength of
acid sites increases upon chlorination due to the
inductive effect of electronegative chlorine atoms on
acid sites in the neighborhood.

Fumed aluminas with metal oxides have been
chlorinated®®35%* and fluorinated.5%>-507 British Pe-
troleum has succeeded in the fluoration of fumed
alumina, but the surface areas of the resulting solids
are very low. Ayame et al.>® have prepared a strongly
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acidic chlorinated alumina by heat treatment of Al,O3
with Cl;, gas at temperatures above 800 °C.

Catalysts based on supporting Lewis acids, par-
ticularly ZnCl,, on acid-treated clays are commer-
cially used as replacements for corrosive traditional
acids for some Friedel—Crafts reactions.>°~517 Clark
and co-workers have used mesoporous silicas to
support AlICI3.52® The reaction of AICI; with the silica
surface in an aromatic solvent leads to a material
with strong Bronsted and Lewis acidity (Scheme
60).510

Scheme 60
Generation of Bronsted acid sites

CI\ cl H*
OH OH AICI3 LA
I I _— O
0— ——
—0 oS —0-g;_§9”
—0 o— o No—
—0
Generation of surface
bonded Lewis acid
sites AICI
- 2
g,H AICl, g Hel
S, ——— S+
0 0 070

Direct reaction of BF; with the silica surface
renders a material that does not exhibit Lewis acidity
due to the strength of the B—O bonds.?8 In contrast
to the direct adsorption, when BF; is physisorbed on
mesoporous silica (4 mmol g=!) from its ether or
aqueous solution, pyridine characterization of the
resulting BF3/SiO, reveals the presence of both
Bronsted and Lewis acid sites.>?° The Bronsted/Lewis
ratio depends on the solvent used and the adsorption
conditions. The use of ethanol to adsorb BF; has been
studied in detail.>?! Besides protonated ethanol,
Bronsted acid sites also come from polarization of the
surface hydroxyl groups interacting with BF;. Etha-
nol desorption and surface dehydroxylation by heat-
ing at 400 °C renders a BF3/SiO; solid with predomi-
nant Lewis acid character.

The absence of Bronsted sites on many of the AICI3/
aluminas and halogenated aluminas and the pres-
ence of Lewis acid sites suggest that the last type of
centers are the actual active sites for some carbo-
cation reactions. For instance, when n-butane is
reacted with very strong (or even superacid) Bronsted
acid catalysts, methane and H, are obtained as
reaction products (Scheme 61). However, when

Scheme 61
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Hattori®?? reacted n-butane at room temperature in
the presence of a SbFs-treated amorphous silica—
alumina, no H, evolved, and only a small initial
amount of methane was detected. Sommer and co-
workers have also extensively used H/D exchange of
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alkanes to demonstrate the superacidity of solid
acids.523‘525

Moreover, the catalyst on which the surface OH
groups were isotopically exchanged with deuterium
and converted into OD groups forms no CH3D. These
results suggest that Lewis acids, via formation of
secondary carbenium ions, could initiate the reaction
by hydride abstraction (eq 7). Further evidence in
support of a hydride abstraction mechanism for
Lewis acids has been obtained from a study with
perdeuterated substrates.526

~~~ + LA /\+/ + H-LA (7)

The active sites present on SbFs-treated amor-
phous silica alumina have been described as indi-
cated in Scheme 62.
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It has been observed that the gas-phase adsorption
of BF; on alumina and aluminosilicates is much
stronger than that of ammonia as Lewis base.5?” This
has been interpreted as indicating the presence of a
significant density of basic sites on the surface of
alumina.’?” Impregnation of alumina with BF; at low
temperatures yields a material that has activity
toward alkylation of isoparaffins with olefins.528
Isobutane and tert-2-butene react in the presence of
BF;-promoted y-alumina catalysts to give 95% Cg
products.5?® This type of catalyst can be regenerated
by calcination to desorb and decompose the reaction
poisons adsorbed on the solid.>?° By studying the
cracking of cumene on doped alumina, it was ob-
served that, besides the necessary acid centers for
cracking, basic sites on the surface play a positive
influence.5?’

A Pt/alumina catalyst without OH groups but with
very strong acidities has been prepared by chemical
vapor deposition (CVD) techniques.>3 Two catalysts
were prepared: one in which PtCl, was deposited by
CVD onto vacuum-dehydrated Al,O; (CVD-PtCl,/
Al;O3) and a second in which PtCl, was deposited by
impregnation (PtCl./impregnated Al,O3). The two
catalysts were activated under the same conditions
(500 °C, Hy,) before the IR spectra were recorded. The
CVD-PtCI,/Al,O3 sample does not show IR hydroxyl
bands at 3676 cm™%, while the sample prepared by
impregnation does show the presence of OH groups.
Moreover, the pyridine adsorption titration method
for the CVD-PtCI,/Al,O3 catalyst gives only the
pyridine band at 1450 cm™%, associated with Lewis
acids.

Polymer-supported catalysts have been widely used
in synthesis.>®! For instance, esterification reactions,
such as the reaction of acetic acid with butyl alco-
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hol5%? and the ring aperture of epoxycyclohexane to
1,2-cyclohexanediol 533 can be catalyzed using strongly
acidic cationic exchange resins impregnated with
SnCl,. SnCl, has also been anchored to ion-exchange
resins containing tetraalkylammonium chloride side
chains and also found to be active for the Prins
condensation of isobutene and formaldehyde.3* Like-
wise, vinyl ethers can be polymerized in increased
yields by using as catalyst BF3, SnCly, or SnCl, bound
to a partially cross-linked copolymer of butyl acrylate,
acrylonitrile, acrylic acid, and methylol acrylamide.53®
Neodymium chloride has been supported in poly-
[styrene-co-2-(methylsulfenyl)ethyl methacrylate] and
used in combination with tris(isobutyl)aluminum in
butadiene polymerization.5%

0
G GHaST g
G g oM
S8 3

CHj CHs CH,

poly[styrene]-co-2-(methylsulfenyl)ethyl methacrylate

Modification of Amberlyst 15 and Nafion with BF;
increases their acidity.>®” The result of this acidity
increase is an activity increase and a change in their
selectivity toward the alkylation of benzene and
isoparaffins with light olefins.53” AICI; has also been
supported on beds of macroporous, sulfonated poly-
styrene—divinylbenzene copolymer, generating strong
acid sites.>3853° Sublimed AICI; in a stream of N, was
passed through the macroporous beads of the poly-
mer at 110 °C. HCI was liberated, and the resulting
polymer has a S:Al:Cl ratio of 2:1:2, the Al and CI
being uniformly dispersed through each polymer bed.
Very strong acid sites were developed, but unfortu-
nately the polymer is degraded.

Polymer chains may define capsules in which mass
transfer can occur through the polymer fibers, which
may also undergo swelling upon contacting with
certain organic solvents. On this basis, a solid
catalyst in which AICI; has been encapsulated within
insoluble polymer walls has been prepared.5*® The
polymer walls were formed by the reaction of poly-
(styrene-co-dimethylaminoethyl methacrylate) and
hydrogenated telechelic polybutadiene containing
COOH groups. The encapsulated AICl; is active as a
catalyst for the Friedel—Crafts alkylation of benzene
with dodecene.>*® The alkylbenzenes were obtained
in excellent yields, and the encapsulated AICI; cata-
lyst is separated by simple filtration.

These few examples serve to illustrate the vast
applicability of polymer-supported Lewis acids. In-
depth reviews describing recoverable catalysts based
on anchoring the active sites (not only Lewis acids)
on a polymer backbone (either insoluble or soluble)
have been recently published.?1%42 Nevertheless,
catalysts based on high-surface-area inorganic solids
may have advantages due to the higher chemical and
thermal stability of the inorganic solid and better

rates of molecular diffusion through the sup-
port.518~543'544



4338 Chemical Reviews, 2003, Vol. 103, No. 11

H3C’FI|‘CH3

(- —In

poly(styrene-co-dimethylaminoethyl

methacrylate)
HC-CH3
Hyy Hp Hp H Hz
H,C—C—C—C C-CH €—C—CH;,
CcoO” COoO”
n

hydrogenated telechelic polybutadiene

Mixtures of AICI; with dehydrated metal salts such
as Ti(SO4)3, CuSOy4, CuCl,, and TiCls in dry nitrogen
atmosphere show very strong acidities.>*>"54 The
best-studied mixtures were AlICI;—CuSO, and AlICl;—
CuCl,. The catalytic activity of AICI;—CuSO, was
found to be proportional to the amount and surface
area of CuS0,.54

In the mixtures of AlCI;—CuCl;, XRD revealed the
formation of Cu(AICly,),. This mixture showed high
catalytic activity for carbocation reactions. The high
catalytic activity of mixtures of aluminum trihalide
with metal sulfates and copper dichloride in n-
pentane isomerization is due to the presence of strong
Lewis acid sites,545546.548

6.2. Catalytic Activity of Supported Lewis Acids

Lalancette et al.>* have studied graphite—AICl;
intercalates as catalysts for Friedel—Crafts-type
reactions, and more specifically for the alkylation of
benzene with ethyl bromide and ethylene. Compared
to pure AICl3, the intercalated solid is less active but
more selective, giving fewer polyalkylated products.

An aluminum halide/hydrogen halide/graphite in-
tercalation material is able to isomerize cyclo-
paraffins at low temperatures.®® There, the AICI;—
graphite intercalate is treated with a liquid mixture
of HF and “isomerizable cycloparaffin” in order to
give the active form of the catalyst. This treatment
may very well form the first intercalated carbonium
ion that will intervene in the carbocation chain
mechanism as a hydride acceptor (Scheme 63).

Rodewald has shown5517553 the activity and selec-
tivity of graphite Lewis acid intercalates for the
alkylation and isomerization of normal paraffins.
Bronsted acids and some transition metals can act
as promoters, while addition of Pt metal decreases
catalyst decay and improves activity and selectivity.
Le Normand et al. have studied the catalytic activity
of SbFs intercalated in graphite for the cracking and
isomerization of methylpentanes.5®4%5 A general
problem that occurs with acid catalysts intercalated
in graphite is that leaching of the acid can occur, and
in this case a true heterogeneous catalytic process
cannot be claimed. Indeed, Freeman and Goh have
shown®%¢ that a slow release of Lewis acid from the
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catalyst into the reaction mixture occurs when AICI;—
graphite catalyst is used for the formation of cyclo-
hexylbenzene by the Friedel—Crafts reaction between
benzene and cyclohexene. The amount of product
formed is due to the amount of AICI; extracted from
the catalyst. Retention of substantial amounts of
Lewis acid in the spent catalyst may reflect blockage
of the intermellar regions due to hydrolysis or other
forms of AICI; decay and poisoning.

Likewise, leaching of the Lewis acid has been
investigated for cracking and isomerization of methyl-
pentanes in the presence of SbFs—graphite. The
behavior of this catalyst was equivalent to that of a
low concentration of SbFs bled into the liquid phase,
suggesting that at least part of the SbFs was leached
and the activity is not actually due to the graphite
intercalated but rather to the fraction of SbFs dif-
fused into the solution and that present at the
exposed surface area.

AICI; immobilized in mesoporous MCM-41 silica
shows high catalytic activity for the Friedel—Crafts
alkylation of naphthalene with 2-propanol, exhibiting
at 85% naphthalene conversion a selectivity toward
diisopropylnaphthalenes of 72%, of which 61% is the
most important 2,6-isomer.%%” Although it is men-
tioned that the system can be reused without loss in
activity or selectivity, no data about the number of
reuses was given.>” AICI; supported on MCM-41 is
a suitable solid catalyst for the Friedel—Crafts alkyl-
ation of benzene with normal 1-olefins.®'® The activity
of the supported AICI; is similar to that of unsup-
ported AICI3, but the selectivity toward monoalkyl-
benzene using AICI; supported on MCM-41 depends
significantly on the chain length of the 1-olefin (Table
6).51° Moreover, each MCM-41 of a series differing
in the pore dimension exhibits an optimum selectivity
in the linear monoalkylation of benzene for a certain
chain length of the 1-olefin that best suits the pore
size. MCM-41-immobilized AICI; catalyst does not
leach out during the alkylation and can be reused as
long as it is not exposed to moisture.

The activity of BF3/SiO; toward the Friedel—Crafts
alkylation of phenol with 1-octene®?! or cyclohexene®%8
has been studied. A correlation was found between
the activity of supported BF; and the number and
strength of Bronsted acid sites. This work nicely
illustrates that, while anhydrous BF; in inert sol-
vents is a typical Lewis acid, the assumption that the
nature of the acid sites remains the same when
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Table 6. Results for the Linear Alkylation of Benzene
with 1-Alkenes Using Unsupported (Pure AICI;) or
MCM-41-Supported (AICI;@MCM-41) AICI; as
Catalysts under the Same Experimental Conditions

selectivity (%)

linear
catalyst alkene monoalkylated others
pure AICl; 1-hexene 58.6 41.4
1-octene 66.0 34
1-decene 68.5 315
1-dodecene 72.5 275
1-tetradecene 70.1 29.9
1-hexadecene 77.5 225
AICI;@MCM-41  1-hexene 79.9 20.1
1l-octene 79.7 20.3
1-decene 91.1 8.9
1-dodecene 96.2 3.8
1-tetradecene 98.5 1.5
1-hexadecene >99 <1.0

supported or in the presence of moisture may be
misleading. In fact, comparison of the activity and
selectivity of BF3-H,0, either unsupported or sup-
ported on silica, for phenol alkylation with cyclohex-
ene establishes a remarkably different product dis-
tribution.® The heterogeneous catalyst forms ether
products with a high selectivity that is maintained
throughout the reaction, while in the homogeneously
catalyzed reaction ethers are primary but unstable
products (Scheme 64). When the soluble BF; catalyst

Scheme 64
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is used, the yield of O-alkylated compounds reaches
a maximum and then decreases as the reaction
proceeds, with a concomitant increase in the yield of
aromatic C-alkylated products (Figure 1).
Anchoring SnCl, on silica functionalized with
organic quaternary ammonium chloride renders a
solid in which the pentacoordinated anionic SnCls~
species is formed (Scheme 65). The resulting ionic
pair [NR;F][SnCls~] resembles an ionic liquid exhibit-
ing “latent acidity” (see eq 4), except that the organic
cation is covalently bound to silica. An analogous
AICI; system in which an imidazolium melt is co-
valently anchored on the MCM-41 silica walls has
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Figure 1. Time—conversion plots for the reaction of
cyclohexene and phenol catalyzed by SiO,-supported BF3
(upper plot) or by BF3/H,O (lower plot). Reaction condi-
tions: cyclohexene and phenol, 24 mmol at 85 °C without
solvent. Reprinted with permission from ref 559. Copyright
2000 Elsevier.

been described earlier in the section devoted to ionic
liguids.345:346:348.349 The SiO,—NR4"[SnCls~] catalyst
has been found to be active for the Prins reaction of
isobutene and paraformaldehyde (Scheme 65).560
Furthermore, the selectivity toward the desired
3-methyl-3-buten-1-ol, which is a valuable building
block for the synthesis of terpenes, largely improves
with respect to that of the reaction with unsupported
SnCl,. The anchored SnCls~ catalyst was reused
three times with a very minor decrease in conversion
and selectivity (Table 7).5° No bleeding of tin(1V)
from the solid to the solution was observed. Simple
adsorption of tetrapropylammonium tin penta-
chloride exhibits somewhat lower catalytic activity
(TON 7.3) than the anchored analogue (8.0).56°
InCl; has also been impregnated on mesoporous
MCM-41 and the resulting InCl;—MCM-41 solid
(InCl3 loading 20 wt %) used as a moisture-insensi-
tive catalyst for the benzylation of benzene®! and
acylation of benzene and other aromatic compounds
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Scheme 65
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Table 7. Prins Condensation of Isobutene and
Paraformaldehyde in Chloroform at 60 °C after 2 h
Reaction Time in the Presence of Tin(1V) Chloride
Catalysts?

formaldehyde  3-methyl-3-buten-1-ol

catalyst conversion (%) yield (%)
none 0
SnCl, 97.4 54.6
SIL-NR4*SNnCls~ P 64.6 92.8
recycle 1 63.3 91.1
recycle 2 61.9 91.0

a Data taken from ref 560. ® SIL-NR,"SnCls~ is tripropyl-
ammoniumpropylsilyl anchored on silica, acting as a hetero-
geneous catalyst.

in dichloroethane.>®? The acylation yields for benzene
were much higher than those reported for the same
reactions using as catalysts clayzinc,5%® HBeta zeo-
lite,%* or In,03—MCM-41.561 It has been proposed,
however, that the moisture insensitivity arises from
the fact that the acylation is not Lewis acid catalyzed,
but it is a redox process. This speculation would need
to be supported by a mechanistic study.

As mentioned above for supported Lewis acids, the
Bronsted acidity of mesoporous molecular sieves can
also be strongly enhanced by grafting sulfonic acid
groups to the inorganic surface. A procedure for doing
this involves the reaction of silanols with silylating
agents having a terminal thiol group. After grafting,
this thiol group can be oxidized by H,O, into a
sulfonic acid (Scheme 66).565-567

Mesoporous sulfonic acids have been successfully
applied to p-sorbitol dehydration—esterification, form-
ing isosorbide dilaurate, the liquid biphase prepara-
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tion of monoesters starting from various polyols and
fatty acids,>® and for the tetrahydropyranylation of
ethanol with 2,3-dihydropyran.>8® It has to be noted,
however, that the acid strength of these covalently
bound sulfonic groups is lower than that of Nafion
sulfonic resins, since in the latter the sulfonic group
is attached through perfluorinated chains. In this
regard, it would be interesting to prepare a hybrid
MCM-41/perfluoroalkylsulfonic acid analogous to
Nafion.56°

AICl; supported on alumina or halogenated Al,O3
presents strong acid sites and has been used to carry
out carbocation reactions from hydrocarbons at low
and moderate temperatures. For instance, alkanes
and alkenes undergo isomerization at temperatures
between 0 and 150 °C in a static reactor in the
presence of alumina containing Pt-supported AICls.
AICIl; in combination with manganous halides on
alumina is active for the skeletal isomerization of
alkanes at 82—113 °C in the presence of H,. AlF;
supported on Al,O3—Cr,03; has been prepared by
treatment of the support with CF3Cl.5797572 The
CFsCl-treated Al,O3—Cr,03 converts methanol to
olefins. In this catalyst the F component was pre-
dominantly bound to Al but not to Cr. Al,O3 treated
with CF3;Cl at 400—420 °C in a recirculation reactor
produced a material that was active for the isomer-
ization of butane, pentane, and hexane at tempera-
tures as low as 0 °C. XPS analysis indicates that the
active catalyst was AlF; formed on the Al;Os. This
catalyst was active for reactions of benzene with
compounds containing the CF; group, for instance
CF3CH=CH,, CF3;COCF;, etc.5”® When the same
CF3ClI treatment was carried out with H"—Morden-
ite, an enhancement of the activity for isomerization
of xylenes, isomerization of o-chlorotoluene, and
alkylation of chlorobenzene with CH;OH was ob-
served.

Alumina fluorinated by ammonium bifluoride or
ammonium fluoride is active for the isomerization of
o-xylene at 440 °C, cracking of cumene at 320 °C,
dehydration of 1-butanol, and hydroisomerization
and hydrocracking of alkanes at 300 °C.574575

Chlorinated alumina is the acid component of
n-alkane re-forming catalysts. Chlorinated Al,Os3,
prepared by CVD techniques, is also able to alkylate
benzene with propylene at room temperature, while
benzene alkylation with methanol was, on the other
hand, observed at 200 °C.53° Cl, at 800 °C is also able
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to chlorinate Al,Og3, giving rise to catalysts that are
active for isomerization of short-chain alkanes at low
temperatures due to the presence of the very strong
Lewis acids formed in the chlorination procedure.5%

Al,Cles-treated oxides such as SiO,, Al,O3;, B,0Os,
TiO,, and MgO were shown to be active for con-
version of n-hexadecane to propane, butane, and
isobutene at 100 °C.576

In summary, it appears that Lewis acids supported
on solid carriers are very active catalysts for cata-
lyzing carbocation-type reactions. They show very
strong acidities and have the advantage with respect
the nonsupported Lewis acids of their easy recovery.
Moreover, when bifunctional acid—noble metal cata-
lysts are prepared, long catalyst lifetimes and good
selectivities are obtained. Unfortunately, these cata-
lysts are very sensitive to water. Even the presence
of a few ppm of H,O in the reaction medium produces
the gradual hydrolysis of the supported Lewis acid,
with the corresponding production of HF or HCI and
their associated problems of catalyst decomposition,
formation of Bronsted acids, and reactor corrosion.
As was said above for the case of Lewis acids
intercalated in graphite, any catalyst containing
supported Lewis acids should be surveyed for leach-
ing when being used in liquid-phase reactions.

7. Solid Catalysts Exhibiting Lewis and Bronsted
Acid Sites

7.1. Alumina

Aluminas can show the presence of Lewis acid sites
when they are calcined at temperatures above 450
°C. Under these conditions, surface protons and
aluminum cations become mobile and start to change
their position in the lattice.

Upon calcination, new defects called “surface con-
figurations of low probabilities” are generated.>””
These defects are multiple anionic vacancies, formed
by three or more AI3* cations in close proximity, that
can act as Lewis acid sites. As mentioned above,
those sites are formed at high calcination tempera-
tures, and this has been proved by their ability to
generate radical cations upon adsorption of perylene
and phenothiazine.*827484 Indeed, for these two probe
molecules, the maximum in the generation of surface
radical cations was observed when the alumina was
calcined at temperatures above 450 °C.

The presence of a large amount of Lewis acid sites
in calcined y-Al,O3 has also been deduced from the
variations in the wavenumber of carbonyl IR bands
of CO adsorbed at 77 K and 20 Torr. A band at 2188
cm™1, which shifts to 2196 cm~* upon evacuation, has

been correlated to CO interacting with Lewis acid
sites.443‘446~578v579

7.2. Amorphous Silica—Alumina and Other Mixed
Oxides

After the work of Thomas, it was shown that the
activity of silica for hydrocarbon cracking was neg-
ligible, alumina giving only very low activity.58
However, the efficiency of hydrocarbon cracking was
greatly enhanced when both oxides were combined
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from hydrogels to form mixed oxides. Thomas ex-
plained this activity increase by assuming that
alumina in active silica—alumina is in the tetrahe-
dral configuration and a proton is associated with the
alumina tetrahedron. In other words, he already
claimed that amorphous silica—alumina presented
Bronsted acidity and this was responsible for crack-
ing carbon—carbon bonds. The acidity of these ma-
terials was more precisely explained by Tanabe
through the following two postulates: (a) “the coor-
dination number of a positive element of metal oxide,
Cl, and that of a second metal oxide, C2, are
maintained even when mixed”, and (b) “the coordina-
tion number of a negative element (oxygen) of a major
component oxide is retained for all the oxygens in
the binary oxide”.58!

In this way, if a silicon atom is replaced by
tetrahedral aluminum, the AlO, part is unbalanced
electrically, and a negative charge appears that
should be compensated by a proton. An alternative
interesting model for the acid centers of amorphous
silica—alumina catalysts has been proposed by re-
searchers from EXXON,*? who proposed that a three-
or four-member ring structure of SiO, reacts with Al
ions that become inserted inside the ring of Si atoms
(Scheme 67).
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This expanded ring structure is proposed to be the
local structure responsible for acidity. When more
detailed theoretical work was done on silica—alumina
clusters, it was found that the hydrogen atom of the
hydroxyl group became protonic by coordination of
the oxygen to an Al atom of the silanol (Scheme 68).

Scheme 68
H
H, 0— Lewis acid-base —O._.0_..0—
/O\srq'. DA'Q = . :Sli’+\/}|: _
oL 09— interaction 9,0 f"
~20 —~

The coordination of the Al to an O atom corresponds
to a Lewis acid—base interaction, and the stronger
the interaction, the stronger the Bronsted acid
strength of the O-associated hydrogen 583584

All the previous proposals could be summarized by
saying that Bronsted acid sites of binary silica—
alumina oxides are bridged hydroxyl groups and
water molecules coordinated on a trigonal aluminum
atom.585

We note that all the above work has concentrated
on the Bronsted acidity of the mixed oxides. However,
these materials also present Lewis acidity, and this
could be evaluated theoretically through the LUMO
energy of the mixed oxide. However, it should be
taken into account that the LUMO energy as a
measure of Lewis acidity can be used only for
comparing Lewis sites of the same central atom in
the same valence state and with the same coordina-
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tion number. Lewis acid sites of silica—alumina are
related to coordinatively unsaturated Al species
formed upon dehydration at high calcination tem-
perature. The Bronsted and Lewis acidities of silica—
aluminas have been extensively investigated by the
whole array of the different physicochemical tech-
nigues and probe molecules described before, 430586592

For instance, when an anhydrous silica—alumina
catalyst was studied with pyridine in different condi-
tions, it was found that the sample contains both
Bronsted and Lewis acids. Moreover, the concentra-
tion of the Lewis acid sites increases at the expense
of the Bronsted sites as the temperature of activation
increases.>® This depletion of Bronsted sites in favor
of the Lewis sites is even more pronounced if the
samples are steamed.5%4

The most common methods of preparation start
from a silica hydrogel with an aluminum sulfate
solution in which the aluminum salt is hydrolyzed
and precipitated by the addition of aqueous ammonia.
In another type of preparation, a co-gel is formed
starting from sodium silicate and sodium aluminate.
Silica—alumina aerogels and xerogels can be made
by a sol—gel process. The drying can be done by
supercritical CO, or by solvent evaporation. The
formation of Si—O—Al bonds, and consequently the
formation of Bronsted acid sites, was maximized by
chelating the Al precursor with ethyl acetoacetate.>%®

1l I
CH{C\/C‘OEt
ethyl acetoacetate

Silica—alumina-type clusters can also be formed by
grafting silicon alkoxides on d-alumina.5%5%7 It has
been shown that the modification of §-Al,Os; with
silica leads to creation of both highly acidic Brénsted
and Lewis acid sites. The former are generated by
isomorphous substitution of Si*t by APt in tetra-
hedral coordination and the latter through formation
of tricoordinated Al bound to silicon through oxygen
bridges. The relative strength and quantity of these
sites reaches a maximum with 40 wt % SiO, content,
above which the surface of the solid became SiO,-
coated and exhibited acidity approximating that of
pure SiO,.5%

CVD techniques have been employed to coat alu-
mina with Si(OEt), in an air and nitrogen atmo-
sphere. By controlling the time and temperature of
SiO; deposition, a maximum in acid strength at ~14
wt % of SiO, has been found to occur. This sample
obtained by CVD gave catalytic activity identical to
that of commercial silica—aluminas, indicating that
in this case availability to reactants of the acid sites
located at the outermost layers of the oxide particles
can play a major role.5%%6% |n principle, one may
think that the final properties of the amorphous
silica—alumina prepared by CVD of a silicon source
on alumina may depend on the surface characteris-
tics of the support. This was studied by Megiris and
Glezer, who deposited layers or films in a way that
allowed precise control over the growth process
during the CVD deposition process on dense a- and
o-alumina.’® It was demonstrated that the morphol-
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ogy of the support, either o or ¢, affects the nanolayer
morphology. During CVD, SiO; clustering and ag-
gregation occurs even at low Si loading. ?°Si MAS
NMR showed that, at lower coverages (1.3—4.2 SiO,/
nm?) bands at —80 to —85 ppm appear which cor-
respond to Si with attached —OAIl groups. At the
highest level (8.2—17.5 SiO,/nm?), the deconvoluted
spectrum shows peaks at —108, —100, and —92 ppm.
These peaks correspond to Si(OSi),, Si(OSi);OH, and
mixtures of Si(OSi),(OH), with OAI~-containing spe-
cies. Using PMe; as probe molecule, a maximum
concentration of Bronsted sites was observed at a
coverage of 8.2 SiO,/nm? at the same time that the
Lewis acid concentration fell to <0.1.602

An increase of the SiO; coverage leads to a decrease
of the amount of Lewis acids, while the area of the
Al,O3 covered by SiO; initially increases linearly with
the amount of deposited SiO,. The acid sites formed
initially become eventually covered by SiO,, leading
to a remarkable decline in the amount of Bronsted
acidity at higher SiO, coverages. In principle, no
acidity at all should be expected for a perfect and
complete coverage of the Al,O; crystals by a deposi-
tion of a multilayer of SiO,. Despite the sophistication
and cost of the CVD preparation methods, the
catalytic performance of these materials for acid-
catalyzed reactions gives, at the most, the same
results that samples commercially prepared by co-
gel procedures; therefore, CVD techniques remain
limited to structural studies.

Amorphous silica—alumina preparation conditions
and the Si/Al ratio have a strong influence on the
total acidity as well as on the Bronsted-to-Lewis ratio.
Another preparation method involves the modifica-
tion of surface properties of alumina by silica and
silica by alumina layers deposited by the technique
of atom layer epitaxy. The resulting material pre-
sents both Bronsted and Lewis acid sites.6%®

7.3. Amorphous Silica—Alumina Molecular Sieves

Following the acidity models established for amor-
phous silica—alumina, it could be expected that a
maximum number of acid sites, at least of the
Bronsted type, should be obtained when all Al is
tetrahedrally coordinated. Moreover, site accessibility
and diffusion should also be improved if bottlenecks
in the pores are avoided by preparing amorphous
silica—alumina with a regular pore size distribution
in the range of mesopores. To prepare such type of
silica—aluminum, the co-gel synthesis has been car-
ried out in the presence of tetraalkylammonium
cations that on one hand should avoid forming Al,O3
islands and on the other hand, by changing the size
of the tetralkylammonium cation, can change the size
of the pores.t%4

R2
L+
RwN*BR“ A
R
tetralkylammonium salt

In this type of synthesis, all NMR-observable Al
atoms are initially tetrahedrally coordinated for the
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as-synthesized materials. However, after calcination,
both tetrahedrally and octahedrally coordinated Al
exist, giving Bronsted and Lewis acid sites, respec-
tively.605

When used as catalysts, amorphous silica—alumina
molecular sieves were able to substitute AICI; as
Friedel—Crafts catalysts for performing cracking or
isomerization of paraffins. When tetrapropylammo-
nium hydroxide was used as the tetralkylammonium
salt in an alkali-free synthesis mixture, in a Si/Al
ratio larger than 60, a precursor of ZSM-5 was
obtained that presented a narrow pore size distribu-
tion in the range of 3.0 nm.%% This material, after
calcination, was active and selective for reactions
such as cracking, hydrocracking, and hydroisomer-
ization of paraffins, as well as for olefin oligomeriza-
tion.’%” The problem with these porous silica—
alumina is structural stability. While silica—aluminas
prepared with tetraalkylammonium molecules are
stable upon calcination, their pore structure collapses
if they are subject to steaming.

A series of materials, such as MCM-41 and MCM-
48, with a regular pore size distribution in the
mesoporous range were obtained by Beck, Kresge, et
al.8%-611 hy carrying out the synthesis in the presence
of surfactants. Silica and silica—alumina condense
around self-assembled surfactant, and mesoporous
structures with different long-range orders (hexago-
nal, cubic, laminar) are obtained. Today, mesoporous
molecular sieves structures have been obtained for
a large number of different oxides and surfac-
tants.%12-618 Similar types of materials were also
obtained by using surfactants and a solubilized silica
source. In this way, the ordered mesoporous FSM-
16 has been obtained from kanemite by ion-exchang-
ing interlayer sodium ions of the layered silicate for
surfactants. The advantage of kanemite for carrying
out this synthesis derives from the fact that this
layered material is extremely flexible, owing to the
relatively low number of tetrahedra in its structure.
Then, upon intercalation with the surfactant, the
flexible sheets of kanemite are folded and cross-
linked to each other to form a three-dimensional
framework,619-621

Acidic mesostructured materials MCM-41 and
MCM-48 with silica—alumina walls were also syn-
thesized.6227626 Sj/Al ratios as low as 2 have been
achieved with the Al in tetrahedral coordination
(AI'Y). However, after subsequent calcinations at 500
°C, the intensity of the NMR peak corresponding to
AlY decreases while Al in octahedral coordination
(AIVY is formed.524527 The presence of Al'Y and AlV!
leads to anticipate that these materials should present
both Bronsted and Lewis acid sites upon calcination.
Indeed, Bronsted and Lewis acidity was determined
on MCM-41 by pyridine adsorption.®?> The strength
of the acid sites of a mesostructured MCM-41 sample
is similar to that of a conventional amorphous silica
alumina and falls in the range of mild acid sites.

7.4. Activity of Amorphous and Mesostructured
Silica—Alumina for Acid-Catalyzed Reactions

It was stated above that 6-Al,O3; has only Lewis
acid sites, while the incorporation of silica and
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formation of amorphous silica—alumina introduces
Bronsted sites, even though the acid strength of these
Bronsted sites corresponds to that of 50% aqueous
H,SO, solution.

Thus, silica—alumina containing Bronsted and
Lewis acid sites and its catalytic activity may depend
on the different population and relative strength of
these two types of sites. The presence of Lewis acid
sites on silica—alumina is often reflected in its
specific catalytic activity. For instance, during the
denitrogenation of piperidine on 6-Al,03 and amor-
phous silica—alumina, the total conversion increases
when the total (Brénsted plus Lewis) acidity is
increased. However, the formation of hydrocarbons
as a result of denitrogenation increases only with
increasing the number of Bronsted acid sites, in
accordance with a Hoffmann-like deamination mech-

anism.528

N

|
H

piperidine

In another reaction type catalyzed by Lewis acids,
such as ethylene polymerization, the larger amount
of Lewis acidity on 6-Al,O3 gave it an advantage over
the silica—alumina catalyst.®?® When the Lewis acid
sites of silica—alumina were selectively poisoned by
adsoption of pyridine, the catalytic activity of the
solid for the polymerization of olefins declined.5% It
is, however, surprising that pyridine can be used as
a selective poison for Lewis acid sites. Differences in
reactivity between 6-Al,O3; and silica—alumina due
to their different populations of Bronsted and Lewis
acid sites can also be seen during the coking reaction
with anthracene.3! The coking reaction was studied
on aluminas and silica—aluminas of varying acidities.
Under the same conditions, the amount of coke was
larger on silica—alumina than on alumina. The
coking reaction appears to be the result of a competi-
tion between coke precursors’ polymerization and
their degradation, which is more favorable at higher
temperatures. The different behavior of alumina and
silica—alumina is explained by the presence of Bron-
sted acid sites on silica—alumina, whereas alumina
possesses only Lewis acidic sites.%3!

The role of both types of acid sites, Bronsted and
Lewis, present on silica—alumina is shown during the
isomerization of cis-2-butene.®*? This reaction leads
to double-bond migration and cis—trans conversion.
The deactivation of all the silica—aluminas studied
obeys two exponential laws, which allows two initial
rates to be calculated. One of them is related to
Lewis-oxidizing sites, while the other one is related
to the Bronsted acidic sites. It turns out that Lewis
acid sites are active but become poisoned faster than
Bronsted sites.

From the point of view of their commercial applica-
tion in catalysis, amorphous silica—aluminas were
the first synthetic catalytic cracking (FCC) catalysts,
and they are still being used today for catalytic
cracking as a part of the matrix surrounding the
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faujasite zeolite. The presence of a silica—alumina-
type component in the FCC catalysts is desired for
bottoms upgrading and cracking of reside. In this
case, the Bronsted acidity of the matrix after high-
temperature steaming correlates well with reside
cracking, while Lewis acid sites are postulated to
form by interaction between the silica in the binder
and active alumina during hydrothermal deactivation
in the commercial FCC unit.®33634 Today, amorphous
silica—alumina is used as the acidic component of
some hydrocraking catalysts.

Mesostructured silica—aluminas opened new ex-
pectations owing to the regular pore distribution and
their potential molecular sieving properties. An obvi-
ous reaction that could use these active catalysts was
catalytic cracking of heavy oil fractions. It was
anticipated that for these heavy feeds, the large
reactant molecules would diffuse through the pores
of the mesoporous molecular sieves and would reach
the internal acid sites. In a systematic work, the
gasoil cracking activities of an MCM-41 and an
amorphous silica—alumina catalysts were compared,
and although similar concentrations of acid sites were
present on the two catalysts, as measured by the
pyridine adsorption—desorption method, the activity
of MCM-41 was higher than that of the amorphous
silica—alumina, the selectivity to liquid fuels being
also higher for the former.53> Unfortunately, the
stability of the mesoporous molecular sieve is not
enough to resist the high-temperature conditions
(~800 °C) in the presence of steam that occurs in the
regenerator of the FCC units. Recently, some im-
provements of the hydrothermal stability of meso-
porous molecular sieves have been achieved by
changing the thickness of the walls of the channels
and/or by “partially” crystallizing the walls.636.637

Since the characterization of the acidity of the
mesoporous molecular sieves and amorphous silica—
alumina indicates that their acidity is mild, one may
look for potential applications that do not require the
presence of strong acid sites. Thus, hydrocracking of
vacuum gasoil, that is already commercially avail-
able, using amorphous silica—alumina as the acid
component, combining the mild acidity of silica—
alumina with the hydrogenating—dehydrogenating
activity introduced by Ni, Mo—Ni, or Pt, can be a
suitable process for using mesostructured silica—
aluminas. Following this, Corma et al. compared the
hydrocracking performance of NiMo/MCM-41 with
that of NiMo/silica—alumina.3 The acidity of MCM-
41 was similar to that of the amorphous silica—
alumina in terms of both the number and acid
strength distribution. Furthermore, most of the
Bronsted and Lewis acid sites in the two catalysts
are of weak to medium strength, as is required for
producing diesel in mild hydrocracking operations.
When a vacuum gasoil was treated with NiMo/MCM-
41, it gave better performance from the points of view
of hydrodesulfuration, hydrodenitrogenation, and
hydrocracking with higher yield to diesel. This is
probably due to the very high surface area and
regular pore dimensions of the MCM-41 mesoporous
molecular sieves that favor good metal dispersion and
site accessibility. This mesoporous material with
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supported Ni—W has shown good performance for
deep hydrocracking of vacuum gasoil to diesel, and
for hydrocracking of waxes to produce lube oils.539640

The mild acidity of the mesostructured silica—
alumina also makes it possible to perform oligomer-
ization of olefins specially to produce diesel and lube-
type molecules. For this process, MCM-41 and silica—
alumina obtained with tetraalkylammonium ions, as
described before, give excellent results.%

Acylation reactions are of general interest and
require the use of stoichiometric amounts of AICI; to
“catalyze” the reaction. Attempts are being made to
overcome the waste disposal problems associated
with the use of AICI; through the use of friendly,
easy-recyclable, truly solid catalysts. In this respect,
some success has been achieved with zeolite catalyst
to acylate activated aromatic rings.?*! Taking this
into account, mesostructured silica—aluminas could
have utility for carrying out acylation reactions
involving bulky reactants and requiring mild acidity.
Thus, the production of the anti-inflammatory drug
Naproxen involves the regioselective acylation of
2-methoxynaphthalene with acetic anhydride, with
the aim of producing the maximum possible acylation
at position 6 (Scheme 69).

Scheme 69
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MCM-41 was found to be an active catalyst for this
reaction, with turnover numbers of 20, 17, and 11
using acetic, benzoic, and isobutyric anhydride as
acylating agents, respectively.54? Interestingly, the
catalyst could be easily regenerated and recycled, but
unfortunately the selectivity to the product acylated
in position 6, which is the desired one, is too low.

These solids could be quite useful for substituting
unfriendly mineral acids such as AICl;, BF3, HCI, or
H,SO, as catalysts for some acid reactions. Moreover,
the weak to medium acidities of these structured
silica—alumina catalysts may have the advantage
over other catalysts with stronger acidities arising
from easier product desorption, avoiding undesired
consecutive reactions and increasing selectivity and
catalyst life. This has been nicely demonstrated for
the production of chemicals and fine chemicals formed
through acetalyzations, Beckmann rearrangements,
glycosidations, hydroxyalkylations, and aldol conden-
sations.®*3-6%0 When stronger acidities are required,
mesostructured as well as amorphous silica—alumina
can be used to support AICI;, BF3, and other Lewis
acids such as organic cation—chloroaluminate ionic
liquids.#98518851 For instance, the catalytic properties
of MCM-41 activated with AICl3, ZnCl,, FeCls, NiCly,
and CuCl, were investigated for carrying out the
Friedel—Crafts benzylation of PhX (X = H, Me, Br,
Cl, F) at room temperature in the liquid phase.%%?

CH30
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AICI;/MCM-41 was the most active, followed by
ZnCl,/MCM-41, that on the other hand gave better
selectivity. The low selectivity exhibited by AICIs/
MCM-41 for the benzylation of substituted aromatics
was due to the migration or transfer of the substitu-
ent group. The reaction was carried out in a continu-
ous trickle bed reactor with low catalyst deactivation
rates. While the results for these catalysts show
promise to replace AICI; in the industrial manufac-
ture of diphenylmethanes, the potential hydrolysis
and deactivation of the catalyst due to moisture has
to be taken into consideration.

The chemisorption of trimethylaluminum on meso-
porous MCM-41 produces AlMez-modified MCM-41
materials exhibiting strong Lewis acidic behavior.553
However, the limited possibilities of catalyst regen-
eration should also be carefully explored for organo-
metallic Lewis acids supported on silica—aluminas.

7.5. Mixed Oxides Other than SiO,—Al,O3

Besides silica—alumina, other mixed oxides such
as silica—magnesia, silica—zirconia, alumina—boria,
titania—boria, tungstate—alumina, and tungstate—
zirconia, can also be prepared, and they present
Bronsted and Lewis acidities. As mentioned earlier
when discussing the acidity models for silica—
alumina, the current model structure of mixed oxides
is based on the two postulates stated by Tanabe.
Tanabe et al. reported®! that the increased acidity
of binary oxides is caused by an excess of positive
charge in the crystalline structure. With respect to
the acid strength of mixed oxides, Shibata et al.®%*
found a correlation between the acid strength of the
binary system and the averaged elecronegativity
values of the cations. Apparently, the acid strength
of the binary mixtures correlates well with the
average Sanderson’s electronegativity. The concept
of mean Sanderson electronegativity of the frame-
work is quite useful to predict acidity in zeolites, that
at the end can be considered as a “binary mixture”
of silica and alumina. The acid strengths of Lewis
acid sites in more than 30 binary and primary mixed
oxides have been measured and interpreted on the
basis of the different polarizing powers of the cation
involved.5%

Alumina-supported tungsten or niobium oxides
function as effective acidic catalysts for hydrocarbons
cracking, with high resistance to hydrothermal treat-
ments.%6.65” HRTEM could not detect WO; clusters,
even at 25 wt % loading of WO3;. A sample of WO3
(10 wt %)/Al, O3, after steaming at 900 °C, gave
similar results. EXAFS studies failed to show the
presence of W—O—W bridge bonds in a sample with
less than 10 wt % loading, indicating highly dispersed
WO3 on Al,O3, in agreement with thermal analysis
and controlled-atmosphere electron microscopy. It is
not obvious why WO3; forms an X-ray and microscopi-
cally amorphous, highly dispersed phase on the
Al;O3, or how these two oxides interact to form
strongly acidic sites. Nevertheless, the results indi-
cate a strong and specific interaction between the two
oxides that occurs even in the presence of a large
amount of a potentially competitive binder such as
SiO,. The acid strength and water stability of this
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system make it interesting for studying Friedel—
Crafts reactions, and it is surprising that researchers
have paid such little attention to these materials as
acid catalysts.

More attention, however, has been paid to the
system tungsten—ZrO,. This type of catalyst is
prepared by impregnating Zr(OH), with aqueous
ammonium tungstate, followed by evaporating the
water, drying, and calcining in air at 600—1000
°C.6%8:659 XPS showed this catalyst to be WOz sup-
ported on Zr0O,.%%° The acid strength of this catalyst
was estimated to be (H, < —14.52), and even if this
type of acidity measurement is inappropriate, these
binary oxides show activity for isomerization of
butane at temperatures as low as 50 °C. It is believed
that, in these solids, strong acid sites (or at least sites
that are highly active for carbocation reactions) are
formed not by impregnation of the crystallized oxide,
but on the amorphous form whose calcination then
converts to the crystalline form; i.e., tungsten oxide
combines with zirconium oxide at the time when a
tetragonal system is formed.%61-654 Similar prepara-
tion methods using MoO;3 on ZrO, also produce acid
catalysts with acidities of H, ~ —13.658

A considerable number of reports dealing with
sulfated zirconia have appeared since the original
report by Hino et al. showing that the acid strength
increases upon sulfation of zirconia.5¢56¢ Reviews on
the catalytic activity of these materials have been
regularly published.?5423:507.661667 gylfated zirconia
can be prepared by calcining ammonium sulfate-
impregnated zirconia. Sulfuric acid or ammonium
sulfate can be used as the sulfate source. It has been
demonstrated that the sulfate precursor, the zirconia
preparation procedure, the calcination temperature,
and the sulfur content play an important role in
governing the acid strength distribution of the
solid.666:668-672 gyIfated zirconia and related transition
metal-promoted or -supported materials have been
often considered superacidic due to their catalytic
activity toward isomerization of small alkanes, par-
ticularly n-butane, at low temperature.?54°%.673 The
Lewis or Bronsted nature of acid sites on sulfated
zirconia is controversial, and, most probably, both
types of sites are concurrently present in the
solid.6747678 A proposed structure of the acid sites in
sulfated zirconia involves the coordination of hydro-
genosulfate groups on zirconia atoms.578

Structure of sulfated zirconia acid sites

More recently, it has also been reported that the
addition of Al to sulfated zirconia or supporting
sulfated zirconia over y-Al,O3 enhances significantly
the activity and stability of sulfated zirconia toward
the n-butane isomerization at 250 °C in the presence
of H,.678.679
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Pyridine is the most widely used base probe to
determine the nature (Bronsted and Lewis), popula-
tion, and strength of acid sites present in solid acids.
FT-IR spectroscopy is the technique to monitor the
nature and quantify the amount of the chemisorbed
pyridine. However, despite the advantage of using
pyridine as a basic probe and IR monitoring of its
aromatic region, this standard technique has been
reported to have limitations and may lead to errone-
ous overestimation of the concentration of acid sites
in certain solids. This is the case of sulfated zirconia,
in which it has been reported that pyridine can
compete as a ligand with sulfate anions, replacing
them in the coordination sphere of metallic cation.
This leads to an artifact overestimated evaluation of
surface Lewis acidity of sulfated zirconia that
does not take place when weaker CO is used as a
base.580

In this context, Sommer and co-workers have
proposed that the rate of H/D exchange for methane
offers a simple way to assess the relative acidity and
reactivity of sulfated zirconia.5?368! |n fact, H/D
exchange has been used to develop quantitative
methods for Bronsted acid sites titration.525682 A
study on the H/D exchange between methane and
deuterated sulfated zirconia, deuterated sulfated
zirconia supported on d-alumina, and deuterated Al-
promoted sulfated zirconia has shown that the ap-
parent activation energy is the same for all the
sulfated zirconia solids and smaller than that of
HZSM-5.52 Therefore, the acid strengths of all the
sulfated zirconia solids are identical and stronger
than the acid strength of ZSM-5.

Temperature-programmed desorption and fre-
guency response methods have been used to study
the dynamics of ammonia sorption over sulfated
zirconia, and the results have been compared with
those from samples of zirconia, sulfated zirconia/
titania, and zeolite HZSM-5. Strong Bronsted and
Lewis acid sites were detected for all the solids. The
Lewis acid sites were fully covered by ammonia at
all the temperatures studied, showing that they are
very strong acid sites.®® A 3!P solid-state NMR study
using trimethylphosphane as a basic probe has
revealed that Bronsted acid sites, which do not exist
on zirconia, appear in sulfated zirconia.®®*

Normal sulfated zirconia is microporous, making
it more suitable for vapor-phase applications than for
liquid-phase reactions. Mesoporous sulfated zirconia
has been found to exhibit good activity for the liquid-
phase alkylation of long-chain alkenes, the prepara-
tion of linear alkylbenzenes,®® and the Friedel—
Crafts benzoylation of benzene.5® Although totally
dehydrated sulfated zirconia is a Lewis acid, the easy
adsorption of water from the ambient, solvents, or
substrates converts Lewis sites into Bronsted sites.

In conclusion, it has been shown that, by proper
preparation of mixed oxides, it is possible to obtain
solid catalysts that are able to promote acid-catalyzed
reactions under experimental conditions in which
only superacids in homogeneous systems work. These
materials exhibit promising catalytic activity for
substituting unfriendly superacid catalysts, as we
will show in the next section when discussing sub-
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stitution of environmentally unfriendly acids by
friendly solid catalysts in industrial processes.

8. Replacing Lewis Acids in Industrial Catalytic
Processes

8.1. Qil Refining

The oil refining industry and the automotive fuel
industry are the industrial chemical processes con-
suming the largest amounts of catalysts. The largest
catalytic process is the catalytic cracking of hydro-
carbons to produce liquid fuel. The process is carried
out today in riser-type reactors and is named fluid
catalytic cracking (FCC).

One of the first industrial examples in which a
friendly solid acid (amorphous silica—alumina) was
able to substitute an unfriendly Lewis acid (AICls)
was the catalytic cracking of oil to produce gasoline.
Indeed, the first commercial trial of catalytic cracking
was carried out in 1915. A. M. McAfee of the Gulf
refining company discovered that aluminum chloride,
a Friedel—Crafts catalyst known since 1877, could
effect the cracking of heavy oils. The catalytic process
increased the gasoline yield by 20—30% with respect
to the thermal cracking process. However, the high
cost of catalyst recovery and the tarry residues
produced, together with plant corrosion problems,
prevented the implementation of the cracking process
using AICI; catalysts. The discovery that acid-treated
clays and, especially, also amorphous silica—alumina
have acidity opened the possibility of using friendly
solid acids as catalysts on a commercial scale. The
first trial was made by Eugene Houdry, who pro-
duced gasoline by cracking gasoil and showed the
suitability of the gasoline obtained by running it in
his Bugatti racing car. In 1936, the first 2000 billion
pound per day (BPD) commercial cracking unit was
started, and in 1940 the worldwide installed capacity
was already 140 000 BPD.

Zeolites are used today for catalytic cracking. For
these crystalline, microporous solids, the total num-
ber as well as the nature and the strength of the acid
sites depend on the framework (Si/Al ratio) and
extraframework (Al and other cations) composition.
However, zeolite acidity, while being an important
catalyst factor, is not the only parameter in the case
of FCC, since other factors such as site accessibility
(formation of mesopores in the zeolite crystals during
catalyst activation—regeneration) and zeolite stabil-
ity play a major role.

The number of Bronsted acid sites and the hydro-
thermal stability of a zeolite are determined by its
framework Si/Al ratio, which on the other hand is
related to the unit cell size of the zeolite. For instance,
in the case of Y zeolite that is the one used in larger
amounts in catalysis, the higher the framework Si/
Al ratio, the lower will be the total number of
Bronsted acid sites and the higher will be the zeolite
stability.58¢ Thus, zeolite Y, which is initially syn-
thesized with a Si/Al ratio of ~2.7, becomes de-
aluminated during its activation process, during its
use as catalyst, and also during the high-temperature
thermal treatment that occurs in the regeneration
of the FCC unit.%8” Dealumination and consequently
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the final framework Si/Al ratio are controlled by
introduction of different levels of rare earths by ion
exchange. The larger the amount of exchanged rare
earth, the lower the Si/Al ratio in the final stabilized
material. This parameter also controls the final
selectivity of the catalyst, since the higher the
framework Si/Al ratio, the lower the selectivity
toward liquid fuels and coke, and the larger the
amount of gases and olefins.%8

With respect to the Lewis acidity, this property is
associated with the presence of extraframework Al
species produced during the zeolite activation—
dealumination process and any other cation ex-
change.58

The extraframework Al species behaving as Lewis
acids play an important role in cracking bottoms, but
also tend to produce more gases and coke.690:6% |t is
remarkable that, while the effect of Lewis acidity
(extraframework Al) is clear when cracking vacuum
gasoil, there is a controversy about the role played
by this type of acid sites when cracking pure
hydrocarbons.692-695

Besides Brénsted and Lewis acidity, the third
important variable in FCC is site accessibility. It
should be taken into account that vacuum gasoil and
oil resides, which are the most common FCC feeds,
have average size molecules of 2.0 and 4.0 nm, well
above the pore size of Y zeolite (0.74 nm). Therefore,
primary feed cracking occurs on the matrix and on
the external surface of the Y zeolite crystallites. To
increase the accessibility of the feed to the zeolite
active sites, one can generate mesopores in the
crystal or reduce the crystallite size, increasing
therefore the ratio of external to internal surface.
This increases the access of large gasoil molecules
to the acid sites, which results in higher activity and
reduced secondary reactions.®%6%7 Secondary reac-
tions are responsible for coking formation and satu-
ration of olefins. Unfortunately, zeolites with smaller
crystallites have lower hydrothermal stability, and
they have to be synthesized with higher Si/Al ratios
in order to retain higher crystallinities after the
treatments.5%

Today, besides Y zeolite, FCC catalysts also intro-
duce other zeolites, such as ZSM-5% or even Beta
zeolite,%%° to produce more liquefied petroleum gas
olefins and gasoline with higher octane numbers. For
the latter purpose, it is necessary to control the
reaction conditions, ZSM-5 composition, crystallite
size, and postsynthesis treatments.”00-704

8.2. Olefin Oligomerization

Short-chain olefin oligomerization can give gaso-
line, middle distillates, and lubricant oils. The first
studies and demo plants used AICI; as catalyst.
However, catalyst deactivation by impurities and
corrosion problems, together with difficulties in cata-
lyst recovery, led to the development of a new
generation of environmentally more acceptable cata-
lysts, based on silica-supported phosphoric acid.
Nevertheless, this type of catalyst is still not com-
pletely environmentally friendly due to the gradual
loss of phosphoric acid during operation. Recently a
series of real solid catalysts based on zeolitic molec-
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ular sieves has been developed. Commercial proc-
esses such as the Mobil olefins-to-gasoline (MOG) and
distillate (MOGD) processes and the Shell polygaso-
line and kerosene (SPGK) process are based on
zeolites as solid acid catalysts.

Zeolite ZSM-5, with a pore diameter of ~0.55 nm,
is able to convert light alkenes into gasoline products
through a complex network of reactions that include
oligomerization and hydrogen transfer.”® Oligomer-
ization is favored by a high acid density, while
moderate acid strength minimizes cracking and cok-
ing. An optimum acid distribution can be achieved
in the case of ZSM-5 zeolite by the proper steam-
calcination treatment.”® Another way of controlling
acidity, and therefore selectivity, is by using medium-
pore silicoaluminophosphates (SAPOs: SAPO-11,
SAPO-31) instead of ZSM-5. It appears that the
milder acidity of SAPOs limits cracking, aromatiza-
tion, and coking reactions, improving the selectivity
to gasoline, which is mainly formed by alkanes.?07.708
Incorporation of Mn or Fe into the SAPO framework
increases skeletal isomerization, with a correspond-
ing increase in gasoline octane number.7°8

The MOGD process is also carried out using ZSM-5
zeolite as catalyst, working at high pressure and low
temperature.’?®7° The product is formed by mono-
branched alkenes, which give after hydrotreating an
excellent distillate with low aromatics, cetane num-
ber of ~52, and a pour point of —70 °C.

The SPGK process converts C,—Cs olefins to gaso-
line, kerosene, and distillate at temperatures of 200—
300 °C and pressures in the range of 10—50 bar. The
catalyst is Ni/mordenite, which produces mainly
isoalkenes. The gasoline has research octane num-
bers above 90, and motor octane numbers close to 80.
The distillate product, after hydrotreating, is of very
good quality.”!

Oligomerizing C3—Cs alkenes using medium-pore
unidirectional zeolites such as ZSM-22, ZSM-23, and
ZSM-35, whose pore dimension inhibits by shape
selectivity the formation of branched products, can
produce synthetic lubricants with good pour points
and viscosity indexes. The selectivity can be further
improved by deactivating the sites at the external
surface.”*?713 Longer chain n-olefins with 10 or more
carbons can be converted at low temperatures and
pressures into dimers and trimers, which are useful
lubricant base stocks with a very high viscosity index
and low pour point. In this case, large-pore zeolites
such as Y faujasite or even mesoporous molecular
sieves are good catalysts for the process.”4715

8.3. Isomerization of Short-Chain Paraffins

Light straight-run gasoline is formed mainly by
n-pentane and n-hexane, which have octane numbers
of 62 and 25, respectively, too low for them to be
introduced into reformulated gasolines. It is possible,
however, to increase the octane number of this
fraction up to close to 80 by n-alkane isomerization.
The reaction temperature has to be as low as possible
in order to shift the thermodynamic equilibrium
toward branched products. We have seen earlier that
low-temperature n-alkane isomerization requires as
catalyst strong Bronsted or Lewis sites, such as AICl;
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and SbFs. During World War 11, butene was isomer-
ized on AICI; to produce alkylate for aviation fuel.
The use of AICI3, however, introduced practical and
environmental problems, and it is not employed in
current commercial units. Instead of AICI;, bifunc-
tional, amorphous catalysts of platinum on chlori-
nated alumina, such as those whose preparation has
been described earlier in this review (Section 6.2),
are used commercially to isomerize C,—Cg n-alkanes
at temperatures ~150 °C. These catalysts, which
work well, are very sensitive to small amounts of
water and sulfur compounds and require a severe
pretreatment of the feed. Furthermore, it is still
necessary to supply continuously chlorine in the feed
to replace the fraction of chlorine depleted from the
catalyst during the process, which causes corrosion
and contamination problems. These problems are
avoided by using an environmentally friendlier Pt/
modernite zeolite catalyst that can perform the
isomerization of Cs and Cg n-alkanes. However, this
less acidic catalyst produces a gasoline with an octane
number approximately 2 octane units lower than that
obtained when working with the chlorinated alumina
catalyst. On the positive side is the fact that, when
working at temperatures ~240 °C, the zeolite catalyst
is less sensitive to H,O and sulfur. When the zeolite
is submitted to the appropriate dealumination pro-
cedure, it is possible to produce very active and
selective Pt/modernite catalysts, with sulfur resist-
ance of up to ~100 ppm sulfur in the feed.”16

A compromise between performance and the ad-
vantages of Pt/modernite catalyst over chorinated
alumina is achieved by using Pt/sulfated zirconia and
even Pt/tungstene—zirconia as isomerization catalyst.
It has been demonstrated that these catalysts work
well at temperatures of about 180 °C.77~71% However,
these zirconia-containing Pt catalysts are quite sensi-
tive to H,O and sulfur. Recently, Corma et al. have
developed by high-throughput combinatorial catalysis
an isomerization catalyst for light straight-run naph-
tha that can still work at a temperature of 180 °C
but presents a higher resistance to sulfur and H,0
than Pt/sulfated zirconia.”?0.721

8.4. Catalytic Dewaxing and Isodewaxing

Catalytic dewaxing improves the cold-flow proper-
ties of lube oils and middle distillates by selectively
cracking n-alkanes. This can be done by using
medium-pore-size zeolites such as ZSM-5, ZSM-23,
and ferrierite as catalysts, ZSM-5 being the preferred
one for the Mobil distillate dewaxing (MDDW) and
Mobil lube dewaxing (MLDW) processes.”?> Moder-
nite-based dewaxing catalysts have also been devel-
oped by BP, UNOCAL, and AKZO. However, the lube
oil yield can be increased if n-alkanes are isomerized
instead of cracked. This process is named isodewax-
ing and requires shape-selective catalysts that inhibit
the formation of multibranched paraffins. This is
done by using unidirectional medium-pore zeolites
(ZSM-22, ZSM-23, Theta-1) and SAPO structures
such as SAPO-11, SAPO-31, and SAPO-41.723

Monodirectional medium-pore zeolites and SAPOs
present good selectivities for producing monobranched
alkanes owing to their pore diameter of 0.42—0.47
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nm and the unidirectionality of the channels.”?4-726
Recently, SAPO molecular sieves have been synthe-
sized that present very high activity and selectivity
for isodewaxing.”7~72°

8.5. Isobutane/Butane Olefin Alkylation

Gasoline is produced by reacting isobutane with
C;—Cs olefins. The resultant mixture contains highly
branched alkanes with very high research and motor
octane numbers. This is a commercial process that,
since its introduction during World War 11, still uses
unfriendly acid catalysts such as HF and H,SO,. HF
is especially dangerous owing to its high volatility,
toxicity, and corrosiveness, increasing the environ-
mental risk in the case of eventual HF leaks to
several miles around the plant.”®® Even if the risk
associated with HF has been mitigated by the use of
additives that decrease the HF volatility, it would be
highly desirable to develop an alternative nontoxic
and noncorrosive solid acid catalyst that can be active
and selective for alkylation of isobutene.®®%73! The
easiest solution would be to support or immobilize
the liquid acids such as H,SO, and/or trifluoro-
methanesulfonic acid (triflic acid) on SiO,.7*? Lewis
acids such as BFj;, AICI3, SbFs supported on SiOo,
Al,O3, cation-exchange resins, and even pillared
layered compounds have also been claimed as alkyl-
ation catalysts.5?873 Of special relevance is the
catalyst developed by Catalytica-Conoco-Neste, which
consists of BF3 supported on y- or d-alumina.5?® As
we described before when discussing supported Lewis
acids as catalysts, small amounts of water and an
additional amount of free Lewis acid have to be
introduced during the operation. It appears then
logical that the behavior of this catalyst approaches
that of HF. Fluorinated silica and alumina have also
been used as alkylation catalysts, but the selectivity
to the desired high-octane trimethylpentanes is too
low.”* lonic liquids formed by AICI; with quaternary
ammonium halides are also active for isobutane/
butene alkylation317.73%.73¢ and would be worth sup-
porting it on an inorganic carrier.

True solid acid catalysts such as large-pore zeo-
lites,635737.738 sylfated metal oxides,%6%739-743 hetero-
polyacids and their salts,”*4~746 Nafion, and Nafion—
silica composites’’.748 have also been used for iso-
butane/butene alkylation and related reactions. Un-
fortunately, all these catalysts decay very fast,’*® and
they need continuous regeneration. This is done in
two steps. In the first step, the catalyst is washed
out with liquid isobutane to remove weakly adsorbed
hydrocarbons. The strongly retained hydrocarbons
are removed by hydrocracking at moderate temper-
ature, forming lighter hydrocarbons that are then
desorbed. As far as we know, the only plants using
these processes are demonstration plants based on
SiO,-supported triflic acid’®® and a demonstration
plant with UOP’s technology based on an undisclosed
solid catalyst, working in a riser unit. To increase
the life of the catalyst, a process is also claimed that
uses zeolite catalyst in the supercritical phase of
isobutene or isopentane.'®°
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8.6. Alkylation Process for Gasoline Desulfuration

Environmental legislation requires the the sulfur
content of gasoline to be reduced to 10 ppm by the
year 2005. Several alternatives are being considered
to deal with the gasoline stream of the highest sulfur
content, even 1000 ppm, i.e., FCC gasoline. Potential
solutions for decreasing the sulfur content of this
fraction involve FCC feed hydrotreating or FCC
gasoline postreating. Postreating the gasoline for
sulfur removal can be done by hydrotreating, selec-
tive adsorption, selective oxidation, or selective alkyl-
ation of sulfur compounds. Among the different
possibilities, selective alkylation of sulfur compounds
makes use of acid catalysis. This process has been
announced to become commercial by BP, and it
consists of the removal of sulfur species in cracked
naphthas by passing the naphtha over an acid
catalyst to alkylate the thiophenic compounds, using
as alkylating agents monoolefins and diolefins al-
ready present in the naphtha. By doing this, alkyl-
ated thiophenes are concentrated in the heavy por-
tion of the naphtha or even in diesel, and they can
be distilled out. For this process, which is in its
infancy, the development has been claimed of a true
solid catalyst that avoids olefin oligomerization and
aromatics alkylation in order to decrease catalyst
deactivation and the loss of gasoline and octane.”™~7%*
However, the use of PO4H3/SiO; solid catalyst is far
from ideal, and efforts are being made to replace it
by a truly solid acid catalyst.

8.7. Petrochemicals

8.7.1. Aromatics Alkylation

Important applications of the Friedel—Crafts al-
kylation of aromatics include the production of ethyl-
benzene and cumene via alkylation of benzene with
ethylene and propylene, respectively. Styrene and
phenol are the final products in these processes
(Scheme 70).

Scheme 70
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Valuable products and versatile intermediates are
also produced from dialkylates of benzene and poly-
nuclear aromatics. In this way, diethylbenzenes are
used for the production of divinylbenzenes. Para and
meta isomers of diisopropylbenzene are used for the
manufacture of hydroquinone and resorcinol, respec-
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tively, after forming the corresponding hydroperox-
ides and decomposing them in a subsequent step.

In the production of ethylbenzene, AICI; is still
used commercially, reminiscent of old times. As was
explained before, the primary function of the metal
halide is to generate a carbocation. Since this is easily
achieved by abstracting a halogen atom from an alkyl
halide, alkyl halides are added as co-catalysts during
the alkylation reaction. Environmental problems and
the corrosive nature of the system have provided an
incentive to develop solid acid catalysts for this
reaction.

Today there are successful commercial processes
that use solid acids as catalysts. As solid acids zeolite
ZSM-5 (Mobil-Badger process),’®>%6 Y (UNOCAL-
ABB Lummus Crest Liquid-Phase Ethylbenzene
Process and CDTech Catalytic Distillation Technol-
ogy),”®” and MCM-22 are being used.”87%° The process
involves two reactors. In the first one, ethylbenzene
and diethylbenzenes are formed. Ethylbenzene is
separated out and the diethylbenzenes are sent to a
transalkylation reactor.

Ethylbenzene can also be obtained by alkylating
benzene with ethanol using Fe—ZSM-5 zeolite. This
process can be of interest for countries with a high
production of ethanol derived from biomass.

Cumene has been historically produced—and in
some places it is still this way—by alkylation of
benzene with propylene over supported phosphoric
acid Friedel—Crafts catalyst. Since, as mentioned
before, this catalyst also has problems of corrosion
and waste disposal, new solid catalysts have been
developed and new commercial processes imple-
mented. Catalysts and processes do not differ much
from these devoted to alkylation of benzene with
ethylene. MCM-22 zeolite is an active and selective
catalyst for cumene production.”® Thus, the Mobil—
Badger cumene process uses MCM-22 zeolite instead
of ZSM-5. The pore topology of this zeolite is formed
by a system of a circular 10-member-ring (MR) pore
channel system and a 12-MR system of large cavities
connected to each other by 10-MR windows. It has
been presented that, while benzene and propylene
can diffuse through the 10-MR pores and windows,
cumene diffusion is hindered; consequently, the reac-
tion occurs mainly at the external part of the crystals,
i.e., at the external “cups” open to the exterior.”®® To
increase the external surface, the laminar precursor
of MCM-22 has been delaminated, and in this way
the external surface of the resulting material (ITQ-
2) is in the range of 600—800 m? g~*, with a corre-
sponding increase in the rate of cumene formation.”¢!
Beta zeolite is also used for the manufacture of
cumene by Chevron, UOP, and ENICHEM.”% The
catalytic behavior of MCM-22 and Beta zeolite for
alkylation of benzene with propylene has been com-
pared recently,”® and similar results were found.

There is a commercial CD Tech cumene process,
which is essentially the same as the CD Tech ethyl-
benzene process described before. The alkylation step
is again followed by distillation, and the diisopropyl-
benzene formed in the alkylation reactor is converted
to cumene in a separate transalkylation reactor. The
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solid catalysts used are most likely modified Y
zeolites.

The Dow 3-DDM process is suited to produce
cumene by alkylation of benzene with propylene over
dealuminated mordenite catalysts.”83764 Concerning
the isomer distribution of the diisopropylbenzenes,
the mordenite pore size is not large enough (0.67 nm
x 0.70 nm) to allow rapid diffusion of the wider ortho
and meta isomers; therefore, formation of the para
isomer is increased by diffusion shape selectivity. The
key point in mordenite preparation is the formation
during dealumination of a system of mesopores that
communicate the 12-MR zeolite pores between them,
conforming a pseudo-three-dimensional system in-
stead of the unidimensional pore system in the
original zeolite.

It can be said that actual solid acid molecular sieve
catalysts are able to carry out very efficiently the
Friedel—Crafts alkylation of benzene with ethylene,
propylene, or 2-propanol.”®® The challenges remain
to further decrease the yield of n-propylbenzene,
which is highly unwanted and difficult to separate,
to decrease or even avoid the formation of polyalkyl-
ated products, and to increase the life of the catalyst,
even though they last today about two years, before
replacing them with fresh catalyst.”®® A new zeolite
named ITQ-21 has been synthesized recently’®! with
a very open structure that appears specially suited
for maximizing the ratio of cumene to n-propylben-
zene during the alkylation of benzene with propylene.
Other large-pore tridirectional zeolites of interest for
cumene production are 1TQ-167% and ITQ-17.7%8

Alkylation of polynuclear aromatics such as bi-
phenyl or naphthalene produces valuable inter-
mediates. In particular, 4,4'-dialkylbiphenyl can be
converted into the corresponding dicarboxilic acid,
which is a monomer for a variety of high-performance
polymers and liquid crystal applications. Similarly,
2,6-dialkylnaphthalene is the raw material for the
manufacture of high-quality polyester fibers and
plastics. The use of conventional Lewis Friedel—
Crafts catalysts has been avoided by using the
dealuminated mordenite described by Dow, which is
prepared to present mesopores that convert this
zeolite in a pseudo-tridimensional system of pores.”%770
It appears then that properly tailored zeolites can
offer still new advantages for Friedel—Crafts-type
alkylations.

8.7.2. Isomerization of Cg Alkylaromatics

The Cg alkylaromatic fraction produced in the
reformate contains a mixture of m-, p-, and o-xylenes
and ethylbenzene. The product in highest demand is
p-xylene, which is used to make terephthalic acid for
the production of polyester fibers and other plastics.
It would be then highly desirable to isomerize the
Cg alkylaromatics to produce the maximum amount
of p-xylene while removing the ethylbenzene that
becomes accumulated during recycling of the uncon-
verted feed. Classical Lewis acids (AICI3) are active
for carrying out the isomerization of alkylaromatics
but present no activity to convert ethylbenzene, and
the product distribution in the xylene fraction cor-
responds to the thermodynamic equilibrium. Over
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amorphous catalysts, transalkylation reactions to
produce toluene and unwanted trimethylbenzenes
compete with the desired xylene isomerization.”’1.772
An important step forward in the isomerization of Cg
alkylaromatics was the discovery of the medium-pore
ZSM-5 zeolite. With this zeolite, the xylene trans-
alkylation is strongly diminished because there is not
enough room in the ZSM-5 pores to accommodate the
bulky bimolecular transalkylation transition state
involving to two xylene molecules.””® The steric
constraints are much smaller for ethylbenzene dis-
proportionation to benzene and diethylbenzene, which
are separated from xylenes by distillation. There are
two commercial processes based on ZSM-5 as cata-
lyst. The Mobil high-temperature isomerization proc-
ess (MHTI) operates at temperatures above 400 °C
to favor dealkylation of ethylbenzene’* and uses a
bifunctional Pt/ZSM-5 catalyst. The process produces
a product enriched in p-xylene and converts 40—50
wt % of the ethylbenzene. In the Mobil high-activity
isomerization process (MHAI), the reactor contains
two beds of ZSM-5 catalysts. The one at the top has
highly dealkylation activity and the one at the bottom
has high isomerization activity. The advantage of this
MHAI process with respect to MHTI is the lower
operation temperature, with the corresponding longer
catalyst lifetime, higher conversion of ethylbenzene,
and lower losses of xylenes.

In any case, the two processes described above rely
on ethylbenzene dealkylation—disproportionation to
decrease the concentration of this product. These
processes are acceptable if the prize of benzene is
sufficiently higher than that of xylenes. However, if
this is not the case, it would be more attractive to be
able to isomerize ethylbenzene into xylenes. There
are processes based on bifunctional Pt/mordenite
catalysts that combine ethylbenzene isomerization
with xylene isomerization. The isomerization of ethyl-
benzene into xylenes requires a partial hydrogenation
of the aromatic ring, followed by ring contraction and
expansion with formation of an isomerized six-
member ring. The reaction mechanism ends with the
dehydrogenation of the cycle to form the xylenes. A
mechanism of this type requires the presence of two
catalytic functions, i.e., hydrogenation—dehydrogen-
ation and acid function (Scheme 71).774~777 It has been
presented that, during the isomerization of ethyl-
benzene to xylenes on Pt/mordenite, other unwanted
metal- and acid-catalyzed reactions occur, such as
dealkylation and transalkylation of ethylbenzene,
total hydrogenation of ethylbenzene, and cracking of
intermediate products (Scheme 71).778

In a complex reaction network like this, the final
product distribution will be dependent on process
conditions as well as on the fine-tuning of the metal
and acid properties of the catalyst. For instance, the
formation of naphthenes is thermodynamically fa-
vored at low temperatures; consequently, losses due
to naphthene formation can be decreased by operat-
ing at higher temperatures. However, higher tem-
peratures favor dealkylation, transalkylation, and
cracking reactions rather than isomerization of ethyl-
benzene and also decrease the xylenes yield owing
to their transalkylation to give toluene and tri-
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methylbenzenes.

With respect to the catalyst, active-site accessibility
and acid strength are important variables. The
generation of mesopores on the zeolite crystals favors
diffusion of products, increasing selectivity to xy-
lenes.””® On the other hand, decreasing the acid
strength of the zeolite by calcium exchange decreases
cracking reactions as well as dealkylation and tran-
salkylation of ethylbenzene and increases selectivity
to xylenes, close to 50% at 60% ethylbenzene conver-
sion when the process is carried out at ~400 °C and
15 bar pressure. Taking into account the above
results, it would appear that a large-pore SAPO
molecular sieve with somewhat lower acid strength
than zeolites could be an appropriate solid catalyst
for the combined isomerization of xylenes and ethyl-
benzene. Rabo et al. have reported””® that the large-
pore SAPO-5 catalyst gives a high ethylbenzene
conversion, but xylene losses due to transalkylation
and cracking are large. On the other hand, the
medium-pore SAPO-11 gives ethylbenzene conver-
sion similar to that achieved with mordenite, but
selectivity to xylenes is higher.

In summary, it is possible to say that, besides the
MHTI and MHAI processes that use ZSM-5 catalyst
to dealkylate ethylbenzene in technologies developed
by Engelhard (octafining process), UOP (isomer
process), and Shell, mordenite is used for a process
that involves the isomerization of ethylbenzene into
xylenes.

8.7.3. Toluene Disproportionation and Transalkylation

Toluene disproportionation was also performed
using AICIl; and HCI as co-catalysts. But obviously,
the commercial processes use solid acid catalysts to
convert toluene to a mixture of benzene and xylenes,
and transalkylation of toluene with trimethylben-
zenes to produce xylenes (Scheme 72).

Toluene disproportionation with a ZSM-5 zeolite
catalyst produces initially a mixture of p- and o-
xylene that rapidly isomerizes to yield, inside the
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pores, the thermodynamic equilibrium composition.
However, in ZSM-5 a diffusion shape selectivity
occurs, by which the smaller p-xylene diffuses more
rapidly out of the pores than the other two isomers.
Any o- and m-xylene remaining in the pores is
converted to p-xylene in order to maintain the
thermodynamic equilibrium. When conversion in-
creases, p-xylene can react on the nonselective ex-
ternal surface of the zeolite, with the corresponding
decrease in p-xylene selectivity.”80-782

Deposition of MgO, phosphorous boron, or even the
coke deposited during the process not only passivates
the nonselective sites located close to the external
surface but also blocks some pores, resulting in an
increase of the average length of the diffusion path.
The molecules should travel longer distances to find
an open pore, and this results in a higher selectivity
to p-xylene operating at toluene conversions of ~30%
(Mobil selective disproportionation process).”8

A process combining the disproportionation of
toluene and transalkylation of toluene with Cg aro-
matics to produce xylenes in a single step has been
developed by Toray and UOP (Tatoray process) using
Ni/mordenite as catalyst, although no selectivity
toward p-xylene occurs. On the other hand, trans-
alkylation and disproportionation have been carried
out in two separate steps using a surface-modified
ZSM-5.784

8.7.4. Linear Alkylbenzenes

Linear alkylbenzenes (LABs) are used in the
detergent industry since they undergo biodegradation
better than branched alkylbenzenes. The process is
carried out commercially by alkylating benzene with
linear a-olefins using HF and AICI; as catalysts. It
is interesting that, until the past decade, no alterna-
tive solid catalyst was used commercially, even if
monodirectional zeolites such as ZSM-12 appeared
as interesting catalysts. UOP and CEPSA subsidiary
Petresa have developed a new process for production
of linear alkylbenzenes that work in the liquid phase
in a fixed-bed reactor. This process has replaced HF
and AICI; by an environmentally friendlier non-
zeolitic solid catalyst. The catalyst is probably based
in amorphous silica—alumina, whose acidity was
perhaps enhanced by fluoride treatment. The selec-
tivity of the solid catalyst is as good as that of HF,
and the solid catalyst lasts for two years or more. The
suitability of HF as catalyst for the preparation of
LABSs can be deduced from the results obtained with
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the older isobutane/butene alkylation process for
producing gasoline using HF. Indeed, it was observed
there that HF was not able to isomerize the double
bond of the olefin, and this is also desirable for
producing LABs by alkylation of benzene with linear
a-olefins. Thus, the solid catalyst to be used should
minimize the isomerization of the double bond by
having acidity behavior like that of HF, or should
avoid alkylation of the olefins with internal double
bonds by shape-selective alkylation.

8.8. Chemicals and Fine Chemicals

In the previous section, we have shown that pet-
rochemistry and the industry of bulk chemicals has
moved over the years to the replacement of conven-
tional Lewis acid with reasonable solid acids. The
number of commercial processes that use environ-
mentally friendly solid Lewis acids in petrochemistry
is considerable by now. This situation contrasts with
the case of fine chemicals. Fine chemicals are char-
acterized by lower production volumes, higher added
value, and more complex and diverse chemical struc-
tures. In this section we will present some represen-
tative examples to illustrate the tendency to move
toward new environmentally friendly catalysts and
processes. Some reviews have specifically focused on
this aspect.”85.786

8.8.1. Hydration of Olefins

Ordinary protonic acids such as sulfuric and p-
toluensulfonic acids can be used to carry out the
hydration of olefins to the corresponding alcohols.
These unfriendly acids have been substituted suc-
cessfully by heteropolyacids (HPA) for the industrial
hydration of C3—C, olefins,”®” with the advantage in
the corresponding waste stream disposal. Table 8
summarizes the industrial hydration processes de-
veloped using HPA as catalysts.

Table 8. Industrial Processes for Hydration of Olefins
Using Heteropolyacids (HPA) as Catalysts

capacity
reactant phase (108 t/year) start remarks
propene  liquid (aq) 50 1972 first process
(diluted HPA)
n-butene liquid (aq) 40 1985 to MEK
isobutene liquid (ag-C,) 56 1984 C, separation

(concd HPA)

By using relatively low concentrations of HPA,
Tokuyama Soda was able to produce isopropyl alcohol
from propylene and H,O with 70% conversion and
99% selectivity.®®

Isobutene is hydrated selectively in the mixture of
butenes present in the C, streams from steam or
catalytic cracking. For the selective hydration, an
aqueous solution of highly concentrated (up to 0.8 M)
HPA at 60—80 °C is used. When the process is carried
out in a multistage reactor, isobutene is 100%
converted, while the n-butenes hydrated are lower
than 1%.78° HPA has tendency to decompose during
the process. However, the rate of decomposition can
be very strongly reduced by partial reduction of Mo
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or W and by the coexistence of an organic base with
phosphoric acid.

It would be interesting to immobilize the very
active HPA into an insoluble, readily recoverable
solid acid. This has been tried by supporting HPA
on active carbon or silica or by forming insoluble salts
and using them to catalyze liquid-phase reactions in
polar media. This system, while active, suffers from
a reduction of the HPA acid strength and leaching
of the active phase. Recently, it has been shown that
HPA could be effectively immobilized in a silica
matrix by means of the sol—gel technique to form
silica-occluded HPA.790.791

It is clear that, for commercial hydration processes,
friendlier acids should replace H,SO,, supported HPA
being a candidate.

8.8.2. Production of e-Caprolactam

e-Caprolactam is the monomer used in the produc-
tion of Nylon 6 and is commercially produced by the
liquid-phase Beckmann rearrangement of cyclohex-
anone oxime in pure anhydrous sulfuric acid (oleum).
The product is obtained as a sulfate salt, and am-
monia is used to liberate e-caprolactam while forming
ammonium sulfate as byproduct (Scheme 73).

Scheme 73
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Since cyclohexanone oxime is itself produced from
cyclohexanone and hydroxylamine sulfate in the
presence of ammonia, the global process from cyclo-
hexanone to e-caprolactam produces between 1.6 and
4.4 tons of ammonium sulfate byproduct per ton of
e-caprolactam.”? It becomes clear that the use of a
solid catalyst that could substitute oleum for the
Beckmann rearrangement will be highly desirable
from the environmental point of view.”%37%4 Already,
25 years ago, aluminas modified by the addition of
B.O3; were used for the rearrangement of cyclohex-
anone oxime to caprolactam with good selectivities.”®
Other alumina modifiers, such as Cl~, PO, and
S0O4%~, gave worse results.”®® Other amorphous acid
catalysts used for the reaction are boron and alumi-
num phosphates and Pt/sulfated zirconia, as well as
amorphous and mesostructured (MCM-41 and FSM-
16) silica—alumina.797-8%0

The most widely accepted reaction mechanism for
the Beckmann rearrangement involves a protonation
of the oxime oxygen atom to give the corresponding
oxonium cation, which undergoes the migration of an
alkyl group concurrently with the release of H,0,
giving a nitrilium cation. The nitrilium cation reacts
with a water molecule to form the amide tautomer
and, finally, the amide (Scheme 74).801

A mechanism of this type involves Bronsted acid
sites as catalytic sites,8°28% the role of the acid site
being to convert the poor leaving group OH of the
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Scheme 74
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oxime into a better leaving group by protonation.
However, Lewis acid sites have also been claimed as
the active sites when boron phosphate catalysts were
used.”” It was postulated that the oxime is adsorbed
on the trigonal boron (Lewis acid) site to form an
intermediate complex and that simultaneous H-
bonding of the oxime OH group to the oxygen con-
nected to the boron resulted in alkyl migration to give
the nitrilium cation intermediate (Scheme 75). Lewis
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acid sites have also been postulated to intervene in
the reaction when fluorinated Al,O3%%* are CeY zeo-
lite®% are used as catalysts.

While most Beckman rearrangements are carried
out in the presence of Bronsted acid sites, Sato
proposed an alternative mechanism via oxime—silyl
ether to explain the rearrangement of cyclohexanone
oxime on “neutral” silanol groups (Scheme 76).7%
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By means of 1N NMR spectroscopy, the chemical
species formed upon adsorption and heat treatment
of 2-butanone [**N]oxime on silicalite was found to
be a H-bonded oxime form, whereas no other species
were detected upon heating (Scheme 77).8%

Since Bronsted acid sites were generally thought
to be necessary to carry out the Beckmann re-
arrangement, a large amount of research work has
been done using the H* form of zeolites as catalysts.
Large-pore zeolites such as Y, mordenite, L, and OFT
have been used for the gas-phase reaction of cyclo-
hexanone oxime diluted in benzene or alco-
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Scheme 77
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hols.643802807-813 |n general, it can be said that the
catalysts deactivated fast and selectivity was not
always good. To improve selectivity and perhaps
catalyst life, the reaction has also been conducted in
the liquid phase using Y and Beta zeolite. These
studies have shown that the selection of an appropri-
ate solvent can strongly increase catalyst life.814.815
Indeed, low temperatures should favor lactam selec-
tivity, while the product occluded in the zeolite could
be desorbed more easily in the liquid phase by the
solvent, increasing in this way the catalyst life. This
concept has been followed by Mitsubishi, which has
developed a process for production of e-caprolactam
in the liquid phase using zeolites and claiming
alcohols as solvents.86-819 With respect to the cata-
lyst, Corma et al., working in the liquid phase,
showed that Beta zeolite could be an adequate
catalyst, provided that internal silanol groups are
generated.8' These authors have found that samples
of Beta zeolite containing only external silanol groups
and neither internal ones nor bridging OH groups
were almost inactive for the Beckmann rearrange-
ment.

In the case of medium-pore zeolites and, more
generally speaking, molecular sieves, it has been
found that highly siliceous ZSM-5, SAPO-11, TS-1,
TS-2, and ZSM-5 borosilicates give good perform-
ance.820—824

The most successful zeolite catalyst has been highly
siliceous ZSM-5 zeolite, on which the external silanol
groups are claimed to be responsible for the Beck-
mann rearrangement of cyclohexanone oxime in the
vapor phase.®?> The ZSM-5 catalyst still deactivates
relatively fast, while the selectivity to lactam de-
creases over time. However, the deactivation rate can
be slowed by the addition to the cyclohexanone oxime
feed of methanol and a small amount of H,0.8%¢ In
addition to diluent gases, the deactivation was also
diminished when, besides methanol, the catalysts
were modified with noble metals.®?” Since it appears
that catalyst deactivation is due to the strong ad-
sorption of the product on the catalyst surface, better
desorption of the lactam must be accomplished in
order to increase catalyst life. To achieve this one
should use polar solvents, lower acidities, and higher
reaction temperatures. However, one should be care-
ful with the last parameter since a penalty on
selectivities may occur when working at high tem-
peratures.

In the year 2000, Sumitomo announced the con-
struction of a commercial plant for production of
e-caprolactam which avoids the formation of am-
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Scheme 78
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monium sulfate by using a high silica ZSM-5 zeo- Scheme 79
lite.828 This process requires continuous regeneration
of the catalyst and is combined with ENI's process Q
for “in situ” production of hydroxylamine with NH,OH Y ., R_<° MCl,, ' X R
and H,0, using TS-1 catalyst.167 '// ol &%
A new route to produce e-caprolactam has been R! R!

presented by DuPont.®® This process starts from
butadiene via adipic dinitrile, partial hydrogena-
tion, and gas-phase rearrangement to e-caprolactam
(Scheme 78). This route also enables the production
of hexamethylenediamine for Nylon 6,6 through a
complete hydrogenation of adipic dinitrile. Alterna-
tively, butadiene can be selectively carbonylated and
hydroformylated in two catalytic steps.8?8

It is worth mentioning that a noncatalytic approach
for Beckmann rearrangement has been presented to
occur near the critical temperature (374 °C) in
subcritical or supercritical water.8?® The development
by the Japanese company ASAHI of a new environ-
mentally friendly solid acid-catalyzed process for the
production of cyclohexanol from cyclohexene has
opened new possibilities for production of adipic acid
and e-caprolactam.”7:830 The ASAHI process involves
the highly selective partial hydrogenation of benzene
and the highly selective hydration of cyclohexene in
the presence of a hydrophobic ZSM-5 zeolite, char-
acterized by small crystallite sizes (<0.1 um), which
determines that the ratio of external to total acid
sites is higher than 0.07. Using this catalyst and
working between 100 and 120 °C, a conversion of
cyclohexene of ~15%, with selectivity to cyclohexanol
higher than 98%, has been achieved. While the
traditional system for production of e-caprolactam
involves the hydrogenation of benzene, the oxidation
of cyclohexane to cyclohexanone, the oximation of
cyclohexanone, and the final Beckmann rearrange-
ment, the alternative route based on the ASAHI
process involves the production of cyclohexanol and
its oxidation to cyclohexanone oxime by hydrogen
peroxide through ammoxidation on TS-1.

8.8.3. Friedel—Crafts Acylations

The Friedel—Crafts acylation and the related Fries
rearrangement of aromatic compounds are very
convenient methods for preparing aromatic ketones,
which are important intermediates for the production
of fine chemicals.”®7:830831 The acylations of aromatics
are usually carried out with organic acid chloride
using Lewis acids such as AlCls, FeCls, BF3, ZnCly,
and TiCly, or with acid anhydrides and Bronsted
acid sites such as polyphosphoric acid or HF (Scheme
79).

Unfortunately, the Friedel—Crafts reaction using
conventional Lewis acids as catalysts requires stoi-
chiometric quantities of catalyst relative to the
acetone formed. This introduces an effluent problem
during industrial operation.

A four-stage reaction mechanism has been postu-
lated for acylation: (i) activation of acid chloride by
the Lewis acid; (ii) reaction of the activated acid
chloride with the aromatic compound to give a
complex; (iii) aromatization of the complex; and (iv)
decomplexation between the Lewis acid and the aryl
ketone formed (Scheme 80).
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Taking into account the above reaction mechanism,
the necessity of using stoichiometric amounts of the
Lewis acid catalyst (MCI,) can be understood, con-
sidering that the complex formed between the cata-
lyst and the aryl ketone is much more stable than
the one formed by the acid chloride and Lewis acid.
If this is so, then the acid site would not be regener-
ated, and the catalyst turnover number would be 1.
This assumption has been proven to be true by
carrying out the competitive adsorption of acetyl
chloride and 4-methylacetophenone on metal ha-
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Table 9. Competitive Complexation in Solution of
4-Methylacetophenone and Acetyl Chloride on
Different Metal Halides Lewis Acids?

Lewis % complexed % complexed
acid 4-MeCgH4COMe CH3COCI
AICl3 92 4
AlBr3 92 0
Alls 100 0
SnCl, 96 13
SnCl, 0 0
TiCly 100 14
FeCls 62 30
GaCls 100 16
SbCls 100 29
SbCls 42 12
NbCls 100 8

a Data taken from ref 832.

lides.832 The results shown in Table 9 indicate a
considerable preference of 4-methylacetophenone
over acetyl chloride.

From the above discussion, it is understandable
why there is a strong incentive to develop solid
acylation catalysts with high turnover numbers. To
do this, several directions have been undertaken. One
involves finding weaker metal halides, such as BiCls,
for which the complexation with aryl acetones is not
so strong, favoring comparatively the complexation
with the chlorine in the acid chloride.®3® Another
potential solution would involve using less com-
plex forming salts than metal halides with aryl
ketones in the same way as rare earth triflates are
used.®3483% Finally, a better solution can be the use
of a solid catalyst in order to hinder aryl ketone
complexation.

Acid solid catalysts such as montmorillonite and
Nafion were used already in 1947 and 1982 for the
acylation of the very reactive thiophene with acetyl
chloride (Scheme 81).836.:837

Scheme 81
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Other activated aromatics, such as anisole, vera-
trole, and 2-methoxynaphthalene, were acylated with
acid anhydrides using zeolites exchanged with iron,
copper, aluminum, zinc, and cobalt.83883° While these
catalysts are active and selective for carrying out
acylations, leaching of the exchanged metal can be
an important drawback. MCM-41 mesoporous mo-
lecular sieves have been used as catalysts for the
acylation of 2-methoxynaphthalene.®4? Since no geo-
metrical restrictions exists with the mesoporous
material, the acylation occurs primarily to position
1. However, when MCM-41 was impregnated with
Zn and nitrobenzene was used as a solvent, a high
selectivity to 6-acetyl-2-methoxynaphthalene oc-
curred. Again, care should be taken when addressing
the possibility that metal leaching could occur from
this catalyst. Unexpectedly, graphite has been re-
ported to be an active acylation catalyst, while carbon
black is inactive.?* In the case of graphite, the
catalytic active sites can be associated with the
precence of metal impurities. Other catalysts, such
as hydrated zirconia, sulfated zirconia, heteropoly-
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acids, Nafion, and (even better) Nafion/silica com-
posite materials, have been reported as catalysts for
the acylation of aromatic compounds.®417846 The
problem associated with these catalysts is their re-
generation that cannot be done by calcination in air.

An important step toward the use of solid catalysts
for acylation of aromatics was the use of microporous
molecular sieves, more specifically zeolites. These can
present Bronsted (bridged hydroxyl groups) and
Lewis acids (exchange ions and extraframework
aluminum). Ce3*-exchanged Y zeolite showed good
activity and very high para selectivity for the acyl-
ation of toluene with organic acids with 8—12 car-
bon atoms.®*” Anisole has been acylated successfully
with different acylating agents using Y and Beta
zeolites.848-80 |sobutylbenzene is acylated with acetic
anhydride to give p-isobutylacetophenone, which is
an intermediate in the synthesis of the anti-inflam-
matory ibuprofen. With H Beta zeolite as catalyst,
the reaction at 140 °C gives in 1 h a yield of 86%,
with 96% para selectivity, although the acylating
reagent/catalyst ratio is high. Other less activated
aromatics such as toluene and xylenes have also been
acylated using zeolites.85178%4 Beta zeolite was par-
ticulary active for acylation of toluene with acetic
anhydride, with arene-to-anhydride molar ratios of
>10. Better results were obtained when nanocrys-
talline Beta zeolite was used with a low framework
Si/Al ratio.?5* The catalyst is poisoned by adsorption
of the acetophenone formed, and the production of
organic deposits limits the extent of the reaction.
Deactivation was minimized by using the nanocrys-
talline zeolite as catalyst, in which the role of the
external surface is preferential.

Acetylation of 2-methoxynaphthalene to give 2-
acetyl-6-methoxynaphthalene, which is a precursor
of the anti-inflammatory (S)-Naproxen, is carried out
commercially using AICI; as catalyst. Environmen-
tally friendly zeolite catalysts such as HY, ZSM-12,
ZSM-5, modernite, Beta, and and ITQ-7 have been
used to carry out this reaction.?80 Two major
products, 1-acetyl-2-methoxynaphthalene and 2-acetyl-
6-methoxynaphthalene, together with small amounts
of 1-acetyl-7-methoxynaphthalene, are obtained. The
acylation generally occurs at the kinetically favored
1-position, giving the 1-acetyl-2-methoxynaphthalene
product, which is the undesired one. Beta zeolite
should increase the selectivity to the 2,6-isomer by
shape selectivity, since it has been shown that the
energy barrier for diffusion of the 2,6-isomer is
smaller than that of the other isomers in the case of
Beta zeolite.881 However, the active sites at the
external surface decrease the selectivity to the 2,6-
isomer. Elimination of the external acid sites of Beta
zeolite by coating of the crystals with a layer of
amorphous silica or using large zeolite crystals with
a low ratio of external to internal acid sites increases
the zeolite selectivity.8%® A tridirectional zeolite (ITQ-
7) with pores slightly smaller than the larger pores
of Beta zeolite gives a higher selectivity to 2-acetyl-
6-methoxynaphthalene than Beta.®® It has been
shown by molecular dynamics calculations that this
is due to the much lower diffusion coefficient of
1-acetyl-2-methoxynaphthalene in AI-1TQ-7 than in
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Beta. Polymorph C of Beta (ITQ-17) has also been
used as a selective catalyst for acylation of 2-meth-
oxynaphthalene.°

The accumulated knowledge and the systematic
studies carried out at Rhodia have led to the first
industrial application of solid catalysts (zeolites) to
the acylation of anisole and veratrole using a fixed-
bed reaction process.8%2863 This considerably simpli-
fies the process and leads to an increase in para
selectivity, a reduction of operating cost, and a
dramatic reduction of effluent volume (as can be seen
by comparing the block diagrams in Schemes 82 and
83 for the processes catalyzed by AICI; and zeolites,
respectively).86

Even though commercial applications of solid cata-
lysts as a substitute for AICI; have started with the
case of anisole and veratrole, the application of solid
catalysts to other processes, such as the acylation of
2-naphthol or 2-methoxynaphthalene, is still limited
due to catalyst poisoning and the low selectivity to

Corma and Garcia

the desired isomer. These are two points on which
further research needs to be done.

9. Prospects and Concluding Remarks

The possibilities of implementing new processes in
the oil refining industry and in the preparation of
bulk chemicals are becoming relatively small, given
the large effort in research and development that has
been already done, the huge capital investment
needed, and the anticipated oil shortage in forthcom-
ing years. The consequent obvious move toward
renewable and sustainable feedstocks has already
started with the compromise of the European chemi-
cal industry to reach 20% of sustainable feedstocks
in the next five years.

In contrast to the situation in refining and petro-
chemistry, it can be easily foreseen that there will
be a revolutionary change in the base, intermediate,
and fine chemical sector, in which the requirement
to comply with green chemistry principles will be
enforced in the near future. Friedel—Crafts acylations
and the Beckmann rearrangement are perhaps the
most important challenges, together with the devel-
opment of new catalytic C—C bond-forming reactions
under mild conditions and the introduction of enan-
tioselectivity. The fixation of CO, will appear as an
attractive industrial process. Given that the processes
for the production of fine chemicals are in the liquid
phase, the nature of the medium has to play a central
role. Here, the first obvious option is to develop
solventless processes when one of the reagents is a
liquid, but there is no doubt that other green solvents
discussed earlier (water, supercritical fluids, ionic
liquids, fluorous phases) will become of paramount
importance.

Concerning the catalysts, the tendency toward
reusable solids will accelerate in the near future.
Supporting Lewis acids in solids is a viable alterna-
tive, provided that the ubiquous leaching of the active
sites is adequately solved. But in order to avoid
leaching and increase the durability and stability of
the catalyst, isotropic solid acids, either amorphous
or crystalline, are in principle the best options. For
these solid acids, the problem is poisoning and
deactivation of the active sites, which makes reacti-
vation a key issue of the process. Also of prime
consideration is the acid demand of the reaction. The
acid strengths of the solid acid sites are typically
lower than those of conventional metal halides, and
methodologies to enhance them may be needed. Also,
studies addressing in-depth the influence of the
nature of the support or the solid considered as a
macromolecular ligand are necessary. Through fine-
tuning of the surroundings of the sites, modulation
of the soft/hard nature of the Lewis acidity and,
therefore, a selectivity increase could be achieved.

10. Acknowledgments

We are grateful to all the colleagues and co-workers
who have been collaborating with us over the years
in the field of solid Lewis acids. Continued financial
support by the Spanish Ministry of Education is
gratefully acknowledged.



Evolution of Lewis Acid Catalysts

11. References

(1) Selectivities in Lewis Acid Promoted Reactions; Schinzer, D., Ed.;
Kluwer Academic Publishers: Dordrecht, 1989.

(2) Lewis acids and selectivity in organic synthesis; Pons, J. M.,
Santelli, M., Eds.; CRC Press: Boca Raton, FL, 1996.

(3) Leach, M. R. Lewis Acid/Base Reaction Chemistry; Meta-
Synthesis.com: Brighton, 1999.

(4) Lewis Acids in Organic Synthesis, Vol. 1; Yamamoto, H., Ed.;
Wiley VCH: Weinheim, 2000.

(5) Lewis Acids in Organic Synthesis, Vol. 2; Yamamoto, H., Ed.;
Wiley VCH: Weinheim, 2000.

(6) Anastas, P. T.; Kirchhoff, M. M. Acc. Chem. Res. 2002, 35, 686.

(7) Miranda, M. A.; Garcia, H. Rearrangements, In The Chemistry
of Acid Derivatives; Patai, S., Ed.; John Wiley & Sons: New
York, 1992; Vol. 2, pp 1271—-1394.

(8) Martin, R. Org. Prep. Proced. Int. 1992, 24, 369.

(9) Clark, J. H.; Macquarrie, D. J. Chem. Commun. 1998, 853.

(10) Sheldon, R. A. Chem. Ind. 1997, 1, 12.

(11) Inoue, T.; Yamaguchi, M.; Ishimitsu, K. Patent WO 9313060,
1993.

(12) Lewis, G. N. Valency and Structure of Atoms and Molecules;
Wiley: New York, 1923.

(13) Pearson, R. G. J. Am. Chem. Soc. 1963, 85, 3533.

(14) Pearson, R. G. Acc. Chem. Res. 1993, 26, 250.

(15) Pearson, R. G. Chem. Eng. News 1965, 43 (May 31), 90.

(16) Pearson, R. G. Chem. Br. 1967, 3, 103.

(17) Parr, R. G.; Donelly, R. A,; Levy, M.; Palke, W. E. J. Chem. Phys.
1978, 68, 3801.

(18) Parr, R. G.; Yang, W. J. Am. Chem. Soc. 1984, 106, 4049.

(19) Lee, C.; Yang, W.; Parr, R. G. J. Mol. Struct. 1988, 163, 205.

(20) Klopman, G.; Hudson, R. F. Tetrahedron Lett. 1967, 12, 1103.

(21) Corma, A;; Llopis, F.; Viruela, P.; Zicovich-Wilson, C. M. 3. Am.
Chem. Soc. 1994, 116, 134.

(22) Corma, A.; Sastre, G.; Viruela, P.; Zicovich-Wilson, C. M. J.
Catal. 1992, 136, 521.

(23) Baekelandt, B. G.; Mortier, W. J.; Lievens, J. L.; Schoonheydt,
R. A. J. Am. Chem. Soc. 1991, 113, 6730.

(24) Ho, T. L. Hard and Soft Acids and Bases Principle in Organic
Chemistry; Academic Press: New York, 1977.

(25) Corma, A.; Garcia, H. Catal. Today 1997, 38, 257—308.

(26) Friedel—Crafts and Related Reactions; Olah, G., Ed.; John Wiley
& Sons: New York, 1974.

(27) March, J. Advanced Organic Chemistry: Reactions, Mechanisms
and Structures, 3rd ed.; McGraw-Hill: New York, 1993.

(28) Brother Herbert, P.; Lowery, M. K.; Havel, J. Tetrahedron Lett.
1967, 5049.

(29) Algarra, F.; Corma, A.; Fornés, V.; Garcia, H.; Martinez, A;;
Primo, J. Stud. Surf. Sci. Catal. 1993, 78, 653.

(30) Corma, A.; Fornés, V.; Martin-Aranda, R. M.; Garcia, H.; Primo,
J. Appl. Catal. 1990, 59, 237.

(31) Su, B. L.; Barthomeuf, D. Appl. Catal. A 1995, 124, 73.

(32) Su, B. L.; Barthomeuf, D. Appl. Catal. A 1995, 124, 8.

(33) Baldovi, M. V.; Corma, A.; Fornés, V.; Garcia, H.; Martinez, A,;
Primo, J. J. Chem. Soc., Chem. Commun. 1992, 949.

(34) Clark, J. H.; Rénson, A.; Wilson, K. Catal. Lett. 1999, 61, 51.

(35) Tucker, C. E.; De Vries, J. G. Top. Catal. 2002, 19, 111.

(36) Ritleng, V.; Sirlin, C.; Pfeffer, M. Chem. Rev. 2002, 102, 1731.

(37) Todd, M. H.; Abell, C. Solid-Phase Org. Synth. 2000, 25.

(38) Jones, W. D. Science 2000, 287, 1942.

(39) Hartwig, J. F. Pure Appl. Chem. 1999, 71, 1417.

(40) Sturmer, R. Angew. Chem., Int. Ed. 1999, 38, 3307.

(41) Browning, A. F.; Greeves, N. Trans. Met. Org. Synth. 1997, 35.

(42) Applied Homogeneous Catalysis with Organometallic Com-
pounds, Volume 1: Applications, 2nd ed.; Cornils, B., Herrmann,
W. A., Eds.; Wiley VCH: Weinheim, 2002.

(43) Applied Homogeneous Catalysis with Organometallic Com-
pounds: A Comprehensive Handbook in Two Volumes; Cornils,
B., Herrmann, W. A,, Eds.; Wiley VCH: Weinheim, 1996.

(44) Cornils, B.; Herrmann, W. A. J. Catal. 2003, 216, 23.

(45) Herrmann, W. A. In Applied Homogeneous Catalysis with
Organometallic Compounds, Volume 2: Developments, 2nd ed.;
Cornils, B., Herrmann, W. A., Eds.; Wiley VCH: Weinheim,
2002; pp 775—793.

(46) Herrmann, W. A. In Applied Homogeneous Catalysis with
Organometallic Compounds, Volume 1: Applications, 2nd ed.;
Cornils, B., Herrmann, W. A., Eds.; Wiley VCH: Weinheim,
2002; pp 591—598.

(47) Corma, A.; Garcia, H.; Leyva, A.; Primo, A. Appl. Catal. A 2003,
247, 41.

(48) Fitzpatrick, N. J.; Fanning, M. O. J. Mol. Struct. 1978, 50, 127.

(49) Hansen, J. D.; Parsons, T. D. Lewis acidity of diboron tetra-
fluoride. NASA Report, Oregon State University, Corvallis, OR,
1965.

(50) Rowsell, B. D.; Gillespie, R. J.; Heard, G. L. Inorg. Chem. 1999,
38, 4659.

(51) Deakyne, C. A.; Liebman, J. F. Theochem 1991, 80, 343.

Chemical Reviews, 2003, Vol. 103, No. 11 4357

(52) Muhr, H. J.; Nesper, R.; Schnyder, B.; Koetz, R. Chem. Phys.
Lett. 1996, 249, 399.
(53) Oeste, F.-D. Patent EP 667317 1995.
(54) Marshall, J. A.; Andersen, M. W. J. Org. Chem. 1993, 58, 3912.
(55) Hiroi, K.; Umemura, M. Tetrahedron 1993, 49, 1831.
(56) Reetz, M. T.; Huellmann, M.; Massa, W.; Berger, S.; Rademacher,
P.; Heymanns, P. 3. Am. Chem. Soc. 1986, 108, 2405.
(57) Pagliardini, A.; Torri, G.; Elegant, L.; Azzaro, M. Bull. Soc. Chim.
Fr. 1971, 54.
(58) Vaugeois, J.; Wuest, J. D. J. Am. Chem. Soc. 1998, 120, 13016.
(59) Vaugeois, J.; Simard, M.; Wuest, J. D. Organometallics 1998,
17, 1215.
(60) Ren, J.; Cramer, C. J.; Squires, R. R. J. Am. Chem. Soc. 1999,
121, 2633.
(61) Wharf, I.; Shriver, D. F. J. Inorg. Nucl. Chem. 1970, 32, 1831.
(62) Lewis, F. D.; Reddy, G. D.; Elbert, J. E.; Tillberg, B. E.; Meltzer,
J. A; Kojima, M. J. Org. Chem. 1991, 56, 5311.
(63) Lewis, F. D.; Elbert, J. E.; Upthagrove, A. L.; Hale, P. D. J. Org.
Chem. 1991, 56, 553.
(64) Capozzi, G.; Romeo, G.; Marcuzzi, F. J. Chem. Soc., Chem.
Commun. 1982, 959.
(65) Bose, D. S.; Lakshminarayana, V. Synthesis 1999, 66.
(66) Panek, J. S.; Cirillo, P. F. J. Org. Chem. 1993, 58, 999.
(67) Evans, D. A.; Muci, A. R.; Stuermer, R. J. Org. Chem. 1993, 58,
5307.
(68) Kasai, P. H.; Wheeler, P. Appl. Surf. Sci. 1991, 52, 91.
(69) Lee, B.S.; Chu, S.; Lee, I. Y.; Lee, B.-S.; Song, C. E.; Chi, D. Y.
Bull. Korean Chem. Soc. 2000, 21, 860.
(70) Esso. Patent NL 6606048, 1966.
(71) Hata, G.; Miyake, A. Chem. Ind. 1967, 921.
(72) Buchmann, W.; Desmazieres, B.; Morizur, J.-P.; Nguyen, H. A.;
Cheradame, H. Macromolecules 2001, 34, 2783.
(73) Angle, S. R,; Frutos, R. P. 3. Chem. Soc., Chem. Commun. 1993,
171.
(74) Keller, A. J. Mol. Catal. 1991, 64, 171.
(75) Keller, A. J. Mol. Catal. 1991, 70, 143.
(76) Belelli, P. G.; Ferreira, M. L.; Damiani, D. E. Stud. Surf. Sci.
Catal. 2000, 130D, 3855.
(77) Terrell, D. R.; Evers, F. Patent DE 3032425 1982.
(78) Kuran, W.; Borycki, J. J. Polym. Sci., Polym. Chem. Ed. 1981,
19, 1251.
(79) Kuramochi, T.; Kawamura, K.; Sugita, T.; Ibonai, M. Nippon
Kagaku Kaishi 1982, 670; Chem. Abstr. 1982, 96, 218374.
(80) Li, D.; Hadikyriacou, S.; Faust, R. Book of Abstracts, 211th
National Meeting of the American Chemical Society, New
Orleans, LA, March 24—28, 1996; ACS: Washington, DC, 1996;
POLY-304.
(81) Guo, W.; Li, S.; Zhan, J.; Wu, G.; Sun, X.; Chen, B.; Wang, H.
Patent CN 1201800, 1998.
(82) Hasebe, T.; Kamigaito, M.; Sawamoto, M. Macromol. Chem.
Phys. 1996, 29, 6100.
(83) Lu, J.; Liang, H.; Zhang, R.-F. Gaodeng Xuexiao Huaxue Xuebao
2000, 21, 1932; Chem. Abstr. 2001, 133150.
(84) Satoh, K.; Kamigaito, M.; Sawamoto, M. Macromol. Chem. Phys.
2000, 33, 5405.
(85) Keller, A.; Matusiak, R. J. Mol. Catal. A 1999, 142, 317.
(86) Imperial Chemical Industries Ltd. Patent NI 6409322, 1965.
(87) Fuzesi, S. Patent BE 634198, 1963.
(88) Farbwerke Hoechst A.-G. Patent BE 631685, 1963.
(89) Farbwerke Hoechst A.-G. Patent GB 942745, 1963.
(90) Chang, J.-W.; Jang, D.-P.; Uang, B.-J.; Liao, F.-L.; Wang, S.-L.
Org. Lett. 1999, 1, 2061.
(91) Du, Y.; Kong, F. J. Carbohydr. Chem. 1995, 14, 341.
(92) Kauffmann, T.; Abel, T.; Schwarze, D. Chem. Ber. 1993, 126,
453.
(93) Thompson, J. E. J. Org. Chem. 1967, 32, 3947.
(94) Belen’kii, L. I.; Yakubov, A. P.; Gol'dfarb, Y. L. Zh. Org. Khim.
1970, 6, 2518.
(95) Erre, C. H.; Roussel, C. Bull. Soc. Chim. Fr. 1984, 449.
(96) Singh, P. K.; Rajeswari, K.; Ulu, K. R. Indian J. Chem., Sect. B
1985, 24B, 651.
(97) Uto, K.; Sakamoto, T.; Matsumoto, K.; Kikugawa, Y. Heterocycles
1996, 43, 633.
(98) Boulanger, W. A.; Flavin, M. T.; Kucherenko, A.; Sheynkman,
A. K. Patent US 5489697, 1996.
(99) Tarakeshwar, P.; Lee, J. Y.; Kim, K. S. J. Phys. Chem. A 1998,
102, 2253.
(100) Scuotto, J. F.; Mathieu, D.; Gallo, R.; Phan-Tan-Luu, R.; Metzger,
J.; Desbois, M. Bull. Soc. Chim. Belg. 1985, 94, 897.
(101) Park, Y. T.; Park, S. U.; Kim, H. C. Bull. Korean Chem. Soc.
1995, 16, 1208.
(102) Suga, S.; Nakajima, T.; Takagi, A.; Takahashi, T. Kogyo Kagaku
Zasshi 1967, 70, 487; Chem. Abstr. 1968, 59198.
(103) Vizgert, R. V.; Polyakova, E. V.; Chervinskii, A. Y. Zh. Obshch.
Khim. 1984, 54, 905; Chem. Abstr. 1984, 490025.
(104) Tabushi, I.; Nagata, S.; Oda, R. Nippon Kagaku Zasshi 1963,
84, 860; Chem. Abstr. 1964, 2886.
(105) Ishibashi, H.; Nakatani, H.; Umei, Y.; Yamamoto, W.; Ikeda, M.
J. Chem. Soc., Perkin Trans. 1 1987, 589.

~



4358 Chemical Reviews, 2003, Vol. 103, No. 11

(106) Tashiro, M. Synthesis 1979, 921.

(107) Sugizaki, H.; Totani, T.; Yanagi, M. Patent JP 06329657, 1994.

(108) Zhang, X.; Chen, Y.-M.; Wang, D.-Y.; Jiang, J.; Liu, H.-W.; Chen,
C.-F.; Xi, F. Chin. J. Polym. Sci. 2001, 19, 517.

(109) Havens, J. R.; Reimer, K. B. J. Polym. Sci. 1989, 27, 565.

(110) Pawlow, J. H.; Kim, J. S.; Murtuza, S.; Sadow, A. D.; Sworen, J.
C.; Sen, A. Polym. Prepr. 1997, 38, 277.

(111) Kurbanova, R.; Mirzaoglu, R.; Ersoz, M.; Ozcan, E.; Guler, E;
Pamuk, V. Eurasian Chem.-Technol. J. 2000, 2, 131.

(112) Kurbanova, R. A.; Mirzaoglu, R.; Akovali, G.; Rzaev, M. O.;
Karatas, I.; Okudan, A. J. Appl. Polym. Sci. 1996, 59, 235.

(113) Park, B.-D.; Lee, H.-1.; Ryoo, S.-J.; Lee, Y.-S. Tetrahedron Lett.
1997, 38, 591.

(114) Robin-Le Guen, F.; Senechal-Tocquer, M. C.; Senechal, D.; Caro,
B. J. Organomet. Chem. 1997, 545—546, 357.

(115) Wright, M. E.; Toplikar, E. G.; Svejda, S. A. Macromolecules
1991, 24, 5879.

(116) Chawla, H. M.; Meena. Indian J. Chem., Sect. B 1998, 37B, 28.

(117) Singh, A. P.; Kale, S. M. Stud. Surf. Sci. Catal. 2001, 135, 3790.

(118) zZhang, Y.; Shan, S.; Tang, L.; Zhi, X. Beijing Huagong Daxue
Xuebao, Ziran Kexueban 1995, 22, 22; Chem. Abstr. 1995,
515070.

(119) Cordier, G. Stud. Surf. Sci. Catal. 1988, 41, 19.

(120) Kuhn, S. J. Patent US 3431087, 1969.

(121) Olah, G. A,; Farooq, O.; Prakash, G. K. S. Synthesis 1985, 1140.

(122) De las Heras, F. G.; San Felix, A.; Fernandez-Resa, P. Tetra-
hedron 1983, 39, 1617.

(123) Mukaiyama, T.; Narasaka, K. Org. Synth. 1987, 65, 6.

(124) Mukaiyama, T.; Narasaka, K.; Banno, T. Chem. Lett. 1973, 1011.

(125) Walker, M. A.; Heathcock, C. H. J. Org. Chem. 1991, 56, 5747.

(126) Uno, H.; Baldwin, J. E.; Churcher, I.; Russell, A. T. Synlett 1997,
390.

(127) Maeda, K.; Shinokubo, H.; Oshima, K. J. Org. Chem. 1997, 62,
6429.

(128) Reetz, M. T.; Maier, W. F.; Chatziiosifidis, I.; Giannis, A,
Heimbach, H.; Loewe, U. Chem. Ber. 1980, 113, 3741.

(129) Paterson, I. Tetrahedron 1988, 44, 4207.

(130) Bellassoued, M.; Ennigrou, R.; Gaudemar, M. J. Organomet.
Chem. 1988, 338, 149.

(131) Itoh, A.; Hirose, Y.; Kashiwagi, H.; Masaki, Y. Heterocycles 1994,
38, 2165.

(132) Liu, X.; Dussault, P. H. Book of Abstracts, 216th National
Meeting of the American Chemical Society, Boston, MA, August
23-27, 1998; ACS: Washington, DC, 1998; ORGN-401.

(133) Feneau-Dupont, J.; Declercq, J. P.; Auriel, D.; Marko, I. E. Bull.
Soc. Chim. Belg. 1997, 106, 299.

(134) Nowak, A.; Bolte, O.; Schaumann, E. Tetrahedron Lett. 1998,
39, 529.

(135) Blagoev, M.; Linden, A.; Heimgartner, H. Helv. Chim. Acta 2000,
83, 3163.

(136) David, M.; Martin, G.; Peilloux, A.; Sauleau, J.; Sauleau, A. J.
Chem. Res., Synop. 1995, 398.

(137) Okada, K.; Katsura, T.; Tanino, H.; Kakoi, H.; Inoue, S. Chem.
Lett. 1994, 157.

(138) Xianming, H.; Kellogg, R. M. Tetrahedron: Asymmetry 1995, 6,
1399.

(139) Saettel, N. J.; Wiest, O.; Singleton, D. A.; Meyer, M. P. J. Am.
Chem. Soc. 2002, 124, 11552.

(140) Alves, C. N.; Camilo, F. F.; Gruber, J.; da Silva, A. B. F.
Tetrahedron 2001, 57, 6877.

(141) Haberl, U.; Steckhan, E.; Blechert, S.; Wiest, O. Chem.—Eur. J.
1999, 5, 2859.

(142) Bauld, N. L.; Aplin, J. T.; Yueh, W.; Loving, A.; Endo, S. J. Chem.
Soc., Perkin Trans. 2: Phys. Org. Chem. 1998, 2773.

(143) Fukuzumi, S. Bull. Chem. Soc. Jpn. 1997, 70, 1.

(144) Schmittel, M.; Woehrle, C.; Bohn, I. Chem.—Eur. J. 1996, 2,
1031.

(145) Yueh, W.; Bauld, N. L. J. Phys. Org. Chem. 1996, 9, 529.

(146) Schmittel, M.; Woehrle, C. J. Org. Chem. 1995, 60, 8223.

(147) Schmittel, M.; Soehrle, C. Tetrahedron Lett. 1993, 34, 8431.

(148) Eberson, L.; Olofsson, B. Acta Chem. Scand., Ser. B: Org. Chem.
Biochem. 1988, B42, 336.

(149) Gassman, P. G.; Singleton, D. A. J. Am. Chem. Soc. 1984, 106,
7993.

(150) Rubin, W.; Steiner, H.; Wassermann, A. J. Chem. Soc., Abstr.
1949, 3046.

(151) Mdller, F.; Mattay, J. Chem. Rev. 1993, 93, 99.

(152) Miranda, M. A.; Garcia, H. Chem. Rev. 1994, 94, 1063.

(153) Kamernitskii, A. V.; Levina, I. S.; Kasch, H. Z. Chem. 1986, 26,
374; Chem. Abstr. 1987, 102605.

(154) Moriyama, S.; Mochizuki, T.; Ohshima, Y.; Saito, T. Bull. Chem.
Soc. Jpn. 1994, 67, 2876.

(155) Haynes, R. K.; King, G. R.; Vonwiller, S. C. J. Org. Chem. 1994,
59, 4743.

(156) Kakushima, M.; Espinosa, J.; Valenta, Z. Can. J. Chem. 1976,
54, 3304.

(157) Mandal, A. B.; Gomez, A.; Trujillo, G.; Mendez, F.; Jimenez, H.
A.; de Rosales, M.; Martinez, R.; Delgado, F.; Tamariz, J. J. Org.
Chem. 1997, 62, 4105.

Corma and Garcia

(158) Liu, H. J.; Han, Y. Tetrahedron Lett. 1993, 34, 423.

(159) Engler, T. A.; Gfesser, G. A.; Draney, B. W. J. Org. Chem. 1995,
60, 3700.

(160) Lee, H.; Lee, S.-1.; Yang, S.-1. Bioorg. Med. Chem. Lett. 1998, 8,
2991.

(161) Hojo, M.; Tomita, K.; Hirohara, Y.; Hosomi, A. Tetrahedron Lett.
1993, 34, 8123.

(162) Heine, H. G.; Hartmann, W. Patent EP 51791, 1982.

(163) Corbridge, M. D.; McArthur, C. R.; Leznoff, C. C. React. Polym.,
lon Exch., Sorbents 1988, 8, 173.

(164) Abdel-Rahman, M. A.; El-Badieh, A.; Ghattas, A. G.; El-Saraf
Gamal, A.; Mahmoud, A. K. H. Rev. Roum. Chim. 1995, 40, 165.

(165) Conde, S.; Corral, C.; Madronero, R. Synthesis 1974, 28.

(166) Nour EI-Din, A. M.; El-Said Mourad, A. E.; Abdel-Nabi, H. J.
Chem. Eng. Data 1986, 31, 259.

(167) Corma, A.; Garcia, H. Chem. Rev. 2002, 102, 3837.

(168) Gardner, H. W.; Plattner, R. D. Lipids 1984, 19, 294.

(169) Dussault, P. H.; Lee, I. Q.; Lee, H.-J.; Lee, R. J.; Niu, Q. J,;
Schultz, J. A.; Zope, U. R. J. Org. Chem. 2000, 65, 8407.

(170) Matsutani, H.; Ichikawa, S.; Yaruva, J.; Kusumoto, T.; Hiyama,
T.J. Am. Chem. Soc. 1997, 119, 4541.

(171) Garcia, H.; Roth, H. D. Chem. Rev. 2002, 102, 3947.

(172) Bard, A. J.; Ledwith, A.; Shine, H. J. Formation, Properties and
Reactions of Cation Radicals in Solution. In Advances in Physical
Organic Chemistry; Academic Press: London, 1976; Vol. 12, pp
155—278.

(173) Shida, T. Electronic Absorption Spectra of Radical lons; Verlag
Chemie: New York, 1988.

(174) Corma, A.; Garcia, H. Top. Catal. 1998, 6, 127.

(175) Chaudhuri, D.; Kumar, A.; Rudra, I.; Sarma, D. D. Adv. Mater.
2001, 13, 1548.

(176) Yang, Y.; Wang, D. Phosphorus, Sulfur Silicon Relat. Elem. 1998,
139, 193.

(177) Sayo, N.; Takemasa, T.; Kumobayashi, H. Patent EP 307168,
1989.

(178) Ishihara, K.; Nakamura, S.; Yamamoto, H. J. Am. Chem. Soc.
1999, 121, 4906.

(179) Adams, C. J. Abstracts of Papers, 221st National Meeting of the
American Chemical Society, San Diego, CA, April 1-5, 2001;
ACS: Washington, DC, 2001; IEC-003.

(180) Sheldon, R. A. Pure Appl. Chem. 2000, 72, 1233.

(181) Rabai, J.; Szlavik, Z.; Horvath, I. T. In Handbook of Green
Chemistry and Technology; Clark, J., Macquarrie, D., Eds,;
Blackwell Science: Oxford, 2002; pp 502—523.

(182) Bannwarth, W.; Glatz, H. M.; Kohl, M.; Schwinn, D.; Tzschucke,
C. C. G.I.T. Lab. J., Eur. 2002, 6, 23.

(183) lonic Liquids; Inman, D., Lovering, D. G., Eds.; Plenum Press:
New York, 1981.

(184) lonic Liquids: Industrial Applications for Green Chemistry;
Rogers, R. D., Seddon, K. R., Eds.; ACS Symposium Series 818;
American Chemical Society: Washington, 2002.

(185) Noyori, R. Chem. Rev. 1999, 99, 353.

(186) Jessop, P. G.; Ikariya, T.; Noyori, R. Chem. Rev. 1999, 99, 475.

(187) Baiker, A. Chem. Rev. 1999, 99, 453.

(188) Wandeler, R.; Baiker, A. Catalytica 2000, 4, 34.

(189) Tumas, W.; Birnbaum, E.; Borkowsky, S.; Brown, G.; Burk, M;
Feng, S.; Gross, M.; LeLacheur, R.; Luan, L.; et al. Book of
Abstracts, 211th National Meeting of the American Chemical
Society, New Orleans, LA, March 24—28, 1996; ACS: Washing-
ton, DC, 1996; ANYL-167.

(190) O’Shea, K. E.; Kirmse, K. M.; Fox, M. A.; Johnston, K. P. J. Phys.
Chem. 1991, 95, 7863.

(191) Hollender, J.; Shneine, J.; Dott, W.; Heinzel, M.; Hagemann, H.
W.; Goetz, G. K. E. J. Chromatogr., A 1997, 776, 233.

(192) Lutermann, C.; Dott, W.; Hollender, J. J. Chromatogr., A 1998,
811, 151.

(193) Engel, T. M,; Olesik, S. V. Anal. Chem. 1991, 63, 1830.

(194) Phillips, J. H.; Robey, R. J. J. Chromatogr. 1989, 465, 177.

(195) Schurig, V.; Fluck, M. J. Biochem. Biophys. Methods 2000, 43,
223.

(196) Kowalski, W. J. Chem. Anal. 1997, 42, 315.

(197) Sherman, L. G. Patent US 5593569, 1997.

(198) Kramer, G. M.; Leder, F. Patent US 3880945, 1975.

(199) Nakamura, I.; Fan, L.; Ishida, S.; Fujimoto, K. Ind. Eng. Chem.
Res. 1997, 36, 1458.

(200) Funamoto, G.; Tamura, S.; Segawa, K.; Wan, K. T.; Davis, M.
E. Res. Chem. Intermed. 1998, 24, 449.

(201) Swan, T. M.; Ross, S. K.; Poliakoff, M.; Hitzler, M. G.; Smail, F.
R.; Tacke, T.; Wieland, S. Patent WO 9815509, 1998.

(202) Alvaro, M.; Das, D.; Cano, M.; Garcia, H. J. Catal., in press.

(203) Weissermel, K.; Harper, H.-J. Industrielle Organische Chemie;
Verlag Chemie: Weinheim, 1978.

(204) Harris, R.; Jureller, S. H.; Kerschner, J. L.; Trzasko, P. T
Humphreys, R. W. R. Patent EP 893451, 1999.

(205) Queisser, J.; Hildebrandt, V.; Lindner, E.; Schmid, M.; Wald,
J.; Wegner, P. Patent DE 19941244, 2001.

(206) Wang, S.; Kienzle, F. Ind. Eng. Chem. Res. 2000, 39, 4487.

(207) Trost, B. M.; Toste, F. D. 3. Am. Chem. Soc. 1996, 118, 6305.



Evolution of Lewis Acid Catalysts

(208) Yeung, L. K.; Lee, C. T., Jr.; Johnston, K. P.; Crooks, R. M. Chem.
Commun. 2001, 2290.

(209) Freemantle, M. Chem. Eng. News 2001, 79 (Sept 3), 41.

(210) Cole-Hamilton, D. J. Chem. Commun. 2001, 781.

(211) Leitner, W.; Wasserscheid, P. Angew. Chem., Int. Ed. 2001, 40,
2697.

(212) Kazarian, S. G.; Briscoe, B. J.; Welton, T. Chem. Commun. 2000,
2047.

(213) Olah, G. A.; Toeroek, B.; Joschek, J. P.; Bucsi, I.; Esteves, P.
M.; Rasul, G.; Prakash, G. K. S. J. Am. Chem. Soc. 2002, 124,
11379.

(214) Shen, Y.-M.; Duan, W.-L.; Shi, M. J. Org. Chem. 2003, 68, 1559.

(215) Paddock, R. L.; Nguyen, S. T. 3. Am. Chem. Soc. 2001, 123,
11498.

(216) Takeichi, T.; Ozaki, Y.; Takayama, Y. Chem. Lett. 1987, 1137.

(217) Kim, Y.-j.; Cheong, M. Bull. Korean Chem. Soc. 2002, 23, 1027;
Chem. Abstr. 2002, 670172).

(218) Kersting, B. Angew. Chem., Int. Ed. 2001, 40, 3987.

(219) Tanaka, K. Adv. Inorg. Chem. 1995, 43, 409.

(220) Gredig, S. V.; Koeppel, R. A.; Baiker, A. Catal. Lett. 1997, 46,
49

N

(221) Gr.unwaldt, J.-D.; Wandeler, R.; Baiker, A. Catal. Rev. 2003, 45,
1

(222) Schmid, L.; Krocher, O.; Koppel, R. A.; Baiker, A. Microporous
Mesoporous Mater. 2000, 35, 181.

(223) Anpo, M.; Yamashita, H. Photochemistry of surface species
anchored on solid surfaces. In Surface photochemistry; Anpo, M.,
Ed.; Wiley: Chichester, 1996.

(224) Yamashita, H.; Ikeue, K.; Anpo, M. ACS Symp. Ser. 2002, 809,
330.

(225) Anpo, M. Pure Appl. Chem. 2000, 72, 1265.

(226) Wada, Y.; Kitamura, T.; Yanagida, S. Res. Chem. Intermed. 2000,
26, 153.

(227) Wada, Y.; Fujiwara, H.; Yanagida, S. Optronics 1999, 210, 130.

(228) Wada, Y.; Ogata, T.; Hiranaga, K.; Yasuda, H.; Kitamura, T.;
Murakoshi, K.; Yanagida, S. J. Chem. Soc., Perkin Trans. 2 1998,
1999.

(229) Yanagida, S.; Wada, Y.; Murakoshi, K.; Fujiwara, H.; Sakata,
T.; Mori, H. Stud. Surf. Sci. Catal. 1998, 114, 183.

(230) Houser, T. J.; Liu, X. J. Supercritical Fluids 1996, 9, 167.

(231) lkushima, Y.; Hatakeda, K.; Sato, O.; Yokoyama, T.; Arai, M.
Angew. Chem., Int. Ed. 1999, 38, 2910.

(232) lkushima, Y.; Hatakeda, K.; Sato, O.; Yokoyama, T.; Arai, M.
Angew. Chem., Int. Ed. 2001, 40, 210.

(233) lkushima, Y.; Sato, O.; Hatakeda, K. Patent JP 1085002, 2001.

(234) Oka, H.; Yamago, S.; Yoshida, J.; Kajimoto, O. Angew. Chem.,
Int. Ed. 2002, 41, 623.

(235) Krammer, P.; Vogel, H. J. Supercrit. Fluids 2000, 16, 189.

(236) Xu, X.; De Almeida, C.; Antal, M. J., Jr. J. Supercrit. Fluids 1990,
3, 228.

(237) Xu, X.; De Almeida, C. P.; Antal, M. J., Jr. Ind. Eng. Chem. Res.
1991, 30, 1478.

(238) Antal, M. J., Jr.; Brittain, A.; DeAlmeida, C.; Ramayya, S.; Roy,
J. C. ACS Symp. Ser. 1987, 329, 77.

(239) Narayan, R.; Antal, M. J., Jr. ACS Symp. Ser. 1989, 406, 226.

(240) Narayan, R.; Antal, M. J., Jr. J. Am. Chem. Soc. 1990, 112, 1927.

(241) lkushima, Y.; Sato, O. Patent EP 997186, 2000.

(242) lkushima, Y.; Hatakeda, K.; Sato, O.; Yokoyama, T.; Arai, M. J.
Am. Chem. Soc. 2000, 122, 1908.

(243) Sato, O.; Ikushima, Y.; Yokoyama, T. J. Org. Chem. 1998, 63,
9100.

(244) Korzenski, M. B.; Kolis, J. W. Tetrahedron Lett. 1997, 38, 5611.

(245) Sato, T.; Sekiguchi, G.; Adschiri, T.; Arai, K. Chem. Commun.
2001, 1566.

(246) Ding, Z.-Y.; Aki, S. N. V. K.; Abraham, M. A. ACS Symp. Ser.
1995, 608, 232.

(247) Ding, Z. Y.; Frisch, M. A; Li, L.; Gloyna, E. F. Ind. Eng. Chem.
Res. 1996, 35, 3257.

(248) Broll, D.; Kramer, A.; Vogel, H.; Lappas, I.; Fuess, H. Chem.
Eng. Technol. 2001, 24, 142.

(249) Broll, D.; Kramer, A.; Vogel, H.; Lappas, I.; Fuess, H. Chem.
Eng. Technol. 2001, 24, 142.

(250) Houser, T. J.; Zhou, Y.; Liu, X. J. Supercrit. Fluids 1996, 9, 106.

(251) Krajnc, M.; Levec, J. Appl. Catal. B 1994, 3, L101.

(252) Ding, Z.Y.; Li, L.; Wade, D.; Gloyna, E. F. Ind. Eng. Chem. Res.
1998, 37, 1707.

(253) Ding, Z.-Y.; Aki, S. N. V. K.; Abraham, M. A. Environ. Sci.
Technol. 1995, 29, 2748.

(254) Zhang, X.; Savage, P. E. Catal. Today 1998, 40, 333.

(255) Krajnc, M.; Levec, J. Ind. Eng. Chem. Res. 1997, 36, 3439.

(256) Tagaya, H.; Suzuki, Y.-i.; Kadokawa, J.-i.; Karasu, M.; Chiba,
K. Chem. Lett. 1997, 47.

(257) Savage, P. E. Catal. Today 2000, 62, 167.

(258) Qi, X.-H.; Zhuang, Y.-Y.; Yuan, Y.-C.; Gu, W.-X. J. Hazard.
Mater. 2002, 90, 51.

(259) Yu, J.; Savage, P. E. Environ. Sci. Technol. 2000, 34, 3191.

(260) Aki, S.; Abraham, M. A. Ind. Eng. Chem. Res. 1999, 38, 358.

(261) Aki, S. N. V. K.; Abraham, M. A. Chem. Eng. Sci. 1999, 54, 3533.

Chemical Reviews, 2003, Vol. 103, No. 11 4359

(262) Jin, L.; Shah, Y. T.; Abraham, M. A. J. Supercrit. Fluids 1990,
3, 233.

(263) Jin, L.; Ding, Z.; Abraham, M. A. Chem. Eng. Sci. 1992, 47, 2659.

(264) Yang, H. H.; Eckert, C. A. Ind. Eng. Chem. Res. 1988, 27, 2009.

(265) Lin, K.-S.; Wang, H. P.; Yang, Y. W. Chem. Lett. 1998, 1203.

(266) Lin, K.-S.; Wang, H. P. Langmuir 2000, 16, 2627.

(267) Adschiri, T.; Shibata, R.; Sato, T.; Watanabe, M.; Arai, K. Ind.
Eng. Chem. Res. 1998, 37, 2634.

(268) Lee, D. S. Environ. Sci. Technol. 1996, 30, 3487.

(269) Aki, S. N. V. K.; Abraham, M. A. Environ. Prog. 1998, 17, 246.

(270) Gloyna, E. F.; Li, L. Environ. Prog. 1995, 14, 182.

(271) Tomita, K.; Koda, S.; Oshima, Y. Ind. Eng. Chem. Res. 2002,
41, 3341.

(272) Crittendon, R. C.; Parsons, E. J. Organometallics 1994, 13, 2587.

(273) Fluorous Chemistry; Tetrahedron Symposia-in-print 58; Gladysz,
J. A., Curran, D. P., Eds.; Elsevier: London, 2002.

(274) Horvath, I. T.; Rabai, J. Science 1994, 266, 72.

(275) Horvath, I. T. Book of Abstracts, 211th National Meeting of the
American Chemical Soceity, New Orleans, LA, March 24—28,
1996; ACS: Washington, DC, 1996; ANYL-168.

(276) Horvath, I. T. Aqueous-Phase Organomet. Catal. 1998, 548.

(277) Horvath, I. T. Book of Abstracts, 216th National Meeting of the
American Chemical Society, Boston, MA, August 23—27, 1998;
ACS: Washington, DC, 1998; FLUO-019.

(278) Horvath, I. T.; Kiss, G.; Cook, R. A.; Bond, J. E.; Stevens, P. A,;
Rabai, J.; Mozeleski, E. J. 3. Am. Chem. Soc. 1998, 120, 3133.

(279) Gladysz, J. A.; Curran, D. P. Tetrahedron 2002, 58, 3823.

(280) Barthel-Rosa, L. P.; Gladysz, J. A. Coord. Chem. Rev. 1999, 190—
192, 587.

(281) Gladysz, J. A. Science 1994, 266, 55.

(282) Cornils, B. Angew. Chem., Int. Ed. Engl. 1997, 36, 2057.

(283) Montanari, F.; Pozzi, G.; Quici, S. Chim. Ind. 1998, 80, 469.

(284) Cavazzini, M.; Montanari, F.; Pozzi, G.; Quici, S. J. Fluorine
Chem. 1999, 94, 183.

(285) Sheldon, R. Chem. Commun. 2001, 2399.

(286) Rocaboy, C.; Rutherford, D.; Bennett, B. L.; Gladysz, J. A. J.
Phys. Org. Chem. 2000, 13, 596.

(287) Quici, S.; Cavazzini, M.; Ceragioli, S.; Montanari, F.; Pozzi, G.
Tetrahedron Lett. 1999, 40, 3647.

(288) Richter, B.; de Wolf, E.; van Koten, G.; Deelman, B.-J. J. Org.
Chem. 2000, 65, 3885.

(289) Le Stang, S.; Meier, R.; Rocaboy, C.; Gladysz, J. A. J. Fluorine
Chem. 2003, 119, 141.

(290) Tian, Y.; Chan, K. S. Book of Abstracts, 218th National Meeting
of the American Chemical Society, New Orleans, LA, Aug 22—
26, 1999; ACS: Washington, DC, 1999; ORGN-452.

(291) Pozzi, G.; Cavazzini, M.; Quisi, S.; Fontana, S. Tetrahedron Lett.
1997, 38, 7605.

(292) saito, S.; Chounan, Y.; Nogami, T.; Ohmori, O.; Yamamoto, Y.
Chem. Lett. 2001, 444.

(293) Schneider, S.; Bannwarth, W. Helv. Chim. Acta 2001, 84, 735.

(294) Kling, R.; Sinou, D.; Pozzi, G.; Choplin, A.; Quignard, F.; Busch,
S.; Kainz, S.; Koch, D.; Leitner, W. Tetrahedron Lett. 1998, 39,
9439.

(295) Rocaboy, C.; Gladysz, J. A. Abstracts of Papers, 221st National
Meeting of the American Chemical Society, San Diego, CA, April
1-5, 2001; ACS: Washington, DC, 2001; INOR-002.

(296) Schneider, S.; Bannwarth, W. Angew. Chem., Int. Ed. 2000, 39,
4142.

(297) Grigg, R.; York, M. Tetrahedron Lett. 2000, 41, 7255.

(298) Palomo, C.; Aizpurua, J. M.; Loinaz, I.; Fernandez-Berridi, M.
J.; lrusta, L. Org. Lett. 2001, 3, 2361.

(299) Tzschucke, C. C.; Markert, C.; Bannwarth, W.; Roller, S.; Hebel,
A.; Haag, R. Angew. Chem., Int. Ed. 2002, 41, 3964.

(300) Varughese, P.; Gangoda, M. E.; Gilpin, R. K. J. Chromatogr. Sci.
1988, 26, 401.

(301) Rocaboy, C.; Gladysz, J. A. Actualite Chim. 2000, 47.

(302) Curran, D. P. Synlett 2001, 1488.

(303) Curran, D. P. Peptides: The Wave of the Future, Proceedings of
the Second International and the Seventeenth American Peptide
Symposium, San Diego, CA, June 9—14, 2001; American Peptide
Soceity: San Diego, 2001; pp 17—19.

(304) Wende, M.; Meier, R.; Gladysz, J. A. 3. Am. Chem. Soc. 2001,
123, 11490.

(305) Benvenuti, F.; Carlini, C.; Marchionna, M.; Galletti, A. M. R;;
Sbrana, G. J. Mol. Catal. A 2002, 178, 9.

(306) Biffis, A.; Castello, E.; Zecca, M.; Basato, M. Tetrahedron 2001,
57, 10391.

(307) de Wolf, E.; Speets, E. A.; Deelman, B.-J.; van Koten, G.
Organometallics 2001, 20, 3686.

(308) Kileijn, H.; Rijnberg, E.; Jastrzebski, J. T. B. H.; Van Koten, G.
Org. Lett. 1999, 1, 853.

(309) Nakamura, Y.; Takeuchi, S.; Ohgo, Y.; Curran, D. P. Tetrahedron
Lett. 2000, 41, 57.

(310) Nakamura, Y.; Takeuchi, S.; Okumura, K.; Ohgo, Y.; Curran,
D. P. Tetrahedron 2002, 58, 3963.

(311) Tian, Y.; Yangn, Q. C.; Mak, T. C. W,; Chan, K. S. Tetrahedron
2002, 58, 3951.

(312) Tian, Y.; Chan, K. S. Tetrahedron Lett. 2000, 41, 8813.



4360 Chemical Reviews, 2003, Vol. 103, No. 11

(313) Cavazzini, M.; Quici, S.; Pozzi, G. Tetrahedron 2002, 58, 3943.

(314) Fodor, K.; Kolmschot, S. G. A.; Sheldon, R. A. Enantiomer 1999,
4, 497.

(315) Mikami, K.; Mikami, Y.; Matsumoto, Y.; Nishikido, J.; Yama-
moto, F.; Nakajima, H. Tetrahedron Lett. 2001, 42, 3047.

(316) Mikami, K.; Mikami, Y.; Matsuzawa, H.; Matsumoto, Y.; Nish-
ikido, J.; Yamamoto, F.; Nakajima, H. Tetrahedron 2002, 58,
4015.

(317) Chauvin, Y.; Hirschaner, A.; Olivier, H. J. Mol. Catal. 1994, 92,
155.

(318) Seddon, K. R. J. Chem. Technol. Biotechnol. 1997, 68, 351.

(319) Holbrey, J. D.; Seddon, K. R. Clean Prod. Process 1999, 1, 223.

(320) Welton, T. Chem. Rev. 1999, 99, 2071.

(321) Wasserscheid, P.; Keim, W. Angew. Chem., Int. Ed. 2000, 39,
3772.

(322) Some ionic liquids are commercially available, e.g., from Fluka
or Solvent Innovation GmbH, Germany.

(323) Horwath, I.; Hanlon, K.; Fayne, D.; McCormac, P. Tetrahedron
Lett. 1997, 38, 3097.

(324) Earle, M. J.; McCormac, P. B.; Seddon, K. R. Green Chem. 1999,
1, 23.

(325) Wasserscheid, P.; Bosmann, A.; Bolm, C. Chem. Commun. 2002,
200.

(326) Hussey, C. L. Adv. Molten Salt Chem. 1983, 5, 185.

(327) Chum, H. L.; Kock, V. R.; Miller, L. L.; Osteryoung, R. A. J.
Am. Chem. Soc. 1975, 97, 3264.

(328) Robinson, J.; Osteryoung, R. A. J. Am. Chem. Soc. 1979, 101,
323.

(329) Wilkes, J. S.; Levisky, J. A.; Wilson, R. A.; Hussey, C. L. Inorg.
Chem. 1982, 21, 1263.

(330) Boon, J. A,; Levinsky, J. A.; Pflug, J. L.; Wilkes, J. S. J. Org.
Chem. 1986, 51, 480.

(331) Wilkes, J. S.; Zawarotko, M. J. J. Chem. Soc, Chem. Commun.
1992, 965.

(332) Bonnet, P.; Lacroix, E.; Schirmann, J.-P. Patent WO 0181353,
2001.

(333) Abbott, A. P.; Capper, G.; Davies, D. L.; Munro, H. L.; Rasheed,
R. K.; Tambyrajah, V. Chem. Commun. 2001, 2010.

(334) Singer, R. D. Abstracts of Papers, 220th National Meeting of the
American Chemical Society, Washington, DC, Aug 20-24, 2000;
ACS: Washington, DC, 2000l; IEC-017.

(335) Stark, A.; MacLean, B. L.; Singer, R. D. J. Chem. Soc., Dalton
Trans. 1999, 63.

(336) Osteryoung, R. A. Studies in Lewis acid and superacid ionic
liquids. State University New York, Buffalo, Amherst, NY, 1993.

(337) Adams, C. J.; Earle, M.; Roberts, F. E.; Seddon, K. R. Chem.
Commun. 1998, 2097.

(338) Potdar, M. K.; Mohile, S. S.; Salunkhe, M. M. Tetrahedron Lett.
2001, 42, 9285.

(339) Nara, S. J.; Harjani, J. R.; Salunkhe, M. M. J. Org. Chem. 2001,
66, 8616.

(340) Osteryoung, R. A. Book of Abstracts, 214th National Meeting of
the American Chemical Society, Las Vegas, NV, Sept 7—11,
1997; ACS: Washington, DC, 1997; ANYL-178.

(341) Mantz, R. A,; Trulove, P. C.; Carlin, R. T.; Osteryoung, R. A.
Proc. Electrochem. Soc. 1996, 96—7, 104.

(342) Koronaios, P.; Osteryoung, R. A. J. Electrochem. Soc. 1999, 146,
2995.

(343) Quarmby, I. C.; Mantz, R. A.; Goldenberg, L. M.; Osteryoung,
R. A. Anal. Chem. 1994, 66, 3558.

(344) Quarmby, I. C.; Osteryoung, R. A. J. Am. Chem. Soc. 1994, 116,
2649.

(345) Valkenberg, M. H.; de Castro, C.; Holderich, W. F. Spec. Publ.
R. Soc. Chem. 2001, 266, 242.

(346) Valkenberg, M. H.; de Castro, C.; Holderich, W. F. Top. Catal.
2001, 14, 139.

(347) Getty, E. E.; Drago, R. S. Inorg. Chem. 1990, 29, 1186.

(348) De Castro, C.; Sauvage, E.; Valkenberg, M. H.; Holderich, W.
F. J. Catal. 2000, 196, 86.

(349) Valkenberg, M. H.; de Castro, C.; Holderich, W. F. Appl. Catal.,
A 2001, 215, 185.

(350) Song, C. S.; Shim, W. H.; Roh, E. J.; Choi, J. H. Chem. Commun.
2000, 1695.

(351) Nemeth, L. T.; Bricker, J. C.; Holmgren, J. S.; Monson, L. E.
Patent US 6288281, 2001.

(352) Wasserscheid, P.; Waffenschmidt, H. J. Mol. Catal. A 2000, 164,
61.

(353) Saleh, R. Y. Patent WO 0015594, 2000.

(354) Peng, J.; Deng, Y. New J. Chem. 2001, 25, 639.

(355) Harjani, J. R.; Nara, S. J.; Salunkhe, M. M. Tetrahedron Lett.
2002, 43, 1127.

(356) Song, C. S.; Shim, W. H.; Roh, E. J.; Lee, S.; Choi, J. H. Chem.
Commun. 2001, 1122.

(357) Zulfigar, F.; Kitazume, T. Green Chem. 2000, 2, 296.

(358) Green, L.; Hemeon, I.; Singer, R. D. Tetrahedron Lett. 2000, 41,
1343.

(359) Carmichael, A. J.; Earle, M.; Holbrey, J. D.; McCormac, P. B;
Seddon, K. R. Org. Lett. 1999, 1, 997.

N

Corma and Garcia

(360) Keim, W.; Korth, W.; Wasserscheid, P. Patent WO 0016902,
2000.

(361) Formentin, P.; Garcia, H. Catal. Lett. 2002, 78, 115.

(362) Seddon, K. R. Molten Salt Forum 1998, 56, 53.

(363) Chauvin, Y.; Olivier-Bourbigou, H. CHEMTECH 1995, Sept, 26.

(364) Osteryoung, R. A. Chemistry and electrochemistry in Lewis acid
and superacid ionic liquids. Department of Chemistry, North
Carolina State University, Raleigh, NC, 1994.

(365) Campbell, J. L. E.; Johnson, K. E. 3. Am. Chem. Soc. 1995, 117,
7791.

(366) Costa, D. A.; Smith, W. H.; Dewey, H. J. Proc. Electrochem. Soc.
2000, 99-41, 80.

(367) Campbell, J. L.; Johnson, K. E. J. Electrochem. Soc. 1994, 141,

L19.

(368) Donahue, F. M.; Simonsen, L. R.; Moy, R. L. Patent US 4882244,
1989.

(369) Xu, K.; Zhang, S.; Angell, C. A. J. Electrochem. Soc. 1996, 143,
3548.

(370) Li, J.; Li, C. J. Tetrahedron Lett. 2001, 42, 793.

(371) Organic Synthesis in Water; Grieco, P. A., Ed.; Blackie Academic
and Professional: London, 1998.

(372) Li, C. J. Chem. Rev. 1993, 93, 2023.

(373) Manabe, K.; Kobayashi, S. Chem.—Eur. J. 2002, 8, 4094.

(374) Kuntz, E. G. Chemtech 1987, 17, 570.

(375) Agqueous-phase organometallic catalysis: Concepts and applica-
tions; Hermann, W. A., Cornils, B., Eds.; Wiley-VCH: Weinheim,

1998.
(376) Toth, I.; Hanson, B. E.; Davis, M. E. Tetrahedron Asymmetry
1990, 1, 913.

(377) Arhancet, J. P.; Davis, M. E.; Merola, J. S.; Hanson, B. E. Nature
1989, 339, 454.

(378) Cornils, B.; Wiebus, E. Chemtech 1995, 25, 33.

(379) Lynn, D. M.; Mohr, B.; Grubbs, R. H.; Henling, L. M.; Day, M.
W. J. Am. Chem. Soc. 2000, 122, 6601.

(380) Li, C. J. Acc. Chem. Res. 2002, 35, 533.

(381) Meng, Y.; Li, C. J. 3. Am. Chem. Soc. 2000, 120, 9538.

(382) Venkatraman, S.; Meng, Y.; Li, C. J. Tetrahedron Lett. 2001,
42, 4459.

(383) Venkatraman, S.; Li, C. J. Tetrahedron Lett. 2001, 42, 781.

(384) Huang, T.; Meng, Y.; Venkatraman, S.; Wang, D.; Li, C. J. J.
Am. Chem. Soc. 2001, 123, 7451.

(385) Ding, R.; Chen, Y. J.; Wang, D.; Li, C. J. Synlett 2001, 1470.

(386) Ueda, M.; Miyaura, N. A. J. Org. Chem. 2000, 65, 4450.

(387) Hayashi, T.; Ishigedani, M. J. Am. Chem. Soc. 2000, 122, 976.

(388) Venkatraman, S.; Li, C. J. Tetrahedron Lett. 2000, 41, 4831.

(389) Mukhopadhyay, S.; Rothenberg, G.; Wiener, H.; Sasson, Y.
Tetrahedron 1999, 55, 14763.

(390) Baes, C. F., Jr.; Mesmer, R. E. The Hydrolysis of Cations;
Wiley: New York, 1976.

(391) Thom, K. F. Patent US 361660, 1871.

(392) Forsberg, J. H.; Spaziano, V. T.; Balasubramanian, T. M.; Liu,
G. K.; Kinsley, S. A.; Diuckworth, C. A,; Poteruca, J. J.; Brown,
P. S.; Miller, J. L. J. Org. Chem. 1987, 52, 1017.

(393) Répichet, S.; Zwick, A.; Vendier, L.; Le Roux, C.; Dubac, J.
Tetrahedron Lett. 2002, 43, 993.

(394) Mukaiyama, T. Org. React. 1982, 28, 203.

(395) Kobayashi, S. Chem. Lett. 1991, 2187.

(396) Kobayashi, S.; Manabe, K. Pure Appl. Chem. 2000, 72, 1373.

(397) Kobayashi, S.; Wakabayashi, T.; Busujima, T. Tetrahedron Lett.
1997, 38, 4559.

(398) Manabe, K.; Kobayashi, S. Tetrahedron Lett. 1999, 40, 5389.

(399) Manabe, K.; Mori, Y.; Nagayama, S.; Kobayashi, S. Inorg. Chim.
Acta 1999, 296, 158.

(400) Kobayashi, S.; Mori, Y.; Nagayama, S.; Manabe, K. Green Chem.
1999, 1, 175.

(401) Nishikido, J. Patent JP 2001233846, 2001.

(402) Nishikido, J. Patent JP 2001213836, 2001.

(403) Baleizao, C.; Corma, A.; Garcia, H.; Leyva, A. Chem. Commun.
2003, 606.

(404) Matsuo, J.; Tsuchiya, T.; Odashima, K.; Kobayashi, S. Chem.
Lett. 2000, 178.

(405) Okuhara, T. Chem. Rev. 2002, 102, 3641.

(406) Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and
Practice; Oxford University Press: Oxford, 1998.

(407) Loupy, A. Top. Curr. Chem. 1999, 206, 153.

(408) Metzger, J. O. Angew. Chem., Int. Ed. 1998, 37, 2975.

(409) Tanaka, K.; Toda, F. Chem. Rev. 2000, 100, 1025.

(410) Loh, T. P.; Huang, J. M.; Goh, S. H.; Vittal, J. Org. Lett. 2000,
2, 1291.

(411) Cave, G. W. V.; Raston, C. L. Chem. Commun. 2000, 2199.

(412) Miyamoto, H.; Kanetaka, S.; Tanaka, K.; Yoshizawa, K.; Toyota,
S.; Toda, F. Chem. Lett. 2000, 8, 888.

(413) sato, I.; Saito, T.; Soai, K. Chem. Commun. 2000, 2471.

(414) Dalton, J. R.; Regen, S. L. J. Org. Chem. 1979, 44, 4443.

(415) Villemin, D.; Caillot, F. Tetrahedron Lett. 2001, 42, 639.

(416) Kabalka, G. W.; Pagni, R. M.; Hair, C. M. Org. Lett. 1999, 1,
1423.

(417) Kabalka, G. W.; Wang, L.; Namnoodiri, V.; Pagni, R. M.
Tetrahedron Lett. 2000, 41, 5151.



Evolution of Lewis Acid Catalysts

(418) Larhed, M.; Lindeberg, G.; Hallberg, A. Tetrahedron Lett. 1996,
37, 8219.

(419) Nielsen, S. F.; Peters, D.; Axelsson, O. Synth. Commun. 2000,
30, 3501.

(420) Kwong, F. Y.; Lai, C. W.; Chan, K. S. Tetrahedron Lett. 2002,
43, 3537.

(421) Forni, L. Catal. Rev. 1973, 8, 65.

(422) Knozinger, H. Adv. Catal. 1976, 25.

(423) Corma, A. Chem. Rev. 1995, 95, 559.

(424) Parry, E. P. J. Catal. 1963, 2, 371.

(425) Basila, M. R.; Katner, T. R.; Rhee, K. H. J. Phys. Chem. 1967,

=

71, 2192.

(426) Datka, J.; Turek, A. M.; M., J. J.; Wachs, I. E. J. Catal. 1992,
135, 186.

(427) Zaki, M. I.; Hasan, M. A.; Al-Sagheer, F. A. Colloids Surf. A 2001,
190, 261.

(428) Arribas, J.; Corma, A.; Fornés, V. J. Catal. 1984, 88, 374.

(429) Hughes, T. R.; White, M. M. J. Phys. Chem. 1967, 71, 2192.

(430) Emeis, C. A. J. Catal. 1993, 141, 347.

(431) Schrader, B. Infrared and Raman Spectroscopy (Methods and
Applications); VCH Publishers Inc.: Weinheim, 1995.

(432) Knozinger, H.; Kriltenbrink, H.; Ratnasamy, P. J. Catal. 1977,
48, 436.

(433) Corma, A.; Fornés, V.; Rey, F. Zeolites 1993, 13, 56.

(434) Hardin, A. H.; Klemes, M.; Morrow, B. A. J. Catal. 1980, 62,
316.

(435) Pichat, P. J. Phys. Chem. 1974, 78, 2376.

(436) Lercher, J. A.; Nobler, H.; Ritter, G. J. Chem. Soc., Faraday
Trans. 1 1981, 77, 621.

(437) Busca, G.; Lorenzelli, V. Mater. Chem. 1982, 7, 89.

(438) Kazansky, V. B.; Borokov, V. Y.; Kustov, L. M. Proc. 8th Int.
Congr. Catal. 1984, 3, 3.

(439) Ballinger, T. H.; Yates, J. T. Langmuir 1991, 7, 3041.

(440) Pushkar, Y. N.; Sinitsky, A.; Paremango, O. O.; Khaplanov, A.
N.; Luniva, E. V. Appl. Surf. Sci. 2000, 167, 69.

(441) Adeeva, V.; Lei, G. D.; Sachtler, W. M. H. Catal. Lett. 1995, 33,
135.

(442) Berhault, G.; Lacroix, M.; Breysse, M.; Mange, F.; Lavalley, J.
C. Stud. Surf. Sci. Catal. 2000, 130A, 479.

(443) lzaki, M. I.; Knozinger, H. Mater. Chem. Phys. 1987, 17, 201.

(444) Beebe, T. P.; Gelin, P.; Yates, J. T. Surf. Sci. 1984, 148, 526.

(445) Ghiotti, E.; Garrone, E.; Morterra, C.; Bocaizzi, F. J. Phys. Chem.
1979, 83, 2863.

(446) Maache, M.; Jamin, A.; Lavalley, J. C.; Joly, F. F.; Benazzi, E.
Zeolites 1993, 13, 419.

(447) Zecchina, A.; Escalona, E.; Otero, C. J. Catal. 1987, 107, 244.

(448) Wakabayashi, F.; Domen, K. Catal. Surv. Jpn. 1 1997, 181.

(449) Knozinger, H.; Huber, S. J. Chem. Soc., Faraday Trans. 1998,
94, 20247.

(450) Busca, G. Phys. Chem. Chem. Phys. 1999, 1, 723.

(451) Sotanow, R. I.; Panksthtis, E. A.; Yurchenko, E. N. React. Kinet.
Catal. Lett. 1987, 34, 421.

(452) Knozinger, H.; Kriltenbrink, M. J. Chem. Soc., Faraday Trans.
1975, 71, 2421.

(453) Vedejs, E.; Erdman, D. E.; Powell, D. R. J. Org. Chem. 1993,
58, 2840—5.

(454) Engelhardt, G.; Michel, D. High-Resolution Solid-State NMR of
Silicates and Zeolites; John Wiley & Sons: Norwich, U.K., 1987.

(455) Ernst, H.; Freude, D.; Pfeifer, H.; Wolf, I. Stud. Surf. Sci. Catal.
1994, 84, 381.

(456) Pfeifer, H.; Freude, D.; Hunger, M. Zeolites 1985, 5, 274.

(457) Beck, L. W.; White, J. L.; Haw, J. F. J. Am. Chem. Soc. 1994,
116, 9657.

(458) Klinowski, J.; Hamhan, H.; Corma, A.; Fornés, V.; Hunger, M;
Freud, D. Catal. Lett. 1989, 3, 263.

(459) Fleischer, U.; Kutzelnigg, W.; Bleiber, A. 3. Am. Chem. Soc. 1983,
115, 7833.

(460) Ripmeester, J. A. J. Am. Chem. Soc. 1983, 105, 2925.

(461) Haw, J. F.; Chang, I. S.; Hawking, B. L.; Maciel, G. E. J. Am.
Chem. Soc. 1983, 105, 7206.

(462) Rakiewicz, E. F.; Peters, A. W.; Wormsbecher, R. F.; Sutovich,
K. J.; Mueller, K. T. 3. Phys. Chem. B 1998, 102, 2890.

(463) Sutovich, K. J.; Peters, A. W.; Rakiewicz, E. F.; Wormsbecher,
R. F.; Mattingly, S. M.; Mueller, K. T. J. Catal. 1999, 183, 155.

(464) Sang, H. S.; Chu, H. Y.; Lunsford, J. M. Catal. Lett. 1994, 26,
235.

(465) Lunsford, J. H.; Sang, H.; Campbell, S. M.; Liang, C. H,;
Anthony, R. G. Catal. Lett. 1994, 27, 305.

(466) Lunsford, J. M.; Tutujian, P. N.; Chu, P.; Yeh, E. B.; Zaleski, D.
J. J. Phys. Chem. 1989, 93, 2590.

(467) Baltusis, L.; Frye, J. S.; Maciel, G. E. 3. Am. Chem. Soc. 1986,
108, 7179.

(468) Lunsford, J. H.; Rothwell, W. P.; Shen, W. J. Am. Chem. Soc.
1985, 107, 1540.

(469) Rothwell, W. P.; Shen, W.; Lunsford, J. H. J. Am. Chem. Soc.
1984, 106, 2452.

(470) Mastikhin, V. M.; Mudrakows, I. L. O. M.; Filimonova, S. V.
Chem. Phys. Lett. 1988, 149, 175.

Chemical Reviews, 2003, Vol. 103, No. 11 4361

(471) Filimonova, S. V.; Mastikhin, V. M. React. Kinet. Catal. Lett.
1998, 65, 131.

(472) Younes, M. K.; Ghorbel, A.; Rives, A.; Hubaut, R. Stud. Surf.
Sci. Catal. 2000, 1301, 3219.

(473) Defosse, C.; Canesson, P. J. Chem. Soc., Faraday Trans. 1976,
72, 2565.

(474) Brunner, E. Catal. Today 1997, 38, 361.

(475) Auroux, A.; Gervasini, A.; Guimond, C. J. Phys. Chem. B 1999,
103, 7195.

(476) Santiesteban, J. G.; Vartuli, J. C.; Han, S.; Bastian, R. D.; Chang,
C. D. J. Catal. 1997, 168, 431.

(477) Liu, X.; lu, K.-K.; Thomas, J. K.; He, H.; Klinowski, J. J. Am.
Chem. Soc. 1994, 116, 11811.

(478) Folgado, J.-V.; Garcia, H.; Marti, V.; Espla, M. Tetrahedron 1997,
53, 4947.

(479) Marti, V.; Fernandez, L.; Fornes, V.; Garcia, H.; Roth, H. D. J.
Chem. Soc., Perkin Trans. 2 1999, 145.

(480) Lunina, E. V.; Kurganova, M. N.; Golubev, V. B. Zh. Fiz. Khim.
1969, 43, 2006; Chem. Abstr. 1969, 71, 123305.

(481) Lunina, E. V.; Kurganova, M. N.; Golubev, V. B. Zh. Fiz. Khin.
1968, 42, 1539; Chem. Abstr. 1968, 69, 72728).

(482) Ghorbel, A.; Hoang-Van, C.; Teichner, S. J. J. Catal. 1973, 30,

298.

(483) Hoang-Van, C.; Ghorbel, A.; Teichner, S. J. Bull. Soc. Chim. Fr.
1972, 472.

(484) Flockart, B. D.; Scott, J. A. N.; Pink, R. C. Trans. Faraday Soc.
1966, 62, 730.

(485) Rooney, J. J.; Pink, R. C. Proc. Chem. Soc. 1961, 70.

(486) Garcia, H.; Marti, V.; Casades, I.; Fornes, V.; Roth, H. D. Phys.
Chem. Chem. Phys. 2001, 3, 2955.

(487) Kijenski, J.; Baiker, A. Catal. Today 1989, 5, 1.

(488) Kijenski, J.; Benbeneck, S.; Fedorynska, E.; Wojtkowska, B.;
Hombek, R. Polish J. Chem. 1979, 53, 1111; Chem. Abstr. 1979,
91, 175061.

(489) Yoon, K. B. Chem. Rev. 1993, 93, 321.

(490) Clark, J. H.; Macquarrie, D. J.; Price, P. M. J. Chem. Soc., Dalton
Trans. 2000, 101.

(491) Olah, G. A.; Surya Prakash, G. K.; Sommer, J. Superacids; John
Wiley and Sons: New York, 1985.

(492) Olah, G. A.; Kaspi, J.; Bukala, J. J. Org. Chem. 1977, 42, 4187.

(493) Olah, G. A.; Bukala, J. J. Org. Chem. 1990, 55, 4293.

(494) Nakajima, T.; Namba, M. Tanso 1995, 170, 255.

(495) Bartlett, N.; McQuillon, B. W. Intercalation chemistry; Academic
Press: New York, 1982.

(496) Boersma, M. A. M. Advanced Materials in Catalysis; Academic
Press: New York, 1977.

(497) Zawadzki, J. Carbon 1995, 33, 1541.

(498) Clark, J.; Lambert, A.; Macquarrie, D.; Nightingale, D.; Price,
P.; Shorrock, K.; Wilson, K. Spec. Publ. R. Soc. Chem. 2001, 266,
48.

(499) Krzywicki, A.; Marczewski, M. J. Chem. Soc., Faraday Trans. 1
1980, 1311.

(500) Benson, H. L., Jr. Patent US 3992326, 1976.

(501) Corma, A.; Fornes, V.; Melo, F. Appl. Catal. 1990, 61, 175.

(502) Goble, A. G.; Lawrence, B. A. In Proceedings of the 3rd
International Congress on Catalysis; Sachtler, W. M. H., et al.,
Eds.; North-Holland: Amsterdam, 1965; p 320.

(503) Skobe, A.; Sawada, G.; Ota, K.; lzumisawa, Y. Patent JP
8967254, 1989.

(504) Hochman, T.; Setinek, K. Collect. Czech. Chem. Commun. 1991,
56, 1404.

(505) Misono, M.; Okuhara, T. Chemtech 1993, 23, 23.

(506) McVicker, G. B.; Kim, C. J.; Eggert, J. J. J. Catal. 1983, 80,
315.

(507) Yamaguchi, T. Appl. Catal. 1990, 61, 1.

(508) Ayame, A.; Sawada, G.; Sato, H.; Zhang, G.; Ohta, T.; lzumisawa,
T. J. Chem. Soc, Chem. Commun. 1989, 645.

(509) Clark, J. H.; Ross, J. C.; Barlow, S. J.; Bastock, T. W. J. Chem.
Soc., Perkin Trans. 2 1994, 1117.

(510) Brown, D. R. Geol. Carpath-Clays 1994, 1, 45; Chem. Abstr. 1994,
121, 287261.

(511) Sieskind, O.; Albercht, P. Tetrahedron Lett. 1993, 34, 1197.

(512) Adams, J. M. Appl. Clay Sci. 1987, 2, 309.

(513) Barlow, S. J.; Martin, K.; Clark, J. H.; Teasdale, A. J. Patent
WO 9626787, 1996.

(514) Caine, M.; Dyer, G.; Holder, J. V.; Osborne, B. N.; Matear, W.
A.; McCabe, R. W.; Mobbs, D.; Richardson, S.; Wang, L. NATO
Sci. Ser., Ser. E 1999, 362, 49.

(515) Barlow, S. J.; Bastock, T. W.; Clark, J. H.; Cullen, S. R. J. Chem.
Soc., Perkin Trans. 2 1994, 411.

(516) Clark, J. H.; Rhodes, C. N. Clean synthesis using porous
inorganic solid catalysts and supported reagents; RSC: Cam-
bridge, 2000.

(517) Bastock, T. W.; Clark, J. H. New reagents for old processes in
speciality chemicals. In Speciality chemicals; Pearson, B., Ed.;
Elsevier: London, 1991; pp 383—396.

(518) Clark, J. H. Acc. Chem. Res. 2002, 35, 791.

(519) Clark, J. H.; Martin, K.; Teasdale, A. J.; Barlow, S. J. J. Chem.
Soc., Chem. Commun. 1995, 2037.



4362

(520)
(521)
(522)

(523)
(524)

(525)
(526)
(527)
(528)
(529)
(530)
(531)
(532)
(533)
(534)
(535)
(536)
(537)

(538)
(539)

(540)

(541)
(542)

(543)
(544

=

(545)

(546)
(547)

(548)
(549)

(550)
(551)
(552)
(553)
(554)
(555)
(556)
(557)
(558)
(559)
(560)
(561)
(562)
(563)

(564)
(565)

(566)
(567)
(568)
(569)
(570)
(571)

(572)
(573)

Chemical Reviews, 2003, Vol. 103, No. 11

Clark, J.; Wilson, K. Patent EP 6528, 2000.

Wilson, K.; Clark, J. H. Chem. Commun. 1998, 2135.

Hattori, H.; Takahashi, O.; Takagi, M.; Tanabe, K. J. Catal.
1981, 68, 132.

Hua, W.; Goeppert, A.; Sommer, J. J. Catal. 2001, 197, 406.
Hua, W.; Sassi, A.; Goeppert, A.; Taulelle, F.; Lorenz, C,;
Sommer, J. J. Catal. 2001, 204, 460.

Olindo, R.; Goeppert, A.; Habermacher, D.; Sommer, J.; Pinna,
F. J. Catal. 2001, 197, 344.

Takashi, O.; Hattori, H. J. Catal. 1981, 68, 144.

Schwab, G. M.; Kral, H. In Proceedings of the 3rd International
Congress on Catalysis; Sachtler, W. M. H., et al., Eds.; North-
Holland: Amsterdam, 1965; pp 433—437.

Cooper, M. D.; King, D. L.; Sanderson, W. A. Patent WO
9402243, 1994.

King, D. L.; Rao, P.; Cooper, M. D.; Say, J. E. Patent WO
9300164, 1993.

Ayama, A.; Honda, K. Stud. Surf. Sci. Catal. 1994, 90, 257.
Sherrington, D. C. Polymer supported synthesis, In Chemistry
of waste minimisation; Clark, J. H., Ed.; Blackie Academic
Press: London, 1995; pp 141—-200.

Zheng, R.; Zeng, J. Xiamen Daxue Xuebao, Ziran Kexueban 1997,
36, 67; Chem. Abstr. 1997, 532864.

Zheng, S.; Yang, H.; Jiang, W. Patent CN 1225918, 1999.
Kuraray Co. Ltd. Patent JP 262478, 1997.

Potapov, G. P. Patent SU 1100277, 1984.

Zhu, Y.; Li, Y.; Yu, G,; Li, X. Hecheng Xiangjiao Gongye 1994,
17, 280; Chem. Abstr. 1995, 112404.

Alcaraz, C. J.; Hernandez, L. M.; Rosas, A. A. Rev. Inst. Mex.
Ing. Quim. 1998, 39, 10.

Magnota, V. L.; Gates, B. C. J. Catal. 1977, 46, 266.
Magnota, V. L.; Gates, B. C.; Schuit, G. C. A. Chem. Commun.
1972, 342.

Srirattnai, K.; Damronglerd, S.; Omi, S.; Roengsumran, S.;
Petsom, A.; Ma, G.-H. Tetrahedron Lett. 2002, 43, 4555.
Leadbeater, N. E.; Marco, M. Chem. Rev. 2002, 102, 3217.
McNamara, C. A.; Dixon, M. J.; Bradley, M. Chem. Rev. 2002,
102, 3275.

Bastock, T. W. Speciality Chem. Mag. 1987, 7, 382.
Chemistry of Waste Minimisation; Clark, J. H., Ed.; Chapman
and Hall: London, 1995.

Ono, Y.; Sakuma, S.; Kanabe, T.; Kitajima, N. Chem. Lett. 1979,
1071.

Ono, Y.; Tanabe, T.; Kitajima, N. Chem. Lett. 1978, 625.

Ono, Y.; Kitajima, N.; Nakajima, T.; Keii, T. Stud. Surf. Sci.
Catal. 1981, 7, 1006.

Ono, Y.; Tanabe, T.; Kitajima, N. J. Catal. 1979, 56, 47.
Lalancette, J. M.; Fournier-Breault, M. J.; Thiffault, R. Can. J.
Chem. 1974, 52, 589.

Harris, J. R., Jr. Patent US 4102937, 1978.

Rodewald, P. G. Patent US 3984352, 1976.

Rodewald, P. G. Patent US 3992473, 1976.

Rodewald, P. G. Patent US 4035434, 1977.

Le Normand, F.; Fajula, F.; Sommer, J. Nouv. J. Chim. 1982,
6, 291.

Le Normand, F.; Fajula, F.; Gault, F.; Sommer, J. Nouv. J. Chim.
1982, 6, 411.

Freeman, A. G.; Goh, S. F. 4th Int. Conf. Carbon Graphite
(London) 1976, 32, 9.

Zhao, X. S.; Lu, G. Q.; Song, C. Chem. Commun. 2002, 2306.
Wilson, K.; Shorrock, J. K.; Renson, A.; Hoyer, W.; Gosselin, B.;
Macquarrie, D. J.; Clark, J. H. Stud. Surf. Sci. Catal. 2000, 130,
3429.

Wilson, K.; Adams, D. J.; Rothenberg, G.; Clark, J. 3. Mol. Catal.
A 2000, 159, 309.

Jyothi, T. M.; Kaliya, M. L.; Landau, M. V. Angew. Chem., Int.
Ed. 2001, 40, 2881.

Choudhary, V. R.; Jana, S. K.; Kiran, B. P. J. Catal. 2000, 192,
257.

Choudhary, V. R.; Jana, S. K.; Patil, N. S. Tetrahedron Lett.
2002, 43, 1105.

Calvert, C. Symp. Pap.-Inst. Chem. Eng., North West Branch
1992, 4, 1.

Singh, A. P.; Bhattacharya, D. Catal. Lett. 1995, 32, 327.

Van Rhinj, W. M.; De-Vos, D.; Sels, B. F.; Bossaert, W. D.; Jacobs,
P. A. Chem. Commun. 1998, 317.

Van Rhinj, W. M.; De-Vos, D.; Jacobs, P. A. Fine chemicals
through heterogeneous catalysis; Wiley-VCH: Weinheim, 2001.
Cano-Serrano, E.; Campos-Martin, J. M.; Fierro, J. L. G. Chem.
Commun. 2003, 246.

Lin, M. H.; Blanford, C. F.; Stein, A. Chem. Mater. 1998, 10,
467.

Alvaro, M.; Corma, A.; Das, D.; Fornés, V.; Garcia, H., unpub-
lished results.

Kurosaki, A.; Okazaki, S. Bull. Chem. Soc. Jpn. 1983, 56, 1279.
Kurosaki, A.; Okazak, S. Chem. Lett. 1983, 1741.

Okazaki, S.; Jouhouji, H. Bull. Chem. Soc. Jpn. 1986, 59, 1931.
Takusari, H.; Okazaki, S. Nippon Kagaku Kaishi 1983, 2016;
Chem. Abstr. 1986, 105, 133420.

(574)
(575)
(576)
(577)
(578)
(579)

(580)
(581)

(582)
(583)

(584)
(585)
(586)
(587)
(588)

(589)
(590)

(591)
(592)
(593)
(594)
(595)
(596)
(597)
(598)
(599)
(600)
(601)

(602)
(603)

(604)
(605)
(606)
(607)
(608)

(609)
(610)
(611)
(612)
(613)
(614)
(615)
(616)
(617)
(618)
(619)
(620)
(621)

(622)
(623)

Corma and Garcia

Moravek, S.; Novansky, J.; Zidek, Z. Geterog. Katal. 1978, 607;
Chem. Abstr. 1979, 90, 12834.

Jiratova, K.; Beranek, L. Appl. Catal 1982, 2, 125.

Drago, R. S.; Getty, E. E. 3. Am. Chem. Soc. 1988, 110, 3311.
Cauwelaert, F. H.; Hall, W. K. Trans. Faraday Soc. 1970, 66,
477.

Morterra, C.; Cerrato, G.; Emanuel, C.; Bolis, V. J. Catal. 1993,
142, 349.

Kustov, L. M.; Kazansky, V. B.; Beran, S.; Kubelkova, L.; Jiru,
P. J. Phys. Chem. 1987, 91, 5247.

Thomas, C. L. Ind. Eng. Chem. 1949, 41, 2654.

Tanabe, K.; Sumiyoshi, T.; Shibata, K.; Kiyoura, T.; Kitagawa,
J. Bull. Chem. Soc. Jpn. 1974, 47, 1064.

Murell, L. L.; Dispenziere, N. Catal. Lett. 1989, 2, 329.
Hawakami, H.; Yoshida, S.; Yonezawa, T. J. Chem. Soc., Faraday
Trans. 1984, 208, 205.

Grabowski, W.; Misono, M.; Yomeda, Y. J. Catal. 1980, 61, 103.
Zhidomirov, G. M.; Bazansky, V. B. Adv. Catal. 1986, 34, 131.
Lunsford, J. H. Top. Catal. 1997, 4, 91.

Zaki, M. |.; Hasan, M. A.; Al-Sagheer, F. A.; Pasupulety, L.
Langmuir 2000, 16, 430.

Lunina, E. V.; Markaryan, G. L.; Parenago, O. O.; Fionov, A. V.
Colloids Surf. A 1993, 72, 333.

Uhl, S.; Oelkrug, D. J. Mol. Struct. 1988, 175, 117.

Rosenthal, D. J.; White, M. G.; Parks, G. D. AIChE J. 1987, 33,
336.

Baltins, L.; Frye, J. S.; Maciel, G. E. 3. Am. Chem. Soc. 1986,
108, 7119.

Muha, G. M. J. Colloid Interface Sci. 1983, 94, 286.

Baraldi, P.; Manfredini, T.; Rovatti, D. Mater. Eng. 1994, 5, 463.
Chen, D.; Sharma, S.; Cardona-Martinez, N.; Dumesic, J. A.;
Bell, V. A;; Hodge, G. D.; Madon, R. J. J. Catal. 1992, 136, 392.
Hernandez, C.; Pierre, A. C. J. Sol-Gel Technol. 2001, 20, 227.
Imizu, Y.; Tada, A. In Acid—Base Catalysis, Proceedings of the
International Symposium, Sapporo, Nov 28—Dec 1, 1988; Tanabe,
K., et al., Eds.; Kodansha: Tokyo, 1989; p 281.

Solinas, V.; Gasoil, D.; Salvio, G.; Santacesaria, E. Appl. Catal.
A 1988, 170, 225.

Daniel, W.; Schubert, U.; Glockler, R.; Meyer, A.; Noweck, K.;
Knozinger, H. Appl. Catal. A 2000, 196, 247.

Sato, S.; Hiratsuka, M.; Sodesawa, T.; Nozaki, F. Bull. Chem.
Soc. Jpn. 1991, 64, 2214.

Sato, S.; Sodesawa, T.; Nozaki, F.; Shoji, F.; Shoji, H. J. Mol.
Catal. 1991, 66, 345.

Megiris, C. E.; Glezer, J. H. E. Chem. Eng. Sci. 1992, 47, 3925.
Streng, T.; Gay, I. D. J. Catal. 1994, 145.

Tsyganenko, A. A.; Manoilova, O. V.; Bulanin, K. M.; Yu, P;
Storoznev; Palukka, A.; Haukka, S.; Lindblad, M. Stud. Surf.
Sci. Catal. 2000, 130D, 3149.

Manton, M. R. S.; Davidzl, J. C. J. Catal. 1979, 60, 156.
Corma, A.; Pérez-Pariente, J.; Fornés, V.; Rey, F.; Rawlence, D.
Appl. Catal. 1990, 63, 145.

Bellussi, G.; Perego, C.; Cassatti, A.; Peretello, S.; Massara, P.
E.; Perego, E. Surf. Sci. Catal. 1994, 85, 84.

Corma, A.; Martinez, A.; Pergher, S.; Peratello, S.; Perego, C,;
Bellussi, G. Appl. Catal. A 1997, 152, 107.

Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge,
C. T.; Schmitt, K. D.; Chu, C. T.-W.; Olson, D. H.; Sheppard, E.
W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. 3. Am. Chem.
Soc. 1992, 114, 10834.

Beck, J. S.; Calabro, D. C.; McCullen, S. B.; Pelrine, B. P.;
Schimitt, K. D.; Vartulli, J. C. Patent US 5145816, 1992.
Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartulli, J. C.; Beck,
J. S. Nature 1992, 359, 710.

Vartulli, J. C.; Kresge, C. T.; Leonowicz, M. E.; Chu, A. S.;
McCullen, S. B.; Johnson, I. D.; Sheppard, E. W. Chem. Mater.
1994, 6, 2070.

Tanev, P. T.; Pinnavaia, T. J. Science 1995, 267, 865.

Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Sieger, P.; Leon,
R.; Petroff, P.; Schith, F.; Stucky, G. D. Nature 1994, 368, 317.
Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Frederickson, G. H.;
Chmelka, B. F.; Stucky, G. D. Science 1998, 279, 548.

Kim, J. M.; Han, Y.-J.; Stucky, G. D.; Chmelka, B. F. Chem.
Commun. 2000, 2437.

Kim, J. M.; Sakamoto, Y.; Hwang, Y. K.; Kwon, Y.-U.; Terasaki,
O.; Park, S.-E.; Stucky, G. D. J. Phys. Chem. B 2002, 106, 2552.
Sakamoto, Y.; Diaz, I.; Terasaki, O.; Zhao, D.; Perez-Pariente,
J.; Kim, J. M.; Stucky, G. D. J. Phys. Chem. B 2002, 106, 3118.
Melero, J. A,; Stucky, G. D.; van Grieken, R.; Morales, G. J.
Mater. Chem. 2002, 12, 1664.

Inagaki, S.; Fukushima, Y.; Kuroda, K. Stud. Surf. Sci. Catal.
1994, 84, 125.

Yanagisawa, T.; Shimizu, T.; Kuroda, K.; Kato, C. Bull. Chem.
Soc. Jpn. 1990, 63.

Inasaki, S.; Fukushima, Y.; Kada, A. O.; Kuranchi, T.; Kuroda,
K.; Kato, C. Proc. 9th Int. Zeol. Conf. (Boston) 1993, 305.
Borade, R. B.; Clearfield, A. Catal. Lett. 1995, 31, 267.

Chen, C. Y.; Burkett, S. L.; Li, H. X.; Davis, M. E. Micropous
Mater. 1993, 2, 27.



Evolution of Lewis Acid Catalysts

(624)
(625)
(626)
(627)
(628)
(629)
(630)

(631)
(632)

(633)
(634)
(635)

(636)
(637)

(638)
(639)
(640)
(641)
(642)
(643)
(644)
(645)
(646)
(647)
(648)
(649)
(650)
(651)

(652)
(653)

(654)

(655)
(656)
(657)

(658)
(659)
(660)
(661)
(662)
(663)
(664)

(665)

(666)
(667)

(668)
(669)
(670)
(671)
(672)
(673)

(674)

Kolodziejski, W.; Corma, A.; Navarro, M. T.; Pérez-Pariente, J.
Solid State Nucl. Magn. Reson. 1993, 2, 253.

Corma, A.; Fornes, V.; Navarro, M. T.; Pérez-Pariente, J. J.
Catal. 1994, 148, 569.

Schmidt, R.; Akporoiaye, D.; Stoecker, M.; Ellestad, O. H. Stud.
Surf. Sci. Catal. 1994, 84, 61.

Beck, J. S.; Vartuli, J. C. Curr. Opin. Solid State Mater. Sci.
1996, 1, 76.

Rajagopal, S.; Grimm, T. L.; Collins, D. J.; Miranda, R. J. Catal.
1992, 137, 453.

Ishida, S.; Imanura, S.; Ren, F.; Tatematsu, Y.; Fujimura, Y.
React. Kinet. Catal. Lett. 1992, 46, 199.

Mizuno, K.; Ikeda, M.; Imokawa, T.; Take, J.; Yoneda, Y. Bull.
Chem. Soc. Jpn. 1976, 49, 1788.

Marecot, P.; Martinez, H.; Barbier, J. J. Catal. 1992, 138, 474.
Ballivet, D.; Barthomeuf, Y.; Trambouze, Y. J. Catal. 1974, 34,
423.

Abrasool, S.; Doolin, P. K.; Hoffman, J. F. Chem. Ind. 1998, 74,
99.

Corma, A.; Grande, M. S.; Fornes, V.; Cartlidge, S.; Shatlock,
M. P. Appl. Catal. 1990, 66, 45.

Corma, A.; Grande, M. S.; Gonzalez-Alfaro, V.; Orchilles, A. V.
J. Catal. 1996, 59, 375.

Lee, J.-S.; Joo, S. H.; Ryoo, R. J. Am. Chem. Soc. 2002, 124, 1156.
Kloetstra, K. R.; Van Bekkum, H.; Jansen, J. C. Chem. Commun.
1997, 2281.

Corma, A.; Martinez, A.; Martinez-Soria, V.; Monton, J. B. J.
Catal. 1995, 153, 25.

Apelian, M. R.; Degnan, T. F., Jr.; Marler, D. O.; Mazzone, D.
Patent US 5227353, 1993.

Reddy, K. M.; Song, C. S. Catal. Today 1996, 31, 137.
Spagnol, M.; Gilbert, L.; Alby, D. In The roots of organic
development; Demurs, J. R., Ratton, S., Eds.; Elsevier: New
York, 1996; p 29.

Gunnewegh, E. A.; Gopie, S. S.; van Bekkum, H. J. Mol. Catal.
A 1996, 106, 151.

Dai, L. X.; Hayasaka, R.; lwaki, Y.; Koyano, K. A.; Tatsumi, T.
Chem. Commun. 1996, 1071.

Climent, M. J.; Corma, A.; Iborra, S.; Navarro, M. T.; Primo, J.
J. Catal. 1996, 161, 786.

Climent, M. J.; Corma, A,; Velty, A. Stud. Surf. Sci. Catal. 2001,
135, 3727.

Climent, M. J.; Corma, A.; Garcia, H.; Guil-Lopez, R.; Iborra,
S.; Fornes, V. J. Catal. 2001, 197, 385.

O'Sullivan, P.; Forni, L.; Hodnett, B. K. Ind. Eng. Chem. Res.
2001, 40, 1471.

Corma, A.; Garcia, H.; Miralles, J. Microporous Mesoporous
Mater. 2001, 43, 161.

Goede de, A. T. J. W.; van der Leij, I. G.; van der Heijden, A
van Rantwijk, F.; van Bekkum, H. Patent EP 95201325, 1995.
Armengol, E.; Cano, M. L.; Corma, A.; Garcia, H.; Navarro, M.
T. J. Chem. Soc., Chem. Commun. 1995, 519.

Volkenberg, M. H.; DeCastro, C.; Holderich, W. F. Spec. Publ.
R. Soc. Chem. 2001, 266, 242.

Hu, X.; Chuah, G. K.; Jaenicke, S. Appl. Catal. A 2001, 217, 1.
Anwander, R.; Palms, C.; Groeger, O.; Engelhart, G. Organo-
metallics 1998, 17, 2027.

Shibata, K. S.; Kiyoura, T.; Kitagawa, J.; Sumiyoshi, T.; Tanabe,
K. Bull. Chem. Soc. Jpn 1973, 46, 2985.

Busca, G. Catal. Today 1998, 41, 191.

Grenoble, D. C.; Weisman, W. Patent US 4244811, 1981.
Grenoble, D. C.; Kim, C. J.; Murrell, L. L. Patent US 4269737,
1981.

Hino, M.; Arata, K. Chem. Lett. 1989, 971.

Hino, M.; Arata, K. J. Chem. Soc., Chem. Commun. 1998, 1259.
Arata, K.; Hino, M. Shokubai 1989, 31, 477.

Arata, K. Adv. Catal. 1990, 37, 165.

Hino, M.; Arata, K. Chem. Commun. 1987, 1259.

Iglesia, E.; Soled, S. L.; Kramer, G. M. J. Catal. 1993, 144, 238.
Iglesia, E.; Barton, D. G.; Soled, S. L.; Miseo, S.; Baumgartner,
J. E.; Gates, W. E.; Fuentes, G. A.; Meitzner, G. D. Stud. Surf.
Sci. Catal. 1996, 101, 533.

Hino, M.; Kobayashi, S.; Arata, K. J. Am. Chem. Soc. 1979, 101,
6439.

Hino, M.; Arata, K. Catal. Lett. 1995, 30, 25.

Davis, B. H.; Keogh, R. A.; Srinivasan, R. Catal. Today 1994,
20, 219.

Corma, A.; Juan Rajadell, M. 1.; Lopez Nieto, J. M.; Martinez,
A.; Martinez, C. Appl. Catal. A 1994, 111, 175.

Corma, A.; Fornés, V.; Juan Rajadell, M. I.; Lopez Nieto, J. M.
Appl. Catal. A 1994, 116, 151.

Song, X. M.; Sayari, A. Catal. Rev. 1996, 38, 329.

Tichit, D.; Elalami, D.; Figueras, F. J. Catal. 1996, 163, 18.
Vaudagna, S. R.; Comelli, R. A,; Figoli, N. S. React. Kinet. Catal.
Lett. 1996, 58, 111.

Yadav, G. D.; Nair, J. J. Microporous Mesoporous Mater. 1999,
33, 1.

Barthos, R.; Lonyi, F.; Onyestyak, G.; Valyon, J. J. Phys. Chem.
B 2000, 104, 7311.

(675)
(676)

(677)
(678)
(679)
(680)
(681)
(682)
(683)

(684)
(685)

(686)
(687)
(688)
(689)

(690)
(691)

(692)

(693)
(694)
(695)
(696)
(697)
(698)
(699)
(700)

(701)
(702)

(703)
(704)
(705)

(706)
(707)
(708)

(709)
(710)

(711)
(712)

(713)
(714)
(715)
(716)
(717)
(718)
(719)
(720)
(721)
(722)

(723)

Chemical Reviews, 2003, Vol. 103, No. 11 4363

Morterra, C.; Cerrato, G. Phys. Chem. Chem. Phys. 1999, 1, 2825.
Tran, M. T.; Gnep, N. S.; Szabo, G.; Guisnet, M. Appl. Catal. A:
General 1998, 171, 207.

Babou, F.; Coudurier, G.; Vedrine, J. C. J. Catal. 1995, 152, 341.
Adeeva, V.; de Haan, J. W.; Jaenchen, J.; Lei, G. D.; Schuen-
emann, V.; van de Ven, L. J. M.; Sachtler, W. M. H.; van Santen,
R. A. J. Catal. 1995, 151, 364.

Gao, Z.; Xia, Y. D.; Hua, W. M.; Miao, C. X. Top. Catal. 1998, 6,
101.

Morterra, C.; Cerrato, G.; Pinna, F.; Meligrana, G. Top. Catal.
2001, 15, 53.

Ha, W.; Goeppert, A.; Sommer, J. Appl. Catal. A 2001, 219, 201.
Sommer, J.; Jost, R. Pure Appl. Chem. 2000, 72, 2309.
Barthos, R.; Lonyi, F.; Onyestyak, G.; Valyon, J. Solid State
lonics 2001, 141—-142, 253.

Riemer, T.; Knoezinger, H. J. Phys. Chem. 1996, 100, 6739.
Clark, J. H.; Monks, G. L.; Nightingale, D. J.; Price, P. M.; White,
J. F. J. Catal. 2000, 193, 348.

Triantafillidis, C. S.; Evmiridis, N. P. Ind. Eng. Chem. Res. 2000,
39, 3233.

Meneze, S. H. C.; Camorin, V. L.; San Gil, R. A.; Lam, Y. L.;
Boily, A.; Amoureux, J. P. Appl. Catal. 2001, 207, 367.
Beyerlein, R. A.; McVicker, G. B. Stud. Surf. Sci. Catal. 2001,
134, 3.

Occelli, M. L.; Auroux, A.; Kalwei, M.; Wolker, A.; Eckert, H.
Stud. Surf. Sci. Catal. 2001, 134, 41.

Corma, A.; Martinez, A. Catal. Rev. Sci. Eng. 1993, 35, 483.
Ge, X.; Wang, S.; Fu, L.; Niu, S. Quingada Xueynan Xuebao
1998, 19, 237; Chem. Abstr. 1999, 131, 245287.

Bokhoven, J. A.; Tiomp, M.; Koningsberger, D. C.; Miller, J. T.;
Pieters, J. A.; Lercher, J. A.; Williams, B. A.; Kung, H. H. J.
Catal. 2001, 202, 129.

Lavalley, J. C.; Joley-Feangas, S.; Janin, A.; Sauso, J. Mikrochim.
Acta 1997, 14, 29.

Lunsford, J. H.; Catal, J.; Kuhne, M. A.; Babitz, S. M.; Kune, H.
H.; Miller, J. T. Appl. Catal. A 1998, 166, 293.

Babitz, S. M.; Kuehne, M. A.; Kung, H. H.; Miller, J. Ind. Eng.
Chem. Res. 1997, 36, 3027.

Camblor, M. A.; Corma, A.; Martinez, A.; Mocholi, F.; Pérez-
Pariente, J. Appl. Catal. 1989, 55, 65.

Rajagopalan, K.; Peters, A. W.; Edwards, G. C. Appl. Catal. A
1986, 23, 69.

Dwyer, F. G.; Degnan, T. F., Jr. Stud. Surf. Sci. Catal. 1993,
76, 499.

Bonetto, L.; Camblor, M. A.; Corma, A.; Pérez-Pariente, J. Appl.
Catal. 1992, 82, 37.

Den Hollander, M. A.; Wissink, M.; Makee, M.; Moulijn, J. A.
Appl. Catal. A 2002, 223, 85.

Vergel-Hernandez, C. Appl. Catal. A 2001, 220, 265.
Buchanan, M. A.; Olson, D. M.; Shramm, S. E. Appl. Catal. A
2001, 220, 223.

Buchanan, M. A.; Olson, D. M.; Shramm, S. E. App. Catal. A
2002, 223, 103.

Hagelberg, P.; Eilos, I.; Hitunen, J.; Lipiainen, K.; Niemi, V. M.;
Aitamaa, J.; Krause, A. O. I. Appl. Catal. A 2002, 223, 73.
Evitt, S. D.; Gong, G.; Goelzer, A. R.; Haraudi, M. N.; Owens,
H.; Collins, N. A. Collins Fuel Reformulation meeting, November-
December 1992; p 60.

Schwartz, S.; Kojima, M.; O'Connor, C. T. Appl. Catal. 1989, 56,
263.

Vaughan, J. S.; O’'Connor, C. T.; Fletcher, J. C. Q. Stud. Surf.
Sci. Catal. 1994, 84, 1709.

Pujado, P. R.; Rabo, J. A.; Antos, G. J.; Gembicki, S. A. Catal.
Today 1992, 13, 113.

Garwood, W. E. ACS Symp. Ser. 1993, 128, 23.

Tabak, S. A.; Krambeck, F. J.; Garwood, W. E. AIChE J. 1986,
32, 1526.

Maxwell, I. E. Stud. Surf. Sci. Catal. 1991, 58, 571.

Chester, A. W.; Dwyer, F. G.; Garwood, W. E.; Vartulli, J. C.
Patent US 5243112, 1993.

Apelian, M. R.; Boulton, J. R.; Fung, A. S. Patent US 5284989,
1994,

Pelrine, B. P.; Schimitt, K. D.; Vartulli, J. C. Patent US 5105051,
1992.

Day, P. S. E.; Sanderson, J. R.; Knifton, J. F. Stud. Surf. Sci.
Catal. 1994, 84, 1701.

Corma, A.; Frontela, D. J.; Lazaro, J.; Pérez, M. ACS Catal. Div.
Chem. 1991, 36, 833.

Adeeva, V.; Liu, H. Y.; Xu, B. Q.; Sachtler, W. M. H. Top. Catal.
1998, 6, 61.

Barton, D. G.; Soled, S. L.; Meitzner, G. D.; Fuentes, G. A.;
Iglesia, E. J. Catal. 1999, 181, 57.

Santiesteban, J. G.; Calabro, D. C.; Chang, C. D.; Vartuli, J. C,;
Fiebig, T. J.; Bastian, R. D. J. Catal. 2001, 202, 25.

Corma, A.; Serra, J. M., unpublished results.

Serra, J. M.; Chica, A.; Corma, A. Appl. Catal. A 2003, 239, 35.
Banta, F.; Ireland, H. R.; Stein, A.; Wilson, R. C. Patent US
4247388, 1981.

Miller, S. J. Patent US 513563/8, 1992.



4364 Chemical Reviews, 2003, Vol. 103, No. 11

(724) Martens, J. A.; Souverijns, W.; Verrelst, W.; Parton, R.; Froment,
G. J.; Jacobs, P. A. Angew. Chem., Int. Ed. Engl. 1995, 34, 2528.

(725) Maesen, T. L. M.; Schenk, M.; Vlugt, T. J. H.; de Jong, J. P,;
Smit, B. J. Catal. 1999, 188, 403.

(726) Sastre, G.; Chica, A.; Corma, A. J. Catal. 2000, 195, 227.

(727) Agudez, J.; Perez-Pariente, J.; Corma, A.; Chica, A.; Chen, T.
J.; Ruziska, P.; Henry, B.; Davis, S. Patent WO 61558, 1999.

(728) Agudez, J.; Perez-Pariente, J.; Corma, A.; Chica, A.; Cody, I;
Murphy, W.; Linek, S. Patent WO 61555, 1999.

(729) Agudez, J.; Perez-Pariente, J.; Corma, A.; Chica, A.; Chen, T.
J.; Stuntz, G.; Henry, B.; Davis, S. Patent WO 99/61552, 1999.

(730) Albright, L. F. Oil Gas J. 1990, 88, 79; 82; 86; 88; 92.

(731) Weitkamp, J.; Traa, Y. In Handbook of heterogeneous catalysis;
Ertl, G., Knodzinger, H., Weitkamp, J., Eds.; VCH: Weinheim,
1997.

(732) Joly, J. F.; Marcilly, C.; Ferrer, N. Patent EP 605279A1, 1994.

(733) McClure, J. D. Patent US 4022847, 1997.

(734) Mantilla-Ramirez, A.; Ferrat-Torres, G.; Dominguez, J. M.;
Aldana, R. C.; Bernal, M. Appl. Catal. A 1996, 203, 143.

(735) Mantilla-Ramirez, A.; Ferrat-Torres, G.; Dominguez, J. M.;
Aldana, R. C.; Bernal, M. Patent EP 709356A1, 1996.

(736) Olivier, H. J. Mol. Catal. 1994, 92, 155.

(737) Weitkamp, J. Proceedings of the 13th World Petroleum Congress;
Wiley: Chichester, 1992; p 315.

(738) Kirsch, F. W.; Potty, J. D.; Barmby, D. S. Oil Gas J. 1968, 66,
120.

(739) Mosoi, T.; Okada, T.; Nojima, S.; Imai, T. Patent JP 1245853,
1989.

(740) Joly, J. F.; Perri, S.; Marcilly, C. Patent EP 542612A1, 1993.

(741) Das, D.; Chakrabarty, D. K. Energy Fuels 1998, 12, 109.

(742) Corma, A.; Martinez, A.; Martinez, C.; Arroyo, P.; Monteiro, J.
L. F.; Sousa-Aguiar, E. F. Appl. Catal. A 1996, 142, 139.

(743) Gore, R. B.; Thomson, W. J. Appl. Catal. A 1998, 168, 23.

(744) Essayem, N.; Kieger, S.; Conduier, G.; Vedrine, J. C. Stud. Surf.
Sci. Catal. A 1996, 101 591.

(745) He, Y.; Xie, W.; Fu, Q. EP Patent, 2001.

(746) Blasco, T.; Corma, A.; Martinez, A.; Matinez-Escolano, P. J.
Catal. 1998, 168, 23.

(747) Botella, P.; Corma, A.; Lopez-Nieto, J. M. J. Catal. 1999, 185,
371.

(748) Rorvik, T.; Dahl, I. M.; Mostad, H. B.; Ellestad, O. H. Catal. Lett.
1995, 33, 127.

(749) Diaz-Mendoza, F. A.; Pernett-Bolano, L.; Cardona-Martinez, N.
Termochim. Acta 1998, 312, 47.

(750) Hommeltoft, S. I.; Topsoe, H. F. A. Patent US 5245100, 1993.

(751) Collins, N. A.; Trewella, J. C. Patent US 5599441, 1997.

(752) Collins, N. A.; Harandi, M. N.; Kondis, E. F.; Owen, H. Patent
US 19970204, 1997.

(753) Alexander, B. D.; Huff, G. A,; Pradhan, V. R.; Reagan, W. J;
Cayton, R. H. Patent US 6024865, 2000.

(754) Briot, P.; Didillon, B.; Forestiere, A.; Llido, E.; Coupard, V.
Patent WO 96498, 2001.

(755) Chen, N. Y.; Garwood, W. E.; Dwyer, F. G. Shape selective
catalysis in industrial applications; Marcel Dekker: New York,
1989.

(756) Butler, J.; Kuchenmeister, M.; Allsmiller, R. A,; Tungate, F. L.
Proceedings of the Worldwide Solid Acid/base Process Confer-
ence; Catalyst Consultants Inc.: Spring House, PA, 1995.

(757) Chen, J. Proceedings of the Worldwide Solid Acid/Base Process
Conference; Catalyst Consultants Inc.: Spring House, PA, 1993.

(758) Corma, A.; Martinez-Soria, V.; Schnoeveld, E. J. Catal. 2000,
192, 163.

(759) Chu, P.; Landis, M. E.; Le, Q. N. Patent US 5334795, 1994.

(760) Sastre, G.; Catlow, R. A.; Corma, A. J. Phys. Chem. B 1999, 103,
5187.

(761) Corma, A.; Fornés, V.; Pergher, S. B.; Maesen, T. L. M.; Buglass,
J. G. Nature 1998, 396, 353.

(762) Innes, R. A.; Zones, S. I.; Nacamuli, G. J. Patent US 4891458,
1990.

(763) Lee, G. J.; Garceés, J. M.; Meima, G. R.; van der Aalst, M. J. M.
Patent US 5243116, 1993.

(764) Lee, G. S. J.; Garces, J. M.; Meima, G. R.; Van der Aalst, M. J.
M. Patent WO 9300317, 1993.

(765) Medina-Valtierra, J.; Zaldivar, O.; Sanchez, M. A.; Montoya, J.
A.; Navarrete, J.; de los Reyes, J. A. Appl. Catal. A 1998, 166,
387.

(766) Cao, Y. H.; Yang, Y. Q.; Lu, L. Y.; Zhou, B.; Faug, Y. C. Shiyou
Xuebao, Shiyou Jiagong 2001, 17, 79; Chem. Abstr. 2001, 135,
94246).

(767) Corma, A.; Navarro, M. T.; Rey, F.; Valencia, S. Chem. Commun.
2001, 1720.

(768) Corma, A.; Navarro, M. T.; Rey, F.; Rius, J.; Valencia, S. Angew.
Chem., Int. Ed. 2001, 40, 2277.

(769) Meima, G. R.; Lee, G. S.; Garcés, J. M. Fine Chemicals through
heterogeneous catalysis; Wiley-VCH: Weinheim, 2001.

(770) Lee, G. S.; Maj, J. J.; Rocke, S. C.; Garcés, J. M. Catal. Lett.
1989, 2, 234.

(771) Corma, A.; Cortés, A.; Nebot, I.; Tomas, F. J. Catal. 1979, 57,
444,

=

Corma and Garcia

(772) Corma, A.; Cortés, A. Ind. Eng. Chem. 1980, 19, 263.

(773) Olson, D. H.; Haag, W. O. ACS Symp. Ser. 1984, 248, 275.

(774) Gnep, N. S.; Guisnet, M. Bull. Soc. Chim. Fr. 1977, 429.

(775) Silva, J. M.; Ribeiro, M. F.; Ribeiro, F. R.; Benazzi, M.; Guisnet,
M. Appl. Catal. A 1995, 125, 1.

(776) Travers, C.; Raatz, F.; Marcilly, C.; Ribeiro, F. R.; Ribeiro, M.
F. G., Patent EP 0363253, 1989.

(777) De Vries, A. F.; Eggers-Borkenstein, P. Proceedings of the
Worldwide Solid Acid/Base Process Conference; Catalyst Con-
sultants Inc.: Spring House, PA, 1995.

(778) Fernandes, L. D.; Monteiro, J. L. F.; Sousa-Aguiar, E. F;
Martinez, A.; Corma, A. J. Catal. 1998, 177, 163.

(779) Rabo, J. A.; Pellet, R. J.; Shamshoum, E. S. Stud. Surf. Sci.
Catal. 1989, 46, 1.

(780) Uguina, M. A_; Sotelo, J. L.; Serrano, D. P. Ind. Eng. Chem. Res.
1993, 32, 49.

(781) Young, L. B.; Butter, S. A.; Keading, W. W. J. Catal. 1982, 76,
418.

(782) Fraenkel, D. Ind. Eng. Chem. Res. 1990, 29, 1814.

(783) Gorra, F.; Breckenridge, L. L.; Guy, W. W. M.; Sailor, R. A. Oil
Gas J. 1992, 90, 60; 62; 64; 67.

(784) Chang, I. S.; Rodewald, P. G. Patent US 5321183, 1994.

(785) Sheldon, R. A.; van Vliet, M. C. A. Carbon—carbon bond
formation via surface organometallic chemistry. In Fine chemi-
cals through heterogeneous catalysis; Sheldon, R. A., van Bek-
kum, H., Eds.; Wiley-VCH: Weinheim, 2001; pp 473—490.

(786) Tanabe, K.; Hélderich, W. F. Appl. Catal. A 1999, 181, 399.

(787) Misono, M.; Nojiri, N. Appl. Catal. 1990, 64, 1.

(788) Onoue, Y.; Mizutani, Y.; Akiyama, S.; Izumi, Y. ChemTech 1978,
432.

(789) Aoshima, A.; Yamamatsu, S.; Yamaguchi, T. Nippon Kagaku
Kaishi 1990, 233; Chem. Abstr. 1990, 113, 58446.

(790) lzumi, Y.; Hisano, K.; Hida, T. Appl. Catal. A 1999, 181, 277.

(791) lzumi, Y. Silica-Occluded heteropolyacids. In Fine Chemicals
through Heterogeneous catalysis; Sheldon, R. A., van Bekkum,
H., Eds.; Wiley-VCH: Weinheim, 2001; p 100.

(792) Brownstein, A. M. ChemTech 1995, 31.

(793) Sato, H. Catal. Rev. Sci. Eng. 1997, 39, 76.

(794) Tatsumi, T. Curr. Opin. Solid State Mater. Sci. 1997, 2, 76.

(795) Takamiya, N.; Tsunoda, H.; Suzuki, S.; Mirai, S. Nippon Kagaku
Kaishi 1978, 799; Chem. Abstr. 1978, 89, 75231.

(796) Curtin, T.; McMongale, J. B.; Hodnett, B. K. Appl. Catal. A 1992,
93, 75.

(797) Haber, J.; Szybalska, U. Faraday Discuss Chem. Soc. 1981, 72,
263.

(798) Bautista, F. M.; Campelo, J. M.; Garcia, A.; Luna, D.; Marinas,
J. M.; Moreno, M. S. Stud. Surf. Sci. Catal. 1993, 78, 615.

(799) Murakami, Y.; Saeki, Y.; Ito, K. Nippon Gomu Kyokaishi 1978,
21; Chem. Abstr. 1978, 88, 89178.

(800) Mitsubishi. Patent JP 11111, 1986.

(801) Tatsumi, T. Beckmann rearrangement. In Fine chemicals through
heterogeneous catalysis; Sheldon, R. A., Van Bekkum, H., Eds.;
Wiley-VCH: Weinheim, 2001; pp 185—204.

(802) Aucejo, A.; Burguet, M. C.; Corma, A.; Fornés, V. Appl. Catal.
1986, 22, 178.

(803) Landis, P.; Venuto, P. V. J. Catal. 1966, 6, 245.

(804) Cimino, G.; Vitarelli, P.; Alibrandi, G.; Caristi, C.; Galvagno, S.
React. Kinet. Catal. Lett. 1982, 21, 467.

(805) Kowalak, M.; Laniecki, M.; Pawlowaka, M.; Balkus, K. J,;
Khanmamedova, A. Stud. Surf. Sci. Catal. 1997, 105B, 1181.

(806) Parker, W. O. Magn. Reson. Chem. 1999, 37, 433.

(807) Landis, P.; Venuto, P. B. J. Catal. 1966, 6, 245.

(808) Butler, J. D.; Poels, T. C. J. Chem. Soc., Perkin Trans. 1973, 2,
1262.

(809) Tatsumi, T.; Dai, L. X.In Proceedings of the 12th International
Zeolite Conference; Treacy, M. M. J., et al., Eds.; Materials
Research Society: Warrendale, PA, 1999; p 1455.

(810) Heitmann, G.; Dahlhof, G.; Holderich, W. F. Appl. Catal. A 1999,
185, 99.

(811) Sato, S.; Takematsu, K.; Sodesawa, T.; Nozaki, F. Bull. Chem.
Soc. Jpn. 1992, 65, 1486.

(812) Dai, L. X.; Koyama, K.; Miyamoto, M.; Tatsumi, T. Appl. Catal.
A 1999, 189, 237.

(813) Herrero, E. R.; Anunziata, O. A,; Pierella, L. B.; Orio, O. A. Lat.
Am. Appl. Res. 1994, 24, 195.

(814) Corma, A.; Garcia, H.; Primo, J.; Sastre, G. Zeolites 1991, 11,
593.

(815) Camblor, M. A.; Corma, A.; Garcia, H.; Semmer-Herledan, V.;
Valencia, S. J. Catal. 1998, 177.

(816) Fujita, N.; Mal, N.; Setoyama, T. Patent JP 302624, 2001.

(817) Takewaki, T.; Kawaragi, Y.; Tezuka, M.; Kobayashi, K.; Set-
oyama, T. Patent JP 072658, 2001.

(818) Kawaragi, Y.; Takewaki, T.; Tezuka, M.; Kobayashi, K.; Set-
oyama, S. Patent JP 072657, 2001.

(819) Takewaki, T.; Kawaragi, Y.; Tezuka, M.; Kobayashi, K.; Set-
oyama, T. Patent JP 2001019670, 2001.

(820) Sato, H.; Ishii, N.; Hirose, K.; Nakamura, Y. Stud. Surf. Sci.
Catal. 1986, 28, 775.



Evolution of Lewis Acid Catalysts

(821)
(822)
(823)
(824)
(825)
(826)
(827)

(828)
(829)

(830)
(831

-

(832)

(833)

(834)
(835)
(836)
(837)
(838)
(839)
(840)
(841)

Sato, H.; Hirose, K.; Kitamura, M.; Nakamura, Y. Stud. Surf.
Sci. Catal. 1989, 49, 1213.

Singh, P. S.; Bandyopaday, R.; Hegde, S. G.; Rao, B. S. Appl.
Catal. A 1996, 136, 249.

Reddy, J. S.; Ravishankar, R.; Sivasanker, S.; Ratnasamy, P.
Catal. Lett. 1993, 17, 139.

Albers, P.; Seibold, K.; Haas, A.; Prescher, G.; Holderich, W. F.
J. Catal. 1998, 176, 561.

Sato, H.; Hirose, K. Chem. Lett. 1993, 1987.

Sumitomo. Patent EP 92-310818, 1992.

Takahashi, T.; Kai, T.; Nasution, M. N. A. Stud. Surf. Sci. Catal.
1995, 97, 431.

McCoy, M. Chem. Eng. News 2000, 78 (Jan 17), 32.

Sato, O.; Ikushima, Y.; Yokoyama, T. J. Org. Chem. 1998, 63,
9100.

Mitsui, O.; Yohei, K. Patent DE 3441072, 1985.

Guisnet, M.; Perot, G. The Fries rearrangement. In Fine
chemicals through heterogeneous catalysis; Sheldon, R. A., van
Bekkum, H., Eds.; Wiley-VCH: Weinheim, 2001; pp 211—-216.
Ashforth, R.; Desmurs, J. R. Friedel—-Crafts acylation: Interac-
tion between Lewis acids-chlorides and Lewis acids-ketones. In
Industrial Chemistry Library; Desmurs, J. R., Ratton, S., Eds.;
Elsevier: Amsterdam, 1996; Vol. 8, pp 3—14.

Desmurs, J. R.; Labrouillere, M.; Dubac, J.; Laporterie, A.;
Gaspard, H.; Metz, F. Bismuth(lll) salts in Friedel—Crafts
Acylation. In Industrial Chemistry Library; Desmurs, J. R.,
Ratton, S., Eds.; Elsevier: Amsterdam, 1986; Vol. 8, pp 15—28.
Kobayashi, S. Handbook on the physics and chemistry of rare
earths; Elsevier: Amsterdam, 2000; Vol. 29, p 315.

Hachiya, L.; Moriwaki, M.; Kobayshi, S. Tetrahedron Lett. 1995,
39, 409.

Koniski, M.; Suetsugle, K.; Okano, T.; Kiji, J. Bull. Chem. Soc.
Jpn 1982, 55, 957.

Marthough, H. D.; Kosak, A. I.; Serdella, J. J. 3. Am. Chem. Soc.
1947, 69, 1014.

Clark, J. H.; Macquarrie, D. J. Org. Process Res. Dev. 1997, 1,
149.

Choudary, B. M.; Sateesh, M.; Kantam, M. C.; Prasad, K. V. R.
Appl. Catal. A 1998, 177, 55.

Kodomari, M.; Suzuki, Y.; Yoshida, K. Chem. Commun. 1997,
1567.

Gotto, S.; Gotto, M.; Kimura, Y. React. Kinet. Catal. Lett. 1991,
41, 27.

(842)
(843)
(844)
(845)
(846)
(847)
(848)
(849)
(850)
(851)
(852)
(853)
(854)
(855)
(856)
(857)
(858)
(859)

(860)
(861)

(862)
(863)

(864)

Chemical Reviews, 2003, Vol. 103, No. 11 4365

Kurek, P. R. Patent US 5126489, 1992.

Misono, M. Adv. Catal. 1996, 41, 113.

Pati, M. L.; Jnaneshwara, G. K.; Sabde, D. P.; Dongare, M. K;
Sudalai, A.; Deshpande, V. H. Tetrahedron Lett. 1997, 38, 2137.
Olah, G. A.; Malhota, R.; Narang, S. C.; Olah, J. A. Synthesis
1978, 672.

Harmer, M.; Vega, A. J.; Sun, P.; Farneth, W. E.; Heidekum,
A.; Holderich, W. F. Green Chem. 2000, 2, 7.

Chiche, B.; Finiels, A.; Gauthier, C.; Geneste, P. J. Org. Chem.
1986, 51, 2128.

Corma, A.; Climent, M. J.; Garcia, H.; Primo, J. Appl. Catal.
1989, 49, 109.

Derouane, E. G.; Grehan, G.; Dillon, C. J.; Bethell, D.; He, H.;
Derouane, G. B.; Hamid, A. J. Catal. 2000, 194, 410.

Harvey, G.; Vogt, A.; W., K. H.; Prins, R. Proc. 9th Int. Zeol.
Conf. (Boston) 1992, 2.

Botella, P.; Corma, A.; Lopez-Nieto, J. M.; Valencia, S.; Jaquot,
R. J. Catal. 2000, 195, 161.

Neves, I.; Jayat, F.; Magnoux, P.; Perot, G.; Ribeiro, F. R;;
Gubelmenn, M.; Guisnet, M. J. Chem. Soc., Chem. Commun.
1994, 717.

Sreekumar, P.; Padmakumar, R. Synth. Commun. 1997, 27, 77.
Pandei, A. P.; Singh, A. P. Catal. Lett. 1997, 44, 129.

Andy, P.; Garcia-Martinez, J.; Lee, G.; Gonzalez, H.; Jones, C.
W.; Davis, M. E. J. Catal. 2000, 192, 215.

Fromentin, E.; Coustard, J. M.; Guisnet, M. J. Catal. 2000, 190,
433.

Heinichen, H. K.; Holderich, W. F. J. Catal. 1999, 185, 408.
Harvey, G.; Mader, G. Chem. Commun. 1992, 57, 862.

Yakav, G. D.; Krishnan, M. S. Stud. Surf. Sci. Catal. 1998, 113,
259.

Botella, P.; Corma, A.; Sastre, G. J. Catal. 2001, 197, 81.
Bharathi, P.; Waghmode, S. B.; Sivasanker, S.; Vetrivel, R. Bull.
Chem. Soc. Jpn. 1999, 72, 2161.

Gilbert, A.; Spagnol, M. Patent WO 9717324, 1997.

Spagnol, M.; Gilbert, A.; Guillot, H.; Tirel, J. P. Patent WO
9748665, 1997.

Metivier, P. Friedel—Crafts acylation. In Fine chemicals though
heterogeneous catalysis; Sheldon, R. A., van Bekkum, H., Eds.;
Wiley-VCH: Weinheim, 2001; pp 161-172.

CR030680Z






